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Abstract

Superradiant lasers operate in the bad cavity regime, where the lasing phase is stored in
the spin state of an atomic medium rather than in the intra cavity electric field. Such
a laser exhibits decreased sensitivity to cavity mirror vibrations and eliminates the need
for separate reference cavity, overcoming limitations of modern atomic clocks. No fully
continuous superradiant laser has been reported yet, and most studies describing the
behavior of superradiant light investigates pulses shorter than the natural lifetime of the
lasing transition.

This thesis details the development and the results of a system designed to produce extended
narrow linewidth superradiant pulses for a proof of concept measurement. We use the
7.48 kHz wide 1Sy — 3Py intercombination line in 8Sr to produce intense superradiant
pulses. Inherently, the collectively enhanced decay of a superradiant pulse produced by a
single population inversion will result in a Fourier limited lasing linewidth larger than the
natural linewidth of the transition. However, the linewidth of the lasing can be significantly
decreased if the lasing phase is carried over through continuous synchronisation of atomic
phases. By extending the lasing from just a few us to several ms using repumping, we
observe a lasing linewidth Av/2mt = 820 Hz, almost an order of magnitude below the
natural linewidth of the lasing transition. We regulate the gain of lasing by tuning the
repumping frequencies, transforming the e [edtive 3-level laser system into a 4-level laser.
This allows us to sustain several ms of steady state lasing and emulate the behavior of
a truly continuous superradiant laser. Furthermore, we study the time-dependent cavity
pulling and verify that the system operates in the bad cavity regime where it is insensitive
to cavity mirror vibrations.

We have implemented a 689 nm narrow linewidth MOT to bring the system into the bad
cavity regime, and have managed to trap upwards of 120 million atoms at 2 pK in the
single frequency red MOT, which allows for very strong atom-cavity interactions. This
experimental setup was also used to realize a superradiance enhanced readout scheme
for a Ramsey interferometer sequence. This scheme is fast and much less destructive to
the atomic sample than traditional fluorescence readout techniques, and has promising
applications for enhancing future quantum sensors.



Resumé

Superradiante laser opererer i "darlig resonator” regimet, hvor laser fasen opbevares i det
atomare medium i stedet for det elektriske felt i en optisk resonator. En sadan laser har
nedsat fglsomhed over for vibrationer i resonatorspejlene, og eliminerer behovet for et
separat reference resonator, hvilket for nuvaerende er en begraensning i moderne atomure.
Ingen har endnu form3et at realisere en fuldt ud kontinuert superradiant laser, og de fleste
studier der beskriver opfarslen af superradiant lys undersgger pulser der er kortere end den
naturlige levetid for laserovergangen.

Denne afhandling beskriver udviklingen og resultaterne af et system designet til at producere
lange superradiante pulser med en smal linjebredde. Vi bruger den 7.48 kHz brede 1Sy — 3Py
interkombinationslinje i 8Sr til at producere intense superradiante pulser. Det kollektivt
forsteerkede henfald af en superradiant puls produceret af en enkelt populationsinversion
resulterer i en Fourier-begraenset laserlinjebredde, der er starre end den naturlige linjebredde
for overgangen. Dog kan linjebredden for lasingen betydeligt reduceres hvis laserfasen
overfgres gennem kontinuerlig synkronisering af atomfaserne. Ved at forleenge lasingen fra
kun fa ps til flere ms ved hjelp af repumping observerer vi en laserlinjebredde Av,/ 21t = 820
Hz, naesten en stgrrelsesorden under den naturlige linjebredde for laserovergangen. Vi
regulerer lasens forsterkning ved at justere repumping frekvenserne, hvilket transformerer
det e [eltive 3-niveau laser system til en 4 niveau laser. Dette tillader os at opretholde
stabile laser intensiteter for at emulere opferslen af en reel kontinuert superradiant laser.
Desuden studerer vi den tidsafhaengige resonator traek-koe [Cieht og verificerer at systemet
opererer i “darlig resonator” regimet hvor det er ufglsomt over for resonator fluktuationer.
Vi har implementeret en MOT pa den smalle 689 nm overgang for at bringe systemet ind i
”darlig resonator” regimet, og vi har form3et at fange og kale over 120 millioner atomer
til 2 pK i den enkeltfrekvens-rgde MOT, hvilket tillader meget sterke atom-resonator
interaktioner. Eksperimentet blev ydermere brugt til at realisere en superradiens-forstaerket
afleesningsmetode for en Ramsey interferometer sekvens. Denne metode er hurtig og meget
mindre destruktiv for atom-ensemblet end traditionelle fluorescensaflaesningsteknikker, og
den har lovende anvendelser til at forbedre fremtidige kvantesensorer.
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Chapter

Introduction

The development of techniques to catch and coherently control ensembles of atoms, ions,
and molecules at low temperatures has opened a diverse eld of research using quantum
systems for sensing and metrology applications. A cloud of cold atoms inside a vacuum
chamber constitutes a localized and coherent quantum system that is an ideal test bed for
investigating or exploiting the quantum nature of atoms. Such systems bene t from low
collision rates, low velocities, extended interaction time, and the ability to store a large
number of atoms at a high density, increasing the obtainable signal amplitude [7{10]. The
relativity recent addition of techniques utilizing the quantum nature of cold atoms, ions and
molecules has resulted in a new generation of tabletop experiments to probe and push the
frontier of established physics - a eld that was previously driven by more comprehensive
and expensive experiments performed in high energy physics [11].

The potential applications of such systems includes measuring the ne structure [12] and
gravitational constant [13, 14], probing electron dipole moment [15], tests of general relativity
[16], searches for dark matter and energy [17, 18], performing quantum simulation [19],
and quantum computing [20]. These advances were also made possible due to signi cant
advancements of building and controlling coherent light sources; lasers stabilized to high
nesse cavities allows for coherent manipulation of atoms using very narrow linewidth
transitions, which enables cooling atoms to low temperatures and to probe long lived states
where the laser must retain its coherence throughout the interrogation [21].

1
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In quantum metrology, the information of the measured quantity imprinted on a quantum
system is often extracted by reading out the nal state of the system. In an atom
interferometer, the phase shift of the atomic wavepacket can be read out as a shift of
population usually between two metastable states, for example the two ground states in
cesium F = 3 and F = 4). The interference fringe is a result of a beating between the
phase of a laser and the phase of atoms when applying a recombination laser pulse. Relying
on a steady laser phase, the atomic phase shift can then be extracted and interpreted. In an
atomic clock, the opposite is true. Here, the scheme relies on a well-de ned atomic phase
to determine the frequency of the laser.

1.1 Atomic clocks

Atomic clocks consist of two primary components: an oscillator and a reference. The role of
the oscillator can be explained using an old-fashioned pendulum clock analogy. Each period
completed by a swinging pendulum can constitute a unit of time, and for a pendulum
with a 1 meter long swing arm, this period will be close to a second. The total number
of oscillations completed by the pendulum clock provides a measure of the elapsed time
since counting started. However, the frequency of the oscillation is be a ected by external
factors such as air resistance and friction, which causes the clock to become less accurate
over time. This is where the reference is important - to keep track of the oscillations and
to lock the oscillation period at exactly one second. In an atomic clock, the "pendulum"
is a coherent electromagnetic eld - often the beam of a stable laser. The oscillation of
the electric eld is extremely fast compared to mechanical clocks, which makes it possible
to quantize time with a much higher resolution. The laser, like the pendulum clock, is
subject to drifts caused by vibrations and/or temperature changes. To stabilize the laser
frequency, the laser is tuned to resonance with an atomic transition. Atomic energy levels
are quantized, and electrons need a speci ¢ amount of energy to jump between the di erent
states, E = ~! (where ~ is the reduced Planck constant and! is the angular transition
frequency that the laser must match).
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The spectral width of an atomic transition is referred to as the natural linewidth , and it
is inversely proportional to the lifetime  of the excited state,

1

=5 (1.1.1)
which is a manifestation of Heisenbergs uncertainty relation in energy and time [22]. For
longer lived states the spectrum becomes more narrow, enabling precise determination of
the laser frequency using either Ramsey [23] or Rabi [24] type interrogation schemes.
Atomic clocks bene t from the universality of atoms; lasers referenced to atoms experiencing
the same external conditions will always operate at the same frequency, be it on Earth
or in outer space. The best performing atomic clocks are the optical lattice clocks, where
a sample of atoms is cooled to a very low temperature and caught in an optical lattice.
By meticulously controlling and quantizing the external factors in uencing the resonance
frequency of the atoms, such clocks can achieve fractional instabilities below 182 [25{28],
which translates to the clock losing just one second in 30 billion years, twice the age of
universe. Precise timekeeping have practical applications for satellite positioning (e.g. GPS),
tracking of nancial exchanges, internet and geological surveys. In fundamental science,
atomic clocks can be used for probing the potential drift of fundamental constants, testing of
general relativity, measuring gravitational waves, or searching for dark matter. Furthermore,
atomic clocks are responsible for global timekeeping. In the 1967 the second was rede ned
as 9.192.631.770 oscillations of the radiation emitted from the transition between the two
ground states of133Cs, and the de nition remains this day. A weighted average of more
than 300 atomic clocks forms the Intentional Atomic Time (TAl), and the contributions
from di erent clock laboratories can be looked up at BIPM's website?.
Signi cant advances have led to modern atomic clocks surpassing the performance of
traditional cesium clocks by orders of magnitude [29, 30]. However, such clocks su er from
a few limitations. The relatively long sample preparation times results in a low duty cycle
on the feedback to the laser frequency. This gap in interrogation is usually bridged by
locking the clock laser to a high- nesse optical cavity, which is stable on the time scales
needed to prepare and probe another sample of cold atoms - but such cavities are limited by
vibrations and thermal noise on the mirrors [31]. This can be remedied with a cryogenically
cooled crystalline cavity [32] and meticulous vibration isolation, which signi cantly adds to
the experimental complexity.

 https://www.bipm.org/en/time-ftp/circular-t



CHAPTER 1. INTRODUCTION Page 4

The continuous improvement of the already impressive performance of optical atomic clocks
is an increasingly di cult challenge, as external perturbations to the atomic reference
plays at big role at sub 10 8 fractional stability levels. The best performing optical clocks
are usually bulky and requires a many people to build and maintain them. This makes
them unt for deployment in the eld and for satellite integration, which excludes a few of
the aforementioned practical implementations. The sheer complexity, cost, and physical
volume of such setups has motivated the development of alternative frequency stabilization
schemes. These include using multiple atomic ensembles to bridge the aforementioned
interrogation time gap [33{36], non-destructive measurements of the atomic ensemble [37,
38], or continuous loading and interrogation of atoms with a conveyor-belt scheme [39].
Previous work performed in our group aimed to use the coupling between a cavity and a
cold atom sample to conduct passive cavity-assisted nonlinear spectroscopy [40{42] for laser
stabilization, but such a scheme requires precise tuning of the feedback bandwidth and
management of technical noise.

These schemes are all examples of passive atomic interrogation. The atoms are used as a
passive reference to correct the frequency of a laser that is ultimately used as a clock. An
exciting prospect is the realization of an active frequency reference using cold atoms in an
optical cavity. In such a system the atoms are "active" in the sense that they generate the
lasing themselves using collective e ects. If the lasing transition is narrower than the cavity
linewidth, the lasing can directly inherit the stability of the atomic transition. The working
principle of an active optical clock is similar to a hydrogen maser [43], but it operates using
an optical transition with a much higher frequency.

1.2 Superradiance and active-lasing schemes

When an atom is in an excited state, it will eventually emit a photon with a random phase
through a process known as spontaneous emission, transitioning to a lower energy state.
The lifetime  of an excited state is de ned as the time when the probability of nding the
atom in the excited state has dropped toPe = 1=e However, this rate of emission can be
modi ed by bringing multiple atoms close together. If the wavelength of the emitted light

is much greater than the separation of the atoms, the atoms will constructively couple to
the same free space mode which can greatly enhance the emission rate of the ensemble by
several orders of magnitude (Fig. 1.1). This is what we refer to as a superradiant burst, and

it was originally predicted by Robert Dicke in 1954 [44]. In the quantum mechanical picture,
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Figure 1.1: Emission of separated and closely spaced two-level emitters. If the emitters are separated,
they will decay individually with the natural decay rate of . However, with closely spaced the
emission rate is enhanced through a collective emission process.

superradiance is the result of the formation of so-called "Dicke states" [3], an entangled
state where the atoms act as a single entity with e ective dipole moment that is bigger
than that of the individual atoms.

The spacing requirement of the emitters is easily satis ed for microwave transitions, where
the wavelength of the emission is on the scale of cm. However, to observe superradiance for
optical transitions, where the wavelength is on the hundreds of nm scale, it is convenient to
use an optical cavity. The cavity creates a preferred emission mode to enable long range
interactions between separate emitters that would not interact strongly in free space. Such
atom-cavity systems has been shown to produce strong superradiant bursts on optical
transitions [45{48], which has fueled the scienti c interest in producing a steady-state
continuous superradiant laser for frequency metrology applications.

1.2.1 Continuous superradiance

Conventional lasers work by using an optical cavity and a gain medium. The gain medium
can usually amplify light over a broad range of frequencies by stimulated emission, and
the cavity provides a preferred mode for emission. The intracavity eld has well de ned

frequency and phase, and the leak through one of the cavity mirror forms the emitted
laser beam. The cavity works as a frequency discriminator to carve out a much narrower
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Figure 1.2: Bad cavity regime and good cavity regime. In the bad cavity regime, the frequency is
dictated by the atoms. The phase of the lasing is upheld through continuous synchronisation in
the atomic phases. In the good cavity regime, the frequency is dictated by the cavity, as the phase
information is stored in the intracavity eld.

frequency spectrum than the linewidth of the gain medium. This is what we refer to as the
"good cavity" regime (Figure 1.2). In this regime, photons circulating within the cavity
will be stored longer than the time atoms take to emit into the cavity mode. Crucially, the
coherence of the laser is stored in the intracavity eld, which means that the frequency and
phase of the laser is susceptible to vibrations in the cavity mirrors.

If the gain medium is much narrower than the cavity in frequency space, the frequency is
dictated by the gain medium. This is the "bad cavity” regime, where the cavity eld decays
quicker than the atoms emits photons into the cavity mode. This means that the coherence
is primarily maintained in the phase of the atoms, and the lasing frequency is less sensitive
to vibrations in the cavity mirrors. This sensitivity is characterized by the so-called cavity
pulling coe cient, c¢,. For ¢, = 1, the emission frequency of the laser follows the cavity
resonance. Forc, < 0.5, the frequency is mostly dictated by the atomic resonance frequency.
If a narrow gain medium is used, such as cold atoms continuously repumped to a long lived
excited state, the bad-cavity regime is accessible.

This lasing scheme eliminates the need for a separate stable reference cavity for laser
stabilization, as the collectively enhanced emission of the intra-cavity atoms constitute
the frequency reference. In combination with the suppressed environmental sensitivity of
the bad-cavity regime, the realization of such a laser would constitute an entirely new
generation of ultra stable lasers with broad applications within quantum metrology and
sensing. Particularly, the simpli ed scheme for generating a stable frequency reference has
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intriguing applications in the realms of portable and space-borne quantum sensors.

In a steady state superradiant laser, the atomic phases continuously synchronize through the
cavity eld, which virtually increases the lifetime of the excited lasing state - thus allowing
for much narrower linewidths than the atomic linewidth from the Heisenberg uncertainty
relation. The fundamental limit of such a laser for optimal pumping parameters is theorized
to be determined only by the single atom decay rate and the cavity cooperativity, C
(which we shall discuss more in depth in the next chapter), through the Purcell limit [49],

p=C: (1.2.1)

This can be compared to the linewidth limitation due to phase noise induced by spontaneous
emission into the cavity mode, commonly known as the Shawlow-Townes (ST) limited
linewidth [50]. For a laser with a gain medium linewidth of and cavity linewidth itis
de ned as
modigd ST
O =
~! I

4 Pout + %

msT = ; (1.2.2)

where Py is the power output and ! | is the lasing frequency. We have assumed that the
cavity is on resonance with the gain medium. This is the modi ed Shawlow-Townes limit
which also predicts the linewidth limit in the bad cavity regime [51]. In the bad cavity limit,
where , the ST limit reduces to

2
mST,bad = 2 :

POUI

At the time of writing, no group has reported a truly continuous superradiant signal, though
several groups are pursuing an experimental realization [52{55]. In this thesis, | show and

(1.2.3)

discuss the results of an experimental system designed to produce long superradiant pulses
to provide an insight how the rst few ms of lasing would behave in a truly continuous
superradiant laser. We use the relatively broad 7.48 kHZS; ! 3P; transition in #Sr as
the faster decay allows for more intense pulses and this linewidth should not limit the lasing
linewidth on the timescales we expect to sustain lasing.

In parallel to investigating narrow linewidth superradiant lasing, we use the experimental
system to realize a superradiant readout scheme for a Ramsey type interrogation [3], where
the amplitude of the superradiant pulses can be used to determine the number of atoms
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in the excited state which in turn can be used to stabilize the pump laser frequency.
The execution of such a readout is fast and less destructive to the atomic ensemble than
traditional uorescence measurements as it requires much fewer scattered photons. As
such, it has intriguing applications to improve interrogation schemes of intracavity quantum
emitters.



Chapter

Cold atoms in an optical cavity

In this chapter we will present the theoretical and historical background to provide the
basic building blocks for understanding the physics that constitute this thesis. We will
review some topics from atom cooling and trapping, cavity QED, and lasing dynamics.

2.1 The structure of strontium

Strontium is an alkaline earth metal that possesses useful transitions for laser cooling and
narrow transitions for precision spectroscopy. The rst experiments trapping and cooling
strontium were realized in the end of the 1990's [56, 57], which led to the development of the
rst optical lattice clock [27, 28]. Strontium has four di erent naturally occuring isotopes;
the bosonic®Sr (0:56% abundance),26Sr (9:86%), 88Sr (82:58%), and the fermionic®’Sr
(7%) [58]. In our experiments, we work with the most abundant8Sr. This isotope has no
nuclear spin, making it easy to cool and prepare large ensembles of atoms. In Fig. 2.1 we
show the relevant transitions and levels of strontium.
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Figure 2.1: The relevant transitions in 8Sr. The linewidths of the 679, 688 and 707 nm repumping
transitions are partial.
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The notation of each atomic state refers to the con guration of the two valence electrons in
strontium using spectroscopic notation [59],

25 g: (2.1.1)

where S is the spin quantum number, which in strontium can be either be 0 or 1 for an
antiparallel or parallel con guration of the spins, respectively. The term 2S + 1 is the spin

multiplicity, which determines the number of spin projections along the quantization axis.
L is the orbital quantum number in the spectroscopic notation, andJ = L + S is the total

angular momentum gquantum number. The coupling between the orbital angular momentum
and the spin (the spin-orbit coupling) leads to a splitting of the levels for dierent J's, also
commonly referred to as the ne structure. In strontium, the 3P state is split into three

levels with J = 0; 1; 2. When applying a magnetic eld over an atom, the spin and angular
momentum quantum number results in an additional splitting from its projections, m;,
along the magnetic eld quantization axis. The splitting in energy for a weak magnetic
eld is given by [59]

E=9g nBmj; (2.1.2)

where  is the Bohr magneton, B is the magnetic eld, and g is the Lance g-factor

commonly de ned as
_ 3+ S(S+1) L(L+1)

9°3 213 +1)

(2.1.3)

In strontium, this magnetic splitting is especially relevant for *P; and 3Py, as the splitting
can create a con ning force with a spatial dependence when atoms are moving in a magnetic
eld and illuminated with laser cooling beams.

In strontium, the 1Sg! 1P; 461 nm transition has a linewidth of 305 MHz [60, 61] which
allows for e cient cooling and trapping. However, this transition is not completely closed,
as P has another, albeit much weaker, decay channel (Fig. 2.1). When an atom is excited
to 1Py, there is a 1:20000-50000 chanck that the atom will decay to D, [60], through
which it will decay to 3P, or 3P;. The 3P, state has a lifetime of 520 s [62], which means
that the atom can no longer be optically cooled. However, the decay of atoms into the
m = +1 ; 2 sublevels of*P, can load a magnetic trap and reach relatively low temperatures
due to thermalization and evaporative cooling [63].

1The actual fraction is still somewhat disputed. See the discussion in [60, p. 41]
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To return the atoms into the 461 nm cooling cycle the atoms can be repumped froniP,
and 3Pg using a 707 nm and 679 nm laser to théS, state (Fig. 2.1). From this state,
the atoms can decay back to the®P,.1.¢ states with a branching ratio of 5:3:1 [64]. If the
atoms end up in 3Py, they can decay back to the ground state and reenter the cooling cycle.
The third repumper at 688 nm pictured in Fig. 2.1 is not used in the cooling cycle, but

it is important for the repumping scheme of the superradiant laser we will consider later.
As an alternative to the 679 nm and 707 nm repumpers it has been shown that a similar
repumping e ciency can be achieved using just a single 497 nm coupling théP, and 3D»
states [65, 66]. We shall discuss the 688 nm and the possible applications of a 497 nm
repumper more in depth in chapter 6.

In 87Sr, the commonly used clock transition is the 698 nm'Sy | 3Py with a linewidth

of just 1.1 mHz [26]. For88Sr, this transition is completely closed as the isotope has no
nuclear spin, F = 0, but it can be opened and tuned with the introduction of a strong
magnetic eld. In our experiment, we opt to use the broader!Sy ! 3P, intercombination
line at 689 nm with linewidth =2 = 7:48(1) kHz (and associated lifetime of the excited
state = 21:28(3)) [67] for lasing experiments?, as the demands on the lasers are relaxed
which allows for simpler experimental setups and the stronger single atom decay rate makes
it easier to observe superradiance. Using this transition over the mHz transition in®’Sr
should not put a linewidth limitation on the superradiant light on the time scales (3-4 ms)
we expect to produce lasing [49].

The 1Sy ! 3P; 689 nm transition is crucially used for cooling of the atomic ensemble. When
cooling and trapping using the 461 nm!Sy ! 1P, transition, the ensemble typically has a
nal temperature of a few mK. Using the 1Sy ! Py 689 nm transition, the temperature
can be brought down to just a fewpuK. This can place the system rmly in the bad cavity
regime, where the lasing is insensitive to cavity vibrations.

The 3P, state has three magnetic sublevelsn = 0; 1 with an energy splitting of 1:4 MHz/G
between each level. We use the magnetically insensitiven = 0 for lasing, andthe m= 1
states are used for trapping and repumping. The magnetic sublevels can also be addressed
from 1Sy speci cally using either circularly or linearly polarized light, which is useful for
repumping the atoms without addressing the lasing state.

2Though we commonly just quote =2 =7:5 kHz
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2.2 The scattering force

The 90's saw a rapid development of schemes to catch and control ensembles of multiple
species of cold neutral atoms [68{70]. Such technigues primarily rely on the on preferential
absorption of photons to systematically remove the kinetic energy of atoms. Following the
derivations of [59], the scattering force on a two level atom illuminated by a monochromatic
eld is given by

_ 1=1 sat )
Fscatter = k§1+ I=log +4 2= 2 (2.2.1)

where is linewidth of the excited state, |55 is the saturation intensity of the transition,
and is the detuning from atomic resonance. Intuitively, the scattering force increases if the
atomic transition has a faster decay - the spontaneous emission creates a non-conservative
force that removes energy from the system, and if the atoms spontaneously decay faster,
they can absorb more photons over time. For =0 and | I sat, the scattering forces
converges towards

(2.2.2)

Fscatter = ~k§;
which is the momentum of a photon~k applied at half the spontaneous emission rate. In
the high intensity limit, half the atoms will be in the excited state. For a speci c transition

in an atom with a mass m, the maximum acceleration due to photon scattering can be

written as

;ki — Vrecoil |
m 2 2
where is the lifetime of the transition, and vieco IS the change in velocity from the

(2.2.3)

Amax =

absorption of a photon on the transition. This maximum acceleration is important to
consider when designing a system to slow a thermal beam of atoms, as it results in a
minimum stopping distance Lo. In our system, we slow thermal beam of atoms travelling
with 300 500 m/s by scattering photons on the 461 nm = 30:5 MHz 1Sy ! 1P transition
using a laser beam counter-propagating with respect to the atoms. A typically quoted
value for Lo with | lsat is around 25 35 cm [71]. However, this assumes that the
atoms experience a constant acceleration - the reality is that as the atoms are slowed, the
resonance condition changes due to Doppler shifts. The atoms only experience a strong
scattering force when the e ective eld frequency is within the atomic transition line shape.
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To counter the varying Doppler shift, the scattering force can be engineered to remain
reasonably constant. By using a magnetically sensitive state such a?;;m = 1 and
varying the magnetic eld B(z) along the slowing direction, the Doppler shift shift can be
cancelled out by the magnetic shift,

8B(2) _

kv; (2.2.4)

assuming that the eld frequency is on resonance with atoms at rest. The required eld
pro le becomes

q_ ——
B(Z)= Bo 1 z=Lg (225)

where
Bo = %: (2.2.6)
b

This setup is known as a Zeeman slower and is an important and common rst cooling stage
in strontium experiments. Without the Zeeman slower cooling beam, the number of atoms
we can prepare for experiments is orders of magnitude lower. Turning on the magnetic eld
in the Zeeman slower coil, we typically gain an additional factor of two in atom number.
If the power of the Zeeman slower beam is low, the loading rate of the optical trap after
the Zeeman slower is best when the Zeeman slower coil is running at a low current. The
interpretation is that a Zeeman slower operating with a low optical power provides an

insu cient scattering force to follow the magnetic eld gradient in the Zeeman slower.

2.3 The magneto-optical trap (MOT)

We use the scattering force in conjunction with carefully tuned magnetic elds for localized
trapping and cooling of atoms. Instead of slowing in a single direction, we set up an
arrangement of 6 lasers at the end of the Zeeman slower. The laser beams are intersecting
in a single point and organized such that atoms gets slowed in all three dimensions, realized
by retrore ecting 3 laser beams. The atoms get con ned to a center de ned by the zero
point of a quadropole magnetic eld. This technique is referred to as a magneto-optical
trap (MOT), and it is the workhorse of many experimental quantum physics experiments.

In 8sSr, the rst MOT stage is commonly realized using the 1Sq ! 1P transition at 461
nm with a linewidth of 30:5 MHz. Two magnetic coils arranged in an anti-Helmholtz
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Figure 2.2: Simple schematic of a magneto-optical trap (MOT). Counter-propagating circularly
polarized laser beams interact with Zeeman-shifted magnetic sublevels to create a spatially dependent
restoring force that simultaneously cools the atoms. Figure from [72].

con guration form a anti-symmetric magnetic eld with a zero point near the geometric
center of the magnetic coils. Three orthogonal pairs of counter-propagating MOT laser
beams (Fig. 2.2) operating at a frequency just below atomic resonance are overlapped
near the geometric center of the magnetic coils. Each antiparallel pair of laser beams have
opposite circular polarization 2 to address a speci ¢ magnetic sublevel otP;. The Zeeman
e ect breaks the degeneracy of the three di erent angular momentum states of:P1, putting
the MOT beams closer to resonance with them; = 1 magnetic substates. Atoms within
the intensity pro le of the MOT beams will preferentially absorb photons from one of the 6
MOT beams, but will spontaneously emit in a random direction, resulting in an average
e ective force directed towards the magnetic eld center. The theoretical lower limit on the
temperature in a MOT is given by the Doppler limit [59]

ke Tp = 7; (2.3.1)
which for the 461 nm MOT Tp  770puK. This is using that = =2, and | | sat, Which
means that the force from each MOT beam can work independently. In reality, it can be
an advantage to increase the MOT detuning to increase the capture velocity of atoms. The
working principles for a second state MOT using the 689 nm!Sy ! 3P transition are
exactly the same, except the linewidth of the transition is much narrower at 75 kHz. This

provides a much lower trapping force and a smaller capture range, but the Doppler limit

3|f the polarization is de ned with respect to the k-vector, the beam and its retrore ection have the same
polarization.
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permits a much lower temperature of the ensembleTp = 180 nK.

It should be mentioned that the two level treatment of the cooling scheme often is often
insu cient to describe the performance of a MOT. As it turns out, atoms with more
complex ground state structures than®8Sr can simoultaneously be cooled through other
processes than photon scattering from the MOT beams. Atoms with magnetically sensitive
ground state sublevels (such as Alkalis) can instigate Sisyphus cooling [73] when the atoms
move around the sinusoidally varying potential landscape in the standing wave of the MOT
beams [59]. The rst realizations of Alkali MOT's saw temperatures much lower than the
Doppler temperature [74].

2.4 Atomic state manipulation

In the previous section we used the direct drive between two atomic levels to produce a non-
conservative force to cool an ensemble of atoms. When cooling atoms, we are incoherently
driving them - the spontaneous emission is important as it removes the thermal energy
from the atoms. However, in this section we concern ourselves with coherent population
manipulation. If the atoms are driven with a uniform eld intensity on time scales shorter
than the natural lifetime of the excited state, the direct drive on the lasing transition can
generate brief but strong population inversion. This can be leveraged to produce short
(shorter than ) but intense superradiant bursts.

2.4.1 Rabi oscillations

To achieve lasing in the ensemble of cold strontium atoms, we need population inversion.
That is, more than half the atoms must be in the excited state. In the semiclassical model,
illuminating a two-level atom with a monochromatic electric eld, the time evolution of
the probability to nd the atom in the excited state can be written as the solution to the
Schmdinger equation [75],

Pe= —sin — ; 2.4.1

e W2 2 ( )
for an atom initially in the ground state ( Pg = 0), and with W2 =2+ 2 where is the
detuning of the E- eld from atomic resonance. The Rabi frequency is de ned by
hljer Epj2i

(2.4.2)
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Figure 2.3: Rabi oscillations of an ensemble of atoms. The atoms experience di erent pulse intensities,
which is translated into an e ective Rabi frequency , where =2 833. From blue to red, is
uniformly distributed in the interval [ n; 1] wheren =[1;0:9; 0:8;0:7; 0:6; 0:5]. For n = 1, the opping

is completely coherent as described by Eq. 2.4.1.

where er is atomic dipole moment moment. For =0, the atom can be driven perfectly
between the ground and excited state. As the atom is driven between the excited and
ground state, no net force is actually exerted on the atom - this is because the atom-light
interaction alternates between absorption and stimulated emission. The atom will experience
a scattering force along the direction of the driving eld only when spontaneous emission
is included (as we discussed in the previous section). When the atom is illuminated for a
time t = = , the atom will be in the excited state. This is what we referto asa pulse.
We use such pulses to create large population inversion in the atomic ensemble, to observe
short superradiant bursts in our atom cavity system. The pulses can only be near perfect
as any kind of di erence in the e ective detuning or Rabi frequency of each atom in the
ensemble will create decoherence. The intensity pro le of the laser used to drive the atoms
is rarely perfectly uniform, and some atoms might be screened due to a high optical density
of the cloud. The non uniform intensity pro le is not the only thing causing decoherence
when pumping the atoms directly on the lasing transition; the spontaneous emission and
the varying Doppler shift of each atoms also contributes to the decoherence However, on
the timescales of the pulse, we suggest that the intensity pro le is the dominating source
of decoherence in the ensemble opping.

Instead a tting the population oscillation using just one as in Eq. 2.4.1, the time
evolution of the system can be described using a distribution of di erent Rabi frequencies
as experienced by atoms subjected to a non uniform intensity pro le [4],
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21 Py e

sin : (2.4.3)

Pe = ode( )pﬁ2+—z 2

The variable is unitless and2 [0;1], and g is here de ned at the maximum Rabi
frequency of the ensemble. The functiorf o( ) is the probability distribution of dierent 's
accross the cloud. Iffa( )= (1), thatis, the atoms experience only one Rabi frequency,
then Eq. 2.4.3 reduces to Eqg. 2.4.1. In Fig. 2.3 we plot di erent transfer e ciencies for
an ensemble of atoms. We have assumed a uniform distributioha( ) of 2 [n; 1] where
n=[1;0:9;0:8;0:7; 0:6; 0:5], (blue to red graphs). We assume that =0 and have used a
typical Rabi frequency for our system, =2 833 kHz. We have marked the threshold for
superradiant lasing, around P¢ = 0:5, with a dashed black line. If the atoms experience
Rabi frequencies that vary by a factor of two ( 2 [0:5; 1]), the opping coherence will be
almost completely gone after just a fewas. More importantly, the maximum amplitude of
the population oscillations is decreased. Other probability distributions fo( ) of can
readily be used. If the pumping beam has a waist that is comparable to the size of an
atomic cloud with a Gaussian distribution, the variations of the pumping intensity will be
dominated by variation of the Gaussian intensity pro le. For this, the probability function
is [4]

fa( )= Wo zl‘%f L. (2.4.4)

2 2

In our experiment the pumping beam is much bigger than the cloud, such that most uctu-
ations in the intensity pro le will originate from atomic screening e ects or inhomogeneities
in the beam pro le inherited from optical elements in the beam path.
This theory is useful for gaining an intuition on how to achieve population inversion to
produce short, superradiant bursts. However, this population inversion is only brief and
cannot be sustained when lasing on the same transition that we pump to excite the atoms.
To produce longer pulses than those originating from a population inversion ( pulse), we
need to continuously reload atoms into the excited state using multiple atomic levels.

2.4.2 Multilevel laser

We touched brie y upon classical laser schemes in the introduction, and now we will discuss
some of the theory of generalized 3-level and 4-level lasers to understand the behavior of
our system when we start repumping atoms to prolong the lasing pulses. We will follow
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Figure 2.4: Generalized 3-level and 4-level lasing systems.

and discuss the de nitions and conclusions outlined in [76].

The fundamental problem that various laser schemes address is that it is complicated to
sustain population inversion of an atomic ensemble using just a single transition. When
atoms are driven coherently between the ground and excited state, we can initially expect
to periodically see more than 50% of the atoms in the excited state on timescales shorter
than the decoherence time of the system. This decoherence can originate from either the
excited state decay, pump pulse intensity variations, or varying level shifts across the atomic
ensemble. When trying to sustain population inversion in an incoherent ensemble of atoms,
the stimulated emission from the atoms in the excited state will cancel out the absorption of
the atoms in the ground state, and when increasing the power the excited state population
simply converge towards 50%. Using a third atomic state that has a fast decay to the
excited state is a way to excite atoms without also removing atoms from the excited state
(Fig. 2.4), and the rst realization of a laser used a three level structure in ruby [77]. To
describe such a system, we de ne the atom number in the ground and excited state d$q
and Ng, respectively. We write the population rate equations for the ground and excited
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lasing state as [76]

dN
Ttg: PNg+ egN2+ ( Ne Ng); (2.4.5)
dN
dte = PNg  egN2 ( Ne Ng): (2.4.6)

where is the absorption cross section and is the photon ux. The atoms are pumped
from the ground state to the excited state through the third level at a rate P. We have
assumed that the population N3 decays to the excited state at a rate 3¢  P; ¢g, Where
eg IS the rate of spontaneous emission from the excited state to the ground state. The last
term in each equation is the stimulated emission and absorption, which depends on the
population inversion N = Ne Ng. Assuming steady state operation, we can take the
time derivatives to be zero. Additionally, we assume that the photon ux is low 0to
de ne the steady state values ofNg and Ny,
Ne = Ng: (2.4.7)
From this, it is evident that in a three level lasing scheme the pumping rate must be bigger
than the natural decay rate of the excited state,

P> e (2.4.8)

to achieve steady state positive population inversion N > 0. At the threshold pumping
power Pmin = eg, half of the atoms in the ensemble are in excited state and half are in the
ground state. The pumping needs to counter the spontaneous emission of half the ensemble
of atoms, which means that the ensemble on average scatters many photons to sustain the
population inversion. This is an important thing to note for our applications of this theory,
but for now we stick with a discussion of the generalized theory.

Today most laser schemes involve at least four levels. This is to decouple the depumping of
the lower lasing level with the excited state population, which allows for much lower pump
powers before lasing threshold is reached. We add a level below the lower lasing levgl,
(Fig. 2.4). The lower lasing level decays tg0i with a rate 4o, and the pump now transfers
atoms from jOi to j3i. Using the same approach as with the three level system, the steady
state population inversion can be approximated as [76]
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N = P( g eg)(No+ Ng+ Ne)
g0 egt goP + egP

(2.4.9)

Now, for a non zero pumping rate the population inversion will always be positive if

g0 > eg- The addition of a fourth level has the consequence that only of the fraction of
the atoms needs to actively contribute to sustain the population inversion, which allows for
much lower pump powers. This is an important feature in systems where it is desirable to
retain low pump powers, e.g. to limit photon recoils and residual light shifts of the lasing
levels. Such considerations are important to consider when trying to produce a long steady
state superradiant lasing signal.

2.5 Cavity QED

The heart of the experiment and this thesis as such is the interaction between an optical
cavity and an ensemble of atoms, the study of which is commonly referred to as cavity
quantum electrodynamics (cQED). Cavities are widely used in AMO physics for laser
stabilization, to increase the interaction strength of atoms, and to form optical lattices with
enhanced power and smooth, averaged wavefronts.

In recent times focus has increased on studying the interaction of an atomic ensemble
coupled to a cavity. Atom-cavity interactions have a broad variety of applications, such
as entanglement generation, quantum sensing, and, relevant for this thesis, the study of
collective e ects in an intracavity atomic ensemble. The cavity can enhance the interaction
between individual atoms and create a preferred emission axis that is useful for producing and
characterizing superradiant bursts. This lowers the requirements for creating interactions
between atoms as compared to producing superradiant bursts in free space.

2.5.1 The bare cavity system

An optical cavity is an arrangement of mirrors that can (depending on the con guration)
form a running or standing wave electromagnetic eld. Here, we will consider the simple -
and most commonly used in our laboratory - Fabry-Perot con guration, where two mirrors
face each other. If the distance between mirrors is an integer times half the wavelength,
coupling light through one of the mirrors will create a standing wave between the two coated
surfaces, building up the optical power in the intracavity eld. From this requirement, we



CHAPTER 2. COLD ATOMS IN AN OPTICAL CAVITY Page 22

can infer what is commonly refereed to as the free-spectral range (FSR) of the cavity, the

frequency di erence between allowed identical transverse modes in the optical cavity,
FSR= (2.5.1)

2L

For the bare cavity, the most important factor deciding the cavity's behavior is the trans-

mission and loss coe cients for the mirrors. High mirror re ectivities with low loss results

in long lifetimes for photons resonating between the mirrors. This makes the cavity more

frequency selective, and it is desirable for schemes stabilizing the frequency of a laser to

the length of the cavity. The cavity transmission spectrum is an Airy-function [78], but for

mirror re ectivities r 1 it is a good approximation to write the transmission of the cavity

as a Lorentzian lineshape,

(3 )? ,
(r to)2+(3)%

where! is the frequency of the laser coupled to the cavity, and is de ned as the linewidth
of the cavity. Using the linewidth of the cavity and the FSR, we de ne the nesse F,

L(1)= A (2.5.2)

FSR.

F = (2.5.3)

which quantizes the loss of photons from the intracavity eld per round trip, analogue to
the Q-factor of a generalized harmonic oscillator. The nesse can be used to describe the
power enhancement of the circulating eld in the cavity
F

E2.= —E& (2.5.4)
where E§ is the magnitude of the input eld coupled to the cavity. Figure 2.5 shows an
example of the frequency dependent intracavity power as a function of cavity nesse.
These considerations are only immediately useful when considering light coupled to an
empty cavity. Or, more generally, for light resonating at a wavelength where it does not
experience signi cant absorption or a phase shift from an intracavity ensemble of atoms.

2.5.2 The atom-cavity system

We now move away from the purely classical treatment of our system, to coupling an
intracavity ensemble of N atoms with an atomic transition close to the resonance of one of
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Figure 2.5: Intracavity circulating power of an optical Fabry-Perot cavity as a function of laser
frequency, for a nesse ofF =10 (black), F =15 (blue) and F = 30 (red).

modes of the optical cavity. The atoms are randomly distributed along standing wave of the
cavity eld. When the atom-cavity cavity system is subjected to a weak probe, and number
of atomic excitations is less than the number of atoms, we can describe such a system by
writing the modi ed Jaynes-Cummings Hamiltonian in the rotating frame [79{81],

H =~ a®e+ ~gIO N (& + 178) (2.5.5)

where .4 is the detuning of the cavity from atomic resonance, ¢, ¢¥, 4, and & are
annihilation and creation operators for photons in the cavity eld and atomic excitations
(respectively). This is only a valid description when the system is subjected to a weak probe,
such that a majority of the atoms are in the ground state. The last two terms are responsible
for exchanging excitations between the cavity and the atoms at a rate y =2g N [82].
The single atom couplingg depends only geometric properties of the cavity as well as atomic
properties, but the e ective coupling varies as a function of longitudinal position within
the cavity (z), going from no coupling to maximum interaction strength between the nodes
and anti nodes of the cavity eld. The transverse position perpendicular to the cavity axis
(r) we model with a Gaussian distribution, assuming fundamental Gaussian cavity mode.
Combining this, we write [83]

ﬁ’_{ o tran erse
g_m Ior%giﬁdl_n{al Z—ﬂ/ 2{

- re..
g(z;r) = m sinkcz  exp( W—%). (2.5.6)

The maximal cavity coupling for a single atom we de ne asgp, and it depends on the
linewidth of the atomic transition , the cavity resonance frequency ., the waist of the
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Figure 2.6: The atom cavity system with relevant dissipation rates. Excitations are exchanged
between the atoms and the cavity eld with a frequency .

cavity wp, the length of the cavity L, and the atomic transition frequency ! . For an

atom cloud smaller than the waist of the cavity mode, the transverse distribution can be
ignored, and we can de ne an average coupling strength in terms ofjy by averaging over
the sinusoidally varying cavity coupling of the standing wave cavity eld, g2 = g3=2 [61, 84].
This de nition of the average coupling strength lets us de ne the e ective Rabi frequency
of the atom-cavity system [85], the oscillation of energy between the cavity eld and the
atoms excitations, as

N = P Egop N: (2.5.7)

q _—
=2gy N=2 (2.5.8)

The enhancement of the Rabi frequency due top N is possible through atom-atom interac-
tions mediated by the cavity mode, and \ is an important gure of merit to determine
which regime the system operates in. In the strong coupling regime, the Rabi frequency
is bigger than other relevant decoherence rates in the system, ; (loss from cavity
mirrors or single atom decay into free space). This collective Rabi frequency can be observed
in the time-domain as an oscillation in the cavity eld, or in the frequency domain as a
splitting in the resonance condition of the cavity (which we shall discuss in the next section).

The strength of coupling between a single atom in the ensemble and the cavity mode relative
to free-space modes is described using a metric known as the cavity cooperativity,
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Cp= B0

; (2.5.9)

where the coupling strength of the atom-cavity systemgp is compared to the dissepation
rates and . For a low cooperativity Co 1 a single excited atom is likely to emit
a photon into free space rather emitting into the cavity mode (Fig. 2.6). The single
atom cooperativity is an important gure of merit when considering cavity design for a
superradiant laser. It can be easier to go above lasing threshold using a cavity with a high
cooperativity, but it increases the Purcell linewidth limit p= Co [86].

The strength of the atom-cavity interaction can be improved by introducing N intracavity
emitters, which results in collective e ects of the atoms mediated by the cavity mode,

2
Cn = NCo = N 2%

: (2.5.10)

which can greatly enhance the e ective cooperativity depending on the atom number. The
collective behavior plays a central role in most of the physics presented in this thesis. In our
cavity, we operate with a low single atom cooperativity, but due to a high atom number,
we nd ourselves in the collective strong coupling regime. This means that can exceed the
lasing threshold yet theoretically reach very narrow lasing linewidths.

2.5.3 Normal mode splitting

To determine which regime the system operates in we can probe the atoms through the
cavity. In the strong coupling regime the cavity transmission is split into two transmission
peaks, commonly referred to as the normal mode splitting (NMS) [87, 88] In simple terms,
the NMS is the result of the interplay between the dispersion curves of the atomic ensemble
and the cavity. The atomic ensemble causes a phase shift of the intracavity eld, which for
a speci ¢ laser detuning counteracts the detuning of the cavity resonance. This results in
two frequency solutions for coupling light to the cavity.

The resonance frequencies of the combined atom-cavity system and their splitting can be
found as the eigenstates of the Jaynes-Cummings Hamiltonian [82], and they are governed
by the detuning of the cavity from atomic resonance cay = ! ¢ ! eg @and the collective Rabi
frequency y [89],

4Also
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Figure 2.7: Normal mode splitting for §n =0;2;4. At 5 =0, the splitting is  n, and the atom
number can be inferred ifgg is known.

IR ;q 20+ & (25.11)
The shape of this is an avoided crossing of the atomic resonance (Fig. 2.7). In this gure, we
have plotted the NMS for N =0;2;4 MHz (black, blue and red respectively). For N =0,
the only solution follows the cavity detuning as there is no atom-cavity interaction. As y
increases, the frequency splitting of the two solutions gets bigger, especially around atomic
resonance. If the cavity is on atomic resonancecy, = 0, these allowed modes are placed at
n=2. Since y depends on N, the NMS provides an extremely useful measure of the
total number of atoms interacting with the cavity mode. This can be used to probe the

atom number non-destructively before we generate a superradiant pulse.



Chapter

Experimental apparatus

In this chapter, the experimental setup and its development is discussed. Before the start of
my PhD, the Strontium 1 machine had been used to investigate the coupling between mK
cooled®sSr atoms and a low nesse cavity. Namely, the system was used to demonstrate
how nonlinear dispersion can be utilized for a passive laser stabilization scheme using the
NICE-OHMS technique [41, 90, 91]. Later the cavity was swapped to increase the nesse,
which enabled intense superradiant bursts in the crossover regime [45] that demonstrated
immunity to cavity uctuations [92].

In 2019 when | started my PhD the experiment was due for a signi cant upgrade. The
biggest planned change to the experiment was the implementation of a second MOT cooling
stage on the narrow!Sy ! 3P transition to make the atoms reach much lower temperatures.
Previously, the experiment operated in the crossover regime, where the cavity linewidth is
similar to the homogeneous broadening of the atomic ensemble. However, a red MOT would
make the system operate in the bad cavity regime, where the lasing frequency is dictated
by the atoms frequency rather than the intra-cavity eld. This chapter is sectioned into the
various components and techniques that goes into the experiment, whereas most have been
implemented or upgraded during my PhD. The layout of the experiment is depicted in Fig.
3.1.

27
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Figure 3.1: Schematic of the experimental setup as seen from above.
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Figure 3.2: Layout for the blue reference laser optics. We use the light for imaging and to inject 461
nm laser diodes in our own and our neighbouring experiment. The light is locked using modulation
transfer spectroscopy in a strontium cathode cell.

3.1 461 nm laser systems

The rst atom light interaction in the experimental sequence happens on the'Sy! 1P
461 nm transition. We use the 461 nm light in the Zeeman slower, the blue MOT, and
for imaging the atomic cloud. The low lifetime of the 1P, state permits a large scattering
rate suitable for slowing thermal atoms and producing absorption images. The 461 nm
reference light is generated using a Toptica DL PRO 461 nm, capable at outputting 120
mW. This light is used for the imaging systems and to inject other 461 nm diodes, and it is
locked to an atomic reference (a Hamamatsu strontium cathode cell generously donated by
the Ye group). The layout of the blue reference laser breadboard is depicted in Fig. 3.2.
After the rst optical isolator, we pick o 20 mW to inject the dedicated 461 nm MOT
and Zeeman slower diode. From this, we usually ber couple 8 mW, which is more than
enough for a good and stable diode injection. A similar amount of power is sent to our
neighboring experiment "strontium 2" to inject their "grandfather" laser diode.
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Figure 3.3: The errorsignal generated using saturated modulation transfer spectroscopy. In blue,
the absorption of the probe with a visible saturation peak in the bottom of the absorption bowl. In
red, the errorsignal generated by demodulating the probe light. The®¢Sr isotope is visible in the
errorsignal with a detuning of 1248 MHz compared to the 8Sr resonance.

The imaging light is generated by shifting the 461 nm light with +120 MHz and ber
coupling the diracted beam. We use 500 pW through the berin 20 50 us imaging
pulses. We derive the imaging light directly from the TOPTICA (rather than a high power
injected diode) as the spectral purity is important when imaging dense atomic clouds. The
imaging setup will discussed in greater detail in chapter 4.4.

3.1.1 Blue reference locking

The reference light intended for frequency locking the laser is shifted by +120 MHz by
an AOM ("o set AOM"), such that the blue reference light has a detuning of 120 MHz

to atomic resonance when locked. Locking the laser o resonantly simpli es using AOMs
for simultaneous frequency shifting and shuttering further downstream. The di racted
beam from the o set AOM is guided through a polarizing beam splitter (PBS), where the
transmission and re ection becomes the pump and probe beam in a modulation transfer
spectroscopy scheme [93, 94]. The pump beam is phase modulated using an EOM. When
the pump and probe beam overlaps within the strontium cathode cell, the pump beam
transfers its phase modulation to the probe beam through an interaction with the atomic
medium. Demodulating the probe beam at the EOM modulation frequency then generates
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an errorsignal to stabilize the blue reference laser. This scheme combines the bene ts of
saturated absorption spectroscopy (SAS) and frequency modulation (FM) spectroscopy
to produce a high signal to noise Doppler-free spectroscopy signal from interrogating hot
strontium atoms in a cathode cell. This scheme is a signi cant improvement over our
previous setup where the SAS signal was produced by interrogating a hot atom beam from
a reference oven in a di erent vacuum chamber.

We run the cathode cell at 400V. This is su cient to produce an errorsignal with a high
signal-to-noise. If the voltage is increased further, the cathode cell starts exhibiting unstable
behavior, turning on and o every other second. Figure 3.3 shows an example of the locking
signal generated with the cathode cell. In red, the demodulated signal forming the anti
symmetric feature for frequency stabilization. In blue, the transmission of the probe beam.
The transmission has a Doppler width of more than a GHz, but the errorsignal is generated
in the region where the pump and probe interact with the same atomic velocity classes in
the cathode cell. The interplay between the pump and probe beams creates the saturation
peak visible at the bottom of the absorption bowl. The isotope®Sr (9:86% abundance) is
also visible in the errorsignal. In®Sr the 461 nm transition is shifted with 1248 MHz
compared to 88Sr [60].

3.1.2 Blue MOT and Zeeman slower

The blue MOT beams and the Zeeman slower beam are derived from an injected diode
(NICHIA NDB4916) outputting 400 mW. The diode is injected using the rejection port on
a Newport ISO-04-461-MP isolator which is capable of handling high optical powers. The
NICHIA diode can output up to 600 mW, but we run it at a lower power to prolong its
lifetime and protect the optical elements. When working with blue light at such powers,
dirt or dust can get burned to the surface of optical elements. Fiber interfaces are especially
at risk of getting burned as the beam intensity is increased by orders of magnitude when
light is focused down to the size of a ber core. If a ber has an unusually low transmission,
it might need to get polished.
The layout of the optics after the blue high power diode is shown in Fig. 3.4. The MOT
AOM shifts the frequency with +80 MHz, such that the detuning of the MOT beams is
40 MHz relative to atomic resonance. The power in the di racted beam is split on a PBS
and coupled separately into two bers for the XY and Z blue MOT beams. The XY ber
outputs 25 mW, and the Z ber outputs 3 mW. The power is distributed between the X
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Figure 3.4: Layout of the blue MOT and Zeeman slower breadboard. A high power NICHIA diode
is injected with the blue reference laser, and generates 400 mw of power for MOT beams and the
Zeeman slower.

Figure 3.5: Pictures of the high and lower power blue MOT.
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Figure 3.6: Fluorescence from the Zeeman slower beam travelling through the science chamber.

and Y MOT beams using a =2 waveplate and a PBS. The circular polarization of the
MOT beams is generated using six achromatic= 4 waveplates (AHWP10M-600), which
works for both the 461 nm blue MOT and the 689 nm red MOT (Fig. 3.1). The blue MOT
bene ts substantially from a higher power in the XY beams as they remove the majority of
the kinetic energy in the atomic beam - even after the Zeeman slower, the atoms move at
speeds of 10 20 m/s.

The light for the Zeeman slower is recycled from the Oth order of the MOT AOM. It is
passed through the Zeeman slower AOM to achieve a detuning of 440 MHz from atomic
resonance. Typically, we manage to couple 25 mW through the Zeeman slower ber. For
this optical power, the optimal current for the Zeeman slower coils is 9A. However, if the
optical power is increased, the coil current can be increased. Figure 3.6 shows an image of
the uorescence from the Zeeman slower beam travelling through the science chamber.
The blue MOT has a secondary cooling stage where the power in the MOT beams is lowered
to half of the initial power. This is done by passing the RF signal driving the MOT AOM
through a mixer. The voltage on the | port on the mixer controls the strength of the signal
transmission, and the control voltage for high (low) power blue MOT operation is 600 mV
(300 mV). The control voltage is derived o a RIGOL frequency generator triggered by
the experimental sequence. Figure 3.5 shows the two blue MOT regimes; the low power
blue MOT is signi cantly more di use, but the lower temperature increases the transfer

e ciency into the next narrowband red MOT stage.
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3.2 689 nm systems

The wavelength of the 'Sy ! 3P; transition is 689 nm. In our experiment, we use 689 nm
light for cavity locking, the red MOT, pumping, and repumping. We have two 689 nm
diodes and one tapered ampli er (TA) to generate enough power for strong population
inversion pulses and a broadband red MOT. The red diodes are injected by light from a
stable reference laser.
The 689 nm light on our optical table is derived from the "slave 1" laser, which in turn
is injected by our stable reference "master” laser. Slave 1 injects the "slave 2" diode that
is used to generate light for the red MOT. Figure 3.7 shows the layout of the optics table
around slave 1, where most optical elements play a role in the generation of frequencies to
lock the science cavity either at atomic resonance or one FSR away. The light from slave 1
initially has a | =+2  43:3 MHz frequency detuning to the 'Sy ! 3P; atomic resonance,
inherited from the reference laser, and it outputs 20 mW. The frequency is shifted with

2 3456 MHz in a double pass AOM (FSR AOM 1), after which it is incident on another
PBS that guides the light one of two ways, depending on the input polarization. If we
wish to lock the cavity one FSR away from resonance (the common con guration for all
experiments described in this thesis), the polarization is unchanged, and we move a ip
mirror to re ect the light after it has been frequency shifted an additional 133 MHz by
AOM 2. The polarization of the light gets cleaned in a Glan-Taylor (GT) polarizer before
coupling into a ber EOM. The ber EOM is utilized to generate frequency sidebands for
locking the science cavity, but it can simultaneously be used to generate sidebands at one
FSR - the application of which we will discuss later.
If we instead wish to lock the cavity with resonant light (the previous con guration for
running NICE-OHMS experiments not described in this thesis [41, 90, 91]), we ip the
linear polarization after the light exits the FSR AOM 1 double pass con guration. The
ip mirror is removed from the beam path, such that the light now enters a second AOM
double pass con guration, AOM 3. Here, the frequency is shifted by +2 324 MHz, bringing
it back to resonance.

3.2.1 Reference laser and beat generation

Our 689 nm reference laser is stabilized to a high- nesse ( 150000 ) cavity in an acoustic
isolation chamber. The stable laser and cavity setup is situated in a quiet room next to our
laboratory. The reference light propagates through a long ber between the labs to inject
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Figure 3.7: Optics and components for shifting the science cavity lock point between locking on
atomic resonance and locking one FSR away.
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our 689 nm diodes and perform beat experiments on the superradiant light generated by
our atom cavity system. For injecting the rst 689 nm diode, we typically use 1:1 mW right
before the laser diode. For beat experiments, we overlap the science cavity output light
with 100 pW of reference laser light.

To quantify the frequency stability of our superradiant pulses it is important to have a
stable frequency reference. We have investigated the frequency stability of the reference
laser by computing an Allan deviation against another cavity stabilized 689 nm laser. The
overlapping Allan deviation at 1 ms shows a stability of 300 Hz, ultimately reaching 20 Hz
at 400 ms before drifting. We believe this stability is limited by the secondary laser, and
not the reference laser, because the ultimate stability is sensitive to tweaking the locking
parameters of the secondary laser.

The beat between the superradiant light and the reference is also useful for removing low
frequency noise in the cavity output. Particularly, the beat signal Iters out the cavity
locking light background. Besides frequency stability measurements of our long superradiant
pulses, we use the beat between the cavity output and our reference to measure superradiant
pulse amplitudes and to gauge the normal mode splitting.

3.2.2 Science cavity

The science cavity is the heart of the experiment. The cavity is housed in an in-vacuum
ZERODUR spacer resting in two DN4OCF openings on an axis perpendicular to the atomic
beam (Fig. 3.8). The science cavity has a length of 192 mm [61], inferred from the measured
free spectral range (FSR) of 78114 MHz. The cavity has a nesse of 1000 from the
measured linewidth of =2 800 kHz. The linewidth used to be =2 620 kHz [83], but

it is likely that the nesse has dropped over the years due to degradation of the mirrors.
The cavity mirrors are 1 inch in diameter and have a radius of curvature (ROC) of 9 m.
The waist radius of the cavity is wo = 450 um, which results in a relatively low single atom
cooperativity of Co = 5:72e-4 and atom-cavity couplinggy=2 =813:5 Hz [61]. The large
waist, however, allows us to t most of the red MOT atoms to achieve a large collective
cooperativity, Cy = NCq. Moreover, having a low single atom cooperativity is desirable
when designing a narrow linewidth superradiant laser [49].

The science cavity is locked using Pound-Drever Hall (PDH) [95], using sidebands generated
with the ber EOM depicted in 3.7. The PDH method is a phase-modulation spectroscopy
method used to stabilize the frequency of a laser to the resonance of an optical cavity
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Figure 3.8: The science cavity ZERODUR spacer. The spacer has openings to allow optical access
to the center of the cavity. The blue MOT is visible.

or vice versa [78]. The PDH signal is generated by demodulating frequency modulated
light re ected o an optical cavity. An electro-optic modulator (EOM) is employed to
perform phase modulation on the optical carrier frequency incident on the cavity, resulting
in the generation of sidebands at frequencies, ! . These sidebands are produced with
an initial phase di erence of , leading to destructive interference between the two beat
nodes oscillating at! ,,. When one of the spectral triplet components is close to cavity
resonance, the phase shift of the re ected light changes, and the destructive interference
between the two beat notes at! ,, will be disrupted. Measuring the strength of the !
beat node by demodulating the re ected light yields an anti symmetric errorsignal around
cavity resonance, which constitutes a useful metric for determining the laser detuning to
the cavity.

3.2.3 Red MOT

To move into the bad cavity regime, the homogenous broadening of the ensemble must be
less than the cavity linewidth. For the blue MOT, we have temperatures of around 3 5
mK, which corresponds to a Doppler width pgpp=2 1 MHz, larger than the cavity
linewidth of =2 =800 kHz. We implement another cooling stage to the experiment bring
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the temperature of the atoms to pK levels. In this regime the typical Doppler broadening
is on the order of 10s of kHz, which is much smaller than the cavity linewidth. The red
MOT cloud typically is much smaller and with a much higher density than the blue MOT
[96], which allows more atoms to interact strongly with the cavity mode.

Out of the blue MOT, the atoms have RMS velocities 1 m/s. The much narrower
linewidth of the 689 nm transition (7 :5 kHz) versus 305 MHz for the 461 nm blue MOT
allows for cooling to much lower temperatures, but results in a much weaker trapping force
of the MOT [97]. The magnetic eld gradient of 35 G/cm used for the blue MOT is too
high for red MOT operation, and it is common to ramp the magnetic eld gradient to

3 5 G/cm to reach a higher transfer e ciency between the blue and red MOT. However,
this must be done on a timescale comparable to the time it takes the atoms to leave the
red MOT beams, which is a few ms. The speci cs of how this fast ramping is achieved is
discussed in chapter 3.5.2.

In the red MOT, we use three pairs of retro re ected 1 cm diameter MOT beams, each
with an initial 3 mW of 689 nm power. In the rst step of the red MOT, we broaden the
frequency of the 689 nm MOT beams to increase the capture range. This is what we refer
to as the broadband (BB) red MOT. We sweep the modulation frequency of the AOM
with 3 MHz at a 50 kHz repetition frequency. The BB MOT dramatically increases the
capture e ciency, and we have seen a transfer e ciency between the blue and red MOT of
close to 100%'. However, this also largely depends on the nal temperature of the blue
MOT, and as such the overall atom number in the red MOT is the important gure of
merit. The BB red MOT in our experiment has atoms enough to observe the scattered light
with the naked eye (or a smartphone camera, as shown in Fig. 3.9). This is remarkable as
the scattering rate for the red MOT transition is 4300 times lower than the blue MOT
transition. When the experiment is aligned and all powers are optimized, we have seen up
to 120 million atoms in the BB red MOT cooled down to 10-20uK.

The beam path for the 689 nm red MOT starts with an injected diode laser "slave 2" (Fig.
3.10). Like slave 1, it is injected at a detuning =2 =+40 MHz to 1Sy! 3P; resonance.
The laser outputs 20 mW and 13 mW is coupled to a ber that injects a tapered ampli er
(TA). The TA is a Toptica BOOSTA with a maximum ouput power of 200 mW. With 13
mW of injection power, we reach typical power levels of 170 200 mW. The TA output
beam is guided towards the pump AOM which we use for producing short (typically 500-800

1The transition between the blue and red MOT is captured in this GIF:  https://photos.app.goo.gl/
75Ai0kbfTHEXxv1Qh8
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Figure 3.9: Picture of a BB red MOT with N = 120e6 atoms.

ns) population inversion or Ramsey pulses. This light is shifted to resonance and ber
coupled. Typically, we achieve 15-20 mW through this ber, which is limited by quality of
the beam shape after the TA. The rst and zero order of the pump AOM passes through a
mechanical shutter (SRS475) controlled by an SRS474 shutter driver. These shutters have
a typical closing time of just a few hundred nanoseconds with very limited vibrations. The
shutter is used to completely turn o all sources of 689 nm light to the atoms, and it is a
useful tool for aligning AOMs in CW operation. The beam then passes through the MOT
switch AOM, where the frequency is shifted +80 MHz. We use this AOM to turn on and
o the red MOT beams when the shutter is open. To generate the frequency for the MOT
beams, we shift the frequency with 1233 MHz (depending on the desired detuning).
We change the driving frequencies for an AOM (BB/SF MOT AOM) to switch from a
broadband to a single frequency (SF) red MOT, which cools the atoms further. For this
purpose we use a switch (ZASWA-2-50DR) in reverse, using the two outputs as inputs. We
generate the driving frequencies on the two output channels of an AWG (Rigol DG4162).
We transmit the red MOT AOM frequency through a mixer and use the | port to regulate
the strength of the RF signal. This is useful for ramping the power of the red MOT beams
for a secondary lower power SF red MOT stage, with which we can achieve a nal atom
cloud temperature of just a few pK.

Finally, the red MOT light is coupled into the XYZ ber. Typically, we achieve 14 16
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Figure 3.10: Optics and AOMs for 689 nm MOT beams.
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Power (out of ber) Transition Application
707 nm 4 mW 3p, 1 35, blue MOT & continuous lasing
679 nm 8 mw 3py ! 35 blue MOT & continuous lasing
688 nm 2 mW 3p; 1 35 continuous lasing
689 nm <1mw 1Sp! 3Pymy= 1 continuous lasing
689 nm 15 20 mwW 1Sg1 3Py;;m; =0 population inversion

Table 3.1: Pumping lasers and their functions in the experiment.

mW through this ber. This light is split into two paths using a PBS. The transmission
through the PBS is a free space path to the produce the Z MOT beam. The red MOT Z
beam is overlapped with the blue MOT beam on a dichroic mirror, before passing through
an achromatic =4 wave plate. The re ection of the PBS is ber coupled into the red MOT
XY ber, the output of which is (similar to the Z beam) overlapped with the blue MOT
beams on a dichroic waveplate before passing through an achromatie 4 wave plate.

3.3 Pumping lasers

Besides the 461 nm and 689 nm light directly applied for MOT operation, we use several
di erent repumping transitions in the experiment. For blue MOT operation, the 679 nm
and 707 nm repumpers bring atoms from®Py; 2 to 3S;. From here, the atoms can decay
into 3P, and subsequentlyS; to reenter the blue MOT cycle. The 679 nm and 707 nm
repumpers are Toptica DL PRO laser heads controlled by the same DLC pro laser controller.
The diode in the 679 laser head is a LD-0695-0040-AR-1 with a maximum power of 45 mW.
The 707 nm repumper diode is a LD-0685-0050-AR-1 with a maximum power of 25 mW at
707 nm. The repumpers are overlapped on a non-polarizing beamsplitter and coupled to
the same ber (Fig. 3.11). The atoms are repumped through the Zeeman slower window at
an angle perpendicular to the cavity axis. Note that the 679 nm and 707 nm repumpers
stay on during the entire experimental cycle.

To address the3P; ! 3S; transition we employ a 688 nm repumper. The 688 nm laser is
a Toptica DL PRO laser head using an LD-0685-0050-AR-1 diode. This repumper works
in tandem with the 689 nm repumper to excite atoms?S | 3S; through 3Py;m; = 1,
the goal of which is to populate the3P;; m; = 0 excited lasing state with atoms decaying
from 3S;. We derive the 689 nm repumper from the zero order in one of the the red MOT
AOMs. Both the 688 nm and 689 nm repumper is sent through an AOM for fast shuttering.
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We shall go more in depth with the application of the 688 nm and 689 nm repumpers later
when we discuss continuously repumped pulses.

A fraction of the 679 nm, 688 nm and 707 nm light is picked o for frequency locking. The
locking arm of the 707 nm repumper setup is double passed through an AOM to allow for
tuning the frequency o set of lock. The locking light for all aforementioned repumping
wavelengths is overlapped on a non-polarizing beamsplitter and transported via a ber
to the transfer cavity breadboard used for frequency stabilization. Here, the repumpers
are passing through a free space EOM to generate sidebands for PDH. The repumpers
are coupled to the transfer cavity, and upon re ection the wavelengths are split up with
color lters. A PDH signal is generated for each repumper which is used to stability the
frequency to the transfer cavity length. Currently, the setup does not allow for locking
all repumpers simultaneously - another lter separating the 679 nm and 688 repumpers is
needed. However, the stability of the 679 nm is such that we usually only have to tuned
the frequency once a day to completely saturate the repumping transition. Locking just the
688 nm and 707 nm repumpers allows for stable continuously repumped pulses.

The transfer cavity is stabilized using the reference light. The purpose of this cavity is to
transfer the stability of the 689 nm reference laser to the repumper, hence the name. The
689 nm reference light passes through an EOM to generate a PDH signal to stabilize the
cavity length. Both EOMs on the breadboard are resonant with a built in tank circuit,
and can be driven with much lower voltages than usually required for achieving usable
modulation depths. It su ces to drive them directly with the output of a RIGOL frequency
generator (of output 10 dBm).
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Figure 3.11: Layout of the breadboards housing the 679, 688 and 707 nm repumpers. The repumpers
are locked to the transfer cavity using Pound-Drever-Hall, and the transfer cavity is in turn locked
to the 689 nm reference laser.
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Figure 3.12: Vacuum system consisting of three main parts; the oven chamber, the Zeeman slower
tube, and the science chamber.

3.4 Vacuum systems and strontium oven

The vacuum system consists of three main parts; the oven chamber, the Zeeman slower
tube, and the science chamber. The Zeeman slower and the science chamber did not get
exchanged or upgraded during the course of my PhD.

The science chamber is large circular chamber from Kimball Physics (MCF800-ExtOct-
G2C8A16). The chamber has 8 DN40OCF ports symmetric around the center, 2 DN166CF
ports on the top and bottom, and an additional 16 DN16CF ports. Windows are mounted

on all DN4OCF ports except for one port connecting the Zeeman slower tube to the science
chamber. The large opening diameter of these windows (41.3 mm) is useful for transmitting
large diameter MOT beams to catch atoms. The science cavity spacer in our experiment is
resting on Viton rings inside two opposing DN40CF openings on an axis perpendicular to
the atom beam (center of the drawing on Fig. 3.1). The chamber is mounted on top of a
tee piece chamber where an ion pump is mounted.

The Zeeman slower tube connects the oven chamber to science chamber. A solenoid coil
is wrapped around the tube to form spatially varying magnetic eld as atoms from the
oven chamber travels towards the science chamber. The atoms interact with a counter
propagating cooling laser slowing them signi cantly. The Zeeman slower vacuum tube has
a small opening that creates a di erential pump between the two chambers, which is useful
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