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Chapter 1

Introduction

The field of what came to be known as "atomic physics” stands at the origin of quantum theory itself.
The spectra of different chemical elements, which showed light emission at discrete wavelengths (sharp
and well-separated lines of specific colors), were one of the early indications that the energy levels of
atoms are quantized. That observation cannot be explained by Maxwell’s electromagnetic theory, and
it gave a major input into the development of quantum theory. Atomic spectroscopy, which means the
measurement of transition energies between different energy levels in atoms, became possibly the single
most widespread research direction in atomic physics and one of the major ways to test the predictions
and calculations of quantum theory itself; it remains at the forefront up to this day. Atomic spectroscopy
underpins the operation of optical atomic clocks, which are among the most precise and stable measurement
devices ever constructed [1]; furthermore, one of the ways to test tentative physics theories beyond the
Standard Model involves measurements of the possible permanent electric dipole moment (EDM) of the
electron using molecular spectroscopy [21, which is a natural extension of atomic spectroscopy in the sense
that one measures energy level differences in molecules rather than in single atoms. Spectroscopy and
atomic physics have progressed enormously in terms of measurement precision and sensitivity since the
observation of the sodium emission lines around 1900, but the fundamental idea still stands. In fact, one
of the results of this Thesis is the measurement of a specific ultranarrow transition in atomic strontium.

While atomic physics in general and spectroscopy in particular are by now more than a century old, the
technological developments in laser physics in the 1980's opened up a different research direction, namely
laser cooling and ultracold atomic gases. It became possible to remove kinetic energy from the atoms
up to the point where their quantum statistics becomes a crucial factor in understanding their observed
behavior. This gave at once the possibility to create and investigate a new form of matter, known as a
Bose-Einstein condensate [3], to perform precision measurements using matter waves, which are in some
ways analogous and in other ways different from the commonly known light waves [4, 5], and to create a
new experimental approach to investigating difficult problems in condensed matter physics, known as
"quantum simulation” [6]. In addition, laser cooling gave a huge boost to precision to spectroscopy itself:
optical lattice clock spectroscopy crucially relies on ultracold atoms. A major part of the work described in
this Thesis deals with the construction of a new experimental apparatus for producing and investigating
ultracold gases of strontium.



2 Chapter 1. Introduction

1.1 The coolness of strontium

The initial attempts at Bose-Einstein condensation used cryogenic cooling of spin-polarized
hydrogen, which is the lightest chemical element and is thus expected to Bose-condense at the
highest temperature [7]. However, the first observed condensates were made with alkali metal
atoms: rubidium [3], sodium [8], and lithium [9]. Four years after the first Bose-Einstein conden-
sates (BEC), researchers observed the effects of Fermi-Dirac statistics in an ultracold atomic gas
of potassium-40 [10]. In general, quantum degeneracy' is the name for the situation where the
effects of quantum statistical distributions (Bose-Einstein or Fermi-Dirac) are experimentally
observable. The theoretical concepts behind ultracold Bose and Fermi gases are described in
Refs. [11, 12], and the experimental aspects, together with an overview of the early work, are
given in Refs. [13, 14].

It later became clear that atoms with the electronic structures that are very different from
those of the alkalis can open up new research opportunities. One of the major points is that a
new electronic structure can provide laser-accessible transitions with vastly different natural
linewidths. This is the arena where strontium comes into play. Strontium is a group-II element
of the periodic table, which means that it has two valence electrons, unlike the alkalis, which
only have one. According to the addition of angular momentum rules [15], the spin states of the
two electrons can be paired in a singlet or triplet configuration [16]. Since the electric dipole
transitions that are driven by a laser field are described by the matrix elements of the dipole
operator?, and since that operator acts only on the spatial part of the wavefunction and not on
its spinor [17], electric dipole transitions to a first approximation cannot connect two electronic
eigenstates one of which is a spin singlet and the other one is a spin triplet. This goes under
the name of dipole-forbidden transitions. In reality, such transitions are not truly forbidden due
to perturbing terms in the atomic Hamiltonian [18] or possibly interactions with an external
magnetic field [19], and they can still be excited with a laser, but their linewidths are narrow
(kHz) to ultranarrow (mHz).

In the case of strontium, the available electronic transitions are especially convenient, because
one has three different classes of them, whose linewidths are orders of magnitude apart. They
can be used for different experimental purposes, and Fig. 1.1 shows transitions between the low-
lying electronics levels of Sr. There is the 30.5 MHz-wide dipole-allowed transition at 461 nm that
is useful for efficient slowing of a fast atomic beam and for trapping a relatively hot cloud (this
will called the "blue transition") [20, 21]. There is the 7.4 kHz-wide singly-forbidden transition
at 689 nm, which can be used for making a very cold gas only by laser cooling (this will be

The word degeneracy comes from the Latin prefix de-, which denotes the absence of something, and the root gen-,
which has the meaning of "birth" or "origin", or, in a more philosophical sense, "provenance". In this context, the
word refers to the fact that the atoms are indistinguishable, the fact which lies at the basis of quantum statistical
distributions. So essentially at quantum degeneracy, the atoms have "no origin", they are absolutely identical in all
aspects, and this must be explicitly accounted for.

*Mathematically speaking, the rate of an electric dipole transition is proportional to the square of the dipole
matrix element between the two eigenstates [17]. The singlet and triplet spinor parts are orthogonal, meaning that
the dipole operator matrix element between a singlet and a triplet will always evaluate to zero, because the dipole
operator cannot affect the spinor.
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FIGURE 1.1: Electronic transitions, term symbols, and wavelengths of the low-
lying levels of 87Sr, which is a fermion. In all bosonic isotopes, the hyperfine
structure, represented here by the half-integer values that correspond to the total
angular momentum F, collapses to a single level for each term symbol shown in
the standard 2°*! L ; notation (Figure is courtesy of Sergey Pyatchenkov).

called the "red transition") [22]. The particularly beneficial linewidth of this transition makes it
possible to achieve a BEC without an evaporative cooling step [23], or to continuously operate a
magneto-optical trap at an exceptionally high phase space density [24]. The linewidth of this
transition in Sr has a very fortunate value: the corresponding transition in calcium, which is
the closest analog of Sr on the lighter atom side, is too narrow to be of much practical use in
cooling without quenching on some broad line [25], while the corresponding one in ytterbium,
the closest analog on the heavier atom side, has an approximately 25-fold larger linewidth [26],
which leads to a 25-fold larger Doppler temperature [27] and consequently makes it impossible
to laser-cool to such a high PSD?. Finally, there are the ultranarrow, doubly forbidden, mHz-wide
transitions at 698 nm and 671 nm, where the first one can be used for optical atomic clocks [1, 28],
and the second one for Raman coupling schemes and the generation of artificial gauge fields

3By "closest analog" here we mean the atoms that have a similar electronic structure in the lowest electronic
states, differing only by the wavelengths of the transitions and their linewidths, and we also only take into account
the species that have already been brought to quantum degeneracy.
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[29], or for shelving atoms during the experimental sequence. This last point is important: due
to the Fourier relation between the linewidth and the lifetime, an ultranarrow transition is useful
in two ways: one can do high-precision spectroscopy, or one can excite the atoms to the upper
state, which can be metastable with several seconds of lifetime, and let them temporarily reside
there unaffected by laser beams while other parts of the experimental sequence are running.
For example, such shelving is at the basis of quantum computation proposals with Sr and other
alkaline-earth atoms [30]. Thus, the electronic structure of Sr makes it an interesting choice as an
atomic species to work with.

There are also important and interesting properties of Sr, related to its nuclear spin and
collisional interactions. Fermionic 8'Sr has nuclear spin I = 9/2, and the magnetic substates of
the nuclear spin do not interact almost at all with the electronic shell in the ground state. As
the collisional properties of ultracold atoms are determined by the electrons, this leads to the
fact that the collisional interactions do not scramble the nuclear spin substates. This situation is
known as SU(V) symmetry and it is especially interesting for engineering systems with exotic
forms of magnetism [31, 32]. In fact, a recent major achievement is the experimental observation
of SU(N) effects in an atomic system, and it uses the two advantages of Sr, nuclear spin state
symmetry during collisions and the presence of ultranarrow spectral lines, in one experiment
[33]. One can imagine that this direction provides ample opportunities in the realm of exotic
magnetism and frustrated systems. Furthermore, dynamics within the subspace of nuclear m g
states in 87Sr can be viewed as a synthetic dimension; this is the basis for a proposal for quantum
simulation of dimensions beyond the three spatial ones (synthetic dimensions) [34]. Finally, in
the context of quantum information processing, the collisional independence of nuclear spin
substates makes it possible to use them as qubit states; SU(N) symmetry combined with the
availability of an ultranarrow clock line and the associated metastable excited state are used in a
quantum computation proposal for Sr and other alkaline-earth elements [35].

Regarding the disadvantages of Sr, the single biggest one is the absence of magnetic Feshbach
resonances in the electronic ground state due to the fact that the total electronic magnetic moment
is zero [36]. However, this turns out to not be a major limitation. First of all, the scattering
lengths of bosonic 84Sr and fermionic 87Sr are 124 and 97 Bohr radii respectively [37], which
already makes them excellent for evaporative cooling to quantum degeneracy*. Secondly, even
though the standard magnetic Feshbach resonances in the ground state are not available, the
presence of metastable electronic states gives new opportunities for exploring the Feshbach
resonances involving the ground and a metastable state [38]. In the case of Sr, this is unexplored
territory with potentially many opportunities.

All of the discussion above suggests that a new experimental apparatus for ultracold Sr will
provide many interesting research directions. This is the main reason why we set out to build
such an apparatus.

“Remember that a sample of identical fermions on its own has a scattering length of zero due to Pauli exclusion
principle. However, in this case the scattering length refers to non-identical fermions, and so in a Sr sample containing
a mixture of 10 nuclear spin substates, the atoms do interact by collisions as long as their nuclear spin substates are
different.
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1.2 General overview of the experimental apparatus and procedure

A quantum gas machine like ours is fundamentally a long ultrahigh vacuum (UHV) tube with
different magnetic field configurations and optical access ports (generally known as viewports)
for laser beams along the way. The atoms will fly along this tube, and the parts are arranged
in the way that allows different slowing processes to happen one after another, removing the
atoms’ kinetic energy until they can be optically trapped and levitated. Eventually there can be
other UHYV sections into which the ultracold gas is transported for measurements, as is the case
in our setup.

An important design consideration is the necessary UHV quality for quantum gas experi-
ments. A rule of thumb is that the background gas pressure should be at most several 10~ ! mbar.
The main point is that the lifetime limit caused by background gas collision losses, which are
proportional to the background pressure, should be longer, and ideally much longer, than MOT
and evaporation time, otherwise atoms would be lost faster than they can be cooled to quantum
degeneracy. As two examples, successful achievement of quantum degeneracy with sodium
reports the UHV quality of below 10719 mbar [39], and a metastable helium BEC is achieved at a
background pressure of 1 x 107? mbar [40]. Therefore, aiming below 1 x 10719 mbar is a good
design goal, and the higher the UHV quality, the more future-proof the machine is, because it
makes possible a larger range of experiments, which is especially true in Sr, where mHz-wide
transitions are available for precision measurements with long interactions times.

Let us take a brief journey through our UHV system and get an overview of the main
components. First of all, several small chunks of solid strontium metal are put into a reservoir at
the building stage; it will be kept hot at all times and will provide the atoms for our experiments.
There is a set of microtubes at one end of the reservoir, which form a directed and collimated
beam of atoms; the relevant theoretical results for this are mentioned in Section 4.1, and the
construction is described in Section 5.1. Afterwards, it is useful to collimate the atomic beam
even better by optical means, which is known as transverse cooling (TC), and it is discussed in
Sections 2.2 and 5.2 (in addition, the general principles of laser cooling are explained in Section
2.1). The next slowing stage is the Zeeman slower (ZS), where the atoms lose the largest portion
of their initial kinetic energy. It is also the longest functional unit in the atom flight path, and
it is described in detail in Sections 2.2 and 5.3. If we think in terms of temperature, we will
realize that the atoms exiting the ZS are already extremely cold compared to any everyday
temperature and most lab temperatures; in particular, they can be colder than the approximately
3 K achievable with a standard liquid helium cryostat, for example. More importantly for us,
these atoms are slow enough to be trapped by optical forces in the next step and cooled further.

The end of the ZS opens into the main chamber, where the final stages of laser cooling take
place and where some experiments can be performed (in particular, all the experiments within
the scope of this Thesis were done in the main chamber). The first trapping and cooling step
here is the magneto-optical trap (MOT). A MOT is a particular configuration of the laser beams
along the three axes, together with a quadrupole magnetic field (see Sections 2.3, 7.1, 7.2). The

magnet design and construction are explained in Sections 4.2 and 5.4. In the case of strontium, a



6 Chapter 1. Introduction

convenient MOT approach involves two stages: at first we will use the broad blue transition
(this will be called the "blue MOT"), and afterwards the narrow red one (this will be called the
"red MOT"); Sections 7.1, 7.2 describe the details. As we will see, this reduces the atoms’ kinetic
energy tremendously, to an equivalent of about 1 pK, when converted to temperature; such low
energies are only in the realm of laser cooling and they are not achievable by any bulk cryogenic
techniques. Note that the MOT in general is used in most ultracold atom experiments; the use
of two stages, however, is purely based on the electronic structure of strontium.

The scattered photons from MOT beams, however, cause heating and undesirable momen-
tum transfer to the quantum gas due to the finite linewidth of the laser cooling transition,
momentum transfer in the spontaneous emission process, and reabsorption of the previously
scattered photons in a dense atomic sample. Therefore, established techniques for reaching
quantum degeneracy require cooling by different means, namely without using near-resonant
light. A convenient approach involves levitating the atoms against gravity at the focus of a far
off-resonant laser beam, known as an optical dipole trap (ODT)°. Such a laser beam can create
a potential energy minimum of a certain depth, compared to the vacuum outside; Section 2.4
explains the theory of ODT and closely related techniques, and Section 7.3 shows our experi-
mental implementation. Thus, the atoms from the MOT are loaded into an ODT, which spatially
overlaps with the MOT and confines them to a region measuring several tens of pm across. The
ODT can then be slowly lowered in power, which reduces its depth and in this way lets the most
energetic atoms escape. Under appropriate conditions, the atomic sample will reach thermal
equilibrium at a lower energy. This process is known as evaporative cooling and it is explained in
Sections 2.5 and 7.4. Finally, when the thermal energy becomes low enough, a sample of bosons
undergoes a phase transition to a BEC, while a sample of fermions starts exhibiting measurable
effects of the Fermi pressure and becomes a degenerate Fermi gas (DFG).

There are also two side chambers in the machine that are not located along the tube through
which the atoms travel towards the MOT area. The reason for adding these side chambers is
future reconfigurability and optical access. Fundamentally, given a finite area and number of
viewports and a particular electromagnet geometry, certain kinds of experiments may become
impossible simply because, for example, a laser beam cannot be added or a given magnetic field
cannot be achieved in the setup that must be in place in order to achieve quantum degeneracy
in the first place. One way to circumvent these limitations is to add a chamber into which
a ready-made ultracold gas sample can be transported using a single far off-resonant beam
with movable focus. In that chamber then, most of the infrastructure for degenerate quantum
gas preparation is not needed, which frees up access. The side chambers of our machine are
described in Sections 5.7 and 5.8.

SOff-resonant scattering can still happen in such a far off-resonant beam, but it is an undesirable process that we
try to minimize by choosing the appropriate laser wavelength and intensity.



Chapter 2

Atom-light interaction, evaporative
cooling, and data analysis

We would like to provide concise explanations of the mathematical tools that will allow us to calculate the
behavior of atoms in near-resonant and far off-resonant laser beams, as well as the basic data analysis
for ultracold gas images. These results are useful for any experiment with laser cooling and trapping.
For example, they give the tools for modeling the expected behavior in different parts of an ultracold gas
experiment, and thus for minimizing trial-and-error in the design phase. The goal is explain the governing
equations and in the end to express them in terms of experimentally accessible or known quantities so
that they can be immediately used in numerical simulations or fitting routines. As this is a theoretical
discussion, we put emphasis on the clarity of assumptions and interpretation of results, and we try to
outline the ranges of their applicability.

2.1 Fundamentals of laser cooling and atom-light interaction

The basic idea behind standard laser cooling techniques, such as optical molasses, Zeeman
slowing, or magneto-optical trapping, is momentum conservation during photon absorption
and emission, momentum belonging to both the atom and the photon. In fact, in the context
of ultracold atom experiments, "cooling" means reducing the kinetic energy of the atoms, so a
more descriptive term would be "laser slowing". Consider that for a free massive particle, linear
momentum and kinetic energy are in a one-to-one correspondence, related by the equation

_ hk?

E
2m

: 2.1)

which is obtained by solving the Schrodinger equation with V' = 0 [41]. Therefore, reducing
kinetic energy is equivalent to reducing momentum. On the other hand, photons carry momen-
tum given by p = % = hk, where X denotes photon wavelength and &, defined by k = 27, is the
laser wave number (it is the magnitude of the laser wave vector, or k-vector) [41]. As the total
momentum of the atom-photon system is conserved in an interaction, the atom and photon
momenta must be added in order to obtain the final momentum of the excited atom. Conse-
quently, when an atom absorbs a perfectly counterpropagating photon, its own momentum
must decrease by hk. At a later time, given by the lifetime of the excited state, a photon will be
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reemitted and the atom will return to the electronic ground state, but the k-vector of that photon
has a random direction. The momentum transferred to the atom by spontaneous emission will
then also be in a random direction and will average out to zero over many absorption-emission
cycles!'. Here is then the fundamental laser cooling idea: set up a system in such a way that
atoms moving in a certain direction preferentially absorb the light propagating in the opposite
direction, and let momentum conservation do the job. An important challenge is to find out
how to induce this preferential absorption.

An atom that interacts with photons at a frequency close to one of its electronic transition
energies and far from all other electronic transition energies can be approximated as a two-level
system interacting with an electromagnetic field>. We can then use the optical Bloch equations
to find the scattering rate (in units of 1/s) for this transition:

T S
B = 5957 4A2/T2 22)

where I" denotes the transition linewidth and is the inverse of the excited state lifetime 7,
I' = 1/7, s is the saturation parameter, and A is the laser detuning from the atomic resonance,

given in units of angular frequency. Here, s is defined by s = I/, where [ is the excitation

2rh?Te
323

intensity [27]. Eq. (2.2) describes at once three crucial laser cooling configurations: optical

laser intensity and Iyt = for a transition at wavelength A and is known as the saturation
molasses, Zeeman slowing, and magneto-optical trapping (MOT). We will see that appropriate
choices of detuning, laser intensity and polarization, together with the use of Zeeman and
Doppler effects, make laser cooling possible.

Let us consider the effect of photon scattering events on an atom’s motion through space
and thus describe the slowing process itself. The calculations will be completely classical,
which immediately looks like a strange approach for atoms. However, the Ehrenfest theorem
states that the expectation values of quantum observables obey classical physics equations [41].
Consequently, if we do not worry about the exact spread of atomic wave packets, but only about
the center of mass motion, and if the atoms are not confined to traps with non-negligible energy
level separation due to the quantization rules, we can get an excellent approximation by using
only classical equations and viewing atoms as objects with a given mass, position, and velocity®.

'The momentum of the reemitted photons averaging out to zero does not mean that they have no overall effect.
This reemission leads to a random walk in momentum space. The combination of cooling and heating due to this
random walk will set a cooling limit in this scenario, known as the Doppler limit [27]

?Let us note here that we only consider transitions starting from an electronic level that is actually occupied. In
the context of laser cooling in ultracold atom experiments, we generally only consider the transitions starting either
from the electronic ground state or from a metastable state like in the case of He*, because those states are occupied
with essentially unity probability in the absence of laser light.

3This description is not valid close to and at the point of quantum degeneracy, for systems in deep traps, like
ions or optical lattices, and for cooling narrow-line cooling (see Ref. [22] for an example of that). The reason is that
the classical approximation is only valid when the spatial extend of the atomic wavepacket is much smaller than the
length scale on which laser beam intensity changes appreciably, and the uncertainty in transition frequency, caused
by the spread of the atomic wavepacket in momentum space and the associated Doppler effect, is much smaller than
the natural linewidth of the cooling transition [42].
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By Newton’s Second Law:

dp(t) dv(t)
F = o =M T (2.3)
and therefore
av(t) _ 1 dp(t) o

dt M dt ’

where M is the mass of the atoms. Photon scattering events can be seen as a time-averaged force
on the atoms, because they lead to a change of momentum. Assuming that the atom and the
photons counterpropagate, we get

dpatom (t) _ dpphotons (t)

a dt (2.5)

by momentum conservation. Approximating the derivatives as time-averaged quantities, we

. d . A ‘ . . .
can write pp;;’wm ~ p%,m , where At denotes an arbitrary time period, large compared to the

average time between photon scattering events, and Apphotons = Nk is the total change of the
photons” momentum within At, N being the total number of photons scattered within At, and
each photon carrying hk of linear momentum. The average number of scattered photons per unit
of time is the photon scattering rate R, so % = R,., which means that % = %hk = R .hk.

Returning to the continuum formulation, we obtain

dpatom (t)

= —Ry.hk. 2.6
o (2.6)

This result is known as the radiation pressure force and it is derived in a more rigorous manner in
the text leading up to eq. 5.449 in Ref. [43]. Substituting these results into eq. (2.4), we get:
d%x(t) 1

dt2 = _MRSC(:I:?t)hka (27)

with z(¢) denoting the center position of the atom’s wave packet, and we are considering here
for simplicity motion in one dimension*. Note here that Ry is written as a function of space and
time: this is important in experiments because the detuning A is a function of space and time
due to the Doppler and Zeeman effects; this lies at the basis of Zeeman slowing and MOT.

The limiting value of the radiation pressure force can be found from Egs. (2.2), (2.3), and
(2.7). It is fundamentally determined by the natural linewidth of the chosen atomic transition.
Assume that the laser is tuned exactly on resonance to a transition, in which case A = 0 so
Ree(A =0) = gl—js Since lim, o0 155 = 1, we will get RIma) L. This makes sense because
we are relying on spontaneous reemission of photons, and that process is limited by the natural
lifetime of the excited state: higher laser power will simply induce Rabi oscillations by stimulated

“For motion in three dimensions, both the position vector of the atom and the k-vector of the laser must be
decomposed along the coordinate axes, and then three independent equations must be solved.
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emission, which is useless for laser cooling. This observation also explains why one wants to
use broad transitions (large I') for slowing down atoms from high velocities: one wants to have

a large average force to achieve a strong acceleration, which requires a large I'.

2.2 Shifting transition frequencies: Doppler and Zeeman effects

We have seen that the effective force governing an atom’s center of mass motion is described by
eq. 2.2, but in order to really describe optical molasses, Zeeman slowing, and MOT using that
equation, we should understand what exactly influences A. Surely, the simplest way to set that
parameter is to detune the laser from the bare atomic transition frequency, onto which a laser
can be locked with standard saturated absorption spectroscopy techniques [44, 45]. However,
that approach inherently does not have selectivity for particular classes of atoms in the sample
and will only globally decrease the scattering rate. On the other hand, A is also affected by the
velocity of the atoms due to the Doppler effect, and, in case of magnetically sensitive sublevels,
by the local magnetic field at the location of the atoms due to the Zeeman effect. It is these
two effects that make is possible to efficiently cool and trap atoms with light, and we should
understand their governing equations.

The Doppler effect appears because in the frame of reference of moving atoms, the laser
light appears upshifted or downshifted in frequency. One can qualitatively understand it by
realizing that if an atom moves towards a laser source, it comes from a crest to the next trough
of the electromagnetic wave faster than if it were stationary; the result is that the laser frequency
appears upshifted to such a moving atom. If an atom is moving away from the laser source, the
opposite situation happens and the laser appears downshifted in frequency. Quantitatively then,

the resonance condition for an optical transition involving a moving atom is given by [17]
wy =wr, — kg, - v, (2.8)

where wy stands for the angular frequency of the bare atomic transition (stationary atom),
wr, is the laser angular frequency, and k;, and v are the laser k-vector and the atom velocity
respectively, with all quantities being measured in the lab frame. Assuming that the laser is
intentionally detuned from the bare atomic transition, we can find out how the effective value
of that detuning changes due to the Doppler effect. Expressing wg as wy = wy, + Az, where A,
is the angular frequency detuning actually seen by the atom, we can rewrite eq. (2.8)

wL—l-AL:wL—i-A/L—kL'V, (2.9)

where the prime sign denotes the detuning from the bare transition in a stationary atom. Since
by definition, w;, denotes the laser frequency in the lab frame, it is equal on both sides of the

equation, and we can subtract it from both sides to obtain

AL = A/L - kL *Vj (210)
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as before, Ay, is the laser detuning in the atom’s reference frame, and A, is the detuning from
the bare transition frequency in a stationary atom. This result makes sense: if we want to achieve
a certain target value of Ay, of the detuning in the atom’s frame, which is the value to put into eq.
(2.2), and the atom and laser are counterpropagating, which makes ky, - v < 0, then we must set
A, < Ap. In other words, for the counterpropagating laser beam, the atomic velocity upshifts
the laser frequency compared to the lab frame value. Note two important facts about this result:
tirst of all, if the atom is moving exactly perpendicularly to the laser beam, k - v = 0, so there
is no Doppler shift for the atoms moving perpendicularly to the laser beam; secondly, this is
a non-relativistic formula, and it can only be applied to atoms moving much slower than the
speed of light (this is a very reasonable assumption, because the fastest atoms in an ultracold
gas experiment move at most at hundreds of meters per second).

The Zeeman effect shifts the atomic transition frequencies due to the interaction of an atom’s
magnetic moment with an external magnetic field. If we let B denote the external magnetic
field, then the interaction operator will take the form [46]

Hy = (958 + gL+ gi1) - B, 2.11)

where the capital subscript Z stands for "Zeeman". By conventional notation, g, ﬂ, i denote
the electron spin, electron orbital, and nuclear spin angular momenta respectively, g are the
corresponding "¢-factors", and pp is the Bohr magneton, given in J/T°. Labeling the direction
of the B-field by z, we can take the dot product in the equation above and obtain

ay = %B(gsﬁz +grL. + g11.)B.. (2.12)

Using addition of angular momentum, we can write J, = L, + S;, after which H (Zz) can be

expressed as

Y = 56,5, + il B, @13)

where g is the Landé factor [46]. Let us for now drop the factor g11, because I = 0 in bosonic
Sr (we will get back to the case of fermionic Sr, where I = 9/2, and in general atoms with a
hyperfine structure). An important assumption in this discussion is that we are interested in
the low-field limit case, so we start from the zero-field eigenstates |.J,m ) of the operators J°
and J, from the atomic Hamiltonian (atomic fine structure is included in this manner); Hy
is then treated as a perturbation of these eigenstates®. According to first-order perturbation
theory, we will have to find the expectation values of the perturbing operators in our chosen
initial basis, so we will need the matrix elements of the form (J, m ;| H (ZZ) |J,my) [47]. Angular

momentum algebra calculations, combined with the values of 2 and 1 for the electron spin and

>For a thorough explanation of the angular momentum operators and the angular momentum algebra, which
are the core ideas for the material discussed here, see Chapter 3 of Ref. [47].

*The opposite case of the strong magnetic field, called the Paschen-Back limit, is discussed in Chapter 5 of Ref.
[47]
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orbital g-factors respectively, will lead to the following expression for g [46, 27]:

J(J+1)+S(S+1)— L(L+1)
27(J + 1) ’

gr~1+ (2.14)
where J, S, and L denote the angular momentum eigenvalues in conventional notation, and we
keep in mind that this expression is only valid when .J # 0, otherwise (.J,m ;| H (ZZ) |J,my) =0,
which means that the Zeeman effect is absent to first order in perturbation theory. Since we have
chosen the basis in which, J |J,m) = hmy |J,my), H (Zz) from eq. (2.13) is diagonal (assuming
I = 0), and its expectation values give the energy shifts of each m ; state as a function of the
applied magnetic field:

AEmJ =mjgspupB;. (2.15)

Note here that since we have chosen the direction of the magnetic field to be the quantization
axis, so our coordinate axis z, we get B, = |B(r)|. Basically this means that for a common
experimental scenario where we set up a uniform magnetic field and choose the quantization
axis to coincide with its direction, the magnitude of the Zeeman shift is determined by the
absolute value of the applied magnetic field. The frequency shift of a transition involving a
lower electronic level with eigenvalue m ; and an upper electronic level with eigenvalue m/; will

be given, in units of rad/s, by

Iy Bz Bz
A— (mJgJ:B B mJthMB ) ; (2.16)

A denotes here the detuning from the transition frequency value at B, = 0. This detuning can
be used in eq. (2.2) to calculate the scattering rate for atoms in a magnetic field, and logically,
any additional laser detuning from the bare transition frequency, including that caused by the
Doppler effect, has to be added to this A. With a view on Sr, we will mention that for the bosons,
which are the subject of this discussion, m; = 0 in 1S, state. Thus, we now have the general
expression for the transition frequency shift between two fine structure levels of an atom in the
presence of a weak magnetic field. Note that these expressions are also valid for the atoms in
which the hyperfine structure is present (I > 0), but the hyperfine splittings are smaller than the
magnetic field-induced Zeeman shift [46]; this situation will arise in the particular case of 87Sr
L P, state.

Let us generalize this discussion to the case of an atom with hyperfine structure splittings
that are larger that the expected Zeeman shifts [46], which will apply to 87Sr. In that case, one
should define the total angular momentum operator in the magnetic field-free Hamiltonian to
beF=J+1 [47], which will also lead to F, = J, + I.. Since we are still working in the limit
of a weak magnetic field, we take the resulting field-free Hamiltonian eigenstates as our basis
states, which will be the eigenstates of the operators 2 and F,, labeled |F,mp). According to
first-order perturbation theory with these eigenstates, one will need to calculate the expectation
values of the perturbation operator H (Zz) in this basis; these expectation values have the form
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F,omp|H (2) F, mp). This calculation will lead to the Landé g-factor being given by [46, 27]:
z g8 y

F(F+1)—II+1)+J(J+1)
2F(F +1) ’

gr =~ gy (2.17)

where g; is given by eq. (2.14), and the approximation is based on the assumption that the
nuclear g-factor is much smaller than g;. As a consequence, the energy shift of a particular
|F, mp) due to the magnetic field is given by [46, 27]:

AE;,, =mpgrupB.. (2.18)

Analogously to eq. (2.16), the modified detuning of a given electronic transition between two
hyperfine levels will be [46]

(2.19)

A — <m/F9}rﬂBBz _ mFgFMBBz>
N h h ’

with all notation defined in the same way as in eq. (2.16).

This is a good point to discuss the relevant case of the 1.5 ground state Zeeman shifts in
Sr; 1Sy is different from the alkali ground states due to the two-electron closed s-shell. First of
all, for the bosonic #4Sr, 8Sr, and ®8Sr the linear Zeeman shift is absent, as J = 0, I = 0 (see eq.
(2.13)). As for 87Sr, we have J = 0, which means that eq. (2.14) cannot be used. However, eq.
(2.13) is still well-defined and takes the form

Ay = £l 1.B., (2.20)
in this case. This perturbing Hamiltonian is diagonal in the |F, mf) basis, and we will obtain

the following expression for the energy shift of an mr level in the ground state:

AECS) = (Fymp| HY |Fymp) = %BgIBZ (F,mp| I, |F,mp) = ppgrB.mp. (2.21)

m

If we compare the definition of our fI(ZZ) with the eq. (5) in Ref. [48], which expresses the same
physical quantity but in slightly different notation, we will see that the nuclear g-factor is given

by

1.0924un (1 — 0g)
g1 =

2.22
2mpo|1| ’ @)
with the diamagnetic correction o, = 0.00345 for 87Sr [48], and where uy = 5.051 x 10727 J/T
is the nuclear magneton [49], and 19 = pp/h, as defined in Ref. [48]. Note that |I| = h x 9/2 for
87Sr. With this, we can rewrite eq. (2.22) to obtain

1.089unh

2 puN
= ORNR 2 HN 2.23
= orush x9/2 7 9 ug 223)
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One can show that Z—g = %' so it’s equal to the electron-proton mass ratio [41], and thus
Z—g = 5.45 x 1071 As we saw above, the electronic orbital and spin g-factors are 1 and 2
respectively, but g; turns out to be approximately 1.21 x 10~*. Since, according to eq. (2.13),
and its diagonalizations (2.15) and (2.18), the energy shift per Gauss of applied magnetic field is
proportional to the corresponding g-factor, we can predict that the energy shift of the nuclear
mp substates in the 1.9, state is much less than the shift of the combined nuclear and electronic
mp substates of the 3P, state to which they couple in the red MOT. This explains the peculiar

operation of the 87Sr red MOT (see Section 7.2 and Ref. [37]).

2.3 Optical molasses, Zeeman slower, and magneto-optical trapping

As we have seen in Section 1.2, atoms are initially slowed and trapped inside an ultracold gas
machine using TC, ZS, and MOT, and Section 2.1 shows the principle of how the averaged
force due to photon scattering lies at the basis of these approaches. We can now use the results
from Section 2.2 to get the governing equations for TC, ZS, and MOT. The only difference
between these three configurations will be the particular form of the laser detuning A seen
by the atoms at different points in space and time. In fact, what we will be doing is inserting
different expressions for A that are appropriate for a given situation, and remembering that the
largest possible scattering rate, and thus applied force, occurs for A = 0 (all other parameters
are either constant by nature, or are kept such); for any |A[ > 0, the scattering rate is smaller.
Note as a reminder that all the analysis of the center of mass motion of atoms is completely
classical here (see Section 2.1).

The simplest cooling stage to understand is TC, which is just a two-dimensional implemen-
tation of optical molasses. There is no magnetic field involved, so the Zeeman effect can be
ignored, and the equations will only involve a Doppler-shifted value for laser detuning. A
schematic illustration of the TC setup is shown in Fig. 2.17, to which the reader can refer in the
discussion below. We remember that Newton’s second law is expected to be the appropriate
description of the atoms’ center-of-mass dynamics and use egs. (2.2), (2.7), and (2.10), to obtain
the expression for the radiation pressure force on the atoms inside the TC beams:

S S

k 2.24
LT s+ 4(A, + Frosin(@)5T2 T FT T s+ 4(A, — krosin(0)5/T2 ) 224)

T
Fp=—-h|-k
2

where z is the coordinate that points along the TC beams, and so across the atomic beam,
kr, = |kz|, M is the atomic mass, I is the transition linewidth, s is the saturation parameter, and
A’ is the laser detuning from the bare atomic transition, viewed in the lab frame and given in
rad/s. Cooling laser power and beam shape will be taken into account by s, which is dependent
on the position z along the flight path, as the TC beams are Gaussian and finite in extent. We

have evaluated the dot product ky, - v in the denominator under the assumption that the laser

"That figure and other schematic illustrations in this Thesis were made using the Inkscape [50] open source
vector graphics software.
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FIGURE 2.1: Schematic illustration of the transverse cooling. The light gray line
shows the atomic beam, which is assumed to propagate in the positive z direction.
The blue arrows are the TC laser beams. The dashed line signifies the flight path
of some atom, and consequently the angle 8 is the velocity angle of that atom with
respect to the atomic beam path (refer to the main text for further discussion, and
note that 6 is exaggerated here for illustration purposes). As shown in this case,
0> 0.

beam and the atomic velocity component are in the opposite directions, and 6 here denotes
the angle between the design direction of the atomic beam and the actual velocity vector of a
particular atom. For an idealized perfectly collimated atomic beam, 6 = 0 for every atom, and for
a real well-collimated atomic beam, 6 is small; it can be positive (the atom is moving to the right
with respect to the z-axis in Fig. 2.1), or negative (the atom is moving to the left with respect
to the z-axis). This 0 that will appear later in the angular distribution of the effusing atoms in
Section 4.1. Since we are interested in the velocity component perpendicular to the direction of
the atoms (that is why it’s transverse cooling), we use the sine function. In an experiment, A,
is a negative number®, and v > 0, because the signs from dot product evaluation are encoded
in the sin(¢) and v = |v|. Thus, if v is small enough to satisfy |A’, | > |k vsin(f)|, the product
krvsin(6) in one of the two terms in square brackets counteracts the effect of A, and increases
the scattering rate, and thus the transverse decelerating force, with increasing v. That is precisely
the term that corresponds to the scattering from the laser beam towards which the transverse
component of the velocity is pointing, and in fact the first term in square brackets corresponds to
the TC beam shining from the right, while the second term is due to the beam shining from the
left. This is the logic of optical molasses: the atoms moving against the laser beam get stronger
deceleration the faster they move due to a clever use of the Doppler shift, and there is a laser
beam shining from each direction in which we want to achieve deceleration. Eq. (2.24) will
be used in Section 5.2 for calculating the effects of the TC process. We can also perform the
summation in eq. (2.24) and obtain, after some algebra, a single expression for the radiation

8This means that the laser has a lower frequency than the bare transition, so we call it a "red-detuned" beam.



16 Chapter 2. Atom-light interaction, evaporative cooling, and data analysis

pressure force on an atom in the TC configuration:

_ hlkg 16I2sA kv sin(6)
2 (T2 4T2s+4(Ar + krvsin(6))2) (T2 +T2s + 4(Af — krvsin(6))2)

F, (2.25)
The first fraction is a prefactor that is completely determined by the properties of the atomic
transition in use, and the denominator in the second fraction is simply a positive number that lies
within the limits defined by the condition |A’ | > |krvsin()|. Consequently, the numerator of
the second fraction tells us that for a given speed v, an atom will experience a stronger restoring
force with the increasing angle of deviation 6 from the straight path. This is the same conclusion
that we reached above by analyzing the two TC beams individually.

The next configuration to understand is the ZS, where we have to take both the Zeeman and
the Doppler effects into account. The first demonstration of a ZS is described in Ref. [51]. In this
case, four equations must be combined: egs. (2.2), (2.7), (2.10), and (2.16) or (2.19). The radiation

pressure force expression will become then

T S
Fz(t) = 7777’]{[/ - B . P}
1+s+4 (AIL + < JHJ:B z mJth{J«B z> 4 kv) /F2

5 : (2.26)

where all notation has already been defined, and, just like in Fig. 2.1, we take the direction of the
atomic motion to be z, and we also assume that the ZS beam is shining in the negative z direction.
Notice that in the ZS, the laser and the atomic beam are assumed to exactly counterpropagate,
which is why —k;, - v = krv. Furthermore, B, and v are functions of z, because the magnetic
field and the speed change along the ZS path (for simplicity, s is taken to be constant because
the laser intensity does not vary much along the ZS for a well-collimated beam). For a real ZS
design, a common approach is to require a constant deceleration along the flight path: this is not
the optimal but rather a simple solution. For this to happen, we want the scattering rate to not
vary along the ZS, which means that the term in parentheses in the denominator of eq. (2.26)
must stay constant. Therefore, we require

! !
~A! = B,(2) (mJgfLJ“B - m"th“’B> +kro(2). (2.27)

According to simple kinematics of motion with constant acceleration,
2 _ .2
v(2)° =5 + 2az, (2.28)
leading to

v(z) = \/vE + 2az, (2.29)

where the subscript 0 denotes the initial quantity, z, v, and a are position, velocity, and accelera-
tion, and we assumed 2o = 0. Let us substitute v(z) from eq. (2.29) into eq. (2.27) and solve for



2.3. Optical molasses, Zeeman slower, and magneto-optical trapping 17

B.(z). This will result in
B.(z) = ——% — —=\/v} + 2az, (2.30)

where we have collected all constants into {7 = (mJ " “B) for the ease of notation.

Note that a < 0 because we are talking about deceleration, and in fact we should choose and set

a. One way to do it is to consider that for the optical transition in use, amax = — thJ\L/[F according

to the discussion in Section 2.1, and we can set a = 1zgamax for some 0 < nzg < 1 [52] (this is
the approach that we take in our design and describe further in Section 5.3). Notice also that
the magnetic field has a square root dependence on position z. Eq. (2.30) can be directly used
for designing a Zeeman slower for a given atomic species. In case the hyperfine states must
be taken into account, one has to use eq. (2.19) instead of eq. (2.16) to account for the Zeeman
shift of the states involved. The ideal ZS field plots in Section 5.3 use eq. (2.30) with the specific
parameters for our setup.

The final laser cooling configuration to understand is the MOT. A common three-dimensional
MOT consists of a quadrupole magnetic field and a configuration of three mutually orthogonal,
usually retroreflected laser beams; its first experimental demonstration is described in Ref.
[53]. There are essentially two ways to analyze a MOT: one is to use one dimension and then
simply assume that the orthogonal axes behave completely independently; the other one is to
explicitly take the vector nature of the magnetic field into account and to do full 3D analysis. In
a simple approach, one is only interested in the slowing efficiency of the MOT; one asks whether
atoms with a certain velocity entering the region where the beams cross will be trapped or will
escape. In a more advanced analysis, one can look at atom distributions, achievable densities,
reabsorption of scattered radiation, or dependence on beam power imbalance, among other
things. A theoretical overview of the radiation (optical scattering) force in a MOT is given in
Ref. [54], and Ref. [55] presents an analysis of the temperature and density distributions. A
3D analysis of the MOT operation is given in Refs. [56, 57, 58]. We will limit ourselves to the
simple analysis along each coordinate axis separately (1D). The reason is that if the atom that
one works with has already been brought to quantum degeneracy, then it is clear that the MOT
has to work; we are only interested in finding a good beam shape and possibly detuning to use
in a particular chamber geometry. The governing equation of motion for atoms in a MOT in the
simple analysis will essentially be the same as for the ZS, but the expression for the magnetic
field will be different. A quadrupole magnetic field is described by [57]

B = B'[z,§, —22], (2.31)

where B’ parametrizes the magnetic field gradient, usually given in G/cm, and determined by
the current and the geometry of the coil (see Sections 4.2 and 5.4), and z, y, Z denote the unit
vectors along the cartesian coordinate axes. The main message is that it is linear in position

along each coordinate axis. Therefore, keeping z as our coordinate, the 1D equation for the
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optical force in a MOT takes the form

T
Fi(t) = 3| -k — —
14st4 (A/L i (mJghjﬂB _ mJthuB) B’z—l—k:m;cos(a)) /T2
k1 5 ] (2.32)

A/ migGHE _ mygipB / k 5 2 2
1+s+4< L—( = — 24 )Bz— chm(a)) /T

where all the notation is the same as above, and « is taken to be the angle between the z-axis and
the atomic velocity vector. Notice that this equation describes a cooling configuration (optical
molasses) and a trap at the same time. The first term in square brackets corresponds to the laser
beam shining in the negative z-direction, and the second term is for the beam in the positive
z-direction. If we red-detune the MOT lasers (A, < 0), then, for small v, the scattering rate
increases with increasing v due to the first term when the velocity is positive (then oo = 0),
providing a force in the negative z-direction, or due to the second term when the velocity is
negative (then o = 7), providing a force in the positive z-direction. In addition, for a constant
v, as the position z increases, the optical restoring force increases as well due to the terms in
round brackets and the magnetic field gradient B’, which describes a trap. One can also carry
out the summation in eq. (2.32) to obtain an analog of eq. (2.25), but we will not do that here
and rather clearly see what the two terms of the sum in eq.(2.32) represent’, and immediately

have the expression ready for numerical simulations.

2.4 Off-resonant atom-light interaction and optical traps

Let us now go into a different regime and describe the fundamentals of atom-light interaction for
a far off-resonant, instead of a near-resonant, light field in this section. We would like to clarify
the meaning of parameters in this case and to make the discussion immediately applicable to
current experiments. This topic is often discussed in a two-level approximation [17, 59], but
that is not sufficiently detailed to be useful in our work. Just as a simple example, any optical
potential is anti-magic (see the next paragraph for the explanation) in a two-level approximation
because the energy shift of both levels involved is equal in magnitude by the construction of
the problem; in reality we know that this is not true, and in fact we are often interested in
the magic wavelength condition [60] (see the next paragraph for the definition of "magic" and
"anti-magic" in this context), or in the differences between the polarizabilities of some electronic
states in question (this often goes under the name of light shifts). We will thus show how to
calculate, without resorting to the two-level approximation, some quantities of interest for real
atoms interacting with the laser beams that are far off-resonant from any transition involving an
initially populated electronic state. This is a crucial topic for current ultracold atom experiments

°Of course eq. (2.32) is to be applied along each coordinate axis in order to describe a 3D MOT that is used in the
experiment.
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because far off-resonant beams are the tools that make an ODT [61] (see Sections 1.2 and 7.3),
optical lattices [62, 63], and optical tweezers [64, 65] (see Chapter 9).

Here is a good time to define two important terms: magic wavelength and anti-magic wavelength,
and the ones originating from them, like "magic lattice", "magic ODT", etc. As we have seen
above, we are interested in how a far off-resonant beam affects the two electronic states between
which we will drive a transition (the transition can be an optical clock line, for example). This is
often the electronic ground state and an excited state, although in work with metastable helium,
the role of the ground state is taken by a metastable state. Then, if the dynamical polarizabilities
[66, 67] of the two electronic states in question are exactly equal at a certain far off-resonant
wavelength, is it called the "magic wavelength"; the measured transition frequency will not
depend on the trap beam power, shape, etc., so essentially the transition frequency light shift
"magically” disappears. In the case that the polarizabilities of the two electronic states are equal
in magnitude and opposite in sign at a given wavelength, it is an "anti-magic wavelength". Such
a situation can be useful in generating interesting optical potential landscapes, for example [68].

2.4.1 Basic relations for the energy shift in an off-resonant beam

Off-resonant atom-light interaction calculations are, at their basis, the calculations of an atom’s
electronic eigenenergies in the presence of an oscillating electric field. From standard atomic
physics we know that the Hamiltonian for an isolated atom in the absence of external fields
generates the electronic eigenstates and their eigenvalues'” that are labeled as >>*! Lj, which we
call the term symbols in spectroscopic notation [16]. If we now apply an electric field to the atom,
the new Hamiltonian will reflect that fact according to [43]

H = Ha + Hap, (2.33)

where Hy is the old free atom Hamiltonian whose eigenstates are the given by the term symbols

and H ar stands for "atom-field interaction". A very commonly used form of Hapis Hap = —d-E,
where d stands for the dipole moment operator for the atom, d = —cf,, £, is the position operator

for the electron, and E is the applied electric field; this form is known as the electric dipole
approximation!! [43]. We also adopt the semiclassical treatment of the problem: this means that
we work in the Hilbert space spanned only by the electronic basis states and we find the matrix
elements of the appropriate components of d after having taken its dot product with E, but E
itself is a classical vector field, not a quantum operator [17, 43]. For example, if the electric field
is linearly polarized and we take its direction of oscillation to be z, then —d - E = —d,E,, and

These are only approximate eigenstates for many-electron atoms. Accurate calculation of the eigenstates and
eigenvalues is an active research question in computational physics [69, 70].

"'One can get an intuitive sense of why this interaction Hamiltonian is reasonable by considering that it has
the same form as the classical energy of a dipole in an electric field. However, see Refs. [17, 71] for more rigorous
mathematical explanations and derivations.
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from this point F, is only a multiplicative factor for the matrix elements of the operator 2.
A convenient approach to finding the approximate electronic eigenenergies in the presence
of atom-field interaction in our parameter regime is time-dependent second-order perturbation
theory!® [15, 72]. Such a calculation will lead to an expression for the energy shift of the
perturbed electronic state with respect to the unperturbed one; it directly shows how different
the energy of an atom in a given electronic state is inside an applied electric field compared to
its energy in a field-free region. Experimentally, the applied electric field here is the off-resonant
laser beam. If the energy of an atom inside the beam is lower than outside, such a beam is called
an optical trap, because it provides an energy well in which an atom can be held. The resulting

expression for the light-induced energy shift of an electronic eigenvalue a is [43]
Ug = —0a(w)|Ef |, (2.34)

where a(w) is the dynamical polarizability of that eigenstate, which is a function of the off-
resonant laser angular frequency w, and |E; |? expresses the electric field of the laser'*. Note
that in this subsection we only consider the electric field and the energy shift at a single spatial
location, because we are interested in the effects related to their magnitude; the discussion will
be extended to the spatial variation in the next subsection. The polarizability is given by [43, 73]

o 2wjal(alé- d )
aa<w>—Z ;L(w]ga_w%) : (2.35)

where « is the level of interest, j are all other electronic levels of an atom!®, wy is the off-
resonant laser frequency, wj, is the transition frequency from level a to level j, and € is the unit
polarization vector of the laser electric field. The calculation of the matrix elements (a| é-d |j) and
the polarizabilities themselves from first principles is in itself a research project in computational
atomic physics [74, 75, 76], and we will not be doing that directly. We can either directly use the
published values of those matrix elements and transition frequencies from theoretical papers,
such as Ref. [77]'°, or evaluate the matrix elements according to the theory given in Chapter 7

2The fully quantum approach would be to quantize the electric field as well and to treat the system in the full
Hilbert space of the electronic basis states and mode occupation numbers of the electric field. See Refs. [17, 43] for an
explanation of this approach.

BIt is second order because the first-order terms are zero: the dipole operator has odd parity, so its matrix
elements with the bra and ket corresponding to the same state will vanish [43].

“We give the symbol U to the quantity that is labeled as AF in Ref. [43]. This is simply to underscore that
this energy shift is precisely the optical potential that an atom experiences inside the off-resonant beam, and it is
conventional to label a potential as U.

150f course in practice one cannot sum over all eigenstates of an atom, because for a real atom, not all matrix
elements and transition frequencies are known, and it is not practical to try to calculate them all. One chooses a
subset of the ones that have the highest contribution to the sum.

*Note an important point that in many theoretical papers, one finds lists of reduced matrix elements; in order
to find the actual matrix elements to be used in eq. (2.35), one must multiply the reduced matrix elements by the
appropriate prefactors that are calculated from the angular momentum algebra of the fine and hyperfine states
involved; the reason for which this is possible is the Wigner-Eckart theorem, which is described in Chapter 7 of Ref.
[43] or in Ref. [15]. Furthermore, the reduced matrix elements are often given in atomic units, in which the electron
charge has the value of 1 and the unit of distance is the Bohr radius ao. In order to convert them to SI units, one must
multiply them by aoe, where e is the electron charge in coulombs.
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of Ref. [43] starting from the transition frequencies and the measured decay rates, given in a
database [78].

One often already knows very well the polarizabilities of the atomic states of interest at the
relevant trap laser wavelengths (the clock states of 87Sr at the magic wavelength or the polariz-
abilities at 1064 nm are prominent examples), and one wants to calculate the trap parameters for
a given experiment. In that case, the simple eq. (2.34) can be applied immediately. However, in
order to correctly write the necessary equations in terms of the quantities measured in the lab,
let us take a look at the expression for the electric field of the trap laser, because it can lead to
confusion. This electric field is given at some location r by [43]:

Ef(t) = éEfe ™" (2.36)

This expression is a mathematical convenience: an electric field is a physical observable, so it is
by definition a real, rather than a complex, quantity. The true electric field must be expressed as
[43]:

e_i¢ . eid) .

E(t) = éEpcos(wt + ¢) = € <E026_“”t + EOQe“‘Jt) , (2.37)
from which we can identify the relations between the true electric field amplitude Ey and the
amplitudes E; and E; of the two components of the complex decomposition of the cosine
wave as

+ e _ el?
EO - E()T, EO = E07 (238)

What is important here is a factor 2 difference in absolute value between Ey and E or E,, and
one must always keep in mind what kind of "amplitude" of the electric field is assumed in any
given equation. Finally, substituting eq. (2.38) into eq. (2.34), we can express the energy shift of
level a in terms of the real electric field amplitude or the laser:

1
Ua = —70a(w)|Bol?, (2.:39)

and this result agrees with the expression given in Ref. [73].

The commonly measured quantity in a lab is the total beam power!”, from which an expres-
sion for intensity can be found under some reasonable assumptions about laser beam properties
(see next subsection). It is thus appropriate to give optical trap parameters in terms of off-
resonant laser intensity. The time-averaged intensity of an oscillating electric field (meaning,
averaged at least through one optical cycle) is given by [79]

2
_ Egn

I =
27y’

(2.40)

YSensor S$121C from Thorlabs Inc, Newton, NJ, USA is one commonly used device for this.
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where we note again that Fy denotes the amplitude of the real electric field, n is the refractive
index of the material where the light wave propagates, and Zy ~ 376.7( is the impedance of
free space. Ultracold atom experiments are done in vacuum, so n = 1, and we will set it to be
such from now on. We can substitute eq. (2.40) into eq. (2.39) to obtain the energy shift of level

a as
1
U, = —§aa(w)Z0I, (2.41)

which is in agreement with the expression in terms of intensity reported in Ref. [61]'8. A note
on units is in order here: polarizabilities are often reported in literature in atomic units. In order
to get the energy shift in joules using eq. (2.41) with a value of ¢, (w) in atomic units (assuming
that all other quantities are in SI units), one must multiply that o, (w) by 4megag, where ¢ is the
permittivity of free space. In addition, in the case of weak traps, we may have to consider the
influence of gravity on the potential in the vertical direction. Gravity effectively makes the trap
depth, defined below, smaller, and at some point the trap cannot hold against gravity anymore'®.
This influence is taken into account by adding the gravitational potential to the optical potential,

leading to
U — —%aa (@) Zo] + Mgy, (2.42)

where M is the mass of the atom, g ~ 9.81 m/s is the acceleration due to gravity, and the vertical
coordinate is taken to be y, because z is used to point along the beam, and the beams are assumed
to be horizontal, as in our setup.

2.4.2 Trap depth and trap frequency expressions

The light intensity was expressed in eq. (2.41) as a number rather than as a function of spatial
coordinates to underscore the value of the energy shift at a single point in space where a nonzero
electric field intensity is present, compared to any point in vacuum where I = 0. We can now
extend the discussion and consider, I = I(r), so we will account for the spatial variation of the
intensity in a real laser beam. Thus, the energy shift will also be given as a function of space,
U, = U,(r), and this spatial variation will give the trap shape, from which one can evaluate
the trap frequencies and the trap depth in the case of dipole traps, or the parameters related to
tunneling in the case of an optical lattice formed by retroreflection or a two-beam interference.

The laser beams used for optical trapping are commonly Gaussian in the TEM00 mode
[79, 80]. This assumption allows us to write their intensity everywhere in space in terms of
the measured total power and beam waist, and thus to express the trap shape in terms of
those quantities. These beams often have a cylindrically-symmetric intensity profile, where the

8Note that a(w), as defined in this text, is the real part of the more general complex polarizability o [43].
YIn a zero-gravity environment, a harmonic trap would only need to be made deep enough to support one
vibrational level in order to hold an atomic gas, provided that the gas can be made sufficiently cold.
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following relations hold [80]:

2P _ 272
1 = w(2)? 2.4
(Ta Z) ﬂ_w(z)Q € ’ ( 3)
2\ 2
w(z) = w1+ (z) , (2.44)
R
Twd
2R = TO (2.45)

P being the total beam power, w, the minimum waist, A the laser wavelength, r and z the radial

and longitudinal coordinates of space respectively, and zr the Rayleigh range (as written, the

beam central axis is assumed to be » = 0, and wy occurs at z = 0). The waist is expressed in the

conventional 1/e? sense. In an important case of an elliptical beam, the intensity is given by
2P 242 _ 2y2

I(w, _ e m R 2.4
(w 7wy)z) wwx(z)wy(z)e € Y ’ ( 6)

where w, and w, are the half-lengths of the ellipse axes (semimajor and semiminor axes) given
inthe 1/ e? sense, and each of them evolves according to eq. (2.44), with its own minimum waist
and Rayleigh range. Then the trap depth U, ¢ is defined to be the maximum absolute value of
the energy shift compared to vacuum; this maximum occurs at the point of maximum laser
intensity, and it is found by setting » = 0, z = 0 in eq. (2.43):

1 2P

Uno = —=aa(w) Zo——
a,0 2aa(w) 07T’LU(2)7

(2.47)

with an analogous expression for an elliptical beam, where w is replaced by w;. ¢, wy 0*°. This

can be expressed in Kelvins or in Hz by dividing by kg or h respectively. If there are two
beams involved, like in a crossed dipole trap, then we simply take the sum of their intensities
(equivalently, powers) for trap depth calculations because they are normally shifted far enough
in frequency for their interference to be neglected.

The trap frequency is defined as the frequency splitting between the two lowest energy
levels in a harmonic trapping potential, which can be optical or magnetic in nature, but we will
focus exclusively on optical trapping. We have thus made the assumption that the potential has
harmonic form?!, which is not true in a real trap created by a focused Gaussian beam. However,
if the kinetic and potential energy of the atoms are much lower than the total depth of the
trap (meaning that the atoms are ultracold), then we can expand the true potential as a Taylor
series around the minimum point and approximate it very well with only the quadratic term??;

that approximation does yield the functional form of a quantum harmonic oscillator potential.

2Note that this assumes no astigmatism of the beam; w0, wy,0 are taken to occur at the same point z = 0.

21This means that the potential energy has the form of a parabola as a function of the spatial coordinates.

22According to the properties of derivatives, the linear term is zero when a function is expanded around its
extremum.
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FIGURE 2.2: Harmonic fitting procedure for a Gaussian ODT potential. Subfigure
(a) full optical trap (blue) and its quadratic fit (orange); subfigure (b) shows the
zoomed in trap bottom with several of its lowest vibrational levels. In this case,
the trap laser is assumed to have a waist of 30 pm and 1 W of power, which are
common values for real ODTs. Notice that the normal trap frequencies (see text)
are several hundred Hz; one often works with much broader electronic transitions
in experiments, which explains why the vibrational sidebands are not resolved in
a normal ODT (in optical lattices or optical tweezers, however, trap frequencies
can reach hundreds of kHz, and then the sidebands can be easily resolved).

This procedure is graphically illustrated in Fig. 2.2%3. Immediately performing the calculation
for an elliptical beam, given by eq. (2.46), we will first set = = 0 and y = 0 and find the trap
frequencies in the transverse x direction. A Taylor expansion to the second order around x = 0
of the z-dependent exponential in eq. (2.46) leads to

2

_of = 92

) - (2.48)
w;L’,O

and then by substitution into eq. (2.46) and (2.41) we get

1 2P 2
= - Zy——— 2 2.4
Utta(2) = 5oa(@) o =28 (249)

where subscript H stands for "harmonic part" of the potential. We neglected the factor 1 from
the Taylor expansion because that gives a total offset (trap depth), and we are interested in
the quadratic dependence in order to get the trap frequencies. Setting eq. (2.49) equal to the
standard form of the quantum harmonic oscillator potential leads to

oP 222

1 1
“Mwin 12 = Zag(w ) ——
o “HO® 2 a(@) TWa,0Wy,0 W2

(2.50)

BThis figure, and many other calculations and plots in this Thesis were made using the Python programming
language and the scientific, numerical, and plotting libraries NumPy [81], SciPy [82], and Matplotlib [83]. Many of
the least-squares fits in this Thesis were made using the LMFIT [84] library for Python.
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where wpo denotes the trap angular frequency and M is the atomic mass ("HO" keeps track of
the fact that it’s the harmonic oscillator approximation). Algebraic manipulations then yield

4 P 1
o= =g (w) Zp— 2.51

as the expression for trap angular frequency. The corresponding result for the y-axis is obtained
by interchanging w, and w,, and the value for a round beam is found by having w, = w, = w.
Notice that in the case of a circular trap, we will have the following scaling behavior of the trap
frequency as a function of power and beam waist:

1
WHO,z X \/]3, WHO,z X w2 (2.52)

0

4

The longitudinal trap frequency for a circular Gaussian beam?* can be found by setting r = 0

and Taylor-expanding eq. (2.43) around z = 0 to obtain

2P 2\ 2P %
(e (2)) =20 (2)) .
Wy ZR TWq ZR
As before, we ignore the constant 1 and we only use the z-dependent term to obtain the quadratic

expression for intensity:

2
I(z) ~ LPQ < : ) . (2.54)

TWE \ 2R

This can be inserted into the optical potential eq. (2.41) and then again set equal to the standard
harmonic oscillator form to get

| | 2P [ z\?

From this we obtain the expression for the trap frequency in the direction along a single-beam
optical trap:

2 P )2
(.UHO,Z = \/MQQ(CU)Z()F:Su]g, (2.56)

where the Rayleigh range expression has already been substituted. Results (2.51) and (2.56) can
be used for calculations in optical tweezer experiments or in single-beam ODT.

It is a common situation that a single-beam ODT does not provide sufficient trapping in its
longitudinal direction. One can start to see that by comparing eqs. (2.51) and (2.56), where there
is a factor of wavelength squared in the numerator in the second equation. Since the wavelength

24Fundalrnen’cally, one can do this for an arbitrary beam by numerically fitting a polynomial around the minimum
and reading off the coefficient of the quadratic term.
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of commonly used Nd:YAG lasers is 1.064 x 10~% m, the longitudinal trap frequency tends to
be orders of magnitude smaller than the axial one. One can improve the confinement in the
longitudinal direction by crossing a second ODT beam at 90° (or at any other angle, in fact®®);
this configuration is called a "crossed ODT". In this case, one normally aligns the beams so that
both focuses are as close as possible to the crossing point. The optical potential in a crossed ODT
is simply the algebraic sum of the two individual beam potentials?. If, as is usually the case,
each of the two individual potentials can itself be approximated as a harmonic trap in a given
direction x, we can express them in the standard form as

Un = = Mwio 2%, (2.57)

Una = = Muwiio7?, (2.58)

’

where the subscripts "1" and "2" refer to each potential. Their algebraic sum is then
1 2 2 2
UH,total = UH/l + UH/Z = iM(wHO,l + WHO,Z)‘T . (259)
One can see from this result that the harmonic oscillation frequencies add as squares, namely
2 2 2
WHO,total = WHO,1 T WHO2- (2.60)

In fact, one can imagine more than two beams crossing at a given point; if they can all be
approximated as harmonic potentials in a particular direction, then trap frequency addition in

squares will hold for all of them and the resulting trap frequency can be calculated according to

N
2 2
WHO total = szo,ja (2.61)
j=1

with the index j labeling each of the NV crossing beams. Writing out the results above explicitly
for the strongly confining direction (vertical) of two Gaussian beams crossing perpendicularly
in the horizontal plane, we obtain the optical potential

(2.62)

1 2P 222 2P 222
UH,a(:L') = iaa(w)ZO < . & ) 5

5 T —— 3
TWyg,0Wy,0 Wy g TWz,0Wg,0 W3

where we have neglected the influence of gravity27, Py and P, are the powers of the beams, and
the coordinates are defined so that z and 2 point along each beam, and z, 7 are in the vertical

PSee Refs. [85, 86] for a discussion and analysis of a successful implementation of a crossed dipole trap where the
beams are specifically set to cross at an angle other than 90°, and the additional effects to consider in such cases.

*Remember that it is common in experiments to shift the individual beam frequencies sufficiently far apart so
that their interference can be neglected and we can directly add their intensities.

“The trap frequencies are an important concept mainly in deep traps, and in that case the influence of gravity is
negligible. Gravity is a higher-order effect in trap frequency calculations because it only changes the point around
which the original Gaussian beam profile is Taylor-expanded. However, if it is necessary, the effect of gravity can be
found by numerically evaluating the second derivative at the new minimum point.
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direction across each beam, and , 7 are in the horizontal direction across. In this manner, x = Z,
so we use z as the common variable in the equation above, and w; o, wy 0, wz,0, wg,0 denote the
waists. We then get the trap frequency in the vertical direction at the crossing point:

4 P 1 P 1
WHO = aa(w)Zo< ! + 2 ) (2.63)

2 2
TWg 0Wy,0 Wy g TWz0W5,0 W3 o

Finally, if we are interested in the trap frequency that is radial for one beam and longitudinal
for the other one, and if we assume that the longitudinal beam has a circular cross-section with
the waist wy and again neglect the effect of gravity, we can sum up the Taylor expansions in egs.
(2.49) and (2.54) and obtain

2P 1 Py N2
w =, |—auw4y| ———— + —— 2.64
HOy Maa( )20 (wapwyp w% 0 3 wg ’ ( )

where the coordinate systems are defined in the same way as above, and so y means the
horizontal direction across for one beam, which by definition will be the longitudinal one for
the other beam.

It is also useful to calculate the effect of the off-resonant beam on a transition frequency
between two electronic levels of interest, not only the shift of a single level with respect to
vacuum. The transition frequency change is determined by the difference in polarizability
between the two levels involved, and we will keep working under the assumption of a Gaussian
beam ODT and the harmonic approximation for its lowest energy levels. In the roughest
calculation, the transition frequency change is the difference between the trap depths for the
two levels, divided by £, so it is

1 2P
Avgtark = %(aa(w) - ab(w))ZOW ) (2.65)
0

based on eq. (2.47) for a single beam trap. Here, "Stark" means that it is the modification of an
atom’s bare transition frequency by the AC Stark shift, and a and b denote the two electronic
levels of interest. This calculation can be improved by considering that we must take the trap
vibrational level into account in this problem: an atom will not just go from the electronic ground
state to the electronic excited state, but rather it will do so while going from harmonic oscillator
level n in the lower state to level n in the upper state. If n = n/, we call such a transition the
carrier, if n > n’, we call this a red sideband, and if n < n’, it is a blue sideband. Notice now an
important fact that has already come up in the eq. (2.65): the polarizabilities of the two states
involved are in general not equal?®. Therefore, the shapes of the harmonic potential are not the
same, and so the trap frequencies are not the same either. The AC Stark-shift of the transition
frequency that involves vibrational level transfer n = 0 — n’ = 0 in the transverse direction of

1f they are, that's a magic wavelength trap.
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the trap beam will be given by

- 1 2P 11 |4 p 1
A (0-0) — - Jo—— —— | — Zy—————5 | —
Vstark 2haa(w) Oﬂwg + 227 Maa(w) Oﬂwz,owy,o w?:,o

1 2P 11 4 P 1
— (ab(w)Zo + —ab(w)Zoi > ‘ =
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= |Alstark + = 75— (Wa,HO — WpHO) |+ (2.66)
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where we used egs. (2.47), (2.51), and (2.65) and added the zero-point energy to the bottom of
each harmonic oscillator. The modified transition frequency between any other two levels, as
well as the frequencies of any sidebands, can now be easily calculated by adding the appropriate
number of wyo units in both electronic states.

Finally, for completeness of the discussion, let us derive the relevant equations for a two-
beam interference setup that will result in an optical lattice. Consider two counterpropagating
laser beams of equal frequency and both being linearly polarized in the same plane. We will
ignore the effects of Gaussian beam curvatures and the Gouy phase[87], and model them as
plane waves, in which case they will be described by the equations

E"8h (2 1) = By cos(kx — wt), (2.67)
E*(z,t) = Eycos(kx + wt + ¢), (2.68)

where £ is the off-resonant laser’s wave vector and w is its angular frequency. Here we are
working in one dimension, we assume that both beams are propagating along the z-axis and
are linearly polarized in the same plane (that’s why the unit polarization vectors are ignored),
and "right" and "left" are seen according to the conventional way of drawing the z-axis pointing
to the right. An arbitrary phase difference between the two beams is denoted by ¢. Notice
that the electric field amplitude Ej is assumed here to be the same for both beams (this is an
approximation, but not a perfect description, for a retroreflected beam, where the losses along
the optical path are small). The total electric field at every point of space and time will be a
linear sum of both beams, so

EPRl (g 1) = Bt (g ) 4+ B2, 1) = By cos(kx — wt) + Ey cos(kz + wt + ¢). (2.69)

This equation can be simplified using trigonometric identities [88]. Since

cos(a) + cos(B) = 2 cos(a ;L ﬁ) cos(a ;L ﬁ), (2.70)

we will get

EP°% (1 ) = 2Fg cos(kx + ¢/2) cos(wt — ¢/2). (2.71)
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This result is the equation of a standing wave. Unlike E"#"(z, ¢) and E'(z,t) on their own,
where at each point along the axis the field magnitude oscillates between +FEj, and the plane
of constant phase is moving in time to the right or left, in the case of E'°%(x, ), at any given
point z the field has a constant oscillation amplitude given by 2E cos(kxo + ¢/2). In particular,
if zg = %, such a point has no field oscillation, which is the characteristic of a standing
wave. From now on, let’s set ¢ = 0 because it only causes a constant offset of the standing wave,
which is in the most cases unimportant. According to eq. (2.41), the energy shift is determined
by the wave intensity, which is proportional to the absolute square of the field amplitude (see eq.

(2.40)). This means that
: 1 1
[lattice —Zaa(w)|2E0|2 cos®(kx) = —Qaa(w)Zg (41) cos®(kx), (2.72)

where we skip the time dependence because it only enters the polarizability calculation, and it
does not affect the optical potential shape itself?’. Comparing eq. (2.72) with eq. (2.41), we notice
the new factor 4 multiplying the intensity, which means that the depth of a lattice formed by
retroreflecting an off-resonant beam is four times greater than the depth of a dipole trap formed
by the same beam without retroreflection. In addition, the period of an optical lattice is one-half
of the lattice laser wavelength due to cos? dependence. Finally, the vibrational frequency gaps
within one optical lattice well can be estimated by Taylor-expanding the cos? function®, which
results in

cos?(z) = 1 — a2, (2.73)
so, skipping again the constant 1, we get
; 1
Uggttice — 5aa(w)zo(zur)k;%?. (2.74)

Unlike in the Gaussian ODT cases above, where the two-beam interference is washed out on
purpose by detuning beam frequencies by over 100 MHz, here we do not expand the laser
intensity’s Gaussian envelope; we expand the cos? intensity profile around the bottom of one
lattice well. At the sub-micron length scale of a single well, the longitudinal Gaussian beam
profile of the laser is essentially uniform. Setting this Taylor expansion equal to the standard
harmonic oscillator potential,

1 1
§Mw12—10,1atticex2 = §Oéa(w)Zo(4I)k2:U2, (2.75)

#This may initially sound strange. To make sense of it, one has to immediately go back to the idea of a standing
wave, where the field at each point in space is oscillating in time with a generally different amplitude, and with the
frequency given by that time dependence. The time dependence is the same for the entire wave and it determines
the resonance and off-resonance for atom-light interaction. The position in space, however, given the local strength
of the light field, and thus the strength of the atom-light interaction compared to all other points in space.

Note that in the quantum gas microscope calculations in Chapter 3 we do not do it in this manner, but rather we
directly numerically solve the Schrodinger equation for a cos?-shaped potential and find the eigenenergies.
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we obtain the vibrational frequency gaps for the lowest energy states in an optical lattice:

4
WHO lattice = Maa (W)Z01k2~ (276)

Assuming now that the lattice is formed around the intensity maximum of the off-resonant

: _ 2P : __ 27
beam, so setting I = prell and expressing k = 5T, we get

4 2P 4rx?
WHO lattice = \/Maa (W)ZOW V (2.77)
0

Comparing this result to eq. (2.51), we realize that the last factor here is % instead of #, and so
0

since normally wy >> A, we expect WHO lattice >> WHO,z-

2.5 Basic dynamics of evaporative cooling

Looking back at Section 1.2, we notice that normally, the last step on the road to a quantum
degenerate gas is evaporative cooling [89, 90, 91]. This cooling method has been used in all
quantum gas experiments so far, with the exception of very few recent demonstrations, one of
them being from our group, that managed to produce a BEC without evaporative cooling [23,
92]. Evaporation was used in classic experiments with alkali atoms, such as Rb, Na, and Li at the
beginning of the BEC era, in all work with H and He*, and in more modern experiments with
alkaline-earth atoms and lanthanides. At the rough conceptual level, the evaporation process
is easy to understand: the hottest atoms escape the trapping potential, leaving the remaining
sample with a lower total internal energy, which is similar to a cup of hot water that cools as
it evaporates. However, first-principles mathematical modeling of an ultracold gas around
the BEC phase transition, or when the effects of Fermi degeneracy become important in the
case of a Fermi gas, is very difficult. We will not go into this topic here and restrict ourselves
to the models for a classical gas, so a sample much hotter than quantum degeneracy. With
the experimental knowledge that evaporation to a quantum gas does work, it is possible to
use effective models based on classical physics assumptions to obtain reasonable quantitative
estimates of the evaporation process®!.

One simple and convenient model is based on scaling laws and is described in Ref. [95]; its
development was inspired by the first demonstration of a BEC directly by evaporation in an
ODT [96]. The basic idea is to assume that the trap depth is being adiabatically lowered and
show how the relevant quantities scale with this lowering of the trap depth in dependence of
the initial temperature, trap frequencies, and scattering length. We will note immediately that
this model is not directly applicable to radiofrequency knife evaporation methods that are used

3In case one is interested in quantum mechanical effects, the cases of bosons and fermions must be viewed
differently. For bosons, quantum statistics actually makes the evaporation process more efficient as the gas approaches
quantum degeneracy; an elegant explanation for this is given in the lecture notes of Jean Dalibard [93] and it is based
on combinatorics with indistinguishable bosons. For fermions, quantum statistics decreases cooling efficiency as the
temperature decreases, and these effects are analyzed in Ref. [94].
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in magnetic traps [3, 97], but rather only to direct lowering of the ODT, which is the case in our
experiment and in multiple other ones. Let us summarize the main results from Ref. [95]. The

two-atom collision rate  is given in units of 1/s by

ArN;Muv3o
= 2.78
Y T, (2.78)
o = 8na?, (2.79)

where N is the atom number, M is the atomic mass, v is the geometric mean of trap frequencies
(v =(vg Vyuz)%), o is the scattering cross-section, and a is the scattering length; the subscripts ¢
denote "initial", so we evaluate these quantities at the beginning of evaporation. We then define
parameter

n= T’ (2.80)
which is the ratio between trap depth and sample temperature at any point during the evapora-
tion sequence. The crucial idea is to keep this parameter constant in time. Ref. [95] suggests
having n = 10 as the target value, but that can be too high and can mean that the trap is too deep
and evaporation is too slow, so one can aim for 7 = 7, for example. We also define an auxiliary
expression to be used in further equations:

q=n+ 12 (2.81)
n—4

The time evolution of the trap depth that will keep the condition of constant 77, while preserving
adiabaticity, is given by

Uo(t) N
ot) _ <1+ > b (2.82)
Uy T
1 2, _
_Z — 4)e My, 2.83
— =30 (n—4)e "y (2.83)

Notice that the time constant for trap lowering is proportional to the collision rate: a low collision
rate makes the evaporation process excessively slow>2. Finally, the evolution of the phase space
density (PSD) and the atom number becomes:

Uoi\ 308 [N\
0\ 207 i
a=(w)" 7 =(%) 259

where again ¢ stands for "initial" and p and NV give respectively the PSD and the remaining atom
number after the trap has been lowered to the value Ujy. The parameters in these equations are

*The collision rate itself is proportional to the scattering cross-section and the product of trap frequencies, and
inversely proportional to the temperature, based on eq. (2.78). This is why one wants a tight enough trap and a large
enough scattering length, and one can only use the evaporation process for an ultracold cloud; in other situations,
evaporation will not be an efficient cooling method.
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known or are under experimental control, so they can be used for numerical calculations of the
evaporation result, which is essentially the magnitude of PSD increase and the fraction of the

atoms that will remain at the end of evaporation.

2.6 Fundamentals of imaging and data analysis with ultracold atoms

The most widespread method for imaging ultracold clouds since the beginnings of BEC ex-
periments has been absorption imaging [3, 13]. The basic purpose of absorption imaging is to
quantitatively measure atom density in two dimensions, meaning that the third dimension, the
line of sight, is automatically integrated along by the construction of the method and the way
that the imaging beam is directed onto the camera. The geometrical distribution of this atom
density can then be quantitatively analyzed in order to measure the important parameters for
ultracold clouds, such as the total atom number, the BEC and thermal fractions, or the Fermi
degeneracy parameter, the cloud temperature, and so on [13, 14]. As the first approximation?,
absorption imaging can be understood according to the Beer-Lambert law [98]:

dl(z,y, z)

dz = _n(l‘,y,Z)O'OI(LU,y,Z), (285)

where I denotes the intensity of the imaging laser beam, n is the atom density, and o is the
scattering cross-section for the photons® of the imaging beam. There are a few important
simplifying assumptions here: the cloud is supposed to be not very dense so that scattered
photons are not reabsorbed, a significant portion of the beam passes the cloud without being
scattered (again, relatively low density), and the imaging beam is assumed to be perfectly
polarized and exactly on resonance. In addition, we assume that the probability of reemission in
the direction of the imaging beam, and thus the camera, is negligible. The Beer-Lambert law
differential eq. (2.85) suggests that the intensity of the imaging beam will decay exponentially
according to [100]

I(z,y,2) = Ip(z,y)e 7° Jo ”(m’y"z,)d‘zl, (2.86)

with Iy denoting the intensity of the imaging beam before the atomic cloud (so at location
z = 0). We define the optical depth (od) of some object extending from 0 to z and having density

*0One can also consider deviations from this elementary approximation. For example, one can consider how the
equations are modified when the imaging light has a high intensity, which is shown in Ref. [98]. Imaging dense
atomic clouds is discussed in Ref. [99]. However in some cases, it is possible to design the experimental sequence so
that the measurement results do not depend on absolute atom numbers, but rather on relative atom numbers, for
which precise atom number calibration is not needed. One then looks only at the ratios atom numbers as a function
of some control parameter, and then the systematic imaging errors that arise from a simplified model should not
affect the final conclusions.

#See Ref. [43] for an explanation of photon scattering cross-sections.
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n(x,y, z) as [99]

od(z,y) = JO/ n(z,y, 2 )dz'. (2.87)
0

Let us set the upper limit z at a location after the cloud, so that all photon scattering has already
taken place there; in this case the integral covers the full cloud and there remains no dependence
on z. Then, I(z,y) will be used to denote the 2D intensity profile after the light has passed the

atomic cloud, and Iy(z, y) is the intensity profile before the beam has entered the cloud. Thus,

I(z,y) = Io(z,y)e @), (2.88)
ode(z,y) = —In < é ((2’ yy))> , (2.89)

where od, is the optical column density of the full atomic cloud [98].

Therefore, in order to measure the optical column density, we have to take the natural
logarithm of the intensities before and after the cloud. Measuring after the cloud is easy; it is
simply the beam on the camera after it has passed the cloud in the chamber. Since normally we
cannot put a camera before the chamber, the way to get Ij is to remove the atoms from the beam
path and image on the same camera that is placed after the experimental chamber. This is easily
done because shining the resonant imaging beam very quickly imparts a lot of kinetic energy to
the atoms and blows them away (this is especially effective in blowing the atoms away because
a cloud is often imaged after any trapping has been turned off). In a real imaging application,
one also takes a third image, this time with the imaging beam off, in order to subtract the dark
background. Let us recapitulate the procedure: an absorption imaging procedure will take
3 images: "RAW" by pulsing an imaging beam onto the atomic cloud (this measures I(z,y)),
"BGR" by pulsing the same imaging beam around a millisecond after "RAW" (this measures
Ip(x,y)), and finally "DARK" by taking a picture with the imaging beam off. The measured
optical density is given by

(2.90)

od™e9) (5 1) = _1p <RAW(x, y) — DARK(z, y))

BGR(z,y) — DARK(z, y)

In a practical imaging system, one sends a collimated imaging beam, ideally with a waist much
larger than the atomic cloud width, but one clips that beam with an iris in order to send only the
central part. In that manner one gets a more uniform illumination intensity, which is desirable,
and one tries to minimize multiple reflections from the viewports crossing the imaging area and
creating unwanted interference fringes. For the purposes of imaging system design, one views
the shadow cast by the atoms in an analogous manner to light propagation. In other words, the
image is formed by the part of the beam that has been scattered away by the atoms (a shadow),
and it is transmitted and focused in the imaging system by the same geometrical optics laws that
would be used if we were to use fluorescence for imaging; Ref. [98] contains a nice schematic of

an absorption imaging system.
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Finally, the integral [ n(z,y,2')dz’ is taken automatically by the imaging setup, because
the imaging beam passes the full atomic cloud before reaching the camera. We can define the
integrated 2D density by

moe,y) = [ ey )de. 291)
0
This yields
’I’LZD(-T, y) = Odc(‘r, y)/UO' (292)

Since for a dipole-allowed transition at wavelength A and a perfectly polarized beam, the
on-resonance scattering cross-section is o9 = % [98], measuring the optical column density
immediately gives the integrated 2D density of the atomic cloud. From now and until the end of
this Section, we will investigate quantitatively which equations this n,p(z, y) obeys for different
atomic clouds; that will be the fit equations for experimental data. Note that the total atom
number in the cloud is obtained by 2D integration of the optical column density:

“+oo
1
Natoms = ;0 // odc(aj,y)dazdy, (293)

and one can also consider 1D integrated densities of the form nip(y) = fj;o nyp(x, y)dz for
example.

In order to find the equations for nyp(z,y) under different experimental conditions, we
will start by writing down the density profiles of a thermal gas and a BEC. For a BEC in the
Thomas-Fermi regime in a harmonic trap we have, using eq. 43 from Ref. [13]:

2

3.2
nBEC(r) = ngEC max |1 — Z T—i, 0|, (2.94)
i=1 Ti,TF

where n stands for gas density, ng is peak density in some sense, which will be a fitting parameter,
r; stands for the Cartesian components of the position vector r, and finally TETF denotes the
Thomas-Fermi (TF) radii along the coordinate axes. The max function simply returns the larger
value of the two inputs separated by the comma. The Thomas-Fermi radius will determine
the spatial extent of the BEC; if r? > r; 1, then the max function will yield 0 for density. The
density function in eq. (2.94), however, is in three dimensions, but absorption imaging measures
2D density. We have seen that the imaging system integrates the signal along the imaging axis
(let’s take it to be z), so here we must integrate eq. 2.94 along the z-axis to get a theoretical
expression for the expected density. Let us note that we are dealing with a piecewise-defined
function due to the max, so we have to treat the integration carefully. The expression inside

. 2
S |
1=

L&

the maximum, when set to 0, defines an ellipsoid shell, and 1 — ) = 0 is the ellipsoid

TF
equation. This term in the max function becomes negative for locations outside the ellipsoid, in
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which case the max always returns 0; we have seen that this implies zero BEC density outside
the Thomas-Fermi radius. For our integration then, the ellipsoid surface defines the limits®,
which will become zy = +2rp,/1 — & — 572, where minus denotes the upper limit then and

TTE TF
plus the lower one®®. Then we get

3/2 3/2
_ pec 1 3 z? 92 / 3 z? yz / _
=no o \Frl\l-am— ) TAmwll- o =
ZTF LT YTF TTg  YTF

3 3/2
_ e (oY 2.95
=Ny 3 2 2 2 3 ( . )
“TF TTF YrP
where the tilde in 7 denotes that it’s a quantity in two dimensions. So the column-integrated
atom density, which is the experimentally measured quantity, is

2 y2 3/2
ABEC — ABEC max <1 - - 2) 0] . (2.96)
LT YTF

The max function has reappeared because we have essentially projected an ellipsoid onto a
plane, which means that the region where the BEC density is nonzero is now an ellipse. The
prefactor iEEC has absorbed the prefactors from the derivation, and it will be used as a fitting
parameter®”. In this way we have derived and understood eq. (44) (at least its condensate
part) from Ref. [13]. For the purposes of fitting and presenting data, however, we may also be
interested in a density profile integrated along one of the remaining two axes; in other words, we

may want to get a 1D integrated expression, if we find it difficult to perform two-dimensional

fitting and plotting.
Let us go ahead and integrate eq. 2.96, which is a bit more difficult due to power 3/2 in the
expression. First of all, since the density is 0 outside the ellipse defined by 1 — ;CTQ - ;”TQ =0,
TF TF

the y-integration will have limits y+ = +y7g, /1 — (2% )2. Consequently, we are looking for the
g r q Y, &

%One can take the limits of integration farther, but then anyway the integrand evaluates to 0 everywhere outside
the ellipsoid. Taking the limits of integration on the ellipsoid surface is a good mathematical way to take care of this
particular piecewise function.

*This is purely a matter of defining the plus and minus of the axis, switching the limits of integration just
switched the sign of the integral, and we know that we must get a positive number, because a density cannot be
negative.

37 ~BEC __ , BEC22; _ 2 BEC : : : h d

Note that actually g~ =ng~ 525 = $ng 21r, which means that dimensions make sense, as they are suppose
CSTF

to. nEEC has dimensions of [atoms/m?], zrr has dimensions of [m], and 7#55C has dimensions of [atoms/m?], as

expected.
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integral

Yy 2 2\ 3/2
/ <1 -2 y2> dy. (2.97)
Y- TTr  Y1F

It can be evaluated using tables of indefinite integrals (for example, Ref. [101]), and it is

(2.98)

The last evaluation step is to plug in the integration limits for y. First of all, the arcsin argument
evaluates to 1 and -1 at the integration limit, so the output will be +7/2. Plugging in the
integration limits in the terms under the square root in the first and second terms of the sum will
yield 0, as is expected based on the fact that those terms have the form of the ellipse equation

and the integration limits are ellipse boundaries. Putting this all together, we arrive at the result

Yt 2 Y2 >3/2 3 2 2
11— — 2 ) dy=""nymr <1 - > . (2.99)
/ - ( ngF y%F 8 5”*2rF

Therefore, the integrated 1D BEC density can be written as

2

2\ 2
APEC _ BEC o <1 _ f”) ol (2.100)
LTE

where the semicircle in 7 denotes that the corresponding quantity is in 1D and all prefactors
2
have been absorbed into the constant ﬁEEC. Notice that the term (1 -3, T?) (r; being the
i, TF

general notation for the position coordinate) inside the max function in the density profile stays
the same in 3D, 2D, and 1D, but its power increases by 1/2 after each integration step. In the
end, we may want to determine the total atom number from the fitting parameters of this 1D
~ BEC
o

density, namely and ztp; we do that by taking the integral:

> pec _ .pec [T°TF z?
NBECZ/ 0 =1y / (1——2) =
— 00

—XTF LT
pec [0 a? o at _BEC 22° 145777
= g (A=25-+) =g |z— g5+ =
—aTE TTp  TTp LR TTR] g
16
= — By, (2.101)

where Nggc stands for the number of atoms in the BEC.
The equations above have been written for in-situ imaging, but the time-of-flight results can
be obtained by simply replacing rtr with r1g(t) [13]. In other words, the functional form of all
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the equations derived above will stay the same, but the Thomas-Fermi radius will evolve as a
function of the time of flight . As suggested in Ref. [102], if we assume a harmonic trapping
potential which is changing in time, then any infinitesimally small volume of the condensate
cloud will evolve according to

R;(t) = A; (1) R;(0), (2.102)

where the subscript j stands for any Cartesian axis, and R is the coordinate of the small volume
of the condensate along that axis. Therefore, if we take R;(0) to be the points located at the
Thomas-Fermi radius, we will obtain the evolution of that radius. Assuming a sudden release
from the trap at t = 0, which means that the trapping potential is set to 0 at that moment, the
scaling factors \;(t) obey a set of three coupled nonlinear differential equations [102]:

BAj(t) w3(0)
a2 NN OAOAD)]

(2.103)

where w; stands for the angular trap frequency before trap release, given in angular units. These

differential equations can be solved numerically for any set of three trap frequencies, starting

dx; () _
i =0

because the condensate is assumed to be initially at rest [102]. Notice though that the higher

from the initial conditions for A\;(0) = 1 because R;(t) = R;(0) att = 0, and setting

the w;(0), which corresponds to a more tightly confined axis, the faster the increase rate of the
corresponding J;; this is the quantitative manifestation of the inversion of aspect ratio in a
BEC time-of-flight measurement [3]. For the case of a cigar-shaped trap with a large aspect
ratio, w,(0)/w,(0) < 1 (z is the longitudinal coordinate and r is the radial one), there is an
approximate analytical solution:

A (wr (0)8) = /1 + (wr(0)2)2, (2.104)

A (wr(0)t) = 1+ € [w,(0)t arctan(w, (0)t) — In(1 + (w,(0)t)?)] (2.105)

where € = w,(0)/w,(0) < 1 is the measure of the trap aspect ratio.

Regarding the noncondensed fraction, we will immediately write down and discuss its
3D density after time of flight, which is given by eqs. (35) and (5.7) in Refs. [13] and [103]
respectively’®:

3 3
1 1 . (ot )?
= (H 1+<m>2> g2 |ere™ | [Te =0 ||, (2.106)
dB \;—1 v

q=1

2rh?
mkpgT

stand for Cartesian components, the products are labeled by different indices just to emphasize

where A\gg =

is the de Broglie wavelength, m is the mass of the atom, the indices 7 and ¢

that they both are taken independently, so each respective term is a product, w; denote the

*¥Notice a typo in Ref. [13]: there’s division by k5T missing inside the exponential in eq. (35).
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trap angular frequencies, and wy(t) stand for the widths of the cloud after time of flight t. The
widths of the cloud are given by the relation w;(t) = \/Q:L—ff(l + w?t?). The function g is a
polylogarithm, defined by the infinite series

.k
gsla] =" % (2.107)
k=1

Let us note a few points about eq. (2.106). First of all, it holds for imaging a cloud in-situ too by
simply setting ¢ = 0. Secondly, the governing assumption in the time-of-flight derivation is that
the non-condensed atoms do not interact during that time (that is called ballistic expansion); they
purely move based on their momentum at the moment of trap release, without being affected
by any other atoms in the cloud; this is an approximation, but usually a good one. Finally,
this equation describes the density distribution of the atoms that are not in the trap ground
state, with Bose-Einstein statistics being taken into account (that’s why the subscript "Bose");
the atoms in the ground state are the BEC, which has been described above. In principle, this
equation holds for bosons at any temperature; in practice, the effects of Bose-Einstein statistics
only become noticeable in the density when the temperature is close to the BEC transition

temperature.

Exactly as in the case of the BEC density, we must integrate the 3D thermal fraction density
in order to get the equation for fitting that corresponds to the information that absorption
imaging provides. Let us again take z to be the integration axis and we note that everything
before the polylogarithm in eq. (2.106) is a constant with respect to z, so we only integrate the
polylogarithm. Since it is an infinite sum, we in principle cannot simply integrate it term-by-term
like we would do for a finite sum, because the convergence of the resulting expression is not
guaranteed. However, we will not go into mathematical details and simply assume that in this
case term-by-term integration does yield a converging sum. We explicitly write out a few terms
of the infinite sum and integrate them in order to see the pattern that appears (we will, in the
next few equations, not write w;(¢) every time, but rather implicitly assume the ¢-dependence):

_® 3 _(11)2
g3z |€"BT H e v =
g=1

= —e%%e_(ﬁﬁe*(%yye_(i)g + 231/26%6_2(57)2672(%)26_2(&)24‘

T e Tl € L (2.108)

33/2
We will be integrating along z, so only the exponential terms that contain z will go into the
integral, the rest are constant prefactors. We will integrate from —oo to 400 because technically
the thermal fraction distribution extends indefinitely (and it is not defined piecewise, like the
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Thomas-Fermi one for BEC). Therefore, we will have integrals of the form

/ e RE? = %\/E, (2.109)

—00

where the result is obtained by standard methods of Gaussian integration. Using this, we can
write out the term-by-term integration procedure:

e e 3 —(Ziy2
/ g3/2 |€rBT H e Wi dz =
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where in the last step we have used the definition of a polylogarithm to collect the terms of the

infinite sum. So then,

7Bose _ (H ) ’szfgg [ kBT (JI)2€*(11%)2 , (2.111)

where the tilde again denotes a 2D density due to integration along one axis. In this way, we
have derived eq. (5.10) from Ref. [103]. One can immediately take the next step and integrate
along the y-axis if one wants the integrated 1D density, which can be easier to fit and plot.
Performing exactly the same steps as in egs. (2.108) and (2.110) we will get

/ gz[ o o= ()7 () } dy = wy\/7gs 2 [G#Te*(w%ﬂ, 2.112)
and then
it = o (T s | wewmasye [emoTe )] (2113)
)‘38 i=1 L+ (wit)? yrgs/ ,

where now the semicircle above n denotes that this is a 1D quantity. We can absorb all prefactors
into a single constant in front and write down this equation as

B B =z
n 0se ose

— 7Boseg ) [ kBTe*wz)ﬂ, 2.114)

~ Bose

where the fitting parameters become 7,;°°¢, w,, and also the factor kBLT, which measures the
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chemical potential in units of kg7 (we note that this must be a small negative number close to
the BEC phase transition). Finally, as in the case of the condensed fraction, we can integrate this
equation in order to get an estimate of the total atom number, now in the thermal fraction, and
based on the 1D fitting parameters. The result is

Npose = / " jBoseq, _ Bose o [ekfﬂ , (2.115)
—c0
where the integration of the infinite series is performed in a term-by-term fashion as before, and
Npose stands for the number of atoms in the thermal fraction, evaluated using the Bose-enhanced
function.

To summarize, we have collected and explained the basic equations for analyzing ultracold
bosonic clouds using absorption imaging. This is useful information on the one hand to
understand in principle, and on the other hand to have as an immediate reference when one

goes about fitting BEC images from a new ultracold gas machine.
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Chapter 3

Theoretical basics of quantum gas

microscopy with strontium

The machine described in this Thesis has been designed to have a quantum gas microscope functionality.
Even though at the time of writing this functionality has not been yet experimentally demonstrated, the
feasibility calculations have been done. Therefore, we would like to present a scheme for reliably detecting
strontium atoms at the single-atom, single-site level in a strongly-correlated optical lattice. This involves
two main parts. One is designing a cooling scheme so that enough photons can reach a CCD camera
from a single atom before that atom has a high probability to jump to a different site or to leave the lattice.
The other one is designing a suitable imaging system to have sufficient resolution and photon detection
efficiency. In this Thesis we focus mainly on the first part and only briefly mention the second one, which
is described in detail in a different Thesis [104].

3.1 Single-atom imaging

We have seen in Section 2.6 the classic method of measuring an ultracold sample, which is
absorption imaging [13]. In early quantum gas experiments, absorption imaging was used to
probe the momentum distribution of the gas, and the first evidence for both BEC and DFG was
obtained in this manner. More recently, absorption imaging techniques have been developed
to get high-resolution in-situ images of an ultracold gas [105]. However, it is very desirable to
measure the occupation of individual lattice sites in a strongly-correlated 2D optical lattice, so
to probe the lattice at a single-atom and single-site level. In the context of quantum simulation
and Hubbard models of condensed matter physics, this would be equivalent to measuring
the presence or absence of a valence electron at every individual atom. Such a measurement
in condensed matter systems has not been performed and there exist no realistic ideas yet to
be able to do it; in cold atom systems, on the other hand, single-atom single-site imaging has
been achieved [106, 107, 108, 109, 110], and it is known as quantum gas microscopy. Recently,
Yb quantum gas microscopes have been demonstrated [111, 112], and single Sr atoms were
prepared and detected in optical tweezers [113, 114, 115], which is a precursor to quantum gas
microscopy. A logical and immediate extension of this imaging method is single-site control of
the internal state of the atoms, because an imaging system that has a high-enough resolution to

resolve individual lattice sites can be used in reverse to focus the light to the spatial extent of an
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individual lattice site because Maxwell’s equations are defined in the same way forward and
backward in time. Individual site addressing in a strongly-correlated lattice has already been
demonstrated with a 95 % m-pulse fidelity between two hyperfine states of rubidium [116]. Let
us note here that the blue transition in Sr at 461 nm makes our resolution task easier due to a
lower associated diffraction limit compared to the first QGMs with Rb.

Since we are going to excite Sr atoms with resonant light in the microscope and then image
them by collecting their fluorescent emission, we should carefully consider the momentum
transfer from these resonant photons to the atoms. The photons can easily impart enough
momentum to kick atoms out of their lattice sites. In fact, unless one specifically designs a
cooling scheme and uses a deep optical lattice, the atoms will for sure move to a different
site or leave the lattice before enough photons can be collected for their reliable identification.
Therefore, the performance of a cooling and imaging scheme must be calculated before we
attempt to build a QGM, and this is based on the specifics of the Sr electronic structure. With the
available tools, mainly in terms of the achievable lattice depth and photon collection efficiency,
any real scheme will likely have to be pushed to its limits in order to obtain good detection
fidelity. A schematic representation of heating and cooling process is shown in Fig. 3.1; the
reader can refer to that Figure to understand the explanations below.

3.1.1 The heating process

Each potential well of the optical lattice can be approximated as a harmonic potential, in which
case "heating" refers to the increase in the average vibrational quantum number of the atom in
that well. To understand why heating happens, consider that the blue transition in Sr, which is
used for imaging, has o~ = 30.5 MHz (see Section 1.1 for the electronic level scheme of Sr and a
short explanation of the transitions). A realistically achievable depth of a potential well in an
optical lattice, on the other hand, is ~ 10 MHz (in frequency units). Thus, the natural linewidth
of the blue transition is greater than the well depth in which the atoms are confined. Since the
harmonic oscillator level spacing in a potential well is much smaller that the well depth, it is
clear that this level spacing is also much smaller than the transition linewidth. Therefore, it is
impossible to have any frequency control over sideband and carrier excitations on this transition.
The vibrational level in which the atom ends up after a scattering event is largely random, and
in fact the natural linewidth is large enough to also excite the atom into the continuum instead
of a bound state. Fortunately, wavefunction overlaps between the different vibrational states
of a strongly confining potential well will favor absorption-emission cycles in which the level
in the ground state does not change, which is the basis of the the Lamb-Dicke effect [117, 118].
However, heating will still occur, and our first job is to estimate its rate.

Let us outline the modeling approach for the heating. Each lattice site is viewed as an
independent harmonic oscillator because the lattice is made deep to the point of negligible
wavefunction overlap between adjacent sites and consequently almost no tunneling. The heating
rate is then the rate at which the average harmonic oscillator occupation number is increasing at

a lattice site. We take an atom starting in an arbitrary level n in 1Sy and we assume that, due
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Energy

FIGURE 3.1: Schematic representation of the heating and cooling processes during
quantum gas microscopy, as considered in our model. The ! P, state is assumed
to be untrapped in the 1064 nm optical lattice and therefore it is represented by
plane waves instead of a harmonic oscillator well. The large blue arrow represents
excitation on the broad atomic transition, and the dashed arrows represent some of
the possible decay processes back to the ground state. For the 1Sy — 3 P; sideband
cooling transition, the solid arrow represents laser excitation and the squiggly line
represents spontaneous emission. The energy axis is for illustration purposes only
and is not drawn to scale.

to the fact that the blue transition is broader than the full lattice depth in 1Sy, a blue excitation
takes it into the continuum. The atom in the electronically excited state could still end up in a
vibrational bound state, but with such a linewidth we for sure expect some excitation into the
continuum. Therefore, we take this slightly pessimistic scenario to see if the imaging approach
still works, which would in the end attest to its robustness. According to standard quantum
theory, a particle in the continuum (so, in the absence of a confining potential) has plane waves
as its eigenstates of motion, and therefore excitation into the continuum means projecting the
original wavefunction onto plane wave states; this corresponds to a Fourier transform [41]. In
addition, since a photon is absorbed from the excitation beam, we must take the accompanying
momentum boost of the atom into account, which is a shift in momentum space. We then let
the new quantum state evolve for the duration of the ! P; state lifetime, and we finally project
the result back onto the harmonic oscillator states, which corresponds to fluorescent emission'.
This projection is done by first performing the inverse Fourier transform to get back the position

Note that for simplicity, the boost due to photon emission is not taken into account here because it is zero on
average; emission is equally probable in any direction.
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space wavefunction, and then calculating the overlaps of the resulting wavepacket with the
original harmonic oscillator wavefunctions in order to find the contribution of each level to the
final state. In the end, we are interested in the average harmonic oscillator occupation number
after an absorption-emission event.

This conceptual model can now be put on mathematical footing. For an arbitrary harmonic
oscillator level n and its state vector |1,,), from which the atom is assumed to be excited by a
blue photon, the Fourier transform corresponding to the projection onto the continuum states is
given by

1
V2mh

[e.9]
Une) = Blin) = = [ dalw)e P @)

—00
where v, () is the position-space representation of |1,,) and p denotes momentum?. We would
like to take the photon boost into account by performing the transformation v (p) — 1o (p+hkL),
where k is the laser k-vector. However, as these calculations are performed numerically using
the fast Fourier transform (FFT) algorithm in Numpy[81], it is more convenient to use the

frequency shift property of Fourier transforms:
F {0 ()} = X (w F wo), (32)

where .%# denotes the Fourier transform operation and X denotes the transformed function. In
this way we can multiply the original wavefunction by the appropriate complex exponential
before doing the FFT, and that results in a shift in momentum space. The boosted wavefunction
can thus be written as

1
\V2mh

and we notice the hky, factor in the exponential that corresponds to the momentum of the photon

¢n(p + hkL) =

/ wn(x)e—ihkLm/he—ipx/hdx’ (33)

that does the boost. There is one detail to note regarding Numpy’s FFT: the transformation is done
using the multiplication factor e~** under the integral, rather than e~"*/%, as in the equations
above. We can call this "transformation into k-space" rather than truly into momentum space, in
which case the & under the square root in the prefactor should not be used®. The factor - is
applied only in the inverse FFT (IFFT) in Numpy instead of being distributed with the square

root, but for our purposes this does not matter, as we will always be doing the inverse transform

1 ipz/h
V2rh € :
3Since the transformation back to the position representation is the inverse Fourier transform, the following

identity must be shown to be true:

*Note that momentum eigenstates in the position representation are expressed as |p) =

vne) = o [ [ @ diap, (3.4)

where tilde is only used to label x as the integration variable in the forward transform. Proving this identity means
showing that the right-hand side evaluates to v, (z). The first step is the evaluation of

/ efipi/ﬁeipz/hdp, (3.5)
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at the end. Let us define the wavefunction in k-space by

Un(k) = /_OO wn(ﬂs)e_ikmdaz, (3.6)

which is the FFT formula in Numpy. In this way, whenever we perform calculations taking the
photon boost into account, the boosted k-space wavefunction will be given by

Un(k + kL) = / " (e ey, (37)

numerically implemented as FFT{v,,(z)e~*>7*/t}. The form v, (k 4 ki) for the boosted wave-
function makes sense because the expression p = ik holds for both light and atoms, and so we
have simply omitted the constant factor i. The time evolution in the excited state is modeled
by applying the standard time evolution operator U(7) = ¢’¥7/? [15], where the energy, rather
than the H operator, in the exponent implies that this particular form of the time evolution
operator can only be applied in the eigenbasis of the Hamiltonian. Since we have taken the
excited electronic state to be a free-particle plane-wave state for center of mass motion, which is

precisely the eigenstate of the free particle Hamiltonian, the energy of each v, (k) is given by
i (hk)2r
E, = % Consequently, the evolution operator for each v, (k) is given by Ui (1) = e ?Ms:h,

and the value of 7 should logically be the natural lifetime of the 1P, state, Tip,. Therefore in
numerical calculations, we multiply the 1, (k) states by this time evolution and take IFFT, which
gives back the wavepacket in position space. This procedure can be written symbolically as

570! () = IFFT{Uj 1y (1ip, ) - FET{¢hy ()e” 27/ 1}, (3.8)

where /¢ () denotes the wavefunction after the evolution that we described, n keeps track of
the starting harmonic oscillator level, and the dot signifies that there is a vector with a list of
k-values coming out of the FFT, which must be multiplied by the k-dependent diagonal time

evolution matrix. After this procedure, we can get the coefficients

fo'e) 2
Pmnzrcrzz\ | wnwusei@) (39)

which denote the probabilities of an atom ending up in a vibrational state m after having been
in the state n before the scattering event, and P stands for probability. These integrals can be
rather easily evaluated numerically. We are particularly interested in the cases when m > n,
which we interpret as heating in the lattice due to photon scattering.

which is done using the identity % ffooo e *E=B gl = §(z — &) [119]. We evaluate eq. (3.5) using a change of
variables ¢ = p/h, dp = hdg, and that will bring out a factor % in front, which will cancel the 7 in the denominator in
eq. (3.4). In that way the right-hand side of eq. (3.4) will evaluate to ¥, (x). Consequently, if the exponent in the
transformation is of the form e ~**® rather than e ~***/"  then there is no change of variables needed, and so % in front
is not needed either.
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It is also necessary to extend the model above to the case of multiple starting and final har-
monic oscillator levels involved, which happens either due to the initial state being a statistical
mixture already, or for sure due to scattering multiple photons during detection. In that case we
must evaluate a total of N2 of P,,,, coefficients, where N denotes the total number of levels that

we consider in a given calculation. It is convenient to cast these P,,,, into matrix form:

Poo Poir Poz
p_ Py P11 Prio (3.10)
| P Py P ' '

By standard matrix multiplication rules and the definition of P,,,,, we see that this matrix will
transform any given vector of level occupation probabilities p = [po, p1,p2, - - -] into a new vector
of occupation probabilities after scattering one photon*. We can write this as p() = P - p, where
the superscript denotes the number of scattered photons. When the next photon is scattered,
the vector p(!) from the first step must be multiplied by the same P, because we know that
this matrix transforms an arbitrary vector of occupation probabilities into a new one after a
scattering event. Thus, for two scattered photons, we obtain p®? = P -p() = P.P .p. In
general, P must be raised to power ¢ to obtain the level occupation probability distribution after
scattering ¢ photons. The equation:

p@ = P7.p (3.11)

summarizes our modeling approach. There is one more technical point to make: we perform the
summation pyoa) = Zg;ol pn and interpret it as the total probability of staying on a given site.
If we observe that pita < 1, it means that blue photons will kick atoms out of the lattice and
reduce imaging fidelity®.

These ideas can now be applied to evaluate the heating process in an experimentally relevant
deep optical lattice of a quantum gas microscope. It will then later be compared to the possible
sideband cooling rate with 689 nm light on the 18y — 3P, transition. First of all, Fig. 3.2 shows
an example of the original probability density, the Fourier transform, and the boosted Fourier
transform corresponding to photon absorption for a harmonic oscillator level. This is a check
to show that the frequency of the atom’s de Broglie wave, which corresponds to momentum,
indeed increases when it gets a kick from a blue photon; this is evident from subfigures (B)
and (C) of Fig. 3.2. Performing the calculation procedure for a lattice beam of 5W and a
waist of 30 pm, which corresponds to vibrational level gaps of about 350 kHz for the 1S state
atom in the low vibrational states (see Table 3.1 for 15y AC polarizability, and the vibrational

“This rate equation model implies perfect decoherence. In other words, we do not take into account any the
superposition states of vibrational levels and assume that the problem is fully described by assigning occupation
probabilities to all vibrational states. This should be a reasonable assumption in the case of frequent spontaneous
emission events, like in the problem at hand.

5This is because the number of levels accounted for in the problem is finite (it is also so in a real optical lattice),
and the matrix P is truncated.
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FIGURE 3.2: Example harmonic oscillator wavefunction (n = 5) (a) and its projec-
tion onto the continuum plane wave states before (b) and after (c) the boost due to
photon absorption. All quantities are given as absolute squares, so subfigures (b)
and (c) are spectra, and the spatial frequency refers to the atom’s associated de
Broglie wave.
(a) (b)
1.04 0.40
> > 0.35
= 0.8 =
a 3 030
3 3
O 0.6 o 025
[eX o
C c 0.20
o kel
© 0% © 015
Qo Qo
8 8 0.10
§o: g°
0.05
0.0+ T T T 0.00 = T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Vibrational level Vibrational level
(0 (d)
0.25 1 0.175
Eo.zm Eo.lso«
a e}
@© @M 0.125 1
Q Q
O 0.151 o
o © 0.100 1
c c
S S |
“r'u' 0.10 1 4‘_01 0.075
Q Qo
3 3 0.050
O o
O 0.051 o
0.025 -
0.00 - 0.000 -
0 5 10 15 20 25 0 5 10 15 20 25
Vibrational level Vibrational level

FIGURE 3.3: The harmonic oscillator level occupations for a lattice beam with 5 W
of power focused to a 30 pm waist after scattering 1 photon (a), 50 photons (b), 100
photons (c), and 150 photons (d). The starting level is always n = 0.
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FIGURE 3.4: Average harmonic oscillator quantum number (a), calculated heating
rate (b), and total probability of staying within the harmonic oscillator levels (c)
for a lattice beam with 5 W of power focused to a 30 pm waist. The starting level
is always taken to be n = 0.

level energies have been calculated numerically for a single well of a cosine wave lattice by
modifying the Python script provided with Ref. [120]), we get the results shown in Fig. 3.3.
That simulation is done for 87Sr, but the result will not differ much for the other isotopes. For
these parameters, piota] = 0.998 after scattering 100 photons, and pita1 = 0.983 after scattering
150 photons. Since we have taken a total of 25 harmonic oscillator levels, and since we would
not want the atoms to end up in highly excited vibrational states because then tunneling will
increase, this suggests that scattering 100 photons is essentially the limit in the absence of a
cooling mechanism. The collected fraction of photons in our objective is predicted to be about
5% due to the solid angle alone (see Subsection 3.2), and there are other losses on optical surfaces
and filters, so 100 scattered photons are not enough for reliable atom identification. At the same
time, this result suggests that with only moderate cooling we should be able to have enough
photons for high-fidelity imaging, given an efficient low-noise camera.

We now formally define the heating rate rg during imaging to be the rate of change of the
average harmonic oscillator quantum number with the number of scattered blue photons, so
rH = %Z), the angled brackets denoting the average. Fig. 3.4 shows the calculated plots of
important quantities for heating in a 5 W, 30 nm-waist lattice that has been used as an example
so far. There are a few important observations here. First of all, the heating rate is about 0.03
quanta/photon, which can be converted into rate per unit of time by using a scattering rate
corresponding to the intensity of the imaging beam. Secondly, we notice that after scattering
about 75 photons (in the non-cooled case as here), the probability of staying trapped starts
dropping, and this corresponds to approximately (n) = 3 according to part (A) of Fig. 3.4.
It is essentially an evaporation process, where the atoms escape the trap with an increasing
probability when they reach higher vibrational states, and so it looks like the average occupation
number increases less, which signifies a lower heating rate. However, we do not want to
enter this regime in microscope imaging, because atom loss means that the imaging fidelity
immediately starts decreasing. Therefore, the cooling scheme and the scattering rate should
be tuned so that (n) < 3, otherwise atom losses would start appearing and reducing imaging
fidelity. The crucial point is that now, having a realistic number for the heating rate, we can go
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ahead and calculate the cooling rate, and then see how they can be made to balance each other
in a steady state.

3.1.2 The cooling process and maximum permissible scattering rate

Given the presence of the 7.4kHz 1S, — 3P, transition at 689 nm in Sr, a quite obvious cooling
approach to consider is sideband cooling, which is regularly used in ion trap experiments [117,
121], and it has also been shown to work in optical tweezers with neutral atoms [122]. For the
optical lattice considered in the heating calculations above, the vibrational level gaps w are in the
hundreds of kHz range for the low vibrational levels, so the sidebands are clearly separated on
a 7.4kHz transition. Taking w = 27x 350 kHz as an example, the Lamb-Dicke factor evaluates
ton = %’ /m = 0.12 [117, 118]. Even though we cannot truly claim that n << 1, we still
expect photon emission with harmonic oscillator state change to be much less probable than the

P change

one without. The relative rate of the two processes can be expressed as ~ n’n, where n

Psame
denotes the harmonic oscillator level, and P denotes the probability of a fluorescent emission
event with or without a change of a motional harmonic oscillator state respectively® [117]. Thus,
a possible way to cool the atoms is to tune the 689 nm laser to the red sideband of the deep
optical lattice, in this way letting the laser specifically drive the transition that removes one
quantum of motional excitation from the system, and then to rely on the Lamb-Dicke factor to
favor the process in which the motional state does not change during spontaneous emission. At
the end of this cycle, the atom is back in the electronic ground state but one level down in the
potential well. This is a cooling process, and it’s the opposite of the heating described in the
section above.

The modeling procedure for cooling follows Section IV of Ref. [117], and in particular
eq. (118) there, which presents a rate equation approach. Briefly, we first need to calculate the
scattering rate Rs./, given by eq. (2.2), but now the detuning will take into account the vibrational
energy levels and the resulting sideband and carrier transitions. We will set A = —wpo, which
means that the laser drives the red sideband. Note one implicit assumption here: the harmonic
oscillator frequencies are assumed to be the same in both the ground and the electronically
excited states. This assumption is generally not true, but we still use it for computational
simplicity, as long as the real difference is small. Using the same notation as in the heating
calculation and letting p denote a vector of occupation probabilities of harmonic oscillator levels,

®In this case we only consider a possible level change by one unit, so the first blue or red sideband. The theory
can be extended to changes by several units in one absorption-emission cycle, but they become suppressed by an
additional * multiplication factor for each next sideband.

"This is labeled W (A) in Ref. [117].
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we can write down a rate equation for the time evolution of these probabilities in matrix form:

Po Roo Ror 0 -] |po
d |p| _ Rio Ri1 Ri p1 . (3.12)
dt |p2 0  Roi R P2
The matrix elements are given by the following expressions:
Ry = _7]2” [Rsc(_WHO) + RSC(O)] - "72(n - 1) [Rsc(_WHO) + Rsc(_QWHO)] ) (3.13)
Rn,n—i—l - 772(77' + 1) [RSC(_wHO) + RSC(O)] ) (314)
an,l = ?7271 [Rsc(_WHO) + Rsc(_QWHO)] s (3-15)

where as before 7 stands for the Lamb-Dicke factor, R,,, are the diagonal elements, R,, ,, 11 are
the elements just above the diagonal, and R,, ,,—1 are the elements just below the diagonal. All
the other matrix elements are 0°. This rate equation system can be solved to determine how fast
the probabilities will approach py, for example, given a certain set of parameters such as 7, laser
power, etc.

Let us now estimate the cooling process with the same experimental optical lattice parameters
as the ones we used for the heating described above. The 1064 nm lattice is not magic for 18,
and 3 P;, but we can find the difference in vibrational frequency gaps for these two electronic
states. Denoting the AC polarizabilities of 18y and 3P, by a'% and o’P 1, we get the relation
[123]:

s S e (3.16)

where wro denotes the vibrational frequency gaps of the respective state. Carrying out the
calculations shown in Section 3.1 of Ref. [123] (note possible typos there) gives the AC polar-
izabilities of the relevant electronic states, which are listed in Table 3.1. For the purposes of

State ‘ Trap beam polarization ‘ Polarizability [a.u.]
1Sy any 233.097
3Pimy=0 circular 199.272
3Prmy=0 linear 114.903
3pymy =41 linear 199.272

TABLE 3.1: Some relevant values for Sr AC polarizabilities at 1064 nm

sideband cooling, we would like to be as insensitive to magnetic field fluctuations as possible,
otherwise it will introduce stringent requirements on field stabilization. Therefore, in the case of

8The tridiagonal form comes from the fact that we consider only the carrier transition and the first blue and red
sidebands. Each next sideband would add two additional diagonal lines.
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FIGURE 3.5: Evolution of the harmonic oscillator occupation probabilities in a
lattice with 323 kHz vibrational frequency gaps while cooling on the —1%* sideband.

bosons, we would like to use the m ; = 0 substate. The best choice for the optical lattice is then
circularly polarized beams, in which case we find from eq. (3.16) that w;%’ mr=0_ wII{SOO /1.08.
For the case of a 350 kHz oscillator gaps in 1.S; considered above, this leads to 323 kHz oscillator
gaps in 3p?, and consequently 7 = 0.122 with 689 nm light. We will use these values for the
cooling calculations, just because taking a smaller vibrational frequency gap and thus a larger n
should give us the lower limit on cooling efficiency, and we will see if the cooling scheme still
performs well. Fig. 3.5 shows the evolution of harmonic oscillator level occupation probabilities
calculated using eq. (3.12) and starting in level 5 (so p5s = 1 at ¢t = 0). In this case cooling is
done on the —1% sideband using the intensity of 2.5s¢ of the 1Sy — 3P transition. As we can
see, the atom is almost certainly in the ground state after 20ms. Fig. 3.6 demonstrates the
approach to the ground state for different intensities of the cooling light, using the same starting
conditions. We notice that the rate of this approach saturates at a cooling light intensity of about
55¢. This behavior is reasonable, because cooling depends on spontaneous emission, and the
fastest theoretically allowed rate of spontaneous emission is given by I'/2 of the red transition.
Raising the cooling laser intensity much above 5sy will only drive Rabi oscillations, which do not
lead to cooling; furthermore, it will cause unwanted sideband excitations by power broadening.
Finally, we can estimate the evolution of the average level occupation and the cooling rate!’.
These results are shown in Fig. 3.7. We notice that the cooling rate decreases as the average
harmonic oscillator level drops, which is also to be expected; in the extreme case of an atom
being in the vibrational ground state, the cooling rate is 0, as it is impossible to decrease the

average vibrational quantum number any further. Since we do not want to exceed n = 3 in

“We get a simple eq. (3.16) just because all other parameters drop out of the ratio: we are talking about the atoms
cycling between the ground and the excited state inside the same optical dipole trap, so the parameters of beam
power, waist, and atomic mass by definition stay the same and cancel out.

OThe cooling rate will be defined as the rate of change of the average level occupation, so analogously to the
heating rate.
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order to not cause losses (see the discussion of heating), we should look at the cooling rates for
(n) = 3, which, according to Fig. 3.7 (A), happens after about 3 ms. Fig. 3.7 then shows that the
best cooling rate after 3 ms is about -700 quanta/s'!.

We are now in position to compare heating and cooling rates, and to estimate the number of
scattered photons per atom in the case where no atom loss is expected to occur. Based on Fig.
3.4 (B), the heating rate is below 0.035 levels/photon, and we take the inverse of that number
to conclude that it takes on average 28 scattered blue photons for an atom to rise up by one
vibrational level in this lattice. With the cooling rate being -700 quanta/s, it appears that the
scattering rate for which cooling balances heating can be as high as 19600 photons/(sxatom),
and the equilibrium is still supposed to be below (n) = 3. As the collection efficiency of the
microscope objective is estimated to be about 5% by geometry (see Subsection 3.2), such a
scattering rate suggests that 980 photons/(sxatom) will enter the objective. Assuming rather
poor lens and dichroic mirror coating performance, leading to a 60% transmission through the
imaging system, and a camera quantum efficiency of 0.6 (it is generally higher for high-end
EMCCD cameras), we expect 352 photons/(sxatom) to be converted into photoelectrons on
the CCD chip. This is a very large number for a modern scientific EMCCD camera'?, which
can reach single photon counting performance. If we reduce the imaging time to 0.5 s and
even assume a factor 5 worse performance in terms of scattering, we will still get around 35
photoelectrons per atom per image. This is expected to be well within the signal-to-noise ratio

required for reliable atom identification.

3.2 Imaging resolution and the microscope objective

Section 3.1 focused completely on the question of obtaining a sufficient signal level from each Sr
atom and keeping it pinned to one lattice site in the meantime. The second part of a working
quantum gas microscope is a high-resolution microscope objective, which is the subject of
this section. The goal is of course to spatially resolve the signal from each atom. Due to the
nonzero wavelength of light and the diffraction phenomenon, any imaging system will have
a finite resolution; object features smaller than that will be indiscernible in the image. If we
consider fluorescence imaging and view the object as a pattern of points emitting light (which is
a working approximation to any real object), then we would not be able to tell apart the two
points that are closer than the resolution'®>. One commonly used resolution criterion is the Abbe

U The negative sign stands for the fact that it is a cooling process, so the average harmonic oscillator level
decreases.

2Two common examples of such cameras are iXon Ultra 888 and iXon Ultra 897 from Andor Technology Ltd.,
Belfast, United Kingdom. Another possible supplier is Niivii Caméras, Montreal, QC, Canada.

BThere are methods, referred to as superresolution imaging [124], to image smaller features, but we will not be
using them. One of their disadvantages is that they require multiple actual photo frames to reconstruct one image at
higher resolution.
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limit, given by [124]

A
d — m’ (3.17)
NA = nsin(6),

where ) is the wavelength of the imaging light, n is the refractive index of the medium, and
NA is the numerical aperture. Since our object under study is the optical lattice and the points
are the atoms at the individual sites, d must be at most as large as the optical lattice spacing,
otherwise the resolution will not be enough to distinguish between occupied and unoccupied
sites. We can slightly relax this limit because the knowledge of the lattice geometry makes image
reconstruction possible, but the lattice spacing is still the general guideline for the resolution
that must be achieved. The Abbe limit is the ideal scenario: the equation depends only on
the wavelength and the numerical aperture, but it contains no details about the lenses of the
imaging system. Thus, the Abbe limit is the aberration-free or diffraction-limited resolution, and
since real lenses usually introduce aberrations, it becomes an engineering challenge to achieve
such resolution in practice.

The approach to building a diffraction-limited system involves possibly using aspherical
and achromatic lenses, which can be intrinsically aberration-free, and designing the objective so
that the individual lenses compensate each other’s aberrations. One should use a commercial
optics design package for this job. In our case, the objective was designed by Dr. Georgios
Siviloglou and by Ivo Knottnerus using the OSLO package'* (extensive details about the design
and the preliminary testing are given in Ivo’s Master’s thesis [104] and in this Reference [125]).
One point to keep in mind while designing an objective is that adding more lenses makes it
possible to better compensate for aberrations, but this also adds more surfaces, which will in
turn cause increased loss of fluorescence photons, as no surface is perfectly transmissive, even
with antireflection (AR) coating. For example, off-the-shelf AR-coated lenses!® reflect ~ 0.5%
of incoming light per surface. With the idealized assumption of no absorption or scattering,
we get 99.5% of the light passing through each surface. A five-lens objective has 10 surfaces,
so the fraction of the light passing through the objective is at most 0.995! = 0.95. This means
that 5% of the signal is lost only on the lens coatings, and even more will be lost if we assume
some finite absorption inside each lens, add more surfaces, or account for the fact that there is
dust and some roughness of the optical surfaces, which leads to scattering. Furthermore, an
objective with more lenses is practically more difficult to manufacture: aberrations can appear
from imperfect lens placement itself. Consequently, it is desirable to use as few lenses as possible
and to take advantage of software optimization to select and position these lenses in the way that
would produce the best possible resolution. Our group produced and tested such a home-built
objective [125].

14Acronym for Optics Software for Layout and Optimization, from Lambda Research Corporation, Littleton, MA,
USA. Zemax, from Zemax LLC, Kirkland, WA, USA is another popular software tool for this purpose.
PLA-type planoconvex lenses from Thorlabs Inc., Newton, NJ, USA is one common example.
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Chapter 4

Engineering basics for ultrahigh

vacuum and electromagnets

Any work with quantum degenerate atomic gases requires a UHV environment. Furthermore, in the case
of strontium and many other species that have been brought to quantum degeneracy, the MOT is loaded
from an atomic beam and a Zeeman slower. Both the design of a UHV system and of the atomic beam
itself require some modeling of gas flow in vacuum, and we would like to give a mathematical overview
with the most relevant results and their applicability. In addition, water-cooled electromagnets capable of
producing magnetic fields up to a few thousand Gauss are often a necessary tool; we would like to show
the main ingredients for designing such magnets and for estimating their thermal performance.

4.1 Dynamics of gases and pumping in a vacuum system

4.1.1 Gas flow through thin tubes and atomic beam formation

A Sr atomic beam for our experiment is obtained by letting a hot gas in a reservoir pass through
microtubes (see Section 5.1). The beam quality is determined by the flux and the angular spread
of the effusing atoms: we would like to get as high a flux as possible for a given reservoir
temperature, and as small an angular spread as possible. Let us also keep in mind that only the
atoms moving sufficiently straight along the machine axis will be able to make it through the
Zeeman slower. The combination flux and spread will determine the MOT loading speed, and
that is beneficial to keep as short as possible for shorter experimental cycle times.

Flow dynamics through a thin tube are strongly influenced by the ratio between the mean
free path (MFP) of atoms and the dimensions of the tube [126]. MFP is given by [127]

1

IMpP = —(————, 4.1
MFP ﬂwnaQ ( )

where n is the density of the atoms and o is the effective atomic diameter, which determines
collision rates. The density can be determined from the ideal gas law according to n = % = kBLT,
with N being the atom number, V' the vessel volume, P the pressure, and T' the absolute
temperature. There are then two regimes to be distinguished: opaque and transparent, also

called hydrodynamic and molecular flow. The transparent one is used when MFP is much larger
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than tube length and tube diameter, and correspondingly the opaque one is used when MFP is
on the same order or smaller than the tube dimensions [126]. We will see in Section 5.1 that our
operating conditions do reach the point when MFP becomes close to tube length, in which case
the system does start to approach the opaque regime. However, for mathematical simplicity
and accepting a certain error, we will only treat the transparent regime. This regime is, in fact, a
more desirable way of operating an atomic source.

Effusion from a hot reservoir through a thin tube effectively selects the atoms having mo-
mentum vectors pointing along the tube, with a small spread around that. This corresponds to
collimating an atomic beam. The governing equations for total atom flux and angular spread in
the transparent regime are given in Section III A of Ref. [126]. The flux equation is

1
N = 1711777(121/1/, (4.2)
8a/(3L)
W=
1+ 8a/(3L)’
o_ 2 [2%ksT
YTV M

where N denotes the flux in atoms/s, W is the Clausing factor, v is the mean atomic velocity
inside the oven reservoir, and M is the atomic mass. The angular spread of the effusing atoms is
given in a piecewise manner by:

— (1= /
(o) = 220 [(1 S CLORHIBRE s SR T
_ Ltan(0)
b= 2 )
R(p) = arccos(p) — p(1 — p*)'/?
for 0 < 0 < arctan(2a/L), and by
_ 1cos?(0) 8a w cos(0)
0= sty (4.4)

for § > arctan(2a/L), where 6 denotes the angle of the atomic momentum vector as measured

form the central axis of the microtubes, and L and a denote the length and the inner diameter
of the microtubes respectively [126]. Notice that f(0) = % where 1(0) is the flux intensity at

angle 6 in units of atoms/(s-steradian). Using these models, one can design and evaluate an
atomic source for a particular quantum gas machine, something that we will show in Section 5.1.

Since we work in the transparent regime, the equations ignore the possibility of atom-atom collisions inside the
thin tubes. This approximation becomes better as the MFP increases.
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4.1.2 Residual gases in an ultra-high vacuum environment

Let us now consider the flow and pressure of unwanted residual gases in a vacuum system,
which in most cases should be minimized. Of the possible gas flow types listed in Table 3.1
of Ref. [127] (turbulent, laminar, supersonic, Knudsen, molecular), we are only interested in
molecular flow for almost any application in ultracold atom machines. We need the governing
equations for gas conductance and pumping. First of all, the conductance of a long cylindrical
tube, expressed in m?/s is given by [127]

C=1/ZELd (4.5)

where d is the tube diameter, [ is the tube length, R = 8.3145&, T is the absolute temperature,
and My, is the molar mass of the gas in kg/mol. Such tubes are very common interconnects
in vacuum chambers. Then, the flow rate at constant temperature though a tube between two
reservoirs, which is a good approximation for residual gas flows between the sections of an

ultracold atom machine, is given in units of Pam? /s by [127]
Q = CAP. (4.6)

In this equation, C'is the conductance from the equation above, and AP is the pressure difference
between the reservoirs. These expressions can be used to calculate the performance and the
vacuum quality produced by vacuum pumps, the effects of leaks and differential tubes. Given a
certain gas inflow rate @), which can be coming from a dirtier chamber through a differential tube,
or from helium leaking through glass, for example, and a certain pumping rate S}, expressed in
m? /s, we get [127]

_Q
pP= 5 (4.7)

P being the resulting equilibrium pressure in the vacuum chamber of interest.

For more realistic modeling, we need a few additional equations. First of all, the pumping
speed listed in a pump specification sheet generally cannot be used directly because we must
take into account the conductance of the tubes between the pump and the chamber in a given
setup. The effective pumping speed S, ;s at the vacuum chamber itself is then given by [127]

1 1 1 1
-t 48
Sepr C1 Co (3 (48)

where C, (5, Cs, etc. are the conductances of the components in the path between the pump
and the chamber?. Of course we try to make these conductances as large as possible. If there are

’In the case of a well-chosen titanium sublimation pump, S, & S s because titanium covers some of the walls
of the vacuum chamber itself.
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rectangular tubes in a UHV system, their conductance is calculated by [127]

2rRT  a?b?
CENTM o (49)

where a, b, and [ are height, width, and length of the tube, and g is the "form factor", which is

approximately 0.5 as long as height and length are not too different. There can also be bends in
the tubes; and if we consider a 90-degree kink, its conductance is given by [127]

1 [2aRT d3
~ 2] _ 4.1
¢ 6 M 1+d (4.10)

where d is the tube diameter. Now we have the tools to model common gas flows and pressures

in a cold atom UHV system.

4.2 Fundamentals of electromagnet coil design

4.2.1 Generating magnetic fields

As we have seen in Section 2.2, a quantum gas experiment needs a source of magnetic field
for MOT operation, but also for tuning magnetic substates in and out of resonance, and for
accessing Feshbach resonances [36], for example. In this section, we will focus on the equations
that can be used for designing the main electromagnet, the one which produces the largest
magnetic field in our experiment (we will leave the discussion of the less sensitive and critical
other magnets, like the Zeeman slower or compensation coils, to Chapter 5, where the details of
the experimental apparatus are described). A practical way of generating a highly homogeneous
magnetic field is to use two coaxially arranged coils of equal radius in what is known as the
Helmbholtz configuration. To understand this, consider two coaxial circular current-carrying loops
of equal radius placed at some distance from each other. The along-the-axis field of each loop
can be found by integrating the Biot-Savart law

1o 27 R?1

Bz(z) ~ 4r ((Z _ Zc)2 T R2)3/27

(4.11)

where R stands for loop radius, z is the position along the central axis, z. is the loop plane
location, and I is the running current. In this section’s discussions, we will take z to be the
central axis of any loops and coils. The total magnetic field is always the sum of the magnetic
tields produced by each source separately, so the field of two current loops is

Lo 2mR2[ Lo 2 R2[

5 ) o 7 412
dotal(z) Ar ((Z _ Zc1)2 € R2)3/2 t 4 ((Z — Zc2)2 + R2)3/2 ( )

where z.; and z.» are the central plane locations of the respective loops. We can now assume

that the current runs in the same circulation sense in both loops, denote the distance between
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them by D;, and write down the resulting equation for the along-the-axis magnetic field:

_ Ho 2nR*1 n Ho 2T R%I
4w ((z+ Dy/2)2 4+ R2)3/2  Arm ((z — D;/2)2 + R2)3/2°

Bz,total(z) (4.13)
The term D, /2 expression arises from the fact that the plane z = 0 is taken to lie midway between
the loops, and so one loop is in the positive half-volume, the other one is in the negative one.
Consider now the along-the-axis field midway between the two loops, so at z = 0; this normally
corresponds to the center of the chamber, and this is the place where the ultracold gas sample is
trapped. If one evaluates the derivatives of B, with respect to z at z = 0 and sets D; = R, one
will find that the first, second, and third derivatives vanish®. This condition, D; = R, defines
the Helmholtz configuration, and it gives a very homogeneous magnetic field because that
field depends on position at most to fourth order at the expected sample location. A real coil
consisting of multiple loops has a finite spatial extent, so both its position and radius cannot be
defined in a simple way like those of an infinitely thin loop; there is no simple formula for the
Helmholtz configuration then, but a similar maximally homogeneous field configuration exists
and can be found by numerical optimization.

Let us now consider some specific details for real electromagnets in cold atom machines.
First of all, for MOT operation, magnetic traps, and some experiments, we require a field
gradient rather than a homogeneous field at the sample. However, this is easy to achieve by
running the current in the top and bottom coils of the electromagnet in the opposite sense of
circulation (mathematically it means taking / with different signs in the two terms of the sum
in eq. (4.13)): the result is a quadrupole field, where |B| = 0 at the center, and from there it
grows in all directions. Secondly, a design process will generally benefit from field calculations
not only along the central axis, but in all space. One way to do this is to directly integrate the
Biot-Savart law for an arbitrary coil configuration, but programming such a calculation requires
heavy numerical work, mesh generation, etc. The option that we chose to use is based on the
closed-form expressions that give the field in all space for a thin circular current loop, and then
representing the shape of a real coil as an integral over such thin loops. These closed form

3The fact that all odd derivatives vanish results from symmetry: B, is eq. (4.13) is an even function, so all its
odd-numbered derivatives are odd functions, and they must thus be 0 at z = 0. The fact that the second derivative is
0 at z = 0 can be shown by an explicit calculation and it specifically relies on having D; = R.
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expressions are given in Ref. [128], and in cylindrical coordinates they are

B, = 252;p (& + p* + 22 E(K?) — > K (K*)] (4.14)

B, = [(a2 +p? + 22)E(K?) + 042K(k2)] , (4.15)
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Here, z denotes the vertical position, the loop is assumed to lie in the place z = 0, p is the radial
position, a is the loop radius, and the functions K and E denote the complete elliptic integrals
of the first and second kind [129], which are available as compiled functions in numerical
packages such as Numpy or Mathematica. We work with the version in cylindrical coordinates
because, up to the error due to layer changes in the winding procedure (see Section 5.4), the
main electromagnets in machines like ours are cylindrically-shaped. Egs. (4.14) and (4.15) can
now be used for practical electromagnet design. We would also like to mention that there
exists an efficient computational package called Radia [130] (Mathematica plugin) for more
general Biot-Savart law calculations in different geometries; we used it for some calculations

and verifications.

4.2.2 Water cooling of electromagnets

High-current electromagnets in an ultracold atom experiment often experience substantial
Ohmic heating, and that energy needs to be efficiently dissipated in order to not overheat the
magnet. Water cooling is a good method for this purpose, because we can use hollow copper
tubes to wind the coil, and cool it from inside. The electrical power dissipated in a coil is given
byP=VI=1 2R, where P, V, I, and R are power, voltage, current, and resistance. We assume
that heat exchange occurs only with the water flowing inside; the calculation of convective heat
exchange through air is difficult, and air cooling is usually much less efficient anyway.

Let us summarize the main equations for water cooling simulations. The steady-state flow
of water through the coil will limit the coil’s temperature increase to [131]

P
AT = ——, (4.16)
pwC' f
where AT is the difference between the water temperature and the steady-state coil temperature
with a constantly flowing current, P is the dissipated electrical power, p,, is water density, C
is water heat capacity, and f is the flow rate. Estimating the pump pressure that can achieve

this flow rate is more difficult and error-prone, because it requires solving complicated fluid



4.2. Fundamentals of electromagnet coil design 61

dynamics that takes into account the shape of the water duct and fluid friction. However, one
simplified approach is to relate flow rate and pump pressure according to the Darcy-Weisbach
equation [132, 133, 134]

L puv?
Ap = f—
p=1f D, 9

(4.17)

where f is the Darcy friction factor, L is the length of the duct, Dj, is the hydraulic diameter
of the duct (the actual diameter for a circular pipe, and corresponding expressions for other
shapes [133]), and v is water velocity in the pipe. For a relevant case of a square hollow tube,
the hydraulic diameter is simply given by Dj, = a, where a is the side length [133]. The only
unknown parameter now is the Darcy friction factor f. In the case of turbulent flow, with
Re > 4000, Re denoting the Reynolds number, it is given implicitly by the Colebrook-White
equation [134]:

1 s 2.51
— = —2log ( k + > ) , (4.18)
. h

where Re is the Reynolds number and k; is the average roughness height of the tube wall.
For a copper tube, ks = 0.002mm [134]. This equation can be solved numerically for f. For
laminar flow (Re < 2100 [134]), we have [ = 1% [133, 134]. In the intermediate regime, when
2100 < Re < 4000, the fluid dynamics are complicated and closed-form equations do not exist;
we must simply assume that the reality is expected to be somewhere between the laminar and
the turbulent regime predictions. Thus, we can now calculate the steady-state temperature
increase for a given value of dissipated electrical power, or find the required pump pressure
to limit AT to a desired value, which are the main tasks in designing a cooling scheme for a
high-power electromagnet.
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Chapter 5
Experimental apparatus

The most fundamental ingredients of an ultracold atomic gas machine are a chamber that can support
ultrahigh vacuum (see Section 1.2 for a short discussion) and windows (termed "viewports”) for accessing
the sample with laser beams. The sizes, locations, and other properties of these ingredients must be
well-thought-out during the design stage and they must be built with care because any deficiencies cannot
be corrected without opening the vacuum chamber, which is a very slow process. In this chapter, we will
describe the design and construction of our new vacuum apparatus for strontium. We will pay attention
to making the machine not only work, but also be convenient and reconfigurable in order to meet future
needs. Let us keep in mind that such machines are built for 10-15 years of operation, and one cannot
predict well what research directions will be relevant so far in the future.

General design ideas

We chose to make a three-chamber vacuum system, with gate valves! in place to close off the
two side chambers and another gate valve for closing off the oven section. The three chambers
are: 1) the main chamber; 2) the microscope chamber; 3) the glass cell. The main chamber?
is the place where the atoms are collected immediately after the Zeeman slower, where the
MOTs are made, where quantum gases or optical tweezers can be made and investigated in
some experiments, or from which the ultracold gas in a dipole trap can be transported to either
side chamber. The microscope chamber is a dedicated steel chamber where the high-resolution
objective can be installed (see Chapter 3 and Section 5.7). The objective somewhat restricts
optical access in the main chamber, and the entire experiment achieves greater flexibility with
a dedicated microscope chamber. The glass cell is currently installed on the side opposite to
the microscope, and it can be used for experiments where laser beams need to be put at almost
arbitrary angles (not limited by viewport geometry), or where the eddy currents that necessarily
arise in a steel chamber need to be avoided.

The gate valves are installed at the critical locations so that we can open certain sections in a
planned or an emergency case and modify or repair them without exposing the main chamber to
air. Gate valves separate the side chambers so that they can be replaced. A gate valve separates
the oven section so that we can open and refill the strontium oven, or add a different chemical

! All-metal construction with pneumatic actuators, from VAT Vakuumventile AG, Haag, Switzerland.
’The steel components are made of 316LN ESR type stainless steel.
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element. There is the fourth gate valve between the main chamber and the back section of
the machine because the back section contains a heated sapphire window that may need to be
replaced if it gets coated with strontium.

FIGURE 5.1: Three-dimensional rendering of the machine’s CAD design (made
with the Autodesk Inventor suite). The rendering shows the UHV system and the
support structure mounted on an optical table. All laser beam optics are omitted
(The vacuum system design and the CAD drawings are work of Dr. Georgios
Siviloglou).

We decided to load the Sr MOT using a Zeeman slower because this is how Sr machines
have been conventionally operated, both in our group and in other groups [37, 123]. In addition,
such a design envisions the possibility of adding any alkali species in the future. Production
of quantum gas mixtures is an important capability that is available in a current and a former
machine from our group [37, 52]. We do note that a Zeeman slower, makes the machine
significantly larger, taking up more than 1/3 of the length, and a strontium loading procedure
from a compact two-dimensional MOT has recently been reported [135]. However such a scheme

would require multiple independent 2D MOT sources for multi-species operation.
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FIGURE 5.2: Fully constructed and baked Sr machine UHV system. Additional
optics breadboards and Earth compensation cage coils are also shown here.

Fig. 5.1 shows the CAD rendering of the vacuum system and Fig. 5.2 is a picture of the
constructed vacuum system before the installation of any optics. We deliberately show the
machine without the optics because the optics can be installed, removed, and exchanged quickly
depending on particular experimental needs, while vacuum system modifications are generally
not possible or very lengthy. Let us now go part by part and describe this particular apparatus in
detail, as well as the considerations that can be useful for building other quantum gas machines.

5.1 Strontium source

The atoms for the experiment are obtained by sublimation from a heated chunk of Sr metal
in a hollow oven reservoir. We loaded the oven with 25 g of a natural sample3, which has the
isotopic abundances listed in Table 5.1 [136]. These abundances are all sufficiently high to work
with any isotope by only adjusting the MOT loading time (longer loading for less abundant
ones) and the relevant laser frequencies. The atomic oven itself is a hollow tube reservoir held at
about 550 °C, sealed off at one end and having a set of microtubes pointing towards the Zeeman
slower at the other end, similar to the design described in Ref. [137]. Note that at this operating
temperature, one must use nickel gaskets instead of the standard copper gaskets for ConFlat

3Thermo Fischer (Kandel) GmbH, Karlsruhe, Germany
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FIGURE 5.3: Calculated mean free path in the oven reservoir.

Isotope Abundance [%]
81Gr (boson) | 0.56

86Sr (boson) | 9.86
87Sr (fermion) | 7.00
83Sr (boson) 82.58

TABLE 5.1: Abundances of stable Sr isotopes

(CF) flange connections. Fig. 5.4 shows a rendering of the oven flange and a close-up picture of
the microtubes held in a triangular cutout in the middle of the flange.

At 550 °C, the reservoir is filled with strontium vapor at the pressure of 2.27 Pa. In general,
the partial pressure of Sr vapor, P, is described in the relevant temperature range by the
following empirical equation [138]*:

Py 7628
o =—
8107Pa ~ T T/(1K)

+ 7.498 + log 133.322, (5.1)

where T is the absolute temperature of the Sr sample (the last term in the sum comes from
conversion from mmHg to Pa). Sr is known to have the effective atomic diameter ¢ = 4.3 A
[140]. The values of the effective atomic diameter, as well as the vapor pressure and temperature,
from which the density can be calculated by the ideal gas law, can be put into eq. (4.1) to
obtain the MFP in the oven reservoir. The MFP is plotted in Fig. 5.3, and it is a function of
only temperature for a given atom, as pressure and density are in a one-to-one relation with the

absolute temperature. Our microtubes have length L = 8 mm and inside hole radius a ~ 55 pm

“We have converted the units of the result in Ref. [138] into SI units. The pressure is converted from mmHg to Pa
according to 1 mmHg = 133.322 Pa [139].
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FIGURE 5.4: CAD rendering of the Sr oven flange (a) and a detailed view of the
oven microtubes (b). The triangular cutout in the middle in subfigure (a) is the
place where the microtubes are loaded. The bar on the right in subfigure (b) is the
holder that presses the microtubes down. Flange design: Shayne Bennetts. Flange
construction and microtube placement: Sergey Pyatchenkov and the University’s
Mechanical workshop).

(the outside radius is 95 um). At the normal oven temperature, the MFP is much larger than the
microtube diameter, but it approaches the microtube length. However, as the temperature is
lowered, the mean free path quickly starts to exceed the microtube length, which corresponds to
the transparent mode, and which justifies our simplification and treatment of the problem only
in the transparent regime, as described in Subsection 4.1.1. Fig. 5.5 shows the total flux and the
angular spread of the effusing atoms, calculated according to eqgs. (4.3) and (4.4) respectively.
The values for atomic flux are given per microtube, so in order to estimate the total flux in our
machine, we will have to multiply the result by approximately 600, which is the number of
microtubes in our oven. Regarding the angular spread, we see that about 1/5 to 1/10 of the
atom flux is at 5° or more from the central axis. Transverse cooling is used to reduce this angle
and the velocity component perpendicular to the line of flight as much as possible and thus to
improve the flux into the main chamber. Note that if the density in the oven reservoir or the
length of the microtubes become larger, we will get more and more into the opaque regime. In
that case atom-atom collisions will become more probable, which we logically expect to lead to
reduced flux and increased angular spread. If more accurate predictions are needed, analysis of
the opaque regime can be done using the further discussions in Ref. [126]. Alternatively, one
can do a Monte Carlo simulation. Practically speaking, due to atom-atom collision effects, we
cannot simply keep increasing the oven temperature and hope to get a correspondingly higher
atom flux for a given microtube size. The angular spread will also increase, which will reduce
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FIGURE 5.5: Performance of the oven in terms of atom flux and effusion angles.
Subfigure (a) shows the atom flux through a single microtube with L = 1cm
for different inner radii a. Subfigure (b) shows the angles of the effusing atoms’
velocity vectors with respect to the axis of the microtubes for L = 1 c¢m, 7" = 550 °C.

the fraction of usable flux. That is one of the reasons why we do not go above 550 °C in our oven
temperature.

5.2 Transverse cooling

Fig. 5.5 shows that there is a trade-off between Sr flux from the source and atomic beam
collimation quality: the narrower the oven microtubes, the more highly collimated the atomic
beam, but also the lower the flux. Therefore, it is necessary to make a compromise and to accept
a finite amount of angular spread and perpendicular (commonly called "transverse") velocity in
the emerging atomic beam for the sake of achieving an acceptable overall flux. We can partly
compensate for this spread and improve the collimation by shining light from the sides and
decelerating the atoms in the perpendicular direction; this is known as transverse cooling (TC)
(see Section 1.2 for the overall context). This is a very useful step because the atomic beam
must pass through a long and narrow ZS tube, and even a small velocity in the perpendicular
direction will result in the atoms hitting ZS walls and being lost. The governing equations for
TC are given in Section 2.3. While it is possible to operate the machine without TC, having it
working improves our MOT loading.

We have a dedicated TC chamber with 6" viewports® giving vertical and horizontal optical
access. Fig. 5.6 shows the cross-shaped TC chamber with the viewport flanges on left and right,
top and bottom, blanked off for the high-temperature bake®. The large viewports are good for
passing long elliptical beams, which increases the interaction time between the cooling light

SAll flange-mounted viewports on the machine are from Demaco Holland BV, Noord-Scharwoude, the Nether-
lands. The glass is laser-grade fused silica, and they have broadband antireflection (AR) coating on both sides,
transmissive in the 461 nm-1064 nm wavelength range.

®The atomic oven reservoir is at the front in this picture, it is attached to the TC chamber so that the effusing
atoms enter it directly
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FIGURE 5.6: The TC chamber, shown here mounted in its final supporting struc-
ture, before the high-temperature bake with viewport flanges closed off with steel
blanks.

and atoms. There are also differential pumping tubes (see Section 5.11) before and after this
chamber; they allow us to achieve a cleaner vacuum in the main chamber by isolating it better
from the oven, which has a much higher pressure than what is acceptable for quantum gas
experiments. There is a wobble stick’ after the TC chamber, which is a steel rod on a mechanical
UHYV feedthrough; we need it in order to be able to block the incoming Sr beam when we are
not operating the machine and in this way to not cover the gate valve or the back window with
Sr (note that the oven is always kept hot, so we cannot stop the flux by shutting down the oven).

In order to design a beam configuration for efficient transverse cooling, we need to calculate a
favorable cooling beam shape, given a certain available total laser power. "Favorable" in this con-
text will mean the one that reduces the transverse spread as much as possible, starting from the
velocity angle distributions in Fig. 5.5, with the absolute speed given by the Maxwell-Boltzmann
distribution in Fig. 5.10. One can imagine two extreme options for beam configurations: one can
make small-waist beams with correspondingly high intensity, which will interact with the atoms
for only a short time, but with a higher photon scattering rate®; alternatively, one can make
long-waist beams, which will have lower peak intensity, but will interact with the atoms for a
longer time. The optimal transverse cooling will happen somewhere between the two extremes,
and the challenge is to approximately find that optimum for a given transition, atomic mass, and
laser power. Fig. 5.7 shows the results of a one-dimensional simulation of the TC process (see
Section 2.3 for the relevant equations). Laser detuning from resonance has been chosen based
on the previous experience in our group [37]. The figure of merit here is taken to be transverse
velocity after having passed the TC region, which is a reasonable way to look at this problem:
for a given atomic beam produced by the oven, the smaller the transverse velocity after TC, the
better chance of actually making it through the ZS tube without hitting the walls. The simulation
tells us first of all that short beams are not a good idea; the long axis of the ellipse should have a
waist of about 15 mm; further increasing the waist makes the beam less convenient to work with,

"Type WBL-275 from Nor-Cal Products, Inc., Yreka, CA, USA.
SRemember that the atoms are moving along the machine at around 500 m/s in the TC section, so they will fly
across this beam quickly.
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FIGURE 5.7: Calculated 84Sr transverse velocity after the TC stage for different
effusion angles 0, shown for 3 mW of total cooling beam power (a) and for 30 mW
of total cooling beam power (b). The TC beam is assumed to be an elliptical
Gaussian TEM00 mode, with the horizontal waist (long axis of the ellipse, along
the line of flight of the atoms) given on the z-axis and the vertical waist (short
axis of the ellipse) given in the legend. Laser frequency detuning is assumed to be
—I'/2 from the 461 nm transition, and the speed of the effusing atoms is assumed

to be 500 m/s.
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but it doesn’t lead to any improvements. Secondly, the simulation tells us that making the beam
larger vertically makes TC less efficient, which sounds reasonable because a given laser power
is spread over a larger beam. This is, however, an artifact of a one-dimensional simulation,
in which we assume that the atoms are flying perfectly along the long axis of the ellipse; a
full simulation would need to be made in two dimensions, with the horizontal and vertical
beams crossing and the interaction region being an ellipsoid. Our simulation is made fast and
simple in order to provide rough guidance, which we then supplement with basic thinking
about our beam configuration. Since the calculation tells us that changing the vertical waist does
not dramatically change TC efficiency, that waist should be made to roughly coincide with the
vertical size of the atomic beam from the oven in order to address the largest fraction of atoms.
The exact same logic holds for the vertical TC beam; at this speed, the deflection due to gravity
inside the TC chamber is negligible. The final insight based on this simulation and our chamber
geometry is that since a longer interaction region is beneficial, we can effectively "recycle" laser
power by sending the beam through the TC chamber twice in a II-shaped configuration and
retroreflecting it on the same side where it comes from. Assuming that the amount of scattered
photons is negligible at each passage (this is a reasonable assumption, the gas is very dilute,
the main loss occurs on the viewports themselves), we double the interaction region for free in
this way. This beam configuration is used for both the horizontal and the vertical TC beam:s,
and their estimated waists are respectively 8.4 mm and 2.7 mm for the long horizontal and the
short vertical axes of the ellipse’ (the lengths refer to the standard ellipse notation in terms of
the semi-major and semi-minor axis and are expressed in the 1/e? sense in intensity). Fig. 5.8
shows the fluorescence of the atomic beam inside the TC section when the ZS beam is on (in this
case the TC beams themselves are off).

“These waists have not been measured, these are estimations based on the telescope lenses and the mode field
diameter of the optical fiber that delivers this light to the machine table.
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FIGURE 5.8: Fluorescence of the Sr atomic beam (thin blue line in the middle)
inside the TC chamber when the ZS laser is on. In this case, the TC beams are off.

Even though we did not quantitatively measure the atom number in the blue MOT with and
without TC beams on, mainly because there is no possibility to perform blue MOT absorption
imaging, we visually noticed an increase in blue MOT intensity depending on the presence or
absence of TC. This is especially important when working with 84Sr and 87Sr, whose natural
abundance in the case of 31Sr and relatively inefficient cooling in the case of 87Sr require the

maximum possible flux.

5.3 The Zeeman slower

The Zeeman slower is the first crucial laser cooling stage in our machine, which is designed
to slow down the atomic beam from about 500 m/s to about 20 m/s. Integrating the Maxwell-
Boltzmann distribution for Sr at the oven’s operating temperature, we obtain 63.5% of the
atoms at or below 500 m/s; this is the fraction that is expected to be slowed down. Expressed in
terms of the Maxwell-Boltzmann distribution, this corresponds to cooling the gas from 550 °C to
approximately 2 K (Fig. 5.10).

The slower is a tube-shaped section with copper wire wound around it to act as an electro-
magnet, and it consists of two parts: the long main part and the short so-called "spin-flip" part.
Its place in the general scheme of the apparatus is described in Section 1.2, and the theory of its
operation is explained in Section 2.3. The main part is shown in Fig. 5.9, while the spin-flip part
is a tube that is directly welded to the main chamber. Let us take a moment to understand the
reasons for these names and to find out why the ZS is built in this particular manner. As we
have seen in Section 2.2, the laser frequency as seen in the reference frame of the atoms depends
on the Doppler shift. As the atoms are being slowed down, the magnitude of the Doppler shift
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FIGURE 5.9: Long section of the Zeeman slower, shown in its normal support
structure.

(@) (b)

N

o
S
<)

=
(6]
L
w
o
L

o
[t
=
o

Probability density [(m/s)~1]
=
o

Most probable speed [m/s]
N
o

0.01

o

0 200 400 600 800 1000 0 2 4 6 8 10
Speed [m/s] Temperature [K]

FIGURE 5.10: Maxwell-Boltzmann distribution plots for 87Sr at different temper-
atures. Subfigure (a) shows the probability distribution for the speed of atoms
assuming a temperature of 550 °C. Subfigure (b) shows atom speeds and corre-
sponding temperatures at the exit of the ZS.

changes, which would rather quickly bring them out of resonance with the laser and render the
further slowing process inefficient. One option would be to change the laser frequency to match
the Doppler shift, but this would slow the atoms in a pulsed manner, whereby only some small
volume of atoms would be slowed at once, and everything behind and ahead of it inside the ZS
tube would be non-resonant and not slowed down. We take a different approach: we design a
magnetic field configuration that compensates the Doppler shift at each location. Consider for
now the bosonic isotopes of Sr: using different B-field strengths, we can shift m ; = £1 substates
of 1P, by different amounts, without affecting the 1S, state, which is nonmagnetic, and thus
change the blue cooling transition frequency. The need for different field strengths is the reason
for the conically-shaped electromagnet around the ZS tube, with the B-field, and consequently
the quantization axis, pointing along the tube. Furthermore, since we are addressing m; = +1,
the ZS beam is circularly polarized. Which one of the two possible circular polarizations is used
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in principle does not matter, it is only determined by the B-field direction, which is given by the
sense of current circulation.

The next logical question is: what should the laser frequency be? In other words, the laser
should be resonant with the atoms moving at which velocity? The answer to this question will
explain why there are two parts, and what the origin of the "spin-flip" term is. An apparently
simple option is to say that the frequency should be the bare transition frequency, so resonant
with the slow atoms at the end of the slowing process. This can be done, and then the elec-
tromagnet compensates the Doppler shift along the way, up to the end, where the velocity is
minimal and the Doppler shift is small. However, we must remember that the atoms exiting the
ZS are captured in the MOT, and the ZS beam shines from the back of the machine, through the
MOT location, and into the ZS tube. Consequently, such an approach would mean that the ZS
beam is resonant with the atoms in the MOT, and it would be essentially destroying the MOT.
This is where the "spin-flip" idea comes in: we make the laser resonant with the atoms at some
larger velocity, let’s say 200 m/s, as in our case. The beam is thus red-detuned by 434 MHz from
the bare transition. This immediately avoids the problem of MOT destruction; the ZS beam
is not resonant with the almost stationary atoms in the MOT. So we now have the following
picture: the atoms effusing from the oven are too fast to be resonant with the ZS beam, the laser
beam is blue-shifted too much in the atoms’ reference frame, and this is compensated by the
electromagnet (shown in Fig. 5.9), which Zeeman-shifts the transition towards the blue. When
the atoms are slowed down to 200 m/s, they get in resonance with the laser, and this is spatially
where the first electromagnet ends. Then they pass vacuum bellows and enter the short ZS
section. Now as the atoms are slowed further, the Doppler shift is too small to compensate
for the laser’s red detuning, so we must do that again with the magnetic field, but now the
magnetic field must reduce the transition frequency. One could imagine switching the laser
polarization to address the other m j; that state’s energy would be decreasing in an increasing
magnetic field. However this would require running the ZS in some kind of a pulsed manner
during MOT loading, or applying two beams with opposite circular polarization, and would by
definition be less efficient. We take a different approach: we will flip the sign of the magnetic
field by running the current in the opposite sense of circulation in the spin-flip section. The
result is equivalent to having the laser beam of the opposite circular polarization and it leads to
addressing the m  state that is decreasing in energy with rising magnetic field (rising in terms
of absolute value). We have, speaking with serious abuse of notation, "flipped the spin", the
"spin" here actually referring to m ; and not mg. Now we can again compensate the detuning by
increasing the absolute value of the magnetic field along the line of flight, and finish the slowing
process. This spin-flip section has the B-field maximum at the end, and that field extends into
the main chamber. It has to be eventually compensated in order to null the undesirable magnetic
tield bias from the ZS at the location of the trapped sample; this will necessitate one of the coils
described in Section 5.5. Fig. 5.11 schematically shows the two ZS sections with the directions of
the magnetic field, the atom path, and the light path.

The discussion above has focused on bosonic Sr, where the ' P, state has no hyperfine
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FIGURE 5.11: Schematic representation of the ZS. The thin black arrows show the
direction of the magnetic field in the respective sections, the gray arrow denotes the
atomic beam, and the blue arrow denotes the circularly-polarized ZS laser beam.
The orange sections stand for the copper wire windings of the electromagnets.

structure, but the same ZS has to also work for 7Sr, which does have hyperfine structure.
However, this essentially happens for free because the hyperfine splittings in ' P, are small;
the frequency gaps F' = 7/2 — F' = 11/2 and F’ = 11/2 — F' = 9/2 are 43 MHz and 17 MHz
respectively [21], which is approximately the same as the 30.5 MHz linewidth of the Ty =
transition linewidth itself, and it is a lot less than the red laser detuning that is used, for example.
Therefore, we ignore that hyperfine structure in the design process and calculate ZS parameters
only for bosons for the sake of simplicity. The performance for 8Sr is not expected to be very
different.

We now need to calculate a magnetic field configuration for an efficient ZS process and then
find the appropriate shape of the coil. Note here an important point that frequently comes up
in design jobs: finding truly optimal configurations for things like magnets, beam shapes, etc.
is a computationally difficult task. The reason is that it’s an inverse problem with non-unique
solutions. Consider this: if we are given a coil and asked to calculate its magnetic field, we can
in the simplest approach numerically integrate the Biot-Savart law and find the field; that is a
simple calculation and we also know that this field is unique. However, if we are asked to find
a coil to produce a certain desired field, we do not have an immediate equation to integrate,
and even worse, there is in general an infinite number of coil configurations that will do the job
well enough. That’s what makes this inverse problem difficult. We have to make some design
choices and try them by calculating the resulting field. Based on the simulation results, we can
modify our design and recalculate, until we are satisfied with the outcome. Making good design
choices is the art of engineering.

The ZS magnet is designed to achieve constant acceleration along the ZS tube, assuming
constant laser power. This is done for computational and conceptual simplicity; it is not the
optimal slower, but it does the job. The design recipe is then the following: first, we find the
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FIGURE 5.12: Calculated Long ZS magnetic field (a) and ZS field error (b), as-
suming constant acceleration value for the atoms. These particular plots are for
88Gr, but the differences for the other isotopes are small. We assume 75 = 0.2. The
design field refers to what our chosen wire configuration is computed to produce,
whereas the ideal field refers to what would be necessary based on the equations
of motion for the atoms. The error refers to the difference between the design and
the ideal field. The horizontal dashed lines denote + 5 G.

ideal magnetic field for constant acceleration, using completely classical analysis (it is eq. (2.30)
applied separately to the long and spin-flip parts); next, we try to guess the configuration of
wires that will produce such a field and we numerically calculate the field from that presumed
wire configuration to see how it deviates from the ideal case; afterwards, we add or remove some
wires in different places, recalculate, and repeat this procedure many times until the deviation
from the ideal field is small. Figs. 5.12 and 5.13 show the ideal field, the expected coil field,
and the difference between the two, which is the field error, for both sections of the ZS. The
factor nzs, mentioned in the captions, is the one that appeared already in Section 2.3: it sets the
required value of acceleration in the ZS as a fraction of theoretical upper limit of acceleration on
the atomic transition at hand!?. This is important for two reasons. First of all, the maximum
acceleration cannot be achieved in practice because it’s the infinite-intensity limit. Secondly, and
less obviously, a low 1zs makes the ZS process robust: if there are errors in the magnetic field
and at some point along the flight path, the atoms are not slowed efficiently, and they will leave
the slowing cycle and be lost because the magnetic field further along cannot compensate for
the greater remaining Doppler shift. However if we design the magnet for a smaller acceleration
than is actually produced, then even if the resonance condition at some points is not met as
expected, the stronger slowing force further along is enough so that even a slightly detuned
interaction can slow the atoms sufficiently so that they stay in the cooling cycle. The downside
of this is the need for a longer ZS because less acceleration means a longer path to reach the
same final speed. We accept this downside because if we required a larger acceleration than is
achievable given the laser power and magnetic field errors, that problem cannot be corrected in

any easy way afterwards, apart from lowering the magnetic field globally without changing its

The ideal B-field profile is calculated using a from a = 7zsamax-
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FIGURE 5.13: Calculated spin flip ZS magnetic field (a) and its error (b), assuming
constant acceleration value for the atoms. These particular plots are for 88Sr, but
the differences for the other isotopes are small. We assume here 7zg = 0.153. The
meaning of the design and ideal field, and the field error, is identical to that in Fig.
5.12. The origin of the horizontal axis corresponds to the beginning of the spin flip
ZS coil (at the side close to the long ZS). The horizontal dashed lines in (b) denote
+ 5G. The vertical dashed line in (b) denotes the beginning of the main chamber.

profile, which makes the ZS inefficient.

We measured the magnetic field inside the spin-flip part of the Zeeman slower in order to
compare it to simulations and also to evaluate the residual field at the position of the atoms,
which needs to be compensated (see Section 5.5). The measurement results and the fit with
equation

R2

which is a simple model for the magnetic field of a current loop, with C' and R left as fitting

B,=C

parameters, are shown in Fig. 5.14. From this fit we expect about 2.5 G of along-the-axis residual
field at 100 mm of axial distance from the coil, which corresponds to the center of the main
chamber, where the MOT resides. As the MOT (see Section 7.1) is centered at the zero point of a
quadrupole magnetic field and would be shifted away from the chamber center by this residual
field, we have to provide compensation to bring the quadrupole zero crossing to the original
position created by the main magnet; this can be easily done with the ZS compensation coil (see
Section 5.5)!1. The calculated final speed of the atoms for the measured magnetic field in the
spin-flip section is plotted in Fig. 5.15 for different starting velocities as a function of the laser
intensity, given in units of the blue transition’s saturation intensity'?. The plot shows that the
atoms entering at high velocity or seeing low light intensity will be lost from the cooling cycle
and exit the ZS at high speed, but for higher light intensities, the atoms are cooled efficiently,
even when they are slightly faster than the expected entry speed. Consequently, we expect the
ZS to produce a flux of atoms entering the main chamber at about 20 m/s, which is within the

'The spin-flip ZS magnets and the ZS compensation coil are ramped to zero after the blue MOT stage. They are
off during the red MOT and evaporative cooling.

12We assume here that the long ZS part works according to its design specifications and produces atoms at about
200 m/s at the entry into the spin-flip portion.
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FIGURE 5.14: Measured along-the-axis magnetic field of the spin-flip ZS (blue
dots), together with the fit of the ideal calculated field inside the tube (solid orange
line) and the fitted residual field in the main chamber (dashed green line). The
vertical gray line denotes the end of the ZS tube and the beginning of the main
chamber. We note that this is a summed result of two measurements, with each
individual measurement performed with one of the two coils on (see main text).

capture velocity of the blue MOT. We note that we did not measure the magnetic field inside
the long ZS and we trust the simulation in order to not risk putting oil traces into the ZS tube
while manipulating the magnetic sensor. The fact that the short ZS works according to design
specifications gives us confidence that the same is the case with the long ZS, because they were
designed and made very similarly.

The ZS coils are constructed in two stages. First of all, the long ZS steel tube is designed
and manufactured as two concentric pipes so that water can flow in the channel between the
inner and the outer one and provide cooling. In permanent operation, water cooling is necessary
because we expect the long ZS coil to dissipate about 73 W of power. For the winding procedure
itself, the flanges on both sides are closed off with blanks and the coil is wound on a lathe using
enameled copper wire with dimensions 1.15 mm by 4.67 mm. Each winding run is started at
the thin end of the magnet, it proceeds towards the large disk (see Fig. 5.9), which serves as
the physical limit and support for the layer change, and then back as many turns as necessary
towards the thin end, at which point the wire is cut off. Then the next run is started closer to the
thick end and done in the same way, and so on, until the entire coil is finished. This method
produces the required conical shape. The number of wire turns belonging each layer, counted
along the long ZS tube, and listed starting from the innermost layer and proceeding to the
outermost one, is given the following: {134, 132, 129, 127, 125, 123, 121, 119, 116, 114, 112, 107,
105, 104, 102, 96, 94, 91, 89, 84, 81, 77, 75, 72, 68, 64, 62, 56, 53, 49, 44, 42, 36, 32, 30, 26, 24, 22, 21,
14,11,10,9,8,7, 6,5, 4}.

The spin-flip part is made in a similar way, but it is wound by hand on the mounted chamber.
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FIGURE 5.15: Calculated final speed of the atoms at the end of the spin-flip ZS,
shown for different values of the speed upon entering the spin-flip ZS.

In fact, since the ideal field must increase sharply close to the end of this section (so, the main
chamber body), we chose to make this coil in two parts: one is made with the same wire as
the long ZS, and in addition, there are 8 turns of 6 mm-diameter round hollow-copper wire for
what we call the "high-current" section. The number of turns of the thin wire, listed in the same
manner as for the long ZS above, is the following: {22, 21, 16, 12, 10, 6, 4, 2}. We note that since
the hollow-copper wire is water-cooled from the inside, we can safely run up to 200 A of current
through it, which allows us to achieve that final steep increase in the magnetic field, all the while
making this entire spin-flip section compact, its length being only 13 cm.

The design current for the optimal magnetic field is 4.7 A in the long ZS, 10 A in the thin wire
part of the spin-flip section, and 110 A in the high-current part. In the course of experimental
optimization we found that the best results are achieved with 5A, 7A, 82 A in each of the

sections respectively. The normal operating power in the ZS laser beam is around 32 mW.

5.4 The main electromagnet

When designing an electromagnet for a particular application, there are in principle two options
to consider for achieving a given magnetic field strength: one can either use many coil turns and
little current, or a high current and few turns. The version with few turns and a high current is
safer and more versatile. One then needs less voltage per Gauss of field (good for human safety),
and, very importantly, coil self-inductance is lower. Since ultracold atom experiments may
require fast magnetic field switching, it is imperative to aim for low self-inductance, otherwise
such switching may become difficult or impossible. The field strength is proportional to the
number of turns, whereas the inductance is proportional to the number of turns squared [141],

which speaks in favor of the high-current approach. This is the way we built our main magnet,
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and the design goal then is to find the position and the number of turns that can produce the
strongest and most homogeneous field, and that can be efficiently water-cooled with our existing
pump. Numerical calculations are performed to predict the necessary current values and the

expected temperature increase of the coil.

(a) (b)

y [mm]

0 2

FIGURE 5.16: Main magnet design and manufactured result. The 3D rendered
cross-section is shown in subfigure (a) and the assembled magnet with its alu-
minum holders is shown in subfigure (b). Those aluminum holders are then
mounted directly onto the reentrant window flange with M6 bolts.

We chose to make the main electromagnet out of annealed square hollow copper wire, 6 mm-
wide on the outside and 3 mm-wide on the inside!®. A 3D rendering of the coil cross-section
and the assembled coil are shown in Fig. 5.16. The coils are made to have the largest possible
diameter permitted by the reentrant window, but without coming too close to risk rubbing
against the steel. This gives the largest possible magnetic field per unit of electric current. Since
the full magnet consists of two separate coils, top and bottom, it can be operated in the bias
configuration (meaning a homogeneous field at the center of the chamber), or in the quadrupole
configuration (field gradient at the center of the chamber); the particular configuration is set
using an H-bridge circuit'*. The electrical connections of the coils to the power supply’ and the

1BCWO008A, from Cole & Swallow Materials Ltd, Berkshire, UK.

“The H-bridge is made with mechanical relays Kilovac EV200HAANA, rated for 500 A, from TE Connectivity
Ltd., Schaffhausen, Switzerland.

TDK Lambda ZUP 6-132 from TDK Corporation, Tokyo, Japan.
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H-bridge are shown in Fig. 5.171¢, Each of the two individual coils has 8 turns in the vertical

0,0
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FIGURE 5.17: Main electromagnet power connection and H-bridge. Coil 1 and
2 represent the top and bottom coils, "PS" stands for "power supply”, and "MR"
stands for "mechanical relay". MR 1 - MR 4 make up the H-bridge, which switches
the direction of the current in Coil 2, and this switches the magnet from the bias to
the quadrupole configuration; the current direction in Coil 1 is unchanged. In case
of quadrupole configuration, MR 1 and MR 3 are conducting while MR 2 and MR 4
are open, while the opposite is the case in the bias configuration. The black arrows
denote the current path common to both configurations, the blue ones show the
current path only in the quadrupole configuration, and the green ones show the
path only in the bias configuration. MR 5 and MR 6 are used to galvanically isolate
the main power supply when an additional small current power supply is needed.

direction and 6 turns in the horizontal direction, wound as three barrels of 2 turns horizontally
and 8 turns vertically. The reason for this geometry is that layer changes must happen at the
bottom, as there is no place to lead the wire to the outside at the bottom of the reentrant windows.
The three barrels are made to have different diameters in order to fit one around the next. The
wire leads are electrically connected appropriately to each other and to the power supply outside
the reentrant window space. The expected magnetic field of such a pair of coils is shown in
Fig. 5.18. We note that this calculation is a slight approximation in the sense that the actual
windings are not perfectly circular, they are a spiral due to the need for layer changes. Note also
the difference between subfigures (b) and (c): as we expect, the quadrupole field is two times
stronger along the central axis than in the central plane, and its sign changes. As the plots are
shown in G/A, we can say that, for example, the current of about 300 A will achieve a field of
about 1000 G. With sufficient water cooling, the coil is definitely capable of sustaining such a
current. We would like to mention as well that since the electrical connections among the barrels
are made about 1 m away from the coil, the barrels can easily be connected each to a different

power supply, which adds magnetic field control versatility.

19This figure is produced using the Electrical symbols library for vector graphics [142].



82 Chapter 5. Experimental apparatus

The coils are wound on a lathe, using epoxy as the glue that holds their mechanical integrity
and provides the means for mounting them onto the vacuum chamber. Each barrel is made
of 3 continuous pieces of square copper wire, 8 turns of inner layer first, then layer change,
and then the outer layer on top of the inner one. Before winding, the square copper wire is
insulated with fiberglass sleeving!”. It is then soaked in epoxy'® and wound while wet. The
surfaces of the lathe have to be covered with Teflon, otherwise epoxy will stick to them. The
coils are only removed from the lathe when the epoxy has completely cured. At the top, a layer
of epoxy, approximately 2 cm thick, is added after the winding has been finished, and that can
be seen as the greyish layer above the top coil and below the bottom one, immediately above
and below the copper wire in Fig. 5.16b'°. M8 bolts with large heads and threads pointing away
from the coil are embedded in this layer. They allow us to attach aluminum holders (the disks
with cutouts on the top and bottom coils, as shown in Fig. 5.16b; the one on the top coil has its
cutout facing the front) to the coils, and these holders in turn have M6 holes that can be used
to attach the coils directly to the reentrant window flange. Only the cured epoxy provides the
connection between the aluminum holder and the copper wires, which is acceptable, epoxy is
strong enough for this task. For the final manufactured coils, the inner diameter is 71 mm, the
outer diameter is 147 mm and the distance between the bottom surfaces of the coils is calculated
to be about 61 mm?°.

We subsequently measured resistances and inductances, and the magnetic field?! of the
manufactured coils outside the machine. The resistances for the full top and bottom coils are
15.9m€ and 17.7 mf2 respectively, and the measured inductances are 170.5uH and 170.8 pH
respectively. Fig. 5.19 shows measurement results for the bias configuration at different currents,
normalized in order to present them independently of the actual current values used for the
tests. We note that the measured field strength is slightly smaller than the theoretically predicted
one, most likely due to the layer change happening at the bottom of each coil, where it is closest
to the measurement point and has the strongest effect on the magnetic field. However, the
deviation from the calculated value is only 5%, so this is not a problem for us; it only means that
we would need 5% more current to reach a given magnetic field value.

The last part of coil design is water cooling, where we have to calculate and test the increase
in coil temperature as a function of the running current. Using eq. (4.16) and assuming that the
current is flowing constantly and thus causing constant Ohmic heating, we can determine the
required cooling water flow rate through the coil in order to ensure that the equilibrium coil
temperature is not higher than a certain value above water temperature. Then, for a continuous
copper wire of a given length, we can determine the required pressure drop in order to achieve

7Corsil sheath from Tisstech, Bourg Argental, France.

8Epoxy resin L and Hardener EPH 161 from R&G Faserverbundwerkstoffe GmbH, Waldenbuch, Germany.

YNote that when soaked in epoxy, the fiberglass sheath becomes transparent

2This distance cannot be measured directly on the machine, it is calculated based on coil dimensions and the
known size of the main chamber

2Measurements are done with the magnetometer GMO08 from Hirst Magnetic Instruments Ltd., Falmouth, UK.
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FIGURE 5.18: Calculated magnetic fields of the main magnet. Axial magnetic field
in the bias field configuration, along the vertical axis (a); Axial magnetic field in
the quadrupole configuration, along the vertical axis (b); horizontal magnetic field
in the quadrupole configuration, along a horizontal axis (c).
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FIGURE 5.19: Comparison between the measured and calculated magnetic fields
of the main coil. The measured fields are normalized in order to make the results
independent of the current used.

that flow by eq. (4.17). These results are plotted in Fig. 5.20%2. We performed very rough tests of
cooling performance by using tap water from the building, which has approximately 4 bar of
pressure, and we measured the flow rate through each barrel of the coil and the equilibrium
temperature increase for different values of the current. With the water flow of about 0.85 L /min
per barrel we got a temperature rise of 2 °C at 200 A. With the flow rate somewhere in the range
between 0.35 L /s to 0.4 L/min per barrel the temperature increase was 4.5 °C. Consequently, the
calculations in Fig. 5.20 underestimate the required flow rate, but in practical terms this is not a
problem, because the observed temperature increases are safe and manageable for the coil?®. The
existing water chiller and pump in the lab% provide a pressure of approximately 4 bar, which is
expected to be enough to safely operate the coil up to 400 A; that corresponds to 1.52 kG in bias
configuration and a 410 G/cm gradient along the vertical axis in the quadrupole configuration.
When the coil is mounted on the machine, water connections to it are made with Swagelok
brass unions?, making sure that all unions located above the optical table are copper-to-copper

ZThe kinks in the pump pressure plot come from the fact that the full simulations must be performed in three
hydrodynamic regimes: laminar flow, intermediate regime, and turbulent flow; however, the intermediate regime
does not have good analytical equations (see Section 4.2.2 for details). For the simplicity of plotting, we artificially
extend the laminar flow regime up to the Reynolds number of 4000, but we keep in mind that the results close to
the kink on its left side are not valid, because it is not laminar flow anymore. That does not matter because we are
mainly interested in pressures of 3-4 bar anyway, which is in the turbulent regime.

B A good question is what is assumed to be safe and manageable. First of all, safe operation means that the coil
should never approach the temperature where its epoxy becomes malleable, which, for this particular epoxy, is
specified to be 70 °C. Secondly, it can happen that temperature changes of the coil slightly affect its geometric shape
due to expansion and contraction, which in turn affects magnetic field precision. This consideration highly depends
on the field stability requirements for the particular experiment that one tries to do.

*Manufactured by van der Heijden Labortechnik GmbH, Dérentrup, Germany.

PSwagelok Company, Solon, OH, USA.
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FIGURE 5.20: Expected cooling performance for a 6 mm outside and 3 mm inside
square hollow copper wire. AT denotes the equilibrium state increase in tempera-
ture in the case of a constantly running current, compared to the case of no current.
Subfigure (a) shows the water flow required to limit the temperature increase of
the wire to below a given AT. Subfigure (b) shows the required pump pressure to
limit AT below a given value in a 10 m wire.

rather than copper-to-plastic for leak safety reasons. The connections from the water distribution
manifold to individual barrels are always made in parallel in order to decrease the required
pressure drop for a certain flow rate, and there is always a piece of plastic tubing between
the manifold and each copper connection to the coil in order to provide electrical insulation.
This main coil design is operating normally and it gives us experimental versatility for current
and future work. We note that there are multiple thermal switches glued with Kapton tape on
top and at the bottom of the main magnet coils. These thermal switches are all connected in
series among each other and then connected to the interlock port of the power supply. If the
temperature of at least one of them exceeds the threshold of 45 °C, it changes from a conductive
state to a high-impedance state, which makes the entire series loop non-conductive, and which
in turn triggers the power supply interlock and stops the current to the main coil. This is a
protection mechanism against coil overheating, and note that the threshold is set rather far
below the 70 °C deflection temperature of the epoxy used to construct the coils®.

5.5 Additional electromagnet coils

Apart from the main magnet, which is meant to produce the MOT field, possibly Feshbach
resonance fields [36], and any strong fields necessary in particular experiments, an ultracold gas
machine needs weak coils along different axes for residual field compensation, or, alternatively,
as a quick and easy source of small magnetic fields. In our case, those are the Earth field
compensation cage coils, the ZS compensation coil, the vertical compensation coils, and the
horizontal viewport coils. All of these coils are hand-wound with thin circular enameled copper

%Gee the datasheets for epoxy resin L and Hardener EPH 161 from R&G Faserverbundwerkstoffe GmbH,
Waldenbuch, Germany.
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Hx W xS [cm] | Measured B-field [mG/A]
xr-axis | 78 x 165 x 150 36
y-axis | 78 x 150 x 165 32
z-axis | 150 x 165 x 78 151

TABLE 5.2: Sizes and measured magnetic fields of the Earth compensation coils.
H, W, and S stand for height, width, and separation distance between the coils,
respectively.

wire and are designed to be operated with no more than 10 A of current?”. They are all driven by
commercial adjustable linear power supplies®, controlled by an analog signal from the control
system (see Section 5.14). Just like on the main coils, there are thermal switches for different
limiting temperatures placed in various places on the compensation coils to prevent overheating.
The Earth field compensation coils are three large pairs of rectangular coils along the z, y,
and z axes. Their main purpose is to compensate the Earth magnetic field, and also other small
stray magnetic fields, such as those coming from the ion pump magnets. Each single coil has 10
turns of wire. The sizes and the measured magnetic fields of these coils are listed in Table 5.2.
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FIGURE 5.21: Calculated along-the-axis magnetic field produced by the ZS com-
pensation coil. The thin vertical gridline shows the position of the coil, and the
center of the main chamber is assumed to be at 0.

The ZS compensation coil is wound on the large rectangular duct leading from the main
chamber to a large ion pump and it serves to null the residual magnetic field of the spin-flip
ZS at the position of the atoms. It has approximately 30 turns of wire. Its calculated magnetic
field is shown in Fig. 5.21 (along-the-axis component of the field). This coil is also eventually
used for fine adjustment of the final red MOT position (see Sections 1.2 and 7.2 for information
about the red MOT). Its predicted strength is approximately 0.5 G/A. This means that in order

ZPulses of larger current are possible, but any continuous operation with a larger current must be tested carefully
while monitoring coil temperature.

28Type EA-PS for different voltages and currents, depending on the coil, all from EA Elektro-Automatik GmbH &
Co.KG, Viersen, Germany.
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to compensate roughly 2.5 G from the spin-flip ZS, we would need to run 5 A, which is easily
achievable.
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FIGURE 5.22: Calculated along-the-axis magnetic field of the inner vertical com-
pensation coil (so this is the vertical axis one the machine). The thin gridline shows
the position of the coil, assuming that the center of the chamber is at 0.

The vertical compensation coils are two circular coils wound one on the outside of the other
in an aluminum holding ring, approximately 26 cm in diameter, that is mounted on the large top
flange of the main chamber. The ring sits about 7 cm above the center of the chamber, and the
coils are made from circular enameled copper wire, very similar to the one used for Earth field
compensation coils. The inner coil has 5 turns and the outer one has 30 turns. The purpose of
these vertical coils is to quickly make small bias fields, and so there are two possibilities in terms
of speed and strength of magnetic field generation: the fastest option with the inner coil, and the
higher field option with the outer coil. The calculated magnetic field of the outer coil is plotted
in Fig. 5.22, and the strength at the center is expected to be around 1 G/A. We note that these
coils do not produce a uniform vertical field at the center of the chamber because there is no
corresponding set on the bottom viewport due to geometric constraints; the field is slanted with
respect to the vertical at all positions away from the central axis, and it is also variable in space,
even to first order in position. However, this is a small effect because these coils are designed
to be used in the last stages of the MOT and with quantum gases or optical tweezers. As the
spatial extent of those samples is on the order of micrometers, it is much smaller than the size of
the coils, and so the spatial nonuniformity of the magnetic field across the sample can generally
be neglected. The outer coil is used for vertically moving the red MOT in the optical tweezer
experiments, for example (see Chapter 9).

The last set of compensation coils consists of three pairs of small coils wound on the viewports
of the main chamber. They are designed to produce bias or quadrupole fields along the axes in
the horizontal plane. Since the main magnet and the vertical compensation coils are oriented
vertically, we wanted to also have the possibility to produce a horizontal magnetic field and to

set the quantization axis in the horizontal direction, if necessary. At the center of the chamber,
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they are expected to produce a bias field of about 1.5 G per 10 A. Note that 10 A is about the
maximum safe continuous operation current for these coils, and operation at any larger current
should first be closely monitored by observing the temperature increase In essence, the Earth
field compensation coils could take the function of these small coils, but due to their large size,
those coils produce stray magnetic fields for other ultracold Sr machines in our group, which
becomes problematic if their values are changed during our experimental sequence. Therefore,
using small coils closer to the chamber is better.

5.6 The main chamber

FIGURE 5.23: 3D CAD rendering of the main chamber, together with a large
chimney for high conductance towards the ion pump and a welded tube on the
right, where the spin-flip ZS magnet is wound (see Section 5.3) (The CAD design
and rendering is work of Dr. Georgios Siviloglou).

Since the blue and red MOTs must be made in the main chamber, as well as the first quantum
gases, optical tweezers, and possible future experiments, which we cannot envision at the design
stage, we put effort into designing it to be as flexible and versatile as possible. It is a cylindrical
steel chamber, 20 cm in diameter on the inside. Optical access is provided by viewports on
top and bottom and a total of 10 viewports on the sides, all located at angles 7/6 from each
other. The front and back openings of the main chamber lead to the ZS and the back window
respectively. A 3D CAD rendering of the main chamber is shown in Fig. 5.23, and a photo of it
as delivered from the manufacturer is in Fig. 5.24. There are in principle three main options for
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FIGURE 5.24: The main chamber of the machine as delivered from the manufac-
turer, shown here with its supports.

the main chamber in an ultracold quantum gas experiment: it is either a steel chamber, like in
our case, or a large glass cell with a size comparable to that of a steel chamber, like in another
experiment in our group [37], or a small glass cell. Since we wanted to have side chambers too,
a steel chamber is essentially the only option because a glass cell with four orthogonal vacuum
connections would be difficult and expensive to manufacture, and also very fragile.

In order to be able to have viewports as close as possible to the atoms for eventual high-
resolution imaging and also to put the main electromagnet close to the atoms, we decided to use
reentrant windows. It is a good option for steel chambers, as it allows one to essentially recover
the space that would be otherwise lost due to CF flanges. The top and bottom viewports are
attached by the manufacturer directly to the reentrant windows with glass-to-metal vacuum
seals. They are 50 mm in diameter, 3.18 mm thick, and the separation between the inside surfaces
is designed to be approximately 38 mm. In addition, all side viewports are part of CF40 2.75"
(69.85 mm) viewport flanges. Their glass is 35.56 mm in diameter.

All glass on the main chamber is fused silica?” and the viewports are AR-coated with the

P Type Corning HPFS 7980
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dielectric coatings optimized for the wavelength range of 450-800 nm and 1064 nm at 0° angle of
incidence. The AR coatings help minimize the approximately 4 % power reflections that would
occur at each interface between glass and air or vacuum (see Fresnel equations in Ref. [87], for
example). It is worthwhile to aim for as little undesirable reflections as possible for several
reasons: first of all, the beams entering the chamber could be affected by interference fringes
from multiple reflections inside the viewport glass; secondly, there would be more power loss,
which can become a problem when laser power is scarce; thirdly, for high-power infrared beams
used for optical dipole traps and lattices, a 4 % reflection is already dangerous for humans. With
any AR coating, there is always a tradeoff between the passband in terms of wavelengths, and
the residual level of stray reflection. In other words, if one wants to have AR performance over
a broad range of wavelengths, such as the entire visible spectrum, the residual reflection will
be about 0.5 %, and conversely if one wants to have 0.01 % residual reflection, the passband of
wavelengths will be narrow. We must make do with more residual reflection for the sake of a
broad passband because Sr has important laser transitions at 461 nm, 689 nm, 671 nm, 698 nm,
497 nm, plus there are dipole trap and optical lattice wavelengths of 532 nm, 813 nm, 1064 nm,

and we should also envision a possible use of other elements in this machine.

5.7 The quantum gas microscope chamber

(@)

FIGURE 5.25: The quantum gas microscope chamber CAD rendering (a), and
its photo (b). The CAD shows also the tube for an ion pump and a TiSub pump
connection on the left. The photo shows the chamber as it is built into the full
machine, with the viewport and the reentrant window flanges closed off for a
bake. Chamber design and CAD renderings: Dr. Georgios Siviloglou.

The machine is envisioned to have quantum gas microscope functionality for Sr, which
means having an imaging system able to resolve single-atom occupations in a strongly-correlated
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optical lattice [106, 107]. As explained in Chapter 3, this requires a resolution of approximately
600 nm and a correspondingly large NA. Therefore, we must get as close as possible to the atoms
and this will fully block optical access to one vertical viewport. In order to not compromise the
flexibility of our machine, we designed a separate chamber to house the microscope. In this
manner we were able to place the vertical viewports closer to the atoms, to not worry about the
MOT beams a ready-made ultracold gas will be transported there from the main chamber, and
to put a highly-reflective coating for 1064 nm on the inside surface of the bottom viewport so
that a high-power IR beam never enters the microscope objective. The vertical axis of the optical
lattice is then made by retroreflecting an IR beam directly on the inside surface of the bottom
viewport, whereas the other two lattice axes will be made either with retroreflected beams using
mirrors outside the vacuum system, or with pairs of counterpropagating beams.

The microscope chamber resembles very much the main chamber, but has a smaller size (see
Fig. 5.25). It is cylindrical, having an inner diameter of 14.8 cm and reentrant windows on top
and bottom. The top and bottom viewports are 50 mm in diameter and are connected directly to
the reentrant window steel, just like in the main chamber. Their glass is exactly the same as in
the main chamber reentrant viewports (see Section 5.6), and the gap between the inner surfaces
of the top and bottom viewports is designed to be about 20 mm. This allows us to get closer to
the atoms without moving the atoms away from the center of the chamber, and to achieve a
higher NA with the objective. There are 6 side viewports, not counting the entrance from the
main chamber and the optical transport viewport opposite to it. The side viewports here are the
same as the ones in the main chamber. Apart from the highly-reflective coating for 1064 nm on
the inner surface of the bottom viewport, as mentioned before, all other coatings are the same as
on the main chamber viewports.

As we have mentioned, ultracold samples must be moved from the main chamber into the
microscope, which requires an optical transport system. The viewport opposite to the entrance
from the main chamber is reserved for this purpose. We have envisioned using a pair of tunable
focus lenses® for this purpose in order to avoid the vibrations and the costs of a mechanical
translation stage [143]. The transport system has already been built and shown to work outside
the machine by Ivo Knottnerus, but it has not been installed yet.

5.8 The glass cell

One can envision experiments in which a steel chamber may not be a good option and where
one would benefit from having a sample in a glass cell. The existence of eddy currents in steel,
the limited optical access through the viewports, the inherent large distance between the side
viewports and the atomic sample, and the difficulty in installing powerful electromagnets are
some of the possible problems of steel chambers. Therefore, with an outlook towards future

131

experiments, we installed a quartz glass cell>* on the side of the main chamber opposite to the

3Model EL-10-30-NIR-LD from Optotune Switzerland AG, Dietikon, Switzerland.
SUHV glass cell from Hellma Analytics, Kruibeke, Belgium.
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microscope chamber. It is a simple rectangular glass cell, without optical coatings. The length is
8 cm, the inner size is 20 mm on the side, and the glass is 5 mm think. We envision transporting
samples into this glass cell in exactly the same manner as into the microscope. It is also possible
to close the corresponding gate valve and replace the glass cell with a more specialized chamber,
if need arises. As with other components, experimental flexibility has been the guiding idea in
the design.

5.9 Permanent vacuum pumps

We want to create as good a vacuum as possible in the machine in order to limit Sr atom collisions
with background gases, which would kick Sr out of the MOT, or a quantum gas, or a tweezer,
and thus limit the lifetime and the range of experiments that can be done. We use standard UHV
techniques and UHV-certified materials, but the leak rate into the chamber can never be exactly
zero. This is because there are always residual gases inside the materials and on the chamber
walls that can be gradually released, CF flange connections cannot be perfectly leak-tight, and
helium slowly diffuses through glass. Consequently, if we are to stably maintain UHV inside
the chamber, we need to permanently pump so that the residual leaks are in equilibrium with
the pumping rate. The two standard pump types for UHV systems are titanium sublimation
pumps and ion pumps®?. We use both on the machine, they are an integral part of the vacuum
system construction and are in constant operation.

The titanium sublimation pumps (TiSub) have a much higher pumping speed than the ion
pumps, but only the ion pumps can remove noble gases from the system [144]. This, in fact, is
the reason for using both, otherwise TiSubs would be sufficient; if one calculates their pumping
speed for a reasonable area covered with titanium, one obtains values of tens of thousands of
liters per second for hydrogen and water, for example, compared to one or a few hundred L/s
for an ion pump [145]. We have four units of each type in the machine: a 150 L/s ion pump33
and a TiSub** at the TC chamber, an equivalent pair after the differential tube between the TC
chamber and the ZS, a 300 L/s ion pump and a TiSub serving the main chamber and a 55 L/s
ion pump and a TiSub serving the quantum gas microscope chamber. There are two important
points to keep in mind when installing and operating TiSubs and ion pumps. One is that the
TiSubs should be installed inside a large tube so that titanium can cover as much surface area
as possible, but there must be no line of sight from the titanium filaments to viewports or any
objects that could be damaged by electrical short circuits; titanium is a metal, so it can cover
viewports, and it’s a conductor, so it will short everything it lands on®. The other point is that
the pumps should in general have as large and straight ducts as possible leading towards them

**Machines that work with ultracold metastable helium use permanently running turbomolecular pumps because
helium cannot be very efficiently pumped with any other techniques.

B All ion pumps are of Starcell type from Duniway Stockroom Corp., Fremont, CA, USA.

34 All TiSubs are of type ST22 with 3 titanium filaments inside, from Vacgen Ltd., Hailsham, UK.

¥ An important point for cold atom experiment vacuum systems: there should never be a line of sight from a
TiSub to an ion pump, otherwise it will possibly short-circuit the ion pump and render it inoperable.
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for the most efficient pumping (see Section 4.1 for a discussion of the equations and parameters
governing gas flow in a UHV system).

510 Support structure

A large and complex vacuum system, like ours, consists of multiple sections of different size
and shape, which have to be held together in precisely aligned positions and without applying
excessive stress to CF flange connections. Consequently, part of the vacuum system design is the
design of an appropriate support structure to safely mount the machine on an optical table. In
our case, the support structure consists of square (10 cm x 10 cm) and rectangular (10 cm x 5 cm)
aluminum profiles®® with custom heights to match the appropriate vacuum parts. Each profile
sits on a water-cut aluminum base®”, which is then attached to the optical table with standard
clamps® and M6 screws. These structures appear in the picture in Fig. 5.24. Sometimes we
need to support particular individual flanges, in which case we require a shape that can match
and clamp a disk. That support is provided by custom-designed water-cut pieces, such as the
one shown in Fig. 5.25 at the bottom right. There are small steel blocks (shims) between the
water-cut support and the flange itself. The aluminum pieces are then held on the sides of the

profiles using special inserts and M8 bolts.

5.11 Miscellaneous vacuum parts

We would like to mention the roles of several other vacuum parts used in different sections
of the machine. One important part is a differential tube, which is simply a long steel tube
used to establish a pressure difference between the two chambers that are being independently
pumped. We have two such differential tubes in the machine: one immediately after the TC
section, and the second one inside the bellows connecting the entire oven and TC unit to the
ZS. The differential tube immediately after the TC section has an inner diameter of 8 mm and
a length of 190 mm, whereas the one in the bellows is 7mm in diameter and 160 mm long. Let
us estimate the pressure difference established by these tubes. Consider the second tube and
assume for simplicity that it would directly connect the ion and TiSub pump section after the TC
with the main chamber (in other words, we will ignore the role of the ZS, which in itself acts like
a long differential pumping tube). Assume also that we are mainly interested in pumping He:
the point is that most other residual gases, like nitrogen and water, are captured by the much
more efficient TiSubs, but He is not, due to its inertness. So then using eqs. (4.6) and (4.7), we
can write AP = %Pi, where P; is the pressure in the chamber of interest, S}, is the pumping
speed of the pump servicing the chamber of interest, C is the conductance of the tube connecting
the chamber of interest to some other reservoir that has less critical vacuum requirements and
thus a higher pressure, and AP is the pressure difference between the chamber of interest and

%jtem Industrietechnik GmbH, Solingen, Germany.
*Made by Watersnijtechniek Rijssen, Rijssen, The Netherlands.
38CL2, from Thorlabs Inc., Newton, NJ, USA.
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that other reservoir. We first use eq. (4.5) to calculate C for *He at room temperature passing
through the differential tube in the bellows; that evaluates to 7 x 10~4m?/ sec. The pumping
speed of the ion pump servicing our main chamber is 300 L/s. If we require an excellent vacuum
in the main chamber, for example the residual pressure P; = 1 x 10~ mbar, then it implies that
AP = 4.2 x 107? mbar, according to the equation above. Consequently, the permissible pressure
in the chamber before the differential tube is 4.21 x 10~ mbar, which is much easier to achieve
and maintain than 1 x 10~ mbar. This shows the usefulness of differential tubes in separating
the cleanest and most important parts of a UHV system from the ones where vacuum quality
requirements are less critical.

A large vacuum system generally cannot be assembled only with rigid connections between
all sections. To give one basic example, the oven flange with its microtubes needs to be carefully
aligned to the ZS tube direction. The microtube alignment should not rely purely on manufac-
turing tolerances for perpendicular placement of the flanges, and furthermore, flange tightening
itself can introduce small angles that become important in a long flight path. Such tasks require
mechanical flexibility and post-construction alignment of one vacuum piece with respect to
another, which is made possible by vacuum bellows®’. We installed three such bellows. The
tirst one is between the TC section and the long ZS, and it was used to align the microtubes
to the ZS path. The next one is between the long and short ZS; it was not actively used, and it
is there simply to avoid a very long tube with multiple rigid connections, which could intro-
duce mechanical stresses and pose a leak risk. The final one separates the main chamber from
the sapphire back window section, and it is there for safety in case part of the back window
accidentally gets coated with Sr, in which case it can be moved and adjusted with respect to
the ZS flight path, and an uncoated part can be used. Furthermore, we used welded bellows*’
between the main chamber and each of the two side chambers. Welded bellows are very flexible
components which transmit mechanical vibrations very poorly. Consequently, they are used
in those locations because of the presence of pneumatic gate valves, which create mechanical
shocks that could otherwise damage the glass cell or misalign the microscope objective.

Another important element in the case of a Sr machine is a heated sapphire window. The
reason is that the ZS laser beam must enter from the back, against the path of the atomic
beam, and this means that the atoms which are not slowed in the ZS (this is a large part of
the incoming atomic beam) would de deposited on the back window and rather quickly make
it non-transparent and render the ZS inoperable. A way to avoid coating that window is to
constantly keep it hot, at about 170 °C in our case. This simply makes the evaporation rate from
the surface of the back window much higher than from the adjacent steel parts that are kept at
room temperature, so in equilibrium the atoms end up on the steel chamber walls. However, a

standard viewport cannot be heated up that much, so we use a sapphire one for this purpose®*!.

¥The formal name for them is "hydraulically formed bellows", and we always use the CF-flanged version. One
possible supplier is Kurt J. Lesker Co Ltd, Hastings, United Kingdom.

0 Also called "flex metal bellows"; Kurt J. Lesker Co Ltd, Hastings, United Kingdom is one of the common
suppliers.

4 Another point that can become important is the fact that sapphire is less chemically reactive than a standard
glass viewport. This will play a role when a reactive atomic species is used, such as lithium.
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The surrounding thermally insulating box is briefly described in Section 5.12.

In addition, we installed radiofrequency antennas in the main and microscope chambers
with an outlook towards driving mr substate transitions in the 3 Py state of 87Sr, for example
(see Chapter 8 for 3P, state spectroscopy). Furthermore, an alkali element can be added to
the machine later, and in that case these antennas can drive mpg substate transitions in that
element as well (see Ref. [146] for an example with Li). The main chamber antenna consists
of two rectangularly shaped single turns of copper wire, approximately 165 mm by 19 mm,
and separated by about 45 mm. These rectangles are oriented in the vertical plane, on the two
sides of the chamber center. The copper is insulated from the steel chamber body with Macor
beads, and connected to the outside with UHV electrical feedthroughs. Macor is a common
UHV-compatible machinable ceramic insulator*?. It can be made into beads that can be threaded
onto a copper wire, which is very convenient for our application. It must be kept in mind that
Macor requires a mild bake at 150 °C before being installed. The field strength produced by
this antenna, with a dc current running through it, is predicted to be about 0.17 G/A. We note
that when the antenna is eventually operated with a radiofrequency drive, the amplitude of its
generated magnetic field at the chamber center will be given by the amplitude of the current
oscillating inside its conductor according to the same G/A conversion as in the dc case. This
is because the antenna is located much closer to the sample than the wavelength of any radio
wave that it will produce. The antenna in the microscope chamber is similar, but smaller in
order to fit into the smaller space between the viewports.

Finally, there are two more essential components in a UHV system: gaskets, and bolts with
nuts for attachments. The gaskets are either standard copper, if they connect two regular steel
pieces (like an ion pump or a gate valve to a tube or chamber), or silver-plated annealed copper,
which is softer and which is used for connecting viewport flanges, or nickel, which are only
used in the oven flanges because they must safely operate up to about 650 °C. All bolts are
stainless steel and silver plated*®, which makes them easily removable after bakes. The nuts are
always plate nuts, which connect to two bolts at the same time and which are thus convenient
to work with; one does not need to apply counter-torque while tightening and releasing them as
the connection to two screws keeps them from rotating. Another important technicality is that
during tightening at the construction stage, we leave a gap of about 0.1 mm to 0.15 mm between
the flange bodies. In this way, the flanges can be tightened further in case a leak appears later
during machine operation, which actually happened once in our case and we did seal the leak
by tightening the bolts more and thus using that gap. If the flanges are tightened metal-to-metal
right away, no further tightening can be done later and so this relatively easy method of leak

repairs is not available.
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FIGURE 5.26: The oven section with attached Thermocoax heaters and thermo-
couples. Blue circles indicate the locations of Thermocoax heaters, yellow circles
indicate the locations of thermocouples.

5.12 Local heating and heat insulation boxes

We have already seen that there are two places in the machine, the oven and the sapphire back
window, which must be kept locally hot during normal operation. Good thermal insulation is
necessary there in order to ensure temperature stability on the optical table and the safety of
the vacuum connections and the sapphire window in case of a power outage, for example. The
design and construction of the thermally insulating boxes will be presented in the PhD thesis of
Sergey Pyatchenkov, and we will limit outselves here to a short summary.

4 connected in four independent groups,

The oven is heated with 9 strips of Thermocoax wire
and driven by four adjustable switching power supplies® in order to be able to control the
temperature of different oven sections independently. This is needed to set up temperature
differences in the oven section and to make sure that the flange with the microtubes is the
hottest point, otherwise the microtubes can get clogged. The temperature is monitored at the
hot points with special coated thermocouples*® and at the colder points with simple home-made
thermocouples’. The hot part is then thermally insulated with several layers of Superwool
blanket*® and enclosed in an aluminum box. Fig. 5.26 shows the oven section with the attached

heaters and thermocouples, clamped to the vacuum tubes with steel rings.

#0One possible supplier is Corning Incorporated, Corning, NY, USA.

# All silver-plated screws, washers, and plate nuts are from Duniway Stockroom Corporation, Fremont, CA, USA.

44Type 1509 from Thermocoax, Suresnes, France.

Types Voltcraft LSP-1165 and LRP 1205 from Conrad Electronic SE, Hirschau, Germany.

#NiCr-Ni mineral-insulated thermocouple (Mantel-Thermoelement) from JUMO GmbH & Co. KG, Fulda,
Germany.

“Made with K type thermocouple wire from Omega Engineering Inc., Norwalk, CT, USA.

48Morgan Thermal Ceramics, Morgan Advanced Materials, Berkshire, United Kingdom.
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FIGURE 5.27: The back window flange with its attached heating ring. The black
steel tube protects the viewport from Superwool dust and and glass windows
inside are used to avoid direct contact of room-temperature air with the hot
window.

The back window is heated with an appropriately-sized heating ring*’, driven by a Variac
autotransformer powered from the 230 V mains. Large fitted copper blocks around the back
window flange and the heater act as heat buffers that prevent a fast drop in temperature in
case of power failure. The insulation is again done with Superwool in an aluminum box. Fig.
5.27 shows the back window flange with the attached heating ring. Both the oven and the
back window heating power are connected to an uninterruptible power supply so that the
temperature does not drop fast in case of a power outage.

5.13 Vacuum system construction and baking procedures

We have seen that UHV is a necessary requirement for experiments with quantum-degenerate
gases. In fact, with an outlook towards future experiments, one can say that the better the
vacuum is, the more capable and future-proof the machine is. Higher vacuum increases atom
lifetime in a quantum gas, optical lattice, or an optical tweezer sample; the higher the lifetime,
the larger the pool of possible experiments is. The biggest unfortunate consequence of stringent
vacuum requirements is the need to bake a new machine twice. Some of the other difficulties

are:

* All vacuum parts must be cleaned thoroughly with purified ethanol® before being

mounted; the knife edges must be cleaned very well and be free of any residue.

*Band heaters from Omega Engineering Inc. Norwalk, CT, USA.
%0 Alcohol Absolutus, 99.8% ethanol from Koninklijke Nedalco B.V., Bergen op Zoom, Netherlands.
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There should be no ethanol traces left on vacuum parts when mounting them.

Care must be taken to only work in clean and powder-free latex or nitrile gloves, and to
not touch any vacuum surfaces with bare skin.

Care must be taken to not allow any oil residue to land on vacuum surfaces (this means
thoroughly cleaning any pieces that come from the mechanical workshop).

Small vacuum pieces must be sonicated in ethanol.

All ConFlat (CF) flanges, especially the large and vertically mounted ones, must be initially
put together carefully without hitting the knife edge. Any hits can damage the knife edge
and make lengthy and expensive repairs or replacements necessary (damaged knife edges
will for sure lead to leaks).

All CF flanges must be tightened in an appropriate star-pattern (see the instructions in the
manufacturers’ manuals and websites, they differ depending on the flange).

The entire vacuum system must be thoroughly leak-checked by blowing helium at all
vacuum connections and observing the signal on a residual gas analyzer (RGA) mounted
somewhere on the vacuum system, usually on a working turbomolecular pump (turbo).
Apart from the fact that the support structure must hold the vacuum system without
applying excessive stress to the flanges in normal operation, it must also not apply ex-
cessive stress during bakes, when parts expand and contract; we supported large and
heavy pieces, like ion pumps, with stiff springs during bakes in order to make sure that

the flange is the only point of rigid connection.

FIGURE 5.28: The vacuum system right before a bake, with heating tapes and
thermocouples attached. It is not wrapped with aluminum foil yet.
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After the full assembly, the vacuum system is first pumped down with external pump
stations consisting of a prepump, a turbomolecular (turbo) pump, and a residual gas analyzer
(RGA). It is important to note that the connections to the pump stations must always have an
angle valve®!, otherwise it will be impossible to close the vacuum. After the bake is completed
and the vacuum quality is acceptable, the angle valve is closed when the turbo is still fully

running. Only with the closed angle valve can the turbo be turned off.

FIGURE 5.29: The vacuum system during a bake, with aluminum foil heat insula-
tion covering the heating tapes.

Before the bake, the turbos on their own should be able to achieve a pressure below
1 x 107" mbar. After that, the vacuum chamber must be wrapped with heating tapes®, ap-
propriately sized heating rings®® must be placed on some of the flanges, many thermocouples™
must be attached under the heating tapes for reliable temperature monitoring (note that ther-
mocouples can easily fail during a bake), and then the chamber must be wrapped with very
thoroughly crumpled thin aluminum foil in multiple layers for thermal insulation. After that
has been done, one can start baking. We used the guideline that the temperature should not
increase by more than 10 °C/h for the high-temperature bake when there are no glass viewports
present, and by more than 3 °C/h in the final low-temperature bake with the glass viewports
on®. Fig. 5.28 shows the machine before the high-temperature bake, with heatings bands

*'Model 54132-GE02 "Easy-close" all-metal angle valve from VAT Vakuumventile AG, Haag, Switzerland.
52GTH Series, various powers and lengths, from Omega Engineering Inc., Norwalk, CT, USA.

% Also from Omega Engineering Inc., just like the heating tapes.

K type thermocouple wire from Omega Engineering Inc., Norwalk, CT, USA.

Tt is possible that the heating and cooling rate can be higher. The values given here have a large safety margin.
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and thermocouples mounted, and Fig. 5.29 shows the wrapped aluminum foil. We constantly
monitor the pressure at the entrance to the turbo with a cold and hot cathode gauge [147]
during the bake. The point in time when to stop the bake is estimated by observing or fitting
an exponential to the dropping values of the chamber pressure; the bake is stopped when the
decrease in pressure has passed the time of rapid decrease and is predicted to drop only slowly
for any further baking.

Regarding the reasons for these bakes, we should mention that hydrogen [148] and water
vapor are the main residual gas pollutants in a UHV system, and they are removed by baking.
Hydrogen is dissolved in newly-manufactured steel and it slowly diffuses and outgasses from
the steel surface, creating a high background pressure [148, 149]. A way to avoid that is to
heat up the entire chamber to approximately 350 °C for about two weeks, while constantly
pumping it with turbos. The heat exponentially speeds up hydrogen diffusion out of steel and
the turbos remove that hydrogen, so there is a lot less of it left still inside and it then creates a lot
less background pressure during normal machine operation [148, 149]. Of course all viewport
optical coatings and glass seals would get damaged when heated to 350 °C, so there is no glass
on the chamber during this bake; all viewport and reentrant window locations are closed off
with blank steel flanges. Such a bake is done only once for a brand-new chamber. When it is
finished, the chamber must be opened to air again for all viewports to be installed. During
that time, water vapor from ambient air sticks to the inside steel surfaces, and it would be
another source of outgassing and high background pressure. In order to avoid that, we perform
a cooler bake, heating up the entire chamber to about 150 °C for about a week, now with all
the glass on. Here again, heat speeds up desorption rate of water vapor from the steel walls,
and the working turbos remove that vapor. Importantly, the lower temperature of this bake is
safe for viewports and coatings (this may not be true for all viewports and all coatings, and the
manufacturers’ specifications all the parts used in a particular setup should always be checked
beforehand). This second "water" bake is a big reason why ultracold atom machines are difficult
and time-consuming to construct: one must make sure all necessary components for all future
experiments are installed at the construction stage before this bake. If one wants to open the
vacuum chamber for any reason later, or if there are leaks or accidents, one will have to repeat the
"water" bake, which would involve removing all optics around, wrapping the whole machine
with heatings bands and aluminum foil, and it would take months.

One has to pay special attention to the support structure during the high-temperature bake,
otherwise one can approach the forging temperature of aluminum [150]. In that case the support
structure will lose its rigidity, leading to uncontrolled movements of the vacuum parts and
misaligning them, producing leaks, or even rendering some parts unusable. Practically, it means
that one should leave the support structure exposed to ambient air as much as possible and

avoid placing any heating tapes or aluminum foil on it.
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5.14 Electronics for the experiment

An ultracold atom experiment requires an extensive and precisely timed system of electronic
control and signal generation in order to change AOM frequencies and power, coil currents, close
and open shutters, trigger cameras, and possibly to send RF pulses to the atoms or even to control
the lasers themselves. We use the electronic system developed originally by Florian Schreck and
Todd Meyrath, and subsequently modified in order to add upgrades or new functionality. The
hardware is described online [151], and we will here summarize the fundamental ideas that
should allow one to understand the governing logic of the system.

5.14.1 The National Instruments card and the bus system

The experimental control hardware starts with an NI 6534 card®® connected to the PCI slot of
the computer motherboard. The card continuously reads a timed command sequence from a
ring buffer in main memory. The buffer is continuously refilled, enabling sequences of arbitrary
duration. This sequence then gets sent out to all the electronics downstream, timed by an
external clock running at approximately 2 MHz. It is important to note that the output of the NI
6534 is purely digital; any required analog signals must be produced by digital-to-analog (DAC)
converter cards and direct digital synthesizers (DDS) downstream on the experiment.

All the control electronics after the NI card are home-built. The first stage along the line is a set
of identical cards (known as drivers for bus) whose main components are digital magnetocouplers:
they separate control computer ground and signal lines from the ground and signal lines of
experiment’s electronics, as well as the grounds of different optical tables from each other. We
note that this first set of cards requires 5 V power input, which is used to relay the control signals
downstream. From that point, the signal travels to what is known as subbuses; these are the
boards that decode the first layer of addresses and generate the strobe pulse (see below). After
the subbuses, the signal travels to the final output cards, each of which has a specialized function
on the experiment. There is a simple bus driver card on each rack (known as driver for rack),
which basically provides a way to conveniently plug in power for the output cards themselves,
amplifies the bus signal, and converts from the rack external to the rack internal flat ribbon cable
format.

The control system transmits signals in a parallel manner, using either 50-wire or 64-wire flat
ribbon cables®”. Each subbus has a 3-bit address, meaning that there can be at most 8 of them
in the system, and this address is transmitted by a small auxiliary ribbon cable extending only
from the drivers for bus to the subbuses. The main cables carry 25 signal lines: 16 data lines,
8 address lines, and the strobe. Each output card has thus an 8-bit address, which is decoded
on the card itself: all cards after a given subbus receive the same data, but they only act on it if
the transmitted address matches the one that they had been manually given with a set of dip

switches. In this way, each subbus can in principle drive up to 256 output cards. Furthermore

%National Instruments Corporation, Austin, TX, USA.
Flat ribbon cable (Flachbandkabel) AWG 28-50G ot AWG 28-64G from reichelt elektronik GmbH & Co. KG,
Sande, Germany.



102 Chapter 5. Experimental apparatus

we note that each clock cycle of the NI card can transmit at most a 16-bit data word. This sets the
limit on the timing resolution of the commands that can be sent to the devices. The card outputs
are updated at the rising edge of the strobe pulse, which has been generated by the subbus
if its address matched. The system is modular and its components can easily be upgraded in
the future. This includes replacing the link between the computer and the output racks with
Ethernet or serial connections, or adding new types of output cards.

5.14.2 Output cards

Here is a good place to list and briefly describe the electronic output cards that are used in our
experiment and that would be applicable to many cold atom experiments. The high-power (up
to 2.5 W) electromagnetic waves in the hundreds of MHz range (RF signals) required to drive
AOMs are generated by direct digital synthesizer (DDS)® cards and then amplified by separate
RF amplifiers. We also use 4-output DAC cards, which can generate analog signals in the range
of -10V to +10 V with 16-bit resolution, 8-output digital output cards, which generate 0 and 5 V
outputs for things like hardware triggers, and specialized digital output cards that can drive
servo motors for moving shutters. Two other cards, which are technically not part of the control
system, but which are nevertheless crucial, are the clock generator and the clock splitter. The
reason is that the DDS can only synthesize a given frequency if it has an input clock signal at a
certain precisely set higher frequency, and in fact the quality of DDS frequency synthesis can
never exceed the quality of the reference clock signal. For that reason one should always try to
obtain a stable clock signal to feed the DDSs. We get it initially from a Rb atomic clock, which
produces a 10 MHz reference signal. However that frequency is too low for the DDSs, so that
signal is translated in frequency to either 300 MHz or 1.2 GHz, depending on the DDS, by our
separate clock generator that uses the phase-locked loop (PLL) technique. We would like to only
use a single clock generator for all DDSs in the experiment, so its signal is subsequently split
and amplified by the clock splitter cards. We note an important point here: since the clock signal
for all DDSs in the experiment comes from the same reference, there is phase coherence between
all of their outputs and one has to keep that in mind as a possible feature or a bug if one tries to
drive a single AOM from multiple DDS cards.

%8 AD9852 and AD9858, from Analog Devices, Norwood, MA, USA.
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Laser systems

Once we have built the UHV system, which is the appropriate environment for ultracold atom experiments
and for many other experiments in the broader area of atomic physics, we need to also prepare lasers,
which are the tools for atom manipulation and measurement. There exists currently a wide range of
laser systems, so it is worthwhile to put our ones in the general context. First of all, our lasers are
of continuous-wave type (CW), meaning that their output power ideally does not fluctuate in time,
unlike that of pulsed laser systems, which produce consecutive electromagnetic pulses. Secondly, we
use single-mode frequency-stabilized lasers in most cases because we need to address atomic resonances,
which are very narrow on the scale of optical frequencies'. Finally, apart from the infrared far-off-resonant
optical traps, we use diode lasers, in some cases with tapered amplifiers and frequency doubling, and we
work at relatively low optical powers, powers above a few hundred mW being rare. Exceptions to all
those statements do occur, but these considerations hold for most work in the field of ultracold atoms, and
definitely for our experiment. This chapter will describe the design, construction, and use of the laser
systems in our apparatus.

Outline of the laser systems

As we have seen in Section 1.1, a useful method for laser cooling of Sr to quantum degeneracy
requires light at 461 nm (blue), 689 nm (red), a repumper at 497 nm, and a high-power dipole
trap at 1064 nm (IR). We design and construct the laser systems to conveniently work with
different Sr isotopes. The blue and red master oscillators are located in the adjacent lab and are
locked to spectroscopy cells on the respective lines in #Sr. The corresponding lines in the other
isotopes are a few hundred MHz to around 1 GHz away, so we bridge such frequency gaps with
acousto-optic modulator (AOM) cascades?. Injection-locked slave lasers are then used as the
sources of all blue and red beams [152]. The IR system is derived from a commercial source® and
its power splitting system is set such that we immediately have ports for dipole trap beams (see
Sections 7.3 and 7.4), an optical transport beam (this is necessary for a quantum gas microscope,
see Chapter 3), and optical lattice beams (they are not in use yet). In addition, there is a master

!Consider a laser with 1kHz linewidth, not a particularly narrow laser, operating at 689 nm, so with red light.

Then its absolute frequency is about 435 THz and since its linewidth is assumed to be 1 kHz, the fractional uncertainty
is % ~ 2 x 107'?, which is already a very high relative stability.

All AOMs in our laser systems are from Gooch & Housego PLC, Ilminster, United Kingdom.
*Type ALS-1064-50-1 from Azur Light Systems, Pessac, France.
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oscillator at 671 nm* locked to an optical cavity; its frequency can be conveniently shifted with
an AOM by several hundred MHz, which is useful for wide spectroscopy scans of the 18y-3P;,
transition (see Chapter 8). The 671 nm laser system is also foreseen for clock-level locking to an
ultrastable cavity®. We take a moment here to note the importance of laser system stability for a
quantum gas experiment: not only is the obvious problem of delocking detrimental, whereby
an experiment must be interrupted to relock the lasers, but also the injection lock quality itself
must be optimized. We realized that slight drifts of the slave lasers, even when they don’t fully
delock, cause major variation in atom numbers. Consequently, reliable operation of the laser
systems, achieved with both passive stability and possibly active automatic feedback measures,

is an important criterion for the efficiency of data collection in experiments such as ours.

6.1 The blue laser system

The 461 nm (blue) laser system provides light for the first stages of Sr laser cooling and trapping,
which are TC, ZS, and blue MOT, as well as for absorption and fluorescence imaging. Blue laser
cooling benefits from the largest possible power, and ZS, for example, needs tens of mW of
power (this comes from the result of the calculations that led to Fig. 5.15, a similar calculation
for the long ZS, and the fact that I,y = 43mW /cm? for the blue transition [21]). Therefore,
sources had to be chosen that can provide many tens of mW of power per beam or, alternatively,
hundreds of mW of total output power in a single beam. A few years ago, the only option
was a frequency-doubled laser system based on an amplified 922nm beam; this is still our
spectroscopy-locked master laser [37]. Recently, however, laser diodes at 461 nm appeared on
the market®, which we decided to use. They make a frequency-doubling setup unnecessary,
which saves cost and space. Their disadvantages, however, are poor spatial mode quality and
difficulty and instability of injection locking. For example, it is difficult to achieve more than a
50% coupling efficiency of blue diode output into a single-more fiber (the coupling efficiency of
the red laser diodes, mentioned in subsection 6.2 can routinely reach above 70%). Regarding
random delocking events, with five slave lasers on the setup, it is difficult to keep them all
locked for more than an hour on average. Manual relocking takes about 1-2 min, depending on
which particular slave laser it is. This situation occurs with almost daily checks of the injection
fiber path alignment (the slave diodes of the red laser system, subsection 6.2, do not need any
servicing for several weeks at a time). One can possibly introduce an auto-relock system for the
blue slave lasers [154], but in that case it would be better to have an independent Fabry-Perot

cavity for checking single-mode operation of each diode (see footnote in subsection 6.2 for

*Toptica DL Pro from Toptica Photonics AG, Graefelfing, Germany.

> ATF 6300, 50 mm spherical Fabry-Perot cavity with a specified finesse of 250000 at 698 nm and a similar finesse
at 671 nm from Stable Laser Systems, Boulder, CO, USA. Ref. [153] provides technical details about this kind of
optical cavities.

®NDB4216 from Nichia Corporation, Tokushima, Japan.
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Isotope 1P, resonance [MHz]
84Gr (boson) | -270.8

8Sr (boson) | - 124.8

87Sr (fermion) | - 46.5

88Sr (boson) | 0

TABLE 6.1: Resonance frequencies of the ! Sy — ! P; transition in stable isotopes of
Sr, given as a frequency offset from this resonance in #Sr.

details), and to not have one slave diode injecting the next one”. Neither of those conditions was
true on our experiment, and for that reason we found it difficult to make an auto-relock system
work reliably. Overall, the unreliability of the laser diodes makes the blue system the least stable
one and the most maintenance-intensive one on our experiment.

The full details of this laser system will be described in the PhD thesis of Sergey Pyatchenkov,
and here we limit the discussion to the main features of power distribution and frequency
shifting. There is a total of five slave lasers; two are used essentially to amplify the incoming
frequency-stabilized light and to provide enough power, after AOMs®, to injection-lock the other
three slave lasers. The AOMs make the necessary detunings, starting from the 88Sr resonance.
TC, ZS, and blue MOT each get a dedicated slave laser for the maximum possible power delivery
to the machine. We on purpose installed the respective frequency-shifting AOMs before the
injection (meaning, we already inject with the frequency we want, instead of detuning the
output beam) to lose as little power as possible. The downside of this approach is that the
light can only be turned off with shutters, which are at best 1 ms-precise, and we cannot, for
example, perform absorption imaging of the blue MOT for this reason. However, this is an
acceptable trade-off given the output power of the available blue laser diodes. Table 6.1 shows
the resonance frequencies of the 1S, — 1 P, transition in stable Sr isotopes with respect to the

88Gr value.

6.2 The red laser system

The 689 nm (red) laser system provides cooling light for the narrow-line MOT, and it can also
be used for relatively narrow-linewidth spectroscopy on the 7.4 kHz transition, optical Stern-
Gerlach separation [155], optical pumping, photoassociation to molecules [156], etc. As the
saturation intensity of the 1.5y — 3P transition is about 3uW /cm? [22], the power requirements
for laser beams are low (so frequency stability is a much more difficult criterion to fulfill than

output power). This system is built according to the following guiding principles:

¢ the lasers should reliably stay locked,

"Having one slave diode inject the next one makes automatic lock detection and optimization algorithm more
difficult, because one has to consider that some slave can delock due to its own fault, or due to its injection source
getting delocked.

8Each first-order diffraction passage through an AOM is 50-80% efficient, depending on AOM frequency. Thus if
one makes a double-pass configuration, the round-trip efficiency will range between 25-64%.
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e all isotopes and all hyperfine states of 8"Sr should be accessible,
* switching between isotopes should be simple and fast, and
¢ the system should be configurable to add more beams if necessary.

The red master oscillator is an ECDL in Littrow configuration’, locked to an optical cavity
for linewidth reduction by the PHD technique and using a commercial fast PID loop!’ [157,
158]. The cavity is build with two concave mirrors with a 25 cm radius of curvature, glued to
a Zerodur spacer; the resulting finesse is about 16000 and the free spectral range is 1.5 GHz
[157]. The cavity assembly is mounted in a vacuum can. One of the mirrors is on a piezo
actuator to tune the cavity resonance frequency. The stabilized laser linewidth is estimated to be
approximately 2 kHz [157], which is narrow enough to work with the 7.4 kHz atomic transition.
In addition to linewidth reduction, we must also lock the master oscillator in absolute frequency
to the 1Sy — 3P, transition in Sr. The error signal for this lock is obtained from Doppler-free
spectroscopy of 88Sr in a steel cell at 550 °C, it is then processed with a lock-in amplifier!'!, and
this feedback loop is closed by acting on the piezo-mounted cavity mirror and thus tuning the
resonance frequency set point for the fast lock. In this way, the linewidth reduction is a fast
lock (high-bandwidth feedback acting on the current and the grating of the ECDL), while the
absolute frequency lock to Sr spectroscopy is a slow one (low-bandwidth feedback); the fast
lock then continuously follows the slow lock. The master oscillator is locked 80 MHz above
in absolute frequency from the 1Sy — 3P, transition in 8¥Sr, and a few hundred pW of master
laser light arrives at our laser table through an optical fiber to be used as seed light for injection
locking.

All the necessary 689 nm beams for our experiment are currently generated by four home-
made diode slave lasers, each one of which can provide up to 35 mW of output power. The
laser diodes are of the same type as in the master oscillator. Each diode is actively temperature-
stabilized with a PI feedback loop circuit designed at the Institute of Quantum Optics and
Quantum Information (IQOQI) in Innsbruck, Austria. The temperature sensor is a 10 k{2 negative
temperature coefficient thermistor'? and the actuator is a Peltier module'®. The current source
circuit for the diode can provide up to 500 mA, which is enough for any of the diode lasers in
use. These laser diodes appear to be stable and reliable, they run single-mode even without
injection-locking light, they can be easily injected with a few 10 tW of seed light, they do
not delock at all on a typical day of operation, the injection fiber path has to be checked and
alignment has to be improved only once per three weeks to once per month, and the diodes
have been running for about two years without any noticeable power degradation.

The basic layout of a slave laser unit is shown in Fig. 6.1, Each unit requires an optical

’Diode type HL6738MG from Opnext Japan Inc., Nagano, Japan.
FALC 110 from Toptica Photonics AG, Graefelfing, Germany.
""Model SR830 DSP from Stanford Research Systems.
2Type B5786350103+040 from EPCOS AG, Munich, Germany.
13Type ET-131-10-13-S from European Thermodynamics Ltd, Leicestershire, United Kingdom.
“This figure and other figures in this Thesis that involve optical components were made using the Optical
components library for Inkscape [159].
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FIGURE 6.1: Basic slave laser unit layout. The collimating lenses are all inside the
housing mount. The dashed line denotes the injection beam. The mirror after the
isolator is polished on the back.

isolator!® in order to avoid uncontrolled optical feedback by reflections from the surfaces in the
beam path. Our isolators provide more than 30 dB of isolation against the reverse beam and
typically transmit about 92% of incoming light. The injection beam is fed through the second
PBS of the isolator. Several tens of pW of leakage light are accessed through a polished mirror!®
and sent to a scanning Fabry-Perot interferometer!” for injection lock monitoring. The first slave,
termed SOR, is injected with master laser light, and it feeds the power distribution system and
the AOM frequency shifting cascade. SOR itself does not directly deliver any light to the machine
table.

The power distribution system and the AOM frequency shifting cascade are designed so
that the red laser system can address a mixture of "Sr with any boson, or, alternatively, up to all
three bosons together in a single experiment. Even though we have not worked with mixtures
yet, it is an important option to have, and furthermore, the flexibility of this design allowed
us to already use an independent spectroscopy beam or an optical Stern-Gerlach beam while
working with 87Sr, which requires two different frequencies (see Section 7.2). The cascade tunes
the light frequency to the 1Sy — 3 P; transition value for each of the four Sr isotopes and to the
three hyperfine states in 8’Sr ;. The schematic of the distribution system and the AOMs is
shown in Fig. 6.2 and the AOM models and frequencies are listed in Table 6.2. Apart from
the AOMs, some other important elements in this frequency shifting and distribution cascade
are polarizing beamsplitters'® (PBSs, or simply cubes), half- and quarter-wave plates'” and
plano-convex lenses?.

The light at the frequency appropriate for each isotope is then used to inject one of the other
three slaves, SIR, S2R, or S3R. We transport the light from the output ports of the frequency

shifting cascade to the input injection ports of the other slaves with polarization-maintaining

BType FI-680-55V from Qioptiq Photonics GmbH & Co. KG, Gottingen, Germany.

!6This can be replaced with a PBS.

"Model FPI 100 from Toptica Photonics AG, Graefelfing, Germany. The basic idea of its operation is that one
of its mirrors is being continuously scanned across the free spectral range, and we observe the transmission on the
photodiode behind the optical resonator. If the laser has a single frequency mode, there will only be a single peak
within a free spectral range.

8Thin film polarizers of type G335715000 from Qioptiq Photonics GmbH & Co. KG, Géttingen, Germany (for
high extinction ratio) or BPS Cube 12.7x12.7x12.7mm at 660-710 nm from Casix Inc. Fuzhou, PRC. (as a cheaper
option with lower extinction ratio).

19Types 2-CPW-ZO-L/2-0689 and 2-CPW-ZO-L/2-0689 from UAB Altechna, Vilnius, Lithuania.

'Made of N-BK7 glass, 1" diameter, B-coated from Thorlabs Inc., Newton, NJ, USA, or alternatively with a similar
bandwidth AR-coating from Casix Inc, Fuzhou, PRC.
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for illustration clarity. The cubes within the shaded area are all placed on kinematic mounts (type KM100PM/M from Thorlabs Inc.
Newton, NJ, USA). See main text for all relevant part numbers and the list of AOM frequencies.
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Model number | AOM Frequency [MHz]

AOMRI1 | AOMO 3200-121 163.81
AOMR2 | AOMO 3200-125 175.75
AOMR3 | AOMO 3200-125 256

AOM R4 | AOMO 3350-199 420

AOMR5 | AOMO 3200-121 221.7
AOMR6 | AOMO 3200-121 210.5
AOMR7 | AOMO 3350-199 410.2

TABLE 6.2: AOM model numbers and frequencies in use in the red AOM frequency
shifting cascade. The diffraction order and the designation of single-pass or double-
pass configuration is shown in Fig. 6.2. All AOMs are from Gooch&Housego.

single-mode optical fibers?!. In this way, exchanging the isotope involves possibly redistributing
power in the cascade by turning the waveplates, and then exchanging the seed beam fiber
for a particular slave laser and relocking it. This procedure can be done in an hour, which is
convenient and flexible. There is an AOM?? running in —1% diffraction order at a frequency
close to 80 MHz as the first element in the output beam path of S1R, S2R, and S3R in order to
compensate for the +80 MHz lock offset of the master laser, to set an appropriate detuning for
the MOT or red spectroscopy (this is why it is not necessarily exactly -80 MHz, because that
would be precisely the resonance frequency), to tune or quickly turn off the beam power, and to
create a comb of frequencies that is required at the initial stages of the red MOT (see Section 7.2).

We finally need a way to combine two or three laser beams at almost the same frequency and
in the same state of polarization into an optical fiber that will deliver the light to the machine
table. For reasons of optical access, it is convenient to have these beams share the same path
through the main chamber when they correspond to the MOT and the stirring beams for 87Sr,
for example (Section 7.2), or when one deals with MOT light for different isotopes in a mixture.
As the frequency is too close for dichroic mirrors to be used and the same polarization state
does not allow us to use PBSs, a good working approach is an optical multiplexer [37]. It is
an arrangement of four 50/50 reflection/transmission non-polarizing beamsplitters?®, which,
in an ideal scenario, recombines three input beams into four output beams with each output
beam having an equal power contribution from the input beams, and without loss of power?.
The multiplexer is schematically shown in Fig. 6.3. Let us note some important features of
multiplexer alignment. First of all, the 50/50 beamsplitter plates are mounted rigidly. Assume
now, without loss of generality, that we have used the output fiber injection degrees of freedom
to align the input "in 1" for maximal coupling into all "out" fibers. It turns out in that case,
possibly not immediately intuitively, that we only need two movable mirrors (the same as for
doing any normal beam walk) on each of the remaining inputs ("in 2" and "in 3") to align them

ZFiber type P3-630PM-FC-2 - PM from Thorlabs Inc., Newton, NJ, USA. All collimators in the red system are of
type 60FC-4-A4.55-02 from Schifter+Kirchhoff GmbH, Hamburg, Germany.

ZModel AOMO 3080-120 from Gooch&Housego.

23Single wavelength beamsplitter plates from Casix Inc., Fuzhou, PRC.

XIn reality, equal power conditions are violated because real beamsplitters are not exactly 50/50, but rather they
split the power unequally into the reflection and transmission ports.



110 Chapter 6. Laser systems

in1 (2

b

outl

" 4

Legend

Non-polarizing

beamsplitter plate
n Dielectric mirror M‘ﬁ Optical fiber coupling

FIGURE 6.3: Red multiplexer layout. The mirrors required for beam alignment
and fiber injection are omitted (see main text). Note that in the case of ideal 50/50
beamsplitters, each output port gets 75% of each input beam power. The details of
reflection and refraction at each beamsplitter are omitted here and are shown in
Fig. 6.4.

to all four output fibers. This is based on Fresnel’s equations for reflection and refraction at
interfaces and is shown schematically for one beamsplitter in Fig. 6.4. We see from that Figure
that whatever path the "blue" beam follows (that is, we have used the output fiber adjustment to
match its path and fiber-couple it), we can always use two mirrors in the "green" beam before
the beamsplitter to overlap its transmission with the reflection of the "blue" beam; this will inject
the transmitted "green" beam part into the same fibers where the reflected "blue" beam part is
injected. However, this will automatically overlap the reflection of the "green" beam with the
transmission of the "blue" one due to the angles of reflection and refraction. The same scenario
will happen on all other beamsplitters. This means that, back in Fig. 6.3, if we have overlapped
the transmission of "in 2" with the reflection of "in 1" at the first beamsplitter, these beams are
copropagating thereafter and will be injected into the same fibers. This is very useful because it
greatly reduces the number of alignment mirrors needed to couple three independent beams
into four fibers and makes the multiplexer alignment procedure manageable.

6.3 The IR system

The infrared (IR) laser system at 1064 nm is required to make the ODT for trapping and evapora-
tively cooling Sr to quantum degeneracy (Sections 1.1 and 7.3), as well as for the future operation
of optical lattices [103, 59]. The technical requirements for ODT beams are rudimentary: they are
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50% reflective surface

AR-coated surface

FIGURE 6.4: Reflection and refraction at each non-polarizing 50/50 beamsplitter
plate. The basic working principle of these plates is the presence of one partly-
reflective surface and one AR coated surface. The light blue and the green arrows
schematically represent the beams coming in from two directions, and the mixture
of colors represents the reflected and transmitted beams with 50% of contribution
from each original beam.

simply far off-resonant high-power beams. Given the dynamical polarizability of Sr at 1064 nm
(see Section 2.4), each of the two ODT beams normally has a couple of watts of power, the exact
value being determined by their waists. The linewidth and the wavelength of the laser are irrele-
vant for the ODT; the wavelength can differ by several nm, because the polarizability of the 1Sy
state depends very weakly on wavelength around 1064 nm. The only real ODT requirement is a
relatively stable output power, at least without high-frequency noise; low-frequency fluctuations
can be easily compensated by active feedback onto an AOM. The technical requirements for
optical lattice beams are more stringent. Here, in addition to power stability, one requires a
relatively narrow linewidth, so that the coherence length of the laser, given by Leoh = 7572 —
[160], is much larger than any optical lattice beam paths. The output polarization should also
be stable, because one normally puts polarizing elements into the optical lattice path, and laser
polarization noise would then translate into power noise. However, a lattice still does not require
absolute frequency locking to any atomic reference?.

Since the ODT and the optical lattice do not require a specific atom-dependent wavelength
and frequency locking, one can use a common and well-developed gain medium to generate
such light. Therefore, commercial turnkey and nearly one-size-fits-all high-power laser systems

for atomic physics and many other kinds of experiments are available. One such common gain

BUnless one is trying to use a magic wavelength optical lattice, which is not the case in most experimental work
with ultracold atoms in optical lattices.
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FIGURE 6.5: IR system schematic. Notice the dedicated paths for the optical
transport and lattice beams. All PBSs are on kinematic mounts and are used as a
degree of freedom for AOM alignment. The alignment mirrors used in the system
have been omitted for illustration clarity.

medium is Nd:YAG, which emits around 1064 nm; this is the reason for the widespread use
of this wavelength. We use a commercial laser for the IR system, and it is specified to reach
up to 50 W of output power with a linewidth Aviges = 50kHz. This power is sufficient for
both the ODT and an optical lattice, and the linewidth corresponds to L., = 1.9 km, definitely
sufficient for making an optical lattice with beam paths of at most several meters. The use of
such a turnkey laser makes the IR system at 1064 nm the simplest one on the setup, because it
requires only power distribution with waveplates and PBSs, and trivial frequency shifting with
AOMs. However, there are two points to pay particular attention to while working with the IR
system: the beams are invisible?® and often high-power, which is a potential danger to humans,
equipment, and a possible fire hazard.

Currently, the IR distribution system is providing the two beams for the crossed ODT, but it
has been immediately set up to also give an optical transport beam and three lattice beams with
minimal realignment. The schematic of the IR distribution is shown in Fig. 6.5. One important
point to note is that all elements, so mirrors?’, waveplates, PBSs?®, AOMs?, the optical isolator,
optical fibers, must be rated for high-power beams. All beams that are not coupled into the fibers
must terminate on beam dumps, which can be either air-cooled or water-cooled, depending on

the amount of incoming power and the permissible amount of heating. It is also a good idea to

*During alignment procedures, IR beams can only be viewed with special phosphorescence cards or an IR viewer,
such as IRV2-2000 from Newport Corporation, Irvine, CA, USA, for example.

YUVFS quartz laser line mirrors, type 1-OS-2-0254-5-[1PR45] from UAB Altechna, Vilnius, Lithuania for round
mirrors and the same properties and manufacturer for the D-shaped ones.

BOptically contacted PBS, type 2-HPCB-C-0125 from UAB Altechna, Vilnius, Lithuania.

¥High-power IR AOMs, Model AOMO 3080-194 from Gooch&Housego.
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FIGURE 6.6: IR system enclosure. The large white tube is for air supply from the
HEPA filter, and the thin copper tubes are water ducts for the water-cooled beam
dumps (Design of Dr. Georgios Siviloglou).

put a diverging lens before the beam dump in order to spread the power over a larger area. In
addition, due to the high intensity involved, dust on any optical surface can burn and cause
damage, and for this reason the distribution system is enclosed in an anodized aluminum box
with air supply coming directly from a HEPA filter at a slightly elevated pressure, shown in Fig.
6.6.

We note that in the future, some of the waveplates in the power distribution line can be
replaced with motorized ones in order to adjust the power dynamically during an experimental
cycle. This can be relevant for the quantum gas microscope, for example, because the ODT
beams and the transport beam are not required when the deep microscope lattice is in operation;
in this way, optical power can be consecutively used for two tasks. Furthermore, we note that it
is possible to frequency-double this 1064 nm light to obtain a few W of 532 nm light, which can
be useful for optical tweezer work or optical lattices with a smaller lattice period. This can be

done in a simple way with a single-pass frequency doubling crystal®’.

*One option is a PPLN crystal from Covesion Ltd., Hampshire, United Kingdom.
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Chapter 7

Production of strontium quantum gases

The major milestone in the construction of a new ultracold quantum gas machine is the demonstration of
Bose-Einstein condensation and Fermi degeneracy. Supplemented by atom lifetime measurements, these
results show that the vacuum quality is sufficiently good, the atom flux is high enough, the near-resonant
cooling steps work, the dipole traps are focused and aligned well, and the evaporation process works.
Furthermore, it is the starting point for most further experiments with ultracold gases. In this chapter we
will show the procedures needed to achieve quantum-degenerate samples and present their basic analysis.

Brief look at the experimental sequence in the main chamber

We have seen a general and brief description of our ultracold gas machine in Section 1.2, and let
us now focus on the experimental steps that happen in the main chamber (see Section 5.6 for
its design information). TC and ZS are relatively simple and are essentially not different in Sr
compared to the alkali atoms, for example. The peculiarities of Sr start becoming important at
the MOT stage.

Due to the presence of two easily accessible optical cooling transitions from the ground
state with very different linewidths (see the level scheme in Fig. 1.1), we use two MOTs in a
sequence. The initial "blue MOT", operating on the broad 15y — 1P, transition, allows us to
efficiently capture atoms from the ZS. The details of the upper state decay process are such that
the atoms eventually end up in a metastable state that can be held in a magnetic trap that is
automatically created by the MOT quadrupole field [37]. After having collected enough atoms,
we repump them back to the ground state and transfer them into a "red" MOT, which operates on
a 7.4 kHz-wide transition. Notice that based on the natural linewidths, the Doppler temperature
[27] of the blue MOT is 730 pK, and the Doppler temperature of the red MOT is below 1 pK;
in fact, the red transition is so narrow that its Doppler temperature is lower than its recoil
temperature [27], so technically cooling to its Doppler limit is impossible. The red MOT leads to
a very high phase space density (PSD), and, very importantly, the narrow linewidth of the red
transition enables laser cooling inside the ODT itself in order to achieve very favorable starting
conditions for evaporation [161]. After the red MOT beams have been ramped off, evaporative
cooling is performed by lowering the ODT beam power. Due to a high starting PSD, the fraction
of the atoms that escape during evaporation is much smaller than in the case of alkali quantum

gases, for example. Quantum gas samples are generally characterized by absorption imaging
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after release from the ODT (see Chapter 2); we can also perform experiments inside the ODT; a
particular important example of Sr narrow-line spectroscopy in an ODT is described in Chapter
8. Alternatively, the ultracold sample from the main chamber ODT can be optically transported

to one of the side chambers of the machine (see Sections 5.7 and 5.8).

7.1 The blue MOT, metastable reservoir and repumping

According to Fig. 5.15 in Section 5.3, the atoms exiting the ZS are expected to be moving at
20 to 30 m/s; the broad blue transition is appropriate to use at this stage. The blue MOT is a
standard three-dimensional MOT with all retroreflected beams crossing at right angles. The
frequency is set to 30 MHz (it is approximately 1I") below resonance, and the beam powers and
waists! are listed in Table 7.1. The quadrupole field gradient along the axis of the coils (vertical

Path Total power [nW] | Beam waist [mm]
"corridor” 10 12.3
"wall" 10 12.3
vertical 4 5.8

TABLE 7.1: Powers and waists of the blue MOT beams. The names "corridor" and
"wall" refer to the viewport locations where the two horizontal beams enter the
chamber on the incoming side. The values for the waists are according to design
and lens specifications, not direct measurements.

direction) is normally 50 G/cm. This MOT is technically simple to set up and achieve, as long
as one keeps in mind two important points: one must ensure the correct polarization of the
MOT beams, and stable blue master and slave laser locking are crucial. Regarding the first
point, note that the standard dielectric mirrors used in an optical setup scramble any kind of
polarization, apart from linear, in unpredictable ways upon reflection, and this becomes critically
important in the case of a MOT, which requires circularly polarized beams. The way to deal
with this is to measure the polarization? right before the beam enters or right after it exits the
vacuum chamber?®, and to set the polarization to the desired value by rotating a quarter-wave
plate upstream, while watching the polarimeter reading. Once the polarization is set, it is not
modified afterwards (up to possibly slight adjustments while the MOT is operating in order to
maximize the signal, but always keeping a record of the original waveplate positions to be able
to recover those). As for the second point, blue slave laser lock instability turns out to be the
biggest reason for atom number fluctuations between experimental runs. As an aside, we would

'These waists are calculated based on fiber mode field diameter and collimating and expanding optics, rather
than a direct measurement.

2We used polarization analyzer Model SKO10PA-UVIS from Schifter & Kirchhoff GmbH, Hamburg, Germany
for this purpose.

*If there is no space on the optical table to install a polarimeter and do the measurement, one can always reflect a
sample of the incoming MOT beam with a silver mirror. One has to only keep in mind that a silver mirror flips the
sense of circular polarization. A good way to measure the retroreflected beam polarization is by reflecting a sample
with a silver mirror.
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like to mention that the Sr blue MOT can be seen directly with the eyes in real time, which is not
true for the red MOT. Refs. [37, 162] describe more details of the blue MOT operation in Sr.

The blue 1Sy — ! P, transition is not a completely closed one in Sr; there is a decay channel
from ! P, first into the 5s4d' D, state, from which the atoms further decay into the * P, and 3P,
states with a branching ratio 3 P,:* P, = 1:2 [21, 161, 163]. The decay probability into the ! D, state
is a subject of debate?, but it is at a level of once per a few 10000 scattering events on the blue
transition. The 3P, state is magnetic, and so its low-field-seeking substates can be immediately
trapped at the minimum of the MOT quadrupole magnetic field. In this manner, the continuous
operation of the blue MOT is filling up the quadrupole trap with atoms in the metastable P,
state; we call it the metastable reservoir [37]. In fact, we are explicitly using here for the first time
the metastability of one of the Sr excited states (see Section 1.1 for a general discussion in the
context of Sr properties). There are two points to note here. First of all, one can immediately ask
how a simple quadrupole trap can collect cold atoms, because there exist the highly detrimental
nonadiabatic spin flip losses (Majorana spin flips) [165]. Our trap is actually continuously losing
atoms to this process, but the loading rate is higher than this loss rate, so the atom number in the
trap grows, at least until density-dependent losses start to dominate. Furthermore, we are not
cooling the gas to ultralow temperatures in this trap and so the density of the atoms at the centre
of the trap remains low, which makes the spin flip losses less pronounced. The second question
to ask is why does it not appear to be highly detrimental that the atoms in the excited states tend
to collide inelastically and thus leave the trap. The solution to this problem is a low density:
the metastable reservoir is large and has a lower density than the MOT itself; the probability
of any two-body decay process decreases quadratically with decreasing density [166]. Thus, it
is reasonable to collect atoms in the 3 P, state in a quadrupole magnetic field. However, these
atoms must be brought back to the ground state in order to do further experimental steps (red
MOT, ODT, evaporative cooling); this process is called repumping. Following the previously
developed techniques in our group, we repump by illuminating the center of the main chamber
with a few hundred pW of 497 nm (green) light resonant with the 3Py — 3D, transition [37, 167]
for approximately 150 ms°. This green beam is overlapped with the ZS beam on a dichroic
mirror at the optical fiber input on the laser table. Therefore, the green beam shares the fiber
with the ZS beam and has nearly the same beam path and beam shape as the ZS beam inside the
vacuum system. The green beam parameters are rather forgiving and are optimized by imaging
the atoms immediately after the repump flash and maximizing their number, or alternatively,
by directly maximizing the number of atoms in the red MOT. In addition, the polarization of
the repump beam is irrelevant. After the repump flash we are left with a cloud of ground-state
atoms at a temperature of several mK, a lot colder than the atoms exiting the ZS. This cloud is
ready to be loaded into the red MOT.

*There are essentially two reported values for that decay probability: about 1/20000 [113] and about 1/50000 [21,
164]. We did not attempt to measure it ourselves, so we cannot comment on which value is closer to reality.

>The 497 nm light is produced in the adjacent lab using a frequency-doubling system that consists of a laser
diode and a tapered amplifier at 994 nm, and then a bow-tie doubling cavity from Toptica Photonics AG, Graefelfing,
Germany. See Ref. [37] for more information.
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7.2 The red MOT

The Sr red MOT allows us to cool a cloud from approximately 1 mK to around 1 pK or even
less, when the steps are well-optimized. We will see in a simulation below (Fig. 7.5) that,
given a cloud at 1 uK in a dipole trap with commonly achievable trap frequencies, one has to
evaporate only about 20% of the atoms to reach quantum degeneracy. The ability to achieve
such a low-temperature MOT is a fortunate consequence of the narrow 1Sy — 3P, transition
linewidth in Sr.

The red MOT consists of two stages: we call the first one the "broadband red MOT" and
the second one the "single-frequency red MOT". Consider eq. (2.32), which leads to two main
conclusions in the case of a narrow transition (small T"): first of all, the maximum achievable
force on the atoms in the MOT is low; secondly, the atoms will scatter photons only in a small
region of the magnetic field or in a small velocity class, otherwise the Zeeman and Doppler
shifts quickly take the transition out of resonance with the cooling laser. Addressing the atoms
at different field positions or velocities requires different frequency detunings. The broadband
red MOT is the answer to this challenge and it simply means that its beams contain multiple
frequency components. Eq. (2.32) is applicable for a single frequency MOT beam; if there are
multiple frequency components, the term on the right-hand side becomes a sum with different
A’,. As the atoms are being cooled, we keep reducing the number of frequency components
in the red MOT beams, shifting them closer to the free-space resonance, and reduce the beam
power. The cloud gets progressively colder and eventually reaches about 1 pK. In the end, only
a single frequency component in the red beam is left, which is good for trapping and cooling at
the final low temperature.

It is worthwhile to explain how a set of multiple frequencies is produced for the broadband
red MOT. The main point is that the red MOT beams each pass an AOM before being sent
through the multiplexer (see Section 6.2) and then being injected into the fibers that take the
light from the laser table to the optical table. We can program a radiofrequency (RF) generator®
to apply a time-varying RF frequency to these AOMs, and viewed with a Fourier transform, this
time-varying signal will result in a spectrum containing multiple frequencies. To see this, let us

first consider a simple oscillating signal, written in the form
s(t) = cos(wt + bp); (7.1)

we know from elementary physics that this is a wave with a constant angular frequency w and a
phase offset 6, from some chosen reference. The term in parentheses can be labeled as ©(¢), and
it is the generalized time-dependent phase; the instantaneous angular frequency of a wave is the
time-derivative of that phase, w(t) = dO(t)/dt [168, 169]. We can for simplicity set 6y = 0 above
(that only fixes the phase offset, which is not important here because we will only be working

with a single source of waves, no interference involved) and add a time-dependent term to the

®This is a DDS in our case, see Section 5.14.
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FIGURE 7.1: Numerically calculated (FFT) spectrum of a sinusoidal wave with
triangle-wave frequency modulation: the full spectrum (a) and the zoomed-in
part showing individual line separation (b). In this case w. = 27 x 2MHz, ay =
27 x 0.2 MHz, w,,, = 27 x 20kHz; eq. (7.4) has been used. The values of a¢ and w,,
are the realistic experimental parameters that can be used at a red MOT stage. The
value of w, is chosen for computational convenience, in order to not evaluate the
integral in eq. (7.4) and to not perform the Fast Fourier Transform for a very large
number of points. A higher value of w, will only shift the point around which
the spectrum is centered. The apparent gaps in spectral weights are numerical
artifacts.

generalized phase, thus getting

s(t) = cos(O(t)); O(t) = wet + (), (7.2)
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where w, stands for central frequency. The instantaneous angular frequency of s(t) is w(t) =
dO(t)/dt = w. + df(t)/dt. In the red MOT in our experiment, DDS produces a time-variation of
RF frequency in the shape of a triangular wave in frequency space, centered at w.. This requires
that d0/dt = A,,Tr,,, (t), where Tr,,, (t) denotes a triangular wave of unit amplitude centered
around 0 (meaning, it is oscillating between the values -1 and 1) and having angular frequency
Wm; A, is the modulation amplitude. This implies that

0(t) = /Ot ApTry,, (T)dT. (7.3)

We can now write the driving RF field for out AOMs at the red MOT stage:

t
dAOM, RF(t) = COS <wct + / AmTrwm (T)d7'> N (74)
0

where d stands for "drive" and w. denotes the central frequency around which the RF is swept
in a triangular pattern. We can numerically integrate the triangular wave part in eq. (7.4) and
then perform the FFT to find the spectrum. A particular example of such a spectrum, for an
experimental set of parameters (with the exception of central frequency, which is, however, only
a constant shift along the frequency axis), is shown in Fig. 7.1 (evaluated in Numpy [81]). We note
the important points: the spectrum is centered around w,, one obtains a comb of lines separated
by wy,, and the spectrum extends to +A4,,, from w.. This is a general rule of what happens
during such frequency modulation and it produces the kind of a multifrequency beam that we
need. Since the optical frequency of the diffracted beam is the incoming laser frequency plus or
minus’ the applied RF frequency, the diffracted MOT beam will also have the frequency content
described by eq. (7.4) and depicted in Fig. 7.1. Note that there are some apparent numerical
artifacts in that spectrum (the spectral weights of the different frequency components not being
uniform close to the middle of the spectrum); they are most likely due to coarse-graining and
not taking a fine enough numerical grid, in order to avoid a long computation time. If a more
precise result is desired, one can perform a longer calculation, possibly on a cluster, using a
much finer grid. Table 7.2 gives an example of the experimental red MOT frequencies used in
evaporations to 84Sr BEC.

The frequencies listed in Table 7.2 are not the only possible option, and the broadband red
MOT frequencies and powers have to be experimentally optimized depending on the isotope,
MOT beam size and total power, for example. One can regard those values as a starting point,
around which one can look for improvements, if necessary. The beam powers for each step can
be rather quickly optimized by trial and error, starting from the condition that initially each
frequency component of the broadband red MOT should have an intensity of about 2-3 I, and
then in the later steps that value should be getting progressively lower. The optimization is
done based on the measured atom number and temperature. Ref. [37] provides more details on
the red MOT as it was done on a different machine in our group.

"This depends on whether the +1% or the —1** diffraction order is used.
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Step Detuning [kHz] | Comb spacing [kHz] | Ramp time [ms] | Duration [ms]
Capture | -150 to -3000 20 n/a 150
I -150 to -1150 20 150 200
II -40 to -500 20 150 200
I -20 n/a 175 50
1\Y 0 n/a 120 n/a

TABLE 7.2: Red MOT laser frequency parameters and ramp times for 84Sr BEC
production. Since the broadband red MOT consists of multiple frequency compo-
nents (see main text), we give them here as the range of detunings and the gap
between equally spaced frequencies within that range of detunings. The values of
detunings are referenced to the free-space resonance. The cases when the comb
spacing is not applicable (n/a) refers to single-frequency operation. The ramp
time refers to the time in which the frequency (and power) is ramped from the
step to reach the values needed in the given step. The duration of the last step is
irrelevant because in that step the MOT beams are being turned off.

The last step of the red MOT, which is not a MOT procedure anymore, but rather a clever use
of the red transition, is in-trap cooling. The ODT is switched on during the red MOT sequence,
and at the end of this sequence, the sample is already held by the ODT. At that point the MOT
beam intensity can be made much lower than what would be necessary to levitate the atoms
against gravity, because the ODT does that job [161, 37]. One only uses very weak red cooling
beams to take advantage of the narrow line and push the sample temperature down as much as
possible. The differential AC Stark shift in the ODT blue-shifts the 1Sy — 3P, transition, and so
we put the red beams at the frequency of the free-space resonance or even above it; these beams,
however are still red-detuned with respect to the light-shifted transition frequency inside the
ODT.

The red MOT procedure in the 3'Sr isotope is very different from the classic alkali-atom
MOTs not only due to the narrow transition, but also due to the particular hyperfine structure of
87Sr. First of all, we note that the red MOT beam for 87Sr addresses the FF = 9/2 — F' = 11/2
transition (prime denotes the upper state). Since the 1S, state has J = 0 orbital angular
momentum, the magnitude of the mr substate Zeeman shift in the quadrupole magnetic field
of the MOT is set by the value of the nuclear magneton. In contract, the upper electronic
state involved, 3P}, has J = 1, and so its Zeeman shift is determined by the much larger Bohr
magneton. The outcome is that at a given red detuning, a o~ beam, for example, will be trapping
for some of the mpr < 0 substates, but actually repulsive for some other ones [37]. Some other
substates will simply not feel any restoring MOT force and also be lost from the trap. This is an
unfavorable situation which would lead to a very low MOT atom number, because one always
starts with an mp state mixture in the red MOT. The key ingredient that makes the 3Sr red
MOT work and limits the losses is the fact that the Clebsch-Gordan coefficients for different
mp — m/, transitions on average turn out to be favorable for trapping (see Ref. [37] for details).
However, in order to make the best use of this, we have to randomize the mr substates in 1.5
faster than the time it would take them to escape the MOT region, and this is done by using
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stirring beams. These beams are overlapped with the MOT beams still on the laser table and
get delivered to the machine through the same fibers. They are red-detuned from resonance by
the same amount as the MOT beams, but the main difference is that for the stirring beams, the
resonance refers to the F = 9/2 — F' = 9/2 transition, unlike the F = 9/2 — F' = 11/2 MOT
transition [37]. Refs. [37, 170] provide more details. Recently an interesting way of creating a
fermionic Sr MOT without stirring beams was demonstrated by James Thompson’s group at
JILA [171].

7.3 Strontium in an optical dipole trap and evaporative cooling: sim-

ulation results

The last step on the way to Sr quantum gases is an ODT made with the IR laser system described
in Section 6.3. We can use the results from Section 2.4 to evaluate the potential energy landscape
for different waists and powers, and then to estimate the expected evaporation process. We
will not be concerned much with the optimization of trap loading dynamics from the red MOT
because we initially do not need a highly optimized loading process, as long as we have enough
atoms to evaporate to a clearly measurable quantum gas. A simple consideration that the trap
size should be comparable to the red MOT size in the last step, together with experimental
trial and error, is sufficient. In case a more rigorous calculation is needed, Refs. [172] and [173]
provide more details for general ODT loading procedures, and Ref. [174] specifically describes
work with Sr. The goal of this section is to estimate the relevant parameter that can be good
starting points for optimization and further improvement on the machine.

Eq. (2.42) allows us to estimate the optical potential for a single-beam trap and also to see
the effect of gravity in the vertical direction. The results of these calculations for the ground
state of Sr are shown in Fig. 7.2, where the trap depth is found numerically by subtracting the
energy at the bottom of the central dimple from the energy maximum on its left. A beam waist
of around 70 pm allows us to achieve a trap depth of a few tens of uK with a few watts of laser
power, which is readily available from a 1064 nm laser system (see Section 6.3). In the actual
experimental configuration, the trap should be deeper because it is a crossed dipole trap, and so
the powers of both beams should be added (that is not accounted for in the calculation for Fig.
7.2). On the other hand, imperfections in the focus position and greater-than-expected focus
spot size will reduce the trap depth. Those things are best to fine-tune experimentally, and this
result gives us a general guide. A rough measurement of the ODT beam waists based on the
measured trap frequencies is given in Subsection 7.5.4. Fig. 7.3 shows an absorption image of a
single beam of our dipole trap, loaded from the red MOT.

The trap frequencies for a crossed ODT with different powers and waist sizes can be predicted
using egs. (2.51) and (2.63). We assume here that both crossing beams significantly contribute
only in the case of the radial direction for both beams; and we neglect the contribution of a beam
in its longitudinal direction. The calculated trap frequencies, assuming beams of equal waist
size and equal power, are shown in Fig. 7.4; the z-axis is labeled in terms of power per beam.
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FIGURE 7.2: Shape (a) and depth (a) of a single-beam horizontal ODT for #4Sr in
LS, state, in the vertical direction. Each curve represents a different ODT beam
power. Notice the linear tilt due to gravity in (a). The trap depth is defined as the
energy difference between the bottom of the central dimple and the maximum
point on the left side of it in (a).

Notice that the trap frequency is expected to be in the range of 200 Hz - 400 Hz (expressed in
linear units), which is the value that can be used, for example, to predict the peak PSD before
evaporation, and thus to estimate the necessary amount of evaporation. The trap frequencies
have been subsequently measured experimentally using a BEC sample and they are reported in
subsection 7.5.4.

It is helpful to numerically estimate the evaporation procedure and to get a handle on the
parameters to start from on the path to quantum gases. The PSD of #4Sr at the end of the red
MOT can be as high as 0.1, and it has been reported to reach even 0.3 after in-trap cooling
and dipole trap loading [161]. We will see in section 7.4 that we get an estimated peak PSD =
0.7 before evaporation, which is very large. Let us take a tenfold safety margin and assume a
starting PSD = 0.07. The PSD for the BEC phase transition in a harmonic trap is 1.202 [175, 176]°.
In the notation of eq. (2.84), we require i ~ 20 for the BEC transition. The temperature of the
sample loaded into the ODT is about 1.5 1K, and we can load in excess of 2 million atoms into
the crossed dipole trap. This, together with the trap frequencies, will be the parameters to use in
the equations from Section 2.5. Fig. 7.5 shows the evolution of the PSD and the atom number
as the trap power is being lowered, calculated according to eq. (2.84). We label the plots by
the value of 1, which is the ratio between the trap depth and the thermal energy of the sample,
defined in eq. (2.80). Experimentally, the values of 7 between 5 and 10 are reasonable: n < 5
would lead to not enough time for rethermalization and n > 10 would make evaporation very
slow and thus make undesirable loss processes dominate. We see that for n > 7, a decrease in
power by a factor of 15 already increases the PSD by a factor greater than 20, which should
lead to quantum degeneracy in our experiment. Notice that one keeps about 20% of the atoms
from the original sample, which is a large number when one talks about the fractions of atoms

8 A different well-known PSD value for a BEC phase transition is 2.612, but that one is derived for the case of a
uniform box potential [175], which is not our case.
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FIGURE 7.3: Loaded single beam of the dipole trap, with the remaining atoms in
free fall after the red MOT has been turned off.

remaining and being evaporated away: this is the consequence of starting with a high PSD. An
estimate of the timing for the evaporation towards BEC is shown in Fig. 7.6. From experience,
we know that 7 should be somewhere between 5 and 10, and the timing of the evaporation ramp
is calculated under the assumption that 1 should stay constant throughout the procedure, as
mentioned in Ref. [95]. The condition of constant 7 is possibly not satisfied in the experiment
because of the heating and loss processes that are not a direct consequence of the evaporation
ramp shape, but this simulation is meant to serve as a general guideline. From its result we
see that 3-4 s of evaporation should be required to reach a factor of 15 drop of power, which,
as explained in Fig. 7.5 and the text that belongs to it, should be enough to achieve quantum
degeneracy. In actual experiments, we do not necessarily perform evaporation exactly like in
this simulation: we can, for example, reduce the power of one beam of the crossed ODT and
keep the other one at a constant value. However, those things can be optimized on the machine.
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defined in eq. (2.80). The increase in PSD as a ratio with the respect to the initial
PSD (a), and the fraction of remaining atoms (b) are shown for a crossed ODT.
The power ratio denotes the factor by which both beams are weaker at the end of
evaporation (we assume that the trap depth decrease in both beams occurs at the
same rate). Note that for Sr in the 1S state in a crossed ODT (1064 nm) with two
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FIGURE 7.6: Calculation of the timing for the last steps of the evaporation sequence
using egs. (2.82) and (2.83). Here, the crossed ODT beams are both assumed to
have a waist wg = 70 um and a 1:4 relation in power. The starting power of the
stronger beam is 1.25 W and the "Power ratio" has the same meaning as in Fig. 7.5.
The initial atom number is assumed to be 2 x 10¢ and the initial sample temperature
is set at 1.5 pK. Note that by construction of the theory, the evaporation ramp is
calculated under the requirement that n be kept constant in time. Power ratio of 15
is the threshold for quantum degeneracy in this parameter regime (see main text).
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7.4 Simple evaporation of 3!Sr to BEC

The final, far off-resonant, stage of BEC production starts with loading the ODT with a 84Gy
sample from the red MOT. IR Beam 0 and IR Beam 1 (see Fig. 6.5) are ramped up to 3.6 W and
2 W respectively within 50 ms during the multifrequency red MOT stage in order to create a
potential well where the atoms will be collected as they are being cooled. We emphasize again
that a very important step at the end of the red MOT for Sr is in-trap cooling: when the sample
has been loaded into the dipole trap, the MOT beams do not have to hold atoms against gravity
anymore, so their power can be gradually reduced to zero and their detuning can be brought
closer to resonance, taking full advantage of the 'Sy — Py linewidth. Unlike evaporation, this
cooling step removes thermal energy without losing the atoms (see Refs. [23, 24] for particularly
innovative uses of this technique). Fig. 7.7 shows a time-of-flight (TOF) absorption image of
a #1Sr cloud in the ODT after MOT and in-trap cooling but before evaporation. Since this gas
is not yet very close to the critical temperature for quantum degeneracy, we fit it with a 2D
Gaussian [177], and, based on the integral under the 2D surface and the scattering cross-section,
we estimate the atom number to be about 2.8 million. We can then find the temperature of
the cloud using the long TOF approximation, which results in the following expression for the
temperature (eq. 5.15 in Reference [103]):

N MSIw(t)2

T~ 7.5
2k pt? 7.5)

where Ms, denotes the atomic mass of Sr, ¢ is the TOF, and w(t) is the 1/e width of the fit to
cloud. The cloud temperature evaluates to 1.6 uK. Since the cloud is in a harmonic trap, its peak
phase space density (PSD) can be calculated as (see eq. 3.7 in Ref. [176] and Ref. [178])

3
p = NWHOxWHO,yWHO,z <k:T> : (7.6)
where N is the total atom number, wpo x denotes the trap frequency in the x direction, and the
notation is analogous for the y and z directions, and 7' is the cloud temperature. The 1/ e? waists
of the ODT beams are approximately 70 pm (see subsection 7.5.4), and so using the powers of IR
Beam 0 and IR Beam 1 given above and eq. (2.51) we can calculate the radial trap frequencies
for #4Sr in these ODT beams to be wHO 1R beam 0 = 1.4 x 10° rad /s, wHO IR beam 1 = 1.0 x 103 rad/s.
Those are the trap frequencies in the horizontal directions, and since the vertical direction is
strongly confining for both beams, its trap frequency has to be calculated using eq. (2.60), and it
evaluates to 1.7 x 103 rad/s. Putting all these values in eq. (7.6), we find the peak PSD of this
sample to be 0.7. If one assumes an uncertainty of 10 pm in ODT beam waist (see subsection
7.5.4) and takes this to be the dominant uncertainty peak PSD calculation, then this lead to the
peak PSD being given with the following error bars: 0.71}3. In any case, this is a large number,
but still compatible with the phase-space density of 0.3 that was reached in our group’s earlier

work with Sr at this stage in the experimental sequence [161]. However, one possible effect
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FIGURE 7.7: Absorption image of a 4Sr thermal cloud in the ODT prior to evapo-
ration, after 15ms TOF. The color bars are given in units of optical density. Atom
number is about 2.8 million, cloud temperature is 1.6 uK, peak PSD = 0.7.
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FIGURE 7.8: Absorption images of ®Sr cloud at different stages of evaporation,
after 15 ms TOF. Axes are labeled im um. The labels above each image give the
final power of IR Beam 1; that of IR Beam 0is 2.9 W.

that could make the calculation here give a larger result that what the PSD really is is thermal
lensing: when a high-power laser beam, like the one at the ODT loading stage, passes through
glass elements, thermal lensing can make its waist larger than the waist when rather low power
is used, and in this case, beam waist determination by BEC trap oscillations was done in a
lower-power beam (see subsection 7.5.4).

The evaporation sequence itself permits multiple power ramp options and configurations,
depending on what one’s goals are. For example, one approach is a two-step sequence which
separates a initial rampdown of the ODT beams to the point where BEC starts forming, and

then the next step is the rampdown to the point of maximal BEC fraction, where the steps are
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performed at different rates (expressed in W/s). In the first step, after the atoms have been
loaded into the ODT and all near-resonant beams have been switched off?, both IR beams are
ramped down linearly in power within 3.5s to 573 mW and 415 mW. In the second step, which
lasts 1.5, IR Beam 0 is ramped linearly up to about 2.9 W, while IR Beam 1 is ramped down
to different final values, and the resulting cloud is imaged in time of flight. The one beam is
ramped up in order to provide stronger confinement in one direction and thus to create a cloud
aspect ratio different from 1, even though both beams are circular and have approximately equal
waists; aspect ratio inversion in TOF is then a telltale sign of a BEC. Fig. 7.8 shows the cloud
after the evaporation, imaged after 15 ms TOF; the individual figures are labeled by the final
IR Beam 1 power. If we roughly assume, based on Fig. 7.8, that the thermal fraction is small
after maximal evaporation, then we can estimate the number of atoms in the BEC from the
integrated total optical density to be about 600000. This is probably an overestimate, and part
of this number is still the thermal fraction. More measurements, in a different ramp sequence,
together with more accurate analysis, are presented in the next section.

7.5 Analysis of BECs

We will now present basic analysis of the BECs made in the new machine. This is necessary for
future optimization, and we would also like to make quantitative statements about the achieved
results. In particular, we will show how the BEC fraction grows with deeper evaporation,
demonstrate the inversion of aspect ratio, analyze ODT loading and lifetime, and determine the
ODT trap frequency.

7.5.1 BEC fraction growth

BEC fraction growth, and thus evaporation dynamics, is analyzed by stopping evaporation at
different points and imaging the resulting atomic cloud. We know that the lower the final ODT
potential is, meaning the more hot atoms spilled from the ODT, the purer the resulting BEC
will be. However, the total atom number then will also be smaller, and at some point the ODT
will be too weak to hold the cloud against gravity and the entire sample will be lost. It is thus
valuable to find the point where the BEC is pure enough and has a large enough number of
atoms for further experiments.

For the purpose of BEC growth analysis, the evaporation sequence steps are modified
compared to Section 7.4. This also lends support to the statement that there is more than one
possible evaporation procedure. In this case, after having loaded the ODT at 3.6 W and 2 W in
the beams, the power is reduced to 2.9 W in IR Beam 0 and to different values in IR Beam 1 in a
single linear ramp of 3 s, and then held at the final values for 1s. The ODT is then switched off to
release the atoms and the cloud is imaged after a TOF. This is conceptually the simplest approach

°It is important to note here that one must take the best possible precautions to prevent any leakage resonant
light from reaching the atomic sample. In practice, we block the near-resonant beams with mechanical shutters on
the laser table; only turning off the respective AOMs lets too much leakage light through.
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to evaporation because it involves only a single linear ramp in power and some waiting time at

the end for the thermalization process to finish.
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FIGURE 7.10: BEC and thermal gas fractions extracted from the fits of the type
shown in Fig. 7.9.
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Fitting TOF images of partly condensed clouds and extracting information from those fits in
a reliable manner is a difficult topic, where there are no universally accepted models [13]. One
option is to fit with the sum of eqs. 2.100 and 2.114 because we expect a bimodal distribution, as
suggested in eq. (43) of Reference [13]; for simplicity, we fit the integrated 1D profile instead of a
2D fit with a polylogarithm, and we do not demand that 1 = 0 but rather leave it as a fitting
parameter limited to small negative values. The result of such fitting for one example of a partly
condensed cloud is shown in Fig. 7.9. For comparison, a full 2D fit to a cloud at the beginning
and at the end of evaporation using a sum of the Thomas-Fermi profile and a Gaussian is shown
in Fig. 7.11. This method is an approximation which ignores Bose-enhancement of the thermal
cloud [167]. The relative atom numbers in the BEC and thermal fraction can be evaluated using
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FIGURE 7.11: Absorption images and 2D fits to the optical density profiles at
the beginning (a) and at the end (b) of BEC formation. The fitting function is a
sum of the Thomas-Fermi distribution and a Gaussian [167]. The color bars are
given in units of optical density. Notice the broad pedestal of thermal atoms at the
beginning of BEC formation.
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egs. 2.101 and 2.115, and calculated according to fgec = —NeEc__ and fBose = Nooe  where

NBgc+NBose Npec+Npose ”
f stands for "fraction" and "Bose" has again the meaning of Bose-enhanced thermal fraction'?.
The result of this calculation is shown in Fig. 7.10. We will note as a remark here that given
2.9 W of IR Beam 0 power and 75 mW of IR Beam 1 power, which is close to the maximum BEC
fraction based on Fig. 7.10, 250000 atoms in the BEC, as shown later in Fig. 7.14, and the crossed
ODT with beams of 70 pm waist, we expect the Thomas-Fermi radius to be approximately 27 um
in the horizontal direction across IR Beam 1, and approximately 4 pm in the vertical direction,
the calculation being based on Ref. [13]'!. The length of the cloud in the vertical direction cannot
actually be resolved with our imaging system (in the sense that the length of the object projected
onto a single pixel is about the same as the Thomas-Fermi radius in the vertical direction), but
its expansion will be more rapid in a series of TOF images and will thus lead to the observation
of the inversion of aspect radio (see the next subsection).

A more recent analysis suggests that one cannot ignore the interactions: the BEC has a higher
density than the thermal cloud, and the repulsive atom-atom interaction pushes thermal atoms
out of the BEC area [179]. Consequently, we can fit the center peak of the cloud absorption image
with a pure 2D Thomas-Fermi profile, and assume that all atoms in that peak are BEC; we then
get the BEC fraction by integrating the entire optical density in the image and comparing it to
the integral under the Thomas-Fermi peak [179]. This is another extreme approximation because
in reality there will be some thermal atoms in the central region after the time of flight, but if it
is acceptable for 8'Rb, with a scattering length of about 100a [180], then it is even better for ®4Sr
with a scattering length of 124a [37] and thus stronger atom-atom repulsion. The reasoning
is that the BEC has the highest density at the center of the trap, and so the thermal atoms will
be mostly expelled from that region by repulsive atom-atom interaction. Fig. 7.12 shows the
growth of BEC fraction with increasing amount of evaporation as evaluated by this second
method and using 2D fits with only a Thomas-Fermi profile. This suggests that the evaporation
procedure yields a 60% BEC fraction. The analysis with 2D fits also gives similar results for the
BEC fraction as the one with 1D fits (Fig. 7.10), although the BEC fraction evaluated with 2D
tits is approximately 10% higher. In these particular evaporation sequences we evidently did
not optimize either the amount of evaporation, in which case the remaining thermal fraction is
relatively high, or the holding time after evaporation, in which case heating causes atoms to
enter the thermal fraction; otherwise, the BEC fraction could have been even higher.
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FIGURE 7.12: BEC fraction at different evaporation endpoints, as determined by
fitting a pure 2D Thomas-Fermi profile to the center peak and dividing by the total
integrated optical density of the cloud [179].

7.5.2 Inversion of aspect ratio

One of the clearest ways to show the existence of a BEC in a system is the inversion of the cloud
aspect ratio in time of flight. This was already noticed by the authors of the first BEC papers [3,
8]. The theoretical description of this phenomenon is given in review papers [11, 13] and books
[182,175]. The main idea is that time-of-flight expansion converts the momentum of a given
atom to position in an image. Since for a thermal gas, the momentum distribution is isotropic
in momenta, the absorption image after a sufficiently long time of flight will be circular'?, no
matter what the original trap shape was. On the other hand, for a BEC in a trap in the Thomas-
Fermi limit, the kinetic energy term in the Hamiltonian can be neglected in comparison to the
mean-field potential energy due to atom-atom interactions [11]. The counterbalancing of that
mean-field energy by the harmonic potential confinement creates the Thomas-Fermi density
profile. However when the confinement is removed, the atom-atom repulsion gets converted to
kinetic energy, and in particular, the gradient of the mean-field potential acts as a repulsive force.
Since that gradient in the direction of the tighter confinement is larger, the atoms will accelerate
more and spread faster in that direction. This is how the shorter, and thus tighter, axis of the

"We use optical density for this evaluation rather than real atom density. The outcome of plugging optical
densities into egs. 2.101 and 2.115 will be a quantity proportional to the atom number. However this is fine, as we are
interested in ratios of atom numbers, so the proportionality factor drops out.

1552 M2/ 2
25/2
total number of atoms in the BEC and « is the scattering length, and ¢, = %MSero/iTiTp, where i stands for one of
the Cartesian directions, and so then 7; 1r is the Thomas-Fermi radius measured in that direction [13]. Based on the
measured data, the first equation can be solved for 1, and then the Thomas-Fermi radius can be calculated from that.
2To put it in a more general way, the distribution of atoms will be spherical in space, which results in a circular

absorption image. See Section 2.6 for the basics of ultracold cloud absorption imaging.

The relevant expressions are the chemical potential 1, ub/? = NowHo xwHo,ywHO,.a, Where Ny is the
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FIGURE 7.13: Inversion of aspect ratio in a BEC after ODT release. The captions
under each subfigure refer to the time of flight: 1 ms (a), 4 ms (b), 15ms (c). The
axes are labeled in units of mm. The distortions in the images corresponding to
short times of flight (a) and (b) are possibly due to scattering and lens aberrations,
as described in Ref. [181]. Our imaging system was not optimized for in situ or
short TOF images of a BEC, when the density is high; most of the imaging was
done after a longer TOF, after the gas had expanded.

original cloud becomes longer than the original long axis in the course of the time of flight, and
that is known as the inversion of aspect ratio'® (see Section 2.6 for a discussion of BEC sample
evolution after TOF). An experimental demonstration of this in our experiment is shown in Fig.
7.13, and this is a telltale sign of a BEC [3, 8].

13"Aspect ratio"” is a fancy way of expressing the ratio between the length and the radius of a cylindrically-
symmetric object.
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7.5.3 Dipole trap loading and BEC lifetime
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Two other important measurements to do in a new quantum gas machine are BEC growth
as a function of loading time and BEC lifetime. Figs. 7.14 and 7.15 show their results, where
the atom number has been determined using the pure TF peak fits as described at the end of
Subsection 7.5.1. The measured BEC lifetime, based on the exponential fit in Fig. 7.15, is 8s.
We also notice that the loaded atom number saturates at 10s. This possibly happens due to
background gas collisions in vacuum, or due to loss processes in the magnetic reservoir (see
Section 7.1 for magnetic reservoir description), or else due to saturation of dipole trap loading
from the red MOT.

7.5.4 Dipole trap frequency measurement

A BEC is also a useful and reliable tool for characterizing the harmonic potential in which atoms
are trapped, be it a magnetic trap like in the early years of quantum-degenerate gases or in
work with metastable He*, or an ODT, like in many modern experiments. In fact, condensate
oscillations inside traps were the subject of early fundamental studies of BECs and a testing
ground for theoretical descriptions of quantum gases [183, 184, 102, 185, 186]. A rigorous
theoretical derivation of condensate dynamics inside a trap requires the techniques of quantum
many-body physics. However, the end results in the case of low-energy excitations in commonly-
used harmonic traps are simple. For example, if the center-of-mass oscillations of the condensate
are excited by some form of trap perturbation, the fundamental mode of these oscillations
happens precisely at the trap frequency in each oscillation direction [186]. The center of mass
dynamics of the cloud are effectively described by the second-order differential equation for a
classical harmonic oscillator, with wcom = wao, where "COM" stands for "center-of-mass”; wyo
is discussed in Section 2.4. Consequently, a measurement of the BEC oscillation frequency
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FIGURE 7.16: Examples of ODT trap frequency measurements. The blue dots
correspond to the vertical position of the center of the cloud, as fitted with a
2D Gaussian in raw absorption images, and the red line is a fit with a damped
sinusoid (a) and a pure sinusoid (b). Subfigure (a) corresponds to 310 mW in IR
Beam 0 and 306 mW in IR Beam 1, and Subfigure (b) corresponds to 1.52 W in IR
Beam 0 and 306 mW in IR Beam 1.

immediately yields the trap frequency, which is the single parameter that characterizes a
harmonic trap'*.

The easiest BEC center-of-mass oscillation to excite in our case is the vertical one; it can be
excited directly by gravity. The horizontal ones require some horizontal force on the atoms,
which is difficult for bosonic Sr as the 1S ground state is nonmagnetic, and so the horizontal
force cannot be caused by a magnetic field ramp, for example. We excited vertical oscillations
by suddenly (within microseconds) switching one of the ODT beams to a low power, which
makes the trap weaker, waiting for 1 ms so that the BEC can sag downwards by gravity, and then
suddenly switching that ODT beam back to the original power, which causes an upward force on
the cloud towards the original equilibrium position!>. We finally let the cloud evolve in the ODT
for a variable amount of time (we will call this "holding time"), after which the trap was abruptly
switched off, and the atoms were imaged after a fixed TOF. In this way, the linear momentum
in the vertical direction at the point when the ODT is switched off translates into the vertical
position of the cloud because no forces other than gravity are acting during the TOF. Finding
the center position of the cloud in a series of images and then fitting it as a function of holding
time yields the trap oscillation period. The sudden up-and-down kick with which oscillations
are excited is the driving term in the second-order differential equation describing the damped
driven harmonic oscillator. Such a driving term consists of many frequency components in
the Fourier domain, but mathematical results suggest the oscillations will persist only at the

mode frequency, meaning the harmonic oscillator frequency, the non-resonant frequencies being

1Of course a realistic optical or magnetic trap is not exactly harmonic, so the actual functional form of the
potential is necessary for its full characterization. However, if we assume that the gas is cold enough to occupy only
the deep part of the potential, then the trap frequencies in the three cartesian directions fully describe a given trap.
Fast control of beam power is done by fast adjustments of the RF drive power to an AOM.
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quickly damped as transients. This reasoning justifies the use of such a sudden excitation to
measure the mode frequency.

Example results of trap frequency measurements are presented in Fig. 7.16, and such
measurements can also be used to calibrate the ODT beam waist. Under the assumption of
circularly-symmetric Gaussian TEMO0O beams, this only requires the knowledge of the total
power, which is easy to measure. The two parts of Fig. 7.16 show the different trap frequencies
that result from varying ODT beam powers. The cloud center position data are extracted by
fitting a 2D Gaussian function to the BEC optical density image. Even though an appropriate
fit to a BEC image would be a sum of a Thomas-Fermi distribution and a Bose-enhanced
thermal fraction, we choose to use a Gaussian for the sake of simplicity: any approximation that
adequately captures the cloud center is already sufficient here, regardless of the validity of the
underlying model. The fit of the BEC center-of-mass position as a function of holding time is
then done either with a damped sinusoid, like in Fig. 7.16 (a), or with a pure sinusoid, like in
Fig. 7.16 (b). From this result we note that the weaker ODT appears to have more damping than
a stiffer one. In the particular case of Fig. 7.16, the measured trap frequencies are 93.1(7) Hz in
subfigure (a), and 167.2(3) Hz in subfigure (b). As the powers in both ODT beams are known,
and the assumption of circular Gaussian beams should hold'®, Eq. (2.63) can be used to write
down a system of algebraic equations and solve for the beam waists. We thus obtain

0.310 W 0.306 W
+ ) (7.7)

4
2m x 93.1Hz = 704}%64an0 . :
Msag, 0 TWR Beam 0 TWIR Beam 1

4 1.52W 0.306 W
97 x 167.2 Hz = \/a}g&i nm 7, ( u +— ) (7.8)
Mzag, >0 TWIR Beam 0 " WIR Beam 1

From these particular values we obtain wig Beam 0 = 67 tm and wir Beam1 = 72 pm. However,
using other pairs of IR beam powers and measured trap frequencies, we arrive at the values
of w that have a spread of about 10 um. Therefore, this particular measurement of the beam
waists is only an estimate. If a more reliable value is required, it should be measured by
systematically taking data points at multiple values of both beam powers, and then fitting
to obtain w. In addition, taking gravitational sagging into account in the model should also
improve the accuracy.

16These beams are delivered to the vacuum chamber through single-mode polarization-maintaining optical fibers,
collimators, and only spherical optics.
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Chapter 8

The frequency of the ultranarrow 'S -
3P, transition in 8'Sr

This chapter has been published as Phys. Rev. A 99, 052503 (2019).

8.1 Introduction

Atoms with two valence electrons, such as the alkaline-earth metals or ytterbium, possess
ultra-narrow intercombination transitions from their singlet ground state to metastable triplet
states. The 1S, - 3 P transition, which connects two states that are free of electronic magnetic
moment, is used as frequency reference in optical atomic clocks [1] and is of interest for quantum
simulation [187, 188, 189, 190, 191], computation [30, 192, 193], and gravitational wave detection
[194, 195, 196]. The 1S; - 3 P; transition is equally narrow [18], but it connects the ground state to
an excited state with electronic magnetic moment. This property has enabled high-resolution
imaging of an Yb quantum gas in a magnetic field gradient [197, 198], a method that could
also provide selective access to qubits in a quantum computer [30, 192]. Isotopes with nuclear
spin exhibit hyperfine structure in the 3 P, state, which will make it possible to induce nuclear
spin state specific ac Stark shifts and Raman couplings using the 1S, - 3P, transition. This
property might allow the creation of artificial gauge fields that are significantly less hampered
by off-resonant scattering of photons or collisions between metastable state atoms compared
to schemes exploiting broader transitions [199, 200, 201, 202, 203] or using metastable atoms
[204, 190, 188]. Ultracold mixtures containing 3 P, atoms have been obtained from quantum
gases of ground state atoms by excitation on the 1S - 3 P, transition, leading to the discovery of
Feshbach resonances between Yb 1Sj and 3 P, atoms [38]. These resonances are interesting for
quantum information processing [30, 192, 193], are predicted to show signatures of quantum
chaos [205] and have been exploited to form Feshbach molecules [206, 207]. Also mixtures of 3Py
Yb with Li have been created [208, 209] and their collisional stability investigated [210, 211, 212,
213,214]. The 1S, - 3 P, transition might also be useful to create quantum gases with quadrupole
interactions [215, 216, 217, 218, 219].

Many of these applications require quantum degenerate gases and so far three two-valence-
electron elements have been cooled to quantum degeneracy: Yb [26], Ca [25], and Sr [167]. The
frequency of the 1S - P, transition is only well known for Yb. Strontium has properties that
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significantly distinguish it from Yb, offering different opportunities. It enables higher phase
space densities directly by laser cooling, which makes it possible to create quantum gases with
large atom number or with high repetition rate [161]. Its fermionic isotope 87Sr has a nuclear
spin of 9/2, which should enable better Pomeranchuck cooling [220, 221] or larger synthetic
dimensions [34]. In order to combine these favorable properties with the possibilities offered by
the 1Sy - 3P, transition, the frequency of this transition needs to be determined to at least the
MHz level.

In this article we report the measurement of the ultra-narrow 87Gr 15, - 3P, transition
by direct optical excitation. We perform loss spectroscopy of an ultracold strontium sample
and determine the resonance frequency by comparison to four spectral lines of molecular
iodine, which serves as a natural and documented reference. The iodine lines are identified by
comparing a gigahertz-wide iodine spectrum around the Sr lines with the spectra calculated by
the IODINESPECS software [222]. The accuracy of the measurement is limited by the uncertainty
in iodine transition frequencies, whereas the precision is limited by frequency drifts of an optical
resonator used for spectroscopy laser stabilization. The relative frequency between the Sr
transition and specific iodine lines is obtained with an accuracy of 0.5 MHz and the absolute
frequency is limited by the iodine line accuracy of 30 MHz. These measurements open the door
to using the Sr 1Sj - 3P, transition for important applications, such as the creation of artificial
gauge fields or quantum computation.

This article has the following structure: Sec. 8.2 describes the spectroscopy laser system, the
iodine spectroscopy setup, and Sr sample preparation; Sec. 8.3 introduces relevant Sr transitions,
presents initial coarse and final precise determination of the 18, - 3P, transition frequency and

analyzes the measurement error. Conclusions are given in Sec. 8.4.

8.2 Experimental details

8.2.1 1S, - 3P, spectroscopy laser setup

Light for the spectroscopy of Sr and iodine is produced by an external cavity diode laser (ECDL;
wavelength: 671 nm; power: 24 mW; diode: Toptica LD-0670-0035-AR-1), see Fig. 8.1. The ECDL
is locked to an optical resonator by the Pound-Drever-Hall (PDH) method [158]. The resonator
uses a Zerodur spacer, is length-tunable by two piezos that compensate each other’s thermal
expansion [37], and is kept under vacuum, with the vacuum chamber placed inside a thermally
insulating box. A frequency shift of 550 MHz to 850 MHz is introduced by an acousto-optic
modulator (AOM) between the ECDL and the light used for locking. Spectroscopy scans are
performed by slowly varying the AOM frequency so that the lock follows. The feedback loop
uses a fast proportional-integral-differential (PID) controller (Toptica FALC 110), providing
feedback of 1.9 MHz bandwidth to the ECDL current and 10 kHz bandwidth to the ECDL grating.
Based on the error signal, we estimate the laser linewidth to be at most 85 kHz. The light is sent
through polarization-maintaining single-mode optical fibers to the Sr sample and to the iodine
spectroscopy setup. The absolute frequency of the spectroscopy laser can be obtained with
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a wavemeter (Toptica HighFinesse WSU-30, accuracy of 30 MHz) calibrated to the frequency
of the 7.4 kHz-wide 1Sy - 3P; transition of 88Sr, known to within 10 kHz [223]. The calibration
laser’s absolute frequency is determined by spectroscopy of a Sr Bose-Einstein condensate to
better than 50 kHz and its frequency stability is better than 10 kHz, as verified by successful
operation of a 1Sy - 3P, line magneto-optical trap (MOT). The wavemeter calibration is done
each day immediately before the data collection runs using the designated calibration port of

the wavemeter.
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FIGURE 8.1: Scheme of the spectroscopy setup. The light of an extended cavity
diode laser (ECDL) is distributed to a wavemeter, an optical resonator, an iodine
spectroscopy setup, and Sr samples in an optical dipole trap (ODT). The laser
frequency is stabilized to a mode of an optical resonator. Acousto-optic modulator
AOM introduces a controlled offset between the laser light and the resonator
mode and is used to perform spectroscopy scans. To lock the light to the resonator
the Pound-Drever-Hall method is used, for which an electro-optic modulator
(EOM) creates sidebands on the light sent to the resonator and photodiode PDgrgr
measures the light intensity reflected from it. The light transmitted through
the resonator is analyzed by TV camera TVrr and photodiode PDr. The laser
frequency can be referenced to iodine lines using the iodine spectroscopy setup,
consisting of an iodine vapor cell, AOMj, PDj, and a lock-in amplifier (LIA).
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8.2.2 Iodine spectroscopy setup

Spectra of iodine molecule vapor (natural sample, essentially 100% 21, [136]) contained in a
heated quartz cell are recorded using Doppler-free saturated absorption spectroscopy [224, 225].
We will now briefly describe the I5 spectroscopy setup, see Fig 8.1. The quartz cell is 60 cm long
and kept at approximately 530 °C (not stabilized by feedback) in order to populate the higher
vibrational levels of the iodine molecule [225]. A cold finger, stabilized at 20.0(3) °C, is used
to set the iodine partial pressure. The collimated spectroscopy beam entering the setup (waist
0.7 mm, power 5mW) is split into a pump and a probe beam. The probe beam (power 0.5 mW)
is sent through the cell onto a photodiode that records the spectroscopy signal. The pump
beam is frequency shifted by acousto-optic modulator AOMj, after which it has approximately
3mW of power, and gets sent through the iodine cell in a counterpropagating manner with
respect to the probe!. We enhance the weak Doppler-free signal by lock-in detection. We use
AOM to chop the pump beam at 50 kHz (square wave) and we demodulate the detected probe
signal at that frequency on a lock-in amplifier (EG & G Instruments Model 7265) using a time
constant of 100ms. A few things are worth mentioning about this approach: first of all, the
lock-in method is necessary, because the bare Lamb dips in the Doppler spectrum are too weak
to be seen directly with the available power; secondly, the method is quite forgiving in terms of
the chopping frequency, and in particular, the chopping frequency can be increased if one wants
to reduce the time constant of the lock-in for faster scans, at the expense of signal—‘co—moise2 ;
thirdly, the method is forgiving to slight misalignment in the overlap of the pump and probe
beams, imperfect collimation of the beams, and slight power fluctuations of pump and probe.

8.2.3 Strontium sample preparation and spectroscopy principle

Spectroscopy of the Sr 1Sj - P, transition is done on an ultracold cloud of ¥'Sr in an equal
mixture of all nuclear spin states contained in an optical dipole trap (ODT). The ODT consists
of two horizontally propagating, linearly-polarized 1064 nm beams crossing at right angles
and having waists of approximately 70 pm and 60 pm and powers of 2.2W and 1.2W; the
beams have a 160 MHz frequency difference in order to avoid mutual interference. To prepare
the sample, a magneto-optical trap is loaded from a Zeeman-slowed atomic beam and then
transferred into the ODT using the techniques described in Ref. [161]. We obtain a cloud of
2 % 10° Sr atoms at 730 nK, which has a 1 /e-width of ~25 pm in the vertical direction and ~38 pm
in the horizontal direction. We reduce the residual magnetic field to less than 30 mG at the
location of the atomic cloud. The Sr spectroscopy beam is focused to a waist of about 60 um
at the sample position. Spectroscopy is performed time sequentially and measures frequency
dependent loss of ground state atoms. A sample is prepared, exposed to spectroscopy light,

! AOM introduces the frequency shift of approximately vaom, /2= 35 MHz between the frequency of the iodine
transition under study v, and the frequency of the spectroscopy beam entering the setup vepec: Vi, = Vspec — YaoMm; /2

>The chopping frequency cannot be much larger than roughly one linewidth of the transition that one tries to
observe [226].
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which leads to atom loss, and the remaining ground-state atom number is detected by absorption
imaging on the 1Sy - 1 P, transition.

8.3 Determination of the 'S; - 3P, transition frequency

Strontium levels and transitions that are relevant for this work are shown in Fig. 8.2. The
transitions 'Sy — 3P 5 are dipole forbidden in isotopes with pure spin-orbit (LS) coupling
because of spin and total angular momentum selection rules [48]. A small dipole matrix element
can be induced by mixing of the 3P 5 states with 1 P through the application of a magnetic field
or through hyperfine coupling in the case of 87Sr, the only stable Sr isotope with nuclear spin.
For the bosonic 88Sr the observation of the 1S, - 3 P, clock transition has been reported with an
external mixing field as low as 13 G [19, 227]. Most Sr optical lattice clocks use fermionic Sr in
order to exploit hyperfine mixing to enable the clock transition.

In this work we use fermionic 87Sr, which allows dipole transitions between 1Sy (F = 9/2)
and 3P, (F' = {7/2,9/2,11/2}) with a linewidth of approximately 1 mHz by hyperfine mixing
[18]. The transitions 1Sy (F = 9/2) — 3P, (F' = {5/2,13/2}) have AF = +2 and the ground
and excited states have opposite parity, which makes them dipole forbidden. They are however
still accessible as magnetic quadrupole transitions (M2) [228] and we observe the 1S, (F =
9/2) — 3P, (F' = 5/2) transition.

We determine the 1S, - 3P transition frequency in two steps. The first step, described in
Sec. 8.3.1, determines the transition indirectly to within ~100 MHz. This is sufficiently precise to
find the transition with direct spectroscopy, see Sec. 8.3.2. In Sec. 8.3.3 we discuss the error of

our measurement.



144 Chapter 8. The frequency of the ultranarrow 1Sy - 3P, transition in 87 Sr

1707 nm
S 1 \

e 1 \ [ ——

‘A 1 “ —h

(5s4d) 'D, wnlt~~ Y| —

| ~~’~: 7%

35

(5s5p) ®P,

—  ~

461 nm

FIGURE 8.2: Level scheme of the low-lying electronic states of 87Sr. The transitions
at 461 nm and 689 nm are used for MOTs, the transitions at 679 nm and 707 nm are
repump transitions, the one at 698 nm is the clock line, and the transition at 671 nm
is the 1.S; - 3P line whose frequency we measure in this work. The hyperfine
structure of the ! D, is neglected because it is irrelevant for this work.

8.3.1 Coarse, indirect determination

The 1S, - 3P, transition frequency has only been measured for the most abundant isotope 3Sr
with an accuracy of 120 MHz [229]. The 87Sr 1S, - 3 P, transition frequencies can be estimated
by adding the 87Sr 355 hyperfine shifts, which have been determined by radiofrequency spec-
troscopy in hot Sr [230], and the isotope shift. Here we assume that the 16y-3P;, isotope shift is
the same as the measured 'Sy - 2Py and 'Sy - 3 P; isotope shifts [231, 232, 233], which are both
within 1 MHz of fgg — fs7 = 62 MHz. We verify the estimated transition frequency by perform-
ing a simple, coarse and indirect frequency determination. We determine f(1Sj - 3P,) using
conservation of energy: we measure f(3P, - 3S5) and use the well-known transition frequencies
f(1So - 3Py) and f(3Py - 351) [234] to calculate f(1Sy - 3P2) (see Fig. 8.2). The 3P - 35; transition
is dipole allowed, which makes it much broader and easier to find than the doubly forbidden
millihertz-linewidth 'Sy - 2P, transition. Similar schemes were used to determine the Sr 'S -
3 Py transition [234] and the Yb 1S - 3 P, transition [235].

To determine f(3P; - 351) we use reservoir spectroscopy [236]. This technique relies on the
fact that atoms in the 1S, - 1 P, MOT cycle can decay through the ! D, state into the metastable
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and magnetic 3 P, state, the low field seeking mp substates of which are captured in the magnetic
quadrupole field of the MOT. These atoms can be pumped back into the MOT cycle with light on
a transition from the 3P, state to some higher-lying state that has a high chance of decaying into
the ground state. We use the 35 state as the higher-lying state, from which atoms decay to the
ground state through the short-lived 3P, state. The 3P, - 39 transition corresponds to a repump
laser operating around 707 nm. Thus, when the repump laser is tuned to a resonance, the 3P
atoms from the magnetically trapped reservoir are quickly brought back into the 1S, - 1 P, MOT
cycle, rapidly increasing the number of ground-state atoms and causing a MOT fluorescence
flash. There are nine repump resonances due to the number of hyperfine states in both 3 P, and
351, but we do not need to measure all of those transitions to determine f(3P, - 35;).

We observe three 3P, - 3] repump resonances, which we can attribute to specific transitions
between hyperfine states in the 3P, and 35| manifolds using knowledge of the 3p, hyperfine
structure [230], knowledge of the 35, hyperfine structure [234], and selection rules. The absolute
frequencies of these transitions are obtained with the wavemeter that is also part of the 15, -
3 P, spectroscopy setup. These measurements, combined with the known transition frequencies
f(1So -3Py) and (3P - 3S1) [234], provides estimates of the individual transition frequencies
f[LSo (F =9/2) =3P, (F' = {7/2,9/2,11/2})]. This determination has an accuracy of ~100 MHz
and confirms the estimated transition frequencies. Using this good starting point we now expect

to find the transitions quickly in a direct spectroscopy search.
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FIGURE 8.3: Spectrum of the 'Sy (F = 9/2) — 3P, (F’ = 11/2) transition broad-
ened by using a large Rabi frequency (spectroscopy laser power of 4.5 mW). The
zero of the frequency axis is chosen arbitrarily.
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8.3.2 Precise, direct determination

We perform direct spectroscopy of the 1S - 3P, transitions using Sr samples in an ODT. When
the spectroscopy laser is tuned into resonance, ground-state atoms are excited to the metastable
3P, state. Atoms in this state are transparent to the 1Sy - ' P; absorption imaging beam and
furthermore likely lost by inelastic collisions [237]. To find a resonance we measure the fraction
of 1Sy atoms remaining in the ODT as a function of spectroscopy laser frequency, while keeping
other parameters, such as illumination time and laser power, constant. During the first search
for the transition we use the full power of the spectroscopy beam (4.5 mW). We repeatedly
prepare Sr samples and use each to scan a 1 MHz frequency interval over 1s. An example for the
resulting spectrum is shown in Fig. 8.3 and determines all 1S - 3 P, transitions to within 10 MHz,

using the known 3 P, hyperfine splittings.

F' Frequency FWHM linewidth

[MHz] [MHz]
7/2 | 446 648 769(30) 0.52(4)
9/2 | 446647 793(30) 0.74(3)
11/2 | 446646 618(30) 0.69(8)

TABLE 8.1: Frequencies and measured linewidths of the 1S, — 3P, transition
to three different hyperfine states in the 3 P, manifold. The frequencies are de-
termined using a wavemeter, whereas the full-width half-maximum (FWHM)
linewidths are obtained from Gaussian fits to the spectroscopy signals shown in
Fig. 8.4.
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FIGURE 8.4: High-resolution spectra of the 'Sy - 3P, (F/ = {7/2,9/2,11/2})
transition in 87Sr measured by atom loss spectroscopy in an ODT using low
spectroscopy beam power (0.45 mW). The atom numbers are normalized to the
ones far away from any spectroscopy signal. The error bars represent the standard
error of five measurements per data point.
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FIGURE 8.5: (Color online) Combined spectrum of the 87Sr 1S, — 3P, (F' = 7/2)
line and iodine lines {a8, a9, al10, all}. The red line is iodine data, the blue circles
are 87Sr data, the black dashed lines are the fits to the respective spectra (multiple
Lorentzian for iodine and Gaussian for 87Sr). The center of each fitted spectral line
is marked with a vertical gray line and labeled on top. The center of the a8 line is
chosen as the zero of the frequency axis.
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In order to determine the transition frequency with more precision we zoom in on the
detected broad spectroscopy signals by recording spectra with 0.45 mW of spectroscopy laser
power and reduced frequency interval and illumination time per sample. The narrowest
spectroscopy signals for F’ = {7/2,9/2,11/2} are shown in Fig. 8.4 together with Gaussian fits,
the parameters of which are summarized in Table 8.1. The values of the transition frequencies
measured with the wavemeter are also reported in Table 8.1, and the uncertainty is dominated
by wavemeter inaccuracy.

Next we determine the frequency difference between four iodine transitions and the 87Sr
1Sy (F =9/2) — 3P, (F' = 7/2) transition. This allows us to determine the frequency of the Sr
transition with the accuracy of the known iodine transition frequencies, which currently is the
same as the accuracy of the wavemeter (30 MHz), but can be improved in the future with iodine
spectroscopy alone [225]. More importantly the accuracy of the frequency difference (0.5 MHz)
is much higher than the accuracy of the absolute frequency, which makes it possible to find the
Sr transition with simple iodine spectroscopy and to lock the Sr laser to iodine lines.

The F' = 7/2 state is used for iodine comparison because it is within the spectroscopy AOM
tuning range of the strong iodine transitions (J' — J” =32 — 33)(v/ — v =9 —9) {a8, a9, al0,
al1}®. The frequencies corresponding to the other hyperfine states in the > P, manifold can be
found by using this frequency and the known 3 P, hyperfine splittings [230]. Figure 8.5 presents
an example of a recorded iodine spectrum (scan time 1.5 minutes), fitted with Lorentzians,
combined with the Sr spectrum, fitted with a Gaussian. In order to estimate the drift of the
spectroscopy laser, we record four iodine spectra within a 2.5 hour interval that encompasses
the 87Sr 1Sy (F = 9/2) — 3P, (F' = 7/2) frequency measurement. The maximum change of the
relative frequency between the iodine laser and the iodine lines is 250 kHz. Since the iodine line
frequency is expected to change much less than that we attribute this frequency shift mainly
to the lock of the spectroscopy laser to the reference cavity. Table 8.2 lists the fitted central
frequency values of the iodine transitions, where each value is an averaged result from the
fits to four measured spectra. Using the a8 frequency calculated by IODINESPECS we obtain
446 648 775(30) MHz for the 87Sr 15 (F = 9/2) — 3P, (F' = 7/2) transition frequency, which is
consistent with the frequency determined by the wavemeter.

The frequency of the 1Sy — 3P, (F' = 5/2,13/2) M2 transitions can be determined from the
previous measurement and the ? P, hyperfine splittings. Guided by this calculation we observe
the 1Sy - 3P, (F' =5 /2) transition by direct optical excitation. Since it is an M2 transition it is
expected to be much weaker than the HFM-E1 lines, and we indeed must use about 10 times
larger intensity and a 20 times longer illumination time to induce observable atom loss on this
transition compared to the case of the dipole transitions. Fig. 8.6 shows a spectrum of this line
recorded with a spectroscopy beam power of 4.5 mW and an illumination time of 10s.

Based on our measurement of the .S, — 3P, transition and the previously reported results
for the 1Sy — 3Py and 3P, — 39 transition frequencies and hyperfine splittings of all mentioned

*Here, J” and " denote the lower rotational and vibrational levels respectively, and J’, " denote the upper
level. The symbols {a8, a9, al0, all} label the hyperfine states [222]. The common designation for these rovibrational
transitions is P(33) (9-9).
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Transition frequency

(MHz)

a8 0.00(3)

a9 25.88(3)

al0 34.17(5)

all 48.39(4)
LSo =3Py (F' =17/2) | 93.27(25)

TABLE 8.2: Measured frequencies of the iodine transitions {a8, a9, al0, all} within
the manifold P(33) (9-9) and the 'Sy — 3P (F’ = 7/2) transition frequency. The
frequencies are reported with respect to the measured frequency of the a8 transi-
tion. The iodine transition frequencies are given for our conditions of the iodine
cell (see text) and are shifted by —100(15) kHz with respect to iodine lines at zero
pressure and temperature. The error of the Sr transition is dominated by drifts of
the reference resonator.

states [234, 230], we can also give a more accurate value for the > Py (F = 7/2) — 35, (F' = 7/2)
repumping transition frequency, which evaluates to 423 914 969(30) MHz. The corresponding
values involving any other hyperfine states can be easily calculated from the known hyperfine
splittings [234, 230].
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FIGURE 8.6: Spectrum of the 'Sy (F = 9/2) — 3P, (F’ = 5/2) M2 transition with
a spectroscopy beam power of 4.5 mW. The zero of the frequency axis is chosen
arbitrarily.
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8.3.3 Error analysis

We measure absolute frequencies in two ways, using the wavemeter or using iodine lines as
reference [222]. Both methods have an uncertainty of 30 MHz, which dominates all other sources
of error. We also determine the relative frequency between the Sr transitions and the iodine lines.
The error in the relative frequency is much smaller than the absolute error and will be discussed
in the following.

The error in the relative frequency measurement has statistical and systematic components.
Statistical errors arise from the drifts of the Fabry-Perot resonator to which the laser is locked,
from errors in the fits used to determine the center of spectral lines, and from iodine line shifts
by iodine temperature and pressure changes* [238]. Systematic errors are the collisional shifts
of the iodine lines, which effectively move our frequency reference point from its literature
value [238], and the ac Stark shift of the Sr transitions by the dipole trap light.

The dominant contribution to the statistical error comes from changes of the cavity resonance
to which the spectroscopy laser is locked while the measurements are performed. This error
is estimated by recording iodine spectra several times before, during, and after the one-hour
timespan during which the Sr spectra are recorded, and then analyzing the drift of the relative
frequency between the cavity resonance and the iodine lines. We assume that the iodine lines do
not change significantly over this timespan (the validity of that assumption will be analyzed
below), therefore the drift is due to changes of the resonator frequency. The maximum drift we
observe is 250 kHz.

Errors also originate from pressure and temperature shifts of the iodine lines. Compared
to a zero temperature and pressure gas the iodine lines are shifted by d f, = agP, T~ /10 at
pressure P and temperature 7, where ag = —400(60) kHz K/!° /Pa is an empirically determined
proportionality constant [238]. P, is set by the cold finger temperature, and the relevant
iodine vapor pressure equation is given in Ref. [225], whereas T is set by the iodine cell body
temperature. Statistical errors arise from uncertainties in P and 7'. The cold finger temperature
uncertainty of 0.3 K translates into a pressure uncertainty below 1 Pa. The body temperature
has an uncertainty below 20 K. These uncertainties lead to a statistical error of 3kHz in the
iodine line frequency. The systematic shift of the iodine lines is 0 f;, = —100(15) kHz, where the
dominant contribution to the error arises from uncertainties in ag. The values reported in Table
8.2 are given in presence of this shift.

Another source of error is the light shift induced on the Sr transition by the ODT. We obtain
an upper limit for this shift by recording spectra using ODT depths up to a factor two higher or
lower than the depth used usually. We do not observe a correlation of the transition frequency
with the ODT depth, which we attribute to drifts of the reference resonator during the few
hours that we spent to record this data. We conclude that the light shifts are at most as large
as the resonator drifts of 250 kHz, which is consistent with a calculation using the Sr transition
strengths of [78]. Adding statistical and systematic errors we arrive at a total error of 0.5 MHz.

“The AOM frequency uncertainty is negligible compared to other error sources as it is driven by a direct digital
synthesizer synchronized to a rubidium atomic clock.
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The Sr spectroscopy lines are broadened by ODT light shifts, the Doppler effect, Zeeman shifts
of the unresolved m g levels, and collisional effects.

8.4 Conclusion

We have determined the frequency of the 87Sr 15, — 3 P, transition with an accuracy of 30 MHz
and the frequency difference of that transition to molecular iodine lines with an accuracy of
0.5 MHz. This knowledge enables the use of simple iodine spectroscopy to find the "Sr 1.5, —3 P,
transition frequency or to lock a Sr 15y —3 P, laser. Our work prepares the use of this Sr transition

for applications, such as quantum simulation or computation.
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Chapter 9

Outlook

The new machine for producing and studying quantum gases of strontium is now ready and
tested, and the first scientific result, the measurement of the 1.9 - P, transition frequency in 87Sr,
has been obtained. We can look into the future and consider what further scientific questions
can be investigated with this tool. There are multiple interesting directions: strontium provides
many opportunities, as we saw in the introductory Section 1.1, and fortunately the machine is
reconfigurable and future-proof even to the point of adding a new atomic species. Let us outline
a few of these directions.

First of all, the microscope objective designed by Ivo Knottnerus [104] should make it possible
to project a pattern of highly-focused beams, with expected sub-micron focus waists, onto the
red MOT, and thus capture atoms in such tight optical dipole traps, which are known as optical
tweezers. The big point here is that one can load single atoms into the tweezers [65]. The pattern
of tweezers is generated either by imaging a spatial light modulator pattern onto the atoms!,
or by converting the deflection angles from an acousto-optic modulator or an acousto-optic
deflector, into a different beam focus position. In both cases, the high resolution and thus the
high focusing power of the microscope objective must be used. The tweezer approach in general
gives a high degree of control over the number of atoms, the positions of these atoms, and the
tweezers can be moved and merged. This research field has been developing for years and has
achieved several important milestones, such as sideband-resolved cooling of a single atom to
the tweezer ground state [239], producing nearly arbitrary three-dimensional patterns of single
atoms [240], and creating a single molecule out of two individual atoms in a controlled manner
[241]. However, the majority of the progress with optical tweezers has been achieved with alkali
atoms. We can now learn how to use the tools developed with alkali atoms and adapt them
to strontium, which provides unique opportunities due to its two-electron structure and the
presence of metastable states and corresponding ultranarrow transitions (Section 1.1). This is
an ongoing project in our team. In fact optical tweezers with strontium is a new territory, with
the first publications appearing only in 2018 [113, 114]>. There exists a very recent proposal
for a quantum computation and quantum simulation scheme using alkaline-earth atoms in

'Note that if the objective can be used to image atoms onto the image plane, then it can be equivalently used to
project the pattern that is already in the image plane onto the atoms. Such a pattern can be generated by a spatial
light modulator.

2The first tweezers with ytterbium, another two-electron atom that is used for quantum gas experiments, have
also been reported in 2018 [242].
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tweezers [243]. One therefore does not expect a dearth of scientific opportunities when one
has a system of optical tweezers with Sr. Furthermore, looking even further, one can think of
exciting Sr atoms to Rydberg states inside the tweezers and making use of the very long range of
Rydberg interactions to induce coupling between the atoms, even when the individual tweezers
are separated by microns and tunneling processes are essentially completely non-existent; this is
mentioned in Ref. [243] as well.

The introductory part of Chapter 8 mentions several other future directions that would
directly benefit from Sr properties. The immediate ones in terms of the technology already
largely present on the machine, and the ones that will open up further opportunities if imple-
mented successfully, are the search for Feshbach resonances between the 1Sy and 3 P; states
[38] and mpg-selective Raman coupling in the ground state hyperfine manifold by using the
mp substates of 3 P, as the intermediate levels, which would be useful to create artificial gauge
fields. These Raman coupling experiments will immediately use the results of the spectroscopy
work described in Chapter 8 and will also provide an impetus to further develop the 671 nm
laser system that was used in that work. In turn, predicting the implications of a successful
observation of the Feshbach resonances with the excited state, or of the development of such
Raman coupling, is difficult precisely because this opens up large research areas. Let us only
mention that such a combination can lead to experimental observations of artificial gauge fields
in the presence of interactions, which is one of the major goals in the field of ultracold atoms.

With the milestones that are required for a new quantum gas setup completed and the first
measurement finished, the experiment is ready to keep exploring. The setup design is flexible
enough to facilitate new developments. Having this in mind, we are justified to hope and expect
that this new strontium experiment can make significant contributions to quantum simulation

with ultracold atomic gases.
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Samenvatting

In dit proefschrift worden het ontwerp en de realisatie van de nieuwe opstelling voor kwantum-
gassen van strontium gepresenteerd, samen met de eerste experimenten die gedaan zijn op deze
opstelling, die is gebouwd tussen 2014-2017 aan de Universiteit van Amsterdam. Het resultaat
is een flexibel apparaat, dat geschikt en handig is voor meerdere experimenten, inclusief enkele
die niet voorzien waren bij het initiéle ontwerpen van de opstelling.

De inleiding geeft een overzicht van de nuttige eigenschappen van strontium en van de be-
langrijkste onderdelen van een kwantumgas-apparaat in het algemeen, en het in dit proefschrift
omgeschreven apparaat in het bijzonder. De belangrijkste reden waarom strontium een goede
keuze is in dit soort experimenten zijn de twee aanwezige valentie-elektronen, die tot verschil-
lende types optische overgangen leiden, namelijk dipool-toegestane overgangen, smalle dipool-
verboden overgangen, en ultrasmalle dubbel verboden overgangen. Hierdoor is strontium een
geschikt systeem voor laserkoeling, wat precisie-spectroscopie en atoomklok-experimenten
mogelijk maakt en leidt tot de aanwezigheid van metastabiele toestanden, die nuttig kunnen
zijn voor bijvoorbeeld kwantumgas-microscopie of twee-foton Raman-overgangen. Met het oog
op al deze eigenschappen van strontium werd de opstelling voor verschillende toepassingen
tegelijk ontworpen, daarom zijn er drie experimentele vacuiimkamers aan elkaar geschakeld.
De hoofdkamer is bedoeld voor de magnetooptische val (MOT) en voor verdampingskoeling
tot een kwantumgas. Daarnaast zijn er twee zijkamers: één ervan is bedoeld voor de toekom-
stige kwantumgas-microscoop en de andere is een glas-cel voor experimenten die moeilijk of
onmogelijk zijn in een metalen kamer.

In hoofdstuk 1 worden fundamentele theorieén uitgelegd die nodig zijn om de verschil-
lende stappen van laserkoeling en de analyse van kwantum-ontaarde gassen te begrijpen. De
belangrijkste vergelijkingen worden uitgelegd voor optische melasse, de Zeeman-afremmer, de
magnetooptische val, ac-Stark-niveauverschuivingen in een optische dipoolval (ODT), en de
verdampingskoeling. Uiteindelijk wordt ook de basis van het afbeelden van ultrakoude wolken
met behulp van absorptie van licht uitgelegd. Het hoofdstuk eindigt met een herleiding van de
formules die kunnen worden gebruikt voor het fitten van koude thermische wolken, wolken
dichtbij het punt van Bose-Einstein condensatie en bijna pure Bose-Einstein condensaten. Met
behulp van deze fits is het mogelijk om de eigenschappen zoals de dichtheid van het gas, de
temperatuur of de fractie van een Bose-Einstein condensaat te evalueren.

In hoofdstuk 2 worden de relevante theorie en berekeningen gepresenteerd die van pas
komen bij microscopie van strontium met een resolutie van enkele atomen en enkele rooster-
punten in een optisch rooster waarin wisselwerkingen een belangrijke rol spelen. Deze techniek

wordt kwantumgas-microscopie genoemd. De conclusie is dat fluorescentie-microscopie waarbij
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de brede 461 nm overgang wordt gebruikt, met gelijktijdige zijpandkoeling op de smalle 689 nm
overgang, zou moeten leiden tot een voldoende aantal verzamelde fotonen om de bezetting van
enkele roosterpunten met goede zekerheid waar te nemen. Hiervoor is een goed ontworpen
objectief met hoge numerieke apertuur (NA) nodig. Het blijkt echter niet nodig te zijn om
optische elementen in het vacutim te plaatsen als het objectief dicht genoeg bij de venster van
de microscoop-kamer kan worden geplaatst.

Hoofdstuk 3 beschrijft twee thema'’s op het gebied van machinebouw die belangrijk zijn voor
de bouw van een kwantumgas-apparaat, namelijk gasstroming in ultrahoog vacuiim (UHV) en
het ontwerpen van elektromagneten. In het eerste deel worden de vergelijkingen gepresenteerd
die kunnen worden gebruikt om de verwachte achtergronddruk in een vacuiimsysteem te
berekenen op basis van pompsnelheiden en de achterblijvende instromingen vanuit bijvoorbeeld
een minder schone kamer of door diffusie van helium door de vensters van de kamers. In het
tweede deel van het hoofdstuk wordt getoond hoe elektromagneten die een behoorlijk hoog
magneetveld produceren kunnen worden gemaakt. Deze spoelen worden efficiént met water
afgekoeld, zodat een stroom van enige honderden A kan worden gebruikt. Dat leidt tot een
hoog magneetveld en een lage inductie, wat praktisch is wanneer snelle schakeling nodig is.

Hoofdstuk 4 presenteert het ontwerp en de bouw van het apparaat zelf. De kamers en de
belangrijke onderdelen worden in aparte secties beschreven, met de relevante berekeningen
voor ons geval, schema’s, foto’s, leveranciers voor de meeste onderdelen en de relevante
aanmerkingen om rekening mee te houden voor de bouw van bijna elk ultrahoog-vacutim
systeem voor atoomfysica.

Hoofdstuk 5 beschrijft de lasersystemen in ons experiment. Er zijn drie hoofdsystemen: één
voor 461 nm om de brede overgang aan te slaan, één voor 689 nm om de smalle overgang aan te
slaan en het 1064 nm systeem voor optische dipoolvallen, het toekomstige optische rooster en
het optische transport tussen de kamers. De leidende beginselen voor het ontwerp van deze
lasersystemen zijn uitgelegd, met bijpbehorende diagrammen van hun samenstellingen. Het
hoofdpunt is dat voor de lasers op zichtbare golflengtes gebruik gemaakt wordt van versterking
van licht vanuit een gelockte master laser met behulp van injection-gelockte slave lasers. Dat
levert voldoende vermogen op. Het infrarode systeem heeft geen absolute frequentie-locking
nodig en daardoor is het mogelijk om een gemakkelijk verkrijgbaar commercieel hoog-vermogen
lasersysteem te gebruiken.

In hoofdstuk 6 wordt uitgelegd welke experimentele stappen in onze hoofdkamer nodig
zijn om een Bose-Einstein condensaat te maken. Vervolgens wordt overgegaan naar analyse
van de resultaten. De tweetraps magneto-optische val voor strontium wordt beschreven, met
het magneetreservoir en de repumping tussen de stappen. Daarnaast worden er eenvoudige
simulaties van de dynamiek van verdampingskoeling getoond, met een omschrijving van
de verdampingssequentie die tot een Bose-Einstein condensaat leidt. Uiteindelijk worden
de BEC wolken geanalyseerd met het doel om de groei van de BEC fractie waar te nemen
en om de inversie van de lengte-breedte verhouding te zien, wat één van de kenmerkende

eigenschappen van een BEC is. Daarna worden metingen van de levensduur van het BEC in
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de dipoolval getoond en metingen waarin het BEC wordt gebruikt als een nuttig middel om
oscillatiefrequenties in de dipoolval te meten.

Hoofdstuk 7 is de eerste publicatie die volgt uit het nieuwe experiment: een nauwkeurige
meting van de 1S) - 2P, overgangsfrequentie in 87Sr. Deze specifieke overgang is interessant
omdat hij ongeveer zo smal is als de 1Sy - 3P klokovergang in 87Sr, maar hij is magnetisch.
Dit feit maakt hem een slechte keuze voor een optische klok maar een goede keuze voor
bijvoorbeeld het aanslaan van Raman-overgangen of voor positieathankelijke detectietechnieken
die gebaseerd kunnen zijn op het in of uit resonantie brengen van de overgang met behulp
van een magneetveld. De absolute frequentie van de 7Sr 1Sy (F = 9/2) — 3P, (F' = 7/2)
overgang komt op 446 648 775(30) MHz, en is bepaald met 0.5 MHz onzekerheid ten opzichte
van de overgangen (J' — J” =32 —33)(v/ — v’ =9 —9) {a8, a9, al0, all} in een heet gas van
1277,

Het apparaat is nu in volledig werkende staat en klaar voor de volgende stappen, waaronder
het maken van een rooster van optische pincetten en de bouw van een volledig werkende
kwantumgas-microscoop voor de hand liggend lijken te zijn. Desalniettemin is de flexibiliteit
van het apparaat duisdanig dat ook andere onderzoeksrichtingen ingeslagen kunnen worden,
zonder al te grote of ingrijpende aanpassingen te hoeven maken.
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Summary

This Thesis describes the design and construction of, and the first experiments on the new
strontium quantum gas machine, built at the University of Amsterdam in the years 2014-2017.
The result is a flexible apparatus that is suitable and convenient for a range of experiments
including the ones beyond what was envisioned when it was planned.

The Introduction presents an overview of the useful features of strontium and the main
ingredients of a quantum gas apparatus, with a particular example of the machine described
in this Thesis. The main reason why strontium is attractive as an atomic species in this kind of
experiments are its two electrons in the valence shell, which lead to different classes of optical
transitions, namely broad dipole-allowed ones, narrow dipole-forbidden ones, and ultranarrow
doubly-forbidden ones. This results in a convenient system for laser cooling, makes precision
spectroscopy and atomic clock experiments possible, and also leads to the presence of metastable
states, which can be useful in quantum gas microscopy or particular convenient schemes for
two-photon Raman transitions, for example. In accordance with this, the machine is designed to
be flexible for many applications, which is why there are three experimental chambers. The main
chamber is the place where magneto-optical trapping and evaporative cooling to a quantum gas
can be performed, and there are two side chambers, for the future quantum gas microscope and
one is a glass cell for the experiments that are inconvenient or impossible in a steel chamber.

Chapter 1 presents the fundamental theory required to understand the different steps of laser
cooling and to analyze quantum-degenerate samples. The governing equations are explained
for optical molasses, the Zeeman slower, the magneto-optical trap, the ac Stark shifts in an
optical dipole trap, and the evaporation process. Eventually, the basics of absorption imaging
of ultracold clouds are explained. The Chapter ends with a derivation of the formulas that can
be used for fitting cold thermal clouds, clouds around the Bose-Einstein condensation point,
and almost pure Bose-Einstein condensates in absorption images. These fits allow one to extract
quantities like the gas density, temperature, or Bose-Einstein condensate fraction, for example.

Chapter 2 describes the relevant theory and presents the calculations for single-atom-resolved
and single-site-resolved imaging of strontium in a strongly-correlated optical lattice. This
technique is called quantum gas microscopy. The conclusion is that fluorescence imaging on the
broad 461 nm transition with simultaneous sideband cooling on the narrow 689 nm transition
should surely result in enough photons being collected for high-fidelity imaging of the optical
lattice site occupation. In particular, even though this requires a well-designed high-numerical-
aperture objective, it is not necessary to put any optics inside vacuum, as long as the objective
can be placed close enough to the viewport of the dedicated microscope chamber.

Chapter 3 explains two engineering topics that are important in constructing a quantum gas
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apparatus, namely gas flow in an ultrahigh-vacuum environment, and electromagnet design.
The first part presents the equations that can be used for calculating the expected background
pressure in a vacuum system given certain pumps and residual leak rates from a dirtier chamber
in the vacuum system, or from the outside, like the diffusion of helium through glass. The
second part shows how rather high-field electromagnets can be made and efficiently water-
cooled to be able to run a few hundred A of current through them. This leads to a high field and
a low inductance, which is beneficial if fast switching is required.

Chapter 4 illustrated piece by piece the design and construction of the experimental appara-
tus. The chambers and important sections are presented in their dedicated sections, with the
calculations relevant for our case, diagrams, photos, suppliers of the most parts, and the relevant
notes and observations to keep in mind for almost any ultrahigh vacuum system for atomic
physics.

Chapter 5 explains the laser systems used in our experiment. There are the three main
ones: the 461 nm system for addressing the broad line, the 689 nm system for addressing the
narrow line, and the 1064 nm system for optical dipole traps and the future optical lattice and
optical transport between the chambers. The governing principles for the design of these laser
systems are stated and the diagrams of their layout are presented. The main point is that for the
visible systems we use the amplification of a locked master laser by injection-locking slave lasers
to generate the required power, and the infrared system does not require absolute frequency
locking, which makes it possible to use one of the widely-available high-power commercial
systems.

Chapter 6 describes the experimental steps in the main chamber that are required to produce
a Bose-Einstein condensate, and then goes on to present the analysis of the samples. It explains
the two-stage magneto-optical trap for strontium, with the magnetic reservoir and repumping
in between. There are also basic simulations of evaporative cooling dynamics, and then a
presentation of the evaporation sequence which leads to a BEC. Finally, BEC samples are
analyzed with the goal of observing the BEC fraction growth, the inversion of aspect ratio,
which is the hallmark signature of a BEC, and then the BEC lifetime in the optical dipole trap is
measured, and the BEC is used as a convenient tool for dipole trap frequency measurement.

Chapter 7 is the first publication from the new experiment, namely a precise measurement
of the 1.S; - 3P, transition frequency in 8"Sr. This particular line is interesting because it is
approximately as narrow as the 1S - 3Py clock line in 87Sr, but it is magnetic; this makes it a
bad choice for as a clock transition, but a very good candidate for driving Raman transitions or
designing position-dependent detection schemes that can rely on tuning the atoms in and out of
resonance with a magnetic field gradient, just to name two examples. The absolute frequency of
the 87Sr 1.9y (F = 9/2) — 3P, (F' = 7/2) is found to be 446 648 775(30) MHz, and it is determined
with 0.5 MHz of uncertainly with respect to the secondary standard given by the transitions
(J' —J"=32-33)(v —v" =9 —09){a8, a9, a10, all} in '*>"I, vapor.

The apparatus is now fully operational and ready for the next steps, among which the

generation of optical tweezer arrays and the construction of the full quantum gas microscope
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look like the clearest ones. However, the flexibility that it offers makes also other research
direction possible, without extensive or too invasive modifications.
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