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Abstract

In superradiant lasers the emitted light has a frequency determined mainly by atoms, as
opposed to ordinary lasers, where mechanical parts have a large influence. And while me-
chanical parts are hard to replicate and control exactly, the universal properties of atoms are
ideal to use as references for precision measurements. In this sense, photons emitted by an
atom are a ”frequency ruler” which we can compare other photon frequencies to. Therefore
superradiant lasers are a promising technology within quantum metrology, as the best fre-
quency references today are limited by tiny thermal disturbances in mechanical mirrors. And
even though frequency is the quantity we can measure most accurately, it can also be used
as proxy for many other quantities, such as length or gravitational acceleration. Therefore a
wide range of areas such as timekeeping, geopositioning and geodesy may benefit from the
development of superradiant lasers. Today, this is still an emerging technology, confined to
big machines in research labs.

In this thesis we investigate superradiant lasing in different settings, using the 7.48 kHz-
wide 1Sg-3P; electronic transition in strontium. This magnitude of linewidth implies that
superradiant lasing is relatively easy and less technically demanding to realize, compared to
on the much narrower transitions which are considered in other labs. Similarly, a relatively
high power can be realized. The drawback is that narrower transitions may allow for a
narrower laser linewidth and lower sensitivity to mechanical disturbances, quantified by the
cavity pulling coefficient.

The first system we consider is an experimental setup at the University of Copenhagen. Here
a cloud of atoms is trapped and cooled to mK temperatures using a magneto-optical trap
(MOT). The atoms are then coherently pumped to P; before emitting a laser pulse into
an optical cavity. In experiments and numerical simulations we investigate how the atom
number, their finite temperature, and the cavity detuning influence the pulse dynamics.
The parameters place this system within the superradiant crossover regime, where phase
information within both the atoms and the cavity field have a large impact on the dynamics.
We find a reduction in cavity pulling by up to a factor 4 when considering the full pulse
spectrum. Within a range of detunings, the peak frequency of the spectrum also becomes
immune to local variations. In addition we find a good agreement between the numerical
simulations and experimental results. This also provides some verification of the models of
other systems presented in this thesis. These share many features with the pulsed model, but
are used predictively.

The setup was upgraded to cool atoms to pK temperatures, including a system to control the
MOT coil currents on the ms-timescale, which was crucial to achieve a low atom loss. These
improvements to the setup are also presented in the thesis. In the new crossover regime at
pK, atoms phase-synchronize to a higher degree, and cavity pulling is reduced by up to a
factor 56. However, due to the short pulse duration when using coherent pumping, the pulse
linewidth is limited to hundreds of kHz. We use numerical simulations to investigate pulses
in another new regime with incoherent repumping, which is now being realized in the lab.
Here we also determine the impact of photon recoils from repumping on the temperature
and cloud expansion, and in turn the pulse dynamics and spectra. These suggest a linewidth
of a few hundred Hz may be realized. This appears most viable at small cavity detunings,
or possibly at a finite detuning with a fine-tuning of atom cloud parameters. We have also
determined the lasing threshold for fully continuous lasing in the system, which ranges on
the order of 10 atoms/s. Realizing this may require more extensive changes to the setup.



P.ii of 169

The second system we consider is a hot beam superradiant lasing machine at the University
of Amsterdam. Here a beam of strontium atoms from an oven is transversely laser-cooled
to a few mK and then pumped incoherently to 3P; right before passing through an optical
cavity. We describe parts of the experimental machine and numerical simulations of pumping
and superradiant lasing within it. Simulations of pumping are also used to investigate the
prospects of a velocity selection scheme. This reduces the final temperature, but also flux, of
3P, atoms.

The simple architecture of the hot beam machine allows for a very high atom flux. As a
result, hundreds of nW emitted power is expected if the lasing threshold near ~ 2 - 102
atoms/s is overcome. Cavity pulling is suppressed by a factor ~20-30, with velocity-selection
contributing a 10-25% improvement. A simple estimate suggests a linewidth of 9.4 Hz can be
reached by this system. The impact of different physical effects is investigated in simulations.
One effect is the relativistic Doppler shift, which affects all the atoms differently. These cause
net shifts in the lasing frequency of hundreds of Hz, and also affect the variations in frequency
fluctuations at different cavity detunings. We also investigate the effect of variations in
temperature, decoherence from stray light, requirements for the velocity selection stage, and
the frequency-dependency of the cavity pulling effect. Finally, we present the characteristics
of absorption and amplification for a wide range of atom fluxes if a laser beam is input into
the optical cavity.

The final system we consider is based on a nK beam of atoms, transported in a dipole
guide. This atom source has been realized at the University of Amsterdam, but is here
considered in the context of superradiant lasing. We assume atoms are continually repumped
as they propagate through the cavity mode. The model includes all Zeeman-levels involved
in pumping, photon recoils, state-dependent optical potentials, and coherent effects from two
pumping lasers. A stochastic master equation and quantum jumps are used in the model
to capture the thermal effects from repumping within state-dependent optical potentials.
In the literature, stationary two-level atoms are often considered in models of superradiant
lasers, with a greatly simplified treatment of pumping. Therefore our approach also has
broader relevance when considering superradiant lasing schemes which rely on repumping
within optical potentials.

Hundreds of pW may be realized in the cold beam system, and each atom may emit up to
~40 photons into the cavity before heating up and escaping. Cavity pulling is suppressed by
a factor ~ 50— 100, which is favorable compared to the hot beam system. On the other hand,
a crude estimate of the linewidth yields 82 Hz, inferior to the hot beam estimate. An optical
lattice may reduce cavity pulling further, but introduces significant light shift variations on
pumping transitions. Repumping laser frequencies affect a net shift in the lasing frequency,
but variations are suppressed by over two orders of magnitude. Similarly, intensities do affect
a net shift, which also varies with parameters such as atom flux. However we find there are
regimes where the net shift in lasing frequency is zero, and is also locally independent of the
atom flux. Over-all, the hot beam system has many advantages compared to this approach,
especially in terms of experimental simplicity. On the other hand, for narrower transitions,
a setting similar to the cold beam system is more viable for realizing superradiant lasing.
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Resumé

Det udsendte lys fra superradiante lasere har en frekvens, der primeert bestemmes af atomer,
i modseetning til almindelige lasere, hvor mekaniske dele har en stor indflydelse. Og mens
mekaniske dele er svaere at genskabe og kontrollere praecist, er atomers universelle egenskaber
ideelle til at bruge som referencer til praecisionsmalinger. Her er fotonerne fra et atom et
slags ”frekvens-maleband”, man kan sammenligne andre foton-frekvenser med. Derfor er
superradiante lasere en lovende teknologi inden for kvantemetrologi, efter som de bedste
frekvensreferencer i dag begreenses af sma termiske fluktuationer i mekaniske spejle. Og
selvom frekvens er den fysiske stgrrelse, vi kan male mest ngjagtigt, kan den ogsa bruges
indirekte til at male andre stgrrelser, som afstand eller tyngdeacceleration. Derfor kan et bredt
udsnit af omrader, som tidstagning, geopositionering og geodeesi, drage nytte af udviklingen af
superradiante lasere. Den dag i dag er superradiante lasere stadig en fremvoksende teknologi,
begraenset til store maskiner i laboratorier.

I denne afhandling undersgger vi superradiant lasing i forskellige sammenhaenge, hvor den
7.48 kHz-bredde 'Sy-3P; elektronovergang i strontium bruges. Denne stgrrelse af linjebredde
ggr, at superradiant lasing er relativt nemt og mindre teknisk kraevende at realisere, sammen-
lignet med péa de langt smallere overgange, som overvejes i andre laboratorier. Det ggr ogsa,
at en relativt hgj emitteret effekt kan opnés. Ulemperne er til gengaeld, at en smallere over-
gang kunne give en smallere linjebredde af laseren, og mindre fglsomhed overfor mekaniske
forstyrrelser, hvilket beskrives matematisk af cavity pulling-koefficienten.

Det forste system, vi undersgger, er et eksperimentelt apparat pa Kgbenhavns Universitet.
Her fanges en sky af atomer og kgles til mK-temperaturer vha. en magneto-optisk faelde
(MOT). Derefter pumpes atomerne koherent til 3Py, hvorefter de udsender en laserpuls i en
optisk kavitet. Vha. eksperimenter og numeriske simulationer undersgger vi hvordan antallet
af atomer, deres temperatur, og kavitetens detuning har indflydelse pa puls-dynamikken.
Systemets parametre ggr, at pulsernes opfgrsel passer med det superradiante crossover regime,
hvor faseinformationen i bade atomerne og kavitetsfeltet har stor indflydelse pa dynamikken.
Vi finder at cavity pulling reduceres med op til en faktor 4, nar vi betrageter hele puls-
spektret. Inden for et interval af detunings er toppen af pulsens spektrum ogsa immun overfor
sma @ndringer i detuning. Derudover finder vi god overensstemmelse mellem numeriske
simulationer og forsggsresultater. Dette giver ogsa en hvis verifikation af modellerne af de
andre systemer, som er praesenteret i afthandlingen. De har mange fzellestraeek med modellen
af pulserne, men bruges til forudsigelser under nye betingelser.

Forsggsopstillingen blev opgraderet for at kgle atomer til pK-temperaturer, inklusiv et system
til at styre stremmen i MOT-spolerne pa ms-tidsskala, hvilket var vigtigt for at opna et lavt
tab af atomer. Disse forbedringer af opstillingen er ogsa praesenteret i afhandlingen. 1 det
nye crossover regime ved pK fase-synkroniserer atomerne i hgjere grad, og cavity pulling er
reduceret op til en faktor 56. Linjebredden af pulserne er dog begraenset til hundredevis af
kHz pga. den korte varighed, nar atomerne pumpes koherent. Vha. numeriske simulationer
undersgger vi pulser i et andet regime med inkoherent repumping, som nu realiseres i labo-
ratoriet. Her undersgger vi ogsa hvordan foton-impulser har indflydelse pa temperaturen og
udvidelsen af atomskyen, og dette i sidste ende pavirker dynamik og spektra af laserpulserne.
Ud fra simulationerne er det realistisk at opna en linjebredde pa nogle hundrede Hz. Dette
er mest realistisk for lille kavitetsdetuning, men maske ogsa ved en betydelig detuning, hvis
atomskyens parametre kan fin-tunes. Vi har ogsa bestemt teersklen for at realisere lasing i et
helt kontinuert system, som ligger omkring 10 atomer/s. At realisere dette kan dog kraeve
betydelige sendringer i forsggsopstillingen.
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Det andet system, vi undersgger, er en superradiant lasing-maskine baseret pa en varm
atomstrale. Denne er bygget pa Amsterdam Universitet. Atomstralen udsendes fra en ovn og
kgles forst transverst til fo mK, og derefter pumpes atomerne inkoherent til 2Py lige inden, de
passerer igennem en optisk kavitet. Vi beskriver dele af det eksperimentelle apparat, pumpe-
processen og superradiant lasing i systemet. Simulationerne af pumpe-processen bliver ogsa
brugt til at undersgge indvirkningen af en metode til hastigheds-udveelgelse. Denne kan
saenke den endelige temperatur, men ogsa flux, af 3Pj-atomer.

En meget hgj atomflux kan opnas pga. maskinens simple arkitektur. Pga. dette kan en
effekt pa hundredevis af nW forventes, hvis lasing-teersklen omkring ~ 2 - 10'? atoms/s
kan overkommes. Cavity pulling undertrykkes med en faktor ~20-30, og heraf bidrager
hastigheds-udveelgelse med en forbedring pa 10-25%. Ifglge et simpelt estimat kan en lin-
jebredde pa 9.4 Hz opnas i dette system. I simulationer undersgger vi indvirkningen fra
forskellige fysiske effekter. En effekt er den relativistiske dopplerforskydning, som pavirker
alle atomerne forskelligt. Dette giver en forskydning i laserens frekvens pa hundredevis af Hz,
og pavirker ogsa hvordan frekvensfluktuationer varierer ved forskellig kavitets-detuning. Vi
undersgger ogsa indvirkningerne af temperatur-sendringer, dekoherens fra forstyrrende lys,
krav til hastighedsudveelgelsen, og frekvensafhsengigheden af cavity pulling-effekten. Deru-
dover praesenterer vi karakteristika for absorption og forstaerkning, som kan opnas ved forskel-
lige stgrrelsesordner af atomflux, hvis laserlys sendes ind i kaviteten.

Det sidste system vi betragter er baseret pa en strale af nK-kolde atomer, der transporteres
i en dipol-feelde. Denne atomkilde er realiseret pa Amsterdam Universitet, men her be-
tragtes dens potentiale i forbindelse med superradiant lasing. Vi antager, at atomerne pumpes
vedvarende, imens de propagerer igennem kaviteten. Vores model inkluderer alle Zeeman-
niveauer, der er involveret i pumpningen, foton-impulser, tilstandsafhsengige optiske poten-
tialer, og koherente effekter fra to pumpe-lasere. I modellen bruger vi en stokastisk master
equation og diskrete kvantespring til at tage hgjde for de termiske effekter fra at pumpe atom-
erne i tilstandsafthaengige optiske potentialer. I modeller af superradiante lasere i litteraturen
betragter man ofte stationsere atomer med to enegitilstande, hvor pumpningen behandles
meget simplificeret. Derfor har vores tilgang ogsa generel relevans for superradiante lasere,
der er baseret pa at pumpe atomer i optiske potentialer.

Hundredevis af pW kan opnas i systemet baseret pa den kolde atomstrale, og hvert atom
kan udsende op til ~40 fotoner i kaviteten, fgr de opvarmes og flyver vaek. Cavity pulling
undertrykkes med en faktor ~ 50 — 100, hvilket er en fordel ift. maskinen baseret pa en varm
atomstrale. Til gengaeld giver et simpelt estimat af linjebredden 82 Hz, hvilket er ringere. Et
optisk gitter kan muligvis reducere cavity pulling yderligere, men vil ogsa give store light shift-
variationer pa pumpeovergangene. Pumpelasernes frekvens indvirker ogsa pa en forskydning
af laserfrekvensen, men variationer er undertrykt med over to stgrrelsesordner. Forskydningen
pavirkes ligeledes af pumpelasernes intensitet, men ogséa af atomfluks. Vi finder dog at der
er regimer, hvor forskydningen er nul, og den samtidig er lokalt uafhaengig af atomflux. Alt
i alt har maskinen baseret pa den varme atomstrale mange fordele sammenlignet med denne
tilgang, specielt pga. dens simplere konstruktion. Pa smallere overgange i atomer er det til
gengzeld mere realistisk at opna superradiant lasing i systemer, som minder om den kolde
atomstrale.
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Symbols and abbreviations

Abbreviations

AOM - Acousto-optic modulator

(C)QED - (Cavity) quantum electrodynamics

CoM - Center of mass

CPU - Central processing unit

ECDL - External cavity diode laser

EOM - Electro-optic modulator

EPS - Expanded polystyrene

FSR - Free spectral range (of cavity)

GPU - Graphics processing unit

GUI - Graphical user interface

MFT - Mean field theory

MOSFET - Metal-oxide—semiconductor field-effect transistor
MOT - Magneto-optical trap

(N)PS(D) - (Normalized) power spectrum/spectral density
PI(D) - Proportional-integral(-differential) (circuit)

PDH - Pound-Drever-Hall (technique)

RAM - Random access memory

RF - Radio frequency

SME - Stochastic master equation

SRLM - Superradiant lasing machine

SWAP - Sawtooth-wave adiabatic passage

TA - Tapered amplifier

TEM - Transverse electromagnetic mode

UvA - University of Amsterdam (Universiteit van Amsterdam)
UCPH - University of Copenhagen

Symbols

a - Cavity field annihilation operator; acceleration
al - Cavity field creation operator

B,B - Magnetic field strength/vector

c - Speed of light, 299792458 m/s

cqg - Clebsch-Gordan coefficient

C - Cooperativity; capacitance

E - Energy

f, ff - Filter cavity field annihilation/creation operators
F - Cavity finesse; force

9,9f - Angular coupling rate of (atom/filter cavity) to the science cavity
h,h - Planck’s constant /reduced Planck’s constant

H - Hamiltonian operator

1 - Intensity; current

k,k - Wavenumber/wave vector

L - Cavity length (between mirrors); inductance

m - Mass

n - Number of cavity photons; photon number operator; column density
N - Number of atoms

o - Operator

P - Momentum

P - Power

Pout, P35, - Cavity output power (total/single side)

¢, qf - annihilation/creation operators
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- Radius; distance

- Position vector

- Resistance

- Time

- Temperature; end time

- Voltage

- Velocity /velocity vector

- Repumping rate (angular frequency)

- Cavity waist radius

- Position coordinate, along atom propagation axis (if applicable)
- Position coordinate, along repumping laser beam axis (if applicable)
- Position coordinate along cavity axis

< qﬂ“m’sﬁ
<

SR

- Polarizability

- Atomic decay rate/FWHM transition linewidth (angular frequency); Lorentz factor
- Characteristic FWHM bandwidth (angular frequency)

- Angular frequency difference; d;; = w; — w;

- Shift in lasing frequency with respect to the unperturbed transition; §;, = wy — wg
- Change/shift in the subsequent quantity

- Emf

- Driving rate of driving laser

- Cavity power dissipation rate/FWHM linewidth (angular frequency)

- Wavelength

- Frequency (ordinary/angular)

- Density operator/matrix/matrix element

- Atomic spin operator; standard deviation; cross section

- Characteristic time

- Phase

- Flux

- Rabi frequency (angular)

- State

- Generalized Rabi frequency (angular); collective atom-cavity coupling rate

N>F S e e 20

S

DEX S 39D

Subscript notation for atomic levels, frequencies, etc.
180: g, 3P0: n, 3P1: (’L',G,U), 381: (ZL’,y,Z), 3P2: (p,q,’l“,S,t) (HlJ from - to +)
Capital letters denote the unperturbed transition (but including potential Zeeman-shifts).

- Cavity resonance

- Driving laser (cavity input beam) resonance

- Filter cavity resonance

li,lx - Pumping laser (689 nm ¢~ transition/688 nm 7 transition)
- The superadiant laser

- a0

t~
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explore.

Later I also got to know the iqClock team and Strontium quantum gases group® at the
University of Amsterdam better, now in the context of our lab work on the hot beam machine.
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hidden. I also got to work with Camila B. Silva, Zeyuan Zhang, Stefan, Benjamin
Pasquiou and Florian. They made many contributions to the hot beam project that are
not presented in this thesis. I am also thankful for all the techniques I learned from them
during my time in the lab.
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3Website: strontiumbec.com
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CHAPTER

Introduction to quantum metrology
and superradiant lasers

1.1 Quantum metrology

Quantum metrology' is a field of science that deals with precision measurements based on
quantum physics. Technologies advanced within the field of quantum metrology include
atomic clocks [1, 2], lasers with ultra-stable frequencies [3, 4, 5] and systems based on ultra-
cold atoms in optical cavities [6]. These are used as tools in many areas at the frontier of
science, such as in gravitational wave detection [7], geodesy [8, 9], geopositioning [10] and
quantum simulation [11]. Improvements to the precision of the very best tools may also
uncover new realms of physics [12, 13], similarly to how microscopes and telescopes enabled
us to discover new aspects of the universe beyond the limitations of the naked eye.

The quantity we can measure most precisely and accurately” is time, and its inverse, fre-
quency. Today’s state-of-the-art atomic clocks can reach a fractional uncertainty at the level
of 10718 [9, 14, 15, 16, 17, 18] - smaller than the magnitude of a second relative to the age of
the universe.

Centuries ago time was measured using mechanical clocks, for example by counting how
many times an arm swung back and forth. These clocks had limited accuracy because the
mechanics inevitably vary, so that two mechanical clocks will never have the exact same arm
length and behave exactly the same. That causes the clocks to get out of sync - the arm
in one might swing 60 times in the same time interval another one swings 61 times. Using
atomic transitions was a big step forward for clocks, because two atoms of the same isotope
will behave in the same way under the same conditions. The impact of ”conditions” might
sound disappointing at first, but can be controlled extremely well compared to the factors
influencing e.g. mechanical clocks.

LQuantum metrology should not be confused with the study of quantum subways. Also not with quantum
meterology, which would be dealing with quantum weather forecasts.

2Precision refers to how small a spread can be obtained in measurements of a given quantity (small statistical
uncertainty). Accuracy refers to how close the measured values are compared to a known reference on average
(small systematic uncertainty/bias).
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1.1.1 Atomic pendula

The discrete states of atoms are connected by transitions, which enable them to be used as
"pendula” for clocks and measurements, instead of mechanical arms. A state describes an
atom’s physical quantities at a given time, such as the angular momentum of the nucleus
and electrons. The state can be changed by interactions, and we will only be dealing with
electromagnetic interactions between photons and the outermost electrons of atoms. For
example an atom can absorb a photon, which can cause one of its electrons to e.g. jump to
an orbit further from the nucleus. In this excited state with higher energy, it may emit a
photon, reversing the process.

Because the electrons cannot simply have a stable orbit at any arbitrary distance from the
nucleus or arbitrary angular momentum, the states are discrete, and a very specific amount
of energy E is needed by the photon to cause these jumps. This leads to one important
quantity - the transition frequency v = E/h, where h is Planck’s constant. In this thesis
we will work in angular units most of the time, where we have w = E/h. These atomic
transition frequencies serve as natural alternatives to oscillation frequencies of mechanically
constructed pendula. Interactions do not last infinitely long, so the Fourier limit tells us
that the transitions cannot be infinitely well-defined spectrally. Instead there is a span of
photon frequencies that can cause a given transition, defining a second important quantity
- the transition linewidth v (in angular units). This characterizes the natural span by the
full-width at half-maximum (FWHM) of a Lorentzian curve around the transition frequency,
and is the inverse of the characteristic spontaneous decay time 1/ back from the excited
state.

1.2 Strontium

As an example of an interesting atom for metrology we can consider strontium, which we
will be working with in this thesis (specifically ®8Sr). #Sr is the most abundant isotope
of strontium in nature at 82.58(1)% by mass [19, p. 2], but 87Sr at 7.00(1)% is also of
great metrological interest. 88Sr has no nuclear spin, which gives it a simpler level structure
compared to other isotopes and makes it easier to work with. As an alkaline earth atom,
strontium has two electrons in the outermost shell, which gives it a structure of electronic
transitions that is particularly useful in quantum metrology. A selection of energy levels
and transitions for strontium is shown in Fig. 1.1. The levels refer to the electrons in the
outermost shell in the Russel-Saunders notation 25t1L; [20, p. 81]. Here S is the total spin
quantum number of the two electrons (as they are spin 1/2 particles, S can be either 0 or 1).
L represents the orbital angular momentum quantum numbers by letters from spectroscopic
notation (S means 0, P means 1 and D means 2). J denotes the total angular momentum
quantum number from the spin-orbit coupling.

Each level can be further divided into 2J + 1 states characterized by the projection numbers
my = —J,—J+1,...,+J of the orbital angular momentum along an axis (typically a magnetic
field). In the presence of a magnetic field, such states will have their energies shifted relative
to the depicted levels by the Zeeman shift. For weak fields it is given by [20, p. 91]:

3 S(S+1)—L(L+1)
AE .. = Bmy, ~ 2 , 1.1
Zee = gspBBmMy g1~ 5+ 2T 1) (1.1)

where ¢j is the Landé g-factor, up the Bohr magneton and B the field strength, so here
AEzee =0 for myj = 0.
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Figure 1.1: Some of the many levels and transitions of strontium. Transition linewidths in
angular units, st are specified in E notation, and frequencies in THz are specified in reqular
notation near the upper state of transitions. In this thesis we will work with the transitions
between the colored levels and their Zeeman states. References: [af: [19], [b]: [21], [c]: [22],

[d]: [25], [e]: [24], [f]: [25], [g]: [15], [h]: [26].

The first useful property from the level structure of strontium is that it can easily be laser-
cooled to very low temperatures using transitions connected to the ground state 'Sy. We will
consider laser-cooling techniques in Chapter 3, but for these we note that the 30 MHz wide
1Sy-'P; transition at 461 nm enables rapid cooling to mK temperatures, and the 7.5 kHz wide
184-3P; transition can be used for further cooling to pK temperatures. Secondly, it also has
narrow spin-flip transitions accessible from the ground state. The doubly-forbidden 'Sy-3Pg
"mHz transition” is the one of most interest for metrology due to its linewidth of just 1.35
mHz in 87Sr. This occurs due to the nonzero nuclear spin of 87Sr. In #Sr the corresponding
linewidth is practically zero unless a strong magnetic field is applied, which makes it possible
to engineer a linewidth in the pHz range. As an alternative the singly-forbidden 'Sg-3P;
"kHz transition” is in an intermediate region between the narrow clock transitions and the
MHz-wide allowed transitions. This allows for avoiding the much larger technical demands
associated with transitions in the mHz range, making it useful for exploring the physics of
metrological systems and developing systems where simplicity is also important. This is the
"pendulum” transition we will be working with throughout the thesis.

1.3 Atomic clocks, optical cavities and lasers

The second is currently defined by the transition frequency between two hyperfine states
in caesium-133. And since the atoms behave identically, anyone can shine microwaves on
caesium-133 atoms at different locations - if they absorb the photons and are not disturbed
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by their environment, then we know the frequency of the photon’s oscillations is 9.2 GHz,
and can keep track of the oscillations to make a clock. As we saw magnetic field can disturb
the frequency of some transitions by the Zeeman effect, but other effects also include different
electric fields, gravitational acceleration or Doppler shifts from relative motion, so it is still
important to understand the influence of the environment. The prospects of nuclear clocks
are interesting because they can be even less sensitive to some environmental effects compared
to clocks based on electronic transitions [27].

In addition to atoms being identical, another big advantage of atoms is the large transition
frequency which enables a much finer division of time than mechanical clocks can achieve. If
the arm of a clock swings once per second, you cannot divide time much finer than that and
use it to distinguish time intervals of ps. But using the microwave transition of caesium at 9.2
GHz corresponds to having an arm that swings back and forth during just 110 picoseconds,
so much smaller time intervals can be distinguished. For this reason, the optical atomic
clocks which have been developed over the past few decades have also rapidly progressed
to outperform the older clocks based on microwave transitions, like caesium. The 'Sy-3P;
transition which we focus on in this thesis has a transition frequency of 434 THz, equivalent to
a period of 2.3 femtoseconds (and wavelength 689 nm, visible as red light). With such a fine
division of time, optical clocks can outperform the caesium standard by orders of magnitude,
and there have been considerations [28] to use them in a redefinition of the second for over
a decade now. The linewidth is also important as it determines how finely frequencies can
be discriminated, so transitions can be characterized by a quality factor given by Q = w/~y
which can be on the order of 10'7, much larger than for other types of oscillators.

One challenge arising from the optical frequencies is that they are too high for direct electronic
measurements. Instead optical frequencies can be measured relative to each other by using
the interference of light waves, if they have the same polarization. This arises from the
superposition principle, meaning the total electric field of the wave is the sum of the two
separate waves. So if two laser beams are overlapped and one has a frequency that is 10
MHz higher than the other, a 10 MHz beat signal can be detected e.g. with a photodiode. In
this way atomic frequency references can be compared to each other, or characterized with
"reference lasers” which keep an approximately constant frequency on a short timescale, but
may drift between random frequencies on longer timescales.

Because we can measure time so precisely, optical clocks are also used for some of the most
precise measurements of other quantities. Since the frequency of atomic transitions can be
disturbed by their environment, the clocks can be used to measure a select ”disturbance”
instead of avoiding it. For example the gravitational potential can be mapped out by com-
paring the frequency of an atomic clock at a fixed location with another one that is moved
to different locations in the potential. This can reveal information about the composition
or ongoing processes underground. Another application of atomic clocks is in geopositioning
systems. For these, satellites in orbit with atomic clocks on board send out radio signals with
time information from the clocks. These signals propagate at the speed of light, so the time
at which they reach a receiver to be located will be delayed by d/c, where d is the distance
to the satellite and ¢ = 299792458 m/s is the speed of light. In this way the delay time from
three satellites pinpoints a location relative to the satellites. In practice four satellites are
typically necessary, when the receiver does not have an accurate clock itself, which adds an
additional unknown to the problem. With signals traveling at ¢, a 100 ns error in an atomic
clock could result in 30 meters error in a calculated distance, highlighting how important the
clock precision and accuracy is for these systems.
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Laser

To use these cold atoms as a clock after cooling and trapping them, a laser beam with very
stable frequency (resonant with the clock transition) is sent onto the atoms for 600 ms. This
particular duration corresponds to a w-pulse and transfers the most atoms to the excited
state, Py. The m-pulse duration generally depends on the laser beam intensity, but also
the linewidth of the atomic transition (1.354+0.03 mHz in this case [21]). The narrow clock
transitions imply that the m-pulse duration is relatively long and also that small changes in
the laser frequency will significantly change how many atoms are transferred by the pulse.
This means that if the laser used for the m-pulse has the wrong frequency, less atoms will
be excited, and the frequency of the laser can be corrected back to the frequency of the
atomic transition. Making such corrections continually is referred to as ”locking” the laser to
the atomic transition and yields a frequency reference, which is the core of an atomic clock
(the remaining problem of using the very stable THz optical signal for actual timekeeping
is mainly technical). To know how many atoms are excited by the m-pulse, a short pulse of
light at a frequency matching a different (much broader) transition is sent onto the atoms
before and after the w-pulse, which causes the non-excited atoms to fluoresce, emitting light
that can be used to count them.

However this scheme is cyclic, because it takes time to first cool and trap the atoms, then
send a 7 pulse, and then another pulse of light to read the state of the atoms to correct
the laser, before starting over and repeating. You only get information about what the
frequency of the laser was during the 7-pulse - not during cooling or reading their state,
which is ”dead-time”. This can reduce the frequency stability of atomic clocks [31]. During
this dead-time, the system relies on an optical cavity with high finesse (implying it has highly
reflecting mirrors) to stabilize its frequency. A photon can only enter through the mirrors if its
frequency is within a very narrow range such that an integer number of photon wavelengths
matches the cavity length, otherwise the photon will be reflected. This frequency range
defines the cavity linewidth x and the inverse of the power decay time within it, similarly
to the atomic transition linewidth ~. This ability of cavities to discriminate frequencies
like atoms can be exploited in the Pound-Drever-Hall locking scheme [32], to lock a laser



P. 6 of 169 C. 1 Introduction to quantum metrology and superradiant lasers

frequency to the cavity resonance frequency, which depends on the exact distance between
its mirrors. But since the cavity is a mechanical construct, this distance can drift over time,
and tiny thermal fluctuations in the mirrors can also cause noise on short timescales, which
is a current limitation in the best frequency references [33, 34].

Therefore an ongoing goal in quantum metrology is to make continuous optical atomic clocks.
This could be done for example by using an atomic beam so the preparation, interrogation
and state readout can be separated in space instead of time. This would still be a passive
reference, implying that the frequency of the clock laser is corrected using the transition of
atoms which are not responsible for the laser emission itself. An alternative scheme is an
active clock, using atoms with a narrow transition as a gain medium to directly generate
light with a frequency determined by the atomic transition. This is the concept behind
superradiant lasers, which are the focus of this thesis.

1.4 Superradiant lasers

Superradiant lasers are a promising type of active frequency reference - their principle is sim-
ilar to the hydrogen maser [35], but with the benefit of operating at high optical frequencies.
The differences between superradiant lasers and ordinary good-cavity lasers are illustrated in
Fig. 1.3. For quantum metrology, the most important feature is that the phase and frequency
of the emitted light in a superradiant laser are mainly determined by the resonance frequency
of the gain medium (the atoms) rather than the optical cavity (which drifts over time, and
as mentioned, limits the best frequency references). A superradiant laser requires operating
in the bad-cavity regime, where the gain linewidth is significantly narrower than the cavity
linewidth. The gain linewidth is fundamentally limited to the linewidth of the atomic tran-
sition, so narrow atomic transitions are used, just as for the passive frequency references.
However even if the transition linewidth is very narrow, the gain linewidth can be broadened
further both homogenously and inhomogenously, with different resulting effects. A broad
cavity linewidth, as required by a superradiant laser, implies any photons within the cavity
are quickly transmitted, and the intensity within the cavity itself is low compared to cavities
with narrow linewidths and highly reflecting mirrors. In this way the phase-information in
the atoms is long-lived in a superradiant laser, and any emission from the gain medium is
quickly transmitted by the cavity, without the cavity significantly influencing the phase and
frequency.
Good—cavity laser Frequency is primarily Superradiant laser Frequency is primarily
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Figure 1.3: Comparison of superradiant lasers and ordinary good-cavity lasers.

Similarly to the passive references, superradiant lasers can be both pulsed and continuous.
From an experimental point of view a pulsed superradiant laser is easier to realize. By
trapping and cooling atoms (up to on the order of 10° on the order of a second) within
an optical cavity and pumping them all to the excited state of the clock transition at once,
the ensemble can emit a pulse into the cavity. A continuous superradiant laser requires
either a constant flux of atoms or keeping the same atoms trapped while lasing. Because the
superradiating atoms within the cavity can easily be disturbed by cooling light, it is hard
to realize as high atom numbers with a continually operating superradiant laser, making it
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harder to reach the threshold for operating. Therefore realizing fully continuous superradiant
lasing on narrow optical transitions is an ongoing challenge.

1.4.1 Regimes of superradiant pulses

Superradiant lasers borrow the term superradiance from a range of phenomena where atomic
dipoles phase-synchronize and radiate cooperatively into a common electromagnetic mode at
a higher rate than independent spontaneous emission. This was originally considered mainly
in a gas where particles were confined within a wavelength [36]. The particles are initially
excited, and the cooperative emission rate scales with N2. The result is a pulse characterized
by a sech? shape in the time domain, and a peak intensity which also scales with N2.

Later studies focused on extended gases where one electromagnetic mode is favored due to the
particle distribution, e.g. a pencil-shaped cloud. These systems share similarities with lasers,
such as threshold density [37] or length [38], and exhibit additional regimes. A superradiating
ensemble can be prepared with a finite initial coherence (determined by e.g. a pumping beam).
This is a narrower definition of superradiance which has been used e.g. in the overview [39, p.
168]. Alternatively the ensemble can be prepared with no initial coherence, for example using
a third level decaying to the excited state. The term superfluorescence has been introduced
[40] to distinguish this case with no initial coherence, as the pulse requires a spontaneously
emitted photon to be initiated. This affects the pulse buildup time and phase, as the rate
of spontaneous emission scales with N rather than N2, and decay events are random. The
subsequent dynamics can still result in sech?-shaped pulses with N2-scaling peaks, which
has been denoted ”pure” superfluorescence [40, 41]. Other characteristics of the pure regime
include a pulse duration scaling with 1/N [42] and a delay between pumping and pulse peak
which scales with log(NN)/N for a fully inverted ensemble [43, p. 309] [42, p. 334], and 1/N?
for a half-inverted state Dicke-state (which has a macroscopic initial coherence) [43, p. 309].

A different regime is encountered when the gas length dimension becomes comparable to
a "cooperation length” (so that the full ensemble no longer synchronizes), instead of being
significantly smaller [38, 40, 44]. This results in afterpulses due to the effects of stimulated
emission, and a transition to a regime where the intensity scales linearly with N [40], which
has also been called ”oscillatory superfluorescence” to distinguish it from the ”pure” regime
with sech? pulses [40, 41]. In the oscillatory regime, delays scaling with 1/v/N have been
reported [41].

Yet another term, amplified spontaneous emission (ASE), has been introduced for the case
where a macroscopic dipole moment fails to build up, due to e.g. low density or large thermal
dephasing rate [45, 46, 47]. In this regime the intensity becomes more chaotic over time
compared to (oscillatory) superfluorescence, eventually with multiple peaks from different
spontaneous emission events amplified by fractions of the ensemble, within an exponentially
decaying trend on average [41, 46]. Note that the terminology within the field has been the
subject of confusion and discussion [48, 49], and there are variations in the use of terms. In
this thesis we will use the term superradiance relatively broadly, including superfluorescence
and oscillatory regimes. Superradiance in gases in free space is still an active field of research
[50, 51, 52], and is also progressing towards more continuous settings [53].
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1.4.2 Pulsed superradiant lasers

The idea of treating superradiant emission
within the framework of a cavity was in-
troduced in [43]. Here a cavity loss rate
k = ¢/2L was used (where L is the cav-
ity length), and since FSR = ¢/2L, the fi-
nesse is 1, mimicing the free-space gas set-
ting. But simply introducing a higher cav-
ity mirror reflectivity (lower k) serves to in-
crease the effective length of the gas sam-
ple considered in previous settings. Pho-
tons emitted by the atoms then propagate
for a longer time within the sample. The
regimes of the extended gas are recovered,
but can now depend on the cavity param-
eters instead of sample length. The pure
superradiant regime is recovered when the
photons escape the cavity fast enough to
not act back on the atoms, which requires
k > Qn = 29V/N, where g is the atom-
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cavity coupling (here assumed identical for
all atoms), and Q is the collective coupling
rate, with N atoms. If this is not fulfilled,
photons piling up in the cavity may act back
on the atoms (at the interaction rate 2g+/n,
where n is the photon number), such that absorption and stimulated emission starts to play
a significant role. This gives rise to the superradiant crossover regime, like the oscillatory
regime considered for the extended gas, where the peak intensity scales linearly with N rather
than with N2.
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Figure 1.4: Regimes for pulsed superradiance
and independent spontaneous emission.

In this way the different superradiant regimes are recovered in the bad-cavity regime of lasers
mentioned earlier (see Fig. 1.4 and Fig. 1.5). Note that in the presence of e.g. thermal
broadening, the simple distinction based on N no longer holds, as many of the fast-moving
atoms in the ensemble may not be able to phase-synchronize with the slow ones, reducing
the collective coupling rate. In this case an ”effective” atom number may be considered, or
alternatively whether k > 2g+/n, such that the cavity field population adiabatically follows
the atomic dynamics as in the pure superradiant regime, versus k ~ 2g/n, where oscillations
can be expected.

Good cavity regime Bad cavity regime

K<y < Qy Yy < K< Qy Yy < Qy <k

Peak output power

Atom number, N Atom number, N  Atom number, N

Figure 1.5: Scaling of the peak output power with atom number depending on the relative
magnitudes of v, k and Qy. Figure adapted from [5]].
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Superradiant laser pulses in the pure regime have been studied experimentally on the 1.35
mHz wide 'Sg-3Pg transition in 87Sr [55, 56] and on the 375 Hz wide 'Sg-3P; transition in
40Ca, where log(N)/N delay scaling and pulse statistics from the pure regime are recovered
[57]. Tt has also been investigated theoretically in [58], recovering N2- and N-scaling of pulse
heights in the pure and crossover regimes, respectively. Within this thesis we will also explore
these regimes on the 7.5 kHz wide 'Sp-3P; transition in 83Sr at mK temperatures (published
in [54]), primarily the crossover regime. Spectral properties in this crossover regime have
been reported in [59] and are also described in this thesis. The crossover regime has also
been explored on this transition at pK temperatures in [60].

1.4.3 Continuous superradiant lasers

In [61] the idea of repumping superradiating atoms within a cavity via a three-level scheme was
introduced - the continuous superradiant laser. Unlike the previously mentioned pulses, which
will have linewidths larger than the transition linewidth -, the linewidth of a continuous laser
is not Fourier-limited in this way, making it of much greater metrological interest. Different
regimes have also been distinguished for continuous superradiant lasers, as for the pulsed
systems. In [62] a crossover between the good and bad cavity regimes has been defined based
on the ratio of cavity photons to atoms being n/N ~ 1, assuming an optimal pumping rate
in a three-level model. This yielded a crossover parameter given by Ng?/2k? (for identical
couplings g), with Ng? < 2k? in the superradiant limit, and Ng? ~ 2x? in the crossover
regime, similar to the considerations in the pulsed regime. The ratio n/N further quantifies
to which degree the system’s coherence is stored in the cavity photons relative to atoms,
and the point at which cavity pulling grows to order unity. The crossover regime has also
been described in more simple terms as the regime where gain and cavity linewidths are
comparable [63]. In this context the criteria based on N or n can be related to the power
broadening of the gain medium due to the cavity field. In [64] the pure and crossover regimes
of a continuous superradiant laser have also been investigated, distinguishing between (pure)
superradiance and a superradiant lasing regime where n > 1. For high photon numbers
within the lasing regime, entanglement can lead to a narrowing of the laser linewidth [64, p.
3.
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Another new aspect of continuous superradiant lasers is how to supply new excitations which
are required for continuous operation. An overview of some different approaches have been
presented in [65], and some examples are depicted in Fig. 1.6.

(a)

Pump

Cool-+trap

: &C’. * Slower

Figure 1.6: Examples of possible continuous superradiant laser architectures discussed in the
main text. The functionality of different laser beams (shaded) are indicated, as well as atom
temperatures at different locations. The red color of some atoms indicate excitation from
optical pumping. The atom source is not depicted for the optical lattice laser (a), but may
be trapped with a similar scheme to the guided beam (b) or a continuous 3D trap within the
cavity mode (similar to the intermediate trapping stages in (b)).

If an atomic ensemble can be cooled and trapped within the cavity, the ensemble may be
considered stationary and can be repumped incoherently as considered in [61, 62, 64, 66,
67, 68, 69]. The trapping can be done using a far-detuned high-power optical lattice within
the cavity (Fig. 1.6(a)), giving rise to the term optical lattice laser [70]. This setting has
also been investigated for “°Ca [71], and one proposal combines such a lattice with a cooling
scheme for alkaline earth atoms [72]. Another approach for a lattice-like laser could be to
exploit the superradiant lasing interaction itself for cooling and trapping atoms [73, 74, 75].
The mechanical effects of interaction with the superradiant field in a cavity have also been
studied extensively in [76, 77|, and the impact of dipole-dipole interactions between trapped
atoms in [78]. In addition to these studies, more exotic lasing schemes have also been explored,
such as lasing involving multiple Zeeman levels to achieve a narrow linewidth in 83Sr [79] and
lasers based on virtual transitions [80].

For an optical lattice laser to work, it is crucial that the lattice has a wavelength which
is magic for the superradiant transition, meaning that light shifts on the two lasing states
cancel out so they will not disturb the laser. This issue was originally considered for passive
optical lattice clocks [81, 82]. Similarly, light shifts from pumping or cooling lasers could
also disturb the superradiant laser frequency if they do not cancel out. Another challenge is
that the repumping laser introduces additional decoherence on the lasing transition - a higher
repumping rate enables potentially more power, but increases the lasing threshold and can
potentially ruin the narrow linewidth of the laser. Finally, light for cooling the atoms can
easily introduce large decoherence rates that would destroy the lasing - this can be avoided by
using transitions not directly connected to the states involved in superradiance (as in [72]),
but can further complicate the pumping scheme.
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Therefore some studies have considered settings where atoms are in continuous motion
through the cavity (as in Fig. 1.6(b)). In the ultra-cold regime this has been investigated
theoretically for atoms continually fed through optical lattices [83]. In this thesis we will
also consider a system where atoms are transported along a dipole guide and are continually
repumped within a cavity (also presented in [84]), without using a lattice. However most ul-
tracold atom experiments ultimately rely on a hot beam of atoms from an oven as source, and
complex intermediate stages are needed to produce a cold (pK), slow (e.g. cm/s) and dense
beam. Atom losses are inevitable throughout the many intermediate stages from the oven,
so the atom flux and potential output power is reduced by orders of magnitude compared to
what could be achieved if the total atom flux from the oven could be used for superradiance.

For this reason the simplest idea for continuous superradiance is to let such a hot beam
of atoms pass directly through a pumping stage before the cavity [85] (Fig. 1.6(c)). The
atoms can be transversely laser-cooled to the mK regime using broad transitions, which still
implies Doppler dephasing on the order of MHz. This, combined with the high propagation
speeds and limited interaction time with the cavity, makes such a hot beam approach most
viable for relatively broad transitions on the order of kHz, and was originally considered
using the 7.5 kHz transition in 88Sr and 375 Hz transition in *°Ca [85]. Laser linewidths of
10 mHz have been predicted as viable in a hot beam system using e.g. the 375 Hz transition
in 4°Ca, comparable to the best existing clock lasers [86]. The predicted output power, on
the order of W, is also decent for metrological purposes. However the significant thermal
broadening leads to challenges and additional features, such as unstable regimes, which have
been explored in [87, 88, 89, 87]. The impact of inhomogenous broadening on superradiant
lasing has also been investigated more generally in [90, 91] and transit time broadening in
[92]. We will also explore a continuous hot-beam system based on 88Sr in this thesis, for
which some results are presented in [84].

1.4.4 Experimental progress towards continuous superradiance

Continuous superradiant lasing has not been demonstrated on such narrow transitions as
used in pulsed systems. One of the closest systems may be [93], where lasing on an 1470 nm
hyperfine transition in a Cs gas cell was realized. Despite decay rates and Doppler widths in
the MHz range, the much larger cavity decay rate of 27-244 MHz places the system deep in
the bad-cavity regime.

Some systems have also achieved quasi-continuous operation. These are based on repump-
ing an ensemble of atoms just as in some proposals for continuous superradiance, but with
technical limitations to the duration. Typically an ensemble of atoms is trapped, similar to
the technique in Sec. 1.3 and in experiments with pulsed superradiance. Atom loss during
lasing limits the duration to less than a second, while also causing changes in the dynamics
over time which are not expected in a fully continuous regime, such as a gradual decrease in
output power and change in spectral characteristics. Despite this, they demonstrate many
of the properties and the over-all behavior expected in a fully continuous regime. Quasi-
continuous superradiance has been demonstrated using a Raman transition in 8"Rb up to
140 ms [94], where relaxation oscillations [95] and phase-synchronization dynamics [96] have
also been studied in detail. The quasi-continuous regime has also been realized on the 'Sg-3P;
transition in 88Sr for up to 1.5 ms [60].

The realization of continuous superradiant lasers also strongly depends on the development
of atomic beams with high flux and density, and low temperature. Strontium beams in the
ultra-cold pK regime have been used to realize the first continuous Bose-Einstein condensate
[97] and characterized utilizing different isotopes [98], including %8Sr. A number of sources
have also been developed [99, 100, 101, 102] yielding a higher atom flux closer to the mK
regime, which are promising sources for realizing the hot beam proposals.
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1.5 Thesis overview

In this thesis we will investigate superradiant lasing on the 7.5 kHz-wide 'Sp->P; transition
of 88r in several different kinds of systems - both pulsed and continuous. The thesis contains
both experimental work on realizing some of the systems, experimental characterization of
superradiant lasing pulses, and a big part is also devoted to numerical simulations of lasing
in the different systems. Therefore the numerical models have some variations, but share the
same fundamental principles, which are described in Chapter 2.

The pulsed system, which is realized in the machinery at the University of Copenhagen,
consists of a cold atomic cloud within an optical cavity. This cloud is trapped from a Zeeman-
slowed atomic beam using a 3D magneto-optical trap (MOT). It is almost fundamentally a
cyclic system because the superradiant lasing is heavily disturbed by the cooling and trapping
process. However the cyclic nature enables the machine to accumulate many (~ 107) atoms
within the cavity mode, making it relatively easy to reach lasing threshold. In this sense the
machine is a stepping stone towards continuous superradiance and enables us to investigate
the dynamics of superradiant lasing with simpler technical requirements.

Chapter 3 is devoted to the experimental details of this setup, and the upgrades that were
made as part of this thesis to realize pK atom temperatures. Chapter 4 is devoted to sim-
ulations and experimental results from pulsed superradiance in the mK regime. Chapter
5 describes new regimes enabled by current and ongoing experimental upgrades, including
pulses at pK temperatures and dynamics with continuous repumping. As such this chapter
primarily presents simulations.

Another type of system which we will investigate is a continuous superradiant laser operating
on the kHz-transition based on the hot-beam scheme. It is characterized by a large atom flux
(~ 10'2 s71), high thermal velocities in the propagation direction, mK temperatures along
the cavity axis, and its relative technical simplicity. This type of system is being developed
at the University of Amsterdam, and work on the experimental setup during my secondment
is described in Chapter 6, while simulations of the superradiant laser physics are described
in Chapter 7.

A second variant of the continuous superradiant laser that we will investigate is a cold beam
system. This is based on an atom source realized at the University of Amsterdam and was
considered as an alternative candidate to the hot beam system before its development. The
cold beam system is characterized by a lower atom flux (~ 10® s71), pK atom temperatures,
using magic dipole traps to transport and confine the atoms, and a repumping scheme to
enhance emission, making it significantly more complex. Numerical simulations of this type
of system are presented in Chapter 8.



CHAPTER

Theory for superradiant lasing
and numerical treatment

The goal of the numerical models in this thesis is to predict observables, mainly the output
power and spectrum of a superradiant laser, and how they depend on relevant physical
parameters. In this chapter we will describe the general methods used for making these
models. An example of a very general system that could be treated is illustrated in Fig. 2.1.

(a) (b) NS (c)
"’1/.”\,’ Spontaneous
100 dt . %%, 100 dt emission
1 'S, and °P, ’ //'///r,
S, atoms atoms %@

Cavity

<

Figure 2.1: Ezxample of the time evolution of a general superradiant laser system. The system
changes significantly from panel (a) to (b) and then (c), but the dynamics may be solved
numerically by dividing them into small time intervals of length dt, e.g. 100 timesteps between
the situations in each panel. If the time intervals are short enough, the changes during each
interval are small enough that they can be accurately solved.

In this example the system starts out in the state shown in panel (a). Here an ensemble of
1Sy atoms are located within the optical cavity of the superradiant laser. Right at this time a
pumping laser is turned on to excite the atoms, and a driving laser is turned on to populate
the cavity field with photons, but these dynamics have not yet changed the atom and cavity
states. After a while, the system has changed to the state in panel (b). Here the lasers have
been turned off again, but in the meantime, several atoms (red) have been excited by the
pumping laser to 3Py, and a cavity-field has built up due to the driving laser, which is now
also leaking out of the cavity mirrors. The atoms start interacting with the cavity field, and a
bit later, the system is as shown in panel (¢). Here many of the atoms have emitted light into
the cavity, or absorbed light from it, and are now in superpositions of 'Sy and 3P; (purple),
while some may spontaneously emit photons into the environment.

The aim of numerical treatment is to divide this time evolution into small timesteps (each
with a length called dt), because the dynamics cannot be solved analytically. The dynamics
in between these three situations might be divided into e.g. 100 timesteps where the changes
are small enough to get an accurate solution. Every timestep we consider the current state
of the system and based on this we find the state one timestep later. For example if an
atom has a velocity v, the differential equation for its position r is simply dr/dt = v, giving
the discrete variant dr = v - dt (according to the Eurler method) telling us the change in
position dr during the timestep. If gravity or optical forces are present, v may also change
during the timestep. In that case an accurate solution requires dt is small compared to the
timescale of the relevant dynamics. For example if an atom is initially moving upwards at 1

13
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m/s while being accelerated downwards at 10 m/s? by gravity, choosing dt=1 second while
using a simple Euler integration would tell us the atom has moved 1 meter upwards after the
timestep, and its new velocity is 9 m/s in the downwards direction. This velocity is correct
as it changes at the same constant rate (10 m/s?) during the time interval dt. However the
analytical solution tells us the atom would have fallen by 4 meters during this time interval.
The predicted position is very inaccurate because the velocity changes significantly during
the time interval, compared to the initial value that was used to calculate the position. This
timestep is clearly too large to accurately treat an acceleration of this magnitude.

In similar fashion, using cavity quantum electrodynamics, we will derive differential equations
to describe the cavity field and atomic states that can be treated by numeric integration. This
allows us to describe systems with very complex dynamics that would need to be greatly
simplified for analytical treatment. Lasers can be switched on and off or change intensity,
random recoils from lasers may be treated for each atom individually, and so on. When
modeling a superradiant laser numerically we encounter similar problems as for the falling
atom. If atoms are Rabi oscillating at a rate y due to a pumping laser, dt < 1/ is required.
If an atom is moving across a coherent light wave at a rate v/, interacting with a cavity
field at a rate 2g+/n, decaying from some excited state at a rate -, or light is leaking from
the cavity at a rate k, all these rates will similarly set requirements for how small dt must
be. When treating the 'Sg-3P; transition in 33Sr with Euler integration this can easily be on
the order of 1 ns, however higher order numeric integration methods can allow for over an
order of magnitude higher timestep at the cost of a few extra and more complex equations
(which is often worth it). In this thesis a 2nd order Runge-Kutta method is generally used
for the equations that require the shortest timesteps, in particular the variant of the method
that minimizes the third order local truncation error (for more details see [103, p. 32] and
(104, p. 1109)).

2.1 Cavity quantum electrodynamics

Here we will illustrate the general methods for deriving the time-evolution of the atomic and
cavity field states in a system such as in Fig. 2.1. To make it relatively general we will assume
the atoms have three levels, |g), |e) and [i), so the extension to any number of levels should
be clear. |g) represents the ground state and |e) is the excited state of the superradiant laser
transition, so |e) can decay spontaneously to |g). |i) represents a high energy that can decay
to both |g) and |e), and a laser is used to pump the atoms to |i) so that they decay to |e)
and inversion on the lasing transition can be achieved.

2.1.1 Hamiltonians

A starting point for finding the time evolution of a quantum system is its Hamiltonian,
representing the total energy. Considering the system in Fig. 2.1, a fairly general Hamiltonian
of the physical system is given by:

H = Hcav + Hat + Hz'nt + Hpump + Hdrive- (2'1)

H q: We will start by defining the Hamiltonian in the Schrédinger picture, where the op-
erators are time-independent. The energy of a cavity field, H.qy, is given by the number of
photons n multiplied by the energy of each photon, hw. In cavity QED this gives us the
term hwn in the Hamiltonian, where n is the photon number operator (we will omit hats on
operators). We will write the number operator n = afa in terms of the bosonic raising and
lowering operators a! and a, which obey the commutation relation [a,cﬁ] =aal —ala =1
[105, p. 12] [106, p. 11].

H,: For an atom we need to choose a zero point for the atomic energy levels. This choice
does not affect the physics, as the dynamics depend on relative energy differences. Here we
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choose the unperturbed ground state |g) to have zero energy. In this case the Hamiltonian
representing the atomic energy will have a term for each excited state of the excitation
energy hw. A superradiant laser requires many atoms, so the Hamiltonian of the atoms
will be the sum of all the individual atomic Hamiltonians. For e.g. 10 atoms with the
ground state |g), excited lasing state |e) and one other excited state for pumping |i), we
get Z}gl halole + hwzj afi. The transition frequencies wé,wf can vary from atom to atom
if they are affected by frequency shifts such as light shifts. When referring to unperturbed
atomic transitions we will generally use capital letters, as wg,wy, but include Zeeman shifts
in these when they are uniform. o;; are the Pauli spin operators. The ones with identical
indices ¢ = j represent the populations of atomic states, while the ones with different indices
act as transition operators. Sometimes o, is written of, similar to the bosonic raising and
lowering operators, in this case with .. = o'o. However these are fermionic raising/lowering
operators and obey the anticommutation relation {0, UT} = ool +ofo =1 106, p. 13].

H;p;: Just as for the atomic energies, the total atom-cavity interaction energy H;,: will be a
sum of the interaction energies of all the atoms. The interaction energy of one atom with the

cavity mode is given by hwg; (0ge + 0eg) (a + aT). g; is the atom-cavity coupling, and for a
linear cavity with two equally reflecting mirrors it is given by (defining the z axis along the

cavity axis):
[ 663y rw N (e2a2) w2
gj = Cg W2 Lo sin (;Zj) e~ @ tu)/WE (2.2)

Here ¢4 is a Clebsch-Gordan coefficient, which is 1 for the 1S)-3P; m;=0 transition we
consider for superradiance in this thesis. We see the coupling g; depends on the atomic
transition through both the transition frequency w and linewidth - narrow transitions lead
to small values of g;, leading to slowly evolving dynamics. We also see g; depends on cavity
parameters - the waist W and length between mirrors L - these must be chosen carefully to
make a superradiant laser work. We see that a small mode volume (small L and W) result in
larger g;. Finally we see that the atom-cavity coupling depends on the position of the atom
- the coupling will be low, and the atom will interact very little, if it is located near a node
in the standing wave in the cavity (sine term) or it is far away from the waist of the cavity
(exponential). The sinusoidal change in g; as an atom moves along the z axis gives rise to
the Doppler effect in the atom-cavity interaction.

It is worth also considering the operators, e.g. age and a. In the most simple picture we can

consider their expectation values. Here <age> is a complex number with modulus between 0

and 1, and with additional constraints in combination with the populations <Uf,g> , <age> from

the Bloch sphere. This contains the phase information of the atomic dipole, and equivalently
. . *
<J£g> = <a§e> . {a) is similarly a complex number with the phase information of the cavity

field, but modulus of \/n. So the atom-cavity interaction generally scales with gy/n, and the
cavity QED equivalent to the semiclassical Rabi frequency is xgep = 2¢g+/n. The mirror
reflectivity does not directly enter into these equations, but a high mirror reflectivity /narrow
cavity linewidth results in a higher intra-cavity photon number, as the photons escape more
slowly, and leads to a stronger interaction (higher g/n), but n often requires numerical
simulations to determine.

Hpymp: To describe the pumping of the atoms, we will assume the pump lasers to be running
waves with high enough intensity that they are not significantly attenuated by the interaction
with the atoms. In this case we can describe the interaction semiclassically, giving for each
atom:

J
Hmy = 18 (] + o) (ot . -y 23

Note the similarity to Eq. 2.2, except that the laser phase terms (right) are running waves
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(with kj; being the wave vector of the laser and r; the position vector of the atom), and the
Rabi frequency which for an atom is given by:

. 20
x{i=cg«/% ~(@2+9?) /W (2.4)

The Clebsch-Gordan coefficient ¢, generally depends on the pumping transition, but is of
order unity. Ij; refers to the peak intensity of the laser beam (assuming its intensity profile is
Gaussian) and is related to the laser power Pj; by Ij; = Pj;/wjws for a beam with waist radii
w1 and ws. For a non-Gaussian laser beam, the exponential term should be omitted and the
local intensity at a given atom should be used in place of Ij;.

Hgrive: The final term, Hgjye, can be used to describe an external laser beam coupling into
the cavity:

Hirive = g (a + aT> (e7iwdt 4 giwat) (2.5)

where 7 represents the driving strength. If no atoms were present, the cavity would be
populated by n?/(k? + 462,;) photons in steady state, where & is the cavity linewidth FWHM
and d.q is the laser detuning from the cavity resonance (for some examples see [103, p. 6]).
Since the output power from a cavity with n photons is P,,; = nhw., which must be equal
to the input power in steady state and with no atoms inside, this means n = k+\/kin Pin /hwe,
where k;;, is the coupling efficiency of the input beam to the cavity mode, and P, is the
input power.

The resulting Hamiltonian from these examples is then:

N
H = hwea'a + Z hwlol, + Z hwz v -+ Z hg;j ( aje + agg) (a + aT)
N o (2.6)
+Zh% (Jgi i Uzg) <eik”~rj—iwlit i e—ik“.rj+iw”t) g <a+a ) ( —iwqt | ez’wdt)‘
=1

The terms are illustrated in Fig. 2.2.

g
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Figure 2.2: A superradiant laser consisting of an optical cavity with atoms inside. The atoms
can be pumped by an external laser, causing each atom to oscillate with a Rabi frequency x;.
The atoms also couple to the cavity field with coupling rates g; and emit spontaneously into
the environment at a rate . Light leaks through the cavity mirrors at a rate k. An external
laser inputs light into the cavity, characterized by a driving strength .

2.1.2 The interaction picture and rotating wave approximation

Once we have a Hamiltonian like Eq. 2.6, we start by noting that it contains many optical
frequencies (w) - these oscillate at hundreds of THz and it would be impossible to solve
dynamics numerically on interesting ps or longer timescales if such rapidly oscillating terms
were present. To deal with these we start by going to an interaction picture, choosing the
non-interaction terms of the Hamiltonian (and so far keeping the frequencies {w1,ws,ws}
arbitrary):

Hy = hwiata + Z hwaol, + Z hw;z,am (2.7)
7j=1
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The interaction Hamiltonian, still in the Schrédinger picture, is then given by:

N
H? = H — Hy = héaafa + Zhéjza + Zhé oli+ > hgj (o). + oly) (a+aT)

7= (2.8)

N j > : . . . . . .
_i_zh% <JZ'L + O_qu) (ezkli.rj—zw”t + e—zkli-rj-i-zwlit) + g (CL + aT) (e—zwdt + ezwdt) ’
=1

where we define detunings as 0;; = w; —w;. The next step is to determine the time-dependence
of the operators in this interaction picture - how they evolve due to Hy. For each of the
operators o we can use the Heisenberg equation:

)
= - [y, 0. (2:9)
Then we get (with the I representing the operators being in the interaction picture):
ay = iwq [aTa, aL = w1 (aTaa — aaTa>I = w1 [aT, aL a; = —iwiag
geI = Wy [Uée,aée]l ngagel (2.10)
d;w zw3agl Iz

This gives the following relations between the Schrodinger and interaction picture operators
(the photon number operator n and atom populations o7 etc. are unaffected by these changes
in picture):

ar = age 0’;671 = a;eﬁe_wzt, 0’;1.71 = Ji]i’se_i%t. (2.11)
Now we can replace the og operators in Eq. 2.8 with the new o; operators and obtain the
Hamiltonian in the interaction picture (dropping the picture subscripts again):

Hp = héaata+ Z holyol, + Z holyo?,
7j=1

N
+Zh9j (ogee"“” 4 ag’ge*i"”t) (aeiwlt T aTefiwlt)
= (2.12)

gt

N J
4 § h& (O’j~€iw3t + 0_] efiwg,t) (eiklrrjf’iw“t + ef’ik”~r]’+iwlit>
2 g
—

+g (aeiw1t 4 aTe—iont) (e—iwdt + ez‘wdt) '

If we then choose the arbitrary frequencies to be reasonably close (up to GHz, not THz) to
the ones in the terms they add/subtract with, so w; ~ ws, w1 & wy, ws ~ wy;, we can use the
rotating wave approximation. Multiplying the brackets, terms with e.g. exp (i(w2 + w1)t)
would oscillate rapidly and average to zero, so that we can neglect them, while terms with
frequency differences, e.g. exp (id21t), may oscillate on the physically relevant timescales.
This gives us the interaction Hamiltonian in the rotating wave approximation:

Hy = hé.afa+ Z hélyol, + Z hélyol. + Z h; (ga et Uggae_wm>
j=1

N J
+Zh% (O_:Zﬂeik“'r]'—i(slig,t 4 O',L]-ge_ik“.rj—i_i(slwt) + g (a€i51dt + aTe_i(sldt> )
Jj=1

(2.13)

Now we can consider which frequencies to choose for wq,ws and ws. Choosing them earlier
can simplify the derivation, while choosing them later can make it easier to simplify the
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final equations. In terms of computational performance it is often an advantage to get rid
of exponential terms. For example choosing w; = wy,ws = wi,ws = wy (with w; being the
unperturbed atomic transition frequency) would give:

Hy; = hdqqa a—i—Zh(S]da +Zh5uam—|—2hg] (0 aT—{—U] a)
B (2.14)
N J
+ Z hX21 <O-gzelkh rj—idrt 4 o’ ge —tky; r3+25l“t) + n (CL 4 U,T) .
j=1

\]

This would put the equations of the dynamics on the superradiant lasing transition in the
reference frame at the driving laser frequency wy (if =0 this could again just be arbitrarily
chosen and further simplify the equations). An alternative that can be easier to interpret
and keep track of is to fix all the frequencies to the relevant, unperturbed atomic transition
frequencies, such that all detunings simply refer to the unperturbed transitions: w; = we =
wg,ws = wy. This gives us:

H; = hé.ga’a + Zh&eEaee+Zh5U% —|—Zhg] ( T+gJ a)
7j=1

+Zthz (O' ezk“ rj— —idy; 1t + O_ge —iky;- rj—&-uimt) + g <aei6Edt + aTe—iéEdt) .

(2.15)

We will use this Hamiltonian to generate a set of equations for the system dynamics. We are
interested in the light emitted by the superradiant laser - its power and spectrum. This re-
quires that we know the time-evolution of the cavity field. In the simplest cavity QED model,
first order mean field theory, we can neglect quantum fluctuations and describe the cavity
field by the expectation value of a: here <aT> = (a)* and the photon number expectation
value is (n) = (a)* (a). The time-evolution of expectation values can generally be determined
using:

(0) = ﬁ ([(H,o)) = % <0q,1qk +qlqro — 2q£0qk> : (2.16)
k

Here the first term represents the coherent dynamics from the Hamiltonian, and the second
term describes dissipative dynamics due to interactions with the environment. The sum gives
one term with a characteristic decay time ~; for each decay channel. We will describe the
coherent and dissipative terms in the following sections. Note that an open-source program-
ming package called QuantumCumulants has been developed for Julia, which can be used to
derive these kinds of equations from a Hamiltonian automatically [107, 108].

2.1.3 Coherent time-evolution

With Eq. 2.16 the coherent evolution can be determined using the commutation relations
mentioned earlier. For the cavity field lowering operator we get:

<a>wh=z'6¢E<[aa}>+ng]< Jatva] )i (Jat ] ) emsime

—5 t
= —id.g (a —ngj ge — “pd

(2.17)

We see this equation is coupled to <O'ge> (the coherences of all the atoms), so we determine

this next. Treating the atomic operators, we can think of them as two ket-bras and use
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orthogonality for the inner product in the middle: o4p0.4 = |a)Xb||c)d| = 0440pc, Where . is
the Kronecker delta:

(09e)con = 1005 ([0er 03] + 195 ([odga. ofe])
+Z% <|:(o_‘gieikli'rj7i6lilt _|_0..i7:q€7ikl¢-l‘j+i§l”t> Uge:|> (218)
it (o3} +igy (0, — ofy)a) — i (o) et

We find that the time evolution of the atomic coherence on the lasing transition depends on
<(a£e — a§g> a> and < ol > The first of these is a second order correlation, which you could

in principle also derive an equation of motion for. This procedure would often lead to third
order correlations with three operators, and could quickly get out of hand. One approach to
deal with third order correlations is to reduce them to lower orders with the approximation
[107, p. 4] [109]:

(abe) ~ (ab) (c) + (ac) (b) + (a) (be) — 2 (a) (B) {c) (2.19)
This assumes that at least one of the operators a, b and c is statistically independent of the
others. Numerical models have been used extensively for studying superradiant lasers using
this approach [64, 79, 110] to obtain a closed set of equations in second order mean field theory
(MFT), meaning expectation values with products of no more than two operators. However
we proceed in first order MFT by making the approximation (ab) ~ (a) (b). As a result,
quantum noise is neglected, unlike in second order MFT. However the number of equations
in first order scales linearly with the number of atoms, rather than the square. As a result the
model can be used to treat more atoms individually and include many other effects affecting
each atom differently, which would be too computationally heavy to include in second order
MFT, which often requires treating a small number of atom clusters where each atom in a
cluster is assumed to be in identical states. With this factorization of expectation values we
obtain:

(58 = i85 (o3} 10y ((02e) = (o) (@) — 30 () b, (220

and we are left with the task of finding equations for o, agg and Ugel
<&ge>wh ig; <[ al + ol,a,0l ]> = ig; (<Jge> <aT> (0,) <a>>

= 2ig; [Im(aﬁ ) Re(a) — Re(aJ ) Im(a)]

<U§g> = —2’Lg] [Im(aj ) Re(a) — Re(oﬂ ) Im(a >]
+Z%<[O_glezk“rj—z5l”t+a_ otk +idurt Uf;gb
= —2ng [Im(c7,) Re(a) — Re(o,) Im(a)]

- (e )

@QMZ@MPQ‘DH5@Mw$

+Zg]<|: T+0-.7 a, O' :|>_|_ <[U eZkl1r7 '“Slzlt_|_0- e Zklzr]—l—zdl”t O_ge]>

2
= (=) (o) i )+ 5 ) oo

(2.21)
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J

i) which in turn depends on

Here we find that we also need to determine the equation for o
o A J o
[afw af-g} > +ig; <{age(ﬂ + ol,a, ong + z% <[afﬂ-, ofg} > etkuiri —idurt
si [ J : J . Xi j j ikyir;—idyrt
il Uig>coh —19; <Uie> (@) — Gy (<0u‘> - <U§g>) e T
J

0_] — ,LXZ’L O-jAeiklirj_ialiIt + o_] 6_iklirj+i5lilt O_j
coh gt 9

Il
~
=%

<

3 1 Oii
B ingl <<0]. >* kT —idurt _ <aj >e*7:klirj+i6lilt>
=i J i :
(2.22)
Now the coherent set of equations is closed and can be solved by numerically integrating them

over time. One of the populations could also be eliminated by using <a§g>+<0§ >+<afi> =1

2.1.4 Dissipation

To describe dissipation we need to evaluate the last term in Eq. 2.16 for relevant operators o
and using the relevant dissipation rates in place of +; for each dissipation source. We have an
equation for the coherent evolution of (a), representing the cavity field, so we can determine
the dissipation term for o = a due to the coupling of the cavity mode to the environment
with the rate x. In this case the relevant raising and lowering operators to use are ¢ = af
and q¢ = a:

(@) gis = —g <aaTa +alaa — 2aTaa> = —g <[a,aq a> = —g (a) . (2.23)

Next we can consider spontaneous emission into the environment, where state |e) decays to
|g) with the decay rate 7.,. The relevant raising and lowering operators here are ¢' = 0?4

and ¢ = o}.. We will determine the effect on both the excited state population, <age>, and

the coherence, <U§e>:

<é-ge>dl's = _% <0£eaggage + Jggageage - 2Uggggeage> = ey <O-ge>
(o) e (1 (2.24)
Tgeldis — ~ 9 \%ge/-

The same procedure could be used to include spontaneous decays from |i) to |g) and |e),

which would lead to similar equations for <‘sz> and <c’r§i>. Lindblad terms can also be used

to describe incoherent pumping as inverse spontaneous emission. In that case one just needs
to switch the atomic operators for ¢ and ¢f, and replace v with the relevant pumping rate.

We can also consider how the coherence o;. is affected by the three decay channels:

<<'7]> :—%<aj 1 o).+ 0l ool —20] o) j.>
dis

ie 2 e~ ie” el e et e e’ e et
Yig J J J J J J J JJ
- 03e0540gi + 0ig04i0ic — 20,070y, (2.25)
Jeg [/ G 3 i J g J o g Yie + Yig + Veg / j
- 2 Jieaegage+aegageaie_2Ueggieage - 2 Oie ) -

Here we see that the coherence is damped by all dissipation sources from either of the lev-
els. Finally we could repeat the previous calculations for the ground state, or simply use
conservation of population, which leads to

(099) 4is = Veq (0Le) +Yig <a]> - (2.26)
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Compiling the completed set of equations derived from Eq. 2.15 using Eq. 2.16 while dropping
the expectation value brackets, we get:

N
YV — i _~Z.j_ﬂfi6dt_ﬁ
a=—i0.ga —1 9iTge 226 B 2a
—
j X{ j* ik 5 i —ik s j
. . ; * iKkyiri—idrt —ikyri b1t
sz'i = @?1 (UZJg kT =t sz'ge ikyir 410151 > _ %ggzj‘i
] — 95, J J J ]
&), = 2ig; [Im (0).) Re (a) — Re (07,.) Im (a)]| — vegol, + 7ico?;
I I - J Y
Ogg = — 04 — Oee (2.27)
J
G X (g i\ Likirj—idgt  Yig T Yie j
Oig = zddazg zgja a* —i=2 5 <U agg> gttty Ton — 5 g
o J J @ J —ikyrj+idpt _ Jeg j
Gle = —id Eage +igj(al, ogg)a i 2 ole J 5 Ot
-J Xlz ikir'—iéi t  Yig T Vie T Yeg ]
aw—z(é _5eE> . —igjo] a+12 1ty —tonI B S—

2.2 The stochastic master equation

So far we have described how to determine the evolution of expectation values of operators.

These expectation values represent the mean evolution, e.g. <0’ee> the mean evolution of

the excited state of an atom, and <aTa> the mean evolution of the cavity photon population.
But in many cases there are fluctuations which can be important to consider. For example
the linewidth of a laser depends on quantum fluctuations which vanish when considering
the expectation values in first order MFT. Another example is the spontaneous decay of
atoms. In the treatment in Sec. 2.1 the spontaneous decay occurs gradually over time,
but if an atom moves in an optical potential that depends on the atomic state, discrete
changes in the atom’s state due to decays could have a large impact on its motion. Here
we will present the stochastic master equation (SME) and density matrix framework, which
is useful for describing stochastic dynamics. First we will link the density matrix to the
previous approach of deriving expectation values. If we consider the Hamiltonian 2.15 and
again assume we can treat the atomic states separately from the cavity field and each other,
we can describe each atom fully by its internal state. We can choose a basis with bras:

(e| = (0 0 1), (g] = (0 1 0), (i] = (1 0 O). In this basis we can write the density
matrix of an atom’s state as:
Pii pig Pie
p; =Xl = | Pl Pag Pe | - (2.28)

peiz pég pjee

the transition operators 0., = |z)(y| then become matrices, such as:

(2.29)
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and the Hamiltonian 2.15 can be written as:

N 000 1 00
. . n s i
HI:h(SCECLTa—I-ZTL(SgE 010 +Zh5§l 000 +§<ae’ wat 4 qfe ZEdt)
7=1 00 o0/ =1 00 0/
J J
N 000 000
+Y hgi |0 0 1| a'+]0 0 0] a
=1 000 1o/,
N S |f0 00 01 0
+ Z h% 1 0 O Zkh r;— Zélllt + O O 0 e_ikli'rj+i6lilt
=1 000 000

J J
(2.30)
The equations 2.27 can be derived again using Eq. 2.16 and the relation ( ) = tr(po). With

this relation we see e.g. the populations are simply related by < > = p“, <agg> = pgg and

<Uée> = pée, and for the coherences the indices are flipped in the relations, e.g. age = pgg.

Also note that above we assume the cavity field is still represented by the expectation value
(a). Since the cavity can be populated by any number of photons, and these populations
are linked to emission/absorption by the atoms, which ultimately become correlated, using a
density matrix description of the cavity states becomes significantly more complicated. This
may be described in a similar way to the dressed states of the Jaynes-Cummings model, and
the correlations between atoms have been described by Dicke states [36, 111], which have also
been used to illustrate the behavior of atoms in a superradiant laser in 2nd order MFT [64].

With the density matrix formalism we can now use the SME for the atomic states. Physically
it is equivalent to continually measuring the atomic state by measuring the spontaneously
emitted photons - once the photons are detected, the atomic state collapses. In practice you
do not have to measure all the spontaneously emitted photons from the atoms, they could
also simply be absorbed by some component in the vacuum chamber around a superradiant
laser, breaking any entanglement and projecting the atomic state - then the evolution of
the SME represents that we know of these events. The important part is the effect of these
projections due to spontaneous emission and coupling to an environment. The SME can be
written [104, p. 818]:

T

i k arPq
dp = —3 [H,p]dt - > % (qlqkp + pafar — 2 <q,1qzc> p) dt + < : - —p | dNp. (2.31)
k quk>

Here the dt factor is not on the left side as usual, but is moved to the right because some
of the right side terms do not scale with dt - instead they represent discrete quantum jumps
that occur when dNj, = 1 (for decay channel k). Compared to the regular master equation,
the first term is the same - the unitary evolution due to the Hamiltonian. The second term
looks similar to the Lindblad superoperator, but it is a bit different - if you detect all the
spontaneously emitted photons, you also gain information when no photons are detected.
As a result the state evolves differently when no photons are detected, compared to the
Lindbladian evolution. The final terms representing quantum jumps result in abrupt changes
of the state - the left term in the parenthesis yields the final state, and we see the right term
that contains p cancels out the initial value of p when dN = 1. It is the mathematical way
of writing ”if a decay happens from |z) — |y) (so dNg, = 1), make population p}, = 1 and
all other populations and coherences 0”. dNj must be chosen randomly (being either 0 or
1) each timestep based on the probability of the quantum jump occuring within the time
interval dt. For one atom spontaneously decaying e.g. from state |e) to |g) this probability
of dNeg =1is pee’yegdt
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The Hamiltonian part in Eq. 2.30 leads to the same coherent evolution as the atomic equa-
tions in Sec. 2.1.3 when looking at the resulting elements of dp according to Eq. 2.31. For
the second and third terms of Eq. 2.31 we get the additional terms:

dpgi,SME =~ (ig + Vie) <1 - Pi) + ’Yegpge} plidt — pl; (dNijg +dNy, + ngg> (2.32)
dpie,SME = _(’Yig + 71'6) pgz — Teg (1 - pge)} piedt - Pée (sz]g + ngg) + (1 - pge) sz]e
2.33)
Ah snim = | (g + %ie) s + eaple] Pyt + (1= ply) (ANG, + ANZ, ) = pi,dVy, (2.34)
dpgg,SME = 79T (1 - 210{1> + 7€gp]ee:| pggdt - pgg (szJg + dNiJe + ngg) (235)
. r . Ye . . . . . .
Aphesain = | (g +ie) Pl = 252 (1= 20L.) | phedt = pj (AN, + dNY, + AN, ) (2.36)
dpge,SME = | T T ;_ Jie (1 - 203;) - % (1- QPge)] plodt — pl, (sz‘jg +dN7, + ngQ) :
] (2.37)

In the square brackets we see the general forms that arise due to the second term in Eq.
2.31, depending on how the states and coherences are involved in the three decay routes from
li) = |e), |i) = |g) or |e) — |g). The rightmost term in Eq. 2.31 also gives rise to three terms
for each density matrix element in Eq. 2.32.

In Fig. 2.3 the effect of the SME quantum jumps is illustrated in a slightly different three-level
system. Here an intermediate state |i) (orange) couples to the ground state |g) (black) and
higher excited state |z) (green). The system starts in the ground state, but then begins Rabi
flopping between the different states due to two semiclassical pumping lasers on resonance
with the transitions, with Rabi frequencies x4 = 57y and xiz = 107z = 5vig. The SME
dynamics are highlighted and compared to the brightly-colored dynamics of optical Bloch
equations. In panel (a) the dynamics for one atom is shown with two spontaneous decay
events interrupting the Rabi flops. The usual decaying Rabi flops are distorted in shape
due to the Lindblad-like term in the SME. In panel (b) we see the average of 1000 atom’s
states follow the OBE very closely with only small fluctuations due to the random, individual
quantum jumps.
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Figure 2.3: Dynamics of a 3 level ladder system evolving under the optical Bloch equa-
tions/first order MFT (bright curves) vs the SME (dark curves), for (a) one atom and (b)
averaging over 1000 atoms. In (a) we see how the individual atom’s dynamics are changed
by the SME and the effect of quantum jumps, and in (b) how these jumps, for many atoms,
average out to the OBE dynamics.

2.3 Coherent pumping vs rate equations

Modeling coherent interactions with even semiclassical laser beams can be computationally
demanding, typically if the Rabi frequency is very high, such that a low timestep is required
for numerical stability. These high Rabi frequencies can be encountered for pumping lasers
driving broad transitions with MHz linewidths. An example could be a superradiant laser
operating on the 'Sy-3P; m ;=0 transition, where atoms are repumped incoherently from 'S
to first P; my=-1 and subsequently 3S; (with laser wavelengths 689 and 688 nm). From
33, the atoms may decay to *P; mg=1 as desired, but could also decay to several other
Zeeman sublevels of 3Py and 3P, which require additional lasers (with wavelengths 707 and
679 nm) to bring the atoms back to 3S; so that they can end up in 3Py m;=0. These 679
and 707 nm lasers operate on MHz wide transitions and their impact on the lasing transition
coherence would be negligible due to the rapid decay rate of 3S;, which links them to the
lasing transition via the 688 and 689 nm lasers. In this case the details of atomic coherence
are not relevant to keep track of for these levels, and it is an advantage to approximate the
pumping between such levels using rate equations. In some cases when the details of pumping
are not of interest, several pumping levels can even be bunched together or even eliminated
to yield a two level model characterized by an effective incoherent pumping rate [68].
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Here we will consider a simple two-level system with states |g) and |e), and connect the rate
equation approach to the coherent dynamics described by the optical Bloch equations (OBE),
which can be written [104, p. 178]:

Pee = X Im (Pge) = VPee

pgg = —XIHI (pge) + VPee (238)
i (

9 Pee = Pgg) -

pge == (’VT + MS) Pge —
Here y is the Rabi-frequency, § is the laser detuning, v is the decay rate from |e) to |g) and
~r is the transverse decay rate. yp = /2 when spontaneous emission is the only source of
decoherence, but it can be larger, for example due to decoherence introduced by pumping
lasers to other states. If 47 > v then pg. decays much more quickly than the populations
and can be adiabatically eliminated, giving [104, p. 191]:

XZ

29r(1+82/43)

Pee = (Pee — pgg) = VPee- (2.39)
This is equivalent to the population rate equations from laser physics (e.g. [112, p. 150]),
which are generally written in terms of a single parameter, the pumping rate w:

Pee = _w(pee - pgg) — YPee- (2-40)

Comparing these, the pumping rate w can be connected to the Rabi frequency, transverse
decay rate and laser detuning, and in turn to laser intensities in a setup. The magnitude of
the Rabi frequency, in case of a linearly polarized field aligned with the atomic dipole along
the z-axis, is given by [104, p. 154]:

21
— == (gld,]e) . 2.41
X =1 loldle) (241)

In this situation the matrix element is related to the decay rate from |e) to |g) by
v = Wl (g|d.|e)|*/3meohc? [104, p. 154], giving:

XZNV s

This depends on v (which can be looked up for a transition) and the laser intensity I at the
atom. For a laser power P and Gaussian beam shape with waists W, and W, illuminating
an atom, the Rabi frequency at the center of the beam profile is then:

[ 6c2yP
= 2.43
X0 S W, Wy ( )

In Fig. 2.4 the dynamics according to the OBE (Eq. 2.38) and rate equations (Eq. 2.39
and pgg = 1 — pee) are shown for different combinations of x, é and 7. The rate equations
clearly deviate during coherent oscillations, but generally agree well in steady state as well
as dynamically for yp > ~.
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Figure 2.4: Dynamics of the excited population in a two level system according to optical Bloch
equations (black curves) and rate equations (red dashed curves) for different combinations of
parameters. The rate equations do not capture the coherent oscillations and only agree well
for vr > v, but in steady state the populations generally agree.

2.4 Transitions between Zeeman sublevels

A two-level model as in Sec. 2.3 can quickly become inadequate for a superradiant laser that
relies on pumping between many different levels. The method in Sec. 2.1 can be used to
derive equations for transitions between any number of Zeeman sublevels, so in this section we
will only focus on how the coupling to electromagnetic fields are generally affected (impacting
Rabi frequencies, cavity coupling, pumping and decay rates).

When an atom is in a state with total angular momentum J > 0, a magnetic field B splits
up the energies of the Zeeman sublevels depending on their angular momentum’s projection
along the B-vector, giving the quantum number m; € {—J,—J +1,...,+J}. Photons are
spin 1 particles, so their projected angular momentum along the axis may be p € {—1,0,1}.
These three values correspond to driving o=, m or o transitions of the atom, respectively,
and depends on the photon polarization. For example a linear polarization parallel to B
would give p = 0, but a linear polarization orthogonal to B can be decomposed into two half-
intensity interactions with p = —1 and p = +1, equivalent to two components with circular
polarizations of opposite helicities. The interaction between the atom and photon angular
momenta can be treated using the formalism for coupling angular momenta in quantum me-
chanics, where we can write the lower atom state as |.J4, mg), upper state |Je, m.), and photon
as |1,p). These kets enter into the dipole matrix element in electromagnetic interactions as
in Eq. 2.41 for the Rabi frequency, and similarly impact the atom-cavity coupling ¢ and
pumping rates w. The matrix element can be rewritten using the Wigner-Eckart theorem
and solved as a separate problem. This yields a Clebsch-Gordan coefficient (see e.g. the
online tool [113]), or equivalently, a 3j symbol (see e.g. [114, p. 9] [115] [104, p. 305]):

X = Xo <Jg7mg|JE7 17m€7p>

= xo(=1)7s7 14\ /2], + 1 (

J, 1 Je> (2.44)

mg p —Me

For the strontium transitions of interest, the Clebsch-Gordan coefficients ¢, are shown in Fig.
2.5. Atom decays are affected via coupling to the vacuum field, so the branching ratios of

decays are also given by cg. For e.g. 3S; we can look up the decay rate v/2r = 7.2 MHz
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to the 3Py manifold (as indicated in Fig. 1.1) and see in Fig. 2.5 that for the 3S; mj=-1
sublevel, the decay rates to m;=-2, -1 and 0 of 3Py are 67/10, 3v/10 and /10, respectively.
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Figure 2.5: Clebsch-Gordan coefficients, (Jg, mg|Je, 1, me,p), of transitions between Zeeman
levels. |Jg,mg) refers to the lower level.

If the laser k-vector is not orthogonal to the B-field, for example near the center of the
anti-Helmholtz field used in a magneto-optical trap, the strengths of ¢ and 7 transitions will
also change. This can generally be determined in a spherical basis as done in [116]. A more
specific example for the effect on a linearly polarized pump laser is given in [103, p. 27] and
in Sec. 3.2.1 the effect on beam interactions in a magneto-optical trap is considered.

2.5 Heating

Heating of atoms in a superradiant laser can arise from interactions with the cavity field,
pumping lasers and spontaneous emission. This can happen due to photon recoils, but in the
presence of an optical potential (for example a dipole guide/optical lattice used to confine
atoms), changes in state can also change the potential energy and cause additional heating.

The motion of atoms due to the interaction with e.g. the cavity field can be treated quantum
mechanically by including a kinetic energy term in the system Hamiltonian, Eq. 2.1. Both
the quantum mechanical and semiclassical treatment of light forces on atoms is described
extensively in e.g. [117]. The semiclassical approach is generally accurate when the de
Broglie wavelength of atoms is significantly less than the light field wavelength [117, p. 6],
which we can also write as a temperature requirement:

h h muv? h?
M= LA = v 1 7= Wms . 2.45
B=p S s Skp  3kpmA? (2.45)

For 88Sr h/m = 4.55 - 1072 m?/s, so for A = 689 nm, the condition is v > 6.6 - 1073 m/s.
In terms of the temperature, the requirement is 7' > 150 nK, with a ”stronger” > due to
the v2-dependency. In this thesis we will generally consider atoms from the pK to the mK
regime, and the recoils we will treat are so numerous that the semiclassical condition will
generally be fulfilled. However we will still consider the effect of discrete recoils, which cause
momentum diffusion.
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Discrete recoils are easy to treat in the SME framework in Sec. 2.2, since the changes in
state are already discrete, and a momentum kick can simply be associated with the quantum
jumps, along the laser wavevector for laser recoils or in a random direction for spontaneous
emission. However the treatment in Sec. 2.1 describes the mean evolution of operators such
as the atomic states. Forces would be proportional to the changes in these states associated
with an interaction, but in a superradiant laser we would also try to balance the forces of
e.g. repumping lasers, such that a net force will not push atoms out of the cavity. Here
fluctuations due to individual recoils will play an important role.

We know that if <o—£€> changes from 0 to 1, an atom has changed state to |e), and if this occurs

gradually, fOT <<'7£e> dt = 1 implies the state change occured from time 0 to T'. However, if
we consider ¢Z, in Eq. 2.27 (again dropping the angle brackets):

&1, = 2ig; [Im (Uge) Re(a) — Re (age) Im (a)] — YegTle + %ecrgi. (2.46)

In 1st order MFT, the atom may gradually emit light into the cavity and environment, im-
plying 2ig; [Im (036) Re(a) — Re (aée) Im (a)] < 0 and —v40le < 0, and simultaneously it

may be gradually repumped, v;c07; > 0. These interactions may sum up to zero such that the
atomic state, on average, is in steady state. Therefore to track the change in state due to an
interaction, it must be integrated separately: fOT 2ig; [Im (aée) Re(a) — Re (J§e> Im (a)} dt
gives the total change in state |e) due to interaction with the cavity field for the j'th atom,
and equivalently for the other terms. Keeping track of integrals like these enables us to set
conditions for recoils in a numerical simulation: if fOT ’yieafidt crosses an inter value at time
T, we can apply a recoil corresponding to a spontaneous decay from |i) to |e) (numerically:
a kick with momentum hkppoton in a random direction). This can be done separately for all
the interactions, but also allows for some approximations. For example if an atom is pumped
from |g) to |i) in a repumping scheme that involves 10 different intermediate levels, all those
recoils can be treated simultaneously when fOT %-eagidt crosses an integer value, assuming that
the individual recoils do not significantly affect the dynamics (Agp < Z}le Ak)-

When an optical potential is present and an atom is pumped between different levels, treating
the atomic states with the average values from mean field theory can be inaccurate: if the
atomic states are in steady state due to different interactions canceling out on average, the
potential energy of an atom that is evaluated based on its state would also remain constant at
a given position. In reality, the atom would be transferred between different states and may
pick up kinetic energy while it is cycled between the states with different potential energy.
This effect can be accounted for by treating the transitions with quantum jumps as in the
SME approach.

2.6 Cavity field phase and spectral information

The main advantage of superradiant lasers lies in their reduced sensitivity to cavity mirror
fluctuations. This results both in a potentially narrow laser linewidth, but also in a low
amount of cavity pulling - the lasing frequency that can stay close to the atomic transition
even if the cavity is detuned. Quantifying these parameters requires spectral information
from the system, so here we will describe how to extract this information from simulations.

In first order MFT the phase of the electric field of the cavity mode is represented by the
phase of (a), and the amplitude spectrum of the cavity field can be calculated by Fourier
transforming (a(t)) over the relevant time interval, and subsequently squared to obtain the
power spectrum. In a numerical simulation this can be done using the fast Fourier transform
(FFT) algorithm which requires just a single command in some programming languages. It
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requires a list of the values of (a) saved on a time interval characterized by the total duration
T and sampling frequency 1/dt, at which (a(t)) is saved. The highest frequency that one can
hope to gain information about (without aliasing) is then the Nyquist frequency vy, = 0t,/2,
and the spectral resolution will be Fourier-limited to 1/7.

The advantages of the Fourier transform method is that the data from a simulation can be
post-processed in different ways. Storing (a) in an array once every 10 or 100 timesteps and
saving the array to a file typically takes an insignificant fraction of the time of a simulation,
but could result in large data files. The data files can then be used to obtain a spectrum from
any part of the time interval, or generate spectrograms. A spectrogram can be generated by
applying a window function to the data (typically a Gaussian characterized by a standard
deviation oy ), where the window weighs the data around a certain time 7 which is varied:

I A
a(w’T):\/T? /0 a(t)e= (70?200 gt gy, (2.47)

The spectral intensity I(w,7) o |a(w,7)|* can then be plotted on a heatmap as function of

the frequency w and time 7 to reveal how the spectrum changes over time. A small window
ow gives better time-resolution but poorer frequency resolution due to the Fourier limit.
In the opposite regime as oy — 0o one trivially obtains the spectrum over the entire time
interval no matter the value of 7.

2.6.1 Importance of the reference frame

The phase evolution of (a) is also interesting in itself in terms of physical information, and
can be compared to an experimentally observed phase of a beat signal between a superradiant
laser and a reference laser. Such a beat signal will have oscillations at the frequency difference
between the superradiant laser and reference laser. In many cases the reference laser may also
have an offset from the atomic transition. If the reference laser frequency is different from the
rotating frame frequency (wj) chosen in Eq. 2.7, the phase of (a) must first be transformed
to a frame rotating at the same frequency as the reference laser to make a direct comparison.
This can be done by adding J - ¢t to the unwrapped phase, shifting the reference frame by
an angular frequency §. "Unwrapped” here means the phase is defined beyond [0; 27| such
that there are no discontinuities in the phase when it "wraps” from 27 back to 0 or the other
way around. The procedure of wrapping/unwrapping can be done e.g. with a command in
programming languages such as Matlab, or modulo operations.

Shifting the reference frame can also be an advantage before using the Fourier transform
method, as the Fourier transformation will give a symmetric two-sided spectrum around
zero, which corresponds to the reference frame frequency. If there are spectral features both
1 MHz above and below the frame frequency, the frame can be shifted by 2 MHz such that
these can be distinguished in the spectrum after Fourier transforming.

2.6.2 Filter cavities

For simulations of long timescales where one is interested e.g. in a narrow spectrum of a
continuous superradiant laser, a method based on ”filter cavities” can be used which does
not require saving values of (a). This method also works in second order MFT [64, 79, 110],
where Fourier-transforming (a(t)) is not a reliable method to extract the spectrum of the
cavity field. In the filter cavity approach, a spectral range of interest must be chosen initially,
e.g. a range of frequencies with span Aw around a center frequency wg and desired spectral
resolution dw, which could be set e.g. near the Fourier limit based on the simulation time.
Then a term Hy; with Ny = Aw/dw filter cavities are added to the Hamiltonian (e.g. Eq.
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2.1):
N

Hy :Zf:hgf (aJraT) (fk+f11>~ (2.48)
k=1

This Hamiltonian and the connection of filter cavities to the intensity spectrum is illustrated
in Fig. 2.6.

Figure 2.6: Illustration of filter cavities for calculating the spectrum of a superradiant laser.
The filter cavities couple to the science cavity at rates gy and their relative photon populations
yield the intensity spectrum as illustrated in the top left. Figure adapted from [84].

The filter cavities can be thought of as a spectrum analyzer: light from the science cavity
couples to the filter cavities, each with their own resonance frequency wlj‘i. But since the
filter cavities are only used for calculating the spectrum, we let the coupling between the
science and filter cavities gy — 0, so that back-action on the science cavity field can be
neglected. This also means that the photon populations within the filter cavities will be tiny.
The spectral power distribution is given by the relative photon population as function of the
filter cavity resonance frequency. In this thesis the loss rate of the filter cavities is taken to
be 0, meaning that there is no memory loss and the resulting spectrum will include the full
simulated timespan. By saving the relative photon populations at different time intervals,
the filter cavity method can also be used to generate a particular form of spectrogram where
the window includes all the dynamics up to time 7. In terms of the Heaviside step function,
the window function is then H(7 — 0)H(t — 7). However the amount of data that must
be saved then scales with Ny times the desired time resolution, a disadvantage compared
to the Fourier transform method, which is also not limited in the type of window function.
The simulation will also take longer to run when including filter cavities in the model, but
typically Ny < Ngtoms and the performance impact is not very significant. On the other
hand no post-processing is required, such as the FFT algorithm for different window sizes,
which can be very time-consuming.

2.6.3 Superradiant laser linewidth

Here we will consider the limitations of 1st order MFT in predicting the the linewidth of su-
perradiant lasers, and the alternatives. One limitation is the neglect of spontaneous emission
into the cavity mode, which occurs at the Purcell rate 42 /. Since these photons are emitted
with random phases they will lead to broadening of the laser linewidth. We can consider the
prospects of modeling this by looking for the cavity photon number in 2nd order MF'T, based
on the Hamiltonian 2.15:

<a%a> =3 Zgj <<aega> < >) + zg (( e Wpat _ <aT> e_i‘sEdt) . (2.49)
If we then look for the equation for e.g. (o¢qa), we get:

(78, = O =) (o) — 0 [< c(dfa+ 1)) = (el (ala))]

X2lz <J a> elklz r;—id;rt
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Here we see the atom-cavity interaction term (with g;) includes a term with the excited
population, O'Ze, that contains a'a + 1, corresponding to an excited atom emitting into the
cavity via stimulated emission (scaling with <aTa>) or spontaneous emission (the extra +1).
The impact of spontaneous emission can be found in the filter cavity framework looking for

e.g. the filter cavity populations < f,l fk> which eventually couples to <Jgga> via equations
involving the cavity field. The equations here also do not yet involve atom-atom correlations

(like <ogeaé >) so the number of equations does not necessarily scale with N? if they can

be closed without atom-atom correlations (these can of course also have an impact on the
spectrum). However including this in the model has been considered outside the scope of the
thesis.

The linewidth from pulsed and quasi-continuous lasing will ultimately be Fourier-limited by
the pulse duration, if nothing else broadens the linewidth further. Fully continuous superra-
diant lasers are not limited in this way, making them of greater metrological interest. Using
2nd order theory in [72], Aw = C7v was found as an estimate for the minimum linewidth
of a continuous superradiant laser characterized by incoherent repumping at a rate w. Here
C = 4¢3 /K is the cooperativity parameter, and this Aw is exactly the Purcell rate of the
system. It was found to be a good estimate for pumping rates within 1/75 < w < NCv. 1/T3
is an effective relaxation rate due to all inhomogenous processes, such as finite temperature,
and the pumping rate must overcome this for atoms to become phase-locked. Near w = NCv~
the pumping rate becomes too high and begins to destroy the coherence, leading to a sharp
increase in linewidth.

An analytical expression for the linewidth in such a system was derived in [62], given by:

Cny+1 I 4giw
Aw = , 2.51
2(CNd0—1)w+’y(,.@+I‘)2 ( )

where I' = v + w + 1/T% represents the decoherence rate, Cy = 4N gg /KD is a generalized
cooperativity parameter, and dy = (w—+)/(w+) characterizes the inversion due to pumping
in absence of the cavity. This expression was compared to simulations based on 2nd order
theory in [64], showing good agreement for a broad range of pumping rates down to near
lasing threshold for a system using the 'So-3P; transition, all the way up until the limit
where the coherence is destroyed by pumping. It was also illustrated that further narrowing
could occur deep within the superradiant lasing regime for sufficiently high atom numbers
and appropriate pumping rates, giving linewidths potentially orders of magnitude below the
Purcell rate. This regime is also described by Eq. 2.51.

In some proposals for continuous superradiance the atoms are pumped prior to entering the
cavity instead of being continuously pumped within the cavity. Such a pumping scheme does
e.g. not introduce decoherence on the lasing transition of atoms within the cavity, so Eq.
2.51 is not directly applicable to these systems. The Purcell rate still offers an estimate of
the linewidth in this regime.

In addition to estimates of the linewidth, lower limits on the linewidth have also been derived,
such as a generalized version of the Schawlow-Townes limit that applies outside the good-
cavity regime. This approach has been applied to a thermal atomic beam that is pumped to
the excited lasing state prior to entering the cavity [85]:

2
K Pee 1
A = . 2.52
os = g () (252

Here n is the cavity photon number, which can be found by numerical simulations or analytical
expressions in sufficiently simple systems (as also given in [85]). Similarly the populations pe,
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and pgg can be found using simulations, but for efficient pumping giving a significant inversion,
the fraction is of order unity. I'g is the gain bandwidth, and the equation was originally
derived in a regime without inhomogenous broadening. The impact of inhomogenous effects
was investigated in [118], showing that the total gain bandwidth, including both homogenous
and inhomogenous mechanisms, is a good approximation for I'g. The equation is often
expressed in terms of the cavity output power, P,,; = hwkn.

2.6.4 Instantaneous frequency and transfer functions

Cavity pulling is often defined in a stationary regime, where a pulling coefficient can be
defined simply as cpu = d1,/6cE, with 61 being the shift in lasing frequency from the atomic
transition, and Jd.gp being the cavity detuning relative to the transition. However one of
the main motivations for building superradiant lasers is that cavity mirrors tend to not be
stationary, so it is also important to quantify how superradiant lasers respond to fluctuations
such as changes in cavity detuning. This can be described with a transfer function for the
frequency response, using linear response theory. The cavity pulling coefficient is associated
with the response at the lowest frequencies. Linear response theory has been applied to
superradiant lasers in [63].

In 1st order MFT we can define the instantaneous frequency as v(t) = d (¢(t)) /2ndt from the
unwrapped phase (¢(t)) of (a(t)). To extract the frequency response transfer function, one
method in simulations is to subject the superradiant laser (once it has reached steady-state
behavior) to a sudden step in cavity detuning (at ¢ =t ;). This gives us the step response of
the instantaneous frequency, v(t) for t > ¢;. From this we can obtain the impulse response,
dv(t)/dt, and the frequency response transfer function as the Fourier transform of dv(t)/dt.
The transfer function can be normalized by the jump size in cavity detuning, in which case
the transfer function of a system will typically be identical for different jump sizes, if the
jumps are not too big. The same procedure can also be used to extract the phase and power
transfer functions, with (¢(t)) or Py (t) in place of v(t).

2.7 Atom group approximation and performance considera-
tions

If the number of atoms is very large and takes too long to simulate even in 1st order MFT,
an atom group/clustering approximation can be used. This works by representing many
atoms (e.g. Npg,=100) as a single unit, sharing position, velocity and state, and the o7,
operators then represent atom group j instead of the j’th atom in e.g. Eq. 2.6. This reduces
the number of terms in the sum, while giving a factor IV, at each atom operator, if their
normalization is to be preserved. The atom group approximation generally leads to a quicker

buildup of a macroscopic dipole from a random configuration because all the coherences <0§6>

within a group are identical and add up, while they would (under randomizing conditions)
tend to cancel each other out to a degree. As a result atom groups can result in biases
leading to quicker buildup of superradiant pulses, which was investigated in [103, p. 34].
Since fluctuations in atom number scale with 1/v/N relative to the total atom number, phase
fluctuations etc. originating from the atoms will also be larger when using the approximation.
However mean values of e.g. emitted power can still be accurately predicted while using the
approximation, especially in steady state where a macroscopic coherence has already been
established.

Optimizing the performance of simulations is crucial to limit the need for such approxi-
mations. In high-level programming languages the most important factor is to vectorize the
operations involving atoms, as loops tend to be very slow. Running simulations where atomic
variables are stored in large vectors that are multiplied can be sped up further using a GPU
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instead of CPU when the vectors are sufficiently large. A CPU typically has a few cores (on
the order of 10), meaning it can do 10 simultaneous operations at the clock frequency (on the
order of a few GHz) under optimal conditions, and reads and stores the vectors in RAM. On
the other hand a GPU has many more cores (e.g. thousands) and a clock frequency typically
lower, but similar, to a CPU. It also has its own memory, but reading to/from the GPU is
typically slower than RAM, which makes the CPU faster for small vector sizes. The GPU
architecture with many cores was made to process pixel values in parallel but is equally useful
for parallel calculations of the elements in large vectors. In Fig. 2.7 the benefit of using a
GPU for numerical simulations is illustrated, and how it depends on the number of particles
(atoms or atom groups). The GPU used here is an nVidia GTX 1080 Ti, while the CPU
is an AMD Ryzen 2700X. The example is based on the model of pulsed superradiance in a
mK atom cloud presented in Chapter 4, but the over-all scaling is similar for other models
(with their regimes in atom number highlighted). The atom group approximation will only
be used generally for the hot atomic beam system (typically with 100 atoms/group) and in
a few other cases where it is stated. Using the GPU is an advantage for > 10 particles.
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Figure 2.7: Comparison of performance when storing and calculating the atomic states on
GPU vs CPU and RAM. The data is from simulations of superradiant pulses in a mK atom
cloud, showing the calculation time of a timestep when the atoms interact only with the cavity
mode, as well as when the pump pulse is also on, which requires more calculations. Curves
show a moving mean. The regimes of different types of simulations in the thesis are highlighted
in terms of the number of particles if no atomic grouping is used.
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Finally, we can consider one approach to a concrete numerical implementation, beyond the
trivial task of storing data at appropriate time intervals with the desired physical quantities
to be saved in files. Fig. 2.8 shows an approach to keeping track of a simulation (the cold
beam model in Chapter 8) by live-plotting different relevant quantities and overviews. In
the upper left, different parameters from the simulation are listed for reference, and in the
lower left, atoms are color-coded by their state. The panels on the right show the cavity field
dynamics (upper center), intensity spectrum from filter cavity calculations (upper right),
spatial distribution of populations (lower center) and temperature (lower right). Periodically
plotting and saving these enables monitoring how the system evolves over time. It is not viable
to do every timestep, as it takes a lot of performance, but skipping every e.g. 1000 timesteps
allows the monitoring to have an insignificant impact on performance. Generally, the more
parameters that are monitored, the easier it is to understand the dynamics intuitively, spot
problems or unphysical behavior and to debug the code.
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Figure 2.8: FExample of live plotting for the cold beam simulations in Chap. 8. The different
aspects of the dynamics are monitored in the different panels.



CHAPTER

Atom cloud machine
for superradiant laser pulses

This chapter describes the atom cloud machine at UCPH which is used for investigating
superradiant laser pulses. Investigations of the pulses are presented in later chapters. Here
we focus on the components of the machine and related physics, and the parts that were
upgraded during the work of this thesis. This was done in collaboration with several people
(see Acknowledgements). The core part of the machine is illustrated in Fig. 3.1.

Science
chamber
Repumping
Oven beams
Atom Zeeman slower
bepm ) ' | Zeeman
u ) B o
‘ beam
Pump pulse
Sai MOT beams
cience
cavity

Figure 3.1: The core part of the strontium cloud machine. The inside is under vacuum.
When the oven is heated up, an atomic beam forms, providing a source for trapping an atom
cloud within the science chamber. Additional laser beams can be used to pump the atoms and
enable us to investigate superradiant emission into the mode of the science cavity.

The first part of the machine is an oven containing strontium. The strontium is heated to
typically 530 °C, yielding a beam of atoms from the oven nozzle. The atoms of the beam
then pass through a Zeeman slower, which relies on a laser beam and the magnetic field of
a solenoid. The magnetic field of the coil splits up 'P; into my; = {—1,0,1}, and the laser
beam is circularly polarized and red-detuned 440 MHz from the unshifted resonance. The
particular variation in the solenoid windings causes the Zeeman shift to change gradually as
the atoms move though it, such that the fastest velocity-class is continually slowed by the
laser beam. The atoms entering the Zeeman slower from the oven move at several hundreds
of m/s and are slowed down to the order of 10 m/s as they enter the science chamber.

Here atoms from the slowed beam are trapped in a magneto-optical trap (MOT). The slow
velocities are required to be within the capture range of the MOT - without the Zeeman
slower, only a tiny fraction of the thermal atoms from the oven would be slow enough to
be captured by the MOT alone (see e.g. examples of the velocity distributions in a thermal
beam in Fig. 7.1).

35
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The MOT utilizes the same principle as the Zeeman-slower, but in three dimensions to trap
atoms in a cloud. The MOT initially uses 461 nm beams, operating on the !Sy-'P; transition
(the ”blue MOT”). As part of the work of this thesis, the machine was upgraded to enable
2nd stage cooling - using 689 nm beams after the blue MOT stage to trap and further cool
atoms in a red MOT cloud. Once a blue or red MOT cloud has formed, a pump pulse can
be used to excite the atoms from 'Sy to 3Py, and the excited atoms may subsequently emit
a superradiant pulse into the cavity mode. Since the science cavity mirrors are not perfectly
reflecting, light from the pulse will eventually couple out of the cavity, where the pulses can
be investigated. The parameters of the science cavity are given in Table 3.1.

Atom-cavity coupling go/2m 813.5 Hz

Finesse F 1260

Free spectral range FSR 781 MHz

Length L 192 mm [119, p. 118§]
Linewidth (FWHM) K/2m 620.3+0.4 kHz [103, p. 63] *
Mirror radius of curvature 9 m [119, p. 118]

Mirror reflectivity 99.751%

Purcell rate (4g3/K)/2m | 4.27 Hz

Single-atom cooperativity | C 5.72 - 1074

Waist radius W 450 pm [119, p. 118§]

Table 3.1: Parameters of the science cavity within the atom cloud machine, for laser light
resonant with the 689 nm 'Sy->Py transition. *Note the linewidth (and related parameters)
can change over time - it may increase if materials accumulate on the mirrors, reducing the
reflectivity. At the time of writing, there are indications that it has increased to ~800 kHz.

The repumping laser beams at 679 and 707 nm are crucial for efficient MOT operation, as
the 'P; state has tiny decay routes into the long-lived states *Py and 3Pq (see Fig. 1.1).
The repumpers pump these atoms to 3S; so that they can decay to 3P; and subsequently
1Sy, such that they can interact with the MOT beams again. As a result they increase the
atom number within the blue MOT cloud on the order of a factor 13 (see e.g. [120, p. 15]),
depending on the pressure within the science chamber.

3.1 Laser systems for the atom cloud machine

A highly simplified overview of the laser systems on the ”Sr1” optical table, used for the
atom cloud machine, is shown in Fig. 3.2.

689 nm Master Laser

The 689 nm Master Laser system is located on a separate optical table, but this has not
changed significantly since the overview given in [121, p. 32-34], [122, p. 101-104] and
[119, p. 85-87]. Here the 689 nm Master Laser is locked to a high-finesse cavity (F=7500)
in vacuum, using the Pound-Drever-Hall (PDH) technique. The main recent changes were
adding more fiber couplings for beat measurements and replacing the original flat-cut optical
fiber to the Srl table with an angle-cut one, which reduced etalon effects and enabled us to
eliminate one of the two optical isolators. This fiber transmits the light for injecting the 689
nm Slave 1 laser.
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Figure 3.2: Simplified overview of laser systems for the Sr cloud machine. Changes in beam
colors (arbitrary) indicate changes in frequency by AOMs (yellow boxes). Dashed lines indi-
cate overlapping beam paths. Fibers are indicated by green lines.
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689 nm slave lasers and tapered amplifier

The ”Slave 1”7 laser diode derives its name from the fact that it ideally inherits its frequency
from the 689 nm Master Laser. This is done by the injection-locking technique, which only
works within a narrow range of laser diode current and temperature, and relies on sending
a small amount of light from the Master Laser into Slave 1. In terms of power, at least
about 1.1 mW must be sent into the diode, out of the isolator protecting it, with the current
mode-matching. This isolator also sends the light component with unwanted polarization
from the slave diode towards the fiber to the Master Laser table. As a result the power
transmitted from Slave 1 through the fiber is a good proxy for optimizing the mode-matching
of the injecting beam with the laser diode. In terms of laser diode current, a stable injection
is typically characterized by a plateau in the power emitted by the diode as function of the
diode current. This is usually observed on an oscilloscope, displaying the detected power
from a photodiode as function of a triangle wave reference voltage. This reference voltage is
simultaneously used as a modulation input for the laser diode current. A typical plateau for
Slave 1 can be seen in [119, p. 94]. This qualitative behavior has persisted, though the exact
diode current and temperature have been adjusted slightly over time.

The beam from Slave 1 is sent to AOM 1. The Oth order from AOM 1 is used for injecting
Slave 2, and these injection characteristics were described in [103, p. 55]. All the power from
Slave 2 is subsequently used as input for a tapered amplifier (BOOSTA) with fiber-coupled
ports. The BOOSTA is a replacement for the original TA described in [103, p. 56-57], as
the power from it degraded over time (see Appendix A.1). This commonly occurs in tapered
amplifiers, and is also observed in the BOOSTA. From the output fiber of the BOOSTA we
obtain on the order of 200 mW, which is used for the pump pulse and red MOT beams. The
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pump pulse is switched via the pulse AOM, using the -1 order and a frequency close to 40
MHz. The beam is focused within the AOM to minimize the rise/fall time of the intensity
when switching to the order of tens of ns. This transient behavior is described in more detail
in [103, p. 57-58], but the quantitative characteristics have changed slightly since then due
to the changes in the optics.

Red MOT optics

Since the pump pulse is not needed while capturing atoms into the red MOT cloud, the Oth
order of the pulse AOM is used for the red MOT, so that the full TA power can be used for
either. The subsequent red MOT optics are shown in Fig. 3.3. Here one single-pass AOM
("Switch”) enables quickly switching the red MOT beams on/off, and a second (”Sweep”) is
double-passed so that it can be continually scanned to frequency-broaden the red MOT beams
with minimal misalignment. The beam is subsequently fiber-coupled and divided between
the vertical and horizontal axes of the MOT. Then it is expanded with telescopes and finally
overlapped with the blue MOT beams using dichroic mirrors. Since the dichroic mirrors do
not preserve circular polarization well, achromatic \/4-plates were mounted right before the
chamber windows for the MOT beams.

Figure 3.3: The Sr1 table seen from the lower right side in Fig. 3.2, including the pump pulse
and red MOT optics, and the atom cloud machine in the background.

Science cavity input beam

A laser beam is sent to the science cavity to lock it via the PDH technique. The beam from
689 nm Slave 1 is first double-passed in AOM1 and then sent to either the ”Seed” or ”FSR”
AOM, depending on the configuration of a flip mirror. If the mirror is flipped up, the beam
single-passes the FSR. AOM and is then detuned 781 MHz from the atom resonance, but
is on resonance with the next FSR of the science cavity. If the mirror is flipped down, the
beam instead double-passes the Seed AOM and is shifted close to the atomic resonance. This
enables populating the cavity mode with light that affects the atomic dynamics (defining
the n and wy parameters in Chapter 2). In either case the beam from one of the AOMs is
eventually coupled into a fiber EOM which adds sidebands at 10 MHz used for the PDH lock.
The optics layout is described in more detail in [121, p. 29-31]. The only significant change
was replacing the fiber EOM to one with angle-cut fibers, which reduced disturbances from
etalon effects. The power of the 10 MHz RF signal for the EOM is typically on the order of
15 dBm.
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Blue laser system

The 461 nm laser system for laser cooling on the 'Sy-!P; transition is mounted on a bread-
board, which also includes a hollow-cathode cell for locking the laser frequency to the atomic
transition using saturated absorption spectroscopy. The beam for the Srl machine is subse-
quently divided via the MOT AOM and Zeeman slower AOM. The optical path from this laser
system to the atom cloud was shortened compared to an older system based on frequency-
doubling, which makes the blue MOT less sensitive to minor changes in alignment e.g. from
random temperature changes from day to day. Some light from the blue laser system is also
used for an absorption imaging system.

679 and 707 nm repumpers

The 679 and 707 nm repumpers are Littman-
Metcalf type external cavity diode lasers
(ECDLs) housed in temperature-stabilized
boxes. The lasers themselves are described
in more detail in [119, p. 106-108]. For
space management and portability they were
mounted onto a breadboard, with a new op-
tics layout shown in Fig. 3.4. A setup for
locking both of the repumper lasers to a cav-
ity is described in [123].
Figure 3.4: The repumper breadboard with

689 nm reference laser system beam paths highlighted.

The reference laser system was set up in a separate well-isolated room (the ”Mausoleum”) -
the initial system used for beat signal data presented in this thesis is described in [121, p.
33-38]. Here, the laser was locked to a high-finesse cavity temporarily borrowed from SYRTE
(described in [124]), using the PDH-technique. Fibers link the reference laser system to the
main lab. At the atom cloud machine, optics enabled for overlapping a reference laser beam
with the output of the cavity mode, for beat note detection of superradiant pulses from the
blue MOT cloud. Fiber-noise cancellation was also employed for this link.

3.2 Magneto-optical trap

The MOT is a central component in the atom cloud machine. Here we will first consider how
a MOT works qualitatively. It relies on two coils in the anti-Helmholtz configuration, which
generate a magnetic field with the shape shown in 3.5a. The field is symmetric around the
z axis, has a zero-point near the center, and the magnitude of the field increases linearly as
one moves away from the center. From Gauss’ law for magnetism V - B = 0 we know the

gradient along the z axis is twice, and opposite, of the x and y axes: %—5 = —%—f — %—5.
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Figure 3.5: (a) The magnetic field of coils in the anti-Helmholtz configuration. Both current
can also be reversed, reversing the field lines. (b) The dependency of Zeeman-shifted energies
of different levels on the atom’s position along the z axis in a MOT. The red arrow indicates
the energy of MOT photons, which are red-detuned from the mj=0 transition.

A second ingredient in the MOT is the level structure of 88Sr, which we encountered in Fig.
1.1. A magnetic field will split up any levels with angular momentum. The ground state of
Sr, 'Sp, has zero angular momentum and is unaffected, but the blue/red MOT excited states,
1P, and ®Py, have total angular momentum of J = 1, and are therefore split into three levels
with different energies, depending on the projection of the angular momentum along the z
axis: my = +1 if the angular momentum vector points along z, 0 if it is zero, and -1 if it
points towards —z. As a result the energies of the three levels vary along the z axis as shown
in Fig. 3.5(b). For x and y, the scaling with m is lower by a factor two and flips sign.

The third ingredient is the laser light. If we consider a circularly polarized laser beam coming
from below (so k || z), we can classify it as right-handed if its E-field rotates counter-clockwise
around k as it propagates. In this case a photon from the laser beam has angular momentum
+1 around the z axis, and can drive ot transitions from 'Sy to 'P; m =1, pushing any atoms
upwards that are on resonance with it.

If this beam is simply reflected back by a mirror, k will flip, but its angular momentum along
the z axis will stay the same. As a result it would be "left-handed”. But for the atoms it
is the angular momentum relative to z that matters, not the handedness (defined relative to
k). So if the beam is simply reflected back, it would again drive the o transition, and the
atoms on resonance would be pushed equally up and down by the laser beam. However if a
quarter-wave plate is placed before the mirror, the angular momentum of the photons can be
flipped after the two passes, such that the reflected beam drives the o~ transition.

Now the Zeeman shifts shown in Fig. 3.5(b) become useful. If the laser is red-detuned from
the unperturbed atom resonance (from 'Sy to 'P; m;=0) by d;, it will preferentially drive
transitions where the combined Zeeman and Doppler shifts obey §; = dz + dp. So if an
atom is standing still a bit below the magnetic field center, ép = 0 but dz is positive for
m =-1 and negative for m;=1. Then the laser would be closest to the o resonance and
as a result the atom would tend to be accelerated upwards. For an atom a bit above the
center, the laser frequency matches the ¢~ transition better, which can only be driven by the
back-reflected beam, so this atom will be accelerated downwards. The effect of Doppler shifts
is similar. For an atom standing still in the center both laser beams are red-detuned from
the transitions, but if it is moving upwards, the photons from above will appear blue-shifted
closer to resonance, while the ones from below will be red-shifted further away. Thus the
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two laser beams slow down atoms and trap them near the magnetic field center. The center
can be moved by changing the relative coil currents, and if the light intensities are not equal,
atoms may also be trapped a bit off-center. For the x and y axes, the same considerations
can be used - the light polarization just needs to be changed so that it drives the opposite
transitions, since the magnetic field lines run in the opposite direction, as indicated in Fig.
3.6.

A Zeeman slower uses the same principles as

a MOT to slow a beam of atoms, rather than e

to trap them. Here a solenoid is built around

the atomic beam path with a variation in the 7

density of loops such that one laser beam o

antiparallel to the atomic beam is continu- _e_> y 4_6_
ally kept on resonance with a Zeeman-shifted X ot
transition of the fastest atoms as they travel
along the path. The MOT principles can
also be used in 2 dimensions to transversely
cool and confine a beam of atoms, and the
similar optical molasses technique (without
the coils and magnetic field of the MOT) can

also be used to cool atoms without confining Figure 3.6: The light polarization and o tran-
them. sitions driven in a MOT.

3.2.1 Model of a MOT

Here we will consider a model of a MOT to illustrate the qualitative behavior of atom trapping
and cooling in the Sr cloud machine, and the challenges involved with 2nd stage cooling. Each
MOT beam will be treated independently (which is accurate for low saturation), and for one
MOT beam we can consider three different force contributions [20, p. 188]:

= Fsca + 5Fabs + 5Fspon- (31)

Here F., is the average scattering force, which stems from absorbing MOT beam photons,
0F,ps are the fluctuations due to the randomness of individual laser recoils, and §Fyp,, are
the fluctuations to due spontaneous emission into all directions. Fg., and the scattering rate
Rscq from a MOT beam is [20, p. 180] [116]:

WjI/Isat
: 2/.2 (3.2)
L+ WyI/Tar + 462/

_ _ 1.7
Fsca - hkRsca - hk§ Z
J

Here we will use R4, to calculate the probability of a scattering event from a MOT beam,
Rscqdt, for atoms during each timestep in a simulation. Each time a scattering event occurs, a
quantized recoil from the MOT laser is imparted, along with a random recoil from subsequent
spontaneous emission. In this way both the mean force and fluctuations are included. Ry
depends on the saturation intensity of the MOT transitions (with Lorentzian linewidths ~),
which are given by [20, p. 142] [104, p. 193]:

3
Py (3.3)

Lo = 270
ot T 1ore2

Note this is specifically the resonant value of I54; (which is most commonly used, laser detun-
ings are usually accounted for separately, as also done here) and definitions in other sources
can differ by a factor 2. For the blue MOT transition where v = 27 30.24(3) MHz this
gives IB, = 403.8(4) W/m?, while for the red MOT transition v = 27 7.480(1) kHz gives

IR, =29.87(4) mW /m2. We will model the intensity profiles with simple Gaussian functions.
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The parameter W; accounts for the fact that the quantization axis of each atom generally
points along the B-field vector B = Bg,qq(—2,—y,22). This is used in [116] where the
circularly polarized light of each laser beam is considered in a spherical basis and a rotation
matrix is used to map it onto B at each atom to determine how strongly the oF
transitions of each atom are driven by the MOT beams. By assuming that each laser beam
has exactly the desired circular polarization, and defining the angle 8 between K;,s and B,
we obtain the following results for the x axis (y and z are equivalent):

1 1 2 1 1B.\?
we=(zrpeon) =(3+a7m)

1 1 1/B,\>
s <11 (%) 51

2

11 2 1 1B,)\?
_ = - — = 02? = _— = — .
W-=(3-300) =(3-3%)

For example, if an atom is located along the z-axis at (0,0, z), B = 2B,;44(0, 0, z) and for the
downwards-pointing MOT beam with k = (0,0,—1) we get W =0, Wy = W_ = 1, while
for the upwards-pointing MOT beam we get W, = 1, Wy = W_ = 0. And as illustrated in
Fig. 3.5(b), neglecting Doppler shifts, the red-detuning of the MOT beams will then result
in the o~ transition being driven the strongest, which only the downwards-pointing beam
(with W_ > 0) can do, so the atom will most likely be pushed towards (0,0,0). But we see
that in general, all the MOT beams can drive 0% and 7 transitions for the off-axis atoms.
The dependency on the projection angle is illustrated in Fig. 3.7.
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Figure 3.7: The dependency of the ot and 7 transition strengths, W;, on the angle between
the laser k-vector and local B-vector.

In addition to the intensity and polarization of the laser beams, the detuning d; is important,
as the atoms in a MOT experience both Zeeman and Doppler shifts in addition to the laser
detuning. We can write the laser detuning experienced by the m; = +1 state of an atom
from a laser beam propagating towards +x as:

dB
§ =0 — kv+ IEBLC7 (3.5)

h dr
The equations for y and z are equivalent, while for the opposing beams the Doppler shift kv
flips sign. For the mj = —1 level the Zeeman shift flips sign, while m; = 0 has no Zeeman

shift. g; = 1 for 'P; of the blue MOT and 3/2 for 3P; of the red MOT. Typical values for
the field gradients along the coil axis are 370 mT/m for a blue MOT and 31 mT/m for the
red MOT. The blue MOT beams are detuned by 40 MHz, while the red MOT beams are
typically detuned on the order of hundreds of kHz to a few MHz, initially with frequency
modulation.
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3.2.2 Simulations of 2nd stage cooling

With the method and parameters in Sec. 3.2.1 we can start by considering the behavior of
the blue MOT. In experiments, common parameters for a blue MOT are 10® atoms, R = 1
mm (standard deviation of density profile) and T = 5 mK. Assuming a power of 7 mW in
each horizontal beam, 4.9 mW in the vertical beams and a waist radius of 10 mm, we get a
peak intensity of 70 W/ m? and 7,4z /Isqt = 0.173 from a horizontal beam. We will also use
a typical vertical gradient of 370 mT/m. The simulated evolution of blue MOT with these
parameters is shown in Fig 3.8. First of all we see that the temperature decreases to about
1 mK. This temperature is primarily determined by the detuning in the model. At 15 MHz
(v/2) the temperature reaches the Doppler cooling limit (726 pK), but at 40 MHz the forces
on slow atoms are weaker. This value is chosen experimentally to capture a larger range of

velocities the Zeeman-slowed beam. We also see that the cloud in the simulation compresses
significantly.
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Figure 3.8: Simulation of blue MOT, (a) Time evolution of the cloud with I = 0.17315; and
Mseq = 1 random photon recoil per MOT beam interaction (red panel) vs I = 0.01515, and
Moo = 8 (green panel), which replicates the experimental cloud parameters. (b) Evolution of

the cloud radius along two dimensions for the two cases. (c¢) Time evolution of the tempera-
ture.

This discrepancy can largely be attributed to the fact that the atoms in the model can only
scatter one photon from the MOT beams, while in experiments, photons from the MOT
beams will be re-emitted by the atoms and be reabsorbed by other atoms, creating a repul-
sive force (see e.g. [125]) and heating them. To account for this we assume each absorption
event is accompanied by M,., = 8 spontaneous emission events, which primarily affects the
cloud temperature, but also increases the cloud radius. In reality this scattering will also
have a density-dependence, and the absorbed photons will tend to kick atoms away from the
center of the cloud, but we will neglect these effects. Shadow effects within the cloud, sat-
uration effects from multiple beams as well as experimental imperfections such as imperfect
polarizations, power imbalances etc. can also cause an additional expansion of the cloud in
experiments. To account for these we simply assume a lower effective intensity of 0.015 Igq.
With these assumptions the cloud temperature and radius obtained in simulations agree with
experiments. Effects such as shadowing and saturation from multiple beams have been con-
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sidered in more detail in e.g. [126, 127]. The temperature discrepancy between experiments
and Doppler cooling theory for a 83Sr blue MOT has been investigated quantitatively in [128].

With these initial conditions we can investigate the dynamics when loading atoms into a red
MOT. For the red MOT beams we assume 3 mW in the horizontal beams, 6 mm in vertical
beams, and 5 mm waists, giving Inae = 120 W/m? and Inaz/lsat = 4020 (horizontally).
The target red MOT gradient is 31 mT/m vertically, and we will investigate the influence of
the time it takes to shift from the blue to red MOT gradient. The model will use a logistic
function with a characteristic timescale 7:

1 t—1t
Bgraa(t) = Bl oq + i(Bﬁad — BfL.4) [1 + tanh (— L)} . (3.6)

T

Furthermore, the red MOT cooling will be divided into two phases to recreate typical exper-
imental procedures and parameters. The first phase (broadband) lasts 70 ms, and here the
laser detuning is varied sinusoidally between 0 and -3 MHz with a modulation frequency of
25 kHz. The second phase (single-frequency) lasts 50 ms. Here the laser detuning is fixed at
-150 kHz, and we assume the intensity is reduced by a factor 10 and constant. The dynamics
of the atoms are shown for 7 = 1 m/s in Fig. 3.9. One dilemma is when to turn off the blue
laser light while ramping the B-field. In the example shown here it was done halfway through
the ramp (¢t = t7, in Eq. 3.6). The blue light will cause the atom cloud to start expanding
as the B-field is ramped down, but we see it was not very significant in this case, due to the
short ramping time.

Switching to the broadband red MOT phase, the atom cloud initially expands quickly, as the
red MOT forces are orders of magnitude lower than the blue MOT forces. With a scan range
of 3 MHz, the red MOT detuning can in principle address most of the atoms in the 5 mK
cloud (the comparable Doppler broadening i 2.3 MHz). However the magnetic field gradient
similarly imposes a spatial region that the red MOT beams can address. This region has the
shape of an oblate spheroid, with a radius that scales with the gradient and scan range. This
is another reason why ramping the B-field quickly is critical - otherwise the lasers can only
trap the atoms within a tiny volume at the center of the blue MOT. In Fig. 3.9(a) we can
see a "fingerprint” of the oblate region from about 5-20 ms. The atoms that were outside
this region tend to simply escape, but within the region, they tend to become trapped.

From ¢ = 10-70 ms the remaining atoms start to cool and accumulate within the red MOT.
The timescale of this is determined by the MOT beam intensities and scan range. A higher
intensity enables quicker trapping, but a broader scan range slows the trapping dynamics as
the laser power is distributed over a larger region in position and velocity space. The final
broadband red MOT has the shape of a droplet and sags because the red MOT forces are
of the same order of magnitude as gravity. A larger scan range also increases the final size
and temperature of the broadband MOT - in this case 20 pK within the high-density region
according to the simulation.

At t = 70 ms the single-frequency cooling phase begins. With a detuning of 150 kHz, the
region in position and velocity space that can be addressed becomes much smaller, however
forces on atoms in this region will generally be larger, even with the factor 10 reduction in
intensity. As a result the atoms start to accumulate within in a tiny region, and we especially
see the high-density region starting to change. Some atoms that were outside the velocity
capture range get accelerated away by the single-frequency MOT beams and form small jets
of escaping atoms at t = 80-90 ms - such losses can be avoided by using a more gradual
reduction of the scan range. Many of the low-density parts of the broadband MOT are
similarly outside the spatial capture range and start falling due to gravity - however they
can then reach velocities that bring them back into resonance with the upwards-propagating
laser beam, preventing them from falling freely.
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Figure 3.9: Simulation of red MOT, (a) Time evolution of the cloud spatially for the param-
eters given in text and T = 1 ms. (b) Evolution of the atom number within a given spherical
radius from the magnetic field center. (c) Time evolution of the temperature within the radii.

The result product of the MOT stages is a 3 nK cloud with radius on the order of just
50 pm containing 15% of the original 10® atoms. About 80% of the original atoms were
lost in the transition from the blue MOT to the broadband MOT, while the transition to
single-frequency MOT was much more efficient.
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We can compare this example to what happens for a slower switching time of 7 = 10 ms (see
Fig. 3.10). In this example we again switch from blue to red MOT light at t = t;, = 0. Since
the magnetic field already changes on the ms timescale before t, the blue MOT expands
somewhat even before t = 0, compared to the case for 7 = 1 ms. This presents a new range
of optimization parameters - the optimal time to switch off the blue lasers relative to the
gradual change in B-field, and possibly power and detuning ramping, to minimize the atom
loss.

After t = 0 the slower change in gradient significantly reduces the spatial region from which
the red MOT beams can initially trap the atoms. This region expands as the B-field gradient
approaches the target value, but the loss during the transfer from blue to red MOT increases
significantly. In Fig. 3.10(b) the evolution of the atom numbers are compared for the two
switching times. Here we see that the transfer efficiency from blue to broadband red MOT
is decreased from 20% to 8%.

The schemes shown here for dividing the red MOT trapping process into two stages, with
sine modulation of the laser frequency and the particular scan ranges, are just a few out
of many options. Other groups have achieved good trapping efficiencies by using a SWAP
(sawtooth-wave adiabatic passage) technique [129, C. 10] [130, 131, 132]. The main ingredient
is an upwards sawtooth function when scanning the laser frequency. This implies that in the
dressed state picture, the ground state 'Sy is initially equivalent to one of the dressed states,
but this dressed state gradually transforms into 3Py as the laser frequency sweeps above the
atom resonance. These dressed states are the eigenstates of the Hamiltonian including the
laser interaction, so the atoms follow them from 'Sy to P; for modulation frequencies that
are not too high. However such coherent effects require a quantum treatment of the atomic
state as in Chap. 2 and are out of the scope of the model presented here.
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Figure 3.10: Simulation of red MOT, (a) Time evolution of the cloud spatially for the same
parameters as in Fig. 3.9, but 7 = 10 ms. (b) Evolution of the atom number within a given
spherical radius from the magnetic field center, compared to the 7 = 1 ms case (light dashed
curves). (c¢) Comparison of the magnetic field gradient along the z azis for T = 1 ms (light
dashed) and 10 ms (dark line)

3.3 Implementation of second stage MOT cooling

As discussed in Sec. 3.2.2, ramping the magnetic field within a few ms is crucial. A system
of electronics was developed for this purpose. This was integrated with a computer control
system developed for controlling TTL signals to the AOMs. In addition a new set of MOT
coils were also made which were capable of ramping on the ms timescale. These developments
are presented in this section.

3.3.1 Electronics for controlling the coil currents

An overview of the circuit for controlling the current in one MOT coil is shown in Fig. 3.11.
The MOSFET part of the circuit (marked in yellow) was heavily inspired by [129, p. 38] -
we similarly use APTM50UM09FAG MOSFETs, UFL230FA60 diodes, and a TAPS800K1R0
resistor (1 2). We added another 10 Q resistor in series, which allowed us to reduce the coil
switching time further. Varistors were added in parallel with the MOSFET to protect it from
voltage spikes which can occur when switching too fast. Significant power is dissipated in
the MOSFETs when ramping, so they can heat up significantly. Therefore these parts are
mounted onto aluminium plates with copper water-cooling parts mounted onto them, to keep
the temperature acceptable.
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Figure 3.11: Clircuit for controlling the current in one of the MOT coils. In the PI circuit
several additional capacitors are placed between nodes and ground, which are not shown here.
G and 7 indicate the gain and angular corner frequency of the PI circuit, respectively.
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The Pl-circuit in Fig. 3.11 was made to control the gate-source voltage Up;og of the MOS-
FET, which determines how much current it allows to run from source to drain and thus
through the coil. One PI circuit was built for each coil, and there is similarly one MOSFET
circuit and a separate power supply for each coil. A Hall probe (ACS758LCB-100B-PFF-T)
is connected in series with each coil, giving a signal U,,.p. which is proportional to the coil
current. This is then compared to an analog control signal U,y which is output from a com-
puter, where it can be customized. The resulting signal from the comparison goes through
the main PI part of the circuit, where the gain and corner frequency can be adjusted using
the variable resistors. ”PI” refers to the fact that it gives proportional and integral (over
time) responses to the deviation in the current from the desired value according to U,..s. For
more details about PI circuits, see e.g. [133, Chap. 7-8], in particular Sec. 7.12.1.1. Finally,
the output from this stage goes through an optocoupler before being sent to the MOSFET,
in order to electrically isolate the coils and their ground from the rest of the circuit. The
rest of the circuit shares ground with the computer, laser diode current sources and many
other parts of the setup where voltage spikes (which could occur while ramping) could cause
damage. Thus it is very important that no connection is made between the "MOT coil power
group” (marked yellow in Fig. 3.11) and the rest of the experiment.

The realization of these circuits in the lab is shown in Fig. 3.12. Due to the small resistance
of the coils, any poor connection in the rest of the circuit with a significant resistance will
reduce the available voltage drop over the coils and dissipate a significant amount of power.
In the worst case, with soldering connections, the solderings can melt and possibly cause fires.
Therefore the coil circuits use clamped connections.

Figure 3.12: (a) Photo of the two circuits for switching the MOT coils (left), power supplies
(below table) and PI circuit bozes (right, on table). (b) The inside of one PI box.

A calibration of the coil current one obtains for a given reference voltage is shown in Fig.
3.13. The slight difference between the coils is attributed to slightly different resistances in
the connections to the current sensors in each circuit, which affects how much they heat up
for a given current, altering their characteristics.
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Figure 3.13: MOT coil current dependencies on the analog reference signals.

3.3.2 System for controlling the experimental sequence and imaging

The reference voltage function for the MOT coil control circuits is controlled via a GUI.
This was developed to be part of the QWeather system for controlling many parts of the
setups in the lab. The QWeather system is written in Python and consists of server and
clients scripts and a broker which facilitates communication between them. A few scripts
have been developed specifically for controlling the experimental cycle of the strontium cloud
experiment.

The NI6259 script starts the StrontiumBrain server which is responsible for communicating
with a NI6259 card, using the PyDAQmx library. This card is connected to a BNC2110
interface, such that BNC connections can be made to a number of digital and analog input
and output channels. The digital output channels are used for the TTL signals to control e.g.
switching AOMs during the experimental cycle, and the analog output channels are used for
the MOT coil reference voltages U,..

The StrontiumBrainGUI client is the primary GUI for controlling the experimental cycle.
For digital output channels the on/off switch times of the signals can be set. It also includes
a section for adjusting the analog output signals. There are simple options such a square,
triangle and a constant level, the option to load a custom waveform from a file, and finally
the MOT control signal waveform which was made for the experiment. This waveform is
characterized by the parameters illustrated in Fig. 3.14. It was chosen based on testing,
where a logistic function for ramping the coil current (characterized by tauSafetyRed) proved
to be most suitable for quickly ramping the current. Alternatives such as a simple exponential
function with an initial kink tended to require more gentle parameters, resulting in slower
ramping.



C. 3 Atom cloud machine for superradiant laser pulses P. 51 of 169

3.5

©w
o

&
ot

ut (V)

tauSafetyBlue tauSafetyRed

N
o

UlinEnd

-
w

Analog outp
=
T

Ured

tPulseEnd
i tBlue
H

EtLinStzu't étLinEnd tPudlseStart
H | H | 1 : |

e
ot
T

| |

e
o

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Figure 3.14: Variables determining the shape of the analog reference signal for controlling the
MOT coil currents. The variable values are chosen for illustrative purposes.

Four of the parameters are voltage levels. Ublue is used for the initial blue MOT current
levels to get a high field gradient, and Ured for the red MOT gradient. UlinEnd can be set
to make a linear ramp to a higher gradient level that can be used to compress the red MOT.
Finally Upulse can be used to control the Zeeman splitting during pumping and lasing, by
quickly shifting the current levels of the coils (e.g. in opposite directions). The tauSafetyBlue
and tauSafetyRed variables represent the characteristic timescale 7 of the ramping functions,
as in Eq. 3.6. Making very fast changes, such as an instant ramp between two significantly
different current levels, can result in voltage spikes and risk of avalanche within the MOSFET,
which can cause it to degrade over time. This is most relevant for tauSafetyRed, which is
often pushed to near its limit and can be set to about 2 ms when ramping from e.g. 72 A to 6
A. When pushing into a new regime, such as ramping from a higher blue MOT current level,
or lowering tauSafetyRed, the current sensor signals from the coils should be monitored while
changing the parameters in small steps. Noise appearing in the signal during the steepest
part of the ramp is usually a first sign that the parameters may be too rough. Safety is
also very important to consider while making changes to ramping and the circuits. Energy
dissipated in the wrong components can heat them up, cause failures and in the worst case
fires, and voltage spikes that are not contained can cause damage to equipment or injury.

After defining analog channel parameters and switching times of digital channels, the cycle
pattern is "armed” by the arm button in the GUI, which prepares the cycle within the N16259
card. If any parameters are changed, the cycle must be armed again to update it in the card.
After arming, the pattern can then be started and stopped.

While the StrontiumBrainGUI can in principle be run by itself, it is also imported into a tab
in the CameraGUI script. This is more typically used for experimental sessions because it
also has GUI elements for imaging the atom cloud and showing the atom number over time,
which are useful for optimization. The CameraGUI communicates with a Blackfly camera
(BFS-U3-31S4M-C) via another server script, ”BlackFlyCameraServer”. The CameraGUI is
shown in Fig. 3.15, with the StrontiumBrainGUI embedded in the lower part.
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Figure 3.15: The CameraGUI which is used for monitoring the atom cloud and atom number,
and controlling analog and digital signals defining an experimental cycle. The Strontium-
BrainGUI is loaded within the Timings tab in the bottom, where parameters for an experi-
mental cycle can be controlled.

Imaging is done using the absorption imaging technique. The main tool in this technique
is an AOM-regulated laser beam resonant with the 'Sg-3P; transition. This beam, when
switched on, has a path that intersects the atom cloud before reaching a the Blackfly camera
(indicated in Fig. 3.2). The CameraGUI enables choosing a cycle with suitable switching
times for the imaging AOM while gathering images from the camera. Constructing the atom
column density distribution from the absorption imaging technique relies on Beer’s law for
the exponential attenuation of light (the laser beam) as it propagates through a medium (the
cloud), I = Ine=9P [134, p. 348]. The optical density is related to the column density n
according to OD = on [135, p. 3], where the absorption cross section is:
g0
0= 9
1+4(5/7)* + Io/Lsat

and o¢ = hwy/2lsa = 3)2/27, which is a good approximation for o when the imaging beam
is on resonance and the intensity is low compared to the saturation intensity. The optical
density can be determined using the following equation [134, p. 353]:

Liight — Laark )
Iatoms - Idark

(3.7)

ODppeqs = In ( (3.8)
Here the quantity OD,,eqs offers an approximate value of the optical density OD, without
taking into account optical density saturation as done in [134, p. 353]. We see that ODcqs
depends on three different intensities (images): Iyom is the intensity distribution obtained
after the imaging beam has been attenuated by the atom cloud. Ij;g is the intensity dis-
tribution from the imaging beam, but with no atom cloud, used for normalization. Finally,
L4ari 18 the background to be subtracted; the intensity distribution with no laser beam and
no cloud. These calculations are performed within the CameraGUI script based on images
taken at different times during each cycle. By integrating the column densities obtained from
the images, the estimated number of atoms in the MOT can also be monitored. Finally,
the temperature of a MOT can be determined via the time of flight method. Over time the
radius of an atom cloud along a given axis will expand depending on its temperature (along

the axis) according to [135, p. 5]:
kT
r(t) = /12 + 22, (3.9)
m
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By gathering absorption images from experimental cycles with a delay ¢ introduced between
turning off the MOT lasers and imaging the atom cloud, r(¢) can be assigned to the standard
deviation of Gaussian fits to the absorption images. Eq. 3.9 can then be fitted to the values
of {t,r(t)} to determine the temperature (the fit parameter 7T').

3.3.3 Performance and challenges of original MOT coils

Here we will consider the challenges with the
original MOT coils in the setup and motiva-
tion for replacing them. The original MOT
coils consisted of solid wires and separate wa-
ter tubes for cooling (see Fig. 3.16), and con-
tain full copper rings along the top and bot-
tom. When switching the current to another
level, these rings act as large wire loops and
a current starts to flow in them that coun-
teracts the change in magnetic field. Since
they are located almost on top of the wires,
they also have a good inductive coupling M.
We can model this as two circuits coupled by
mutual inductance as shown in Fig. 3.17.
Figure 3.16: Original MOT coils in the atom

The mutual inductance results in an cloud machine. Wire loops are hidden by sepa-

emf in each circuit, E.u;=—MIy and rate cooling pipes with thermal paste (white)
En = —M1,,;. Kirchoff’s loop rule (136, p. and copper plates forming separate closed
855] gives: loops.

0= Ucoil + gcoil + UR + UL = Ucoil - MIH - RcoilIcoil - Lcoiljcoil

. ) (3.10)
0= Ea +Ureg +Urpy = ~MlI.oyy — Ryly — Lylpy.

From Eqgs. 3.10 we get these coupled equations for the currents in the coil and holder:

; _ Ucoit — Reoitlcoit — MIH P Mjcoil + Ryly
Icoil - ) IH - = Ly :

Lcoz’l
coil
1%(:oil

( Iy
Ug
i UL Lcoil LH ULH
—— Ucoil M URH RH
— Sl Cn T

(3.11)

coil

Figure 3.17: Model circuit of one of the original MOT coil in the atom cloud machine. The
coil itself (left) has a resistance within the wire, Rey; and inductance Ly, and the voltage
over the coil Ugyy can be controlled to regulate the current I..;. This circuit is inductively
coupled to a copper holder with its own resistance and inductance. Any change in current
within one of the circuit induces a current in the other.
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We see that for M = 0 and U,y,;; = 0, the current decays on the timescale Tcooil = Leoit/ Reoil
within the coil, and a current within the holder would decay with 7'19[ = Ly /Ry. Using a
Laplace transform [137, p. 243], the decay time of the coil current when the circuits are
coupled can be determined as T.,;; = Tgoil +T[91 for constant U,,;. However since the coupling
is not perfect (M < /Lot - L), one idea was to overshoot the down ramp in coil current,
possibly even reversing it - this has been demonstrated as an effective way to lower the
switching time in presence of eddy currents in [138]. By overshooting, the new current level
in combination with the induced current in the holders could yield the desired magnetic field
when added together. This behavior was simulated in Matlab (see Fig. 3.18). Here we
assume M = 0.999+/ Ly - Ly and use the estimates L.,;; = 1 mH, Ly = 0.5 pH, R.y; = 250
mf) and Ry = 23.9 uf). Especially the mutual inductance is uncertain and the simulations
should primarily be considered as qualitative examples of the behavior and potential solution
options.
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Figure 3.18: Simulation of the behavior of one of our original coils if the voltage is reversed
when we desire to go to a lower magnetic field value at t = 100 ps. By overshooting the naive
target value when ignoring the copper holder, an even larger current is induced in the copper
holder, but due to the finite inductive coupling, the total magnetic field at the center of the
coil reaches the desired value after 200 ps.
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At t = 0 the voltage across the coil is abruptly switched to 14.7 V, but due to interaction with
the copper holder, the magnetic field gradually builds up to the target value over the course of
100 ms. A similar behavior could be expected when abruptly switching the voltage to a lower
value targeting the desired current level in the coil for operating the red MOT, assumed 1.5
V in this simulation. But instead we overshoot this value by 5.2 V (thus reversing the voltage
to -3.7 V) and then ramp exponentially towards the desired level of 1.5 V. The timescale of
the ramp is set to 18 ms and is chosen based on the timescale of energy dissipation due to the
resistance of the copper holder. The resulting behavior in the simulation is that the current
in the coil and holder interact with each other, resulting in damped oscillations in the total
magnetic field on a timescale of 100 ps. This timescale is related to the mutual inductance
- if M were simply 1 -v/Reyi - Ry, the oscillations would continue forever, while if it were 0
there would be no current induced in the holder from switching the coil. After just 200 ps
the magnetic field settles at the target value for the red MOT in this example (an arbitrary
value can be chosen by simply changing the overshooting value), and the remaining current
in the copper holder after the interaction now decays exponentially due to the resistance. By
matching this exponential decay in the voltage across the coil, going from -3.7 V to the naive
target value of 1.5 V, the magnetic field is kept constant as the contribution from the coil
gradually replaces the contribution from the holder.

A drawback of this method is the need to re-

verse the voltage (if the mutual inductance 4t 7~

is high), which complicates the electronics, N (a)

as well as the need to spend time optimizing \; 37 l

extra parameters to counteract the copper ;35“ w/"

holder. This could become a complex pro- 2 e
cedure if we would desire to not just switch -30 -20 -10 0 10 20 30 40 50
the magnetic field gradient between two val- 60'f 5

ues, but also ramp it over time to opimise " 40 (b)

the cooling stages further. However mak- — — o4}

ing new coils and opening vacuum to replace b ! e

the.old ones is also a lengthy procedu‘re. SO 50 20 10 0 10 20 30 40 50
we investigated the behavior of our original

coils while overcompensating without revers- \>/ 8(1) |
ing the voltage. :

9.97 ms

% -0.1¢

2-0.27
The optimized reference signal for the origi- = -0.3[ i
nal coils was based on a hyperbolic tangent 230 -20 -10 0 10 20 30 40 50
with a soft overshooting part. The behav- Time (ms)

ior of the top coil during a test is shown in

Fig. 3.19. Here the reference signal causes Figure 3.19: A test of switching the current in
the current to approach 0, where it stays our original top coil from 56 A to 5 A using
clamped for 25 ms while the measured B- the control signal in panel (a) (here the coil
field is decaying, presumably due to induced PI circuit was different, resulting in a different
currents in the holders. A hyperbolic tan- current scaling than in Fig. 5.14). The current
gent fit yields a timescale of 10 ms for the panel (b) cannot be reversed and clamps at 0
B-field, which can significantly reduce the A for a while. The measured B-field above the
transfer efficiency to a red MOT, as we saw coil is shown in panel (c) with a characteristic
in Fig. 3.10. So to obtain a good transfer decay time of 10 ms.

efficiency we would need to upgrade the coil

switching circuit to reverse the current, adding more optimization parameters, complexity
and potential issues, or replace the MOT coils, which we chose as the solution.
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Figure 3.20: Hollow wire MOT coils. (a) Winding the top coil on a lathe. (b) The completed
bottom coil before mounting. (c) One of the electrical connections for the coil. (d) Mounting

the vacuum chamber after installing the bottom coil. (e) Coil testing setup. (f) The setup
after installing the new MOT coils.
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3.3.4 Hollow wire MOT coils

Inspired by the setup in [129, p. 36] we designed new MOT coils based on hollow copper
wire. We used cylindrical wire with inner and outer diameters of 3 and 5 mm respectively.
Each coil consists of three sections that are water-cooled in parallel but electrically connected
in series, with each section having three layers and approximately nine windings per layer,
yielding a total of about 81 windings for each coil. Kapton tape was added as insulation to
the bare copper wire as we wound the coil, and several layers were also added all around the
final coil to protect it and hold it together. We considered enameled wire as an alternative
insulation, but kapton tape seemed more scratch-resistant, and we wanted to minimise the
risk of short-circuits appearing in the new coils. The coils are shown in Fig. 3.20, and
prior to mounting them we tested their resistance. These are shown in Table 3.2 in thermal
equilibrium at the given temperatures.

Segment | Ripp (M) | Ryottom (mE2)
Inner 30.9 32.5

Middle 37.6 35.3

Outer 40.5 36.7

All 109.0 104.6

Table 3.2: Resistances of the hollow wire MOT coils according to four terminal measurements.
The top coil temperature was 20.6 °C during the measurements, and the bottom coil was

22.6 °C.
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Figure 3.21: Temperature test of the top coil before mounting it onto the chamber. (a)
Temperature from thermistor mounted on the coil during the test, near the water exit of the
outermost wire loop. (b) Coil current and water pressure during the test. The total dissipated
power (including wires and connections) is also indicated.
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We also tested how the coil temperature responded to different coil currents and water pres-
sures, shown in Fig. 3.21. The test demonstrated that 1.5 bar is enough to cool the coil
efficiently for up to about 90 A. In addition it is also important to make sure all connections
are clamped with a good contact surface. At 80 A, the contacts to the power supply rose
to 50 °C, and 65 °C for 90 A. After using some sandpaper on the wire contact surface, we
achieved 35 °C at 75 A.

Finally, we tested the ramping behavior of the coils. When the coils are mounted on the
vacuum chamber, they can induce eddy currents within the chamber, similarly to the copper
disk on the original MOT coils (but much less pronounced). They will also interact when
they are ramped simultaneously. Therefore some differences in behavior are expected when
they are tested individually or together while mounted on the setup. An example of the
behavior under optimized conditions in the setup is shown in Fig. 3.22. Here both the coils
are switching simultaneously, from approximately 74 A to 6 A, yielding a characteristic time
of 3.37 ms for the magnetic field.

80 [ Date: 2021-08-20

710 0 0 20 30 40

-10 0 10 20 30 40
Time (ms)

Figure 3.22: Switching the hollow wire MOT coils mounted on the chamber, here with a total
resistance of 11 Q2 in the MOSFET circuit. (a) The reference signal for controlling the bottom
coil current. A similar one is used for the top coil. (b) The current measured by a Hall probe
in series with the bottom coil. (c) The signal of a Hall probe close to the top coil, showing
the behavior of the magnetic field near the chamber while ramping.

3.3.5 Compensation coils

We added compensation coils along both the horizontal axes to gain additional degrees of
freedom for optimizing the MOT (a vertical bias can already be created by separately chang-
ing the MOT coil currents). This is especially important for the red MOT which is very
sensitive to offsets in the magnetic field, which could cause it to be trapped with an offset
relative to the cavity.
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The compensation coils were made simply by winding lacquered copper wire around the
existing coils until we got around 20 turns (for the coils along the atomic beam axis: 20
turns with 222 m(2 resistance near the Zeeman laser beam entry and 18 with 202 m{) near
the Zeeman coil). Running these in the Helmholtz configuration can offset the magnetic field
zero point about 18 mm in either direction with 5 A (assuming a central gradient of 15.5
mT/m with 6 A in the MOT coils). The field is illustrated in Fig. 3.23 in relation to the
horizontal gradient of the MOT coils near the center.
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Figure 3.23: The magnetic field from MOT coils at 6 A (red, dashed) along a horizontal axis,
compared to the magnetic field from a pair of compensation coils at +5 A. The combined
zero-point can be shifted within +£18 mm depending on the compensation coil currents.

3.4 Experimental routines

Here we will describe the steps towards trapping and optimizing the blue and red MOT clouds
for realizing superradiant laser pulses, given the setup and improvements described earlier in
this chapter. To obtain pulses, the atom cloud must have a sufficiently high atom number
and density, a low temperature, and a good overlap with the mode of the science cavity.

3.4.1 Optimizing the science cavity incoupling

Aligning the input beam for the science cavity is necessary for locking the cavity during
superradiant pulses (such that w. in Chapter 2 is a known parameter), and also makes it
possible to excite atoms within the cavity using a resonant input beam, which can help during
alignment of MOT beams. The finesse of 1260 makes it non-trivial, but not too hard, to couple
light into the cavity. Mode-matching is simple as the radius of curvature of the cavity mirrors
is 9 m, and the output beam divergence is small, keeping a waist radius near 450 pm for tens
of cm. To couple into the cavity, a basic tool is the photodiode signal of the light reflected by
the cavity, which is also required for the PDH lock. An additional tool which can be useful is
a beam-profiler camera monitoring the profile of the cavity transmission. While aligning the
beam into the cavity one can then look for dips in the cavity reflection signal, or look for high
order Gaussian modes appearing in the transmission (as in Fig. 3.24), while scanning the
cavity piezo voltage across any resonances. With a high amount of input power (limited by
the fiber EOM tolerance to the pW magnitude) spotting high order Gaussian modes in the
beam profiler is relatively easy with a bit of alignment and piezo voltage adjustments. Then
the symmetry of the high order Gaussian modes can be used to reduce the number of ”blobs”
along each dimension by walking the input mirrors, while regularly checking different scan
ranges until the TEMO00 mode is found. Finally, the scan range can be adjusted to correlate
the TEMOO mode on the beam profiler with the corresponding reflection dip, which is often
easier to optimize.
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Figure 3.24: Examples of cavity transmission beam profiles encountered while optimizing the
incoupling to the science cavity, from high order Gaussian modes (left) to the TEMO0O mode

(right).

3.4.2 Pound-Drever-Hall locking

The PDH technique is used for locking the science cavity resonance to the input beam fre-
quency, but is also used in other systems in the lab. In the PDH technique a laser beam is
frequency-modulated using an EOM, placing sidebands often tens of MHz next to the carrier
frequency. This beam is then coupled into a cavity, and the reflected beam from the cavity
is detected. The reflection signal is mixed with a phase-shifted signal oscillating at the mod-
ulation frequency to obtain the PDH signal. For an overview of the science cavity PDH lock
electronics, see [119, p. 120, p. 68-70]. As a function of the laser frequency relative to the
cavity resonance, the PDH signal has a shape that can have some similarities to bat wings -
the function is given by [139, p. 273]:

W2 (k)2) 0 [(n/zf — 824 w;}

e e [+ om? (127 [ —eom? + (12

(3.12)

This depends on the cavity linewidth k, modulation frequency w,, and the laser detuning
with respect to the cavity resonance, § = w; — w.. The steep variation of the signal near the
cavity resonance is used to provide feedback via e.g. a PI or PID circuit, like the role Uy ope
in Sec. 3.3.1. If the feedback acts on the laser diode current, fast (MHz) adjustments can
be made to the laser frequency, while acting on the piezo of a macroscopic cavity mirror or
ECDL cavity typically allows responses below the MHz range. The slope of the central part
of the PDH signal is the metric for how well the laser or cavity can be locked - a bigger slope
implies sensitivity to smaller changes in the cavity resonance frequency and requires a narrow
cavity linewidth. This can be seen in Fig. 3.25(a) where two examples of calculated PDH
signals are shown - one for the master laser system, and one for the science cavity system.

The slope of the PDH signal also changes depending on the power of the reflected signal,
affecting the characteristics of the lock. As a result, especially the science cavity PDH lock
can require frequent optimization, when a different input power is desired. This can be
done by adjusting the PI parameters and gain based on the spectrum of the PDH signal
during locking. An example of such a spectrum is shown in Fig. 3.25(b) for the master laser
PDH lock for three different gain values. It shows the typical ”servo bumps” separated some
hundreds of kHz from the carrier/modulation frequency difference (10 MHz). The goal is to
"push” the servo bumps far away, implying the corrections from feedback effectively remove
low-frequency noise. A balance must be struck where the servo bumps do not add a lot of
high frequency noise instead, as in the regime approached in the high gain example.
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Figure 3.25: (a) Examples of calculated PDH signals for the master laser and science cavity
systems, with k/2mw = 270 kHz and 620 kHz, respectively, and wy,/27 = 10 MHz. (b) Power
spectral density of the PDH detector signal in the master laser system during locking, for
three different PID lock gain levels.

3.4.3 Maintaining the repumper ECDLs

The 679 and 707 nm repumping lasers tend to increase the number of captured atoms in a
MOT cloud by over an order of magnitude, so their condition is important. They should
be giving a single-mode (frequency) beam, which can be verified with a wavemeter (which
tend to show interference signatures) or the reflection/transmission from a monitoring cavity.
These should be dominated by a single (or periodic) feature which is stable, and not different,
fluctuating features which indicate "multimode” oscillation of the laser with many spectral
components. Often an effect on the MOT cloud can be seen for repumper detunings of tens
of MHz from the transition frequencies, and sometimes even in multimode condition, giving
a starting point for adjusting the piezo-voltage to bring them to the right frequency. As
homebuilt ECDLs, the 679 and 707 nm repumpers may often prefer to start ”"multimoding”
at a piezo-voltage on the way towards the desired frequency. One can look for another FSR
of the ECDL at a different piezo voltage, and if that does not work, small adjustments to the
laser diode current can often enable single-mode oscillation within a range of tens to hundreds
of MHz around the desired frequency in terms of piezo voltage. Over the course of several
months to years, such a regime may become continually harder to obtain, in which case the
grating within the laser boxes and/or the laser diode temperature may need to be adjusted.

3.4.4 Making and optimizing a blue MOT cloud

Starting with only a Zeeman-slowed beam, the first step is trapping a blue MOT cloud,
which is relatively easy due to the very broad linewidth of the 'So-'P; transition, but a few
parameters must be within ”"reasonable” ranges. Verifying that the MOT beam polarizations
are correct in combination with the coil current directions (as in Fig. 3.6) is important, as
well as the MOT beam detuning. A detuning near 40 MHz from the transition frequency
tends to be most effective. Aligning the MOT beams can also be a lengthy procedure -
without a cloud to judge from, a good starting point is to ensure the back-reflected MOT
beams overlap well far back along the beam path, verifying the horizontal beams keep the
same height and all beams intersect with approximately right angles, which must usually be
deduced from their locations on vacuum chamber windows. With larger MOT beam waists
the initial beam alignment is less critical, making it easier to obtain a cloud. Simply looking
for the cloud by eye can be preferable to setting up fluorescence-collecting photodiodes or
absorption imaging systems for the first time. These tools can easily overlook a cloud forming
outside their field of view, but are useful tools for optimizing a cloud.
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Once a small cloud has been obtained, the number of trapped atoms can be improved by
going through all the different parameters affecting it and optimizing them several times
based on the cloud appearance or absorption image. A MOT fluorescence signal can be
very sensitive to the cloud location, depending on the optics, making it risky to optimize
for. It is usually optimal to have the MOT beams reflected close to directly back, so a
"beam-walking” technique is usually used where either the vertical or horizontal axis of two
mirrors on opposite sides of the chamber are aligned simultaneously. The current values of
top and bottom MOT coils should also be checked regularly, as small changes in alignment
can make different ratios optimal, if the beams are shifted relative to the magnetic field zero
point. They can also be "walked” to change the gradiant while preserving the field center.
The power ratios of the MOT beams (controlled via \/2 plates) is another parameter to be
optimized periodically. The first step of optimization based purely on appearance should
mainly aim to get a blue MOT cloud of reasonable size (10-100 million atoms). At this point
the overlap with the cavity mode should be accounted for in the optimization if the goal is
superradiant pulses. The location of the cavity mode along two dimensions in an absorption
image can be determined by coupling on the order of 100 nW light into the cavity while a
blue MOT cloud is at least partially overlapping with it. When the cavity is on resonance
with the 1Sg-P; transition, this will keep a significant fraction of the atoms in *P; in steady
state, giving a stripe in the absorption image as in Fig. 3.26. In some cases this can be
visible in the cloud as a less bright stripe even to the eye. This stripe determines the optimal
location of the cloud in the plane of the image, but still leaves one dimension uncertain.

Figure 3.26: Absorption image of a blue MOT (blue: low density, red: high density). (a)
No light coupled into the cavity, (b) light is coupled into the cavity, resulting in fewer atoms
within the cavity responding to the imaging light, visible horizontally near the crosshair. (c)
The pizel values of the two images are subtracted, illustrating the location of the cavity mode.

A more quantitative method for optimizing the MOT is to directly measure how efficiently it
absorbs the light in the cavity mode. Since the blue MOT can load atoms in a steady-state
condition with no experimental cycle needed, one option is to simply scan the piezo voltage
of the science cavity across the atom-cavity resonance over time, with light sent into the
cavity that is resonant with the atoms. One can then compare the peak amplitude of the
cavity transmission signal when there is no atom cloud (blocking the blue laser beams) to
the situation with the atom cloud present, to find how much it is reduced - the absorption.
Using an input power below the order of 1-10 nW is preferable at this point to reduce
possible saturation effects, but in any case the MOT alignment and other parameters can be
optimized to minimize the cavity transmission peaks. Superradiant pulses have been observed
for approximately >70% absorption in a blue MOT cloud with an optimized pump pulse.
However continuing to optimize the absorption can often be more efficient than optimizing
the pulses because the pulses have larger random variations. Up to approximately 95%
absorption has been achieved for the blue MOT. In addition to providing a good starting
point for superradiance, a highly absorbing blue MOT also gives a good starting point for
trapping a red MOT, as it should presumably be trapped in the same location. Some examples
of blue MOT clouds within the setup can be seen in Fig. 3.27.
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Figure 3.27: Photos of some blue MOT clouds, (a) in the system with old MOT coils, (b) in
the system with hollow wire MOT coils, (c¢) a ring-shaped "race track” cloud obtained due to
misalignment of the mirrors.

3.4.5 Red MOT cloud discovery

As for the blue MOT, trapping a red MOT for the first time requires many parameters to be
in order - the red MOT beam frequency, intensity profile, polarization, power balances and
alignment, as well as the magnetic field. It is significantly harder to realize than the blue
MOT due to the many additional parameters, required experimental cycle, and the narrower
linewidth of the 'Sy-3P; transition which results in much weaker forces. When we first saw
a red MOT cloud, we ran a cycle with the blue MOT light on for 800 ms and off for 81
ms. We ramped the coil currents while switching off the blue MOT light and turning on the
red MOT light. The most clear method for us to get the first red MOT was to look at a
photodetector signal of the blue MOT fluorescence. If we do not trap or slow any atoms with
the red light, then the blue MOT fluorescence increases slowly once the blue light is turned
on again as new atoms accumulate. But as soon as the red light starts to slow or trap the
atoms, the fluorescence signal increases faster in the beginning. This enabled us to optimize
all the different parameters - compensation coil currents, MOT coil currents, red MOT laser
carrier and modulation frequency, and so on, to increase the slope after turning on the blue
MOT light as seen in Fig. 3.28. After a bit of optimization the red MOT was visible in the
imaging system (Fig. 3.29).
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Figure 3.28: Three different traces of the blue MOT fluorescence detected before and after
attempting to catch a red MOT cloud. TRCS3: Injection beam blocked for the red MOT laser,
thus we do not trap any atoms in the red MOT. TRC2 and 4: The red MOT laser is injected
and the center frequency of the red MOT beams are set to different values.

Figure 3.29: Initial imaging of the red MOT 10 ms after the red MOT light is turned off (red:
atoms, green: no atoms).

3.4.6 Optimizing the red MOT

The red MOT cloud is not visible to the eye and requires several steps in an experimental
cycle to make, which makes it more tricky to optimize than the blue MOT cloud, though
the same general procedure can still be used - going through all the different parameters
affecting it several times based on e.g. absorption images. The red MOT is very sensitive to
any near-resonant light in the cavity, so optimizing it while continually coupling light into the
cavity is likely to disturb it. The overlap with the cavity can still be inspected by comparing
absorption images with and without light in the cavity. An example of this is shown in Fig.
3.30 where the cloud shape is also disturbed by the cavity photons.
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Figure 3.30: Absorption image of a red MOT (blue: low density, red/black: high density).
(a) No light injected into the cavity, (b) light is injected into the cavity, disturbing the cloud
shape and causing atoms within the cavity mode to be less responsive to imaging light.

As for the blue MOT, a more quantitative method for optimizing the red MOT is to measure
the absorption of light in the cavity mode. Scanning the cavity piezo with a period adapted
to the experimental cycle duration can provide a good measure without disturbing the cloud
significantly. In Fig. 3.31 two traces of the cavity transmission signal are shown (with the
background value subtracted) when scanning the cavity with and without a red MOT cloud
overlapping with the cavity mode, after turning off the red MOT beams at ¢ = 0. In the
center of the transmission profile with a red MOT cloud, the dip is approximately 20% of the
peak value without the cloud. This dip within the profile forms due to the low temperature of
the atoms, indicating that their Doppler width is significantly lower than the cavity linewidth
of 620 kHz, while the wings of the transmission feature can be distorted by the dispersive
interaction with the atoms. The blue MOT, on the other hand, has a Doppler width of about
2 MHz and simply reduces the height of the entire transmission feature when scanning the
cavity. The dip formed by the red MOT cloud changes shape on the scale of hundreds of
kHz, and depending on the magnetic field, three separate dips may be found when shifting
the cavity input laser frequency a few 100 kHz, attributed to the three Zeeman levels of >Py.
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Figure 3.31: Cavity transmission signal while scanning across the resonance with the input
beam frequency and *Sy->Py transition with and without a red MOT cloud present. The red
MOT cloud absorbs and distorts the Lorentzian feature.
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A high absorption translates directly into the
potential amplitude of superradiant pulses,
assuming the atoms are pumped efficiently
to 3P1. A ”seed laser” - resonant light cou-
pled into the cavity - can be used to obtain
superradiant pulses in a less optimal setting,
both for a blue and red MOT cloud. Atoms
excited by a pumping pulse will immediately
couple to the finite cavity field and build up
a lasing pulse. An example of a small, seeded
pulse is shown in Fig. 3.32. As the seeded
lasing pulse grows bigger, the seed power can
be reduced, eventually reaching the regime
where superradiant pulses are emitted with-
out any seeding.
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Figure 3.32: A seeded superradiant pulse from
a red MOT, compared to the cavity transmis-
sion without a red MOT. The initial peak are
detected photons from the pump pulse, while
the second pulse, visible only with a red MOT,
is emitted by the ensemble into the cavity.

The background level is highlighted with dashed
lines.



CHAPTER

Superradiant crossover pulses
from a mK atom cloud

Here we will explore pulsed lasing primarily in the superradiant crossover regime within the
strontium cloud setup presented in Chapter 3, specifically in the regime where the atom
cloud is cooled only on the 'Sy-!P; transition to about 5 mK. As a result the lasing tran-
sition linewidth of a single atom is 7.y = 27 7.5 kHz (1So-3P1), which is much narrower
than the cavity linewidth (k = 27 620 kHz), however the Doppler width of the ensemble
(I'p = 27 -2.3 MHz for T' = 5 mK) is in turn even broader. In addition to these linewidths,
we will primarily look at the case where the effective collective coupling rate 2ge.rr+/Neyy
is also larger than k, but also the transition where it becomes comparable to and smaller
than k. It is in the regime with large collective coupling where we observe the superradiant
crossover dynamics, and the combination with significant Doppler broadening leads to partial
synchronization among atoms with different velocities. Many of the results presented in this
chapter have been published in [54, 59], and some are also described in Stefan’s thesis [121].

4.1 Setup and numerical model

The system we investigate here is illustrated

in Fig. 4.1. It consists of a blue MOT cloud

: . . . Y Reference
overlapping with the science cavity. The laser
cloud consists of ~10% atoms, of which ~10” H‘%ﬁ 88Qy
are within the cavity waist. A Gaussian den- K Wyof

sity profile is assumed, characterized by a
standard deviation og ~ 1 mm. The atoms
are initially pumped to 3P; using a 7 pulse
from an off-axis pump laser, with an effi-
ciency on the order of 80% for atoms within
the cavity mode. A few ps after pumping, Pump pulse
the atoms emit a superradiant pulse into the

cavity mode, which also lasts on the order of

a few ps. These pulses are detected outside Figure 4.1:  Setup for experiments with su-
the vacuum chamber. In some cases they perradiant pulses in a blue MOT cloud. The
are detected directly, giving a signal propor- atoms can be coherently pumped with a pump
tional to the cavity output power. In other pulse, and subsequently emit light into the cav-
cases the pulses are overlapped with a ref- ity. A detector outside the vacuum chamber is
erence laser beam on the detector to record used to detect the output power from the cav-
a beat signal with phase-information of the ity, or a beat signal with a reference laser beam.
pulses. We will generally look at the single- Figure adapted from [59)].

side output power, P2 . which is half the total output power in absence of a driving laser,

out»
for easier comparison to experiments.

W,

67
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A numerical model of the system based on a Tavis-Cummings Hamiltonian was developed
in Matlab during my master’s thesis. There the dynamics of atom populations and cavity
output power were explored when coherently pumping the atoms [103]. Since then, filter
cavities were included in the model to simulate the spectrum of the laser pulses. Using the
notation in Sec. 2.1, the Hamiltonian describing the full system is given by:

N Ny N
H = hwea'a + Z hweol, + Z Tzw]]?f,sz + Z hg’ (age + Ugg) (a + aT) (4.1)
j=1 k=1 j=1
N N Ny
P (] j ikprj—iwpt —ikprj+iwpt T
+Z;h2 (0he +02) (61 A ) +kzlﬁ9f <a+aT) (fk +fk) :
]: =

This can be used to derive the equations for time evolution of the expectation values of the
operators, using the method in Chapter 2, here in the reference frame of the pumping laser
(with frequency wp):

(e = = (18 + 252 ) (o) + (g”<a> + é) ({02) — (ohy)) (4.2
. . . J . A J .
() =~ (o) + (gﬂ o)+ ’;) () = (gﬂ (@) + é) () (43)

() = = (0 + 3 ) a) - ivj ig’ (o3.) (4.4)

k

(i) = - (iaﬁp - 2") (i) — gy (a). (45)

In addition to including filter cavities, a few changes were also made compared to the model
presented in the master’s thesis. Rather than using a Gaussian approximation of the pump
pulse beam profile, the imaging data from a beam profiler is used to calculate the Rabi
frequencies of atoms depending on their position. An uneven beam profile leads to a spatial
spread in Rabi frequencies that can reduce the obtainable inversion. The impact is small,
but enables a slightly more direct comparison between simulations and experiments.

Motion in the model is treated classically, with fixed velocities based on an initial thermal
distribution. The code was also changed to use a GPU for calculations, such that the atomic
group approximation used in the master’s thesis can be omitted and each atom can be treated
individually. This eliminates some systematic biases from the approximation. Compared to
using the CPU and RAM, the calculations are sped up when above ~10° atoms are involved
(as was shown in Fig. 2.7).

4.2 Lasing pulse dynamics and phase behavior

Here we will consider the intensity- and phase-dynamics of individual superradiant lasing
pulses within the atom cloud, and the random variations from pulse to pulse. We will base
the parameters on experiments with an estimated atom number N = 7.5- 107, T' = 5 mK,
or = 0.8 mm, and a pump pulse characterized by P, = 98.4 mW and a beam profile which, if
a Gaussian is fitted to it, has waists of 1.51 and 2.69 mm (the beam profile used in simulations
is shown in A.2). Three examples of simulated laser pulses are shown in Fig. 4.2, with the
cavity output power presented in panel (a), and cavity field phases in panel (b), respectively.
The phases we consider here are relative to the phase-evolution of a reference frame at the
unperturbed atomic transition frequency, wg.
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Figure 4.2: Simulations of three laser pulses from the mK atom cloud after a pump pulse
(initial red shading). (a) Time evolution of the single side cavity output power. (b) Time
evolution of the cavity field phase. The cavity detuning is zero, and the phase flips sign during
each afterpulse (highlighted by blue shading for the curve with the largest peak power). Figure
adapted from [59].

At the beginning of the simulation a 170 ns pump pulse is applied, which excites 85% of
atoms within the cavity mode. The Bloch vector of the atoms cannot all be driven perfectly
to the north pole, because of the finite ensemble temperature and non-uniform pump laser
intensity profile. As a result, especially the slow atoms along the pump pulse k-vector and
atoms located near the cavity axis region are close to 100% excited, while fast atoms (on
the order of 1 m/s) and atoms near the edge of the beam profile can even be less than 50%
excited.

The pump pulse imprints a phase on each atom (the phases of <a§ >) In Eq. 4.2 we see

that even if atoms were excited (<J£e> ~ 1), the cavity field amplitude will stay zero if

<U§ > = 0 for all the atoms. However we also see that the change in (a) depends on the

sum of g’ <a§e>. For example, if all atoms had the same value of <J§e>, the sum could still

be zero if they were distributed equally on the positive and negative antinodes of ¢/ (this
configuration is considered in e.g. [140]). Such a configuration could be called sub-radiant,
because coherent emission by the atoms into the cavity mode would destructively interfere,
suppressing emission. In a thermal atom cloud that we consider here, the sign and value of
¢’ indeed varies randomly from atom to atom, so the sum > j ¢’ will be small but nonzero.

Next we can consider the impact of <Ug, > As the pump pulse is angled 45° with respect to

the cavity axis, the phases projected onto ¢/ in > y g7 <a§ > will still tend to cancel out on

average, and the sum will be small, but nonzero. This results in a random, macroscopically
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preferred cavity field phase by the ensemble. As the atoms are moving up to a few m/s, ¢
also changes over time for each atom, so this preferred phase can similarly change on the
order of ps. However, as the cavity field builds up, the atoms will partially phase-synchronize
due to their interaction with the cavity field and reinforce the macroscopically preferred phase
against fluctuations. As a result of this we see the phases become fixed within a ps in Fig.
4.2(b).

In addition to the atomic phases, a small cavity field amplitude also builds up during the pump
pulse itself, corresponding to a population of 0.1 photons in the semiclassical model. In Fig.
4.2(b) we see how the initial phase of the cavity field is pulled towards the macroscopically
preferred phase by the atoms over the course of about a ps. If the atomic coherence were
destroyed after the pump pulse (this could be done experimentally by applying a pulse of 461
nm light, projecting the atoms into 'Sg and 3P;), a lasing pulse would build up, but with
whatever phase the cavity field had at the end of the pump pulse, since the atoms no longer
have any macroscopically preferred phase.

A third effect which plays a role in experiments, but is not included in the simulations, is
spontaneous emission into the cavity mode. Given the Purcell rate of the system, on the
order of 60 photons will be spontaneously emitted into the cavity within 1 ps after the pump
pulse. These will have a random phase and cause additional fluctuations in the phase of the
cavity field, compared to the smooth behavior seen in Fig. 4.2(b), and also cause the field
amplitude to initially grow more quickly.

Once the cavity field phase has settled, a lasing pulse builds up over the course of a few ps
before peaking, and is followed by small afterpulses. These dynamics are consistent with the
superradiant crossover regime described in Sec. 1.4.2. We see that the pulses have some
random properties - the exact peak output power and lasing delay (defined as the time from
the end of the pump pulse to the peak output power) vary from pulse to pulse, though they are
also correlated - pulses that build up more slowly also tend to be smaller, such as the dashed
orange in Fig. 4.2. We see that for the orange pulse, the cavity field phase takes a longer
time to settle after the pump pulse. Random variations in the initial atom configuration
can cause these differences, and in experiments, the randomness of spontaneously emitted
photons can also disturb the cavity field phase and contribute to variations in lasing delays.
Another contribution to the correlation is the 3P; decay time of 21 ps, which means there is
slightly less gain for the pulses that build up more slowly.

Considering the afterpulses, we see that the initial (primary) pulse is generally followed by a
small, short afterpulse, then a slightly larger, longer afterpulse. This is a general pattern for
this particular parameter regime (atom number, temperature, zero cavity detuning from the
atom transition frequency). At zero cavity-detuning the intensity goes to zero between the
afterpulses, so the phase of the cavity field flips sign between them. This is highlighted by
the blue shading of every other afterpulse for the blue full-line simulation.

The phase ¢ of the cavity field can be compared to an experimental beat signal by using
the transformation sin(¢) - v/FPoys. This is shown in panel (a) in Fig. 4.3, using the phases
from Fig. 4.2(b). Three experimental beat signals are shown in Fig. 4.3(b) for comparison.
Because the phase varies randomly from pulse to pulse, only the qualitative behavior can be
compared.
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Figure 4.3: Exzamples of signals from simulations and experiments. (a) Calculated beat signals
based on the pulses in Fig. /.2. (b) Beat signals detected from lasing pulses in an experiment.
Figure adapted from [59].

4.3 Lasing regimes and scaling with atom number

In this section we will consider the different regimes realized in our system when varying
the number of atoms, considering the variation in lasing dynamics, output power and lasing
delay. In Fig. 4.4 we show how pulses, such as those presented in Fig. 4.2(a), vary with the
atom number in simulations (panel (a)) and experiments (panel (b)). The data is aligned
by the peak output power for easier comparison of pulse shapes due to the large variations
in pulse delays. The lasing delays are indicated by green points, binning the individual
end time of pumping pulses for a range of atom numbers. FError bars show the standard
deviation within the samples. The bin size is 30 samples of neighboring atom numbers for
the simulations and 40 for experiments. For the experiments, the atom number has significant
random variations for each MOT cloud realization, giving a non-uniform distribution of N.
These atom numbers were determined from the fluorescence during the cooling stage before
pumping. The calibration of atom number from fluorescence was based on correlating its
variation with the number of photons emitted in lasing pulses (this method is described in
more detail in [103, p. 59-61]).
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Figure 4.4: Time evolution of the cavity output power of superradiant lasing pulses for varying
number of atoms, (a) simulations and (b) experiments (date: 18/11-2018). The peak output
power is aligned at t = 0, and the time of the end of pump pulses are binned, shown as green

points with standard deviations indicated. The lasing delay T = 10//N — Ny, is fitted (blue
curves) prior to binning. Figure adapted from [54].

We find a good agreement between the dynamics of simulations and experiments in terms of
lasing threshold, pulse and afterpulse shape variations within the regime. The first afterpulse
is emitted by atoms which reabsorb some light at the end of the main pulse and has the
opposite phase of the main pulse (as we saw in Fig. 4.2(b)). For the highest atom numbers this
becomes less prominent as more atoms synchronize with the main pulse. On the other hand,
for the very lowest atom numbers above threshold, the cavity photon number becomes too low
for atoms to absorb significantly from the field, and the pulse resembles the pure superradiant
dynamics more closely, emitted by a fraction of the ensemble. Of the functions discussed in
Sec. 1.4.1, an 1/v/N-scaling shows best agreement with the data (in agreement with findings
in the oscillatory superfluorescent regime [41]), consequently fits with 7 = 79/v/N — Ny, to
the lasing delay are shown. Only N is a fit parameter, while the threshold atom number Ny,
is determined separately from fits to the peak output power. The scaling of the peak output
power with atom number is shown in Fig. 4.5 in panel (a), and in panel (b) the lasing delays
from simulations and experiments are compared.
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Figure 4.5: Scaling of (a) the peak cavity output power and (b) the lasing delay with number
of atoms in the cloud. Points show binned data from experiments (black) and simulations
(green). For the output power, P = a(N — Ny,)? is fitted to experimental data near the
lasing threshold, and P = b(N — Ny) is fitted for higher atom numbers. For the lasing delay,
T =10/v/N — Ny, is fitted to all the experimental data. Functions are fitted prior to binning.
Figure adapted from [5}].

Three regimes are visible, highlighted by the background color. In the white region, there are
no observable pulses as the number of atoms is below the threshold number for lasing. In the
red region (3-10” < N < 5-107), the peak output power scales with N2. A fit to experimental
data within this regime (prior to binning) is shown as a red dashed line, and the experimental
lasing threshold is determined by extrapolating this fit. For higher atom numbers a linear
scaling with NV is found. The blue line shows a fit to experimental data within this region.
Data for the very highest atom numbers is excluded from the fit as the scaling breaks down
in this regime according to the experimental data. This may be due to systematic bias in
determining the atom number in this regime, or varying density or temperature with atom
number, as the simulations indicate that the linear trend continues (see also Appendix A.3 for
simulations and comparison of scalings for these up to N = 1.33 - 10%). As such simulations
help us to distinguish the N2?- and N-scaling regimes with a transition around N ~ 5 - 107.
As delay times in our data only span a factor 3, with large variations especially in the
experimental data for low atom numbers, a different regime for low atom numbers cannot be
clearly distinguished.

To consider the transition between the pure regime and crossover regime, as they were de-
scribed in Sec. 1.4.2, k &~ 2¢gv/N is ambiguous because the coupling varies vastly between
atoms in the ensemble, where many are far outside the cavity waist. We can consider the
sinusoidal variation in g to define ggf ;= g3 /2 and account separately for the atom-cloud over-
lap by introducing an effective atom number, N.¢, from the overlap with the non-sinusoidal
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In this case for N = 75-10%, g = 800 pm and W = 450 pm we get Nepp = 5.5-105. We fulfill
Nepp = /4;2/4ggff =2.9-10° at only N = 4.0 - 105, which is far below the threshold number
of atoms. The reason for the threshold and N? scaling at much higher atom numbers is the
5 mK temperature, which means that only a small fraction of the ensemble consisting of the
slowest atoms within the cavity waist participates in emitting the pulses near the threshold.
The Doppler broadening could be interpreted as lowering the effective atom number further.

Alternatively we can consider when the power broadened transition linewidth I'p becomes
comparable to the cavity linewidth . The maximum power broadening experienced by an
atom due to the cavity field scales with the Rabi frequency of the cavity field interaction for
high intensities, and can be related to an observed (single side) cavity output power using
[20, p. 143] [112, p. 162] and a few relations:

8g2n 48¢c3n 96¢3P3
re = 14 =207 14— _ T Couwt 4.7
Veg + 739 VYeg + WQLW%'Yeg Yeg + TLHW2Lw%’}/eg ( )

Observed lasing pulses from the system range in the order of nW and pW. An atom located at
a field node in the center of the waist then experiences a power broadening from the natural
linewidth 7.5 kHz to e.g. 97 kHz (1 nW) or 3.1 MHz (1 uW). Neglecting the unity term
in the square root and considering g.ry rather than go, we may expect the crossover regime
when k ~ F‘;ff . In terms of observables this gives the characteristic output power (from one
side of the cavity):
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This corresponds to Poit = 81 nW in our system, but should be considered approximate as
g is lower for most atoms, and PS5, also varies over time. For comparison the transition in

Fig. 4.5 occurs for pulses where the peak P35, ~ 200 nW.

4.4 Lasing pulses in a detuned cavity

By detuning the science cavity away from resonance with the atomic transition frequency we
can investigate to which degree cavity fluctuations can be suppressed in the mK cloud system
- one of the key parameters of a superradiant laser. We will again start by considering the
dynamics of individual pulses, which is the focus of this section. In Fig. 4.6 the lasing pulse
and phase dynamics are shown for a cavity detuning of 1 MHz. The cavity output power is
shown in panel (a), while the unwrapped phase evolution in a reference frame rotating at the
atomic transition frequency is shown in panel (b).
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Figure 4.6: Dynamics of (a) cavity output power and (b) cavity field phase (unwrapped) in
a simulation with cavity detuning d.g/2n = 1 MHz. Unlike for 6. = 0, there are large
afterpulses. The power only goes to zero before the first afterpulse, so the phase evolution is
generally more smooth. The general phase slope tells os the lasing frequency is between the
atomic and cavity resonances (dashed lines), with a notable chirp during the afterpulses.

We see very pronounced afterpulses in panel (a), which is a general feature when the cavity
is detuned by hundreds of kHz in this system, also seen in other atom-cavity systems [141].
Regarding the phase evolution, as in Fig. 4.2, every other afterpulse of the full-line blue
simulation is highlighted by shading. In this example the unwrapped phase is shown to
highlight the sloped behavior, which is generally in-between what would be obtained for
emission at the atomic transition frequency (purple dashed line) and the cavity resonance
frequency (orange dashed line). We can see the frequency of the lasing pulse is partially pulled
towards the cavity resonance. The intensity drops to zero between the primary pulse and first
afterpulse, associated with a m phase shift familiar in Fig. 4.2. This does not happen in the
following afterpulses, and there is a more gradual jump in phase between them. The slopes
tell us the instantaneous frequency during the lasing pulse relative to the atom transition
frequency, vg, initially being vp+600 kHz before the peak of the primary pulse and then
shifting to vg+850 kHz, followed by the afterpulses near v+600 kHz during the peaks, and
lower when approaching the phase jumps.

As for the case at zero cavity detuning, we can calculate a theoretical beat signal from the
simulated phase and compare it to experimental beat signals. This is shown in Fig. 4.7,
where the simulated phase was first transformed to a rotating frame at the cavity resonance
frequency for comparison with the experimental signals. For the experimental data, the Slave
2 Laser (injected by the 689 nm Master Laser) was used as reference laser for the beat signals
here, but locked 1 FSR (781 MHz) from the cavity resonance with which the atoms interact.
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The beat signals were demodulated by 1 FSR electronically to produce the recorded data,
such that the reference frame is the same as in panel (a).

(a)
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1 1 1 1 1 1 1 1
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Time (ps)

Figure 4.7: Exzamples of (a) calculated beat signal from the phase evolution in Fig. 4.6(b), and
(b) two demodulated beat signals recorded between superradiant laser pulses and a reference
laser beam originating from the 689 nm Master Laser. Curves highlight the moving mean of
raw data.

The phase behavior has given an indication that the lasing pulse frequency does not simply
follow the cavity resonance as in the good-cavity regime, but lies somewhere in-between the
atom and cavity resonance frequencies. We can consider the spectral properties of lasing
pulses at a detuning of 1 MHz using the beat signal shown in Fig. 4.8(a), and associated
spectrograms in panel (b) and (c). For these experiments an independent reference laser
was used for obtaining the beat signal. The reference laser was locked to a cavity 171 MHz
from the atom transition frequency, and the detected signal was mixed at 120 MHz prior
to recording, resulting in the rapid oscillation frequency of the signal near 51 MHz in Fig.
4.8(a). The evolution of the power spectrum is shown with different window functions in
panel (b) (Gaussian window spectrogram with oy = 400 ns) and ¢ (Heaviside function with
increasing window size, as mentioned in Sec. 2.6.2). Here the frequency axes are shifted to
show the lasing frequency shift relative to the atomic transition. Estimated parameters for
this experiment are N = 1.05-108, T'= 5 mK, o = 0.9 mm, and a pump pulse characterized
by P, = 90 mW and approximately the same beam profile as in Appendix A.2.
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Figure 4.8: (a) Beat signal between a superradiant laser pulse for d.p/2m = 1 MHz and
an independent reference laser beam. (b) Intensity spectrogram with a Gaussian window
(ow = 400 ns) showing the lasing frequency shift é1, relative to the transition frequency wg.
(¢) Power spectrum for increasing window durations, starting fromt = 0. Green lines indicate
minima in the output power. Figure adapted from [59].

The spectrogram in panel (b) shows an intense component peaking around rgp+600 kHz
and two tones during the afterpulses - the most intense one near vg+250 kHz and a faint
component near vg+1.5 MHz which fades more quickly. As panel (c) uses an expanding
window it shows how the simpler components in panel (b) interfere when recording a spectrum
of the full pulse, giving bifurcations during each afterpulse. The spectrum of the full beat
signal corresponds to the vertical slice at t=8 ps in panel (c) and has a peak just 250 kHz
from the atom transition frequency, but also a broader structure with smaller peaks up to
about vp+1.4 MHz.
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The spectral evolution of a comparable simulated lasing pulse is shown in Fig. 4.9, using
the Heaviside window in panel (a). In panel (b) the final spectrum is shown, compared to
relevant lineshapes in the system - the lineshape of a single atom, of the Doppler-broadened
ensemble, and the resonance of the cavity.
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Figure 4.9: (a) Power spectrum of a simulated lasing pulse for increasing window durations,
starting from t = 0. Green lines indicate minima in the output power. The cavity detuning
is dep/2m = 1 MHz. (b) The final spectrum of the lasing pulse (black full line), compared to
the atomic lineshape (blue dashed), ensemble Doppler lineshape (green dot-dashed) and cavity
resonance (red full line). Figure adapted from [59].

The simulation replicates the bifurcating patterns seen in the experiment, giving a spectrum
with a prominent peak closer to the atom transition frequency than cavity resonance, and
also a broad, multi-peaked background within the cavity and Doppler lineshape curves. The
background peaks are a bit more prominent in the simulation, and could suggest the temper-
ature is lower than the 5 mK estimate. An example of how the relative prominence of the
structures vary with temperature is shown in Appendix A.4.

4.4.1 Impact of a thermal distribution

The properties of the lasing pulses we have seen examples of so far are a result of the three
linewidths in the system in combination with the high atom number which places the system
in the crossover regime. The thermal distribution of atoms with narrow linewidth means that
each individual atom interacts differently with the cavity mode, depending on their velocity
along the cavity axis, v,. Detuning the cavity with respect to the center of the Doppler
distribution changes the response of the atoms, but only the absolute value |v,| matters due
to symmetry. In Fig. 4.10 the mean rate of absorption and emission due to interactions with
the cavity is shown for different velocity classes, based on |v,|. Panel (a) shows the variations
in emission and absorption for zero cavity detuning, corresponding to the dynamics in Fig.
4.2. Panel (b) shows the response for d.g/2m = 1 MHz, corresponding to the dynamics in Fig.
4.6 and Fig. 4.9. The simulations use the parameters of the experiment with N = 7.5 - 107
atoms.
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Figure 4.10: Mean rates of absorption and emission for an atom depending on its speed
along the cavity axis, |v,|, throughout superradiant lasing pulses for (a) d.p = 0 and (b)
dep/2m = 1 MHz. The red dashed line in (b) highlights k|v,|/2n = 300 kHz, the peak of
the lasing spectrum. Note that slow atoms are more abundant due to the 5 mK distribution.
Figure adapted from [54].

We see that for é.p = 0, the main lasing pulse is emitted primarily by the slowest atoms,
but the fast atoms start to absorb from it near the end, shifting some of the excitation from
slow to fast atoms. As a result the afterpulses are mainly emitted by the faster atoms. We
also see the abrupt changes from absorption to emission across different values of v, between
each pulse - different velocity classes alternate between absorbing and emitting during each
pulse, giving rise to the alternating phases of the light in Fig. 4.2(b).

In panel (b) the main lasing pulse is built up primarily by atoms moving at a finite speed,
and both the fastest and slowest atoms start to absorb from it as it ends. The roles of
absorption and emission are clearly flipped across different velocities as the first afterpulse
begins, but the emission and absorption changes much more gradually across the different
velocities during the subsequent afterpulses, giving the gradual phase shifts in Fig. 4.6(b).
The emission pattern resembles the spectrograms using the expanding Heaviside window in
Fig. 4.8(c) and 4.9(a), and converting the velocity to Doppler shifts, we see that the spectral
peak near 300 kHz stems from the atoms moving approximately 0.2 m/s along the cavity
axis (red dashed line), which emit throughout all the afterpulses. Though these simulations
were run with parameters from the experiment on 13/11-2018, the dynamics are very similar
in the experiments with an independent reference laser, allowing for the comparison to Fig.
4.8 and 4.9.
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4.5 Cavity-detuning dependency and pulling

Here we will look at how the dynamics and spectrum of the lasing pulses depend on the cavity
detuning more generally. The dynamics of the cavity output power for different detunings
are shown in Fig. 4.11, with simulations in panel (a) and experiments in (b). The power data
is aligned by the peak values along the time axis to reduce variations from the random lasing
delays. The lasing delays are instead indicated by the green points, which show the mean
value and standard deviation within a given bin of cavity detunings. 801 simulations were
run for continually varying detunings between +2 MHz. For the experiments, time traces
were instead recorded in steps of 100 kHz, and 50 traces are distributed continuously for each
100 kHz along the detuning axis. Due to the high amount of information in the data, these

experiments have served as one of the main benchmarks of the numerical model.

1st lasing pulse 2nd 3rd

2+
——
—_——
eem
-

- -

1+ e

~~ -

N o
:I: T -
= <

-..
N—" 0__ e
5 3
\m 1 'f.'_
I3 e
2o} —y—
-
1+ L
_-.—
-
1 o
_—._
—r
-2 t t t } } } } }
S5 4 3 -2 -1 0 1 2 3
2+
=
—, w—
—_——
- _.—
—
-
e
L7 B
EN o\
- __‘.:
E -
~— :‘1-—

e 07 Eis
&\ r Jall
~ 1L _:r

G i
o .-

14 =
) ——
——
] s
- —'—
—'-
— =
- -
-2 t t t t t t t

- 4 -3 -2 -1 0 1 2 3

Figure 4.11: Dynamics of the cavity output power for different cavity detunings, (a) simu-
lations and (b) experiments (date: 13/11-2018). The data is aligned by peak output power.
Green points with error bars indicate mean values and standard deviation of the time at which
the pump pulse ends for a bin of time traces. The white curves show fits given by to+a - 62.

Figure adapted from [54].

1500

71000



C. 4 Superradiant crossover pulses from a mK atom cloud P. 81 of 169

Over-all we find a good agreement in the qualitative variations of pulse shapes across the
different detunings. Afterpulses are prominent for detunings greater than a few hundred
kHz. Near 0.5 = 0 and ¢t = 0.8 ns we see a zero-intensity “hole” in the output power,
breaking up the pulse shape seen at larger detunings into two pieces. This is a signature
of the finite temperature, which caused the fast velocity-groups to get out of sync with the
slow groups as we saw in Fig. 4.10(a). When the cavity detuning is finite, the slowest atoms
can synchronize with a larger range of atoms such that the tiny secondary pulse is avoided.
This pattern is repeated in the later afterpulses near zero detuning. The frequency of the
output power oscillations increase slightly with cavity detuning until near 1 MHz. At larger
detunings the abundance of atoms with matching Doppler shifts becomes too low, resulting
in lower gain, slower pulse buildup and increasingly smaller pulses. The range of detunings
supporting lasing spans about 2 MHz in this regime, but this depends on the number of
atoms and temperature, among other parameters.

The frequency of power oscillations is on the order of 1 MHz, but varies significantly over time
and with detuning. Similar oscillations have been observed for a single atom interaction with

a cavity [142], with oscillations in the emitted power at a rate corresponding to |/4g% + (5§E.

For an ensemble of N atoms the scaling extends with g.r¢v N [141], where g. sy is an effective
coupling accounting for the variations in g. Considering again the effective atom number from

Eq. 4.6, Nesr = 5.5 105, we get 4Neffg§ff/27r = 1.9 MHz for 6. = 0. This is somewhat

higher than the observed frequency of oscillations, but also does not account for the finite
temperature and imperfect pumping, which reduces the pulse buildup and how many of the
atoms participate in emitting the pulses, as also discussed in Sec. 4.3. Finally we saw how
different velocity classes can emit asynchronously and break up pulses into multiple smaller
components for some detunings, highlighting the limitations of such a simple expression when
describing a thermal ensemble.

For the lasing delays, we see as in Sec. 4.3 that the delay is slightly lower for experiments
than simulations (~1.8 ps vs ~2.1 ps at d.p = 0), which could be due to the model neglecting
spontaneous emission into the cavity mode.

4.5.1 Cavity pulling

The beat signal presented in Fig. 4.8 is one example out of a data sample spanning cavity
detunings within +2 MHz. In Fig. 4.12 the final power spectrum from simulations (panel
(a)) and the full data sample from experiments (panel (b)) are shown. As in Fig. 4.11
the detuning in simulations is varied continuously, here in steps of 25 kHz, while for the
experimental data, 100 data samples are distributed around the nominal detunings where
they were taken, spaced by 100 kHz. The individual spectra are normalized by the peak
value.
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Figure 4.12: Power spectra of superradiant lasing pulses in the mK atom cloud at different
cavity detunings d.p, (a) simulations and (b) experiments. The spectra are normalized by
the peak value. Gray dotted line indicates a moving mean of the center of mass peak. Green
dashed line indicates a point in simulations where the peak frequency is locally insensitive to

changes in cavity detuning. Figure adapted from [59].

These spectra enable us to characterize cavity pulling in the system. The local sensitivity
of the lasing frequency to changes in cavity detuning is given by ¢,y = dép/dé.p. We can
characterize the lasing spectrum both by its peak and ”center of mass”, where the frequencies

are weighted by intensity.

Considering the center of mass (gray dotted curves in Fig. 4.12), we find a gradual variation

with cavity detuning. Near d.p = 0 we find cgu"l]l‘/[ = 1.5, but as the detuning is increased,

ngi)ljlw gradually becomes lower, reaching a minimum value of 0.25 at £1.2 MHz detuning.
This is already a quite low value if simply comparing the 2.3 MHz Doppler width to the 620
kHz cavity linewidth. The dynamics in Fig. 4.10(b) (and other figures shown earlier for 1
MHz detuning) are representative of this regime. For larger detunings the gain is too low to
build up an intracavity field that can interact significantly with the slowest atoms, such that

the pulse is emitted by an increasingly narrow range of velocity classes with Doppler shifts
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closer to the detuning. As a result cavity pulling increases again in this regime.

If we instead consider the peak, we find that cavity pulling varies significantly with the
detuning. Around é.p = 0 the peak frequency jumps rapidly between +150 kHz, so the pulling
coefficient CZZ‘;;C is even greater than 1. However for d.p/2m = 4300 kHz the simulations

indicate that cgz(lllk = 0 (marked by the green dashed line in Fig. 4.12(a)). This occurs due to
the interplay between the different velocity groups in a thermal ensemble of narrow-linewidth
atoms. Fig. 4.13 shows how the absorption and emission varies across velocity groups in this
intermediate regime between the examples in Fig. 4.10.

(a) 8.5/2n = 150 kHz (b) 6.5/2m = 300 kHz (¢) 8.g/2n = 450 kHz 1000
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Figure 4.13: The mean absorption and emission rates of an atom during superradiant lasing
pulses at three different cavity detunings in a regime where CZZ‘;;C = 0. The right azxes show
corresponding Doppler frequencies to the left velocity axes. The cavity detuning (green dashed
line) and evolution of the peak lasing frequency (red curve) during emission is shown. Slow
atoms pull the lasing peak closer to the atom transition during the afterpulses.

In this detuning range, the main lasing pulse is pulled towards the cavity resonance by a
factor 0.6, but during the afterpulses, emission by slow atoms pulls the peak to vg+150
kHz in all three cases. It highlights how atoms with narrow linewidths can be exploited in
systems with complex dynamics, in ways that are not obvious e.g. from simply considering
ratios between linewidths in the system. The lasing pulses here last only a few ps, so the
linewidths are not metrologically interesting. However the considerations could be applied to
systems with narrower transitions and possibly even continuous systems in the superradiant
Crossover regime.

The features in the experiments are not quite as clear as in the simulations, though the general
structures persist. In particular the cavity lock PDH signal showed significant fluctuations,
potentially due to frequency instabilities in the 689 nm Master Laser. This caused fluctuations
in the pump pulse efficiency and in the cavity detuning from the nominal values, which are
expected to be the main reasons for the reduction in the experimental data quality compared
to the simulations. As a result individual laser pulses compare relatively well with simulations,
but tend to vary more, and in many cases clearly correspond to the spectra seen at detunings
shifted up to a few hundred kHz from the nominal value.
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4.5.2 Cavity noise suppression

As proof of principle we investigated the performance of the system as an active frequency
reference based on the peak frequency of the experimental laser spectra in Fig. 4.12(b).
The standard deviation of the peak frequencies are plotted in Fig. 4.14 for varying cavity
detuning. Outliers are discarded based on a 50 criterium, which primarily filters away data
where lasing pulses did not build up at all. The experimental results can be compared to
variations expected from simulations (curves), assuming that random, Gaussian fluctuations
in cavity detuning is the only source of variations in peak frequency. The curves are based on
Monte-Carlo sampling of the lasing peak frequencies from a distribution of cavity detunings
centered on the nominal values along the x axis. 1000 samples are included for each point in
the curves, and the detunings are not fixed to the particular values of the simulations, but
also include values in-between, for which the peak frequency is interpolated.
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Figure 4.14: Standard deviation of the peak frequency of lasing spectra in experiments (purple
points with error bars indicating the standard deviation within a sample) compared to simula-
tions from Monte-Carlo sampling of cavity detunings within a Gaussian distribution (curves,
dark gray: o = 30 kHz, orange: 100 kHz, light gray: 300 kHz). Figure adapted from [59].

We find that the variations in peak lasing frequency are reduced significantly at detunings
on the order of 300 kHz, where cavity pulling is lowest, and increase significantly for large
detunings and near zero, where cavity pulling is highest. However the variations also deviate
from the curves based on simulations. This could be due to other sources of fluctuations
present in the experiments, such as variations in excitation due to frequency fluctuations of
the Master Laser, and of atom number due to drift of the repumping lasers and variations in
the 461 nm laser power and frequency.



CHAPTER

Superradiant lasing in the
upgraded atom cloud machine

In this chapter we will explore superradiant lasing in the atom cloud machine presented in
Chapter 3 in new regimes which were enabled by implementing second-stage cooling. First
we will look at superradiant lasing pulses in the crossover regime at pK temperatures, with
the atoms coherently pumped, just as in Chapter 4. Then we will use simulations to explore a
quasi-continuous regime, which is enabled by repumping the atoms incoherently and is being
investigated in the lab at the time of writing. Finally, we will look at the requirements to
realize fully continuous superradiance in the system.

5.1 Crossover pulses from atoms at pK temperatures

Here we will consider pulsed lasing in the superradiant crossover regime which can be real-
ized in the pK atom clouds trapped in the upgraded setup. Compared to the mK regime
where a Doppler FWHM of 2.3 MHz was realized, this can be reduced to 63 kHz at 3.6 nK,
much less than the 620 kHz cavity linewidth. Therefore thermal dephasing will play a much
smaller role compared to the behavior we saw in the mK regime. This applies both to lasing
pulses and during pumping - the mK ensemble required a pump pulse duration of the order
tp < 1/T'p = 430 ns to achieve inversion, which required a pump pulse power on the order
of 100 mW. At 3.6 nK the corresponding timescale is 2.5 ps, making pumping significantly
easier - close to 100% excitation can be achieved even for less than 10 mW, and a homogenous
beam profile across the cloud becomes the primary limitation. The cavity coupling still varies
greatly as atoms are distributed randomly on the wavelength scale. Similarly the variation
due to the 450 pm Gaussian waist is still significant, but smaller as the nK cloud radius can be
reduced to ~300 pm, and even less along the vertical axis. Therefore perfect synchronization
still cannot be expected for the pulses in the pK ensemble.

Fig. 5.1 shows simulations and experiments mapping out the cavity output power as function
of cavity detuning deep within the crossover regime at nK temperatures. The setup and model
for simulations is the same as in Sec. 4.1, only with parameters changed. For the atom cloud
parameters, temperatures of {T,,,Ty} = {3.6,2.6} mK, a cloud size of R,, = 310435 pm,
R, = 135£35 pm, and atom number of 11.5 £ 1.0 million were determined from absorption
imaging. However the energy contained in the lasing pulses range up to 15 - 10%Aw, and
considering the variations in cavity coupling, it is unrealistic that every atom emits a photon,
suggesting an even higher atom number. This discrepancy is attributed to saturation effects
at high densities, as the calculated atom number of a red MOT cloud can vary by a factor
~2 for an expanded cloud compared to a compact one. Therefore N = 18 - 10° was assumed
in the simulations, for which the peak output power agrees with the experiments.

85



P. 86 of 169 C. 5 Superradiant lasing in the upgraded atom cloud machine

The pump pulse power at the atoms was estimated at 1842 mW. The beam profile is shown in
Appendix A.5 and can be well approximated by a Gaussian with waists of 2.97 and 3.12 mm
along two axes. However the resulting Rabi frequency for these pumping parameters implies
a 7 pulse duration of 660 ns, significantly shorter than the 1030 ns used in experiments. This
may be attributed to beam misalignment and polarization imperfections in the experiment.
Based on this an effective pump pulse power of 7.6 mW was used in simulations, for which
the 7 pulse duration is in agreement with the known pulse duration.

ar —1 5000

3 12000

2+ 11000
~ ]
= 1500
S 1r 1
bo —
2 1200 E
s 0 ~
ja 4 ©
= E 100 A,
= ]
2 150
S ]

2r T

420
3L 110
_4 | | | | | | | | | | | | | | _- 5
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8

41 —1 5000

3 12000

2 11000
~ Ny
= 1500
=l '
bo Ve
= 1200 \%
= 0r -
o N
e} E 100 A,
> ]
=-1r ]
% 150
3 ]

2r T

420
3L {10
_4 I I I | | | | | | | | | | | _- 5
6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 17 8

Time (ps)

Figure 5.1: Time-evolution of the cavity output power for different cavity detunings. The time
traces are aligned with the peak output power at t=0. The mean value and standard deviation
of the end time of the pump pulses relative to the peak power are indicated by the green data
points and error bars. (a) Simulations, (b) Experiments (date: 04/05-2022)
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In this regime the single side output power reaches up to 5 pW, and there are rapid oscillations
(~2 MHz) compared to what we saw in Fig. 4.11 for the mK ensemble. This implies the
effective gv/N is much greater than x and other linewidths in the system. Another difference
from the pulses in the mK regime is the broader range of cavity detunings facilitating pulses,
here up to 3.5 MHz. This range strongly depends on the atom number (see e.g. examples
in Appendix A.6) - a larger collective coupling rate enables the ensemble to build up a pulse
despite a larger mismatch between the gain and cavity resonances.

The lasing delay in simulations is about 600 ns at d.r = 0, and the over-all variation with
detuning is similar, except at large detunings, where the peak output power may be dominated
by noise rather than lasing pulses. There are also some qualitative differences in the dynamics,
especially at positive detunings. For detunings between 3 and 4 MHz there pulses which are
much shorter and less sensitive to cavity detuning than in the simulations. These are most
likely emitted by another Zeeman sublevel of 3Py, which could be excited due to the imperfect
pump pulse polarization. At smaller positive detunings interference effects between pulses
from the different Zeeman levels might explain some of the qualitative differences between
simulations and experiments in this range.

The power spectra of the simulated lasing pulses within this range of detunings are shown in
Fig. 5.2.
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Figure 5.2: Variation of the normalized power spectrum with cavity detuning d.g from sim-
ulated lasing pulses in the superradiant crossover regime at 3.4 uK. The gray dotted line
indicates the intensity-weighted center of mass of the spectrum.

Compared to the pulse spectra in the mK regime, the center of mass of the spectra (gray
dotted line) varies far less with cavity detuning - the local pulling coefficient Cgﬁl\/] is ap-
proximately 0.018 within detunings of £500 kHz, then increases gradually to 0.035 at +2.8
MHz, beyond which it increases more rapidly as the oscillations die out and pulse amplitudes
decrease. The peak of the lasing spectrum is consistently shifted with a sign opposite to
the cavity detuning, with a jump from +340 to -340 kHz occuring at d.z=0. This splitting
corresponds to the period from the main pulse to the afterpulse at t=1.5 ps for §.=0 in Fig.
5.1(a). Here the main pulse has a ”shoulder” with the same phase, while the afterpulse at
t=1.5 ps has the opposite phase. Changes in e.g. atom number or excited population can lead
to regimes more similar to the dynamics in Fig. 5.1(a) where afterpulses are more heavily
suppressed, if the initial lasing pulse and shoulder efficiently de-excites the ensemble. In these
cases the spectral peaks join together around d.5=0 instead of splitting. Some examples of
these variations in the dynamics within the crossover regime and the transition to the pure
superradiant regime are also shown in Appendix A.6.
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Besides from the jump, the lasing peak frequency varies in a more simple manner with de-
tuning than what we saw in the mK pulses, as the atoms with different velocities synchronize
to a higher degree. Similarly to the mK pulses, there is also a range of detunings where the
peak frequency locally does not vary with cavity detuning to first order, here at +600 kHz.

5.2 Simulations of quasi-continuous superradiance

In this section we will consider quasi-continuous superradiant lasing which can be realized in
the setup by continually repumping the atom cloud. To simulate this we model repumping
as inverse spontaneous emission at a uniform rate wg, from 1S, to 3Py m =0:

() == (00 24 ) (o) + i) (o) = (o)
(L) == eq (oLe) + wye oy +ig? ((a') (oh) = (a) (o))
. . K Yoo (5.1)
@ == (0t 3) 0= i (ohe)
(i) == (z’a’;p + Ff‘) (fi) gy (a)

First it is worth considering the physics that the repumping term wgy. represents. To realize
this requires a concrete scheme, where we here assume pumping to *P; mj=-1, then 3S;
mj=-1, from which atoms decay into the 3Py, 3P and 3Py manifolds. If they do not decay
into *P; m =0 at first, 679 and 707 nm lasers pump them back to 3S; until they eventually
end up there. The laser-driven transitions between Zeeman levels are depicted in Fig. 5.3(a),
for a choice of laser polarizations we will also consider in later chapters. Modeling all the
transitions between these Zeeman levels as discrete jumps based on probabilities from rate
equations, we can determine how atoms will be transferred between the different states during
repumping. Defining pumping rates of 2 - 70 kHz from 'Sy to 3Py mjy=-1 and 5 MHz for the
other transitions, the populations in a sample of 10° atoms evolve as shown in Fig. 5.3(b)
when the decay of the target state 3P; m =0 is set to zero. During such a repumping cycle
the number of photon recoils are shown in the histograms in Fig. 5.3(c).
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Figure 5.3: Quantum jumyp simulation of rate equations when pumping from 'Sy to 3Py mj=0.
(a) Zeeman-transitions driven by lasers, (b) populations in the simulation with decay from
3P) my=0 set to zero (using the same colors as the states in (a)), (c) histogram of the number
of recoils during the transfer to 3Py mj=0.
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Here we see that for this repumping scheme, a given atom is subjected to 8.1 photon recoils
from the pumping lasers on average, and 7.1 subsequent recoils from spontaneous decays. For
this choice of repumping transitions the recoil statistics are independent of the repumping
rates except for the rate from 3P; my=-1 to 3S; mj=-1. Here atoms may fall back to 'Sy if
the pump rate to 3S; is lowered to the magnitude of Yeg/2m = 7.5 kHz.

One recoil kick at 689 nm corresponds to a velocity shift of hw/mec = 6.6 mm/s. Approx-
imating all the recoils by 689 nm photons, we can find the mean momentum diffusion rate
from spontaneous emission [104, p. 247] during repumping (assuming the rate wg. represents
the whole repumping cycle, neglecting any delays primarily from the 3P1-1Sy transition):

D = kswgeh*k?, (5.2)

Where ks = 7.1 is the number of spontaneous decay events per repumping cycle. We will
consider blue and red MOT cloud parameters at 5 mK and 50 pK respectively, for which
Vrms = 1.2 or 0.12 m/s, for comparison. The momentum diffusion grows as /(p%) = vV Dt,
which we can use to find the timescale on which spontaneous emission changes the tempera-
ture comparably to the initial value, based on v,m,s:

P5) 1 3mc*kpT 1

- . (5.3)
h2k2 kswge h2w2E kswge

Ts =

For a relatively high repumping rate of wye = 107,y = 27 - 75 kHz this gives 50 pK and 5 mK
on the order of 100 pK and 10 ms, respectively.

5.2.1 Quasi-continuous pulses in the pK regime

Here we will consider a few examples of quasi-continuous lasing in a red MOT cloud with
N = 107 atoms, starting with 7' = 50 pK and o = 300 pm. Photon recoils from repumping
are included in these simulations, influencing the motion of atoms. This is done by applying
photon kicks based on tracking the population change due to repumping, as described in
Sec. 2.5. Gravity is neglected in the model, and recoils from the repumping laser beams are
applied along the y-axis (vertical) with balancing forces. In an experiment the power balance
from the two laser beam directions can simply be adjusted to counteract the force of gravity.
We will consider a situation with a constant cavity detuning of 300 kHz to see how cavity
fluctuations can influence the lasing spectrum.

In Fig. 5.4 the dynamics are shown for wg./2m = 75 kHz. The evolution of the z-axis
temperature of atoms within the cavity waist radius, 7V, is shown in panel (a), and the
total cavity output power is shown in panel (b). As atoms move outside the cavity waist and
the temperature increases, the power drops, which slows the rate of transitions (2g/n) from
3P to 'Sg. This in turn slows the total repumping cycle time and the increase in temperature.
In panel (c) snapshots of the spatial evolution of the atom cloud in the zy-plane are shown
for t = {0.1,2.0,3.0} ps. The cavity waist is indicated by red dashed lines, and the atoms are
color-coded by their state (*Py: red and 'Sp: blue). Here we see how the inversion increases
spatially with time as gy/n decreases.

A spectrogram is shown in panel (d), normalized by the peak PSD during the simulation. The
window duration is chosen as 10 ps. The lasing frequency is initially shifted by 80 kHz from
the atomic transition, giving cgull:0.27. However as the cloud expands and the temperature
increases, cavity pulling also increases gradually, so the lasing frequency slowly chirps closer
to the cavity resonance. This gives a 70 kHz-wide "pedestal” in the final spectrum (panel
(e)) containing most of the energy. After 2.2 ms oscillations in the output power start -
here atoms no longer synchronize across velocity groups, and instead a subset of atoms begin
lasing at a frequency 380 kHz from the atomic transition (this component is very faint in the
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spectrogram). At this point the main frequency component stops pulling towards the cavity
resonance, but remains more steady. This gives rise to the largest peaks in the spectrum -
one at 07, /2m = 143 kHz and another one at 153 kHz.

The faint sideband pulls towards the main peak and gives rise to a broad feature in the
final spectrum, containing only 1% of the energy. Oscillatory regimes with multiple spectral
components have been described in [87] in a continuous system based on a beam of hot atoms.
A simple criterium arises when an atomic beam with uniform velocities is simply slanted
with respect to the cavity axis, as in [89]. Here oscillations arise when the atoms move
across more than half a wavelength along the cavity axis (such that the coupling changes
sign) during the transit time. In our system the corresponding criterium is whether atoms
in the ensemble tend to move more than \/2 along the z-axis during the emission timescale
(2g+/n/2m)~1, as they are continually repumped. At ¢t = 2.2 ms the Doppler FWHM has
reached 710 kHz, while the cavity photon population has decreased to n = 1.2-10°, giving a
maximum 2go+/n/2m = 560 kHz.
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Figure 5.4: Dynamics in quasi-continuous superradiant lasing in a red MOT cloud. (a)
Time evolution of the temperature along the cavity axis, for atoms within the cavity waist.
(b) Cavity output power. (c) Expansion of the cloud during emission - 1Sy atoms are blue,
3Py are red. (d) Normalized power spectrogram during emission. (e) Final power spectrum
of the entire pulse (dark blue curve), compared to initial and final Doppler widths (medium
and light blue) and the cavity resonance (orange).
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We can compare the dynamics for a lower repumping rate wge = 27 - 15 kHz. The panels in
Fig. 5.5 present the different dynamics in the same way as in Fig. 5.4. The lower repumping
rate gives rise to a much smaller increase in temperature (panel (a)) and a lower output
power (panel (b)). As a result the pulse duration is extended from 4 to 5 ms. In panel (c)
the slower cloud expansion is illustrated, again for ¢ = {0.1,2.0,3.0} ps. The spectrogram in
panel (d) shows several different components, appearing with the oscillations already after
just 50 ps. Here the Doppler FWHM is only 240 kHz, but with n = 3.6 - 10* the maximum
Rabi frequency is also comparatively lower at 2goy/n/2m = 310 kHz, so narrower ranges of
velocity classes can synchronize, and the dynamics eventually become chaotic. The resulting
spectrum in panel (e) is much more noisy, but at the same time lacks the very broad pedestal
we saw in Fig. 5.4(e). The largest peak is at 6 = 27 - 67 kHz and has a FWHM of 540 Hz,
but contains only ~15% of the energy. 50% of the energy is contained within the major peaks
between é;, = 55 kHz and 70 kHz.
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Figure 5.5: Dynamics in quasi-continuous superradiant lasing in a red MOT cloud. (a) Time
evolution of the temperature along the cavity axis, for atoms within the cavity waist. (b) Cavity
output power. (c¢) Expansion of the cloud during emission - 1Sy atoms are blue, 3Py are red.
(d) Normalized power spectrogram during emission. (e) Final power spectrum of the entire
pulse (dark blue curve), compared to initial and final Doppler widths (medium and light blue)
and the cavity resonance (orange).

These quasi-continuous pulses are dominated by features with widths significantly greater
than the Fourier limit due to the changing conditions during the dynamics and the finite
cavity detuning. If the detuning could be kept within a narrow range around zero, changes in
cpuyr Would cause the frequency to wander less during the pulse, and narrower features could
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be expected. Additionally the atoms might also be used in a ”smarter” way that reduces
changes in ¢y, by cancelling out some of the changes that are caused by the cloud expansion
and heating. For example, trapping a cloud a bit off-center from the cavity and creating a
slowly increasing atom density within the cavity might largely cancel out the changes in ¢,y
we saw here were caused by expansion and heating. This may also allow for linewidths closer
to the Fourier limit.

5.2.2 Quasi-continuous pulses in the mK regime

As an alternative we can consider quasi-continuous pulses in a blue MOT cloud with
N = 105-10° atoms, og = 0.9 mm and 7" = 5 mK. The higher initial temperature implies
a smaller relative change in the conditions due to heating from repumping. We consider a
high repumping rate of 75 kHz again. The repump heating timescale of 10 ms (about four
times the pulse duration) motivates recoils not being included in this model. Additionally
the atom group approximation (Sec. 2.7) is used, with 28 atoms/group for these simulations.

In Fig. 5.6 the dynamics are shown for zero cavity detuning. The repumping rate puts
the system in a regime with cavity output power of similar magnitude to the pulses in
Sec. 4.5. From the emitted power during oscillations after the initial settling we can find
(vn)? = 3.9 105, which gives 2go (v/n)” /21 = 1.0 MHz, significantly smaller than the
Doppler FWHM of 2.3 MHz, so here we get multiple frequency components from different
velocity classes from the very beginning, close to d;, = £2g.¢f (\/ﬁ>2 = 27-510 kHz. Because
the cavity detuning is zero, the central component is not influenced by cavity pulling. This
gives a central peak which has a FWHM of 680 Hz and contains 65% of the spectral energy.
Once the density becomes sufficiently low, the system transitions to a chaotic regime, and
then to two symmetric components. These regimes were also found in [87, Fig. 8] occuring
for increasing thermal widths in a continuous beam with constant density. They arise here
as function of time because of the gradually decreasing emission timescale (due to decreasing
density) relative to the thermal width.
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Figure 5.6: Quasi-continuous lasing dynamics in a blue MOT cloud at zero cavity detuning.
(a) Cavity output power, (b) normalized power spectrogram, (c) final power spectrum.
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In Fig. 5.7 three examples show the dynamics for cavity detunings of 200, 300 and 400 kHz -
the ”cavity-immune” regime in Sec. 4.5, according to the peak frequency of the pulse spectra.
The finite detuning changes the relative size of the two sidebands, but also generally shifts
the frequency of them. The change in density further shifts them over time. However there
appears to be one exception - the central frequency component in panel (a) does not shift
systematically before the chaotic regime beginning after 800 ps. This gives a component at
0r/2m = 226 kHz with a FWHM of 1.5 kHz and could be an interesting candidate for a
component that is immune to small fluctuations in the cavity detuning.

Another interesting feature within this range of detunings is that the triple-peaked con-
figuration is especially stable around 6. = 27 - 300 kHz - at other detunings, chaotic or
double-peaked lasing occurs at some point during the cloud expansion.
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Figure 5.7: Spectrograms (left) and final normalized power spectra for cavity detunings of
(a) 200 kHz, (b) 300 kHz and (c) 400 kHz. The frequencies of the peaks are influenced by
different cavity pulling coefficients as the density decreases, broadening the spectral features.
Around 300 kHz the triple-peaked configuration is especially stable - at other detunings, chaotic
and double-component lasing occurs during the cloud expansion.

As for the red MOT cloud examples, a finite cavity detuning also appears to broaden any
spectral features from a blue MOT cloud. Also here a strategy to reduce this effect would
be to create as constant conditions (atom number and temperature) within the cavity waist
as possible during the pulse. This would simultaneously prevent the jumps from triple-
peaked lasing to chaotic or double-peaked lasing, which limited the laser linewidth for the
zero-detuning case. If this can be realized, the laser pulse linewidth Av could approach the
Fourier limit set by the pulse duration for both the red and blue MOT cloud parameters - on
the order of a few hundred Hz. This still requires the cavity detuning is kept within cp,; - Av
for the duration.
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5.3 Requirements for steady-state superradiance

By trapping a blue MOT cloud above the science cavity with a power imbalance that redirects
the atoms through the cavity, continuous superradiance could potentially be realized in the
machine. The atom temperature could be reduced further using a 9.8 MHz-wide transition
from 3Py to 5s5d ®D3 at 604 THz (see Fig. 1.1) - this has been demonstrated in [22]. To
investigate the requirements for this, we will assume the atoms are continuously repumped
at a uniform rate while propagating through the cavity (as in Egs. 5.1), and omit recoils
from repumping. We assume the atoms can initially be described as a uniform beam, using
the model for propagation which is presented in detail in Sec. 7.1, here with 7, = 5 mK
along the propagation axis, and a radial temperature in the range of 0-5 mK. The atom flux
in the model is defined by the number of atoms starting within |y| < W at a distance of
x = —1.5W from the center of the cavity, but the total number of atoms in the simulation is
higher, as they are generated uniformly within |y| < 1.5W. The atom group approximation
is used here, with 10 atoms/group for fluxes below 10° s~! and 100 for higher fluxes.

In Fig. 5.8 the total cavity output power is plotted as function of the atom flux and repumping
rate wg, for different radial temperatures. For emission to occur, ~ 10% atoms/s are required
through the cavity mode at 0 K (~ 6 - 10* within the mode in steady-state), increasing to
3-10° s~ at 5 mK. At higher temperatures, higher repumping rates are required for an
optimal output power. The required atom flux is of the same order of magnitude as the peak
loading rates for blue MOT clouds, so continuous operation is realistic if they can be funneled
and cooled efficiently. Decoherence from stray light at 461 nm presents a risk, and an impact
could be expected on the power in Fig. 5.8 if the decoherence rate grows to the order of the
repumping rate (see e.g. more detailed considerations for the hot beam system in Sec. 7.2.3).
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Figure 5.8: Total cavity output power in simulations for different repumping rates wgye, tem-
peratures (a-d) and varying atom fluz, assuming a continuous atom source in the atom cloud
machine.



CHAPTER

Machine for continuous
superradiant lasing at UvA

In this chapter we will look at the progress of build-
ing a continuous superradiant lasing machine (SRLM) )

at the University of Amsterdam. Here I was on sec- S;le.l?ce

ondment for six months and joined the Strontium v .> ()
quantum gases group', headed by Florian Schreck, _
shortly before the assembly of the SRLM began. Pumping
In addition to Florian I also enjoyed working with

Transverse
Camila, Francesca, Sheng, Zeyuan, Stefan, Benjamin cooling
and Shayne on the project. The goal of the SRLM
is to realize a proposal for continuous superradiance Atomic
based on a hot atomic beam [86], in our case using the Oven | 2o

1Sy-3P; transition in 88Sr. The proposal is illustrated
in Fig. 6.1. Here an atomic beam emitted from an
oven is transversely laser-cooled, then pumped to the
excited state before passing through an optical cavity.
This is a simple system compared to other continu-
ous schemes based on ultra-cold atoms transported
through optical lattices. Since the scheme has no in-
termediate trapping and transfer stages, which tend
to be lossy, it allows for a large atom flux through the
cavity and a high output power. The full experimen-
tal system involved in realizing this proposal consists of extensive laser systems in addition
to the machine itself, but here focus will be on the core machine and selected parts that I
worked on. In addition we will also use numerical simulations to explore the pumping stages
in the machine, where the atoms are prepared before they reach the cavity.

Figure 6.1: [llustration of the pro-
posal for superradiant lasing based on
a hot atomic beam. Atoms from an
oven are transversely cooled and then
pumped to the excited lasing state be-
fore entering the cavity for superradi-
ant emaission.

6.1 Monitor cavities

Six monitor cavities were assembled for monitoring the spectral components of laser beams
in the lab. These cavities are peripheral systems, supporting but not directly involved in
the SRLM. They consist of two mirrors separated by a spacer, with one mirror mounted on
a piezo so that the cavity length can be scanned. They are designed to have a relatively
small finesse (F'~240 at 461 or 689 nm and L=10 cm). This means the piezo can be used
to continually scan on the order of an FSR, and a single-frequency input beam will then
give a Lorentzian peak in the cavity transmission. If the input beam instead has multiple
frequency components, the cavity transmission will have peaks of varying size from each of
these components. This makes the cavities a useful tool to monitor whether laser injections
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and locks are stable or have failed, which are common sources of problems in a setup.

The setup for assembly is shown in Fig. 6.2(a). A laser beam was sent through the cavity
during assembly, while monitoring the transmission on a photodiode and beam profiler. The
cavity mirrors were initially held in mounts fixed on translation and rotation stages. Cuts in
the mounts give space for gluing the mirrors onto the cavity assembly. For gluing we used a
two-component epoxy glue. First the piezo side mirror was glued (right side on the figure),
after verifying that it was as centered as possible on the cavity. After the glue dried, the
second mirror was moved into position (left side in the image, hidden by the holder) while
scanning the piezo. The cavities are designed for a confocal arrangement, so when the second
mirror is too far from its desired location, spatial modes show up with different resonance
frequencies in the transmission while scanning. As the mirror is moved to the correct distance
from the other, the modes in the transmission merge together (see e.g. similar behavior near
the concentric configuration in [143, p. 10]). This configuration helps to ensure that different
peaks encountered while scanning originate from different frequency components rather than
simply transverse modes. After finding this position the mirror alignment was fine-tuned to
achieve the narrowest possible linewidth, then the mirror was glued. The process of gluing
can be tricky with a horizontal cavity, and depending on the viscosity of the glue, gravity
can be a disturbance when placing it on a downwards-facing side.

In Fig. 6.2(b) a breadboard is shown with two monitor cavities mounted and intended beam
paths highlighted. The optics are designed such that beams from three fibers can be coupled
into each monitor cavity and monitored on the same photodiode.

Figure 6.2: (a) A monitor cavity being assembled, with one mirror glued onto the piezo in the
right end. (b) A breadboard for two monitor cavities with optics being assembled and beam
paths highlighted. Each cavity is used to monitor up to three fiber-coupled laser beams.

6.2 The science cavity

The science cavity is a core component of the SRLM and its assembly and properties are
described in this section. The cavity spacer is a custom design by Shayne Bennetts and is
made of Macor glass-ceramic to keep the intra-mirror distance steady. One mirror is glued
directly onto the spacer, and the other is glued onto an assembly of two piezo-electronic rings
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and additional spacers. In this configuration the cavity becomes longer when the outer/inner
piezo respectively expands/contracts, which helps to cancel out some of the nonlinear behav-
iors of the piezos. The glue used for the assembly is Epotek ND353, which must be cured
at 80-150 °C for a certain duration depending on the temperature [144]. This glue initially
becomes less viscous as it is heated up, but subsequently hardens and gains an amber color.
In the assembly process the parts were first cleaned with acetone and ethanol. Then, over a
couple of rounds, the pieces were glued together and heated up in an oven to cure the glue,
except for the final mirror to be glued directly onto the spacer. This initial assembly process
is shown in Fig. 6.3.

Figure 6.3: Assembly of the science cavity. (a) Gluing of the inner piezo ring and cavity
mirror, and items added to apply force while heating the glue. (b) The cavity spacer and
outer piezo ring. (c¢) Combination of spacer, piezo stack and mirror.

After the assembly, wires were soldered onto the piezos, and it was placed into a setup built
for securing the second cavity mirror (Fig. 6.4). Based on the experience in Sec. 6.1, this
setup was designed such that the mirror could be aligned and glued with the cavity oriented
vertically. Due to the requirements of the glue a ”curing oven” was designed, surrounding the
assembly with aluminium plates which had resistors mounted onto them. The oven base was
isolated with wooden spacers from the steel posts mounted onto the breadboard. This helped
to reduce thermal conduction from the oven part to the optical elements and to minimize
disturbing the laser beam path while curing the glue. Three thermistors were glued onto the
oven to monitor the temperatures at the top, bottom and side.
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Figure 6.4: Final assembly and glue curing of the science cavity. (a) The glue curing oven
assembled around the cavity and illustrated beam paths for alignment. (b) The inside of the
empty curing oven. (c) The cavity assembly within the oven after completing the cure. (d)
View of the assembly from below during curing. (e) The assembly covered with EPS pieces
during curing.
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The cavity mirror could be aligned using a holder with both translation and rotation degrees
of freedom. However, during alignment, it proved to be enough to detach the mirror, letting
it rest on the spacer and push it gently around with the horizontal translation degrees of
freedom. This approach also reduced the risk of the holder exerting forces on the mirror
after gluing, during heating or detachment. The cavity transmission was monitored both
using a photodiode and a beam profiler, and the mirror was glued onto the spacer with three
drops after ensuring a maximum TEMOO mode with the narrowest linewidth. Then the top
of the oven and the resistors were fastened, and the assembly was isolated further using some
pieces of EPS foam (seen in Fig. 6.4(d) and (e)). The resistor power dissipation was then
controlled while monitoring the thermistor temperatures, shown in Fig. 6.5. The monitored
beam profile changed slightly during heating, which was attributed to the thermal effects on
the setup and beam path. This was indicated by the fact that the changes could be reversed
by slightly adjusting the input mirror. They also consequently reversed again while the setup
cooled down. Parameters of the completed science cavity are given in Table 6.1.
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Figure 6.5: (a) Temperatures measured near the cavity while curing the glue, and (b) the
power dissipated in the three resistors mounted onto the glue curing oven. The heating power
was adjusted to avoid too large temperature gradients that might damage the cavity.
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Atom-cavity coupling go/2m 11.28 kHz

Finesse F 101.6 + 0.6 [145]

Free spectral range FSR 5.479 £ 0.001 GHz [145]
Length L 27.358 £ 0.005 mm
Linewidth (FWHM) K/2m 53.9 £+ 0.2 MHz [145]

Mirror radius of curvature 100.0+0.5 mm (manufacturer)
Mirror reflectivity 96.96%

Purcell rate (4g3/K)/2m | 9.437 Hz

Single-atom cooperativity | C 1.264 - 1073

Waist radius w 86 pm

Table 6.1: Parameters of the SRLM science cavity.

6.3 The superradiant lasing machine

After completing the science cavity, the piezo wires were soldered onto feedthrough wires, and
the cavity was placed within a holder, resting on viton balls (we were forced to place these a
bit differently than planned). The science cavity assembly was then lowered into the science
chamber, shown in Fig. 6.6. Later an anti-laser part was also mounted at the top of the
machine (seen in 6.6e), which is part of a separate project to investigate anti-lasing/super-
absorption (see e.g. [146, 147]). The quality of the many vacuum sealings were then checked
using helium and a mass spectrometer at the vacuum pump. By blowing helium gas at a
vacuum seal, this will diffuse into the mass spectrometer (on the order of some seconds,
depending on the pathway to the pump) and be detected if there is a leak. Small leaks
can still be a bit tricky to detect with this method, especially around windows, because the
helium can also diffuse through the windows.

Figure 6.6: Mounting the science cavity inside the SRLM. (a) Placement of the cavity. (b) Sol-
dering of piezo wire connections. (c¢) Lowering the cavity assembly into the vacuum chamber.
(d) First observation of light transmitted through the science cavity within the SRLM. (e) Leak
testing the vacuum with helium.
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The final step to complete the vacuum assembly was installing oven and heat shield parts and
loading strontium into the oven. The loading process is shown in Fig. 6.7. For superradiance,
atomic strontium is needed, but it oxidizes in contact with oxygen. Therefore the strontium
must be stored in an inert gas until it is used, and the duration in contact with oxygen must
be minimized, with our target being 15 minutes from breaking the jar until pumping vacuum.
After this was completed, the machine was placed inside a large oven and baked in order to
speed up gas release within the machine, which would otherwise be released on much longer
timescales and degrade the vacuum quality. After baking, the machine was finally mounted
onto breadboards for optics in the lab, while the electrical connections to the oven were
completed.

Figure 6.7: Final assembly of the SRLM. (a) Strontium. (b) Loading strontium into the
machine. (c) Preparing the machine for bake-out. (d) The machine within oven for baking.
(e) The SRLM after assembly, lower part: heat shields and oven exit, center: Shayne, upper:
science cavity. (f) Completion of oven connections and mounting onto breadboards.
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6.3.1 Transverse cooling optics

A setup was built to transversely cool the atoms escaping from the oven down to the mK
range. Optics plans (designed by Francesca Fama) were laid out for cooling along the parallel
and perpendicular axes with respect to the cavity axis. These schematics are illustrated in
Fig. 6.8, along with photos of the final breadboards in the setup (two breadboards of each
type were made and placed on opposing sides of the chamber).

In panel (a) the optics for cooling along the cavity axis are shown. The beam coupling out
of the fiber is first expanded and collimated, then downscaled horizontally and expanded
vertically using cylinder telescopes. This gives a narrow beam profile that only addresses the
part of the atomic beam that passes through the cavity. For the cooling beams perpendicular
to the cavity axis, an equally tall but much broader beam is necessary, motivating the design in
panel (b). This design recycles the power by making three passes before a final retroreflection
and allows stacking the beam profiles next to each other. The polarization is shifted during
each pass with waveplates. Panel (c), (d) and (e) show the transverse cooling system in
operation.

Figure 6.8: (a) Schematic and approzimate beam paths for cooling parallel to the cavity axis.
Two alignment mirrors flip the final beam direction after the breadboard. (b) Schematic for
cooling atoms in the perpendicular dimension to the cavity axis. The beam color is shifted to
distinguish the passes. (c-e) The transverse cooling system in operation.
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6.3.2 Cavity-coupling optics

Two breadboards were also designed with optics for coupling to each side of the science
cavity, which would enable PDH locking, probing the atoms, and detecting beat signals with
a reference laser. The PDH technique was previously described in Sec. 3.4.2. The very broad
linewidth x = 27X 53.9 MHz of the science cavity implies that the modulation frequency wy,
also has to be quite high to obtain a reasonable PDH signal slope. In Fig. 6.9 the normalized
PDH signal and maximum slope is shown for different values of w.,.
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Figure 6.9: (a) Normalized PDH signal (Eq. 3.12) as function of the laser detuning § from
the cavity resonance for different modulation frequencies wy,. (b) The maximum slope (at
0 =0) as function of wy,, normalized to the value for wy, — oo.

Based on this we aimed for a modulation
frequency of 40-50 MHz, as a balance be-
tween the frequency dependence of the slope,
detector efficiencies and possible noise from
other RF sources in the lab. An EOM was
assembled (Fig. 6.10) for frequency modu-
lating the laser beam to the cavity, and a
resonance circuit (see e.g. [133, p. 65-68])
was built for driving it, optimized for a res-
onance at 40.5 MHz.

The optics plans for the breadboards are Figure 6.10: EOM for generating sidebands at
shown in Fig. 6.11). One, in panel (a), in- 440 MHz used to lock the science cavity us-
cludes the EOM and PDH optics, and also ing the PDH technique. In the EOM the laser
has space for a detector for e.g. power mon- beam propagates through the elongated crystal
itoring. The other breadboard, in panel (b), with an apparent cyan surface.

is for overlapping the superradiant output

with a reference laser beam for beat signal detection. With two detectors a balanced detec-
tion technique can be used. This enables canceling out common noise and measuring smaller
signals than typically possible with a single detector. The beam paths are designed so that
the cavity can be mode-matched with the collimated beams from the fibers by using a single
f=400 mm lens positioned 215 mm from the chamber, neglecting disturbances by the window
(see Fig. 6.12).



P. 104 of 169 C. 6 Machine for continuous superradiant lasing at UvA

Figure 6.11: (a) Plan for cavity optics on the PDH lock side, including the 40 MHz EOM. (b)
Cavity optics plan on the reference laser and detection side. (c) Illustration of the mounting
plan relative to the vacuum chamber (other optics, e.g. the transverse cooling, are hidden).
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Figure 6.12: The beam waist radius (red) as function of position, and mode-matching to the
fiber-coupled beams on breadboards using a 400 mm lens.

6.4 Simulations of pumping and velocity selection stages

In this section we present numerical simulations of the pumping stages within the SRLM,
with the goal of illustrating the physics and describing the impact of laser parameters quanti-
tatively. Before entering the pumping stages, the transverse cooling stage helps to collimate
the atomic beam and cool the atoms to the mK regime transversely. Once the atoms are
cooled, they must be pumped to *P; my;=0. However the velocity distribution along the
propagation axis is still characterized by the oven temperature of several hundreds Kelvin.
The velocity distribution in the propagation direction (x) of such a thermal beam is given by
[148, p. 62]:

v3 v2

2 (kBJZ/m)2 P <_ 2/’%ﬂi;/m) ' (6.1)

This distribution has a most probable velocity given by vy, = \/3kpT,/m. The pumping
to 3P can be done coherently or incoherently, but due to the velocity distribution it would
be very hard to obtain a large inversion using coherent pumping in the form of a 7 pulse.
This would rely on letting atoms pass through a laser beam, and very slow atoms might get
a 27 pulse while very fast atoms get a 7/2 pulse. Another coherent pumping scheme could
be based on adiabatic passage, requiring spatial variations in the beam frequency which

fvz) =
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introduces other complications, and was not investigated in detail. Coherent pumping also
introduces a risk of the pumping laser influencing the phase and frequency of the superradiant
laser, and ideally, this should be avoided. Therefore plans were made for incoherent pumping,
using the 689 and 688 nm pumping scheme with 679 and 707 nm repumping demonstrated
in e.g. [60].

About 30 mm is left between the edge of the transverse cooling stage and the cavity mode.
This region was further divided into three regions to implement a velocity selection scheme
in addition to pumping (see Fig. 6.13). In Stage 1 the atoms are pumped to the long-lived
state 3Py in a frequency-selective manner by modulating the 689 nm laser some hundreds of
kHz. This modulation will cause atoms with a low velocity along the cavity axis, v,, to be
efficiently pumped to 3P via 3Py, while atoms with high v, will tend to stay in 'Sg. In the
second stage a 461 nm beam accelerates the leftover atoms in 'Sy so they reach several m/s
and do not interact significantly with the intracavity field. In the final stage the atoms in
3Py are pumped to >P; m;=0.

. beam
T B-field Atom
Cavity
3] § ) e @n
- gy Pemi == 19 \Yjﬂ“““ *© Stage 3
- mm: )
_— @@%8@8 ,,f] - ijg
St@@ 7@7 G}k‘%v@

Figure 6.13: Transverse cooling, state preparation and velocity selection stages for atoms
propagating towards the cavity. Laser wavelengths and driven transitions are indicated.

In terms of timescale, with atom velocities on the order of 400 m/s and 30 mm between the
edge of the transverse cooling stage and the cavity, each atom will pass through the three
stages on the order of 75 ps. Using the method from Chapter 2, equations were derived for
the 13 Zeeman sublevels of 'Sy, Py, Py, 3Py and 3S; which are involved in the pumping
scheme. The 689 nm laser is modeled coherently (with Rabi frequency x;;), while the rest are
modeled as incoherent interactions, giving rate equations (as in Sec. 2.3, with pump rates
w). We assume the magnetic field points in the propagation direction, B || & (upwards in
Fig. 6.13) with a magnitude of 1.5 G, and that all the lasers are linearly polarized. The 688
nm laser drives ot transitions in Stage 1 and 7 in Stage 2, while the rest drive o transitions
equally. In Stage 1, it is assumed that the laser beams are parallel to the cavity axis, k || 2,
and in Stage 3, it is assumed k || §. The direction of the 689 nm laser in Stage 1 is crucial
to the velocity selection scheme. The polarization of the 707 nm laser is also crucial so that
atoms not pile up in *Py m ;=+2, and similarly the 688 nm laser in Stage 1 should drive
o transitions as the m ;=0 transition between 3P; and 3S; is forbidden. Besides from that
the pumping scheme may work with smaller quantitative changes with different choice of
orientations and polarizations.



P. 106 of 169 C. 6 Machine for continuous superradiant lasing at UvA

Expectation value brackets are omitted in the following equations, and the following sub-
scripts are used to refer to the different levels:

g ="So, n =3Py,

(i,e,u) = 3Py my = (-1,0,1),

(fL‘,y,Z) = 3S1 my = ('1’0’1)’
(p,q,7,8,t) = 3Py my = (-2,-1,0,1,2).

The atomic coherence involved in the 689 nm pump laser interaction evolves according to:

J : J J
& = z& o) — oI ) ek tidurt _ Tig 7—'_ Wiz T Wiy o (6.2)
gt 2 21 gqg 2 917
the equations for the 'Sy and 3P; populations are given by:
X{ i ik 5 i —ik 5 j
» . Yerors— it ik, St ) )
o‘ég — _171 (Ug];iez 1T =100t O.nge ik rj+i0151 ) —|—’)/eg (ng + O‘ée =+ U{W>
. X{ - s ) 5 5 . ) Vi
) A (9 ik —iort L9 =ik a0t J J ) J REew] J
03 =1 9 (ng-e i L5100 oige ) <wm +wj, + 'yzg) oy + 5 (Jm + Jyy)(G‘B)
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and for the long-lived states *Py and 3Ps:
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For 3S; we have:
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and due to the short decay time from 3S; we assume these are in steady state and obtain:

] - J 5 J J ) J 5 J )
Ozz = y (wnxann + Wi 034 + WegOee + wpxapp + wrxarr>
T

I G i J i J J
ol = 5 (wiyo*ii + Wiy Oy + Wy Ogq + wsyass> (6.6)
y

ng = 7 (w%zo—gm + wgzo—ée + wiza—iu + wﬁzo—vj"r + wtzait) :
z
The assumed laser powers and waist sizes are given in Tab. 6.2, where W refers to W, (Stage
1 and 2) or Wy, (Stage 3). Identical waist sizes are chosen for x and y in Stage 1 and 2 as this
requires the simplest optics. However a lower power can be used (preserving the intensity) if
the beam waist along the y axis is reduced to a few times the cavity waist.
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Laser W, (mm) | Wy (mm) | P (mW) | ®p (s71) | @4 (s7})
Stage 1, 689 nm | 2.0 2.0 1.21 2.6 -10'6 | 2.3 .10
Stage 1, 688 nm | 2.0 2.0 1.00 2.2 .10 | 2.3 .10
Stage 1, 707 nm | 2.0 2.0 3.00 6.7 -10'7 | 2.3 .10™
Stage 2, 461 nm | 2.0 2.0 10.7 1.6 -10'7 | 2.3 .10
Stage 3, 688 nm | 1.0 15 1.45 3.2-10'6 | 1.7 .10
Stage 3, 707 nm | 1.0 15 3.00 6.7 -10'6 | 1.7 -1015
Stage 3, 679 nm | 0.30 15 0.652 1.4 -10'6 | 1.7 .10

Table 6.2: Laser waist radii and powers used in simulation of pumping and velocity selection.
®p is the corresponding photon flux of the laser beam. ® 4 is an estimated atom flux through
the laser beam during superradiant lasing.

Regarding Zeeman splittings, g;=3/2 for 3Py and 3Ps, and g;=2 for 3S;. Thus the 3P
splitting is 3.2 MHz between neighboring sublevels, which is large enough that we can assume
the 689 nm laser only affects the transition to the Py m =-1 state (the primary motivation
for this magnitude). We assume this laser frequency is swept as an upwards sawtooth centered
on the Zeeman-shifted resonance. For the rest of the lasers, the frequencies will be chosen
to be equal to the unshifted transition frequency for simplicity and symmetry. This gives
the laser detunings illustrated in Fig. 6.14: §;; = 27 1.05 MHz, §,, = 27 2.10 MHz,
0p = diy = gy = 2m- 3.15 MHz and 6, = d,, = 27- 4.20 MHz.

mjs: -2 -1 0
381

3P2

3P1
3P0
ISO

Figure 6.14: Driven transitions and laser detunings due to Zeeman shifts in the model of
pumping and velocity selection stages.
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A simulation of the stages can be seen in Fig. 6.15, assuming a most probable beam velocity
of vp,=400 m/s. In panel (a) and (b) the atoms are color-coded according to their state
(using the colors of the levels in Fig. 6.14) as they propagate through the three stages and
the cavity, assuming no atom-cavity interaction. The 689 nm laser is frequency modulated
with a span of 400 kHz and modulation frequency of 20 kHz. This, in combination with power
broadening on the order of x;'**/2m = 300 kHz, determines the range of Doppler shifts that
are transferred to 3Py. The waist size along the x axis is also crucial to velocity selection; a
larger waist radius gives more interaction time, allowing for a lower intensity and thus yy;,
such that the velocity range can be cut off more sharply. With a 2 mm waist the interaction
time is approximately 7=10 ps, and the required Rabi frequency for efficient transfer is on
the order of 1/7. The choice of parameters used here results in about 70% of the population
being transferred to *Py (see the population bars in Fig. 6.15(c)), and the non-'Sy atoms
have a temperature reduced from 3.6 to 2.0 mK. By increasing the laser powers (primarily
the 689 nm laser) and scan range towards the 2 MHz Doppler width, the transfer rate can
be increased towards 100% at the expense of the reduction in temperature.

Stage 1 Projection
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Figure 6.15: Simulation of pumping and velocity selection in the SRLM. (a) and (b) show
the atoms changing state (colors) while propagating through the stages described in the main
text. (c) Quantitative evolution of the atom states as function of position while propagating.
(d) Initial (blue) and final (red) velocity distributions along the z axis. The velocity selection
scheme shifts 30% of the atoms by about 5 m/s and yields a flux of useful atoms at 2 mK.
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After Stage 1 the atoms are projected into either 'Sy or 3P at x=10 mm, chosen randomly
based on the respective populations. This is necessary for calculating an appropriate force in
Stage 2 based on discrete populations we want to separate, as the populations escaping Stage
1 are mainly statistical mixtures, with a small component of coherent superpositions of |g)
and |7). Experimentally the 461 nm light in Stage 2 would also rapidly destroy any coherent
superpositions of |g) and |i). The tiny remnant populations of Py and 3P are neglected in
the projection.

Within Stage 2 the atoms in 'Sy are subjected to a semiclassical force (Eq. 3.2) from a 461
nm beam with an assumed detuning of 15 MHz, waist radius of 2 mm and I = 2/, which
accelerates the atoms on the order of 5 m/s along the cavity axis (the initial and final velocity
distributions are compared in Fig. 6.15(d)). The amount that the atoms’ velocity must be
shifted can be determined based on the expected output power during superradiant emission.
For an atom in 'Sy to not absorb significantly from the intracavity field, its Doppler shift
must be approximately larger than the power-broadening of the transition due to the cavity
field (Eq. 4.7):

c 963 PS ps m
op>Tp = v>— 1 out out . 315—. 6.7
b F ! WE %g\/ + hEW?2Lw?Aeq \/1/LW s (6.7)

Here we see that the velocity should be shifted on the order of 3 m/s to avoid disturbing
superradiant lasing with a single-side output power of 1 pW. The exact impact (including
potential dispersive effects) will be determined with cavity QED simulations in Chapter 7,
but experimentally the safest approach is to simply shift the velocities as much as possible.
With an intensity of 2/,4; there are no more orders of magnitude to gain just by increasing
the laser power, but there is still space for expanding the beam waist if necessary.

In Stage 3, the atoms are finally transferred to 3Py m ;=0 using three lasers at {688,707, 679}
nm. Since these laser beams are orthogonal to the cavity axis, the waist radii along the z
axis must be wide enough to address the entire flux of atoms through the cavity (only the
very central section of the atom flux is simulated here). The beams are centered on a point
100 pm before the center of the cavity. The 688 and 707 nm laser waists are not very crucial
along the x axis, as long as they are larger than the 679 nm waist and the transfer to 3P in
Stage 1 is efficient, with few atoms remaining in 3Ps. However the narrow 300 pm waist of
the 679 nm laser is crucial for the transfer efficiency to 3P; due to the decay time of 21 ps.
The fingerprint of this decay is clearly seen spatially in Fig. 6.15(c) from x=20 to 25 mm; if
the beams were misplaced just 1 mm with respect to the cavity, 10% of the *P; atoms would
be lost to 'Sy. So ideally the 679 nm waist is very narrow, initiating the pumping right before
the atoms enter the cavity, while all the lasers are also intense enough that the atoms are
fully transferred upon entry.
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6.4.1 Optical depth effects

The simulations presented here neglect optical depth effects, but for a high atom flux, the
atoms closest to the incoming laser beams could create a shadow effect. The intensity of a
laser beam propagating through a medium of ground-state atoms is attenuated exponentially
according to Beer’s law, I(r) = lpe™®", where a is an absorption coefficient [112, p. 115].
Of course the atoms subjected to high intensity will subsequently change state, such that
the shadow effect becomes reduced further along the propagation axis within an extended
laser beam waist. The simulations tell us the behavior that can be expected if the atoms
experience the given laser intensities after accounting for any attenuation due to foreground
atoms in relevant states for the wavelengths, and if internal shadowing within the simulated
region of interest is negligible. For the Stage 1 and 2 lasers with k || Z there are no foreground
atoms, but internal shadowing could be significant. On the other hand k || § in Stage 3, so
there may be many foreground atoms depending on the atom flux distribution, but internal
shadowing should not be significant.

The photon flux in Table 6.2 can give an idea of the optical depth effects when compared to
the expected atom flux. An atom flux on the order of 10'2-10'3 s~! intersecting the cavity
mode is expected during superradiance - that is, a segment of the atom flux within |y| < Weg,
but any possible z value. For shadow effects to be negligible, the photon flux should be a
few orders of magnitude higher than the atom flux intersecting the laser beam, which will be
larger than the atom flux through the cavity by a factor Wigse, /Weay if the atom distribution
is uniform. These estimated values are given in the ®4 column for an atom flux of 10'3
s~! through the cavity, but will likely be lower for a non-uniform atomic beam. For the
parameters chosen here there are about 1-3 orders of magnitude more laser photons than
intersecting atoms, though it is worth noting that each atom may also require a couple of
laser photons from each beam to be pumped to the correct state. For the Stage 2 laser about
500 photons are required per residual 'Sy atom to shift their velocities by 5 m/s. Finally,
many atoms will not cause disturbances for some of the lasers if they are in states they do
not drive transitions from, which is not considered in the table.



CHAPTER

Superradiant lasing
from a hot atom beam

In Chapter 6 we presented the superradiant lasing machine (SRLM) constructed at the Uni-
versity of Amsterdam, and here we will explore the physics of continuous superradiant lasing
within this machine using numerical simulations. The numerical model was originally de-
veloped to provide input for choosing the cavity parameters in Tab. 6.1 and determine the
output power and cavity pulling we can expect from the SRLM. General theoretical scalings
of output power, laser linewidth and pulling coefficients for a hot atomic beam system were
already presented in [86]. As such the simulations are used to explore the concrete regime of
the SRLM in detail, gaining independent estimates and investigating the impact of relevant
physical effects. These effects include relativistic Doppler shifts, the impact of a finite temper-
ature and the velocity selection scheme described in Sec. 6.4, the impact of stray light, and of
dynamic changes in cavity detuning. Some of these results are also presented in [84]. Finally,
some quantitative results are presented which characterize absorption and amplification in
the system for a wide range of atom flux, including below the lasing threshold.

7.1 Numerical model

The numerical model of the superradiant laser is an adaptation of the model of pulsed super-
radiance in the mK atom cloud, which was presented in Chapter 4. The biggest difference
is the atom source being a continuous beam rather than a cloud. The velocity of atoms is
assumed to be constant, based on initial Gaussian distributions radially (Tr = 3.6 mK) and
the atomic beam velocity distribution along the propagation axis, x (Eq. 6.1 where we will
consider vy, =400 m/s and 450 m/s). The atomic beam is modeled as a uniform flux through
a square with a size of 4W along the y and z axes, centered on the cavity mode, with the
cavity along z. The variation along y is important due to the Gaussian waist of the cavity,
and in [103, p. 35] it was investigated how far away in a cavity waist that atoms must be
before they could be neglected in a model of pulsed superradiance. This distance ultimately
depends on the cavity and power parameters, as the value of 2¢g(r(t))y/n(t) along an atom’s
path determines if it can emit while it traverses the cavity mode. This means that in a regime
with higher flux and power than investigated here, atoms with a larger range of y values may
need to be considered. Quantitatively the atom flux, ®, used in this chapter will be defined
as the flux only within the cavity waist radius along y, so that it is independent of the cutoff.
Along the z axis the cavity mode waist radius expands from 86 pm up to approximately 92
pm at the mirrors, 13.7 mm from the center. This would also cause a slight reduction in
coupling for atoms far along the z axis, but we neglect this variation as it is small and the
density is expected to be highest near z=0. Thus the exact positions along z in the model
are not important beyond the fact that the atoms are spread out across many wavelengths
and can still move along this wave, giving rise to the Doppler effect when interacting with
the cavity mode. Therefore the value of 4W along the z axis is arbitrary, but appropriate.
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The simulations exclude the pumping and velocity selection stages presented in Sec. 6.4. To
determine their impact, these stages are instead incorporated into the initial conditions of
some of the simulations. This is done by assuming that a certain fraction of the atoms start
in 3Py m =0, if their velocities along the cavity axis are sufficiently slow, and the remaining
ones start in 1Sg. The velocity distribution of the fast atoms is then changed so that (v,) = 3
m/s and T, = 5 mK to qualitatively mimic the impact of the push beam. The impact of the
velocity shift magnitude will be investigated later, but these shifts are sufficient that the 'Sy
atoms have a very small impact on the superradiant emission. The criterium distinguishing
the slow and fast atoms is |v,| < Avp, /AW, which is based on the results in [89], where atoms
moving further than half a wavelength along the cavity axis during transit in a superradiant
laser can disturb single-mode emission.

With these assumptions we only treat the states 'Sy and 3P; my=0 in the model, and the
Hamiltonian is given by:

N Ny
H = hwea a+2hw30 +Zh°"ffk;fk+ hn( det+aTeiwdt)
7j=1
(7.1)
N . . Ny
+3 " hgi(ey) (o4 +08,) (a+al) + 3 hgs (a+al) (Fi+ £)-
g=1 k=1

Using the method and notation of Chapter 2, the following equations were derived in a
reference frame fixed to the driving laser frequency wy (which will generally be assumed to
be equal to w,):
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7.1.1 Relativistic Doppler shifts

For atoms moving at hundreds of m/s, the effects of relativity become significant when we
are interested in even small shifts in frequency relative to the unperturbed resonance. If we
consider only the motion along the x axis (as v, and v, are two orders of magnitude lower
than v, ), then the relativistic Doppler effect arises purely from time dilation. Time progresses
slower for a fast-moving atom in the lab (cavity) frame, red-shifting the resonance frequency
by vjay = vo/7, where v is the Lorentz factor. This is known as the transverse Doppler shift.
It is accounted for in the atomic resonance frequencies via the detunings &7, of each shifted
atomic resonance with respect to the reference frame at wy:

5£d =wp/v; =wrey/1l— (’U%/C)Q — Wy = Wwg ( 1— (U%/C>2 — 1) — 04p- (7.3)

Fig. 7.1 shows the velocity distribution of v, according to Eq. 6.1 in panel (a) for two
different beam temperatures. Note these beam temperatures do not correspond directly to
oven temperatures due to the influence of the oven nozzle. The distributions are instead based
on measurements of the atomic beam under expected operating conditions. These velocity
distributions in turn result in the distributions of transverse Doppler shifts shown in panel
(b). Here 6% indicates the shift at the most probable v,.
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Figure 7.1: Velocity distribution (Eq. 0.1) and resulting transverse Doppler shifts (Eq. 7.3)
for two different beam temperatures. The shifts at v, = vy, are marked with vertical lines.

For atoms traveling at 400 m/s the shift is on the order of 400 Hz, but there is a significant
tail of Doppler shifts up to a few kHz because of how v scales with velocity.

7.1.2 Lasing dynamics in the hot beam system

An illustration of atomic dynamics in a numerical simulation is shown in Fig. 7.2, here for a
flux of ® = 10" s~!. The atoms are represented by dots colored according to their state, and
here they start in >Py (red) if [v,| < Avp, /4W, otherwise 'Sy (blue). The atoms subsequently
change state depending on their trajectory through the cavity waist and velocity - the cavity
leaves a ”trail” of 'Sy atoms in the atomic beam, with a size along y that depends on the
cavity photon number.
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Figure 7.2: Simulation of atoms in the hot beam system as they traverse the cavity mode. The
atoms are color-coded according to their state. Red: 3Py, blue: 'Sy, purple: mized. Figure
adapted from [84].

A number of atoms (depending on the atom flux) are placed at x = —2.5W every tenth
timestep in the simulations, relative to the cavity center. To reach steady state, the atoms
must first propagate through the cavity, which takes on the order of 1 ps. In Eq. 7.2 the atoms
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will not emit into the cavity if the cavity field and atomic coherences are zero. Therefore we
set 7 = k/+/2 during the first 1 pis to mimic the effect of spontaneous emission (in steady state
with no atoms it would result in a cavity field population of 1/2, but a well-defined phase).
This initiates the dynamics and 7 is subsequently set to zero. More time is then needed for
the atom-cavity dynamics to reach steady state behavior - typically on the order of ps, but
very near the lasing threshold, it can take tens of ps. The steady state parameters can then
be determined from the subsequent dynamics. In simulations presented here, on the order
of 200 ps is typically evaluated. Furthermore the cavity detuning is generally chosen to be
dcp/2m = 100 kHz. A detuning of this magnitude enables us to determine the output power
near resonance simultaneously with an approximate cavity pulling coefficient. An example of
the behavior of the cavity output power during the first 100 ps after initiating a simulation
is shown in Fig. 7.3.
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Figure 7.3: Time evolution of the total cavity output power (and photon number) in a simula-
tion with ® = 10'3 571, Upz = 400 m/s and no velocity selection. During the first 1 ps, n >0
to initiate the dynamics. Quantities such as output power are evaluated in steady state, e.g.
fort > 10 ps.

7.1.3 Atom group approximation

Throughout the simulations presented in this chapter, the atom grouping approximation
mentioned in Sec. 2.7 is used, with N,, = 100 atoms per group. In the continuous regime this
does not affect mean values systematically, but fluctuations in e.g. power and instantaneous
frequency over time scale with /Npg, as seen in Fig. 7.4. Continuous mean values are
evaluated over hundreds of ps after steady state is reached, so the random fluctuations over
time also increase the random fluctuations in the evaluated mean values slightly.
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Figure 7.4: Scaling of mean values and fluctuations with Nyq in simulations during a time
interval of 190 ps for ® = 1013 s71, v, = 400 m/s and no velocity selection. (a) Cavity
output power, (b) instantaneous lasing frequency. There is no systematic bias in the mean
values in the continuous regime, but fluctuations scale with \/Np,g.
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7.2 Performance of the SRLM

Simulations were run using the cavity parameters in Tab. 6.1 to determine the expected
output power from the SRLM. The results are presented in Fig. 7.5 in five different situations.
Two sets of simulations assume either of the velocity distributions in Fig. 7.1(a). Within
each set, one simulation assumes there is no velocity selection, with all atoms starting in *P;.
Another simulation within each set assumes velocity selection is active, based on the criterium
|v.| < Avpe/AW. Finally, one additional simulation is included for v, = 400 m/s, marked
V2. Here the simulations use the specific population and temperature distributions obtained
from the numerical simulations of velocity selection in Fig. 6.15, which may represent the
effect of velocity selection more accurately, rather than the simple cutoff criterium.
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Figure 7.5: The cavity output power for varying atom flux according to simulations of the
SRLM. Five different situations are investigated; the two velocity distributions in Fig. 7.1(a)
with and without velocity selection. Velocity selection increases the lasing threshold slightly,
and leads to a small reduction in output power. The lines show a moving mean with a span
of two points. Figure adapted from [84].

We see that the threshold atom flux is approximately 2.5 -10'? s71, depending on v,,. Con-
sidering that the density decreases for higher v,,, we have {3.71,3.28} - 10 atoms within the
cavity waist for ® = 10'3 s7! and v,, = {400,450} m/s, respectively. Accounting for this,
the threshold is reached between 8 and 8.5 -10° atoms within the cavity waist, with a much
smaller dependency on vy, for the atom number threshold.

In the simulations we see that the lasing threshold is slightly increased by the velocity selection
scheme based on the cutoff criterium, and well above threshold the output power is lowered
on the order of 10%. This is largely due to the reduction of the excited population. In the
two cases vy, = {400,450} m/s, this velocity selection criterium results in {17%, 13%} of
atoms starting in 'Sy. The drop in output power is not quite as high because the atoms
with largest v, also emit less efficiently when interacting with the cavity field, which has a
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frequency closer to the resonance of the slow atoms. In the V2 case, 30% of atoms start in
1Sy, and the velocity distribution is not sharply cut off, resulting in a higher threshold and
lower output power.

Once the threshold is reached, the output power increases rapidly. For e.g. vp, = 400 m/s
and with no velocity selection, the output power is zero for ® = 2.1 -10'2 s~! but increases
to 5 nW for ® = 2.15 - 10'2 s~!, which is already an easily detectable power. At ® = 7-10'2
s~! the output power reaches 1 pW. Beyond this flux the power scales approximately linearly
with the atom flux, as each atom emits on the order of one photon.

The cavity pulling characteristics are shown in Fig. 7.6 for a cavity detuning of d.g = 2 7 - 100
kHz and the same five situations as in Fig. 7.5.
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Figure 7.6: Dependency of the lasing frequency shift on the atom flux for the same five
situations as in Fig. 7.5. The cavity pulling coefficient can be considered approrimately
relative to the transverse Doppler shift for a given vy, (bottom lines). The simulations predict
Cputl 0N the order of 0.03 to 0.06 and an 10-25% improvement from velocity selection. Lines
show a moving mean with span of two points. Figure adapted from [84].

First it is worth considering the impact of the relativistic Doppler shifts. The fact that the
atomic resonance frequencies are distributed according to the asymmetric distribution in Fig.
7.1(b) means that it is non-trivial at which cavity resonance frequency, we, that the emitted
lasing frequency wy, equals w.. This should occur for a detuning on the order of the Doppler
shift at vy = vy, 6%, of -400 to -500 Hz - possibly shifted somewhat due to the peak at smaller
values and large tail. In this situation the frequency where wy = w, = wcL provides the most
logical reference point for defining the cavity pulling coefficient, instead of the unperturbed
atomic resonance (wg):

wr, — wCL 0 —do

7.4
i (7.4)

Cpull =
b we — wk
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defining 6y = w’ — wg as the shift in ensemble resonance frequency due to the transverse
Doppler shifts. Since we consider a cavity detuning of 100 kHz here, two orders of magnitude
greater than the shifts, the denominator can be approximated by the cavity detuning, d.g,
as in the usual definition. But the shift in the ensemble resonance frequency caused by the
Doppler shifts is not insignificant compared to 7, so to obtain an approximate expression
that does not rely on numerically determining &g, 62 can be used in its place. These values
are indicated by the dashed green lines at the bottom of the figure. The value of ¢y, is then
given by the distance between these lines and the curves for the corresponding vp,.

We see that without velocity selection, the cavity pulling coefficients are on the order of
0.05 around the lasing threshold, with a maximum a bit above the threshold, and then a
subsequent decrease to about 0.043 within the flux range considered here. Extrema in the
cavity pulling coefficient are experimentally beneficial because they imply a local immunity
to experimental fluctuations - at the cavity pulling maximum, small fluctuations in atom flux
would not disturb the lasing frequency to first order, as it would elsewhere.

Such maxima are also visible for the curves with velocity selection included. The cutoff-
based velocity selection reduces cavity pulling notably by 10-25 %, with ¢,y in the range of
0.031 to 0.044 and 0.036 to 0.047 for vy, of 400 and 450 m/s, respectively. In the criterium
|v.| < Avpy/4W, a higher vy, implies that the velocity selection scheme will have a smaller
impact, as more atoms fulfill the criterium at a given 7,. The velocity selection based on
simulated distributions, V2, shows a larger reduction in cavity pulling than the cutoff for low
atom flux, but smaller reduction above ® = 5-10'2 s~!. This is due to the difference between
the 2 mK velocity distribution from Fig. 6.15(d) used in V2 and the 3.6 mK distribution
with a cutoff.

As we saw in Fig. 7.5 the emitted output power well above threshold is still at easily detectable
levels in all cases. Therefore a more aggressive velocity selection criterium could also be set
than in the examples shown here, if a high flux is obtained, to improve cavity pulling further
at the expense of the output power.
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7.2.1 Velocity selection requirements

In Sec. 6.4 we saw that shifting the velocity of atoms on the order of several m/s is realistic, so
in this section we will investigate how the velocity shift affects the superradiant lasing signal.
Here we assume ® = 10" s71, v, = 400 m/s, and that all atoms for which |v,| < Avp,/4W
is not obeyed (17%) start in 'Sy. For these 'Sy atoms, v, is then fixed to one value at the
beginning of a simulation to determine the impact of the different velocity classes. The results
are shown in Fig. 7.7 for different velocity shifts. As other simulations with velocity selection
also include a spread in the shifted velocities of T, = 5 mK, a data point at vsipr = 3 m/s
(green) is also included for this case. This has a miniscule impact compared to the case with
a uniform shift of this magnitude.
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Figure 7.7: Output power (a) and lasing frequency shift at 100 kHz cavity detuning (b) as
function of velocity shift of rejected atoms in a velocity selection scheme. The atomic beam
paramters are ® = 10" s~ and Upz = 400 m/s. Dashed horizontal lines show the values for
Ushift = 30 m/s for reference. Dashed vertical lines are based on Eq. 6.7. For the green data
points at vepipe = 3 m/s, T, = 5 mK for the shifted atoms.

We see that the output power is reduced due to absorption when the velocity shift is shifted
less than 3 m/s. The shift in lasing frequency is sensitive to the velocity shifts over a broader
range due to dispersive interactions. For a velocity shift of 3 m/s the deviation is less than
5 % of the frequency shift for 30 m/s. For comparison Eq. 6.7 suggests the velocity shift
should be greater than 2.7 m/s given the single side output power of 730 nW and the SRLM
cavity parameters.
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7.2.2 Variations with atom temperature

The fact that velocity selection reduces cavity pulling is a result of the finite temperature, so
reducing the temperature can similarly be advantageous. This is depicted in Fig. 7.8, where
the temperature along the cavity axis is varied, with ® = 10'3 s=1, Upz = 400 m/s and no
velocity selection scheme. The green lines indicate T, = 3.6 mK, which was achieved during
optimization of the SRLM and is used in the other simulations.
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Figure 7.8: Dependency of output power (a) and lasing frequency shift (b) on the atom
temperature T, along the cavity axis. The atomic beam paramters are ® = 103 s~ and
Upz = 400 m/s. Dashed vertical lines indicate T, = 3.6 mK as used in other simulations.

We find that the output power is sensitive to the temperature down to about 1 mK, below
which it remains steady. At this point the Doppler shifts begin to become less significant
compared to the Rabi frequency in this output power regime (again considering Eq. 6.7). In
panel (b) we see that the cavity pulling can be influenced by the temperature over a wider
range down to about 10 nK, where cavity pulling has reduced to about 1/3 of its value at 3.6
mK (taking into account the relativistic Doppler shift). This suggests cavity pulling may be
reduced significantly with an aggressive velocity selection scheme that leaves only the very
slowest atoms, if the atom flux is high enough that lasing can still be maintained.

In the opposite regime above 8-10 mK, the standard deviations of output power and instan-
taneous lasing frequency increase significantly. Here oscillations in the output power become
pronounced. A similar transition from stable to bistable superradiant lasing was found in
[89], where the atomic beam was slanted with respect to the cavity axis. The bistable regime
emerged when the atoms traversed more than half a wavelength along the cavity axis during
their transit through the waist. For a high enough temperature in the SRLM, most atoms
will similarly fulfill this criterium. In [87] similar transitions to a multi-component regime
were found for a thermal distribution, which is more similar to our system. In Fig. 7.9 the
dynamics are illustrated for T, = 15 mK, showing power oscillations and multiple frequency
components arising in the spectrum, similar to the multi-component superradiant (MCSR)
regime found in [87].
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Figure 7.9: Multi-component lasing for T, = 15 mK and vy, = 400 m/s. (a) The output
power shows large oscillations with a frequency of 1.66 MHz. (b) Normalized power spectral
density (NPSD) in a spectrogram with a window width of 392 ns, showing the frequency
components in the emitted light. (c) The power spectrum after 200 us. The dashed curve
shows a normalized Doppler shift distribution at 15 mK for comparison. (d) The individual
peaks of panel (c), green curves indicate the 5 kHz Lorentzian Fourier width for comparison.

In this regime there is still a central component in the spectrum (panel (c)) from the atoms
with lowest v,, peaked 18.4 kHz from the atom transition frequency (corresponding to the
point in Fig. 7.8(b)). Furthermore there are two peaks at +£1.66 MHz from the central
component, and another pair with slightly more than twice the separation. The five peaks
in Fig. 7.8(c) are shown in more detail in panel (d).

We can consider how the observed splitting relates to relevant frequencies in the system.
Two frequencies which are of the same order of magnitude are the Rabi frequency, 2gy/n/2m,
and the transit time broadening, I'r/27 = 2v,,/m/7W. This definition of I'r is based on
averaging over the transverse Gaussian profiles experienced by different atoms [85, p. 349]
[149, p. 1663]. As it accounts for this, it is a bit lower than the Doppler shift required to
traverse a full wavelength during transit through the center of the cavity waist, vy, /2W = 2.3
MHz. Determining the exact scaling of the splitting frequencies would require simulations in
several different regimes, and here we will consider just a few different examples. In one other
case for T, = 10 mK and v,, = 350 m/s, the dynamics are qualitatively similar to in Fig. 7.9
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but with the five peak frequencies at dr,/2m = {—3.53, —1.76,0.0145,1.79, 3.56} MHz, giving
a spacing of 1.77 MHz.

For the Rabi frequency, n oscillates between almost 0 and 10% in the 15 mK case, so a
Rabi frequency may be attributed using (y/n) = 86 and the maximum coupling go, giving
a maximum average Rabi frequency of 1.94 MHz. For the 10 mK case we get 2.32 MHz.
These frequencies are not related to the found splittings in an obvious way, but there is at
least qualitative agreement of them increasing with the Rabi frequency. For the transit time
broadening we get I'r/27 = 1.67 MHz for the 15 mK example, but for the 10 mK case we
get I'r/2m = 1.46 MHz, indicating that the splittings do not scale with I'p.

We can also consider a case for T, = 15 mK and a slower atomic beam with v,; = 350 m/s.
In this regime the atoms traverse a bigger fraction of a wavelength during transit, and the
lasing dynamics become chaotic, as seen in Fig. 7.10.
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Figure 7.10: Chaotic lasing for T, = 15 mK and vy, = 350 m/s. (a) The output power shows
large, irregular fluctuations. (b) Spectrogram with a window width of 392 ns. (c) The power
spectrum (light blue background) and its renormalized moving mean with a span of 100 kHz
(dark blue) after 200 ps. The dashed curve shows a normalized Doppler shift distribution at
15 mK for comparison.

The mean output power is just 3 % higher than for v,, = 400 m/s, but the power fluctuations
are bigger. In the spectrogram in panel (b) we see there are jumps between an ”odd” regime
with one main peak and sidebands like in Fig. 7.9 and another ”even” regime with no central
peak, but an even number of peaks symmetric around é;, = 0. The odd configuration has
peaks near approximately oy /27 = {—1.47,0.12,1.58} MHz, giving a span of 1.5 MHz, while
the even configuration has peaks near {—0.79,0.81} MHz, giving a span of 1.6 MHz. In [87,
p. 12] such a chaotic, unstable regime is found between an odd regime for relatively low
Doppler widths within MCSR, and even regime for larger widths.

Finally, we can also consider the behavior closer to the lasing threshold. In another simulation
for the parameters in Fig. 7.9 but with half the atom flux, the main peak is on the order of
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10* times larger than the sidebands, which also have a smaller splitting of 0.9 MHz. Here
(v/n) = 44, giving 2g9/n/27 = 980 kHz, in agreement with the splitting scaling with g/n.
If we think of each of the peaks as originating from atoms within certain velocity ranges and
neglect interactions between them, the atoms contributing the sidebands require a higher
atom flux before reaching their lasing threshold than the ones contributing the main peak,
because they are less abundant in the thermal distribution. From this we can expect regular
sidebands to disappear near the lasing threshold of the whole system, especially at lower
temperatures.

7.2.3 Impact of decoherence from stray light

Some stray light will inevitably reach the atoms within the cavity, and our main concern is
scattered light from the transverse cooling beams and the 461 nm beam in Stage 2 of the
pumping scheme. Considering this light as an incoherent pumping source from |g) ='Sg to
|c) ='P1, near the angular transition frequency we, we may approximate the transverse decay
rate on the lasing transition vy as half the pumping rate w, using equations from Sec. 2.3:

1 1272l 1 -1
RCAPOR I LG A T L

~ = I. 7.5
Yeg 2 hwiveg 2 m—2 (7.5)

This assumes that all the stray light reaching the atoms in the cavity has ideal polarization
and frequency to drive one of the 'P; Zeeman transitions. Any significant detuning relative to
Yeg/2m = 30 MHz and any polarization imperfections would reduce it further. The simulated
impact of an increase in yr on the superradiant laser emission is shown in Fig. 7.11.
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Figure 7.11: Dependency of output power (a) and lasing frequency shift (b) on the transverse
decay rate yr in units of Yeq = 2m- 7.5 kHz. Horizontal lines mark the ideal values with no
additional decoherence. Vertical lines indicate where yp = 2go\/n (using the photon number

fO’f’ T = 76g/2)'

The drop in output power and increase in cavity pulling starts to become significant near
1 = 10074, for an intensity on the order of 1 W/ m?. One order of magnitude above, the
power drops to zero. In general the impact of decoherence will be significant when it is on
the order of the Rabi frequency of the atom-cavity interaction, 2g/n, so for e.g. a lower
atom flux, less decoherence can be tolerated. If we consider the example in Sec. 6.4.1, we can
assume 30 % of atoms (the rejected 'Sy population) each scatter 500 photons from the push
beam. As a crude approximation we can then consider this as a point source located 5 mm
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from the cavity. For an atom flux of 10" s~! the scattered power is then 650 pW, giving 2.3
W /m? at the cavity location, which would severely impact the performance. However this
estimate is extremely uncertain, given the high density of the atomic beam, which can cause
many internal scattering events. We can consider the mean free path of a 461 nm photon, for
which the scattering cross section [20, p. 142] is 10713 m~2, again assuming ideal polarization
and detuning. If the atom flux is confined within 1/4 of the cavity length, we then get an
atom density of 10’7 m™3 and assuming 30% are in 'Sy, the mean-free path is 300 pm. As
such photons may experience several scattering events on the way to the cavity, possibly
protecting the cavity atoms to a degree, and highlighting the big uncertainty of these simple
estimates.

7.2.4 Expected linewidth

In simulations of the SRLM, the linewidth is Fourier-limited to 5 Hz after 200 ms, with
no sign of broadening occurring within the numerical model. As described in Sec. 2.6.3,
the linewidth may be broadened further due to the neglected spontaneous emission into the
cavity mode. The simple estimate C,, yields a linewidth of 9.4 Hz. For v,, = {400,450} m/s
we get 0pT = {1.06,1.20}, using the notation in [86, p. 3]. Here an increase in linewidth
of about 30 to 40% beyond C1y4 is seen for such parameters. Further cooling or velocity
selection could improve this. The generalized Schawlow-Townes limit gives a lower limit of
0.3 Hz for ® = 10" s71, v,, = 400 m/s and assuming a perfect inversion. This limit only
exceeds Cye4 for output powers below 60 nW, very near the lasing threshold.

7.3 Sensitivity to cavity fluctuations

Here we will consider the sensitivity of the superradiant laser to changes in the cavity res-
onance frequency more generally. First we will consider the case where the cavity detuning
is fixed, but at an arbitrary value. The variation of output power and lasing frequency with
the cavity detuning in this regime is shown in Fig. 7.12 for ® = 1013 s71, Upy = 400 m/s and
with no velocity selection.
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Figure 7.12: Dependency of output power (a) and lasing frequency shift 61, (b) on the cavity
detuning, d.p. The frequency axes are offset by the shift in ensemble resonance of dy/2m = 520
Hz due to the relativistic Doppler shifts. The detuning of 100 kHz used in other simulations is
highlighted by the vertical green dashed line, and the vertical purple long dashed line indicates
the magnitude of the cavity linewidth. The horizontal lines indicate the power and pulling
coefficient for small detunings.
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As seen in panel (a), the cavity output power is insensitive to changes in the cavity detuning
that are small compared to the cavity linewidth of 53.9 MHz. From the data set in panel (b)
we find dp/2m = -520 Hz for these parameters, somewhat larger than the transverse Doppler
shift 6% /2 = -387 Hz (seen in Fig. 7.1(b)) at the most probable v,. This may be expected
given the asymmetry of the distribution, and the variations in how the transit time matches
1/2g+/n for the different velocity classes. The detuning axes in Fig. 7.12 are therefore shifted
by dg to determine the cavity pulling coefficient over a wide range of cavity detunings, shown
in panel (b). The pulling coefficient remains constant until the cavity detuning is on the order
of the cavity linewidth, though the variation becomes apparent sooner than the variation in
power. For large detunings the lasing frequency becomes even less sensitive to changes.

Frequency fluctuations vary significantly de-
pending on the cavity detuning. This de-
pendency is shown in Fig. 7.13 where we 1000 L v
find a range of frequencies where the fluc- 8

tuations, characterized by the standard de-
viation ;. in the instantaneous frequency,
increase linearly with the cavity detuning. 100 ¢ $
This occurs because of the random fluctu- .
ations in the atomic distribution over time,
which cause small fluctuations in the cav- n ¥
ity pulling coefficient. When the cavity is 2 o
near resonance with the ensemble, a change :
in cpuy has little impact on the lasing fre-
quency, but the larger the cavity detuning 1 et 8.6y >0
is, the more the lasing frequency will change i e o * -6y < 0
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by the atom group approximation as we saw
in Fig. 7.4. This approximation has been
accounted for in Fig. 7.13 by downscaling
the fluctuations by a factor 10.
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Figure 7.13: Standard deviation of the instan-
taneous frequency at different cavity detunings
with respect to the ensemble resonance fre-
quency. Vertical lines mark frequencies as in
Fig. 7.12, and the blue dashed line highlights

The linear relation does not hold for cav- : )
a linear regime.

ity detunings on the order of the cavity
linewidth, which is to be expected as we saw
that the cavity pulling coefficient also varies on this scale. There are also deviations below
10° Hz and an asymmetry with respect to |d.z — dg| = 0, in particular there is a minimum
near d.g/2m = 5.5 kHz. At this cavity detuning the lasing frequency shift is 07, /27 = -250
Hz, equal to the most probable transverse Doppler shift in Fig. 7.1(b). The minimum in
fluctuations at this detuning is expected to arise from a combination of cavity pulling and
the shape of the transverse Doppler shift distribution.

The nonlinear variation in cavity pulling or the increase of frequency fluctuations with de-
tuning can in principle both be used for locking the cavity to the atomic transition. However
a higher sensitivity may be obtained by beating the SRL output with light locked to the
resonance of another mode of the cavity. Since the SRL output will approximately stay at
the atom transition frequency if the cavity detuning changes, such a beat signal would change
frequency approximately by the same amount as any shift in cavity detuning.
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7.3.1 Dynamic cavity pulling

Here we will investigate the impact of dynamic perturbations to the cavity resonance fre-
quency, as this can be very different from the steady-state behavior. We will use the method
described in Sec. 2.6.4, subjecting the system to sudden steps in cavity detuning and record
the response of the instantaneous frequency. These steps are jumps away from zero detun-
ing. The response is used to calculate the gain curves shown in Fig. 7.14, which can be
interpreted as frequency-dependent cavity pulling coefficients. Below 100 kHz the response
is approximately flat and corresponds to the static pulling coefficients (67 — dp)/(dcg — dp) in
Fig. 7.12(b).

I/2n i 29o/n/2n K/2m I

0.3

Gain

0.1 Jump size
== (.01 MHz
=== ().1 MHz
1 MHz
=== 10 MHz
=== 20 MHz
= 30 MHz
== 4() MHz
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001 . | L L A | l é L A | L L L
10° 10° 107 10% 10°
Frequency (Hz)

Figure 7.14: Frequency-dependent response of the instantaneous lasing frequency to instant
Jumps in the cavity detuning away from 0. The response is approximately flat below 100 kHz,
corresponding to the static cavity pulling coefficient. Some characteristic frequencies in this
regime are marked by vertical dashed lines. T, = 3.6 mK except for the curve marked with
T, = 0 K, for comparison.

For small jump sizes, which are most likely to be encountered in the setup, the response
curves are relatively smooth and increase from 4-1072 to unity in the range of 1 to 100 MHz.
This implies that very rapid changes in the cavity detuning would not be suppressed in the
laser spectrum. In practice, the macroscopic motion of cavity mirrors is typically restricted
below the MHz range. This motion may be caused by noise in the mirror piezo or mechanical
disturbances, but will fall within the frequency range with significant suppression. There
are also many sources of noise within mirrors and coatings themselves (see e.g. [150, Chap.
3]), for which the PSD generally decreases with frequency and as such these sources are also
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suppressed in influencing the laser frequency. Therefore the most important result of Fig.
7.14 is that cavity pulling is more or less constant up to fluctuations of ~1 MHz in this
system.

For steps on the order of the cavity linewidth the curves become less smooth, and a peak
forms at the cavity linewidth, showing that fluctuations on this order would actually be
amplified in the lasing frequency shift, if they occured on the timescale of the cavity lifetime.
However this would require very extreme motion of the mirrors, unexpected in the physical
setup.

Another dip feature appears in the curves near both the 3.6 mK Doppler width of the system
and the Rabi frequencies, which are marked in the figure. Since the power becomes lower at
large detunings as we saw in Fig. 7.12(a), the final Rabi frequency also lowers after these
jumps. Thus the red vertical dashed line indicates the Rabi frequency for the 10 kHz jump,
and the purple one indicates the smallest Rabi frequency for the 50 MHz jump.

One curve is included with a jump size of 50 MHz, but a temperature of 0 K for comparison.
Here the power and Rabi frequency are a bit higher (2.5 MHz) than in the 3.6 mK case. The
dip right below the Rabi frequency remains, but becomes less prominent. Additionally the
cavity pulling is lowered for frequencies below the 3.6 mK Doppler width, instead approaching
the steady-state value near 0.01 that we found for the lowest temperatures in Fig. 7.8(b).

Noise is visible near the Rabi frequency in the curves, and also at high frequencies when the
jump size is small. This is introduced by the random fluctuations in the atom distribution
over time, which affect the instantaneous frequency separately from the jump in detuning.
As such the noise is not representative of actual changes in the response, but is simply a
result of the other random effects in a simulation which are also causing fluctuations in the
lasing frequency. This noise is further increased due to the atom group approximation and
also increases with the analysis window length (20 ps).

7.4 Absorption and driven lasing

Realizing superradiant lasing requires a sufficiently high atom flux to reach threshold and
efficient atom pumping and cooling. Coupling resonant light into the cavity makes it possible
to measure quantities that vary with the atom flux far below the threshold, which is useful
for optimization. One tool is the absorption, where the atoms entering the cavity are left in
1Sy and the output power is monitored. A second tool is the amplification of light by 3P
atoms. The scalings of these quantities relative to the cavity input power are shown in Fig.
7.15 for an input power of 1 nW, v,, = 400 m/s and no velocity selection. Here the atom
group approximation is omitted for ® < 1012 s
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Figure 7.15: Possible signal amplitudes for (a) absorption measurements with atoms starting
in 1Sy, or (b) amplification measurements with atoms starting in 3Py. T, = 3.6 mK
(blue circles) and 5 mK (red diamonds in panel (a)). The cavity input power is 1 nW, and
Upy = 400 m/s. The blue dashed line highlights the linear trend below the lasing threshold,
and vertical green line indicates the threshold flux from Fig. 7.5 with no driving laser.

Far below the lasing threshold (indicated by vertical green lines), the potential signal am-
plitude is very low. Experimentally such signals may be detected by frequency-modulating
some of the pumping stages to periodically shelve some of the atoms and vary the 'Sy or 3P4
populations. This would give an oscillating fingerprint in the output power which can more
easily be distinguished from the constant background, e.g. on a spectrum analyzer.

The potential signal amplitudes are similar with either method far below the lasing threshold,
but amplification measurements are much more sensitive near the threshold. As seen in panel
(b), the power can increase by orders of magnitude within one magnitude in flux. On the
other hand, the absorption signal becomes less sensitive to the atom flux, as seen in panel (a).
These behaviors are also dependent on the cavity input power - amplifying 1 nW by a factor
103 yields an output power consistent with Fig. 7.5 above the threshold, but 1 pW cannot
be amplified to 1 mW as this would require far more energy than what can be released from
the 3P1-1Sy transition into the cavity with these atom fluxes. On the other hand, a lower
input power in an absorption measurement can result in complete absorption for a lower flux,
making the signal insensitive at higher ranges of flux. With that in mind, a higher P, is
generally desirable if the sensitivity can be preserved, as this allows for a larger total signal
amplitude.

As shown in Fig. 7.15(a), the signals are also sensitive to other parameters such as the
temperature along the cavity axis - for 7, = 5 mK, the absorption is reduced on the order
of 10 % below threshold compared to 3.6 mK. As a result they can also be used to optimize
the transverse cooling stage, and the amplification will be very sensitive to the efficiency of
the later pumping stages as well, allowing for their optimization.
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CHAPTER

Superradiant lasing
from a cold atom beam

In this chapter we will use numerical simulations to explore continuous superradiant lasing
in a potential system utilizing an ultracold atomic beam. The model and many of the results
in this chapter have also been presented in [84]. The atom source is based on the cold atomic
beam realized in [98], for which relevant parameters are listed in Table 8.1.

This architecture based on a cold atomic beam was initially considered during the design stage
of the SRLM presented in Chapter 6, but the hot beam system proved to be advantageous.
For comparison the flux in this cold beam system is about five orders of magnitude lower, the
propagation velocities are over three orders of magnitude lower, and the temperature is in the
low uK regime. The experimental setup required for generating such an atomic beam is also
much more complex than the hot atomic beam. However the slow propagation velocity makes
the relativistic Doppler shifts encountered in the hot beam system insignificant, and we also
saw in Sec. 7.2.2 that the mK temperature is a limiting factor in reducing cavity pulling in
the system. Furthermore the slow propagation velocities allow for repumping atoms within
the cavity mode, such that each atom may emit multiple photons during transit.

Even though the hot beam system is advantageous for the kHz-wide 'Sg-3P; transition in
many aspects, realizing superradiant lasing on significantly narrower transitions with a hot
beam requires unfeasible atom fluxes to reach lasing threshold. Therefore the physics and
challenges of superradiant lasing using a cold atomic beam are not only of interest in the
design of the SRLM, but also more generally for schemes using very narrow transitions.

Many of the behaviors in earlier chapters also apply to the cold beam system. At sufficiently
high temperatures, multicomponent lasing can arise as for the repumped cloud in Chap. 5
and the hot beam system in Sec. 7.2.2. Variations in cavity pulling with cavity detuning
variations in Sec. 7.3 similarly carry over qualitatively, even though the exact quantities are
different. We will not go into detail with these aspects again, but instead focus on new effects
appearing in the cold beam system.

Atom flux ® | 3.25(14) - 107 st
Axial temperature T, | 29(2) pK
Radial temperature Tr | 0.89(4) pK

Mean propagation velocity | v, | 8.4(4) cm/s

Radial density parameter | og | 23.3(4) pm

Radial trapping frequency | w; | 27 -185(10) Hz

Table 8.1: Parameters of the ultracold atomic beam source reported in [98] relevant for the
simulations of continuous superradiant lasing. We will also consider higher atom fluzes, as
further upgrades to the setup have made up to 3 - 108 s=% realistic [151].

129
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The system is illustrated in Fig. 8.1, looking along the cavity axis in panel (a), and the
repumping axis in (b). Atoms arrive from the left, and it is assumed that they are shelved
in the long-lived state 3Py. When they arrive within the cavity waist, they are continuously
repumped to 3P; m;=0. This is done using the same transitions as in previous chapters,
with a configuration of magnetic field and pump lasers similar to in Stage 3 of Fig. 6.13,
but including also an 689 nm laser. The concrete schemes for the cold beam model here are
illustrated in Fig. 8.1(c) and (d) for the shelving region and lasing region with continuous
pumping, respectively. The atoms tend to eventually propagate away from the cavity region
due to heating caused by repumping. The assumed cavity parameters are given in Table
8.2, where the waist size is chosen to ensure a good overlap with the atomic beam, and the
linewidth is chosen to ensure a lasing threshold below the experimentally realized atom flux.
The length is chosen to be comparable to the cavity in the hot beam machine. While a
shorter length on the order of the atomic beam width would allow for better performance
in simulations, it would also lead to technical drawbacks such as larger FSR and increased
sensitivity to e.g. mirror fluctuations and piezo noise.

150

Repumping axis, y (nm)
(@)

-150

150 ]

Cavity axis, z (um)

-150 [~ —1

-150 0 150
Propagation axis, x (pm)

Figure 8.1: Illustration of the cold beam system for an atom flux of 108 s~'. The spatial

distribution of atoms is shown in (a) and (b). The atoms are color-coded by their state
according to (c¢) and (d), without the variations in gray. The shelving scheme is shown in
(c), and the repumping scheme within the lasing region is shown in (d). Adapted from [84].
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Atom-cavity coupling go/2m 20.29 kHz
Length L 25 mm
Linewidth (FWHM) K/2m 20 MHz
Purcell rate (4g3/k) /27 | 82.33 Hz
Single-atom cooperativity | C 1.103 -10—2
Waist radius w 50 pm

Table 8.2: Assumed parameters of the cavity in the cold beam superradiance simulations. The
Purcell rate offers a simple estimate of the potential laser linewidth (see Sec. 2.6.3).

8.1 Numerical model

Equations are derived for the cavity field and atomic states, using the methods in Chapter
2. Here we will drop angle brackets and use the same indices as in Sec. 6.4 to refer to the
atomic states which are involved:

180: g, 3P0: n, 3P1: (i,e,u), 381: (xvyaz)a 3P2: (p,q,r,s,t).

The Hamiltonian for the cold beam system describes the coherent dynamics involving the
atom-cavity interaction at rates g7, a driving laser at rate 7, and filter cavities for calculating
the spectrum. In addition to |g) and |e), it also includes the states |i) and |z) for which the
pumping interactions are treated coherently (with Rabi frequencies xj; from |g)-|¢) and x7,
from [i)-|x)):

TN

f
k ot n —iwgt jwat
H = hwe.a a—l-z;hoﬂaj + hw! ol + hwlol, +;hwffkfk+h2 (ae twd —}—aTe““d)
J =

N, , . ) N : : , ,
# 3R (ogi o) (et e ) + 3TN (o 4 o) (et e
j=1 j=1
N . . . Nf
+ Z hg’ (r;) (O’ée + Ugg) <a + aT) + Z hgy¢ (a + aT> (fk + f,l) .
j=1 k=1

(8.1)
Here wy; and wy, are the laser frequencies, and we use notation such as kj;r; for the dot
product of the laser wavevector with the atomic position vector. From this Hamiltonian
we can start by finding the time evolution of the expectation value of the filter cavity field
annihilation operators, fx:

fx = —i6fpfr — iGa, (8.2)

and the dynamics for the cavity field (including dissipation at the rate k):

&= — <i5CE n g) a— ZédEt Zg ol (8.3)

The detunings are relative to the unperturbed atomic lasing transition frequency, wg, which
is chosen as the rotating frame. @ couples to the atomic coherences 7. These, along with the
other atomic coherences and populations, are treated within the stochastic master equation
(SME) approach, as described in Sec. 2.2. We will continue to use o- operator notation for the

stochastic values (note < p£g> = <O'ge>) Within the SME framework e.g. o7 and ol do not

decay continually, but instead have a probability within a time interval of p;(dt) = aeeygedt
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to make a quantum jump to |g). This would lead to agg = 1 and all other populations and
coherences being 0. In the time intervals where this does not occur, oje evolves according to:

J
XU G —ikyriidy
O'f]e =— 153 07 +igla (0] — O’ég) + 2—2” ole ihyirj+idirt (8.4)

4 1 , A ,
+ Uge |:_'7€9 <2 - Uée> + ’Yego'gz‘ + ’Yxia'%x

The atomic frequency shifts (52 p are generally 0, as there are no significant shifts in the lasing
transition which are not accounted for by the coherent dynamics. d;;;7 = 0 is the laser detuning
from the Zeeman-shifted atomic transition frequency. The lower term is a renormalization
from the SME. These equations for ¢, are eventually coupled to equations for the other
populations and coherences. For the states treated with coherences, we get:
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For the four related populations we get:
Uég = —ig? (age f_ a]ga) ZX2“ (Jg ek =it af?e_ik””f”él”t) (8.10)

+ Jgg [%gage + %'gagi + YaiO %x]
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The decays () and incoherent pumping rates (w) which determine the probability of quantum
jumps into and out of these states correspond to rate equations given by:

5o = Yea (% + ke + 7l (8.14)
6le = —Yegolo + 2 (ohy + 0L.) (8.15)
&l = =gl + % (030 + ) (8.16)
Glo = WhaOhn + WheOpy + W0l = Y200, (8.17)

Here 7, with a single subscript denotes the total decay rate from |z). All other states are
treated neglecting coherences, using rate equations to determine the probabilities of discrete
jumps both from decays and pumping laters. For |y) and |z) of 3Py we get:

S — ) i J ool o)

Ty = WayOgq T WeyTss = TyTiy (8.18)
I — apd o J 5 J 5J Jj _ J

Oz = wnzann + wuzauu + wrzarr + wtzatt 'yzo-zz' (819)

For the remaining Zeeman levels of 3Py, 3P, mj=1 of 3Py, we get:

Ugm = wgmzo-gm - w%zo-gm + Yxn (O-i:v + O-;Zy + ng) (820)
Ol = = WheOpy + E%pgg;z (8.21)
y .3 , :
Gl =~ WiyOag + 1g7er (T2 + 03y) (8.22)
j i ol o Vi 401
Opp = = Wiypp O — Wi, O =+ Yap Eax:r + any + TOUZZ (823)
oly = —wl, ol + E%p (Ug/y + Uiz) (8.24)
y .6 :
&fy = — wi,of + E%ﬂpaiz (8.25)
Uijtu = wQJLzUIJLu - Pyegaiu + % (Jgj/y + U;z) : (826)

Parameters which we will generally use in the simulations are listed in Table 8.3. It takes a
couple of milliseconds to reach steady state in simulations, so results are evaluated from the
last millisecond of 5 ms simulations.

Magnetic field strength B 47.6 nT
Zeeman splitting of 3P; (m =0 to m;=1) 1 MHz
689 nm pump Rabi frequency Xii/2m | 100 kHz
688 nm pump Rabi frequency Xiz/2m | 1 MHz
679 nm pump rate (max) wl,/2m | 1.73 MHz
707 nm pump rate (max)* 5 MHz
689 nm pump detuning from 'Sp-3P; mj=-1 0

688, 679 and 707 nm pump detuning from unperturbed transitions 0

688 and 689 nm beam shape Uniform
679 and 707 nm waist radius along x-axis 4% 40 pm

Table 8.3: Pumping and magnetic field parameters chosen for the cold beam simulations of
superradiance. * The 707 pump rates driving the different transitions are further reduced by
Clebsch-Gordan coefficients and Zeeman shifts, in addition to the intensity variation.



P. 134 of 169 C. 8 Superradiant lasing from a cold atom beam

8.1.1 Light shifts

Here we will consider the effect of light shifts - primarily the effects of the dipole guide beam
to be included in the model. The dipole guide is a far-detuned light beam and works by
shifting the energy levels of the atoms to create an attractive potential energy landscape
along the beam. The light shift in a state’s energy can be calculated by the formula [152, p
98]:

Re(a)l

Er =-—
L 2¢0cC

(8.27)

The shift is proportional to the light intensity I and the polarizability of the atom «, which
for a given state (index i) is given by [25] (see also: [152, p. 100], [153], [139, p. 159]):

2
a; = 6rc’e Z Al 2‘]’“ b (i1 (8.28)
' " Wi (Wi —w?) \mi p —my '

The sum is over the states connected to state i via transitions. We see the contribution from
each transition is proportional to the Einstein coefficient A j;, so strong transitions tend to
give the largest contributions. However the denominator rapidly becomes small for larger
detunings, so for certain frequencies, weak transitions can play a significant role. The final
coefficient is the Wigner 3j-symbol (see e.g. more details at Eq. 2.44), which takes into
account the angular momenta of the initial and final states involved in transitions, and the
light polarization p (p = 41 drives ¢ transitions and p = 0 drives m-transitions).

Light shifts should ideally be minimized on the lasing transition, especially if they are not
uniform. This can be done by using a magic wavelength, where « are the same for two states,
so that the light shifts cancel out. Using the data in [25] (and [19, 15] for the small corrections
from the !So-3P; transition), we can calculate the polarizability of the 'Sy and 3P; Zeeman
levels over a range of frequencies and for different light polarizations, shown in Fig. 8.2.

Here we see there are two magic wavelengths: one at 913.9 nm, which is magic for the Sy-3P;
m ;=0 transition, but only for light that drives o+ or o~ transitions. This is used for the
dipole guide in the model of superradiance. There is also another magic wavelength at 1012
nm for transitions to Py m =1 with o~ light (and by symmetry, m =-1 with o*). Another
factor that makes these magic wavelengths especially useful is that lasers with watts of power
are available in this region. Finally, the slopes of a(w) are relatively small such that the
sensitivity to laser frequency deviations is relatively low. For these magic wavelengths o > 0
and thus atoms will be attracted to high-intensity regions, e.g. the center of a Gaussian waist,
or the antinodes of an optical lattice. At shorter wavelengths additional magic wavelengths
exist, including ones where v < 0 that can be used to repel atoms from high-intensity regions.
A number of magic wavelengths for the narrow transitions in strontium are listed in e.g. [154,
p. 51].
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Figure 8.2: The polarizability of the 'Sy and 3Py sublevels in atomic units (471'60(18, where
ag is the Bohr radius) for different light polarizations and zero magnetic field in the red and
near-IR region. Some relevant transition and magic wavelengths marked. In some of the
curves large features arise from the broad ®P1-3S, transition at 688 nm, and smaller features

from the 1Sy-3 Py transition at 689 nm.

In addition to the magic wavelengths we also see that the repumper wavelengths of 679 and
707 nm are not magic. Due to the 3P;-3S; transition at 688 nm, Aa < 0 at 679 nm and
Aca > 0 at 707 nm for o7 light affecting the 'S-3P; m ;=0 transition. This sets a requirement
for the intensities of any repumping lasers if the 'So->P; 7 transition is not to be light shifted.
Assuming the repumpers drive ¢& transitions equally and are running waves, the intensity
ratio must be approximately Ig79/I797 = 2.55 in order for the light shifts to cancel. The third
repumper wavelength of 688 nm can also potentially cause a shift in the 'So-3P; transition,
but the the m ;=0 7 transition between *P; and 3S; is forbidden. Therefore large light shifts
can be avoided by driving only the 7 transitions at 688 nm, for which the difference in « is a
factor 137 smaller than for the 679 nm repumper. With these driven transitions, a condition
on intensity ratios for the light shifts of all three beams to cancel can be written as:

aer9ler9 + cessless + arorlor =0 = (8.29)
137 - Ig7g + Iegs = 53.7 - I7o7. ‘

Note that even if a magic intensity ratio is not chosen, these light shifts are still only on the
order of 0.1 to 1 Hz for the 679 and 707 nm repumpers for realistic repumping intensities,
and much less for the 688 nm repumper.

The pumping from level 'Sy to 3P; mj=-1 can also give rise to light shifts on the lasing
transition. To illustrate how this affects different transitions we must account for the Zeeman
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shift of the sublevels when calculating the polarizability. When the interaction between the
atom and the magnetic field is weak compared to the spin-orbit interaction giving rise to fine
structure, it can be treated as a perturbation to the fine structure levels, and the energy shift
can be calculated by Eq. 1.1. To illustrate this we can consider a magnetic field strength of
4.76 uT, for which the 3P; mj==1 levels are split by £100 kHz from m;=0. The resulting
polarizabilities of the lasing levels, averaging over o™ and o~ (corresponding to a laser with
linear polarization orthogonal to the quantization axis), are shown in Fig. 8.3.
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Figure 8.3: The polarizability of the 1Sy and 3Py myj=0 states for oF light and a magnetic
field of 4.76 uT, causing a Zeeman splitting of 100 kHz (a factor 10 less than in Table 8.3).

Since 'Sy can couple to Py my=+1 and -1 the dispersive feature appears around both of
these resonances, which dominates compared to all other contributions, while 3P; m =0
cannot couple to 'Sy via o transitions. As both the 689 and 688 nm pumping lasers are
treated as coherent interactions in the model, this enables us to account for the light shifts
as well as other coherent effects.

8.1.2 Optical forces

Given the polarizability we can calculate the shift in an atom’s energy when subjected to
light at a certain wavelength according to Eq. 8.27. And since the force from a potential
is given by the gradient of the potential energy, we can find the radial force from a running
wave laser beam with a waist radius W, and peak intensity Iy = 2P/ 7ng2:

d a d 2aly T 22
Fe—SE(r)=-""10)=- —exp [ —
i P = et = o, w, P < W92> (8.30)
——

In [98] a 12 W dipole guide at 1070 nm was used. This was partially retroreflected, with
different focus locations and waists ranging between 92 and 165 pm. We will simply consider
a Gaussian 15 W beam at 913.9 nm with waist radius of 165 pm, which gives a, = 46.1 m/s?
for the 'Sy state and 37.0 m/s? for the shelving state 3Py.

In addition to a dipole guide, we will also consider the effect of an intracavity optical lattice
at 913.9 nm. For an optical lattice the peak intensity in terms of the lattice power will
be Iy = 4P/ 7rW92. There will be both a radial force and a much stronger force from the
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wavelength-scale lattice:
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These forces depend on the state of a given atom, as the polarizability varies. The polariz-
abilities at 913.9 nm are shown in Fig. 8.4. We see that the forces can vary on the order of
50%, depending on exactly which state an atom is in. For the 3S; levels, the direction of any
forces flip sign, so the atoms would become low-field seekers, but the rapid decay (7 = 13 ns)
means this only happens intermittently. In a superradiant laser where repumping drives the
atoms between all of these states, these variations of « can lead to non-adiabatic motion. If
an atom were for example brought from the P states to 3S; while climbing up a lattice site,
the potential hill would suddenly become a trough, the same effect responsible for Sisyphus-
cooling. However cooling would require the pumping rate to be correlated both with the
location of the atom in the lattice and the direction it is moving, for example with light
and Doppler shifts, but would lead to many new requirements and complexities we will not
consider here. Without these correlations, the changes in the potential landscape are most
likely to cause heating. To give an idea of the order og magnitude of the light shifts with a
lattice we can consider a cavity with waist radius of 50 pm and an intra-cavity lattice of 1
W. In that case we would have the lights shifts at the intensity maxima of 150 kHz on the
1S0-3P1 my=-1 transition and ~1 MHz on the 3P ;-3S; transitions (see Appendix A.7).
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Figure 8.4: Polarizabilities o of relevant states for a 913.9 nm laser driving o™ and o~
transitions equally. The dipole force is proportional to o, and for a > 0 the atoms are low-
field seekers, for a < 0, high-field seekers.

Due to the recoils associated with repumping, the temperature of the atoms will increase
along all dimensions to at the very least tens of pK, so that p > hk. As a result we will
consider the dipole guide forces classically.
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8.2 Spatial variations in the lasing region

As we saw in the illustration in Fig. 8.1, the atoms do not follow the dipole guide through
the cavity, but heat up significantly. In Fig. 8.5 the spatial variations along the z-axis are
presented for the same simulation used for Fig. 8.1.
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Figure 8.5: Spatial variations within the atomic beam along the x-axis, as the atoms propagate
through the repumping and lasing region. (a) Histogram of populations, using the same color
scheme as in e.g. Fig. 8.4. The inversion decreases slightly towards the exit side of the cavity
region as the density decreases and temperature decreases. (b) Mean cumulative number of
emission events from 3Py my=0. Atoms can emit on the order of 40 photons into the cavity
before escaping. As some atoms diffuse back to x = 0, the number here is nonzero. (c) Atom
temperatures along the three axes. Atoms heat up to 100 uK along the cavity axis, and even
more along the repumping azis. Figure adapted from [8].
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Because of the Gaussian 679 and 707 nm repumper waists, the population of 3Py (seen in
panel (a)) gradually decreases towards the entry side of the cavity. The cavity coupling is
low, so here excited atoms are about as likely to emit into the environment compared to the
cavity, as seen in panel (b). But as atoms move within the cavity waist, the rate of emission
into the cavity increases greatly. We saw in Fig. 5.3 that for the repumping scheme used here,
an atom is subjected to 8 photon recoils from the pumping lasers (giving a recoil randomly
along the y axis) and 7 from spontaneous emission (giving a fully randomly directed recoil).
From the numbers in panel (b) where we see atoms emit on the order of ~65 photons from
the 3P m =0 state, this implies atoms are subjected to on the order of 1000 photon recoils.
This largely explains the large increase in temperatures as atoms move into the cavity and
then escape. However part of the increase in temperature also occurs due to the changes in
state during repumping within the dipole guide. As we saw in Fig. 8.4, each state has a
different polarizability, so the dipole guide potential has a different depth for each state. This
changes the acceleration between each quantum jump, so the SME approach enables us to
capture this effect. As the atoms end up being redirected from a simple trajectory along x,
the quantities for large x mainly sample atoms starting with high initial z-velocities or which
experience the most net recoils towards +x, which explains e.g. the lower T} for large x.

The heating from repumping is sensitive to many different parameters. One is the atom
flux - a higher flux increases the heating rate. This occurs because a higher atom flux
leads to a larger the emission rate into the cavity will be (2g/n), which is the bottleneck
in the repumping cycle (along with the spontaneous decay route). So when the atom flux
increases, the emission rate into the cavity will also increase relative to the environment, and
temperatures will increase more rapidly. The over-all motion in the dipole guide changes
more from simply following the guide towards diffusing away from the cavity mode. The
dipole guide waist and power affect the heating rate by determining how much the potential
varies for the different states. A larger repumping waist and rate will obviously also increase
the heating rate, assuming it is not so high that decoherence or high temperature causes

2g+/n to drop.



P. 140 of 169 C. 8 Superradiant lasing from a cold atom beam

8.3 Output power, cavity pulling and linewidth

Fig. 8.6 shows the dependency of the cavity output power on atom flux. For the chosen
cavity parameters, a lasing threshold is obtained near ~ 2-107 atoms/s. The power initially
increases rapidly with flux - by two orders of magnitude from 2 - 107 to 10® s~!, where 1 nW
is obtained. However the power does not scale as a simple polynomial, but increases ever
more slowly for higher flux. This occurs because near the threshold, higher atom numbers
increase the cavity interaction rate 2gy/n - the bottleneck in the repumping cycle - so each
additional atom causes all atoms to emit more photons into the cavity on average. But as
discussed in Sec. 8.2, a high atom flux eventually causes so much heating that atoms start
to diffuse away from the cavity, or they may eventually move too quickly along the cavity
axis to emit efficiently. Therefore the scaling at high flux could be expected to approach a
polynomial P o« N¢, with a probably a bit larger than 1.
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Figure 8.6: Total cavity output power for varying atom flux in the cold beam system. Lasing
threshold is reached near 2-107 atoms/s, and for 108 atoms/s, 1 nW can be achieved. Figure
adapted from [84].

Cavity pulling

In Fig. 8.7 the lasing frequency shift ¢y, is shown within the same interval of atom fluxes,
for three different cavity detunings d.p. We will initially consider the standard parameters
(dark curves). The coherent treatment of the 689 and 688 nm pumping interactions enable
us to capture the impact of light shifts on the lasing frequency, which is the reason why the
0. = 0 curve does not follow 7, = 0. In this case we can determine the local cavity pulling
coefficient from the distance between the curves. Near the threshold, c,,; ~ 0.01, and for
2 - 10® atoms/s the atoms heat up to a mean T, = 34 pK within the cavity waist. As the
atom flux increases, the average temperature 7, along the cavity axis also increases, causing
cavity pulling to increase until 5- 107 atoms/s, where T, = 54 K. At still higher flux, cavity
pulling starts to decrease again, as the effect of higher atom numbers dominates (as is usually
seen when superradiant lasers are considered) compared to heating. At 3-10% s~! we find
T. = 76 pK, but since the Doppler width scales with /T, the width does not increase so
significantly with flux anymore.

As seen in the shape of the curve for . = 0, the impact of light shifts appears to be
non-trivial. It is sensitive to the inversion, which generally decreases for an increasing atom
flux, but the effects considered in Sec. 8.2 makes the scaling with atom flux complicated. A
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positive result is that there is a regime near 8-10®% s~! where the net shift in lasing frequency
is 0 for 0. = 0 simultaneously with it being independent of atom flux to first order. The
bright curves in Fig. 8.7 show the behavior for a smaller pumping waist and lower 688 nm
pumping rate for comparison. In this case the curves are more monotonic, with no plateau
near 8 - 107 atoms /s. This is because the smaller repumping waist causes less heating, so the
effects from Sec. 8.2 give less prominent variations with the atom flux. From this we see that
despite the complexity, they can also give rise to advantages like a regime where the lasing
frequency has no net shift and is not sensitive to small variations in atom flux.

3 B o e 5(:E/2n - _~_100 kHz
\'L.C. - 5(:E/2n _ 0 kHZ

o --..Q~-.-l~.-‘~._.. - 6(,]:;/2'JT — _100 kHZ
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Figure 8.7: The shift in lasing frequency 0y, for different atom flux at three different cavity
detunings, 0.g. Standard parameters (Table 8.3) are shown in dark colors, while light variants
are simulations with W, = 30 pm and xi./27 = 0.8 MHz. Cavity pulling can locally be
characterized by the distance between the curves. Light shifts cause additional shifts in the
curves. For a flux near 8-107 s=! there is no net shift in the lasing frequency at zero detuning,
and here &1, is also insensitive to the atom fluzx to first order. Adapted from [84].
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Schawlow-Townes limit (Eq. 2.52) is shown, which may limit the linewidth near the lasing
threshold.

These estimates of the linewidth are inferior compared to the hot beam system, and may not
justify building a machine with such a complexity, though we here have only investigated
a small fraction of a large parameter space. The linewidth may be improved with different
cavity parameters at the cost of a higher lasing threshold, with different pumping parameters,
and thermal effects may be reduced by an optical lattice.

8.4 Sensitivity to repumping laser variations

Even if the superradiant laser is not very sensitive to the cavity resonance frequency, it is not
of much use if the repumping lasers disturb the frequency significantly, as they might then
need to have their frequencies stabilized to the same level that is desired for the superradiant
laser. As we saw in Sec. 8.1.1 our main concern is the ladder from |g) — |i) and |i) — |x)
driven by the 689 and 688 nm lasers. In addition to nominal light shifts that depend on the
power and frequency of the repumping lasers, these repumping parameters can also affect the
total repumping rate and inversion. This would also have a range of effects on the dynamics
and lasing frequency, considering the dynamics in Sec. 8.2. However this should not be
significant for frequency shifts that are small compared to the power-broadened linewidths
of the transitions. The standard parameters (Table 8.3) used in simulations assume the 689
nm pump laser is on resonance with the Zeeman-shifted mj=-1 level of 3Py, while the 688
nm laser is still tuned to the unperturbed resonance of 3P-3S;, giving a nominal detuning of
69 /2w = =333 kHz from |i) to |z) (the same magnitude as for the |y)-|z) transition, which is
treated incoherently as |g) — |¢) is not driven). These are of course just one combination out
of endless options that may lead to different sensitivities to the repumper laser frequencies,
but one working combination is all that is needed.

8.4.1 Repumper frequencies

In Table 8.4 the shifts in lasing frequency are shown for an atom flux of 8 - 107 s™!, zero
cavity detuning, and with the repumping frequencies varied from the nominal values. The
finite simulation time leads to random variations in the peak lasing frequency from the random
atom variations during each realization, which are on the order of tens of Hz (these are also
visible in some of the close neighboring points in Fig. 8.7). The crucial result is that the shifts
in lasing frequency are several orders of magnitude smaller than the shifts in repumping laser
frequencies. This allows the superradiant laser to have a significantly more stable frequency
than the repumping lasers.

Ady /2w | 0p/27 Ay /27 | 6p/2m
-100 kHz | -570 Hz -100 kHz | -40 Hz
-10 kHz | -97 Hz -10 kHz | -65 Hz
-1 kHz -66 Hz -1 kHz -65 Hz
0 Hz -27 Hz 0 Hz -26 Hz
1 kHz -25 Hz 1 kHz -37 Hz
10 kHz +66 Hz 10 kHz -2 Hz

100 kHz | 4476 Hz || 100 kHz | -55 Hz

Table 8.4: Shifts in the peak lasing frequency dr, when either the 689 nm pump laser is detuned
from its nominal value (left columns, Ady;), or the 688 nm pump laser (right columns, Ady, ).
Note random variations within the finite evaluation time are also on the order of tens of Hz.
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8.4.2 Repumper intensities

Fig. 8.9 shows how lasing parameters depend on the Rabi frequencies from the 689 and
688 nm repumping lasers, for an atom flux of 10 s~!. The lasing frequency is sensitive to
the power of the repumpers, so they must be power-stabilized to achieve a good frequency

stability.
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Figure 8.9: Lasing parameters in simulations with an atom fluz of 10 s71 and zero cavity

detuning. (a) Cavity output power, (b) peak lasing frequency shift, (c) inversion on the lasing
transition. Some values are listed next to the data points.
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8.5 Optical lattice

Here we will consider the effect of an intracavity optical lattice at the magic wavelength.
Such a lattice will result in large intensity variations on the wavelength scale within the
cavity, unlike for the guided beam (with an 165 pm waist). As considered in Appendix A.7,
this could be problematic for the repumping scheme if the lattice power is on the order of
watts. If the repumper frequencies are not modulated, the repumping rates will be spatially
dependent. The modulation does not necessarily need to cover the full span in light shifts,
as low repumping rates may be acceptable near the crests of the optical potential, from
which atoms are repelled. Here we will not account for these variations in light shifts on the
repumping transitions but simply consider the prospects if these challenges are overcome.
The system in the presence of an optical lattice is depicted in Fig. 8.10, and the impact on
different lasing parameters is shown in Fig. 8.11.
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Figure 8.10: Illustration of the cold beam system, as in Fig. 8.1, here for an atom flux of
3-10% 571 and with an 10 W intra-cavity optical lattice. (a) Distribution and states of atoms
in the xy-plane, (b) xz-plane and (c) xz-plane zoomed in along the z axis, showing the effect
of the lattice on the motion of atoms. The variation in g (red sine) and lattice E-field (dark
red sine) on the wavelength scale is illustrated.
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Figure 8.11: Lasing parameters from simulations with an atom fluz of 8 - 107 s~ and cavity
detunings of 0 (black) or 100 kHz (red). (a) Total cavity output power, (b) shift in lasing peak
frequency and (c) mean temperature along the cavity axis for atoms within the cavity waist.

Both the radial and axial forces of the lattice (Egs. in Sec. 8.1.2) influence the atoms. The
radial force accelerates the atoms from the guided beam towards the center of the cavity
waist. This has the advantage of increasing the atom density in the region with high cavity
coupling rates, but also generally increases the propagation speed through the cavity. If this
becomes too high, the density again decreases, and atoms will not have enough time to emit
as many photons as for a lower lattice power. As a result the output power increases until
about 5 W for the parameters in Fig. 8.11, and decreases again for a higher lattice power.

The radial force of the lattice similarly accelerates the atoms towards the center of the lattice
antinodes, but this force also gradually increases as atoms get closer to the center of the cavity
waist (see Fig. 8.10(c)). This causes the atomic motion to oscillate along the cavity axis. It
causes the temperature 75 to increase, but the effects considered in Sec. 8.2 also play a role
in this. One is the lattice’s impact on the number of repumping cycles, which scales roughly
with the output power. In addition the larger changes in polarizability encountered within
the lattice can lead to faster heating during repumping, compared to the variations within
the dipole guide. Despite the increase in 7%, we find in Fig. 8.11(b) that the cavity pulling
coefficient gradually decreases from 0.024 to 0.01 for 10 W. Part of the reduction can be
attributed to the fact that despite the increase in temperature, the movement is still confined
to less than half the magic wavelength. Therefore the atoms do not experience the variations
in g which lead to increased cavity pulling for ballistic motion at higher temperatures. Note
the atoms in Fig. 8.10(c) which are in-between the lattice sites may have moved outside the
cavity waist along the y-axis - as seen in Fig. 8.10(a), those are more likely to be in 3Py
m J:]..

Finally, we see that the net shift in lasing frequency at d.g = 0 also depends on the lattice
power. This can be expected, as the lattice affects the dynamics in so many different ways
which in the end changes the inversion and light shift. The attractive potential towards the
cavity axis can also lead to even more complex motion, for example causing some atoms to
orbit the cavity axis if they experience the right sequence of random recoils, or enter the
cavity from the right distance along the y-axis.
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CHAPTER

Conclusion and outlook

Numerical models

In this thesis we have explored superradiant lasing in a variety of different settings, all with
the common feature of using the kHz-wide 'Sp-3P; transition in 88Sr. A significant part of
the thesis is devoted to numerical simulations of these systems. The models treat atoms
in small groups or fully individually, coupled to the common cavity mode. This allows us
to account for variations of many conditions within the ensemble, such as cavity-coupling,
pumping intensities, energy shifts and optical forces. As the atoms move around with different
velocities, this approach also captures the effects of a finite temperature. We have used a few
approaches to account for heating effects as well, in the settings where this is relevant.

The main parameters which we can predict are the power, phase and spectrum of the light
emitted by the superradiant lasers, and as a result also how they are affected by variations
in the cavity resonance frequency. One of the main drawbacks of the numerical approach
presented here is the complexity of the dynamics and calculations. Exploring large parameter
spaces can require weeks of calculations, at least on a single GPU. And with many different
parameters which can have similar impacts, the scope is limited to examples, making it hard
to extrapolate general relations. The advantage is that by accounting for the different effects,
we can expect a better agreement than simplified models. As a result we have also seen
good agreement between simulations and experiments of superradiant pulses. In the future
it will be interesting to see how well the simulations describe the continuous regimes which
are currently pursued experimentally.

Another important limitation of the model is that it does not include quantum noise in the
treatment of the cavity mode. This limits the ability to predict the linewidth of superradiant
lasers in the continuous regimes. It could be interesting to include this in the model, but
for the performance it is at the same time critical that the linear scaling of the number of
equations with atoms is preserved. Alternatively, the atom group approximation could be
used to a much greater extent. As we saw this can distort phase and power fluctuations, it
may also distort the predicted linewidth, however.

147
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Superradiant laser pulses and setups at UCPH

At the University of Copenhagen (UCPH), lasing pulses from a coherently pumped ensemble
have been characterized in detail in the mK regime. The experiments and numerical model
have complemented each other, with the numerical simulations showing good agreement and
offering insight into dynamics that are not readily accessible in experiments, such as the
varying behavior of atoms with different velocities. We have seen that in the superradiant
crossover regime with coherent pumping, even despite a Doppler width ~4 times greater than
the cavity linewidth, cavity pulling can be suppressed by up to a factor 4 when considering the
center of mass of the spectrum. In addition we saw that the frequency of the most prominent
peak can even be immune to local changes in cavity detuning, when operating within certain
ranges.

Experimental approaches and upgrades were presented which enabled us to trap ensembles
with tens of millions of atoms at pK temperatures. This allowed us to realize superradi-
ant crossover pulses where the Doppler width is now ~10 times narrower than the cavity
linewidth, and atoms with different velocities synchronize to a much greater extent. As a
result, cavity pulling is also strongly reduced, now by a factor 56 when considering the center
of mass of the spectrum. The ps pulse duration and associated broad linewidth makes this
system based on coherent pumping of limited metrological interest in itself. But as a proof
of principle system, it can give insight into the physics that may play a role in frequency ref-
erences in the future. For example experiments are now underway to demonstrate a proposal
for utilizing superradiant pulses in a Ramsey scheme [140].

A new regime that allows for much narrower linewidths is realized by incoherently repumping
the atoms. Here we have presented simulations of such lasing pulses at both pK and mK
temperatures, and investigated thermal effects of the repumping scheme. The pulse duration
can be extended to the order of several ms, but changes in density and temperature lead
to changes in cavity pulling during the pulse emission. We have seen how this can broaden
many spectral features, but also a few examples where features can remain steady even despite
large changes in the atom cloud parameters. Reaching linewidths at the Fourier limit of a
few hundred Hz may be possible in a regime near zero cavity detuning and/or by controlling
the cloud from an initial offset to keep the cavity pulling coefficient more steady. These
quasi-continuous pulses are already being investigated in the lab at the time of writing, so
we can look forward to more details from them in the future.

Still, fully continuous superradiant lasing is of much greater metrological interest, as even
narrower linewidths can be obtained and dead-time can be eliminated. We have considered
the temperature and atom number requirements for realizing continuous superradiance in
the UCPH machine, finding that on the order of 10 atoms/s are required according to
simulations. Experimentally this would be much more challenging than the quasi-continuous
setting we have considered so far. One possibility is that the atoms are slowed, trapped and
cooled with an offset from the cavity, before being directed through it. A second possibility
is that superradiant lasing co-exists with the disturbances from MOT lasers within the cavity
mode. In [155] lasing was considered in a driven V-level configuration, such as lasing in with
a blue MOT cloud. Though coherent effects were shown to enable inversion on the lasing
transition, the light from the broad transition also caused the system to behave as a good-
cavity laser. A third possibility might be a cooling and trapping region next to, or surrounding
the cavity mode, from which atoms can migrate into the lasing region. One advantage of
such an approach is that a lower atom flux could be needed compared to the atomic beam
systems we have considered, if the atoms tend to get recycled. Operating a MOT within the
cavity, using transitions encountered during repumping, could allow for even further cooling
and confinement with fewer disturbances of lasing compared to the 1Sg-!P; transition, if they
can be fed from an initial trapping stage.
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Outside the realm of superradiant lasing, other directions can also be pursued in the upgraded
machine at UCPH. One possibility is passive interrogation of atoms, in line with previous
research [156, 157]. This may now be pursued in colder or more continuous settings, and has
simpler requirements compared to overcoming the lasing threshold. The numerical models
presented in the thesis can also readily be used to describe these settings, requiring only
minor adaptations.

Continuous spectroscopy and potentially superradiance is also pursued in the ”Sr2” machine
at UCPH (also described in [121]). This has an architecture that produces a Zeeman-slowed
continuous atomic beam, which is deflected towards an optical cavity. Simulations to deter-
mine the requirements for continuous lasing in this machine are presented in Appendix A.8,
assuming a pre-pumped setting similar to the hot beam system. But since the propagation
velocities in the atomic beam can be adjusted on the order of tens of m/s, lasing may also
be considered in a continuously repumped setting similar to the model in Chapter 8, which
could be an advantage for low velocities.

Continuous superradiance based on machines at UvA and elsewhere

The purpose-built hot beam machine at the University of Amsterdam (UvA) is a promising
platform for realizing continuous superradiance much further in the bad-cavity regime than
the machines at UCPH. In this thesis we have described some key components of this machine
from the assembly phase, including the science cavity, transverse cooling and cavity-coupling
optics. We have also presented numerical simulations of the pumping stages in the machine
to find the impact of different laser parameters on pumping and a velocity selection stage.
The simulations suggest the velocity selection scheme can be used to reduce the temperature
of atoms along the cavity axis from 3.6 mK down to e.g. ~2 mK by sacrificing 30% of the
atoms.

Superradiant lasing in this system has also been investigated using numerical simulations,
where we find a lasing threshold for ~ 2.5-10'? atoms/s. The expected output power is tens
to hundreds of nW, which is a great advantage compared to other proposals for continuous
superradiance which require more complex machinery. The cavity pulling coefficient found
in simulations is on the order of 0.03 to 0.06, with the lower range depending on realizing
the velocity selection scheme, which may give an improvement on the order of ~25%. The
high propagation velocities of atoms in the beam give rise to an asymmetric distribution of
relativistic Doppler shifts with a peak on the order of hundreds of Hz, which are included
in the numerical model. These cause a shift in the lasing frequency of the same order, and
additionally have an impact on the frequency fluctuations arising from the random fluctua-
tions in the atom distribution. The simulations have also been used to determine how the
emitted power and spectrum is affected by the finite temperature, increased decoherence, and
cavity resonance fluctuations at different frequencies and amplitudes. A simple estimate for
the linewidth suggests this system can reach 9.4 Hz.
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Finally, we have presented a numerical model and simulations of continuous superradiance in
a regime with pK atoms, based on an atom source realized at UvA. In this system we assume
atoms are continually repumped when they are near the center of the cavity waist, such that
each atom can emit tens of photons into the cavity. This allows for an output power on the
order of hundreds of pW. All states involved in the repumping scheme are included in the
model, with the 689 and 688 nm repumping interactions modeled coherently. A stochastic
master equation (SME) is used to model atomic decays as discrete quantum jumps. Forces
from an optical dipole guide at a magic wavelength are also included in the model. These
forces depend on the state of atoms, and the SME approach enables us to quantify how this
affects the temperature of the atoms. The temperature is also affected directly by recoils
from the pumping lasers and spontaneous emission. As a result it quickly grows to several
tens of nK along the cavity axis, from the ~1 pK temperature in the atomic beam.

Cavity pulling coefficients in the system are on the order of 0.01-0.02. While light shifts from
pumping can cause net shifts in the lasing frequency, we find certain parameter regimes where
the net shift can simultaneously be zero and independent of the atom flux to first order. An
intra-cavity optical lattice may reduce cavity pulling even further, provided the challenges of
light shifts on pumping transitions can be overcome. On the other hand, the linewidth of
82 Hz based on a simple estimate, is inferior compared to the hot beam system, and may not
justify the experimental complexity required to build such a system.

Other machines are also under development which are promising candidates for realizing
continuous superradiance. At UvA, a second machine is under development for realizing
continuous superradiance on the mHz-transition [99], and at JILA, continuous superradiance
is also being pursued in strontium [129, p. 201].
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A.1 Tapered Amplifier power

The recorded power over time of the original TA (EYP-TPA-0690-00500-2003-CMT02-0000,
setup described in [103, p. 56-57]) and the pump pulse power (total in the -1 order out of
the Pump AOM) is shown in Fig. A.1. The power varies with optimization from day to day,
but a degrading trend over the course of months is also visible.

3501
| .. * TA output

300 s . *  Pump pulse
2501 .
= P
E200F .
83 1r0 o : o
z 1 o
S o :' P oo
A+ 100 .

50 f |

0
Jan 2018 Jul 2018 Jan 2019 Jul 2019 Jan 2020
Time

Figure A.1: Degradation of the TA output power over time, with approrimately 20 mW input
power.

A.2 Beam profile for pumping mK atom cloud

In Fig. A.2 the beam profile of the pump pulse is shown which was used in experiments with
the mK atom cloud. Gaussian fits are shown for an approximate quantitative description.
The beam profile deviates heavily from a Gaussian after amplification by a tapered amplifier.

Figure A.2: Top: Intensity distribution of the pump pulse recorded by a beam profiler. Left:
2D gaussian fit. Right: Absolute difference between the profile and fit.
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A.3 Crossover pulses in mK ensembles for high atom numbers

Here simulations are shown for the parameters in Fig. 4.4, spanning atom numbers beyond
what could be achieved in the experiments.
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Time relative to peak output power (ps)
Figure A.3: Simulated single side cavity output power, as in Fig. 4.4, extended up to

N = 1.33-10%. An 1/y/a(N — Ny,) fit to the lasing delay shows good agreement in the
extended range, while b+ 1/(a(N — Ny,))) shows poor agreement.

3 —
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Figure A.4: Peak cavity output power from the simulations in Fig. A.3, and fits indicating
regimes with N2- and N-scaling. This behavior is similar to in [58, Fig. 4].
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A.4 Pulse spectrum dependency on cloud temperature

In Fig. A.5 the time evolution of the cavity field amplitude spectrum is shown, using an
expanding Heaviside window starting at ¢ = 0. The frequency axis is with respect to the
pump pulse, which is equal to the atomic transition frequency. Note that a different color
scale is used than in Fig. 4.9, and that the amplitude spectrum is shown rather than the
power spectrum. The qualitative result to note is that at lower temperatures the multi-peaked
background becomes less prominent in the spectrum, as expected from the fact that there
are fewer atoms with high velocities.

Figure A.5: (a) Normalized cavity field amplitude spectrum for N = 7-107 atoms, 6.5/21 = 1
MHz and T' = 2 mK from a simulated lasing pulse. (b) Results with T = 5 mK instead.

A.5 Beam profile for pumping pK atom cloud

In Fig. A.6 the beam profile of the pump pulse used for the pK atom cloud is shown, along
with a Gaussian fit and residuals. Unlike the mK pump pulse, the beam profile achieved here
is a result from fiber-coupling the beam from a tapered amplifier.

Figure A.6: Left: Intensity distribution of the pump pulse recorded by a beam profiler located
at a distance from relevant optics that gives the same propagation distance as to the atom
cloud. Center: 2D gaussian fit. Right: Absolute difference between the profile and fit.

A.6 Pure and crossover pulses in the pK regime

In Fig. A.7 the dependency of the output power dynamics and power spectrum on cavity
detuning are shown for three different atom numbers N and pump pulse durations 7},. The
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temperature here is 40 pK, the atom cloud radius is 250 pm along all axes and the pump
pulse power is 200 mW in these examples while assuming the beam profile in Appendix A.2.
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Figure A.7: Simulations of (a,c,e) output power dynamics and (b,d,f) power spectra for (a-b)
N = 2-10% and T,=110 ns (shorter than a 7 pulse), (c-d) N = 4-10% and T,=140 ns (a
T pulse) and (e-f) N =107 and T,=140 ns. Green dots indicate the end of pumping pulses,
and gray dots show the intensity-weighted center of the spectra.

In panels (a) and (b) the atom number and excitation is low enough to realize a single pulse
near the transition to the pure superradiant regime, giving also a simple spectrum with a
single peak. In the lower panels we go into the crossover regime by increasing the number of
excitations. Though the pulses in Sec. 5.1 are realized with slightly different parameters, the
main difference is the even higher atom number compared to these examples.

A.7 Light shifts on pumping transitions from optical lattice

The maximum variation in light shifts are shown in in Table A.1 for an P = 1 W intra-cavity
optical lattice, using Eq. 8.27:
4P
I = — =5.09-10° W/m?,  Avpas = —
Twg

Re(Aa) 1]l

2hege (A1)
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Wavelength | Transition AVpae (kHz)
689 nm 1S, to 3Py my=-1 150

679 nm 3Py to 3S; my=-1 1319

688 nm 3P1 my=-1 to 3S; my=-1 | 1288

707 nm 3Py my=-2 to 3S; my=-1 | 1502

707 nm 3Py my=-1to 3S; my=0 | 1327

707 nm 3Py my=0 to 3S; m =1 1270

Table A.1: Maximum light shifts on some pumping transitions for a lattice power of 1 W.

A.8 Simulations of lasing in the Sr2 Machine at UCPH

The ”Sr2” machine at UCPH is based on a beam of atoms traversing an optical cavity,
similarly to the hot beam machine at UvA, but uses a Zeeman slower and deflecting 2D
MOT, enabling slower and more uniform propagation velocities. Using the hot beam model
in Chapter 7 we can determine the atom flux requirement to realize lasing in this machine.
Here we also assume an uniform beam, but simply assume the atoms start at the cavity axis,
x = —W,, in the excited state, and propagate with uniform velocities of v, = 40 m/s. The
radial atomic beam temperature is assumed to be 4 pK, and the relevant cavity parameters
are k/2m = 180 kHz, L = 37 mm and W, = 250 pm. Here the lasing threshold occurs near
2 - 10® atoms/s. The fast decay time of 3P; sets a lower limit on the required propagation
velocity on the order of tens of m/s to achieve inversion within the cavity waist, when the
atoms are pumped before entry. For low propagation velocities a continuous repumping
scheme could potentially enable more power from each atom.

1000

100

Output power (pW)

—
o

® (10 atoms/s)

Figure A.8: Total cavity output power for different atom flux values in the ”Sr2” system,
according to simulations with a temperature of 4 nK along the cavity azis.
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