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Abstract

Continuous superradiant lasing on the mHz-linewidth clock transition in strontium re-
quires a source of atoms that is simultaneously cold, dense, and continuously replenished with
a stable flux. This thesis presents contributions to the design, setup, and characterization of
key stages of the atom preparation and transport needed to realize such a source.

A dual-position narrow-line magneto-optical trap (MOT) was optimized and character-
ized. It provides a continuous source of atoms with a loading rate of 1.5 x 10% atoms/s and
a saturation atom number of 3.7 x 10® in the broadband stage at temperatures of 8.0 pK.
The spatially separated single-frequency stage reaches lower temperatures, here 3.3 pK. A
high-power optical dipole guide can be used to transport the atoms from the single-frequency
MOT to a separate science chamber. The required powers were determined theoretically and
the experimental implementation of the guide was completed. In the science chamber, the
atoms will be slowed down by molasses beams and recaptured in a reservoir trap, both of
which were set up as part of this thesis. Finally, an active laser intensity stabilization system
was tested and characterized, and its role in the experiment discussed. The best-performing
configurations suppress the relative intensity noise by over 25dB at low frequencies.
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Figure 1: List of optical elements and wavelength colors used throughout this thesis. Symbols
from the ComponentLibrary by Alexander Franzen [1].
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Frequency is the physical quantity that can be measured with the highest precision, and time-
keeping directly builds on this. The second itself is defined by the frequency of a specific
microwave transition in the cesium atom [2]. Optical transitions oscillate several orders of mag-
nitude faster than this microwave reference, which increases the achievable resolution provided
the transition remains equally narrow [3]. This is why optical clocks are expected to replace
the cesium standard in a future redefinition of the second [4]. Atoms are natural candidates for
a stable reference, since the frequencies of their internal transitions arise fundamentally from
quantum physics rather than from properties of a fabricated system. The transition frequency
of an atom, however, only defines a reference and it does not by itself provide a macroscopic
oscillating signal that can be counted. A clock therefore additionally needs an external oscillator
that provides the countable signal and is sufficiently stable itself. State-of-the-art optical clocks
realize the reference either as a single trapped ion or as an ensemble of neutral atoms confined
in an optical lattice [5, 6], while the oscillator is a laser stabilized to an ultra-stable cavity. This
architecture has two important limitations. The first limitation is the imperfect stability of this
oscillator. The reference cavity is mechanically and thermally isolated, but residual vibrations
and thermal drifts of the mirrors become frequency noise on the light, and even a perfectly
isolated cavity remains limited by Brownian thermal noise [7]. The second limitation is the
cyclic operation of these clocks, where an atomic ensemble must be prepared new for every

measurement, leaving dead time in between.

Superradiance on a narrow optical transition offers an alternative approach [8]. Dicke pre-
dicted in 1954 that an ensemble of atoms decaying collectively rather than independently emits
with a spontaneous emission rate enhanced by the number of atoms [9]. A cavity can induce this
collective behavior by mediating the atom interactions through a common mode. How much
this cavity influences the output frequency depends on the regime of operation. A conventional
laser system operates in the good-cavity regime, where the cavity linewidth is narrower than the
atomic linewidth and the cavity dictates the output frequency. In the bad-cavity regime this is
reversed and the cavity linewidth greatly exceeds that of the atomic transition, so the output
frequency is set by the atoms and cavity-length fluctuations are suppressed [10], as illustrated
in Figure 2. The frequency reference is then given by the atoms themselves, analogous to a
hydrogen maser, but on an optical rather than a microwave transition [11]. In this regime the
emission linewidth can even fall below the natural linewidth of the atomic transition [12], as

demonstrated for 88Sr [13], giving a further advantage for precision measurements.

Most precision measurements with cold atoms are performed in cycles in which an ensemble
is cooled, probed, and destroyed before a new ensemble is prepared for the next repetition.
No measurement can be taken during the preparation stage of each cycle. During this dead
time, the frequency fluctuations of the local oscillator are not measured and therefore cannot
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Figure 2: Comparison between a conventional laser operating in the good-cavity regime (left)
and a superradiant laser operating in the bad-cavity regime (right). Top: atoms confined in an
optical cavity. In the superradiant case, the atomic dipoles synchronize via the cavity-mediated
interaction. Bottom: corresponding linewidths of the atomic gain profile (blue) and the cavity
mode (red), with the laser output frequency wy, indicated. In the good-cavity regime the narrower
cavity mode sets the output frequency, making it sensitive to cavity-length fluctuations. In the
bad-cavity regime it is pulled towards the narrower atomic line instead, strongly suppressing
this sensitivity.

be corrected, so they alias into the clock output. This is known as the Dick effect, and it limits
the achievable stability of an atomic clock even when each individual measurement is highly
precise [14]. In cycled operation, the instability then averages down as 1/y/7 with averaging
time 7. A continuous active clock output removes this dead time, allowing the local oscillator
to be monitored without interruption and effectively phase-locked to the atoms. Uninterrupted
phase tracking has been predicted to enable stability scaling as fast as 1/7 [15].

Combining these advantages gives an intrinsically stable and continuously operating fre-
quency reference. This is the goal of the experiment this thesis contributes to, a superradiant
laser in the bad-cavity regime, in which some atoms are always being prepared while others are
always emitting, so that no dead time is introduced.

The alkaline-earth metal strontium has a level structure well suited to this plan. It is
a standard choice in ultracold experiments, with transitions convenient for laser cooling and
trapping. Importantly for this work, it offers two narrow transitions suitable for bad-cavity
operation: the spin-forbidden 'Sy — 3P, transition, with a linewidth of a few kHz, and the
doubly forbidden 'Sy — 3Py clock transition, with a linewidth at the mHz level. For metrological
applications, the clock transition is more interesting, because a narrower linewidth gives a more
precise measurement of the atom’s oscillation frequency. Pulsed superradiance has already been
demonstrated on the clock transition in 87Sr, with collective enhancement of the atomic decay
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rate observed at the level of 10 [16]. What remains is making this operation continuous, which
requires redesigning the experimental setup and solving the resulting physical and technical
challenges.

The atom source must meet several requirements at once. The atoms must be cold enough
to suppress Doppler broadening of the narrow transition, dense enough to efficiently generate
superradiance in the cavity, and delivered continuously, so that the superradiant emission can be
sustained. An alternative would be to keep the same atoms and repump them many times [17],
but this requires managing atom losses and recooling continuously, making it difficult to keep the
atom number constant. Instead, new atoms can be delivered continuously either transversely,
as an atomic beam crossing the cavity axis, or longitudinally, with ultracold atoms traveling
along the cavity axis. The former is simpler, using only transverse cooling of the atomic beam.
However, this means the atoms have residual motion along the cavity axis that introduces a
Doppler shift, restricting it to the broader kHz transition [18, 19]. The mHz transition instead

requires confinement in an optical lattice and cooling to microkelvin temperatures.

Continuous preparation of ultracold strontium has been demonstrated in recent years, in-
cluding a steady-state narrow-line magneto-optical trap and a continuous Bose-Einstein conden-
sate [20, 21]. This shows that the sequential stages of a cold-atom experiment can be operated in
parallel at spatially separated locations, making the second, more demanding approach feasible.
The experiment in this thesis builds on the same architecture. Atoms are continuously cooled to
microkelvin temperatures, guided into a separate science chamber, and recaptured in a reservoir
at the cavity, from which a moving optical lattice transports them through the cavity mode.

This thesis presents parts of the design, setup, and characterization of the stages that make up
this transport chain, from the continuous preparation of ultracold atoms up to their recapture at
the cavity. All of these stages rely on precisely controlled laser light, where intensity fluctuations
heat atoms in optical potentials and modulate the number of atoms delivered to the cavity. The
final part of this thesis therefore develops and characterizes an active laser intensity stabilization
system for the experiment.

Chapter 2 introduces the theoretical framework of laser cooling and optical potentials relevant
to this setup. Chapter 3 gives an overview of the experimental apparatus. Chapter 4 describes
and characterizes the stages of the transport chain, from the magneto-optical traps through the
dipole guide to the reservoir and its supporting optical systems. Chapter 5 presents the intensity
stabilization system, and Chapter 6 concludes with an outlook.
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2.1 Light Forces on Atoms and Laser Cooling

The success of atomic physics experiments and their ability to reach quantum regimes is largely
due to advances in laser cooling and trapping methods, as lasers provide a powerful and ver-
satile tool to manipulate both the internal states and external motion of atoms. For precision
experiments such as narrow-line superradiance, Doppler broadening due to thermal motion is
a fundamental limiting factor, washing out transitions at the mHz level. Beyond minimizing
Doppler shifts, cooling and trapping are essential to confine atoms long enough for such experi-
ments to be conducted and control their position in the experiment.

In the following, I explain the origin of the two fundamental light forces on atoms and
describe how molasses cooling and magneto-optical traps can cool and confine atoms effectively.
These are two mechanisms of laser cooling that are particularly relevant for this experiment,
out of many advanced techniques. The theory is developed in the semi-classical approximation,
treating the electromagnetic field classically and the atom quantum mechanically. I consider a
monochromatic light field with fixed polarization, and apply the electric dipole approximation,
valid when the atomic size is much smaller than the optical wavelength. The atom can be
modelled as a two-level system with transition frequency wy and spontaneous decay rate I' (in
angular frequency units), moving at velocity v as shown in Figure 3(a). It is driven by a laser

field with frequency w and wavevector k.

(a) (b)

T T T T T
A .
7\ —-—- S8ingle beams
/4
Eq ¥ ¥ N Molasses
k I} s \
— % = \3--
wo T ul% e e i\ ““—-—::::::
-
w AN //
3 /
L \_/ 4
\ 4
\ 4
\.I
1 1 1 1 1
0
Velocity v

Figure 3: (a) Two-level atom interacting with a laser field, with the relevant parameters indi-
cated. (b) Scattering force from Equation (2.1) as a function of atom velocity for each beam of
a counter-propagating pair individually (green) and their combined molasses force (orange), for
red detuning § < 0. The molasses force provides a velocity-dependent damping near v = 0.
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2.1.1 The Scattering Force

The scattering force arises from the momentum transfer of scattered photons onto the atom
during absorption. Its value is given by the product of the photon momentum and the scattering
rate

Focatt = hk F/J'22, (21)

where pos is the excited state population. The force points in the direction k of laser propagation.
The subsequent re-emission of photons is associated with momentum kicks; however, these are
randomly distributed over the whole solid angle, so the net momentum gain over many events

is zero.
Solving the optical Bloch equations in steady state for the two-level system gives [22]

02 /4
§2+02/2+12/4

(2.2)

Here, 2 = degEo/h is the Rabi frequency characterising the atom-field coupling strength with
deg the electric dipole matrix element between ground and excited state, and 6 =w —wo — k- v
is the detuning including the Doppler shift due to the atomic velocity v. The force is maximised
on resonance (0 = 0) and saturates at hkI'/2 for large intensities.

Molasses Cooling

The scattering force can be used to decelerate atoms using a counter-propagating beam, as
shown in Figure 3(a). Because the momentum transfer of each absorbed photon is very small,
this requires repeated cycling on a closed two-level transition, or repumper lasers to return atoms
to the cooling cycle. Furthermore, only atoms within a certain velocity class can be addressed
effectively, as they have to be resonant with the Doppler-shifted frequency of the light. For this
slowing scheme, the light must be red-detuned (w < wy), since the relative motion between the

atom and the counter-propagating beam shifts the effective frequency up.

A second red-detuned laser beam from the opposite direction can be added to create a mo-
lasses configuration to cool the atoms to lower temperatures. In this case, atoms moving towards
either laser are shifted closer to being on resonance with it, leading to increased scattering and
a net damping force opposite to their motion, hence the label “molasses” cooling. The resulting
velocity-dependent damping force is illustrated in Figure 3(b). This scheme can be extended to
three dimensions by applying laser beams along all spatial directions. The final temperature of
the atomic sample is bounded by two fundamental limits. The Doppler limit Tp arises from the

balance between velocity selective cooling and random-walk heating due to spontaneous emis-
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sion, and depends on the transition linewidth I'. The recoil limit TR is set by the irreducible
momentum kick Ak of a single scattered photon and the atom mass m. In the low-intensity
limit, those are given in terms of temperature by

AT h?

and TR=—— (2.3)

Tp = — .
D™ oks R kg2

Real atoms offer a range of possible transitions for optical molasses cooling, with an inherent
tradeoff. Broader linewidths address a larger range of atomic velocities but are limited to a
higher Doppler temperature, whereas narrower ones allow cooling to lower temperatures at the
cost of capturing fewer atoms. Because of this, in practice both options are complementary
and cooling schemes usually start with a broad transition to capture a high number of atoms,
reducing the width of the velocity distribution before switching to a narrower linewidth to reach
lower temperatures. The capture range of the narrow transition can be further extended using a
comb of multiple frequency peaks, which bridges the two stages while keeping the temperature
advantages of narrow-line cooling [23].

Magneto-Optical Traps

A magneto-optical trap (MOT) combines the effect of the scattering force with spatially varying
transition frequencies [24]. This adds a position-dependent restoring force towards a common
centre point on top of the velocity-dependent molasses force. A quadrupole magnetic field
B(r) = B'(x 2 +y§— 2z 2) with B’ the magnetic field gradient shifts the atomic sublevels. The
Zeeman effect gives an energy splitting of magnetic sublevels m by

AFE = pupgymB(r) (2.4)

where pp is the Bohr magneton and g; the Landé g-factor [22]. Because B vanishes at the trap
centre and increases with distance, the atomic transition frequency becomes position dependent.
Counter-propagating red detuned beams with opposite circular polarizations drive Am = +1
transitions and the Zeeman shift changes the resonance condition differently for the two. As a
result, an atom displaced from the trap centre is shifted closer to resonance with the beam that
pushes it back towards the centre and further from resonance with the beam pushing it away.
This imbalance produces the net restoring force towards the centre. Six beams are needed to
have 3D confinement and cooling, which is again bounded by the Doppler limit.

A second method that uses the magnetic field induced shift of atomic transition frequencies is
the Zeeman slower in which a spatially varying magnetic field is applied along the atomic beam.
The resulting magnetic field compensates for the changing Doppler shift as the atoms are slowed,

keeping the slowing laser resonant with the transition and enabling continuous deceleration.
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2.1.2 The Dipole Force

While the MOT provides cooling and trapping, it relies on repeated photon scattering and fixes
the atoms at the centre of the magnetic field. For coherent manipulation and flexible position
control, such as the continuous guiding of atoms between two experimental positions, the optical
dipole force provides a suitable conservative potential.

Arising from the interaction of the oscillating laser field with the laser-induced atomic dipole
moment, it is a second-order perturbation effect. The underlying potential can be derived from
the polarizability of the atom in the oscillating field. An electric field induces a dipole moment
in the atom

d=aE, (2.5)

where « is the complex polarizability. Treating the atom as a classical oscillator driven at w, it
is given by [25]

3 I/w}
wd —w? — i (W3 /W)’

a = 6mepc (2.6)
The two parts of « have distinct physical roles. The imaginary part describes the absorptive, out-
of-phase response that governs the photon scattering discussed in the previous section while the
real part describes the dispersive, in-phase response of the atom and gives rise to the conservative
dipole potential derived in the following. The imaginary part of @ becomes negligible far away
from resonance since the damping term (w3/w?) T is small compared to w3 — w?. In this limit
the interaction energy of the dipole with the field reduces to

Utip(x) = = 5(d+ B) =~ Re(a) Z(x (2.7)
where the cycle-averaged intensity is I = %eoc Eg and an additional factor of 1/2 arises from
time-averaging the product d - E over one oscillation period [25]. For positive polarizability, the
potential is attractive at intensity maxima, pulling atoms towards the focus of a Gaussian beam,
which is the operating principle of an optical dipole trap. Atoms are trapped in the resulting
dipole potential well when its depth exceeds their thermal kinetic energy k7. For negative
polarizability, atoms are repelled from intensity maxima instead.

The spatially varying potential can also be understood as a shift of the atomic energy levels
induced by the laser field, known as the AC Stark shift or light shift. Since the energy of each
atomic level is shifted by Ugip(r), any spatial variation in laser intensity translates directly into
a position-dependent shift of atomic transition frequencies. This has important consequences in

10
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experiments where atoms at different positions in a trap or lattice experience different resonance
frequencies, which must be taken into account.

For a specific atomic level, the dipole force follows as the gradient of this potential,

E@@):—VMmuﬁ:§LJ%&QVHﬂ. (2.8)
€oC
Unlike the scattering force, the dipole force is conservative and does not operate via photon
absorption-emission cycles. It is not fundamentally limited in magnitude and can be so large
that it holds atoms against gravity. It is interesting to note different scaling with detuning,
Uagip o< 1/0, while the scattering rate scales as I/ 82. This means increasing the detuning at fixed
trap depth suppresses unwanted photon scattering.

2.2 Gaussian Beams and Beam Shaping

From the previous section it is clear that shaping the intensity profile of the laser matters, as it
determines the trapping potential and cooling efficiency. The propagation of most laser beams
in our experiment can be modelled using Gaussian beams [26], where the beam radius w as a
function of the propagation distance z is given by

M@:wol+(;>% (2.9)

The Rayleigh range zg = mwj/x characterizes the divergence of the beam, and the waist wy is

the minimum beam radius at the focus.

The radial intensity profile of a Gaussian beam at position z along the propagation axis,
where 7 is the radial distance from the beam centre, is given by

I(r,2) = Iy (J&)Q exp (—u?(f)» , (2.10)

where [y = 2P/ (ﬂ'wg) is the peak intensity and P is the laser power. The beam profiles along
the propagation and radial directions are shown in Figure 4.

2.3 Intensity Noise and Heating

Fluctuations in the laser intensity affect cold atom experiments in several ways and decrease the
quality of control over the atoms. For optical dipole traps, intensity noise translates directly into
fluctuations of the trapping potential Ugi, o< I which can heat trapped atoms and cause loss [27].

The dominant mechanism is parametric heating where intensity noise at twice the trap oscillation

11
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—> Propagation T

Figure 4: Gaussian beam profile showing beam parameters in the axial and transverse directions.
The beam waist evolves axially according to Equation (2.9), the intensity profile in the transverse
direction follows a Gaussian distribution given by Equation (2.10).

frequency (the frequency at which atoms oscillate in the trap potential) resonantly drives the
motional modes and leads to exponential energy increase. Less critically, lower frequency noise
can additionally cause random displacement of the trap centre. For molasses cooling, intensity
fluctuations modify the scattering rate, however this is less crucial and usually not the limiting
factor.

Beyond heating, intensity fluctuations lead to variations in the number of atoms loaded and
transported and may hinder superradiant emission in this experiment. This will be discussed
further in Chapter 5.

The relevant quantity is the power spectral density of the relative intensity fluctuations AI/T,
the relative intensity noise (RIN). Technical noise sources such as laser relaxation oscillations,
acoustic perturbations, or electronic noise contribute to the RIN across a broad frequency range.
Active intensity stabilization is therefore essential to ensure efficient and stable operation. The
design and characterization of the stabilization system used in this experiment is discussed in
Chapter 5.

12
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Figure 5: Level diagram of strontium-88 with the relevant transitions for the experiment shown
in Figure 6. The table shows the corresponding frequencies f and linewidths I'/2x.

The experimental setup for achieving continuous superradiance on the mHz-linewidth clock
transition in ultracold strontium follows the proposal of [32] and is schematically shown in
Figure 6. It combines the continuous preparation of ultracold atoms in a MOT chamber with a
transport scheme that continually injects K atoms into a bowtie cavity in a science chamber
designed for the realization of superradiance. The two chambers are spatially separated to limit
the effects of stray light and magnetic fields from the MOT chamber onto the atoms during

superradiant emission.

The relevant atomic transitions are shown in Figure 5. The dipole-allowed 'Sy — 'P;
transition provides a broad linewidth suitable for initial cooling and capture. The spin-forbidden
intercombination transition 1Sy — 3P is much narrower and enables further cooling. The
18y — 3Py clock transition, additionally forbidden by angular momentum selection rules, is
most interesting for achieving superradiance from a metrology perspective.

For both cooling transitions, the achievable temperature is bounded by the Doppler and
recoil limits

27h - 30.5 MHz h?
Ty = 2 T [732 K Ty = = 1.03uK 3.1
b 2k "7 88u kg (460.7 nm)2 H (3.1)

27h - 7.4 kHz h?
T = 2T CRRTE 18K Tg = —[0.46 pK |. 3.2
D 2kn . B S8uksp (689.3 n1m)2 (3:2)

For the broad blue transition, the Doppler limit dominates, setting the achievable temperature.

For the narrow red transition, the Doppler limit is below the recoil limit, so the recoil temperature
becomes the fundamental limit of red MOT cooling.

13
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Figure 6: Schematic overview of the experimental apparatus for continuous superradiance with
ultracold atoms. Atoms fall from a blue MOT into a red MOT where they are continuously
coupled into a high-power optical dipole guide that transports them into the cavity. There, they
are captured and cooled in a reservoir, before moving through the cavity in a moving optical
lattice, where they are incoherently pumped into the excited state and emit via superradiance.
Adapted from [32].

The experiment can be divided into different experimental steps the atoms undergo con-
tinuously but spatially separated. For the preparation of ultracold strontium, the atoms exit
the oven and are transversely cooled before they pass a Zeeman slower and are captured in a
blue MOT. This MOT consists of four horizontal MOT beams and two downward-pointing push
beams that prevent atoms from escaping upward. This gives a cooling in the horizontal plane
but lets the atoms leak out to the bottom, falling under gravity into a red 3D MOT below.
Between the blue and the red MOT, red 2D molasses beams provide transverse cooling of the
falling atomic cloud, collimating it before it enters the red MOT. The red MOT is a dual-position
MOT combining a broadband (BB) and a single frequency (SF) component at different detun-
ings following [33]. The BB stage captures the falling atoms, which are periodically transferred
into the SF stage, where temperatures approaching the recoil limit of the red transition can be
reached. The different detunings and powers of the BB and SF components determine their

respective trap centers, resulting in spatially separated atomic clouds.

The pK temperature atoms can be loaded into a dipole guide that confines them radially,

similar to a tube, and enables transport between the two chambers. The guide is formed by

14
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a high-power, far-red-detuned infrared beam at 1070 nm wavelength, detuned sufficiently from
all ground-state transitions to suppress inelastic scattering and associated losses. This beam
is overlapped with the SF component of the red MOT, has a large waist and Rayleigh range,
and is focused between the MOT and the cavity. This way, atoms slowly flow towards the
focus under the conservative dipole force and decelerate again on the science-chamber side of
the focus. However, because the axial intensity gradient is very small, this force is not sufficient
to overcome the restoring force of the SF MOT. To nevertheless achieve loading of atoms into
the dipole guide, a Bloch accelerator is overlapped with both the MOT and the dipole guide
beam. It consists of two shallow angle beams with a slight frequency detuning between them,
creating a moving optical lattice that accelerates the atoms in the dipole guide towards the
science chamber [34].

Continuous superradiant emission requires a steady, uninterrupted supply of atoms through
the cavity. Achieving this requires a mechanism that can transport atoms into and through
the cavity while keeping them cold and trapped. A moving optical lattice along the cavity axis
provides exactly this. To realize it, the atoms are first captured in a reservoir trap formed
by a second, crossed dipole trap, where they are cooled using the molasses beams M1-M3
shown in Figure 6. This stops their transverse motion and prepares them for slow transport
along the perpendicular cavity axis. The bowtie ring cavity allows for creating such a moving
optical lattice from two counter-propagating beams with a small relative frequency offset. For
sufficiently cold atoms and slow lattice velocities the resulting dipole potential traps atoms in
the lattice antinodes.

They are then pumped into the excited state, can synchronize their dipoles through the
cavity-mediated interaction and emit collectively through superradiance. It is essential that the
pumping is incoherent, which means the laser does not imprint any phase on the atoms, which
could otherwise transfer its frequency instability to the emitted light. One approach is to pump
atoms into the higher lying 39; state, from which they spontaneously decay into the 3Py clock
state with a random phase, a scheme presented in [32]. Because atoms can also decay from 35
into the 3P, and 2Py states, repumpers are needed to bring these atoms back into the clock
state.

The apparatus can host different strontium isotopes, but the choice of isotope determines
both the scheme for operating the clock transition and the achievable number of atoms. The
fermionic isotope 87Sr has a nonzero nuclear spin, whose hyperfine interaction weakly allows the
otherwise forbidden clock transition, giving it a natural linewidth on the mHz level and making
it directly accessible. The bosonic isotope 3Sr has no hyperfine structure and the 'Sy — 3P,
clock transition is doubly forbidden, with no coupling to light at zero field. It can only be opened
by applying a strong magnetic field of several hundred gauss to mix in a small fraction of the
3Py state [32, 35]. Without this field there is no clock transition to drive, and hence no mHz

superradiance in 88Sr. This strong, controlled field must be maintained in the science chamber,

15
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where it is incompatible with the MOT field gradients, a crucial reason why the cooling and
science regions are kept in separate chambers. Implementing it with the required precision and
magnetic isolation between the two regions is experimentally challenging. In terms of atom
number, the bosonic isotope has a higher natural abundance (82.6 %) than the fermionic isotope
(7.0%), which increases the achievable superradiant output for ®8Sr [36].

16
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This chapter presents the different stages involved in preparing and continuously transporting
ultracold atoms between the MOT chamber and the science chamber, and describes several
experimental steps implemented to achieve this.

4.1 Blue and Red MOT Cooling to pK Temperatures

To have efficient control over the atoms using optical potentials, it is crucial that they are
prepared in low kinetic energy states. This section describes how the magneto optical traps are
optimized to reach this regime and investigates their dynamics in the context of the planned

continuous transport scheme.

As described in Chapter 3, the atoms fall from the 2D blue MOT into a red MOT operating
on the narrow intercombination line, combining broadband (BB) and single frequency (SF) light.
This follows the general idea outlined in Section 2.1.1, where a broad linewidth stage prepares
atoms for narrow-line cooling. What is special here is the spatial rather than temporal separation
of the two stages. Operated at different detunings, the BB and SF components form spatially
separated clouds. The BB stage runs continuously and captures the falling atoms, while the
SF stage is pulsed to periodically transfer atoms. Because this switching is fast compared to
the loading and cooling dynamics, the SF MOT prepares a quasi-continuous source of sub-puK
atoms [33].

The blue MOT is monitored via fluorescence imaging, as it involves fewer parameters and
is comparatively straightforward to optimize. The red MOT can be imaged in two ways, both
along the horizontal z-direction in Figure 6. Continuous red fluorescence imaging can be used
for rough alignment, while absorption imaging on the blue transition is used to extract the atom
number and to determine the temperature, position and widths of the cloud. Especially in dense
MOTs, as in our experiment, absorption imaging is more reliable for extracting atom number,
as fluorescence imaging can underestimate atom number due to reabsorption of emitted photons
by neighboring atoms. In addition, pulsed loading sequences are useful here, as imaging before
the MOT reaches steady state avoids the high optical depths that would otherwise saturate the
absorption signal.

The large velocity capture range of the BB stage introduced above is achieved by spectrally
broadening the red cooling light into a frequency comb. This comb, used for both the red MOT
and the 2D molasses beams, is generated by periodically ramping the output frequency of a direct
digital synthesizer (DDS) that drives the acousto-optic modulator (AOM) via a radiofrequency
(RF) signal to control the laser frequency. Because the DDS frequency varies periodically with
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Figure 7: Broadband cooling method. (a) Frequency modulation of the AOM drive signal over
two periods for sine (green), triangle (orange) and sawtooth (blue) function, centred around
the detuning 0, with half-width A = 0.5 MHz and modulation frequency fy, = 50kHz. (b)-(d)
Resulting RF power spectrum for sine, triangle and sawtooth modulation respectively, showing
frequency combs of lines spaced by fy, within the modulation envelope of half-width A. Spectra
are normalized to their total power.

modulation frequency fi,, its power spectrum develops a discrete comb structure with lines
spaced by fm. The different comb lines address atoms with different velocities, extending the
effective capture range of the MOT. The parameters of this ramp are the central detuning J.,
the half-width of frequencies that are scanned A, and the modulation frequency f,, with which

the ramp in time is implemented.

The shape of the frequency ramp determines the spectral envelope of the comb. Triangular,
sinusoidal and sawtooth-shaped ramps and the resulting spectra are shown in Figure 7. The
sinusoidal modulation produces high power components at large detuning and has many central
frequency components of very low power. This is because the sinusoidal ramp spends more time
near its turning points at +A than at low detuning, whereas the triangular ramp sweeps at
constant rate, resulting in stronger comb teeth near the line centre. The sawtooth modulation
gives a spectrum with power more evenly distributed among the frequency components. In
this experiment a triangular ramp was chosen. However, it may be useful to test the different
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modulation waveforms on atoms and compare their cooling performance at the same central
detuning, half-width and modulation frequency.

Optimization of the Cooling System

To optimize the red MOT, the frequencies of the relevant laser beams were scanned and set to
the value maximizing the atom number measured in absorption imaging. First, the frequencies
of the blue imaging beam and the blue MOT beam were optimized. Although the latter is a
parameter of the blue MOT, it was optimized using the red MOT atom number, as maximizing
the atom number arriving at the red MOT is the relevant goal and absorption imaging at this
stage provides a more reliable signal. Because the later red narrow-line stages capture colder
atoms more efficiently, optimizing on the red MOT atom number favors a detuning near the
Doppler-cooling optimum of the blue MOT § = —I'/2 = —27-15.3 MHz [22], rather than a larger
detuning that would maximize blue MOT capture. The measured value of §/27 = —14.1 MHz
agrees well with this.

For the red beams, the start, stop, and modulation frequencies were optimized for the 2D
molasses, the horizontal MOT beams and the vertical MOT beam. The vertical MOT beam is
different because it holds the atoms against gravity, and is not retroreflected at the top. The
resulting parameters are listed in Table 1. Even though only the atom number was optimized,
this simultaneously reduced the temperature of the cloud to a point that is sufficient for the BB
MOT. The alignment of the beams and the waveplate setting the polarization of the vertical
beam were adjusted to maximize the atom number, while the waveplates of the horizontal beams
were optimized for low temperature, because in this case optimizing for atom number increased
the temperature. The temperature was determined from time-of-flight measurements discussed
below.

The optimized MOT is shown in Figure 8(a), and the single frequency MOT obtained after
the ramp sequence of [33] is shown in Figure 8(b). This ramp sequence is designed to transfer
atoms from the BB to the SF MOT with little losses. First, the BB intensity is ramped down
while simultaneously ramping up the SF intensity, ensuring the atoms remain continuously

Table 1: Parameters optimized in frequency scan to maximize red MOT atom number. Central
detuning d., half width frequency span A and modulation frequency fy, for red broadband MOT
as shown in Figure 7.

d. / MHz | A / MHz | f, / MHz
2D Molasses —0.42 +0.41 0.07
Red MOT horiz. —1.72 +0.68 0.06
Red MOT vert. —1.54 +0.47 0.03
Blue MOT —14.1 — —
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Figure 8: Absorption images of the red MOT optical density. (a) Broadband MOT and (b)
Broadband + single-frequency MOT after applying an intensity ramp sequence as described in
[33].

confined. A subsequent ramping down of both components allows the cloud to cool further
and reduces the photon scattering rate. The magnetic field gradient, set by the anti-Helmholtz

coil current, was optimized to around 0.6 G cm ™!

. To account for changes in the background
magnetic field and to control the position of the MOT, magnetic bias fields in each direction
are generated using Helmholtz coils. Because the MOT is so sensitive to magnetic field changes,
the coil currents must be reoptimized regularly, especially when changes in the experimental

environment affect the local magnetic field.

Red MOT Dynamics

For the characterization of the red MOT, Figure 9 shows measurements and analysis of the
properties relevant for continuous transport. To understand the limits of continuous loading
and transport, it is interesting to look at the loading curve and the lifetime of the MOT. Both
are described by the general rate equation for Nyior the number of atoms in the MOT

Nuvor = L — Nyor/T, (4.1)

where L is the loading rate and 7 is the mean survival time of an atom in the trap. Integrating
Equation (4.1) with the initial condition N(0) = 0 gives the loading curve

Nnot(t) = Niax - (1 — e, (4.2)

where Ny.x = L7. Fitting this expression to the data in Figure 9(a) yields the loading time
constant 77, and a saturation atom number of 3.7 x 10® atoms in the red BB MOT. The loading
at early times is approximately linear, which motivates fitting a linear equation Nyor(t) = Lot
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Figure 9: Red MOT characterization. Each data point represents the mean of three repeated
measurements, with error bars indicating the standard deviation. (a) BB MOT loading curve
fitted with Equation (4.2), with a linear fit to the initial loading rate for ¢ < 1.15s. (b) BB
MOT lifetime curve fitted with Equation (4.3). (c) Time-of-flight (TOF) measurement of the
BB and SF MOT cloud widths, with absorption images of the BB MOT illustrating the cloud
expansion and free fall. Dashed lines indicate the BB MOT fit, solid lines the S MOT fit, both
using Equation (4.4).
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that directly measures the initial loading rate Ly. For the first 1.15s this yields Ly = 153.7(20) x
108s~!. This value gives a representative atom flux available for loading under our conditions,
depending on the oven temperature and on the current technical conditions such as the laser
frequency locks and beam alignment. For the lifetime measurement, the loading rate is set to
zero and the initial atom number N(0) = Ny, so that Equation (4.1) reduces to the simple
exponential decay

Nyor(t) = Ny - e /7. (4.3)

The fit shown in Figure 9(b) gives a lifetime of 7 = 5.13(9) s.

The temperature of the atomic cloud is extracted using the standard time-of-flight (TOF)
method which relies on the fact that the cloud’s temperature is directly linked to the kinetic
energy, and therefore the velocity distribution of the atoms. After release from the trap, the
cloud expands ballistically during free fall with higher temperature meaning faster expansion
which can be seen in the insets in Figure 9(c). The temperature T can be extracted from the

cloud width o(t) via [37]
o(t) =+\/od + kgTt?>/m (4.4)

where g is the initial width of the MOT and m is the atom mass. The cloud width is measured
separately in the vertical and horizontal directions, as shown in Figure 9(c). The fit yields 8.0 pnK
for the broadband MOT. The horizontal width of the SF MOT shows considerably larger error
bars, since the cloud becomes strongly elongated in this configuration and the extracted size is
then more sensitive to fluctuations in the cloud shape. The temperature of the SF MOT should
therefore be extracted from the vertical expansion only and in this case is 3.3 nK. The SF MOT
parameters have not been fully optimized for this measurement, and temperatures below 1 pK
are achievable [33].

4.2 Optical Dipole Guide and Atomic Transport

To transport the ultracold atoms from the red MOT position to the cavity, they are loaded
into a weakly focused, far-detuned laser beam. In contrast to a tightly focused optical tweezer
or a dipole trap optimized for tight confinement, the dipole guide is designed to maintain a
large beam diameter over the entire transport distance. This reduces the pull towards the
horizontal focus while keeping the radial trapping force strong enough to support the atoms
against gravity throughout. This section theoretically develops the requirements of this beam
by giving a calculation of the effective potential depth. It further explains the experimental
particularities of setting up the optics and should give some practical insights on working with
high power lasers.

22



4 TOWARDS CONTINUOUS TRANSPORT OF ULTRACOLD STRONTIUM

Theoretical Considerations and Power Requirements

The dipole potential experienced by a ground-state ®8Sr atom in the guide is given by Equa-
tion (2.7), with the intensity profile of Equation (2.10) and a beam radius that evolves along
the transport axis z according to Equation (2.9). We use a beam waist of wy = 140 pm, focused
at the midpoint between the MOT and the cavity. The correspondingly large Rayleigh range
zr = 5.76 cm provides strong transverse confinement while forming only a shallow axial mini-
mum at the center of the transport region, so that atoms displaced along the axis are gently
pulled toward it. At the guide wavelength A = 1070 nm, the ground-state polarizability of 33Sr is
Qau = 240 a.u. [38], converted to SI units via agr = 47reoa% Qtau, Where ag is the Bohr radius [39].

In the coordinate system of Figure 6, the guide propagates along z and gravity acts along
y. The reservoir beam propagates along = and crosses the guide at the cavity position, 10 cm
beyond the focus.

The effective trap depth differs from the bare optical depth because gravity pulls the atoms
slightly below the beam axis (y = 0). The total potential at each point is

Utot (*737 Y, Z) = Udipole (xa Y, Z) + Ureservoir (567 Y, Z) + mgy. (45)

Figure 10(a) shows vertical cuts of the potential at the two positions of strongest (guide focus,
z = 0) and weakest (MOT position, z = —100 mm) confinement, comparing the purely optical
potential with the total potential including gravity. Gravity tilts the well, shifts the equilibrium
downward, and lowers the barrier on the downhill side. The shift grows as the beam widens
away from the focus. The atoms settle at the vertical equilibrium where the total potential is

stationary,
8thot

Jy

=0, (4.6)
Y=Yeq ()
evaluated at each axial position z, with x = 0. This condition has two solutions: a minimum,
at which the atoms are trapped, and a maximum below the beam axis. The energy difference
between those is the effective barrier AU that an atom must overcome to escape the guide, also
shown in Figure 10(a). The equilibrium sits visibly below y = 0, increasingly so away from the
focus, where the beam widens and the vertical confinement weakens.

Away from the cavity, where the reservoir contribution is negligible, Equation (4.6) reduces to

a balance between the guide’s optical restoring force and gravity, which can be written explicitly

2algwg 2ygq
_ = . 4.7
eocw(z)* Yea exp( w(z)? mg (4.7)

This is transcendental in y.q and is solved numerically at each z, in general the reservoir term

as

is included and the stationary points of Ui are determined. Figure 10(b) shows, from top
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Figure 10: Theoretical calculation for the dipole guide, using the coordinate system defined in
Figure 6. (a) shows the effect of the gravitational potential in the vertical direction, which lowers
the effective potential barrier that holds the atoms in the guide. (b) shows the physics along the
dipole guide’s propagation axis, from the MOT to the cavity position: the beam radius of the
guide with a weak focus of 140 pm (top), the trapping barrier with and without gravitational
sag (middle), and the equilibrium position yeq to which the atoms sag, measured from the beam
center y = 0 (bottom). The sharp feature near z = 100 mm marks the cavity position, where
the crossed reservoir beam intersects the guide.
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to bottom, the guide radius, the effective barrier with and without gravitational sag, and the
equilibrium sag position y.q along the transport axis, for a guide power of 100 W and a reservoir
power of 5 W. The reservoir profile is described in the following section.

The effective barrier sets an upper bound on the kinetic energy an atom can have before
escaping the guide. For reliable loading and to tolerate imperfections such as an inhomogeneous
beam profile, it should exceed the thermal energy by at least a factor of two to three. The
barrier is deepest at the focus and shallowest at the ends of the transport region. At a guide
power of 100 W it drops to 11 pK at the furthest positions |z| = 100 mm, where the MOT and
the reservoir trap additionally support the atoms. Since the transported cloud prepared in
the single-frequency MOT has a temperature of only up to a few microkelvin, this barrier still
exceeds the thermal energy by more than a factor of three, so the guide is expected to confine
the atoms. There should be an additional margin of power to adjust this in the experiment if
the transport or loading efficiency proves too low.

Because the barrier is limited by the largest beam radius along the path, at the MOT and
cavity positions, the choice of waist wg directly affects the power requirement. For a fixed

distance L from the focus to the far end of the transport region, the radius there, w(L) =
\/w% + (LX\/mwg)?, is minimized for

L\
wgpt =\ & zp=1, (4.8)

giving wiP" = 185 pm for L = 100 mm and A = 1070 nm. The waist wp = 140 pm assumed above
is therefore slightly tighter than this optimum.

Experimental Implementation

To meet the requirements of stable trapping and support against gravity over a long distance,
a high-power IPG fiber laser with a maximum output of 400 W at A ~ 1070nm is used. An
industrial laser of this kind is well suited, since far off-resonant trapping requires neither a
narrow linewidth nor high coherence. A partially incoherent source can in fact be preferable, as
it suppresses interference fringes from reflections at optical surfaces and vacuum windows.

The light of the IPG fiber laser is delivered by a fiber onto a breadboard next to the MOT
chamber, with the optical layout shown in Figure 11. A practical challenge is that the minimum
stable output power of the laser is approximately 25 W, far more than is convenient for beam
shaping and alignment. Most of this power is therefore split off with a waveplate and PBS and
directed into a beam dump.

Working with only the minimum transmission through the PBS, about 300 mW, proved im-
practical. In this configuration the beam size out of the laser differed from what was expected
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Figure 11: Optical setup of the dipole trap optics and Bloch accelerator beams. The latter
are shown semi-transparent, as they are not discussed here. The light of the IPG fiber laser is
delivered to the breadboard through a fiber. Its power is split at a waveplate and PBS, and
one part is sent through an AOM and a fiber that goes to the science chamber breadboard in
Figure 13 where it is used to create the reservoir beam. Symbols as defined in the List of Optical
Elements (Figure 1).

and clear wavefront aberrations appeared. Focusing with a lens produced ring-shaped artifacts
in the beam profile and a mode that deviated noticeably from Gaussian. The beam quality im-
proved at higher power, so alignment was first performed using the leakage transmitted through
a high-reflectivity mirror, where no aberrations were found. Here, no rings appeared after the
lens and the AOM diffraction efficiency was high. The setup was then switched back to the
waveplate and PBS combination and realigned to correct for the slight beam displacement in-
troduced by the mirror transmission. That the mode degraded specifically at minimum PBS
transmission points to the finite polarization purity of the laser as the cause. The transmitted
light in this configuration is dominated by the small, orthogonally polarized component, which
likely carries a distorted mode.

Since an AOM cannot be used at powers of potentially more than 100 W, the beam is switched
with a high-power mechanical shutter that reflects it out of the path and into a water-cooled
beam dump. All optical elements along the main path, including this shutter, must be compat-
ible with the beam power requirements, including high-reflectivity mirrors, low-absorption UV
fused silica lenses, and high-power zero-order waveplates.

After the shutter, the guide beam is shaped by a telescope with focal lengths of 100 mm and
—75mm that reduces the beam size. The telescope is followed by a 750 mm lens placed one
focal length from the midpoint of the transport region. This lens sits in a cage mounted on
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a z-translation stage, so that the focus position can be adjusted along the beam axis without
significantly disturbing the alignment.

Should the beam prove too tightly focused, the telescope can be changed to give a looser
focus with a Rayleigh range of 0.1 m. Replacing the 100/—75mm telescope with a 100/—60 mm
pair yields a waist of about 183 pm, close to the optimum derived above. The current beam

shaping was planned with an earlier version of the calculation, which has since been refined.

On the same breadboard, before the shutter, a fraction of the beam is split off and sent
through an AOM and a fiber to form the reservoir trap, delivering about 5 W, set by the fiber’s
power limit. The Bloch accelerator beams are launched from the same breadboard. The Bloch
accelerator consists of two slightly detuned beams, one of them retro-reflected inside the chamber
by a mirror with a hole through which the atoms and the dipole guide pass. The beams overlap
at the MOT position, nearly counter-propagating and crossing at a shallow angle, and interfere
to form a moving optical lattice. Its velocity is set by the small frequency difference between
the two beams, so that the lattice accelerates the atoms towards the cavity.

Loading Atoms into the Dipole Guide

Initial loading of atoms into the dipole guide had already been demonstrated in the group.
Here, this loading was further optimized. The guide focus is placed at the red MOT position
by translating the final lens in its cage. This maximizes the local intensity, and hence the trap
depth, exactly where the atoms are prepared in the MOT. Concentrating the available power
at this point gives the deepest possible initial trap and reduces the power needed for loading,
which was about 25 W here. Shifting the final lens by 10cm can later move the focus to the
midpoint between the MOT and the cavity for transport.

The magnetic bias fields are adjusted to overlap the MOT with the dipole guide and in the
loading sequence the dipole guide is turned on before loading the MOT. Figure 12 shows an
absorption image with atoms in the dipole guide. The MOT cloud has expanded for 25ns and
fallen under gravity, while the atoms held in the dipole guide remain trapped. The loading
efficiency here is around 2 %, optimized by scanning the bias magnetic fields and the timing
of the loading sequence. A colder, smaller SF cloud and more precise spatial alignment can
increase the number of atoms within the dipole guide trapping volume. In addition, the dipole
guide induces a spatially varying AC Stark shift on the intercombination line used for the MOT,
so adjusting the SF MOT frequency to compensate this light shift at the guide position restores
optimal cooling where the atoms are loaded.
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Figure 12: Absorption image after a dipole guide loading sequence with the expanded MOT and
the atoms captured in the dipole guide. The color scale is nonlinear so that the weaker signal
from the guided atoms is visible alongside the much brighter MOT cloud.

4.3 Slowing and Recapture in Reservoir Trap

Since the dipole guide is a conservative potential, atoms passing it arrive at the reservoir position
with approximately the same velocity at which they entered the guide at the MOT, accelerated
with the Bloch beams. Simulations in [32] predict a velocity of approximately 0.1ms ' at the
reservoir position. To recapture atoms at this velocity, a sequence of broadband cooling beams

is applied at the reservoir area, as illustrated in Figure 6.

The cooling sequence consists of three 689 nm beams which all use the broadband frequency
modulation described in Section 4.1. Beam M1 is a unidirectional beam directed against the
atom propagation direction, providing a decelerating scattering force over a broad velocity range.
Beams M2 and M3 are retroreflected, forming a molasses configuration in both horizontal direc-

tions to cool transverse motion.

The central detuning d. of M1 is chosen to address atoms arriving at v ~ 0.1 ms™!, where

the Doppler resonance condition gives

2
§o = —kv = —7” v = —2r - 145 kHz. (4.9)

The required broadband half-width A is set by the velocity spread of the incoming atoms: as-

! corresponds to a frequency spread of +1 cms ™! /689 nm =

suming a Gaussian spread of 1 cms™
4+14.5 kHz which is needed to capture the full distribution. Final parameters will be optimized

directly on atoms.
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The reservoir trap is a crossed optical dipole trap positioned at the cavity axis and spatially
overlapped with the dipole guide beam. Additional beams directed toward the science chamber

are set up on the same optical breadboards, including optical pumping and imaging beams.

It should be noted that the high-power dipole guide and reservoir beams introduce a spatially
varying AC Stark shift on the cooling transition (Section 2.1.2). The central detunings of the
molasses beams must therefore be adjusted to compensate this shift at the reservoir position, so

that the cooling remains resonant.

Beam shaping

The beam paths for all beams directed at the science chamber are set up on three optical bread-
boards surrounding the chamber, shown in Figure 13. Blue absorption imaging perpendicular
to both the cavity axis and the dipole guide is implemented using a large beam, with a camera
and focusing system mounted below the front breadboard. The optics for coupling light into the
cavity, for cavity locking and probing superradiance, are installed on a separate breadboard on
top of the science chamber.

All molasses and the pumping beam require a waist of approximately wg = 300pum at
the cavity, matched to the spatial extent of the atom cloud at the reservoir position. Since
the beams enter the science chamber from different distances and angles, each path requires
individually designed focusing optics. The long distance between the last optical element and
the cavity explains why telescopes and long focal-length lenses are chosen to achieve the required
waist. Beams M1 and M2 are launched from the right side of the chamber, while M3 enters
perpendicularly from behind. M1 and M2 enter the chamber with a slight downward component,
because the last mirror before the science chamber sits above the dipole-guide beam, which
exits the chamber after passing through the cavity. The pumping beam and the molasses beams
M2 and M3 are retroreflected on the front breadboard, forming the molasses configuration.
The retroreflection optics are designed to reproduce the beam waist at the reservoir position
(Section 4.4.2). M3 and the pumping beam exit the chamber towards the front breadboard,
while M2 is reflected on an angled mirror in the chamber with a central hole, which allows the
atoms to pass through as they travel into the science chamber while reflecting the beam to the
front breadboard. The molasses and pumping beams sharing the same spatial path are combined
using d-shaped mirrors. Multiple beams of different wavelengths are combined and separated
using dichroic mirrors, specified in Figure 13.

The beam profile at each position is characterised by fitting a Gaussian to the camera image
of the beam according to Equation (2.10) which yields w(z). Propagation through the optical
system is modelled using the ABCD ray transfer matrix formalism [40]. Within the paraxial
and thin-lens approximations, each optical element is represented by a 2 x 2 matrix, and the

beam waist at any position is obtained by propagating the complex beam parameter g through
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Figure 13: Top view of optical breadboards adjacent to the science chamber (front, back, and
right in this top-view), showing the beam paths for the reservoir cooling, pumping and imaging
beams. Symbols as defined in the List of Optical Elements (Figure 1).
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Figure 14: Beam shaping design for the reservoir trap beam. The beam radius along the propa-
gation axis is shown for the horizontal (green) and vertical (orange) directions, with cylindrical
lenses acting independently on each axis. The final waists in this model are w, = 27 pm and
w, = 199 nm at the cavity position.

the system matrix. For a thin lens of focal length f and free-space propagation over distance d

1 0 1 d
Mf:<_1/f 1>7 Md:<0 1>, (4.10)

and the output beam parameter is given by ¢’ = (Aq + B)/(Cq + D), where A, B,C,D are
the elements of the total system matrix. Lens configurations were designed using this method,

the transfer matrices are

implemented in the beam propagation software reZonator', and verified with measured beam

profiles.

The crossed reservoir dipole trap beam is launched from the front breadboard. It requires
an elliptical focus, with a tight vertical waist of w, ~ 30 pm to achieve sufficient trapping depth,
and a larger horizontal waist w, ~ 200 pm to ensure good spatial overlap with the cavity mode.
The two axes are shaped largely independently using cylindrical lenses, as shown in Figure 14,
which shows the evolution of the two beam radii along the beam path. The beam shaping
uses more lenses than strictly necessary because the fiber mode-field diameter was not precisely
known at the design stage, which required an additional corrective telescope. The beam radii
measured at the distance corresponding to the cavity position, w, = 192pm and w, = 32 pm,
agree well with the model values of 199 pm and 27 pm.

"http://www.rezonator.orion-project.org/
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Figure 15: Reduced schematic of the 689 nm distribution and frequency-shifting setup, showing
the two output paths to the cavity probe (double-pass) and molasses (single-pass) beams with
their respective AOM shifts. Symbols as defined in the List of Optical Elements (Figure 1).

Each beam path includes a photodiode for power monitoring and if needed, intensity stabi-
lization. Polarization is cleaned after each fiber output using a half-wave plate and polarizing
beam splitter, and a waveplate close to the science chamber sets the final linear polarization
orientation according to [32].

4.4 Supporting Optical Systems

Two additional optical setups were built to support the science chamber infrastructure: a dis-
tribution and frequency-shifting setup for the 689 nm light, and a test setup for retroreflecting
beams, such as the molasses beams M2 and M3, and the pumping beam. These are described
in the following subsections.

4.4.1 689 nm Light Distribution and Frequency Shifting

The first molasses beam and the cavity probe beam both require 689 nm light near the intercom-
bination resonance, but serve different purposes and have different requirements on tunability.
The molasses beam addresses atoms across a range of velocities during cooling, requiring a broad-
band frequency modulation, while the cavity probe beam addresses the narrow, kHz-linewidth
transition and therefore requires precise frequency tunability. Its first use is to characterize the
atom-cavity coupling by measuring the normal-mode splitting, scanning the probe across the
coupled resonance. The same tunability is later used to probe superradiance.

The injection-locked child laser supplying both beams operates at +80 MHz above the atomic
resonance, so both paths require a downward frequency shift. The distribution and frequency-
shifting setup is shown in Figure 15, with a total input power of approximately 10 mW, of which
each path requires at most 0.5mW. A third output is reserved for future use.
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For the cavity probe, the required tunability is achieved using a double-pass AOM configura-
tion, shifting the light by —2-80MHz. The double-pass setup keeps the beam spatially aligned
during frequency scanning. A separate AOM on the cavity breadboard above the science cham-
ber provides the final shift to bring the light to resonance. For the molasses beams, a single-pass
AOM at —80MHz shifts the light from the child laser back to near resonance and applies the
broadband frequency modulation described in Section 4.1.

4.4.2 Retroreflection Beam Setups

As mentioned in the previous chapter, several beams must be retroreflected to target the atoms in
the cavity from both directions, where the quality of this retroreflection is crucial for the cooling
and pumping performance. A test was therefore performed to decide which retroreflection

scheme to implement.

The goal of the retroreflection setup is to reproduce the incoming beam as closely as possi-
ble, in both propagation axis and beam profile. The simplest configuration is a flat mirror at
normal incidence, which reverses the propagation direction but does not compensate for beam
divergence, so the retroreflected beam is wider than the incoming beam at the target position.
A cat-eye (CE) configuration, in which a lens is placed one focal length in front of a flat mirror,
additionally inverts the beam divergence and can therefore reproduce the beam waist at a chosen
position. A proposed improvement replaces the flat mirror with a curved mirror of radius of
curvature ROC = 1.51f, where f is the focal length of the lens, which extends the range of
incidence angles over which the retroreflection remains effective [41]. Here, a lens of focal length
f = 35mm and a curved mirror with ROC = 50 mm = 1.43f were used. This was the closest
option to the theoretical optimum of 1.51 that was practically available with commercial optics.

Three configurations were tested to compare the quality of the retroreflection, shown in
Figure 16. A slightly diverging beam is incident on a 50:50 beam splitter where the reflected
arm serves as a reference, monitored by a camera, while the transmitted arm passes through
the retroreflection setup and is partially reflected back through the beam splitter also onto a
camera. Both camera positions are at equal distances from the beam splitter, so that a perfect
retroreflector would produce identical beams in both arms. The beam used for this test was
at 689 nm, using the pumping beam’s beam-shaping optics, and retroreflected at a distance of
approximately 30 cm behind the cavity. The requirements for the molasses beams are similar, so
this test is representative for those beams as well. Alignment was performed by overlapping the
back-reflected beam with the incoming beam. For the cat-eye configurations, the lens-mirror
distance was tuned to match the beam radius in the far field at 45 cm. Beam radii were recorded
at distances of 10 cm, 32.5 cm, and 45 cm from the beam splitter.

The results are shown in Figure 17(a). Comparing the reference beam size with the retrore-
flected beam size indicates how well the beam divergence is inverted by each retroreflection
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Figure 16: Optical setup used to compare different retroreflection schemes (a-d). A 50:50 beam
splitter (BS) separates the incident reference beam from the retroreflected beam. Both beams
are recorded at the same propagation distance after the BS using a camera. (a) Single flat
mirror. (b) Conventional cat-eye (CE) configuration consisting of a lens and a flat mirror. (c)
Cat-eye configuration with a curved mirror (optimized ROC). (d) Beam propagation inside the
curved-mirror CE for angled incidence.

scheme. As expected, the flat mirror produces a retroreflected beam that is systematically larger
than the reference over the full propagation range, since the divergence is not compensated. Both
cat-eye configurations match the reference beam size at 45 cm, where alignment was optimized,
and show small deviations at shorter distances, likely due to measurement imprecision at the
alignment distance. Beam radius measurements from the camera images carry some uncertainty
due to strong interference fringes on the sensor and potentially angled camera placement. The
values were fitted using Equation (2.9) with the known beam waist wg = 327 pm. Within this
measurement precision, the conventional and curved-mirror CE setups perform comparably for
this slightly diverging beam.

The effect of incidence angle and beam divergence were investigated as additional checks.
Tilting the curved-mirror CE setup with respect to the incoming beam showed that beam size
matching is maintained over a wider range of angles than would be possible with the flat-
mirror CE, consistent with the design idea of [41]. At an incidence angle of 14°, shown in
Figure 17(a), the curved-mirror CE remains limited mainly by the geometric displacement of
the beam, which must still strike the mirror. Because the beam meets the curved surface at
a locally perpendicular point, it is still reflected back in the same direction. The conventional
(flat-mirror) CE, by contrast, no longer reflects the beam back in the same direction at this
angle. For a more strongly diverging beam, produced by inserting an additional 200 mm lens,
both CE setups continue to outperform the flat mirror, as shown in Figure 17(b). The curved-
mirror CE shows a somewhat larger deviation from the reference in this case, likely due to
spherical aberrations which become more significant at larger beam size and were neglected in

the paraxial model of [41].

Camera images were additionally analyzed for aberrations. The ellipticity increases some-
what for the tilted curved-mirror CE but remains small for normal incidence. The sum of
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Figure 17: Measured beam radii of the directly reflected reference beam (open markers) and the
retroreflected beams (cross markers) for different retroreflection configurations. (a) Retroreflec-
tion of a slightly diverging beam using a flat mirror, a conventional cat-eye (CE) setup, and a
curved-mirror CE setup where measurements are shown for normal incidence and for an inci-
dence angle of 14° together with Gaussian fits. Solid lines correspond to the retroreflected beams
and dotted lines correspond with directly reflected reference beams. (b) Measured beam radii for
a strongly diverging beam in the corresponding retroreflection configurations, lines connecting
the measurement points.

fit residuals increases slightly for both CE configurations compared to the flat mirror, and
marginally more for the tilted case, indicating a small but measurable growth in wavefront
distortion. A full aberration analysis is limited by interference fringes on the camera sensor.

Overall, these measurements confirm that a cat-eye configuration is essential for retroreflect-
ing the molasses and pumping beams, and that the conventional CE setup is sufficient for the

low-divergence beams that can be freely aligned in this experiment.
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As explained in the introduction, a big advantage of the superradiant laser is that the output
frequency is set by the atoms rather than by the stability of an external cavity. This can remove
cavity-length fluctuations as the limiting factor, which now shifts the focus to other noise sources
that perturb the atoms themselves.

An important example is the light shift induced by the laser beams controlling the motional
and internal states of the atoms. Unless a beam operates close to a magic wavelength, where the
shifts of both states cancel, its AC Stark shift (Section 2.1.2) changes the transition frequency.
For the pumping beam, simulations of this experiment predict only a minor influence of the
pumping-induced light shift on the superradiant output [32]. More critical are the 1070 nm dipole
guide and reservoir beams, which shift the cooling transition by position-dependent amounts of
up to the MHz level, far exceeding its linewidth [32]. The cooling frequencies at the reservoir can
be adapted to these shifts, but intensity fluctuations displace them (already at the percent level
by more than the transition linewidth) and thereby directly perturb the cooling and loading of
the atoms.

As discussed in Section 2.3, intensity fluctuations on cooling and trapping light can translate
into heating of the atomic sample, limiting the achievable temperatures and atom numbers. This
is particularly relevant for the reservoir beam, which holds the atoms as they are cooled before
being transported through the cavity. At the level of the MOT beams, intensity fluctuations
introduce noise on the position of the trap center [42]. This is especially relevant for the vertical
MOT beams, where any imbalance shifts the trap center upward, as the stronger beam from
below must compensate gravity. These position fluctuations lead to variation in the number of
trapped atoms and reduce the overlap with the dipole guide, affecting the loading efficiency.

All of these effects ultimately contribute to the same problem: they cause fluctuations in the
number of atoms delivered to the emission zone. Simulations predict that such atom number
fluctuations are the main mechanism broadening the linewidth of the superradiant output [32].
Stable laser intensity throughout the preparation and transport chain is therefore a requirement

for stable superradiant emission, and active intensity stabilization is essential.

This chapter presents the implementation and characterization of the intensity stabilization
systems intended for this experiment. I first introduce the test setup and working principle of the
feedback control loops. I then characterize and compare the different PID systems implemented,
evaluating step responses and noise spectra using parameters representative of the pumping
beam and the frequency ranges relevant to this experiment. However, much of the underlying
characterization is more general and can serve as a reference for other PID-based stabilization
systems.
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5.1 Proportional-Integral-Derivative Controller and Experimental Setup

A proportional-integral-derivative (PID) controller is a fundamental system in feedback regula-
tion of dynamical systems. Its goal is to make a system’s process value (PV) follow a desired
setpoint (SP) by adjusting a control value (CV) that steers the system dynamics in the required
way. An intuitive example is a thermostat which measures the current temperature (the PV),
compares it to the desired temperature (the SP), and adjusts the heating output (the CV) to
maintain the target temperature. For stabilizing laser intensity, the process value is the mea-
sured laser power on a photodiode. An acousto-optic modulator (AOM) provides control over
the intensity by diffracting the light into different orders depending on the applied RF power,
which is set via the control voltage.

The PID algorithm determines the control value output by combining three contributions
addressing different aspects of the error between setpoint and process value e(t) = SP(¢) —PV(¢).

— The proportional term, Kp e(t), reacts to the current error, producing a correction pro-
portional to its size.

— The integral term, K; fg e(7) dr, accumulates the error over time, ensuring that any small
persistent offset, or “proportional droop”, is gradually eliminated.

— The derivative term, Kp dil—gt), reacts to the rate of change of the error, which can anticipate

and reduce overshoot of the process value after sudden changes.

By tuning the gains Kp, K, and Kp, one can adjust how much each term contributes, balanc-
ing speed, accuracy, and stability. Typically, proportional and integral gains are essential for
achieving a fast and accurate feedback response, while the derivative gain can destabilize the
system and is not always used. A helpful introduction to the topic of feedback control is given
in [43].

The setup used to test the PID for intensity stabilization is shown in Figure 18. Laser light
at a wavelength of 689 nm is polarization-filtered and focused through an AOM to minimize
the acoustic wave transit time and achieve a fast switching response. The first-order diffracted
beam is coupled into a polarization-maintaining fiber, while the zeroth order is blocked. This
choice is made because the intensity in the first order can be varied continuously between ap-
proximately 0% and 70 % of the total input intensity, whereas the zeroth order can not be fully
extinguished. The fiber itself introduces intensity noise: imperfect polarization maintaining and
beam pointing instability cause the polarization state to drift, and this drift is converted into
power fluctuations by the polarization-cleaning optics after the fiber. The light is split between
the experimental signal, detected here with a biased photodiode (Thorlabs DET10A2, 1 ns rise
time), and the feedback signal, detected with an amplified photodiode (Thorlabs PDA10A2,
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Figure 18: Schematic of the experimental setup used for intensity stabilization and its control
structure. The optical setup (a) prepares the beam and modulates the first-order AOM output
intensity, while the control structure (b) illustrates the PID feedback loop that regulates the
AOM driver based on the photodetector signal. Symbols as defined in the List of Optical
Elements (Figure 1).

150 MHz bandwidth). The latter is sent in a feedback loop to a PID controller that drives the
AOM’s radiofrequency source, thereby regulating the optical power in the first order.

This method inevitably introduces some power loss, the first-order diffraction efficiency of
the AOM, the fiber coupling efficiency, and splitting off the feedback signal all place limits on
the available power. In practice, however, the intensity stabilization can be combined with
frequency shifting and fiber coupling to the experiment table that would be required regardless.
In our case the power requirements for cooling and pumping are low and reservoir beam power

is not a limiting factor, so this is not a concern here.

For driving the AOM, two options are available: a commercial AOM driver, and a DDS
combined with a separate RF amplifier. The first option is the commercial device (DIM-3000,
from Time Base), which drives the AOM directly without an external RF input signal. Its
amplitude modulation input allows adjustment of the output power using a control voltage
between —1V and 1V. A control voltage of 0V corresponds to unmodulated operation at the
set RF power, while 1V results in power gain and —1V in full attenuation. Using an amplitude
modulation offset in arbitrary units, the maximum output power can be shifted across input
control voltages. The second option is a rack-compatible RF amplifier, constructed in the
Technology Center of the University of Amsterdam. This amplifier requires an external RF
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Figure 19: RF driver transfer functions: RF power and intensity in the first AOM diffraction
order as functions of the applied control voltage for (a) the RF amplifier with a fixed RF input
power of —11.1dBm and (b) the DIM-3000 at a set RF power of 29 dBm, where two different
amplitude modulation (AM) settings are shown.

input set to the desired AOM frequency and a control voltage between 0 and 7V to generate an
amplified RF output.

Figure 19 shows a characterization of both AOM-drivers including the output power for the
full range of input control voltages and the corresponding measured laser intensity in the first
order after the fiber. Both, the RF tuning via voltage input, and the AOM itself introduce a
non-linearity which can limit the PID outcomes [43]. Notably, the RF amplifier barely gives any
intensity in the first order, until 2V are reached, which limits the usable voltage range. For the
DIM-3000 measurement, two different amplitude modulation offsets were analyzed, both for a
power setting of 29 dBm. The optimal setting with the biggest output range for the RF power
was found to be —77. In the following PID characterization, the offset was set to —100, which
shifts the intensity curve slightly down and gives an optimal behavior at the used intensity
values. This introduces a non-monotonous behavior for very low voltages which is however

barely measurable in the optical domain.

We further have two choices for the PID controller, both constructed in the Technology
Center of the University of Amsterdam. The first is a Red Pitaya’-based digital PID which can
be controlled and tuned with the software pyrpl.exe?. Second, an analog PID on which the PID
settings can be tuned using physical controls. In the analog PID, the error signal is determined
entirely with electronic components such as resistors, capacitors and operational amplifiers. In
the digital PID, the input signal is first digitized, the PID calculation is performed digitally,
and the resulting output is converted back to an analog signal. Given the two PID modules and

’https://redpitaya.com
3https://pyrpl.readthedocs.io
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Figure 20: Example measurement illustrating the PID working principle using a step-function
setpoint (RF amplifier with analog PID). The upper plots show the setpoint reference signal
(blue) and the photodiode signal (green), while the lower plots display the internal PID opera-

tion: the error signal (orange) and PID output (red). (a) Full step function, (b) zoomed view
of the rising edge.

two possible AOM drivers, four different combinations for the feedback loop can be tested. The

output voltage range of the PID system must be internally adjusted to match the modulation
range of the AOM driver used.

5.2 Step Response Analysis

The working principle of the PID system is illustrated in Figure 20. The external setpoint
(blue) and the photodiode signal (green) go to the PID controller which calculates the error
(orange) as their difference. As the setpoint voltage jumps up, the error signal initially drops
to a large negative value, causing the PID output to rise rapidly. If the PID gains are well
tuned, both the output and the photodiode signal stabilize quickly after this adjustment period,
continuously comparing the measured signal with the reference. The falling edge of the step
function produces the opposite response, exhibiting a slight overshoot that was resolved in a
newer version of the RF amplifier. On the right-hand side, a zoomed-in view of the rising edge
illustrates the dynamics more clearly.
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Figure 21: Step responses of the four PID loop systems showing relative voltage: blue lines
indicate the setpoint, green lines the photodiode signal. 1 — 1/e = 63.2% rise time (red) and
long-term stability +3 % (orange) are indicated. Panels correspond to: (a) Digital PID, DIM
(b) Analog PID, DIM (c) Digital PID, RF amplifier (d) Analog PID, RF amplifier.

The tuning of the PID parameters, although implemented differently in the two PID modules,
is done with the same approach. Following the general idea of the Ziegler-Nichols method [44],
the optimal parameters are determined. First, the integral and derivative gains are set to
zero, and the proportional gain is gradually increased until the photodiode signal exhibits large
oscillations. This value is then slightly reduced, and the integral gain is increased until the step
response is as fast as possible without a significant overshoot. Derivative gain was tested on all

systems but did not provide reliable improvement.

For many laboratory applications, it is important that the setpoint is tracked quickly without
adding oscillations to the system. Therefore, the system’s response to a step-function input is
tested, which makes the speed of the control loop easy to evaluate directly. The setpoint is
stepped by around 250 mV, to below the photodiode’s maximum signal, leaving the PID room
to adjust the output in both directions. Later, in the noise spectrum analysis, we will consider
a constant setpoint, where the photodiode signal fluctuates on a much smaller scale. The

underlying working principle, however, is the same.

Examining the step-function responses in Figure 21 reveals clear differences between the
four combinations. Rise and long-term settling times (within +3 %) were extracted for each
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combination. For reference, the bare response time of the two AOM drivers without any PID
loop sets a lower bound on how fast a closed loop using that driver could in principle respond.
The RF amplifier alone has a 1/e rise time of 1.4 us and settles within +3 % at 3.5 ps, while the
DIM-3000 alone is considerably faster, rising in 0.16 ps and settling at 0.19 pus. Since both drivers
address the same AOM, contributions from signal propagation and the acoustic transit time in
the crystal are common to both measurements and are not separated here. They are negligible
compared to the RF amplifier’s response, but may contribute at the level of the DIM-3000.

To compare the rise times to bandwidths, typically defined as the frequency at which the
input and output signals develop a 45° phase lag, we convert the former using fsqp = 1/(277),
valid for a system with a single dominant time constant [43].

The DIM RF-source with the digital PID is significantly slower than the other three combi-
nations due to insufficient integral gain. This appears to be a tuning limitation of the RF curve
of this particular combination rather than a fundamental constraint of the digital PID. Given
its response time of 90 s, the noise spectrum was not measured in the following. The DIM
RF-source with the analog PID responds fastest of the four on both metrics, with a rise time
of 0.9 ps, due to much higher achievable integral gain. The RF amplifier with both digital and
analog PIDs shows intermediate performance (11.3 and 8.7 pis rise times, respectively). In the
digital case, the integral gain is at its limit again, leading to a slight overshoot. Comparing these
rise times to the bare response of the drivers shows that the PID loop itself is the limiting factor
in both cases: the RF-amplifier combinations stay close to the bare driver’s rise time, while the
DIM combinations remain considerably slower than the bare DIM driver, which on its own is
faster. Since both PID types perform well with the RF amplifier but the digital PID performs
poorly specifically with the DIM, the issue is unlikely to lie with either component individually.
An explanation is a suboptimal operating point on the DIM’s RF-power transfer curve in this
configuration, suggesting that further tuning of the power and offset settings could improve the
digital PID’s performance with this driver.

5.3 Noise Spectra Analysis

Now using a constant setpoint, we investigate how the noise spectrum changes when PID control
loops are implemented. Noise spectra were recorded using the PNA1 Thorlabs intensity noise
analyzer, suitable for low frequency noise, and averaged over 20 measurements. Figure 22
compares the relative intensity noise (RIN) for the three operating PID and driver combinations
identified in the previous section against the open-loop (no PID) case. Data from the noise
analyzer (for lower frequencies) and a separate spectrum analyzer (for higher frequencies) are
combined to cover the full frequency range, with reduced confidence regions shown with partial
transparency.
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Figure 22: RIN noise spectra of the three operating PID /driver combinations and the open-loop
(no PID) case. Data from the PNA1 intensity noise analyzer (lower frequencies) and a spectrum
analyzer (higher frequencies) are combined to cover the full range, with reduced-confidence
regions shown with partial transparency.

Initial attempts to further optimize the PID gains based on the noise spectrum were not
successful. In particular, the hypothesis that a smaller proportional gain would improve the
noise performance could not be confirmed. Best gain tuning for noise spectrum was ultimately
based on the step response in all cases. Comparing the three combinations, the analog PID
provides the strongest low-frequency noise suppression, reducing the noise by around 25 dB
across a broad frequency range, relative to the open-loop case. With the RF amplifier, this
analog PID suppression begins to slowly degrade above roughly 3 kHz, below the combination’s
calculated bandwidth of (27 - 8.7ps)~! = 18.3kHz. With the DIM driver, the suppression
persists to higher frequencies, consistent with its larger bandwidth ((27 - 0.91s)~! = 177 kHz).
The digital PID with the RF amplifier shows only a modest noise reduction in the 0.1 to 10 kHz

range.

The limited noise reduction of the digital PID is likely due to additional electronic noise.
The conversion between analog and digital signals can lead to so-called spurious effects from
the sampling. However, these would be expected to appear as narrow peaks rather than raise
the noise floor across the spectrum. Instead, the broadband nature of the noise suggests that
the Red Pitaya platform, not optimized for low-noise operation in this frequency range, is the
limiting factor for the digital PID’s performance here.

At higher frequencies, in the hundreds of kHz range, the noise analyzer’s photodiode (Thor-
labs DET10A2) becomes unreliable, since it is battery-biased and relies on a passive RC low-pass
filter rather than a transimpedance amplifier [45]. This lacks an actively stabilized bias and lim-
its the detector’s usable bandwidth. The cable-powered photodiode Thorlabs PDA8A2 (50 MHz
bandwidth) with a spectrum analyzer was used instead to verify this regime. The relative in-
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tensity noise was calculated from the spectrum analyzer data as follows. The carrier power
P. was determined from the measured DC photodiode voltage Vpc across the R = 502 input
impedance, P. = VI%C /R, and converted to dBm. The RIN, in dBc/Hz, was then obtained from
the measured noise power P in dBm, as

RIN = PdBIn — £'¢,dBm — ]-OIOglO(ENBW)? (51)

where the equivalent noise bandwidth ENBW was taken equal to the analyzer’s resolution band-
width of 10 kHz. This confirms that the noise does not continue to decrease at high frequencies,
as the noise analyzer measurement alone might suggest, but instead levels off. The two measure-
ment methods do not agree in absolute noise level, but are consistent enough for a qualitative

comparison.

All measured noise spectra reflect several physically distinct noise sources, dominant in
different frequency regimes. At low frequencies, up to a few hundred Hz, mechanical and acoustic
vibrations of the optical setup and surrounding lab environment dominate [46]. Above this
range, electronic noise from the control and detection electronics and from other lab equipment,
together with the laser’s intrinsic intensity noise (e.g. relaxation oscillations), becomes relevant.
The peak at 22 kHz visible in the spectrum can be identified as the servo bump of the laser lock,
since it is also present in the open-loop (no PID) measurement and is therefore not introduced
by the intensity-stabilization loop itself. At high frequencies, like the MHz range, the noise floor
is expected to converge toward the fundamental shot-noise limit set by the quantized arrival of
photons at the detector [47]. These contributions could be separated better after a comparison
with the noise spectrum of an incoherent white-light source at the same optical power, but no

such source was available.

A number of practical factors were found to affect the measured noise floor. Ground loops in
the cabling introduced additional low-frequency noise, visible in Figure 23(a) as peaks at 50 Hz
and its (particularly odd) harmonics. Such loops arise when a path is grounded at more than
one point with a potential difference between them. Here, the AOM driver and the setpoint
source from the DAC, powered from a separate supply in the rack, created an unwanted current
loop. Using the PID’s internal setpoint, rather than an externally supplied one, reduced this
issue by removing one of the competing ground connections. In addition, all relevant devices
were connected to the same power outlet, eliminating further potential differences between their
grounds. The magnitude of these peaks illustrates the impact ground loops can have on the
noise floor, and highlights the importance of checking external setpoint signals for this issue
when implementing a similar stabilization system.

Additionally, the influence of the intensity on the feedback photodiode was tested. The
intensity on the noise-analyzer photodiode was kept constant, while the optical intensity in
the feedback loop was varied between 0.05 mW (resulting in a 180 mV photodiode signal) and
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Figure 23: (a) RIN noise spectrum showing the difference between pronounced ground loop
peaks of the cabling from an external setpoint, the reduced peaks for internal setpoint of the
PID and for reference the open loop noise spectrum (Analog PID with DIM driver). (b) RIN
noise spectra for varying optical power on the feedback photodiode (labeled in legend), with
the intensity on the noise-analyzer photodiode held constant. Note the different vertical scale
compared to Figure 22.

0.51mW (resulting in a 2.0 V photodiode signal), with results shown in Figure 23(b). At lower
optical power on the feedback photodiode, the signal to noise ratio of the photodiode decreases,
degrading the intensity stability. To check whether this is limited by the fundamental shot-noise
floor, we compare it to the expected shot-noise-limited RIN, RINg,t = 2hc/(AP) , where he/ X is
the photon energy at A\ = 689 nm and P is the optical power on the photodiode [47]. This predicts
shot noise floors of —139dBc/Hz at 0.05 mW and —149dBc/Hz at 0.51 mW, a 10 dB reduction
for a tenfold increase in power. The measured noise floor lies above this prediction at both powers
and decreases by only a few dB between them. This shows that the stabilization is not shot-
noise-limited in this regime. The observed power dependence instead reflects electronic noise in
the photodiode and its readout, which becomes more significant relative to the photocurrent at
lower optical powers.

Long-term drift and stability were also assessed by recording the normalized intensity over
5.5 hours on a power meter, shown in Figure 24. Both the analog and digital PIDs with the RF
amplifier show reduced long-term variance compared to the open-loop case, though some residual
drift and few short dips remain. These dips and potentially the long term drift are likely due
to the limited reliability and stability of the Thorlabs power meter used for this measurement,
rather than to the stabilization loop itself.
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Figure 24: Normalized laser intensity over a 5.5 hour period for the open-loop, analog PID, and
digital PID cases (RF amplifier driver), illustrating long-term drift and stability and indicating
the variances in the power distribution with dashed lines.

5.4 Sample and Hold Function

The analog PID includes a sample-and-hold (S&H) function via an additional TTL input that
can be enabled by switching a pull-down resistor in the PID electronics. When activated, the
feedback loop is paused and the PID output held constant at its last value, while the AOM
continues to be driven at the corresponding RF power. This function was tested as a potential
tool for situations in the experimental sequence where the stabilization loop should not react to
changes in the photodiode signal.

Since the PID output goes through the S&H chip, whenever this function is enabled, even
outside of hold periods, its presence could add a delay to the loop and decrease the PID band-
width. To check this, the step response with the S&H chip in the signal path was compared
to the response without it. The rise time was unaffected, while the fall time increased slightly,
from 3.8 ps to 5.6 ps. Figure 25(a) compares the noise spectrum with and without the S&H
function enabled, showing its effect on the intensity noise. The RIN increases slightly starting
around 1kHz, and more substantially above roughly 100 kHz. Since this lies well above the
trap-frequency band, this increase is not a significant concern here.

The working principle of the hold function is illustrated in Figure 25(b). While the S&H
input (blue) is low, the loop is paused. During this, the RF drive to the AOM (green) is held
constant and no longer responds to the photodiode signal (orange). When the loop is restarted,
an overshoot of around 50mV for 50 ps appears before the system recovers, which should be
kept in mind for applications where this could affect the atoms. The inset of Figure 25(b) shows
that the photodiode signal rises slowly over the first second after the hold is released by a small
extend. This very slow dynamics is most likely due to thermal heating of the AOM during the
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Figure 25: Sample-and-hold (S&H) function in PID control and its effect on intensity noise.
(a) Noise spectrum with and without the S&H function activated, showing its influence on the
intensity noise. (b) Measured voltage levels showing PID behaviour during hold mode: a low
S&H input (blue) pauses the loop, the RF drive (green) controls the AOM directly, and the PD
signal (orange). The inset shows the slow rise of the PD signal over the first second after hold.

hold period, which would gradually shift its diffraction efficiency once RF drive resumes. An
alternative approach to avoid this would be switching the AOM between two RF frequencies,
of which only one couples into the fiber, rather than switching the RF amplitude on and off,
since the AOM would remain continuously driven. This was not tested here, as the available
fast switch did not support this option. In the future, an improved switch will be implemented
in the RF amplifier to enable this fast switching.

Concluding Design Choices for this Experiment

Based on the characterization presented in this chapter, the following implementations for the
experiment are suggested. Among the two AOM drivers, the RF amplifier is preferred over the
DIM-3000 for practical reasons. It is rack-compatible, allowing multiple units to be installed and
centrally controlled as needed for the several beams requiring stabilization. Between the two PID
controllers, the analog PID performed considerably better in this characterization, in particular
in the noise analysis. A recent updated version of this module additionally includes an audible
warning signal that is triggered if the deviation from the setpoint exceeds a certain threshold
(clip detector), indicating that the loop has lost its setpoint. The only minor drawback of the
analog PID is that its gain settings are tuned manually via switches and screws and cannot be
reproduced precisely. This has not proven to be a significant practical issue as the readjustment
of PID gains was straightforward. The digital PID does not have a big effect on intensity noise
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suppression in this setup, though it may remain relevant for other applications, potentially for
higher frequency ranges. Identifying the specific source of its larger noise, for example by directly
testing the noise in the Red Pitaya output was beyond the scope of this work but would be a

useful direction for future improvement.

For the reservoir beam, an AOM is already installed in the beam path for the purpose of
intensity stabilization, and the control system characterized in this chapter can be implemented
directly. For the dipole guide, applying the same scheme is likely not possible. This high-power
beam cannot be guided through an AOM, which is the component used to control intensity and
realize feedback here. For the pump beam, stabilization will be installed once the frequency
scheme for this beam is set up. For the molasses beams, active stabilization is currently not
planned, but could be added if passive intensity stability proves insufficient, since these beams
already have an AOM in the beam preparation stage and photodiodes at the beam shaping
stage available for monitoring. For instance fluctuating light shifts or scattering at the reservoir
position could turn out to complicate the cooling and transport scheme. Finally, the sample-
and-hold function gives a practical tool for situations in the experimental sequence where the
feedback loop should be paused without switching off the AOM drive entirely.

The intensity stabilization scheme presented in this chapter is not limited to the beams
discussed in this thesis and could likewise be applied to other beams in the experiment. This
includes the 813 nm moving optical lattice beams, where the cavity transmission could serve as
the feedback signal and AOMs are already installed in the existing cavity setup, as well as the
689 nm light used to seed superradiance mentioned in Section 4.4.1, which also already includes
an AOM in the beam path from the splitting setup.

Overall, the noise suppression demonstrated in this chapter, particularly the strong low-
frequency suppression achieved with the analog PID, directly addresses the stability requirements
motivated at the start of this chapter. By limiting heating and stabilizing the atom number for
superradiant emission, this represents a promising step toward the level of precise control this

experiment requires.
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6 | CONCLUSION AND OUTLOOK

This thesis presents work towards the atom source needed for a continuous superradiant laser
on the mHz-linewidth clock transition in strontium. Such a source must be simultaneously cold
enough to suppress Doppler broadening of the narrow transition, dense enough to efficiently
generate superradiance, and delivered continuously without large fluctuations. Starting from
the theoretical framework of laser cooling and optical dipole potentials, this thesis explains
and characterizes the stages that prepare and transport atoms between a MOT chamber and a
separate science chamber housing the superradiance cavity. A blue MOT and a dual-position red
MOT were optimized and characterized, providing a continuous source of atoms at temperatures
of 8.0 pK, with a saturation atom number of 3.7 x 108 and a loading rate of 1.5 x 10® atoms/s in
the broadband red MOT stage. Lower temperatures can be reached in the spatially separated
single-frequency component, the demonstrated 3.3 pK can be further reduced to the sub-pK
regime [33]. To cover the 20 cm distance to the science chamber, a high-power optical dipole
guide was characterized theoretically and experimentally prepared. The beam shaping of the
reservoir trap and molasses beams needed to recapture and further cool atoms at the science
chamber was set up, along with a frequency shifting system. Testing of retroreflection setups
showed that the more advanced cat-eye configuration was not necessary for this application, the
conventional cat-eye configuration reaching equally good results. Since intensity fluctuations on
this light limit both the achievable atom temperature and the stability of potential superradiant
emission, an active intensity stabilization system was set up and tested. Comparing a custom
RF amplifier against a commercial DIM-3000 AOM driver from Time Base, and a digital against
an analog PID controller for each, the analog PID was found to give the strongest performance,
suppressing relative intensity noise by more than 25 dB at the frequencies most relevant to trap
heating, while the RF amplifier was preferred as the AOM driver for practical reasons. Together,
these results establish a basis for the transport chain from initial cooling through to the entrance
of the science chamber that the remaining steps toward continuous superradiant lasing will build

on.

Extending the Stabilization System. The stabilization scheme from Chapter 5 can be applied
to the reservoir trap and to the pumping beam once its frequency scheme is developed. Intensity
stabilization can also be extended to the 813 nm moving-lattice beams, using cavity transmis-
sion as the feedback signal, and to the 689 nm beam used to probe superradiance, both of which
already have AOMs installed. Other open points that could be addressed include directly ana-
lyzing the digital PID’s broadband electronic noise, and testing an AOM switching scheme based
on two different frequencies, which the improved RF amplifier switch makes possible.
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Completing the transport chain. With loading into the dipole guide demonstrated, the next
step is to set up the Bloch accelerator beams to push the atoms along the guide towards the
cavity. Additionally, the loading efficiency of currently around 2 % could be increased by further
optimizing the single-frequency MOT for loading into the guide. The focus of the guide beam
can then be shifted to the midpoint between MOT and cavity, with the aim of detecting atoms at
the cavity position using the existing absorption imaging system. Once atoms are detected there,
the molasses beams at the science chamber can be optimized on the atoms in alignment and
frequency structure to reach the best cooling and capturing performance. Possible modifications
at this stage include adjusting the waist of the guide beam to reduce the axial potential gradient,
and verifying the beam profile quality of the high-power beam at the powers used. Should the
beam quality prove insufficient, a solution would be spatial mode filtering with a pinhole in the
Fourier plane of a telescope, with the telescope lenses chosen to make the intermediate focus
as large as possible to limit the intensity at the pinhole. However, implementing this at the
required powers on the order of 100 W is challenging and would require careful optical and
thermal design. Following this, the full chain from the red MOT through the dipole guide into
the reservoir trap should be characterized and optimized in terms of transported atom flux, the
stability of that flux, and temperature.

Towards continuous superradiance. With atoms recaptured in the reservoir, the next step is
to load them into the moving optical lattice, formed by the bowtie cavity and transport them
through the cavity mode. Superradiant emission then requires implementing an incoherent
pumping scheme. The goal will first be to demonstrate normal-mode splitting and afterwards
collective emission on the broader 'Sy — 3Py kHz transition, which is less demanding on flux
and temperature and can give a higher superradiant output. Once collective emission is shown
here, continuous superradiance on the mHz clock transition can be attempted. Achieving this
would realize an active optical frequency reference whose stability is written into the atoms
themselves, less sensitive to the cavity noise and free of the dead time that limit passive optical

clocks.
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