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Abstract

The utilization of light-pulse atom interferometry presents a valuable technique that has found appli-
cation in both fundamental scientific inquiries, such as investigating constants such as measurements
of fine structure constant o and gravitational constant G, and practical endeavors including acceler-
ation sensing and rotation measurements. This thesis delves into our implementation of a dual atom
interferometer design involving the clock transition 'Sq — 3Py in strontium, concurrently conducting
the interferometric sequence on atoms in both ground and excited states.

To facilitate the dual atom interferometer’s operation, we have firstly established a compact ex-
perimental setup with a transversely loaded bi-dimensional magneto-optical-trap (2D-MOT) to create
a high flux source of cold strontium atoms. Introducing a novel cross-polarized bi-color atomic beam
slower, we simultaneously addresses two excited Zeeman substates of the transition 'Sy — 'P; in
strontium-88, significantly enhancing the number of atoms prepared in the 461 nm MOT by around
10-fold. Following the 461 nm MOT, the atomic ensemble undergoes cooling in a 689 nm MOT,
achieving atomic temperatures below 1 uK. We also install a network of eight magnetic field probes
arranged around the cold atomic sample, enabling precise three-axis active control of magnetic fields
down to the milligauss level.

With the atoms confined in a 2D lattice at the magic-wavelength of 813.427 nm after the initial
preparation phase, we conduct the magnetically-induced clock transition to create a statistical mixture
state of ground and excited states. After a velocity selection stage, implementing a Mach-Zehnder
interferometer with Bragg pulses operating at the magic-wavelength along the vertical axis, we conduct
tests of the weak equivalence principle (WEP).

The Eétvos ratio we found in our system stood at (1.8 £ 3.1) x 10~%, mainly limited by the finite
temperature of the atomic cloud constraining the interrogation time. Furthermore, the dual atom
interferometer scheme enables the measurement of state-dependent force and eventually polarizability
difference via the phase shift between the atoms in different states, and we experimentally demonstrate

this by introducing an additional light field gradient.
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Chapter 1

Introduction

The central focus of this thesis is to establish an experimental setup for the implementation of a dual
atom interferometer based on clock transition in strontium. This chapter serves as an introduction to
atom interferometry (AI) and outlines the properties of the bosonic isotope, strontium-88, crucial to

our dual Al approach. Furthermore, this chapter offers an outline of the contents covered in the thesis.

1.1 atom interferometer (AI)

Since the first demonstration of laser cooling and trapping [7][8], cold and ultracold atoms have been
instrumental across diverse domains, spanning quantum sensing, quantum metrology, and quantum
simulation. A key application is the precision measurements facilitated by atom interferometry. Anal-
ogous to optical interferometers, in an atom interferometer, the wave-function of atoms is coherently
splitted, going through different paths and then recombined. The information during this process can
be encoded into the interferometry phases [9]. This can be used for fundamental scientific, notably
the measurement of significant constants like the gravitational constant [I0][II], which is crucial to
characterize the interaction between light and charged elementary particles. Moreover, the precision
measurements conducted by atom interferometry proves beneficial in technological contexts such as
gravitational surveys [12][13][14][15][16] and rotation measurement [17][I8].

One of the major interests for the thesis is using atom interferometer for the test of weak equivalence
principle (WEP), a fundamental concept in general relativity. The rigorous constraints on E6tvos ratio
have been achieved with platforms such as torsion balances in a laboratory setting [19][20] (10~13),
Lunar ranging|2I] (107'3) or Earth’s orbit[22] (107'°). On the other hand, the construction of atom
interferometers with various atomic species or atoms in different states enables testing the weak equiv-
alence principle (WEP) with an uncertainty of 10~'2[23]|[24][25][26]. Several strategies have been
proposed to enhance the accuracy and reduce uncertainties of this test using atom interferometer.
Noteworthy examples include the STE-QUEST project, proposing a WEP test in space aiming for an

uncertainty level of 10715 [27]. Additionally, matter-wave interferometry with large momentum trans-
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fer [28|[14] and a large-scale facility allowing for second-level dark time are also expected to improve
the uncertainty by several orders of magnitude.

In addition, dual atom interferometer is also a promising application for advancing the precision
of this tests. In this kind of setup, two atom interferometers are simultaneously operated following
identical sequences of light pulses. Simultaneous interferometers utilizing the superposition of two hy-
perfine ground states of rubidium have been implemented to conduct a quantum test of the equivalence
principle [29]. A distinct benefit of dual atom interferometry lies in its ability to mitigate common
mode noise factors like vibrations, as both interferometers share the same light pulse sequence. The
major sources of systematic errors present in the previous works are introduced by the second-order
Zeeman effect and AC Stark shits. This can be reduced or eliminated by conducting the dual atom
interferometer based on clock transition in strontium atoms, which is one major work carried out in
the dissertation.

Moreover, the combination of atom interferometry and atomic clocks holds potential for applications
such as time dilation or gravitational redshift. The internal states separated by an energy hw embrace
a mass difference Am = hw/c?, which can be used for the probe of the Einstein’s time dilation with
a clock ticking at a angular frequency w [30][31][32]|33], ¢ is the vacuum speed of light. Nevertheless,
to achieve the general relativity tests, the sensitivity of the current interferometers shall be improved,
which might be realized by implementing the atom interferometer with large-scale or large-momentum
scheme [28][14][34]. The space missions projects have also been proposed and implemented to improve
the sensitivity of the interferometry [35][27]. Additionally, it has been proposed that the clock needs to
be activated during the interferometry sequence [31][32], which makes the atom interferometry sensitive

to gravitational redshift effects.

1.2 Bosonic Strontium-88 Atom

Strontium (Sr), an alkaline-earth from group II, has garnered significant interest among various trapped
cold atomic species. Diverse experimental platforms have been explored, ranging from quantum sensing
and metrology [36][37]|38] to quantum simulation of condensed matter physics problems with ultracold
fermionic and bosonic gases [39][40][41]. Establishment of a stable experimental system for generating
ultracold strontium source represents a necessary and basic aspect, and this is one of major works
carried out in this thesis.

The low lying energy levels and electric dipole transitions of Sr are shown in Figure [1.1l With
its two valence electrons structures, Sr exhibits several advantages to realize various experimental
platforms. The dipole allowed transition 'Sg — 'P; provides a large scattering rate (linewidth of
32 MHz) and facilitates large momentum transfer, making it suitable for first stage magneto-optical
trap (MOT), fluorescence imaging as well as atomic beam slower. The intercombination transition
1So — 3Py (linewidth of 7.5 kHz) is well-suited for narrow line cooling in a second MOT stage,

enabling temperatures close to the recoil limit [42][43][44][45]. Another crucial transition is the doubly
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Figure 1.1: Strontium low lying energy levels and electric dipole transitions.

forbidden 'Sy — 3Py clock transition, weakly allowed in fermionic 87Sr due to the hyperfine interaction
through nuclear spins [46], whereas it can be magnetically induced in bosonic isotopes, where the
nuclear spin is zero [47]|[48][49][50][51]. This ultranarrow clock transition is a promising candidate
for a new frequency standard with redefinition of the second [52][53][54][55]. The clock transition is
also useful for atom interferometers involving internal states with a large energy difference [56][57],
quantum simulation of many-body spin-orbit coupling physics [58|, nonequilibrium phenomena [59],
and quantum computation [60][6T][62].

Furthermore, the use of far-off resonant optical lattices at the magic-wavelength is extensively
employed in the development of highly accurate atomic clocks [37][54], quantum simulation [63] and
quantum computation [60], At the magic-wavelength, the ground and excited clock states embrace
the same polarizability, resulting in an unchanged transition frequency and insensitivity to the lattice

beam fluctuation and beam profile.

Isotope Abundance (%) | Nuclear spin (1) Statistics Scattering length (ag)
88Sr 82.58 0 Bosonic -2.00(27)

878y 7.00 9/2 Fermionic 97.37(7)

86Gy 9.86 0 Bosonic 798(12)

84Gr 0.56 0 Bosonic 122.76(9)

Table 1.1: The stable isotopes of strontium. Taken from [4][5][6]

Table[I.I]lists the four stable isotopes of strontium along with their abundance, nuclear spin, statis-



28 CHAPTER 1. INTRODUCTION

tics and the scattering length of ground state 'Sy. In our atom interferometer system, we specifically
opted for the bosonic isotope ®Sr, which is the most abundant isotope. Due to its zero nuclear spin,
the ground state (including the excited clock state 3Pg) exhibits insensitivity to the stray magnetic field
[64], providing an advantage for inertial sensing. Moreover, as listed in the table, the s-wave scattering
length of 88Sr is —2ag, and this weak value makes this isotope insensitive to the cold collisions.
Nevertheless, the challenge we are facing here with 3¥Sr is that the clock transition is forbidden due
to the selection rule, rendering the excitation of this transition with a single photon unfeasible. To ad-
dress this limitation, the magnetically-induced spectroscopy has been proposed and tested [65][47][G6].
This method involves the application of an additional magnetic field, termed the mixing field, to couple
the states >Py and >P;. Through this mechanism, the clock transition can be driven by a single probe
laser beam operating at 698 nm. It is worth noting that in the magnetically-induced spectroscopy, a

mixing field and probe beam can induce the second order Zeeman and AC Stark shifts.

1.3 Overview of this thesis

This thesis describes the establishment of an experimental setup for generating ultracold strontium-88
atomic samples and the implementation of dual atom interferometer based on the clock transition
in ®Sr. I begin by an overview of theoretical concepts relevant to this work, serving as a useful
resource for both experimental conduct and result analysis. Next, I delve into the description of the
experimental apparatus for the generation of ultracold strontium-88 atomic source. Following this,
I proceed to discuss the preparation stage for the subsequent dual atom interferometer experiment.
Finally, I detail the implementation and results of the dual atom interferometer,

The detailed organizational structure of the thesis is as follows:

e Chapter 2 provides the theoretical foundations for the experiment. It discusses the atom-light
interaction, including the polarizability and coherent manipulation of the states. The derivation
of phase accumulation in an atom interferometer is also presented, which is crucial for result

interpretation.

e Chapter 3 presents the experimental setup for generating the ultracold strontium atomic source,
including the vacuum system, laser system and magnetic field system. During the preparation of
the atomic source, we implement a new scheme of hybrid bi-color atomic beam slower to enhance
the atomic number in blue MOT. Additionally, an active feedback system for the magnetic field

is constructed to compensate and control the stray field down to milli-gauss level.

e Chapter 4 describes the preparation stage for the quantum sensing. It includes the loading of the
optical lattice, characterization of the clock transition, and Bragg diffraction with the prepared
atoms. To obtain an atomic sample with low temperature, a velocity selection is also necessary

before the atom interferometer phase, which is also described in this chapter.
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e Chapter 5 presents the experimental results for the dual atom interferometer. We prepare the
atomic sample in a statistical mixture of ground (*Sp) and excited (*Pg) clock states. This
is followed by the implementatio of a Mach-Zehnder interferometer based on Bragg diffraction,
which allows for the test of the weak equivalence principle. This dual atom interferometer scheme
also enables the measurement of state-dependent forces, and this is demonstrated by applying

an extra light field gradient provided by a 671 nm beam.

e Chapter 6 provides the conclusion and outlook of the main work in this thesis.
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Chapter 2

Theory

2.1 Introduction

In this chapter, I provide a comprehensive overview of the theoretical foundations essential for conduct-
ing the experiment and interpreting the results. Section [2.2] outlines some of the theoretical treatment
of the atom-light interactions. In section the concept of polarizability is introduced, which plays
a crucial role in the definition of magic-wavelength in strontium clock states. Section [2.2:2] introduces
the dipolar force, resulting from the interaction between an atom and an external electromagnetic field,
forming the theoretical foundation for laser trapping of atoms. Section describes the resonant

excitation of a two-level atom with an external field.

The pulses in our atom interferometer are generated by a moving lattice, known as the Bragg
diffraction. In section [2:3] the theory behind Bragg diffraction is described. Section [2.3.1] introduces
the model for single and double Bragg diffraction. Notably, Bragg pulses manipulate the momentum
states of the atoms, making this resonant process highly sensitive to the initial velocities of the particles.
In Section 2:3:2] we simulate the dynamics of the momentum states evolution considering the Doppler

effect resulting from finite temperatures. This effect is a major limitation in our system.

In section the theoretical background of the atom interferometer (Al) is introduced. The phase
accumulation in the AI process is firstly calculated in section and section [2.4.2] Based on this
discussion, section [2.4.3] introduces the phase accumulation of Mach-Zehnder interferometer, which is

implemented in our experiment.
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2.2 Atom-Light interaction

2.2.1 Polarizability

Consider the atom in a monochromatic field with the form:

E(7,t) = E(F) cos(wt + ¢)
= LB e + Bpee 21
= EM(Fe ™t + EO) (et
where E(Y) and E(™) are in front of the phase factor e~ and et™? respectively, which correspond

to the positive- and negative frequency part. The force induced by the field on the electron is given by
F) = —¢EH) (2.2)

Here, the dipole approximation is applied, where we assume the size of the atom is much smaller than
the wavelength of the field such that the interaction between the electron and the field is defined at
the nuclear position (E(7) = E(0)). The equation of motion for the electron can be given by the

Lorentzian damping model [67], which expresses a harmonic force interaction.
mE®) + myzd ™ + mwie ) = f€eE(()+)e*i“’t (2.3)

By solving the equation, the motion of the electron & in the field can be obtained. With this, the
dipole moment induced by the field is d= —ef. Therefore, the polarizability «(w) can be defined as

dF) = a(w)E®) (2.4)
with the expression
e?/m
— _ 2.5
aw) wd — w? — iyw (2:5)

where v is the damping rate in the Lorentzian model.
In general, since there are multiple resonances in one atom, we need to sum over all the resonances,

which gives

_ c fi
a(w) = ; m @Z e — i) (2.6)

The polarizability describes how the energy levels of the atoms change with the field.

Magic-wavelength

Based on the discussion regarding polarizability above, we can now introduce the definition and ap-
plication of magic-wavelength [36][37]. The magic-wavelength represents the wavelength of a laser
field at which two atomic states exhibit identical polarizability. Consequently, this ensures that the
transition frequency remains unchanged. Figure [2.1]illustrates the polarizability of the ground 'Sy and
excited 3Py states of the clock transition in strontium atoms, where a magic-wavelength at 813.427 nm

(fmagic = 368554.58(28) GHz [68][69]) is observed.
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Figure 2.1: The polarizability for state 'Sy and P, with the wavelength from 200 nm to 1000 nm.
We highlight the point of intersection at 813.427 nm, which is an important magic-wavelength of the

clock transition in strontium. The parameters used in the calculation is from [I]

Given that the laser profile and intensity fluctuations have no impact on the transition frequency
between the two states, it becomes advantageous to construct the atomic clock within an optical
lattice or tweezer array at the magic-wavelength [70][7T][65]. In our experiment focusing on dual atom
interferometer with ground and excited states of clock transition, we employ lasers operating at the

magic-wavelength to create the optical lattice and the Bragg diffraction beam.

2.2.2 Dipole force

The potential induced by an external field can be given by

1. -
Vdipole = _idE
_ —%(d“) + A (BD 4 BO)
1 2] g L 2] . B @7)
= [a(w)E @ EO -2 [a(w)E \] B
1
= —2EOCRe [a(w)] I(7)

The anti-resonant terms at +(wg + w) are neglected here. Insert the expression of a(w) described in
Section [2.2.1] the dipole potential can be rewritten as

2 2 2
(& Wy —w

1(7) (2.8)

Vitinole = —
tpote 2mepc (wi — w?)? + y2w?
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|9}

Figure 2.2: Two-level system interacting with a monochromatic field scheme, w is the frequency of the
field, wey is the splitting between the ground and excited states, and A = wy — w is the detuning of

the field.

With the dipole potential, the dipole force can be deduced by ﬁdipole = —VViipole, Which indicates
that the dipole force is proportional to the gradient of the intensity:

Figipote o VI(7) (2.9)

With the presence of detuning A = w — wyq, the dipole potential can be further expressed by

e? (wo +w)A
2meopc [(wo + w) A2 + y2w?

1(7) (2.10)

Vdipole =

Therefore, when w > wg (A > 0), which is the so-called blue detuning, the dipole potential is
positive and the dipole force pushes the atoms away from the brighter region of the optical field. In
the case of w < wy (A < 0), the dipole potential is negative, which means the atom is attracted by the
high power region of the beam, and this is known as red detuning.

By utilizing the dipole potential discussed above, one can build up the optical dipole trap experi-
mentally with a focused Gaussian laser beam in the red detuned condition. Additionally, the optical
lattice can be achieved in a same way, which is formed by a pair of counter-propagating red-detuned
beams. In our experimental system, we construct the optical lattice operating at the magic-wavelength
of the clock transition in strontium-88. The detailed information about this is described in Section

4.2

2.2.3 Atom excitation
Two-level system model

Coherent manipulation of the atoms with an external light field is crucial to describe the generation
of superposition as well as the pulses during the atom interferometer. In this section, the useful
expressions of the dynamics of atom-photon interaction are derived. We begin with a simple two-level
case, and this can also be extended to Raman or Bragg transitions. A scheme of a two-level system

splitted by wy interacting with a monochromatic field with a frequency of w is depicted in Figure 2:2]



2.2. ATOM-LIGHT INTERACTION 35
The monochromatic plane-wave at 7= 0 can be expressed as

E(0) = ¢Ey cos(wt) (2.11)
The internal part Hamiltonian of a two-level system is then given by

H = Hyiom + Hing, (2.12)

where Hgiop, is the Hamiltonian of the atom, and H;,; describe the atom-field interaction:

Hatom = E6|e> <6| + Eg\g><g|

.. L (2.13)
Hiy = —d-E = —(dge - Ele){g| + h.c.)
In the basis of {|e), |g)}, the full matrix expression is given by
E. R cos(wt)
H = (2.14)
R cos(wt) E,

where Q = —Ejyé- d_;]e /R is the Rabi frequency; CZ;,S is the matrix element of the dipole operator with

dge = di, and ) can be taken as real in the two-level system. In a two-level system, the state vector

is given by
(7, 1)) = e(t)e™ P Py (7)) + g(t)e™ Pot Mgy (7)) (2.15)
By inserting it into the time-dependent Schrodinger equation and utilizing cosz = (' + e~%%)/2, we
obtain
6= _ig[ei(wo-i-w)t + ei(wo—w)t}g
52) (2.16)
g — _Z-i[efi(wgfw)t + 67i(w0+w)t}€

where we introduce wy = (E. — E,)/h. In the interaction scheme, we consider the case where wy ~ w,
which indicates that the terms with e*(“o+«) are rapidly oscillating and averaged to zero. This is

known as the rotating-wave-approximation. The equations of evolution are then reduced to

Q.
é — _iéel(wo—w)t‘g

O (2.17)
§g= _Z-iefz(wofw)te

2

By combining this two equations, we obtain
QQ

é—iAé+ IezO (2.18)

where A = wy — w is the detuning. We introduce the generalized Rabi frequency Q = v/Q2 + A2, and

the solutions of the equation above are calculated by

o)) = [e0)cos (301 + F18e0) g0} (J0r)]. N
gt) = €212 {g(o) cos <;Qt) - é[Ag(O) — Qe(0)] sin (;Qtﬂ | (2.19)

The equations above are the general solution for the population amplitudes of the two-level system.



36 CHAPTER 2. THEORY

1.0 A

0.8 A

o
)]
1

'O
i
1

Excitation fraction

0.2 A

0.0

Qt/2

Figure 2.3: The dynamics of a two-level system interacting with a monochromatic field with various

detuning.

Rabi Oscillation

We choose the initial condition to be at the ground state (g(0) = 1, e(0) = 0) and insert into the

solutions above. This gives the probability to find the atom in excited state:
0?2 Q
2 _ .2

From the equation above, with |e(t)|>+|g(t)|” = 1, we can observe a population oscillation between the
ground and excited states, which is known as the Rabi oscillation. The Rabi oscillations with various
detunings are depicted in Figure from which we can observe that the population is flopping between
0 to 1 on resonant case, while the transfer is not complete with non-zero detuning. Additionally, the

oscillation is faster with a larger detuning.

m-pulse and 7/2-pulse

In a resonance case (A = 0), the period of one oscillation is given by T' = 27/). When the external field
is turned on for a duration of T'/2 = 7 /€, an atom initially in one state undergoes a complete transition
to the other state, known as a m-pulse. Furthermore, if the light field is turn on for T'/4 = 7/(2Q),
an atom initially in the ground state undergoes equal splitting, resulting in a superposition of ground
and excited states, a phenomenon referred to as a w/2-pulse. In the atom interferometer stage, these

m- and 7/2-pulses are employed to coherently split and flip the two arms.
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Figure 2.4: Single Bragg diffraction (left) and double Bragg diffraction (right).

2.3 Bragg Diffraction

In section[2:2.3] a simplified calculation about the interaction and dynamics of a two-level system in an
external monochromatic field is discussed. Based on that, in this section, I introduce the theoretical
model of the interaction between an atom and a moving lattice, referred to as Bragg diffraction. This
process involves the manipulation of external momentum states of atoms. In our experiment, we utilize

Bragg diffraction for velocity selection and as pulses in the atom interferometer.

2.3.1 Theoretical model

This section provides an overview of the theoretical model of single and double Bragg diffraction,
as illustrated in Figure 2:4] Single Bragg diffraction describes the interaction between an atom and
a moving lattice, leading to the flopping of the momentum states. This interaction can be treated
as a two-level system in the theoretical model. In contrast, double Bragg diffraction involves the
atom interacting with two moving lattices, inducing simultaneous transitions with opposite momentum

transfer. In the model, this process is represented as a three-level system.

Single Bragg diffraction

Consider a two-level atom interacting with a moving lattice formed by a pair of counter-propagating

beams with a frequency difference of §:

E = Egécos [kz + (w+ 6/2)t] + Egé cos [—kz + (w — §/2)1]

(2.21)
= 2Fé cos(wt) cos(kz + 5t/2)
The total Hamiltonian of the system is given by
A p2 A
H = — + mgz + huwygle){e| + Hint, (2.22)

2m
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which includes the kinetic energy, gravitational potential and atom-light interaction term with the
energy diagram depends on E, = 0. The interaction Hamiltonian reads
Hipy = —d- Ele){g| + h.c.
‘ 4 (2.23)
= —hw [e"" 4+ e~""] cos(kz + 6t/2)|e){g| + h.c.
where Q = dE/h is the Rabi frequency. The total Hamiltonian in the rotating-wave approximation
can be expressed by
2

11 = 2t mgs — A} (e] + le) (g] cos(kz + 61/2) + hc. (2:24)

Here, A is the single-photon detuning.

Now, we make some assumptions according to the parameters we utilized in experiment, which can
help us to put the system into a regime where the gravitational potential can be ignored. Firstly, we
use the Bragg beams operating at 813.427 nm, which gives a recoil frequency of wr = hk?/(2m) =
27 % 3.42 kHz. The Bloch oscillation frequency can also be calculated as wg = mg\/(2h) = 27 x 900 Hz.
This indicates the center-of-mass wavepacket will not deviate strongly with respect to A/2, the period of
the stationary wave. Additionally, during the experimental sequence, the frequency difference between
the two counter-propagating beams is changing with the free-falling of the atomic cloud to maintain
the resonance during the interaction. With these two conditions, the gravitational potential can be
ignored.

The state vector of the atom is |1(z,1)) = g(z,t)|g) + e(z,t)|e). By inserting this into the time-

dependent Schrodinger equation, we get

2 92
thg = L] + hQo cos(kz + ét)e

'h'——h—Qa—Qe—hA + hQg cos(k —I—ét)

the=—5—=> e ocos(kz + St)g

The equations can be numerically solved, from which the dynamics of the population can be obtained.
Since the Bragg diffraction beams are usually far-detuned (A is large), the exited state follows
the slow evolution of the ground state and can be adiabatically eliminated. This elimination gives us

e = (Q/A) cos(kz + $t)g. With this, the Schrodinger equation reduces to
h? 0%g

S 2
thg = 5 922 + Q2 cos®(kz + 6t/2)g (2.26)

where we have defined a two-photon Rabi frequency Q = Q2/(2A). Eq. can be used to perform
the numerical simulation of the evolution dynamics in the system.

The periodic potential containing in Eq[2.26]is invariant under the translation of an integer multiple
of 1/k. With this, we can apply the Block theorem to separate the spatial-dependent term in g(z,t)

with quasimomentum:
o0

g(z,t) = Y gi(t) exp(ilkz), (2.27)

l=—00
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where the integer-index [ corresponds to the state with momentum [hk. Insert Eq into the
differential equation [2.26] we obtain
- Q
ih Y gie'h = Z [wrl2 + Qg+ 5 (G2 + 91-2) elthz (2.28)
l=—00 l=—o00
where we have introduced the recoil frequency w, = % The equation above holds only if for all the
l:

o hQ
ihgi = h (w0 + Q) g + > (G142 + gi—2) (2.29)

The equation above indicates that either even or odd momentum states can be coupled.
In the case of a short interaction (t< 1/4/Quw,.), the kinetic energy in Eq can be neglected and
it is reduced to

.. hQ
ihgi = 5 (G142 + g1-2) (2.30)

the solution of which can be expressed by [72]
g = (=)' 7i(28), (2.31)

where J; is the [-th order Bessel function. Here we only focus on the states 2[ since the equation only
couples the states with a momentum separation of even number. With the solution given in Eq [2:31]
the population of the states with momentum 2{hk at time ¢ can be expressed by P (t) = JZ(Qt). At
t = 0, all the atoms are in the zero momentum state (go = 1), whereas when ¢ # 0, the populations
are spreading out among many momentum states. In the case of very short interaction times, there
are many momentum states populated, which is defined as the Raman-Nath regime. There are both
proposals and experimental realizations reported to demonstrate multi-photon beam splitter via the
Raman-Nath regime [73][74].

On the other hand, in the Bragg regime, the interaction time is long enough such that the inter-
mediate states can be eliminated, leaving only two momentum states populated [75]. In the case of
long interaction times, the kinetic energy term in Eq[2:26] cannot be neglected. Consider the atoms are
initially in the momentum state —nhk (g9_, = 1), the Eq gives a series of differential equations
couple the states with the momentum separated by 2¢q (¢ is the integer number). The intermediate

term is negligible if |4¢% — 4nq’ > hw. With this, we can introduce the effective Rabi frequency as[72]

0 H1 L ! (2.32)
off = 8w n—l ng—q*>  (8wy)" 1 (n—1)12’ '

which describes the coupling between —n#fik and nhk. Based on the elimination, a series of the differ-

ential equations are reduced to

Qe

thg—n = D) il n

b s (2.33)
In = "5 9-n
The solutions of the equations are
Qegt

gfn =cC ( 2 )

0 (2.34)
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Therefore, in the Bragg regime, the population of the momentum states are oscillating between —nhk
and nhk, which is analogy to the two-level Rabi oscillation discussed in section [2.2.3

The intermediate regime between Raman-Nath and Bragg is called quasi-Bragg regime. In the
quasi-Bragg regime, the elimination is not valid and the losses into other momentum states are not
zero. In this case, the differential equations can be solved numerically with reasonable cutoffs [72].

The details of choosing the cutoff in our simulation are described in section

Double Bragg diffraction

Based on the single Bragg diffraction, we now consider a three-level atom interacting with two moving
lattice:

E, 5 = 2Eyé cos(wt) cos(kz £ 0t/2) (2.35)
The Hamiltonian of the system can be written as

W 9 &
H=- . 5 tmgz— hAzzlkaz (e;| + hQcos(kz + 0t/2)|e1){g| + cos(kz — 5t /2)|e2){(g|] + h.c. (2.36)

The state vector of the double Bragg diffraction system is |¢(z,t)) = g(z,t)|g)+e1(z,t)|e1)+ea(z, t)|e2).
Analogous to Equation [2.25] the time-dependent Schrodinger equation gives:

hig —iiJth[ (k +6) + cos(k —ét) ]

hg=—5 =3 cos(kz 261 cos(kz — St)ez
2 52

the; = —h—aae; — hAe; + k2 cos(kz + gt)g (2.37)
2 52

they = — h %e; hAeg—l—thos(kz—gt)g

Similar as single Bragg diffraction, by introducing the adiabatic eliminating, the Schrodinger equation
is reduced to
2 62
thg = ~ 9 552 + hQ [cos®(kz + 0t/2) + cos®(kz — 6t/2)] g (2.38)
Compared to Eq there is an extra term expresses the coupling between g and another excited
state. As I will discuss in section [2.3.2] the dynamics and population transfer can also be numerically

simulated, which can be utilized as a guide to the experiment.

2.3.2 Sensitivity to temperature

In Bragg diffraction, the manipulation of the momentum states of the atomic sample indicates a
high sensitivity of Rabi flopping efficiency to the initial velocity. This sensitivity is primarily due to
the Doppler shift resulting from the finite temperature. Figure 2.5 provides a theoretical simulation
depicting the population evolution with varying momentum distributions. The cutoff of the momentum
states is set to [ = 5, meaning the momentum Hilbert space has 2141 dimensions during the calculation.
Based on Eq [2.26] and Eq[2.38 we obtain a (20 + 1) x (2/ 4+ 1) Hamiltonian, and the dynamics for the

evolution of the system can be simulated by numerically solving the Schrodinger equation.
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Figure 2.5: The dynamics of population oscillation for first order single Bragg diffraction with various
initial temperatures. The blue, green and purple curves represent the population of 0hk, -2hik and -4hk
respectively. (a) -momentum distribution; (b) T'= 0.067,; (¢) T = 0.617}; (d) T = 4.28T,., where T,
is the recoil temperature.. The Rabi frequency used in the simulation is 2 = 3.5w,., and the frequency

of the Bragg pulses is resonant to the transition from 0 to -2hk with zero-temperature.
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Figure 2.6: The momentum distribution of the system after a mw-pulse of double Bragg diffraction with
various atomic temperature. The blue and orange curves are the momentum distribution before and
after the pulse. (a) d-momentum distribution; (b) 7' = 0.067,; (¢) T = 0.61T;; (d) T = 4.28T,.. The
Rabi frequency used in the simulation is {2 = 3.5w,., and the frequency of the Bragg pulses is resonant

to the transition from 0 to £2hk with zero-temperature.
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Figure 2.7: The momentum distribution before and after a double Bragg pulse, where parameters used
is same as Figure c). The momentum distributions around the 0-hk and —2hk are zoomed. The
blue dots denote the simulation results, and the plained lines are the Gaussian fitting curve, which

gives the width of the momentum distribution before and after the Bragg pulse.

Specifically, Figure (a) illustrates the dynamics of population amplitude with a é-momentum
distribution, while Figure 2.5(b), (c) and (d) depict the Rabi oscillation with a Gaussian momentum
distribution with various cloud temperatures. A damping effects as well as a low flopping efficiency can
be observed with finite temperature, which is attributed to the velocity sensitivity due to the Doppler
shift in Bragg diffraction [76]. Besides, since the Doppler effect enhances the off-resonance transitions

such as -2hk to -4hk, the population in momentum state -4hk increases with higher temperature.

Additionally, Figure illustrates the momentum distributions after a double Bragg diffraction
pulse with various atomic temperatures. This numerical simulation employs a Rabi frequency of 3.5w..
In the case of d-momentum distribution, the distribution remains §-function-shaped after the pulse.
The presence of +4-hk and 0-hk states results from the off-resonance transition during the double
Bragg diffraction. With the Gaussian momentum distribution depicted in Figure (b), (c) and (d),
a reduction of the population in target states is observed. The Doppler shift also causes the presence

of various momentum states, potentially posing limitations on data analysis using detection images.

The results shown in Figure[2.5]and [2.6]indicates that the Bragg diffraction is sensitive to the initial
velocity of the atoms, so it is crucial to prepare a sample with narrow momentum distribution. It turns
out that the Bragg pulses centered at the resonance frequency of zero-temperature can be utilized to
narrow the momentum distribution. Figure 2.7 depicts the width of the momentum distribution before
and after the Bragg pulse. Atoms with low temperature can be interrogated with the Bragg pulses and
transferred to higher momentum states. The parameters used in the simulation is same as Figure [2.6
(c). The width of the momentum distribution is halved with the Bragg pulse. However, as shown in
Figure [2.7] the fitting around the momentum distribution of -2hk gives the center of the distribution
at -2.34hk due to the finite temperature.
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2.4 atom interferometry

2.4.1 Overview of the phase accumulation

Similar as the optical interferometer, in an atom interferometer, the wave-packet of the atom is split
coherently, going through different path and then recombined. The information will be encoded into
the interferometry phase. Consider the two arms as states |1) and |2). In this two-dimensional Hilbert
space, the rotation operator is given by
R(G,T:L') = exp |:’i5'"7% Z}
cos§ —in.sing (—in, —n,)sing (2.39)

(—ing +ny)sin g cosd +in,sin g

where & is the Pauli matrix, and i is the rotation direction. With this, the beamsplitter can be

expressed by

S=R (g —nz) - % 1 i (2.40)

which is the specific case of the general rotation operator rotating the spinor by ¢ = 7 around -Z-axis.
This beamsplitter S maps the state into an equal superposition of [1) and |2) from |1). During the
free evolution stage, we suppose that the arms |1) and |2) acquire the phases ¢; and ¢y respectively.

This process corresponds to the operator

U= ‘ (2.41)
0 e

The two arms are recombined after the evolution by applying the operator

. . 1 1 —
St=R (fnx) S (2.42)
2 V2 i 1
1
For the initial state |¢;) = |1) = , the output state |¢;) after this interferometer process is given
by

|65) = STUS ;)
1 eld1 +ei¢>2 (243)
2\ —i(ei®r — eivn)

The probabilities for ending up with the states |1) and |2) are

P, = cos? (@;%)

Py = sin® (¢2 ; ¢1)

Therefore, in an output of the atom interferometer, the population of the states is oscillating between

|1) and |2), which is dependent on the phase difference between the two arms. In section the

(2.44)

determination of the accumulated phase ¢1 and ¢o will be described.
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2.4.2 Phase accumulation in atom interferometer

In an atom interferometer, there are mainly three contributions for the total phase accumulation
[77][78]:
A = ¢1 + Pprop + Psep; (2.45)
The first term is the interaction phase acquired during the interrogation of atomic wave-packets in the
light field. The second term expresses the interferometry phase accumulated on the propagation stage.
The last term is the separation phase caused by the imperfection of the overlapping of the arms at the
output of the interferometer, including the mismatch in position and velocity.
The phase induced by the interaction between atoms and light is the imprinted laser phase during
the interrogation [77][78]:
¢ = £(kz — wt + ¢o), (2.46)

where ¢q is the offset of the laser phase. The sign illustrates the process of the atom gets or loss
momenta. With this, the interferometry phase due to the atom-light interaction can be calculated as
the laser phase differences between the two arms:

Apr = Edi(zit:) — > *i(zi k), (2.47)

arml arm2

where arm1 and arm2 represent the upper and lower arm respectively.
The propagation phase can be given by the action along the interferometry trajectory with consid-

eration of the internal state [79][80][77]:

o =S(@/n=7 [~ By (2.45)

where S(q) is the action along the trajectory ¢, F is the internal state energy of the atoms, £ is the

i

Lagrangian. In an atom interferometer based on Bragg diffraction, the internal state is unchanged,
and the phase shift induced by the propagation is

A(bprop = % Z S(QZ) - % Z S(ql) (249)

arml arm?2

The third main contribution to the phase shift in atom interferometer is the separation phase,
which is caused by the imperfection overlapping of the two wave-packets in position and velocity. This
may happen with the existence of the force gradient, which displaces the arms by different values. The
separation phase is given by [77], [78]:

Adsep = P - Az, (2.50)
where Az = z, — z; is the position difference between the two arms, p is the averaged classical

momentum of the two arms at the output port of the interferometer.

2.4.3 Mach-Zehnder interferometer

With the formalism we discussed in section we will calculate the phase accumulation in a 7/2-
T-7-T-w/2 Mach-Zehnder interferometer. From this we can explain how the atom interferometer can

be used to implement the inertial sensing.
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lg, D)

Figure 2.8: Time-space diagram of the Mach-Zehnder interferometer with (solid line) and without

(dashed line) the presence of gravitational field.

The time-space diagram of the Mach-Zehnder interferometer is depicted in Figure 2.8] where the
dashed line shows the trajectories of the two arms without the gravitational field, while the solid lines
shows the paths with the presence of gravity. We first calculate the phase difference between the two
arms accumulated during the free evolution stage. In the presence of gravitational field, the Lagrangian

of a particle is given by

M
L(2,2) = ?2'2 — Mgz (2.51)

From the Euler-Lagrange equation ‘g—ﬁ — %% = 0, the classical path and final state can be derived as
2(t) = i —g(t — t;)

2(t) =z + 2t — t;) — %g(t —t;)?
(2.52)
zp =2 —g(ty — ;)

. 1
zf =2z + Zi(tf — ti) — §g(tf — ti)Q

where (2;, z;,t;) and (2y, 2y, ty) denote the initial and final states of the particle. Also, we can express
the initial velocity as

Zf — 2

2 =
Yoty —t

¥ Solty — 1) (2:53)

The classical action is defined by the integration of L along the classical trajectory. Inserting the
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expressions above, the classical action can be derived:

ty
Su= [ L. 0)
tv
; (2.54)
M (2 —2z)? Mg ' _ Mg?
T o g Al ey

(ty —t:)°

With this, the phase difference between the two arms during the first dark time illustrated in Figure
[2.8)is given by:

hA¢pTop1 = S(‘;?BZ _ S§B1
M MgT
= 5T [(ZB; - ZA)2 — (231 — zA)2] - [(ZB; +2z4) — (ZBi +24) (2.55)
M
= ﬁ(ZB; - ZB;)(ZB; + 2’31 —2z4 — gTZ)

Similarly, the phase difference during the second free evolution time:

hAquropZ = ngc - 5510
M (2.56)
= ﬁ(’zB; - ZB;)(ZB; g 220 - 91?)
The total phase difference induced by the propagation of the particle is derived from
AB, AB, ByC’ By C’
hAGprop = "AGpropt + hAGprop2 = (Scl =5 Y+ (Scl2 —Sa')
M

= 7 (epy = 25 (2 + 25; — 24 = 200 = gT7) (2.57)
=0

Therefore, in Mach-Zehnder interferometer, the phase difference during the free evolution is zero.

Now we consider the phase difference due to the atom-light interaction during the pulses:
Apr=> di—Y & (2.58)
AB; AB;
As illustrated in Figure 2.8] because of the free fall in gravitational field, the interactions take place
at B;, B; and C instead of By, By and C. The corresponding laser phase is scaled by the free falling

distance during the dark time. From the discussion in section [2:4.2] the phase difference accumulated

from the atom-light interaction based on Bragg diffraction can be calculated as
¢1 = E(kerz — wti + ¢o) (2.59)
Thus, the phase difference induced by the atom-light interaction is given by

Adr = ke T?g + (¢1 — 2611 + ¢mmr), (2.60)

where ¢r, ¢11 and ¢r; denote the optical phase for three pulses respectively.
The separation phase in a Mach-Zehnder interferometer is ideally zero with Az = 0 in a uniform
field, Therefore, in a Mach-Zehnder interferometer, the phase of interference fringes is accumulated

during the atom-light interaction stage. The laser can be regarded as a ruler, which can precisely
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measure the free fall of the atomic sample in the laboratory frame, and the gravity ¢ is encoded into
the phase:
AP = A¢y = kegT?g + (¢1 — 2¢11 + d1m).- (2.61)

This can be understood by considering the laser as a ruler in the Mach-Zehnder interferometer. Its

phase reflects the free-falling information of the atomic sample, enabling the measurement of gravity.

2.5 Conclusion

In this Chapter, I have discussed the relevant theory of the atom-light interaction and atom interfer-
ometry. I initiate the discussion by introducing the theoretical foundations of polarizability, a concept
critical to the magic-wavelength phenomenon. In our experiment, both the optical lattice and Bragg
beams operate at a wavelength of 813.427 nm, corresponding to the magic-wavelength for the clock
transition in strontium-88. Then the dynamics of a two-level atom in an external field is derived,
with which the Rabi flopping as well as the pulses in atom interferometer are introduced. During
the quantum sensing stage, we employ Bragg diffraction for the splitting and reflection of the atomic
wave-packets. Theoretical models and considerations related to finite temperature were described.
Lastly, I presented the calculation of phase accumulation in the atom interferometer for interpreting

our experimental results.



Chapter 3

The ultra-cold 3Sr atomic source

3.1 Introduction

Before conducting the quantum sensing experiment, we established from scratch a new ultra-cold
apparatus that I will discuss in detail in this chapter. In Section [3.2] a comprehensive overview
of the experimental setup is provided, encompassing the design of vacuum chamber, breadboards
and coils surrounding the chamber. This section further delves into detailing the specifications of
lasers and magnetic fields utilized throughout the process of preparing the ultra-cold atomic sample
and implementing the dual atom interferometer. The subsequent sections, and outline the
procedures for creating an ultra-cold ®¥Sr atomic source. These processes primarily entail two key
components: the production of a cold atomic beam and the creation of the atomic source. The atomic
beam is obtained from an innovative design incorporating a bi-color atomic beam slower and a 2D
MOT setup. Following the preparation of the atomic beam, a 461 nm push beam is utilized to push
the atoms into the science chamber. In the science chamber, we implement a 461 nm MOT, followed

by a 689 nm MOT to finalize the preparation of ultra-cold atomic source, as elucidated in Section

3.2 Overview of the experimental system

3.2.1 Vacuum chamber

We designed a dual vacuum chamber setup, inspired by the literature references [81], 82 [83]. The
vacuum system comprises two integral sections: an atomic beam production part and an ultra-high
vacuum (UHV) science chamber. The sketch of the chamber is depicted in Figure The UHV
science chamber and atomic beam stage are connected along the y-axis, separated by a 23-cm-long
differential pumping tube with 2 mm inner diameter, which facilitates a sufficiently-low conduction to
the science chamber. A gate valve is strategically positioned between the atomic beam source and the
UHYV science chamber, enabling the isolation of the two sections when required. Atoms that are cooled

in the 2D-MOT are pushed towards the science chamber using a weak (0.06 mW) 461 nm resonant

49
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D-MOT
2D-MOT beams 3 OT beams

Gate valve

Push beam

2D-MOT atom source

Figure 3.1: A three-dimensional drawing of the experimental setup. The setup consists of two main
parts, a 2D-MOT atomic beam source and a UHV science chamber, which are separated by a gate valve
and a differential pumping tube (DPT). Four stacks of permanent magnets, color-coded blue and red to
indicate the polarity, are arranged around the center of the 2D-MOT chamber to provide the magnetic
field needed for both the 2D-MOT and Zeeman slower. The blue cylinders in the drawing represent the
461 nm laser beams used for 2D-MOT, 3D-MOT, bi-color slowing, pushing and spectroscopic reference.

The bottom right figure shows an alternative view of the setup along the push beam direction.

push beam, imparting a longitudinal velocity of approximately 15 m/s. The push beam is slightly
focused at the 2D-MOT position and defocused at the 3D-MOT location to minimize its mechanical
impact on the cold atoms in the 461 nm-MOT.

Both the atoms source and the science chamber on either side of the differential pumping tube are
pumped by hybrid getter-ion pumps, which provide the pressure down to 10~!! mbar level on science

chamber side. This is adequate for our quantum sensing experiment sequence.
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Figure 3.2: The breadboards and coil frame surrounding the science chamber. Four customized bread-
boards are positioned surrounding the UHV chamber to facilitate the arrangement of optical elements,
mixing and compensation coil systems. Three pairs of Helmholtz coils are installed around the cham-
ber to compensate the stray magnetic field. MOT coils are attached to the 8-inch viewports to create
magnetic field gradients for the preparation of ultracold atomic source. Moreover, a pair of Helmholtz

coils is mounted on the breadbords to provide the mixing field for the clock transition.

Figure 3.3: (a) The optical table enclosure with two HEPA filters on the top to avoid dust and stray
light in the lab. (b) Aluminium tube with the heating wires inside. The tube connects the HEPA
filters and air con, which can be used to stabilize the temperature inside the enclosure. (c) The cross

section of MOT coil, where hollow core copper wire design is used to improve the efficiency of cooling.
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3.2.2 Breadboards, magnetic coil frames and enclosure system surrounding

the chamber

The setup incorporates four bespoke Aluminium breadboards strategically positioned around the sci-
ence chamber, as depicted in Figure designated for mounting optical elements and magnetic coil
systems. To mitigate the effects of dust and stray light in the laboratory environment, an optical
table enclosure equipped with two HEPA filters is installed. These HEPA filters are linked to an air
conditioner via an aluminum tube, and the inclusion of heating wire winding within the tube allows
for temperature stabilization inside the enclosure, as shown in Figure (a) and (b).

There are three magnetic field systems surrounding the science chamber: the compensation, MOT
and mixing coils. The compensation coil system comprises three pairs of square quasi-Helmholtz
coils strategically positioned around the ultracold atomic cloud to actively compensate stray magnetic
fields during the experiment, as depicted in Figure [3:2] Further details concerning this system are
discussed in Section [3.5} The MOT coils, consisting of a pair of anti-Helmholtz coils, are mounted on
the 8-inch viewports of the science chamber,generating a magnetic field gradient of 50 G/cm with a
current of approximately 110 A. This is the typical gradient used for the 461 nm-MOT. To enhance
the water cooling efficiency of the MOT coil, squared hollow core wire with dimensions of 4mm side
length and 2mm inner diameter is utilized, as depicted in Figure ¢), enabling the maintenance of
a temperature below 33°C. Further information on the MOT coil circuit design is provided in Section
B:41] Another pair of Helmholtz coils, mounted on the breadboards is the mixing coil, which is
essential for enabling the clock transition on bosonic strontium-88. To ensure a uniform mixing field
with the Helmholtz configuration, we design the mixing coil with a radius of 272.75 mm. During the
clock transition interrogation, the mixing coil is activated to generate a magnetic field of approximately
80 G, employing a typical current of 105 A. An overview of the fully ensembled system is depicted in
Figure and schematic block diagram featuring the key components in the experimental setup is

presented in Figure [3.5]

3.2.3 Parameters in experiment
3.2.3.1 Parameters of lasers in the experiment

The laser beams required for the experiment, alongside their specifications, are outlined in Table
During the atomic source stage, the 2D MOT beam is split into two parts, collimated, and guided
along the cross illustrated in Figure [3.1] These beams are then retro-reflected to transversely load the
atoms into the 2D-MOT relative to the direction of the hot atomic beam. A pair of blue beams with
two frequencies and cross-polarization are collimated and sent in the opposing direction to the hot
atomic beam, constituting a bi-color atomic beam slower crucial for enhancing the 2D-MOT loading.
The push beam with low power (~ 60 pW) and zero-detuning is slightly focused at the 2D-MOT
position to push the atoms towards the science chamber. On the science chamber side, a 461 nm blue

beam is split into six segments and overlapped with red laser beams (689 nm, 707 nm and 679 nm)
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Figure 3.5: A block diagram summarizing the key components including the vacuum system and laser

sources used in the experiment.
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Laser beams required by the experiment
Beam A (nm) | Transition Detuning (MHz) Beam Total Section
waist Power

2D MOT 461 1Sy« 1P | -28 10 mm | 150 mW 3.3
Bi-color atomic beam slower 461 1Sy & 1Py -180, -400 10 mm 160 mW ;
Push 461 1Sy & Py 0 0.5 mm | 60 uW ;
3D blue MOT 461 1Sy < 1P | -58 15 mm | 220 mW ﬁ
3D red MOT 689 1Sy < 3P, -2.2 to -0.2 5 mm 14 to 1 mW Z
Repump 707 3Py & 39, ~ 0 5 mm 5.5 mW ﬁ
Repump 679 3Py & 35 ~ 0 5 mm 1.8 mW a
Probe 461 1Sg <3P |0 5 mm 30 mW ﬁ
clock laser 698 1S, + 3P, 0 100 pm | 12 mW 4.3.1
Optical lattice 813.427 | - far detuned 80 pm 1W 4.2.1
Bragg beams 813.427 | - far detuned 80 pum 250 mW 4.2.1

Table 3.1: Specifications of the laser beams required in the experiment.

to generate the ultra-cold atomic cloud. These beams are frequency-shifted and collimated to specific

waist sizes with the particulars provided Table

Subsequent to the preparation of the ultra-cold atomic cloud, two lattice lasers at magic-wavelength

of clock transition are focused with a waist of 80 pym and applied in the horizontal and vertical

directions, as depicted in Figure[3.6] Further details concerning the optical lattice are given in Section

121

3.2.3.2 Parameters of magnetic field in the experiment

Magnetic field required by the experiment

Magnetic field Provided by B (G) Gradient (G/cm) | Direction | Section
Atomic beam slower Permanent magnets | 200 - x ﬂ
(peak)

2D MOT Permanent magnets | 0 45 xz-plane a
461 nm MOT MOT coil 0 50 T 3.4..1
689 nm MOT MOT coil 0 0.7, 1.5 z, Y, 2 3.4.1
Mixing field Mixing coil 80 0 z 4.3.2
Compensation field Compensation coil ~1 0 T, Y, Z 3.5

Table 3.2: Specifications of the magnetic fields required in the experiment.

The the magnetic field values and their gradient are detailed in Table 3.2 The gradient of the

magnetic field for the 2D MOT is produced by four sets of permanent magnets. Additionally, the
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magnetic field tail serves as the source of magnetic field for the hybrid bi-color atomic beam slower.
Further details are given in Section In the science chamber, the 461 nm and 689 nm-MOT
are implemented sequentially. The required magnetic fields are generated by a pair of MOT coils
attached to the science chamber. The switching system for the MOT coils is illustrated in Section
3.4.1] Before progressing to the interferometer stage, a clock transition process is implemented to
separate the atomic sample into ground and excited clock states, necessitating a mixing magnetic field
to enable the transition in bosonic strontium-88. We build up a pair of Helmholtz coils attached on the
breadboard to provide the mixing magnetic field, the details of which is introduced in Section [4:3.2]
Additionally, three pairs of Helmholtz coils are strategically positioned along the x—, y— and z—axes
to actively compensate for the stray magnetic fields that could potentially impact the experiment. The

structure and effectiveness of this compensation system are elaborated upon in Section [3.5]

3.2.4 Lasers alignment surrounding the vacuum chamber

The spatial configuration of lasers surrounding the science chamber is depicted in Figure There
are six MOT beams (three pairs) for both 461 nm and 689 nm as well as the repumpers overlapped
for the generation of the 3D MOTs. One pair of MOT beams aligns horizontally, while the other two
pairs are set at a 45° angle relative to the gravity axis. The details of this is discussed in Section [3.4]

We establish a 3D optical lattice operating at 813.427 nm in the system facilitate trapping and
Bragg diffraction processes. Two of the lattices are on the horizontal plane and aligned at a 45° angle
to the horizontal MOT beams. One horizontal lattice is overlapped with clock laser using a dichroic
concave mirror. The vertical lattice serves as both lattice and Bragg beams, configured along the
gravity direction. Detailed insights on the lattice configurations can be found in Section

For experimental detection purposes, we utilize the fluorescence signal generated by a retro-reflected
probe beam at 461 nm. The probe beam’s frequency is finely tuned to resonance, saturating the
transition 'Sy — 1Py (s=30s¢). Imaging is conducted in the horizontal plane at an approximate angle

of 30° relative to the clock transition axis.

3.3 Cold atomic beam production stage

3.3.1 Oven: production of strontium atomic vapor

The cold atomic beam stage is composed of an oven, a compact Zeeman slower and a 2D-MOT. The
oven is a customized CF40 flanged tube loaded with 19 g Strontium Granules (> 99%). To minimize
the atomic beam divergence, 900 nozzle tubes are put at the output of the oven. The nozzles are made
of Monel 400 with the outer and inner diameter of 400 pm and 200 pm respectively, and the length
of the nozzle tube is 0.9 mm [84]. Two heating wires are located at oven and nozzle to heat them
separately: the temperature of the oven is kept at around 520 °C' while the nozzle is kept at higher

temperature (around 560 °C) to avoid the deposit of strontium in the nozzle tubes. The whole oven
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Figure 3.6: Overview of the lasers surrounding the science chamber. Top: vertical view. Bottom:

horizontal view.
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Figure 3.7: Arrangement of permanent magnets for 2D MOT and hybrid bi-color atomic beam slower.

setup is covered by a stainless steel cover, and glass fiber is filled between the cover and oven tube for
the thermal isolation. Two cooper water-cooling disks are located at the connection side and back side
of the oven to cool down the temperature of the flange and minimize the influence of other parts of
the system.

After the strontium atomic effusive beam is extracted from the oven, the atoms are captured in a
2D MOT with the help of a hybrid bi-color atomic beam slower operating at 461 nm, targeting the
fast transition of !Sg — P;. The free axis of the 2D MOT is along a transverse direction (y-axis)
respect to the hot atomic beam, which makes the hot atomic source naturally away from a direct line
of sight to the region where the experiments are carried out. The 2D quadrupole magnetic field used
to trap the atoms in the xz-plane is produced by four stacks of NdFeB permanent magnets (N750-RB
from Eclipse Magnetic Ltd.) arranged around the center of the eight-way cross (see Figure . This
has been successfully implemented in Li [85], Na [81] and Sr [82] [83] in a hybrid configuration where
the Zeeman slower and the 2D-MOT share the same magnets configuration, reducing the system size.
The 2D MOT arms have a length of 30 cm to avoid the deposition of Sr atoms on the glass windows.
The viewports for 2D MOT beams, push beam and spectroscopy are coated for 461 nm blue beam.
The Sapphire window for slower beams is uncoated and is heated to 380°C to avoid the deposit of

strontium from the oven.

3.3.2 461 nm Laser system

The layout of the 461 nm laser is depicted in Figure. [3:9] This blue laser addresses the dipole-allowed
1S, — !P; transition, which has a linewidth of T, /27 = 32MHz. This transition is fast enough to
serve various functions like pushing, probing, and initial-stage cooling. Our laser source is a commercial
system (Toptica TA-SHG pro 24231), generating the 461 nm blue laser through frequency doubling

of a 922 nm master laser. The 922 nm master laser is generated using a grating-stabilized Anti-
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Reflective (AR)-coated diode laser, further amplified by a tapered amplifier (TA) to achieve a power
output of up to 1200 mW. After beam shaping, the master laser undergoes second-harmonic generation
(SHG) within a cavity, producing the 461 nm laser with an output power of roughly 800 mW.

To lock the frequency of the master laser, a mirror with a leaked backwards is positioned after the
output of the SHG source, as indicated in Figure [3.9] This configuration allows for obtaining a small
amount of light to lock the master laser by sending it through the spectroscopy window depicted in
Figure The transmission signal is collected by a photodetector and sent into the PID module. The
error signal is then sent to the piezoelectric transducer (PZT) of the master laser to lock the frequency
of blue laser.

Subsequently, the light from the SHG 461 nm laser source is split into several bunches, appropriately
frequency-shifted, and earmarked for distinct purposes including the 2D MOT, 3D MOT, push beam,

probe beam, and the master laser of the bi-color atomic beam slower, depicted in Figure [3.9

3.3.3 Hybrid bi-color atomic beam slower

To improve the performance of the cold atomic beam source, we send a pair of 461 nm laser beams,
counter-propagating with the atomic beam produced by the oven, to perform a hybrid bi-color atomic
beam slower on the 'Sy — 'P; transition of ®¥Sr. The hybrid bi-color slowing scheme consists of a
Zeeman slower that operates in combination with an additional beam that slows atoms via radiation
pressure on the magnetically insensitive m = 0 — m = 0 transition of the 461 nm line.

We first characterize the Zeeman slower of the hybrid scheme. The magnetic field profile from the
permanent magnets along the x-axis, although not optimized for a standard Zeeman slower that keeps
a constant radiation pressure force, it is still suitable to perform Zeeman slowing [82]. In the whole
region of interest, the magnetic field direction is mainly along the z-axis, which is perpendicular to
the atomic beam. Its magnitude is plotted in Fig. a) as a function of d, the distance from the
2D-MOT center. We evaluate the performance of the slowing scheme by measuring the number of
atoms trapped in the 461 nm MOT in the steady-state regime, which is achieved after 1.5 s of loading
time. For a Zeeman slowing beam polarized along the y-axis, we find that the Zeeman slower reaches
its peak efficiency at detunings of ~ —380 and ~ —30 MHz [see the blue curve in Fig. b)] Indeed,
the horizontal linear polarization is decomposed into two circular polarization eigen-modes addressing
the m = 0 — m = =£1 transitions, respectively. Each circular polarization component is associated
with a Zeeman slowing effect on one of the magnetic field slope regions. At large negative frequency
detuning of ~ —380 MHz, we address the negative magnetic field slope [blue curve in Fig. [3.10|(a)],
where the large Doppler effect of atoms at the oven output is not compensated by a substantial Zeeman
shift. In this case, we need a negative Zeeman shift corresponding to the m = 0 — m = —1 transition.
We end up with the opposite configuration on the positive slope [red curve in Fig. a)]. Here, the
deceleration starts with a large magnetic field bias and positive Zeeman shift to compensate for the
larger positive Doppler shift of the Zeeman beam seen by the faster moving atoms. In previous works,

only one of the frequencies is chosen to operate the Zeeman slower |85, 82]. Usually large negative
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frequency detunings are favored to limit the mechanical action of the Zeeman beam on the 2D-MOT.
We note also that the orientation of the magnetic field means that only 50% of the optical power is
used for Zeeman slowing.

We now consider the slowing effect of a vertically polarized beam. In this case, them =0 — m =0
magnetic-insensitive transition is used to decelerate the atoms. The performance with respect to the
laser frequency detuning is indicated as the green curve in Fig. b). Using only the vertically
polarized beam, the most effective slowing is achieved at a frequency detuning about -180 MHz.

By fixing the frequency of the vertically polarized beam at -180 MHz, we scan the frequency of the
horizontally polarized beam with the same total power to obtain the red curve in Fig. [3.10[(b). With
this hybrid bi-color slowing scheme, we improve the overall number of atoms in the 461 nm MOT for
a detuning of ~ —400 MHz, meaning slightly more red-detuned than the single-color Zeeman slower
case. We obtain a total of 9x10® atoms in the 461 nm MOT. In addition, we note that the optimal
number of atoms occurs on a broader slowing beam frequency range, leading to a slowing scheme that
is more robust to potential frequency fluctuations.

The hybrid bi-color slowing scheme is optimized using two independent laser systems. However,
thanks to the cross-polarization between the two beams, we are able to implement a single laser source
with efficient use of the laser power for daily operations as shown in Fig. We take 1.5 mW from
the 461 nm laser source power to inject a 500 mW laser diode (Nichia, NDB4916). The seed laser beam
used for injection locking is frequency shifted with an acousto-optic modulator (AOM) by -180 MHz
from the resonance of the 1Sy — P transition (AOMS6 in Figure. The laser output from the slave
laser passes through another AOM at 220 MHz to provide the two slowing beams required in the hybrid
bi-color slowing scheme. The zero-order of the AOM at a detuning of -180 MHz is utilized to address
the m = 0 — m = 0 transition with the polarization parallel to the magnetic field; the minus-one-order
at a detuning of -400 MHz is used to slow down the atoms via m = 0 — m = —1 transition. The two
diffraction orders of 0 and -1 are efficiently recombined using a polarizing beamsplitter (PBS). The
overlapped collimated beams with a diameter of about 25 mm are sent through a sapphire viewport,
onto the oven.

On Fig. (a), we show the cold atoms number N as function of the slower total power P.
When the optical beam is off, N ~ 108, indicating a substantial trapping efficiency of the bare atomic
beam by the 2D-MOT. We note that, as expected, this value is also obtained with a far off-resonant
slower (see green and blue data points in Fig. for detuning beyond -500 MHz). For a slower
total power above 140 mW, the performance of the bi-color slowing scheme saturates, so operating
above this value gives a power-independent and optimum behavior. In practice, we use P =160 mW
to minimize the atoms number shot-to-shot fluctuations in the MOT due to the possible drift in the
optical power and misalignment of the slowing beams. Additionally, the performance of the hybrid
bi-color atomic beam slower is calibrated with different ratio of vertically polarized beam, which shows
an optimal performance with the proportion Py /P = 0.5 (Py is the power of the beam with vertical

polarization, and P is the total power). Also, the total power is divided equally between the two
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Figure 3.10: (a) Magnetic field B of the permanent magnets as a function of distance d from the 2D-
MOT center along the z-axis. (b) Performance of the slowing scheme as measured by the total number
of atoms N loaded in the steady-state 461 nm MOT. The blue curve is obtained with the Zeeman
slowing beam only (horizontally polarized beam). The green curve shows the effect of slowing on the
m = 0 — m = 0 transition (vertically polarized beam). The red curve shows the performance of the
hybrid scheme comprising both horizontally and vertically polarized beam. The vertically polarized
beam is set to a frequency detuning of —180 MHz. In all cases, the total power is 160 mW. Figures

are from [2].
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Figure 3.11: Optical setup to generate the two overlapped slowing beams for the hybrid bi-color slowing
system. The symbols are given in Figure [3.§]

polarization components. Overall, the bi-color slowing scheme enhances the atoms number by one
order of magnitude leading to N ~ 10%, a value similar to the current state-of-art setups [86], but

obtained here with a more compact and simple system.

3.3.4 2D MOT

Upon emitting from the oven and being decelerated with the bi-color slower, the atomic beam is

captured by the 2D MOT located at the center of the eight-way cross, as depicted in Figure [3.1]

The magnetic field gradient required for the 2D MOT is generated using permanent magnets,
providing a gradient of 45 G/cm at the center of the cross, showcased in Figure The 2D MOT
beam comprises a pair of retro-reflected beams, frequency-shifted to the detuning of -58 MHz and
collimated with a waist of 10 mm. To optimize the parameters utilized in 2D MOT, we conducted
fluorescence signal analysis in the 3D 461nm-MOT while varying the intensity of 2D MOT beam.
Based on the data shown in Figure the number of atoms captured in 3D 461nm-MOT saturates
at around 35 mW /cm?, a proximity to the saturation intensity (Ip=42 mW /cm?). Additionally, Figure
[3:14] showcases the pictures of the 2D cold atomic beam viewed from the push beam window and

atomic beam slower window.
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Figure 3.13: Fluorescence signal of 3D 461nm-MOT as a function of total 2D MOT beam power.

Figure 3.14: 2D atomic beam source seeing from push beam window (left) and atomic beam slower

window (right).
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and the transient-voltage-suppression diode are used to switching off the magnetic field.

3.4 3D MOTs

After the accomplishment of the 2D cold atomic beam stage, a push beam resonant to 'Sy to 'P;
transition is utilized to push the atoms into the science chamber, In the science chamber, the 3D MOT
operates at 461 nm, followed by the MOT operating at 689 nm to prepare the ultra-cold atomic source.
This section delves into a comprehensive delineation of this procedure, encompassing the magnetic field
generation, laser setup, the experimental sequence governing the MOT, as well as the calibration and

optimization strategies crucial for streamlining the process.

3.4.1 MOT coil system

The switching circuit of the MOT coil is shown in Figure [3.15] Both the blue and red MOT magnetic
fields are switched by IGBTs, and the specifications of which are shown in the figure. The blue power
supply delivers 110 A of current to generate 50 G/cm of magnetic field gradient for 461 nm-MOT.
The output of the red power supply is controlled by an analog channel and produces a magnetic field
gradient from 0.7 G/cm to 1.5 G/cm for red MOT stage.

The two IGBTs are driven by the CNY65 optocouplers to isolate the ground of the switching circuit.
The optocoupler can give a maximum output current of 100 mA. The TTL signal is provided by a
digital channel or a MOSFET driven by a digital channel (Using a MOSFET ensures that there is
sufficient current to drive the optocoupler). The typical rise and fall time of this optocoupler circuit

is ~ 5 ps and ~ 12 ps. The IGBTs and transils are on the water-cool-cooper plate (see Figure [3.16)).
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Figure 3.16: Cooling plate of MOT coil and mixing coil switching circuit.

3.4.2 461 nm MOT

After obtaining the cold atomic source at the center of 2D cross, a push beam operating at 461 nm is
applied to push the atoms from the source to science chamber. The distance between the 2D MOT
and 3D MOT is about 40 cm. In order to optimize the push beam, we collected the fluorescence signals
in 3D 461 nm MOT while adjusting either the detuning or power of the push beam. Based on the
results shown in Figure a), the push beam is set to resonance. In the outcomes revealed in Figure
b), the number of atoms prepared in 3D 461 nm MOT is initially increasing with the power of
push beam, but then decreases after reaching approximately 80 pW. This behavior is attribute to the
fact that the atom velocity increases with the power of push beam. Consequently, when the speed
exceeds the capture velocity of the MOT, atoms are no longer be cooled and captured, resulting in a
reduction in the number of atoms prepared in the MOT. Thus, the beam power is set at 80 uW.
Upon reaching the science chamber, the atoms undergo cooling and trapping through the operation
of the 3D MOT, which operates at 461 nm on the transition from 'Sy to 'P;. This is a fast transition
with the linewidth of 32 MHz, which can be utilized to capture and cool down the atoms rapidly. The
laser schematic of the blue MOT beam is shown in Figure After frequency-shifted to -58 MHz,
the beam is overlapped with the red lasers (689 nm, 707 nm and 679 nm) and split into six beams by
polarizing beam splitter (PBS). Figure illustrates the arrangement of the six beams: four of them
are aligned at a 45° to gravity, while the remaining two are on the horizontal plane. The diameter
of the blue MOT beams is 30 mm, and the power of the total six beams is optimized based on the
fluorescence of 461 nm MOT, as shown in Figure [3.18] The number of atoms captured in 461 nm MOT

saturates at around 50 mW /cm?, which closely matches the saturation power of the 461 nm light.
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Figure 3.17: Calibration of the push beam power and frequency. The left plot shows the fluorescence of
the 461 nm MOT with the scanning of push beam frequency, while the right figure is the fluorescence

changing with different power.
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Figure 3.18: Fluorescence of 461 nm MOT versus 3D laser power.
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Figure 3.20: Fluorescence of 461 nm MOT changing with frequency shift away from the resonance of
strontium-87 (a) and power (b) of 707 nm laser. In figure (a), the data points are taken with the power

of 5.5 mW. The data in figure (b) is collected with the optimized frequency shift (~110 MHz).
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Figure 3.21: Fluorescence of 461 nm MOT changing with frequency shift away from the resonance of
strontium-87 (a) and power (b) of 679 nm laser. In figure (a), the data points are taken with the power

of 1.8 mW. The data in figure (b) is collected close to the optimized frequency shift (~80 MHz).

During the operation of the blue MOT, repump lasers operating at 707 nm and 679 nm are utilized
to eliminate the shelving in the 3P, state and bring the atoms back to the ground state 'Sy. The
schematics of the repump laser system is shown in Figure [3.19] The master lasers for the repumpers
have been prepared in another project with 7Sr [3]. After being injected, the beam samples are
obtained from the slave lasers by half-wave-plates and PBS’s. These beam samples are sent into a
Fabry-Perot cavity to monitor the injection. Subsequently, the slave laser beams are directed through
AOMs for frequency adjustment to fit 3Sr transitions and are combined with a PBS. In Figure
the repump lasers are overlapped with the 689 nm beam and coupled to a same fiber, eventually

reaching the atoms for the cooling process.

Since the master lasers of the repumpers are from a different experimental setup based on 87Sr, the
detunings need to be adjusted to suit the bosonic isotope ®¥Sr. Figures and showcase the
characterization of the repump frequencies, optimizing their shifts by scrutinizing the fluorescence of
the blue MOT while scanning the frequencies. Additionally, the power of the repump beams can also
be optimized, as shown in the right panels of Figures [3.:20 and [3:21] The specifications of the lasers
are outlined in Table Notably, despite a power loss due to cross-polarization after combining the
two repump lasers, the combined power can still attain saturation levels. The optimization process
portrayed in Figures (b) and (b) is conducted with the other repumper set at the optimal

power.

With the combination of the 3D 461 nm MOT and the repumping lasers, the first stage of cooling
and trapping takes approximately 1.5 s. Subsequent to this 461nm-MOT, there are approximately
9x10® atoms trapped with a temperature of roughly 1 mK.
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3.4.3 689 nm MOT

Through the operation of the 461 nm blue MOT, atoms are captured and cooled to the millikelvin (mK)
level [87]. To further decrease the temperature of the atomic source, the 689 nm MOT is implemented,
which addresses the transition from 'Sy to ®P;. This spin-forbidden transition has a narrow linewidth
of 7.5 kHz, which makes it possible to implement an efficient laser cooling and bring the temperature
of atomic samples to the microkelvin (uK) level. In this section, I will discuss the details of the 689

nm MOT.

3.4.3.1 Red laser system

The red laser system, including lasers operating at 689 nm, 707 nm, and 679 nm, is relatively straight-
forward in our system, benefiting from the ready availability of master lasers from a previous lab
project [3]. Therefore, the major necessary step is to inject the master laser into slave laser diodes.
The laser schematics for these three lasers are presented in Figure [3.19

The master lasers are brought to our lab via a 10 m fibers and utilized for injection into laser
diodes. Since all the master lasers are initially frequency-shifted for 87Sr, AOMs are instrumental in
adjusting the frequencies to match the transition of ®Sr in our experiment. The AOMs also serve
as beam switches. Following modulation by the AOMs, the red beams with three wavelengths are
combined using a polarizing beam splitter (PBS) and then coupled to the same fiber for the cooling
stage. On exiting the fiber, the beam is segmented into three utilizing PBS’s, then overlapped with
the blue MOT beams using dichroic mirrors, before being further divided into six beams to foster the
generation of 3D MOTs. The geometric arrangement of the red beams is illustrated in Figure [3.6, and

the waist of the red beams is 5 mm when sent onto the atomic cloud.

3.4.3.2 689 nm MOT: ultra-cold atomic source preparation

The experimental sequence for operating the 689 nm MOT is illustrated in Figure The atomic
source captured in the blue MOT has a temperature of approximately 1 mK, resulting in a Doppler
broadening at the level of MHz for the transition 'Sy —3P;, significantly larger than its natural
linewidth. Therefore, the objective of this sequence is to cultivate a cold, dense atomic sample with
efficient transfer from the 461 nm MOT to the 689 nm MOT.

Following 1.5 s of operation in 461 nm MOT, the power of the blue laser is ramping down to
10 mW over 50 ms. This power reduction helps to eliminate the atoms with higher temperatures.
The temperature of the atoms in 461 nm MOT is typically in milli-Kelvin level [87]. Unfortunately,
we are unable to measure the temperature in our system due to the large size of the blue MOT
since it is impractical to conduct a time-of-flight experiment using our imaging system. Following the
power reduction of the blue beams, the broadband red MOT stage is initiated. During this stage,
the detuning of the 689 nm laser is modulated between -2.2 MHz and -0.2 MHz, while maintaining

a saturated power level. This allows for the transfer of a broader range of velocity classes from the
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Figure 3.22: Experimental sequence for the generation of 689 nm MOT.



72 CHAPTER 3. THE ULTRA-COLD 3SR ATOMIC SOURCE

low-power blue MOT to the red MOT. Subsequently, the single-band red MOT stage is executed to
further reduce the temperature and compress the size of the atomic sample. In this stage, the red laser
is switched to a fixed frequency. To maintain the stability of the position of 689 nm-MOT, three pairs
of Helmholtz coils are mounted to compensate the stray magnetic field during the experiment. The

detailed information is discussed in Section 3.5

3.4.4 Characterization of atomic source with Imaging System

To characterize the atomic sample and get the information such as temperature, atomic number as
well as the fringes after interferometer, we perform a time-of-flight detection. After the atomic cloud
is released, it will expand due to its non-zero temperature. In one dimension, the thermal velocity

distribution can be expressed by the Maxwell-Boltzmann distribution:

2

M g vl
F(0) = (o) 2 expl— i), (3.)

where T; is the temperature of the atomic ensemble in the dimension i = z, y, z, v; is the thermal

velocity, and kp is the Boltzmann constant. The position of an atom after time ¢ is given by
T; = Tio + vit, (32)
where z;9 is the initial position. Take average over all the atoms,

(i) = (wio) + (vi)t = (wi0) (3-3)
Here, the averaged velocity (v;) is taken to 0 in thermal motion. Similarly, from the equation z? =
22y + 022 + 22,0v;t, we have
(@) = (o) + (Wi)t> (3.4)
with (z;0v;) = 0.
Thus, the expansion above indicates that the atomic cloud size can be calculated with o;(t) =
0i(0) + kpT;t? /m, which can be used to calibrate the atomic sample by measuring the size of the cloud
with a series of expanding time.

2 _ 2
i ~ %0 Fp

T, = (3.5)

th—th m

One of the examples for the calibration of temperature is shown in Figure [3:23} the atomic cloud
is falling down with the expansion. The images are taken with different time-of-flight, and the tem-
perature of the atomic sample can be obtained from the slope of the linear fitting with o2 versus 2.
The transition 'Sy — 'P; is used to do the fluorescence detection in our experiment. Notably, the
temperature difference between x and y axis can be attribute to the power imbalance of the MOT
beams.

The typical number of atoms in red MOT is approximately 107, with a temperature of approxi-
mately 1 uK, which give a density of 4x10'© cm™3. The typical parameters of red MOT are similar

to those found in other referenced setups [56] [65].
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Figure 3.23: Temperature measurement with time-of-flight method.

3.5 Stabilization: magnetic field compensation system

The narrow 'Sy — 3P intercombination line transition is sensitive to magnetic fields at the mG level
[88]. Due to human activities, we observe occasional jumps of the ambient magnetic field on the order
of 10 mG. We implement an active control system to compensate the external magnetic field, including
the random jumps, other slow varying and DC contributions, as well as the AC 50 Hz line contribution.
In the following, we describe the main components of this system. A more extended description can
be found in Ref. [84].

Our active control system includes three main components: a probe network consisting of eight
3-axis magnetic-field probes arranged in a cuboid geometry centered at the ultracold atomic cloud
position, a personal computer (PC) for digital signal processing, and three pairs of quasi-Helmholtz
coils to perform the magnetic-field active compensation in 3D. The probe network and coils are shown

in Figure

3.5.1 Magnetic probe

Each 3-axis magnetic-field probe comprises one Honeywell 1-axis (HMC1001) sensor and one 2-axis
(HMC1002) sensor. These sensors are anisotropic magnetoresistive sensors [89, [90] 9T]. Each axis of the

HMC sensor contains four permalloy resistive strips arranged in a Wheatstone bridge configuration.
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Helmholtz Coils

Figure 3.24: Arrangement of the eight magnetic-field probes and the compensation coil system centered

around the ultra-cold atomic cloud.
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The sensor operates in the linear regime of the magnetoresistive response where the output bridge
voltage is a linear function of the magnetic field. The sensitivity of the sensor relies on the alignment
of the permalloy magnetization along an easy axis. A strong external magnetic field could disrupt
the permalloy magnetization, resulting in a loss of sensitivity. To maintain the sensors’ sensitivity,
before each measurement we align the resistive strip magnetization by means of a current pulse sent
in the set/reset strap of the chip. Furthermore, we reverse the magnetization direction to have it
parallel or antiparallel to a chosen axis in successive measurements. Taking the difference of two such
measurements removes magnetic-independent offsets and their temperature dependence [91].

To achieve an optimum sensitivity, the bridge output voltage for each axis is amplified with a gain
of 200, and digitized with a 16-bit analog-to-digital converter (ADC). We achieve a resolution of around
34 uG per digital level for each axis of the probe, and a full operational range of approximately £1 G.

We characterize the noise spectral density of the 3-axis magnetic probes in a zero Gauss chamber
(ZGC). The noise spectral density of each probe (shown in Figure is typically flat between
100 mHz to 50 Hz, with a value of around 2.7 uG/v/Hz. This is consistent with the Johnson noise
of an 850 ) resistor (the typical bridge resistance of the HMC sensors) after taking into account the
effect of the op-amp amplification and the ADC. The root-mean-square (rms) noise calculated for a
bandwidth up to the Nyquist frequency of 244 Hz is below 38 uG, setting the limit on the measurement

resolution.

3.5.2 Probe network

Eight 3-axis probes are arranged in a cuboid configuration around the science chamber with separations
of 155 mm, 115 mm, and 123 mm along x, y and z directions, respectively. The readout time of the
probes is synchronized across all the eight probes by a microcontroller. The probes take turns to send
their readings to the microcontroller through a controller area network (CAN) protocol. A USB-CAN
adapter is implemented to send all eight readings to a PC. The eight readings are then averaged to
interpolate for the value of the magnetic field at the location of the atoms. The communication protocol
limits our maximum sampling frequency for the probe network to 488 Hz. The Nyquist frequency of
244 Hz is sufficient to capture the relevant frequencies of the stray magnetic field.

With the probe network mounted around our experimental setup, we perform a measurement of
the Cartesian components of the magnetic field homogeneous contribution, by averaging the reading of
the eight sensors. The power spectral density (PSD) of the measurement corresponds to the blue trace
in Figure 3.25] For comparison, the yellow trace is the averaged noise density of the readings from the
eight probes measured independently in the ZGC. In this uncorrelated noise condition, we find a noise
floor of ~ 1 puG/ vHz. When installed in the lab the noise level at frequency > 5 Hz is higher than the
uncorrelated noise floor, possibly due to common mode noise from sharing the same power supply. On
top of this, the probe network picks up stray magnetic field contributions at frequency < 5 Hz, and
AC noise component mainly at 50 Hz. More precisely, we find an rms magnetic field noise of 150 uG

at low frequency (0.001 Hz to 5 Hz) and 510 uG between 10 and 100 Hz, dominated by the AC-line
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Figure 3.25: PSD of the magnetic field measurement along the z direction. The blue (red) trace is
without (with) active feedback control. The yellow trace is the spectrum of the average readings from
all eight probes measured independently in the ZGC. The inset shows a zoom of the PSD around
50 Hz.
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contribution.

3.5.3 Feedback control

We use three pairs of square coils in quasi-Helmholtz configuration along the three orthogonal directions
(z, y, z) to correct the stray magnetic field. Each coil consists of 18 turns and is wound on a square
aluminum frame with a side of about 78 cm. Compared to the size of the probe network, this gives
a sufficiently good field uniformity for the probe network to accurately interpolate the magnetic field.
Each pair of the compensation coils is connected to a low noise current source, and generates a magnetic
field of around 370 mG/A.

We implement digital filters, and generate an error signal to perform a proportional-integral-
derivative (PID) feedback control of the stray magnetic field. For the compensation of the frequency
noise below 5 Hz, a low pass filter with cutoff frequency 10 Hz is implemented on the averaged probe
readings before the PID is applied.

To cancel the 50 Hz noise component, we first extract the quadrature amplitudes of the 50 Hz
signal by mixing the probe reading with a 50 Hz signal, and then perform a low pass filtering with
a cut-off frequency of 5 Hz. We then perform a PID control on the quadrature amplitudes before
regenerating the feedback signal at 50 Hz. We allow for the 50 Hz phase of the feedback on the z, y
and z components to be varied independently. We finally sum up both the low frequency and 50 Hz
feedback signals.

3.5.4 Performance of the active control system

Beforehand, the performance of the active control system is evaluated when the experimental sequence
is not running. The PSD is shown in Fig. [3.25] as the red trace. Compared to the blue trace we see that
the PID feedback control is able to substantially reduce the low frequency components of the magnetic
field noise up to 5 Hz. We observe a reduction in the PSD by more than five orders of magnitude
close to DC, and one order of magnitude at 50 Hz (see inset of Fig. . We note that the 50 Hz
feedback loop leads to a small shift and broadening of the 50 Hz peak, which we could not explained.
An increase in the PSD due to the control of the 50 Hz component is also observed for frequencies
above 10 Hz, with respect to the blue curve reducing the performance of the feedback loop. With the
active control system, we find a typical rms magnetic field noise of 10 uG at low frequency (0.001 to
5 Hz) and 370 uG between 10 and 100 Hz. In both frequency range we observe a reduction of the
noise compared to the open-loop values (see Sec. m B).

The operational range of the probes means that their readings become saturated whenever a mag-
netic field larger than 1 G is applied, which occurs for instance during the MOT stages. We apply a
pause-and-hold strategy to compensate for the stray field during these stages, by retaining the feed-
back values before the application of the magnetic field. An example of the typical magnetic field

reading during an experimental sequence is shown in Fig. [3:26] Here, the initial magnetic field offset
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Figure 3.26: Magnetic field measurement during the experimental sequence. The top inset zooms into
the magnetic field when the compensation is applied. The bottom inset zooms into the magnetic field
during different stages of the experimental sequence. The pause-and-hold stage occurs between the

two vertical red dashed lines.

of 40 mG is larger than typical jumps experienced in the lab. The 1/e settling time, as shown in
the upper inset, is about 100 ms. Thus, a time interval larger than 100 ms is required between each
pause-and-hold stage to ensure that the magnetic field compensation is correctly applied. During the
typical pause-and-hold stage, the magnetic field fluctuations remain less than +500 uG, with an rms

value of 210 uG over the measurement bandwidth.

The green open triangles in Fig. [3:27) show the typical magnetic field fluctuations measured in the
lab within 24 h. From 9 a.m. to 7 p.m., we observe larger fluctuations due to nearby human activities.
The magnetic field values are extracted from the sensors reading with an open feedback loop. Once
the feedback loop is closed the magnetic field reading goes to zero (dashed lines) with fluctuations
not visible for the range used in Fig. [3:27] We perform a measurements of the magnetic field using
Faraday rotation on the cold atomic gas. At low laser intensity, the Faraday rotation angle # depends
linearly of the magnetic field, with a slope of AO/AB ~ by x 0.28rad/mG, if the measurement is
performed on the intercombination line [88]. b is the optical thickness measured at resonance and at

zero temperature [92].
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Figure 3.27: Measurement of the magnetic field variation in the course of 24 h. The green open
triangles correspond to the sensors reading of the magnetic field along the x-axis. The red open circles
and the blue circles are the reconstructed values of the magnetic field thanks to Faraday rotation

measurement for unlocked case and locked to zero magnetic field (dashed line) case, respectively.

The Faraday measurement is performed by sending a resonant probe on the intercombination line
along the z-axis with a polarization at 7/4 angle with respect to the z-axis. The polarization rotation
is analyzed thanks to a polarizing cube with s and p channels along the z- and the y-axis, respectively.
The channel imbalance is recorded on a CCD camera (see Ref. [88] for more details). The red open
circles and the blue circles in Fig. correspond to the magnetic field extracted from the Faraday
angle measurements in the unlocked and locked situation, respectively. For the unlocked case, we
observe a qualitative agreement with the sensors reading. Mismatches are likely due to calibration
bias of the Faraday response slope and overlooked nonlinear responses. Importantly, we extract a
magnetic field value of B, = 10(150) uG when the feedback loop is closed, in quantitative agreement

with the expected null value.

As a final test of the performance of the active control system, we measured the position of the
ultracold cloud in the 689 nm MOT along the z-direction with the PID feedback loop open or closed.
The 689 nm MOT is produced following Ref. [86]. We apply random magnetic field jumps of 7.5 mG
peak-to-peak to mimic the random magnetic field jumps due to human activities. Due to gravity, the
z-position of the 689 nm MOT is shifted by 16 pm/mG. For each experimental run we apply a fix
random value during the stage when the loop is closed, in contrast to the reality where magnetic field
jumps can occur anytime. When a magnetic field jump occurs during the pause-and-hold stage, the

active control system will compensate for it in the next PID locked stage. A comparison of the position
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Figure 3.28: A histogram of the 689 nm MOT positions, zg, along the vertical direction that is measured
using fluorescence imaging, where blue (orange) bars shows the distribution of zy with the PID feedback

loop activated (deactivated). For each of the two sets the measurement has been repeated 70 times.

of the 689 nm MOT subjected to this magnetic field fluctuation is shown in Fig. 3:28] We perform
two experiments, one in open loop (orange bars) and another one in closed loop (blue bars). Without
feedback, the random magnetic field modulation leads to a peak-to-peak variation in the MOT position
of £60 pum. The active control system is successful in reducing this variation to less than +7 um, a
level that is consistent with the magnetic field fluctuations of less than +0.5 mG observed during the

pause-and-hold stage in Fig. This leads to a more consistent preparation of the cold atomic cloud.

3.5.5 Addressing magnetic field gradients

As discussed in Sec. [3.3] the bi-color slowing scheme and the 2D-MOT are generated thanks to perma-
nent magnets. The contribution of those magnets at the level of the 3D-MOT consists of two gradient
terms 0B, ,/0z, x, with an amplitude in the mG/cm range. Those gradients are too weak to disturb
the cold gas in the MOT operating on the intercombination line, but can be a limitation for sensing

applications requiring interferometers with spatially-extended surface area [93].
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The sensor network measures the three Cartesian components of the magnetic field at eight positions
around the MOT. Thus, we can extract the full magnetic field Jacobian matrix at the atomic cloud
position, if the source is far enough from the sensors location to provide a good linear expansion of
the magnetic field. This is indeed the case for permanent magnets of the bi-color slowing scheme and
the 2D-MOT.

The compensation of the off-diagonal components of the magnetic field Jacobian matrix can be
done using Golay coils as developed for magnetic resonance imaging devices [94]. We note that since

the magnetic field gradients should be stationary, no active compensation is necessary here.

3.5.6 Conclusion

To conclude, in this chapter, I discussed in detail about the preparation of the ultra-cold atomic sample
in our experimental system. Firstly, the overview of the experimental setup is illustrated, including the
design of vacuum chamber, mounting of the breadboards, magnetic coils and the parameters for lasers
and magnetic fields. The vacuum chamber composites of a cold atomic beam production stage and an
UHYV science chamber. Three magnetic coil systems are prepared around the atomic samples: MOT,
mixing and compensation coils. Additionally, an optical enclosure and HEPA filter with temperature
stabilization system are constructed to prevent the system from stray light and dust.

There are two main stages for the preparation of ultra-cold strontium atomic sample: the cold
atomic beam stage and 3D MOTs. In the cold atomic beam stage, we design and implement a hybrid
bi-color atomic beam slower to enhance the efficiency of atomic beam flux. The magnetic fields for
2D MOT and atomic beam slower are provided by permanent magnets. We achieve a factor of ten
enhancement in terms of the number of atoms prepared in 3D 461 nm-MOT. The atomic beam is
pushed into the science chamber via a push beam. Inside the chamber, the 461 nm-MOT and 689 nm-
MOT are implemented. After the 3D MOTs stage, we obtain an ultra-cold strontium atomic sample
at a temperature of 1 uK, and the number of atoms prepared in the 689 nm-MOT is about 107. We
also implement an active feedback to compensate the stray magnetic field down to 1 mG during the
experiment.

Based on this, in the next chapter, I will discuss several necessary manipulations of the ultra-cold
atomic sample before the quantum sensing experiment, including loading the atoms into optical lattice,

the clock transition for bosonic strontium-88 atoms, as well as the calibration of Bragg diffraction.
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Chapter 4

Preparation for Quantum Sensing

Stage

4.1 Introduction

After generating the ultracold atomic sample, we proceed with several preparation stages with the
system for the quantum sensing. These steps encompass loading the atoms into an optical lattice
operating at 813.427 nm and implementing magnetically-induced-spectroscopy of the clock transition
in bosonic 88Sr, as detailed in Section and Sectionrespectively. Prior to the atom interferometer
stage, a velocity selection stage is necessary, acknowledging the impact of atomic sample temperature
on the Bragg diffraction process. In Section [4.4] an exploration into the utilization of a moving lattice
for Bragg diffraction pulses is delved into, serving the purposes of velocity selection and the subsequent

atom interferometer stage.

4.2 Loading into optical lattice

4.2.1 Preparation of lattice beam

In our experimental setup, an optical lattice is essential for holding atoms during specific stages of the
sequence, such as reducing Doppler broadening during clock interrogation and stabilization periods for
the mixing field. Within our system, there are three standing waves operating at the magic wavelength
of 813.427 nm. The magic wavelength alleviates the systematic ac Stark shift from the trap. By
trapping the atomic in a magic wavelength lattice, the clock transition frequency is independent of
lattice beam power and remains unchanged. These standing waves are aligned both horizontally and
vertically, being perpendicular to each other to form a three-dimensional lattice. The two horizontal
beams are focused at the atomic position and retro-reflected by concave mirrors to form a standing

wave and produce a periodic potential for the trapping. The schematic of the lattice beam is illustrated

83
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in Figure 4] One of the horizontal lattices is overlapped with the clock laser via a dichroic concave
mirror.

The vertical lattice is formed by two beams with cross-polarization. These beams are focused and
retro-reflected, serving dual purposes for both the lattice and the Bragg pulses. A quarter-wave plate
is strategically placed before the concave mirror to rotate the polarization of each beam by 90 degrees,
allowing for the creation of either the stationary lattice for trapping or the moving lattice for the Bragg
pulses.

Ensuring a stable lattice requires locking the phase difference between the two beams. The brief
schematics of the vertical beam is illustrated in Figure where E; is the total incident field composed
by the two beams with cross polarization, Eg is the field after the quarter-wave plate, Es and E, are
the reflected light field before and after passing through the quarter-wave plate. An arbitrary incident
field with a phase difference ¢ is given by

. . 0 0
E) = Ege?®* =) | cos 53% + sin 3 e g (4.1)
where cosg and sin% denote relative amplitude with respect to Ey, the total amplitude of the two

beams. We rotate the axes from (&, §) to (&', §’), with 2’ and 3’ along the plate axis at 45°:
(4.2)

Then the incident field can be rewritten as

. E, . 0 0 0 0 .
E, = 7%61(’“_“”5) Kcos 3 + sin 3 e“z’) &+ (cos 3~ sin 3 e’¢> g’] (4.3)

Suppose that the fast axis of quarter-wave plate is along #’. After the plate, the field is expressed by

- Ey 0 0 . - 0 0 .
Ey = 7%61(]”*“) [(cos 3T sin 3 e’¢> 23 + (cos 3 sin 3 e“z’) g}’} (4.4)
With this, we obtain the laser field after reflected by the mirror:
- Ey _,; 0 0 0 0
E; = —7%6_7'(,6(2_220)4_&”&) [z <cos 3T sin 3 e”’) '+ (cos 3 sin 3 ew) g)’] (4.5)

where zg is the nominal position of the reflecting mirror. After passing through the quarter-wave plate

and sending back to the atoms, the field is given by

= Ey _,; 0 0 0 0
E, = —7%6_1(’“(2_2%”“) [— <cos 7T sin 3 e”’) '+ (cos 3 sin 3 ew) g)’] (4.6)
Thus, the total intensity of the laser experienced by the atomic cloud is
I=|E1 4 E4> = Iy (4 + 4sin 0 cos ¢ cos(2k(z — 2))) , Iy = E2 (4.7)

Taking 0 = 7/2, the intensity of the standing wave is significantly influenced by the phase difference.

Fine-tuning the phase difference ¢ towards a value close to 0 or 7 is crucial for generating a stable
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stationary lattice with high intensity. Therefore, a PID lock system becomes essential to uphold the
required phase relationship between the beams.

The vertical beam serves dual purposes as both the lattice beam and the beam for Bragg diffraction.
As shown in Figure one of the AOMs ("AOM-V1") is driven by a fixed 80 MHz oscillator, whereas
the other ("AOM-V2") can be controlled by a voltage-controlled oscillator (VCO) during lattice mode
or a direct digital synthesis (DDS) during the Bragg pulse. During the lattice mode, the VCO supplies
the RF source for AOM-V2, facilitating the phase locking feedback mechanism between the two beams.
The two lattice beams, operating at a wavelength of 813.427 nm, are combined using a polarizing
beam splitter (PBS) after passing through the AOMs and are then coupled to a fiber. A non-PBS
(R:T=10:90) is positioned after the fiber output to extract a sample of the combined beam for phase
locking. After passing through a 45° polarizer, this sample is led to a photodetector, and the beating
signal between the beams is sent to the PID module, functioning as feedback on the VCO to maintain
the phase locking point close to ¢=0 for optimal lattice intensity and stability amidst operational
vibrations.

The performance of the lock is evaluated by examining the optical signal of the mixed beam with and
without the lock, as illustrated in Figure [f.3] The upper panel of Figure [£.3] depicts the optical setup
for collecting the optical signal, which is used for the performance test. To evaluate the polarization
fluctuation of the mixed beam, a polarizer is positioned before the photodetector in the path directed
toward the atomic sample. The lower panel in Figure [£.3] displays the optical signal recorded by the
photodetector, revealing a noticeable enhancement in the stability of the polarization. We see that the
range of the phase fluctuation without lock is 27 within several tens of seconds, which corresponding

to the voltage fluctuation AV = V42 — Vinin. The phase noise after lock can be determined as
ov
=2T—— 4.8

where o4 is the phase noise range of the lattice beam with the PID lock; oy is the rms of the voltage
obtained from the optical signal; AV is the full voltage range corresponding to phase fluctuation of
27. With the data shown in Figure the o4 is calculated to be 0.027.

The calibration of the lattice beam such as the trapping frequency is obtained from the sideband

of the clock transition spectroscopy. This is described in Section

4.2.2 The loading of optical lattice

The atoms are loaded into the optical lattice after being prepared in the red MOT. Approximately
107 atoms are cooled and prepared in red MOT, with dimensions of 300 pmx700 pmx700 gm. Sub-
sequently, 10° atoms are trapped into the optical lattice with the cloud waist of 50 um. The loading
performance, in terms of the atomic number in the vertical lattice, is illustrated in Figure [£.4 The
green histogram represents the number of atoms loaded into the vertical lattice with the phase differ-

ence between the two vertical beams locked, while the black histogram represents the unlocked case.
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beams.

In the unlocked case, the AOMs for both beams are fed by a fixed RF source. From the results shown

in Figure [£.4] an increase in number of atoms as well as an improvement of stability are observed.

4.3 Clock transition with strontium-88

4.3.1 Clock laser

The 698 nm clock laser is employed to excite the clock transition of the bosonic strontium-88. The
source of clock laser is a commercial Optical Reference System (ORS) from MenloSystems. This
system comprises a MOGLabs Cateye diode laser and a Fabry-Perot cavity constructed with ultra-low
expansion glass (ULE) that has a finesse of approximately 210,000. The clock laser produced by this
system exhibits a linewidth of approximately 17 Hz (discussed in section 4.3.1.2) and a power output
of 7 mW. To increase the power of the clock laser, we inject the master laser into a slave, a laser
diode. Given the clock laser’s narrow linewidth in the Hertz range, thermal fluctuations in the fiber
introduce phase disturbances that could potentially broaden the laser’s linewidth. To address this, our
clock laser setup incorporates two Doppler noise cancellation systems, as discussed in section 4.3.1.3,
effectively eliminating phase noise for both the fiber from the master laser to the slave laser and the

fiber transporting the slave laser to the experiment [95].



4.3. CLOCK TRANSITION WITH STRONTIUM-88 89

\ ® beating data
— fittin
48 A E

47 4

46 A

Freq [MHz]

45 A

44 4

43 A

0 100 200 300 400 500 600 700
days

Figure 4.5: The beating frequency between frequency comb and the clock laser, which indicates the
cavity drift of the master laser. The red curve is the linear fitting of beating frequency within the last

250 days, and this is used to obtain the drift rate of the system to compensate during the experiment.

4.3.1.1 Determination of the Clock Laser Frequency

To excited the clock transition, it is crucial to determine the clock laser frequency and tune it to the
resonance value. The absolute frequency of the clock transition in the bosonic isotope of strontium-88
is measured as [69]

fosgr = 429,228,066, 418, 008.3(1.9) syt (0.9)star Hz (4.9)

To prepare the clock laser, we first find a cavity mode close to the clock transition frequency. The

frequency of the mode read from a lambda-mater with a 40 MHz precision is
Sfwom = 429.22829(4) THz (4.10)

With this, the frequency of the clock laser can be more precisely determined by performing a beating
between the clock laser and the frequency comb. The frequency comb has a repetition rate of 250 MHz
and an offset frequency of +40.0(1) after frequency doubling. The comb tooth used for this beating
can be calculated as (nx250 MHz) + 40.0(1) MHz, which gives n=1716913 according to the value
of fuwum. Consequently, the frequency of the clock laser can be determined by subtracting the beat

frequency f, from the frequency of the nth comb tooth.

fc:fcombifb (411)

where the plus-minus sign indicates that the frequency difference we subtract from the beating can be

on either positive or negative side of the comb line. The sign is determined by the measurement from
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lambda-meter. The frequency of the clock laser is fine-tuned to the value fssg, by a double-pass AOM
shown in Figure and then determined from the atomic sample.

By measuring the beating frequency between the frequency comb and clock laser on different days,
we are able to monitor and compensate the cavity drift for each experimental run. Figure[L5]illustrates
the change in beating frequency over time, revealing a decreasing drift rate over the past three years
(decreasing from (-8.91+0.18) kHz/day to (-6.11+0.22) kHz/day).

To compensate for this drift, we perform a linear fitting with the beating frequency data collected
over approximately 250 days to determine the drift rate « (shown in the red curve in Figure .
This rate is then employed to calculate the frequency change in our laboratory control system before
activating the clock laser in the experimental sequence. We first implement the clock transition spec-
troscopy to record the resonant frequency fy. With this, the system will automatically calculate the

frequency considering the drift when switching on the clock laser in experimental sequence:
f=fo+vyxt (4.12)

where f is adjusted thank to a RF frequency sent to the double-pass AOM shown in Figure to
compensate the cavity drift of master laser. The precision of time ¢ in Eq during the compen-
sation process is down to millisecond-level. Since we use the drift calculated from the frequencies over
250 days, which indicates that the changing of drift rate during this time will lead to an error. The
maximum error is Ay =1 kHz/day. We usually calibrate the clock transition every three hours to
reduce this drift change. Therefore, the maximum error for the compensation process is about 125 Hz.
Compared to the Rabi frequency of the clock transition is 360 Hz during the sequence, this error is

sufficient low for the experiment,

4.3.1.2 Linewidth of the clock laser

The linewidth of the laser can be estimated by the power spectral density (PSD) of the Pound-Drever-
Hall (PDH) error signal. This PSD of the error signal is read from the oscilloscope and can be converted
to the PSD of frequency fluctuation. In the following sections, the linewidth of the laser is estimated
[96].

A monochromatic beam incident into a Fabry-Perot cavity can be written as
Eine = Ege™*, (4.13)

where 2 is the laser frequency. The reflected beam consists of a promptly reflected beam and a set of
leakage beams, which have the phase shift of 7 and 2nL/c respectively. The reflected wave can be

expressed as
Ere = Eq (rei(Qt-&-rr) Tttt (Q—2LQ/e) 4 431 i(Q—ALQ/C) | )
(4.14)

it 2 sqr e S/Avrse
= —Fore””" + (1 -r )Eoe

1 — T.Qe—iQ/Al/FSR ’
where r and ¢ are the reflection and transmission coefficient of the mirror, and Avpgr = ¢/(2L) is the

free spectral range of the cavity. The relationship between the cavity spectral range Avpsgr and the
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Figure 4.6: Clock diode laser layout. The master of clock laser is led through "AOM1" with double-
pass, which is used for shifting the laser to the resonance of clock transition. "AOM2" is driven by VCO
for Doppler noise cancellation of the fiber transporting the slave laser to the experiment table, and
"AOMS3" shifts the laser at the opposite direction of "AOM2" for switching as well as compensating
the detunning from "AOM2".
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linewidth of the cavity Av is given by

AOJFSR 27TAVFSR

2rAY = Aw, = =
7 7 (4.15)
FAw,
Avpsgr = ;
2

where F = 77 is defined as the finesse of the cavity.

The reflection coefficient of the Fabry-Perot cavity can be expressed as

E’ref B r (efiQ/AVFSR _ 1)

TC(Q) = Einc 1— TQe—iQ/AVFSR

(4.16)

We consider the laser frequency 2 is close to a resonance of the cavity (i.e. wo/Avpsr = 2nm where
n is an integer) and suppose that the reflection coefficient of the cavity mirror is close to 1. We can
perform the Taylor expansion of the exponential around Q = wy:

i

e*iQ/AVFSR ~ e*iWO/AVFSR _

O—
Avpan 2 wo)

:1_7;1—7‘22(9—0)0)

(4.17)

r Aw,
With this approximation, the reflection coefficient can be rewritten as

—Z Q(Q—wo)

~ . Aw,

Now we consider a non-monochromatic beam with an average frequency of wy and a phase noise
modelled by a function ¢(t) with (p) = 0. After a phase modulation by an electro-optic modulator
(EOM), the incident beam can be expressed by [96]

Eine(t) = Eyetwrtte(t)+8sin(wmt)
~ B! @rtte ) [70(8) 4 2iJ1(8) sin(wpmt)] (4.19)
= Eoe'@rtTeW) [J(8) + Ji(B)e™ ! — Ji(B)e 1],
where J; is the i-th order of the Bessel function. The expression above indicates that the incident beam
in the cavity consists of a carrier with an average frequency of wy and two sidebands with an average
frequency of wy, + w,,. If the carrier frequency is close to resonance and the modulation frequency

wm > 21 Avpgg, we can assume that the sidebands are completely reflected. Then the reflected beam

can be written in the form of a convolution product as follows [96]:
Eref(t) = Eoe" W) (Jo(B)e(t) + Ju(B)e™mt — Ji(B)e” "), (4.20)

where e(t) = [r,(t')e~rt e~ ieM=e(=t) 44’ The intensity of the reflected beam is given by

Lres(t) = | Bres (1) o
= B3 (J3(8) el + 272(8)) + ABZJo(8) F (1)) sin(wt) + O(2),

where Z(e(t)) = i(e(t) — €(t))/2. In the equation above, we are interested in the oscillation term,

which can be isolated experimentally via a mixer and a low pass filer. If we feed the reflected electric
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field intensity signal I,y (which is modulated at wy,) into the input of the mixer and another signal at
w!, into the other input of the mixer, then the output signal will contain the modulations at w,, —w/

m

and wy, + w},. By setting w,, = w!, and remove the DC term, the error signal can be rewritten as
s(t) = 2E5.Jo(8)J1(B)F (e(t)) (4.22)

Now we suppose that the spectral width of the laser Awy, is much smaller than Aw,. In this case,
the phase fluctuation is small over the lifetime of the cavity. We can perform the approximation to
€(t) and the error signal can be written as

Tc(t/)e—ith’ + Weiwm’
2

s(t) = 2B300(8)1(9) [ ott 1) d (4.23)

We also assume the average laser frequency wy, is close to the resonance frequency of the cavity wy.

Inserting the expression in Equation the Fourier transform of the error signal is given by

21 e (4.24)

5() = —QEgJo(ﬁ)h(ﬁ)Em
¢ Awe

The power spectral density of the intensity fluctuations of the error signal can be written as

4 1
M (22)

Here, Ss(€2) has the units of mW 2 /Hz while the error signal measured from oscilloscope has the units

Ss() = AEGJ5 () JE (B) 5 9.(82) (4.25)

of Volt. Therefore, we need to find the relationship between Ss(£2) and S,(92), which is the power
spectral density of the intensity fluctuation of the error signal experssed in the units of V2/Hz.

Let R and G be the respounsitivity and gain of the detector, which have the units of Ampere/Watt
and Volt/Ampere respectively. With this, the quantity RG converts the units of optical intensity to
Volt. The power spectral density of the intensity fluctuations of the error signal in units of V2/Hz can

be expressed as
4 1

M ()

Su(Q) = A(RGA)* EG J5 (B)J3 (B) Su(82), (4.26)

where A is the surface area of the detector.
Let us suppose that the beam incident on the cavity is monochromatic with frequency wy. The

expression of error signal is reduced to

2(UJL—0J0)
5(Q) = —2E3Jo(8) /1 (6)% (4.27)
1 (B

The error signal in the units of Volt can be written as

2(wr, —wo)
0(Q) = ~2RGAE}Jo(8)J1(8) ——=2——; (4.28)
1 + (Z(WL*WO))
Awe
The equation above has a maximum value V4, when wy, —wy = —Aw,/2 and a minimum value V45,

when wy, — wp = Aw,/2. The maximum and minimum values are given by

Vinaz = RGAEZ Jo(8)J1(B) (4.29)

Vinin = _RGAESJO (/8)‘]1 (6)
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Figure 4.7: Power spectral density of the frequency fuctuations when the laser is locked (yellow trace),

unlocked (red trace), and out of resonance (blue trace).

Therefore, the equation in [1.3.1] can be rewritten as

, 4 1
M ()

Here, Vipar — Vinin is measured to be approximately 0.1285 V, and Aw. = 27 x 14 kHz. Figure

S’U(Q) = (Vmaz - szn) Sw(Q) (430>

[£7 shows the power spectral density of the frequency fluctuations when the laser is locked, unlocked
and out of resonance. To obtain the linewidth of the clock laser, we take the case where the deviation
of the noise in frequency is small compared to the bandwidth of the noise (2 ~ 0), where the S, is
independent of the frequency 2. The width at half maximum of the Lorentzian optical spectrum Aw
is equal to the power spectral density of the frequency fluctuations S°, which is determined by taking
the average of S, in low frequency region (0.01 Hz to 0.1 Hz). Since Aw = 27Av, in the frequency
unit (Hz), we obtain Av = S,,/(27). Therefore, the linewidth of our clock laser is estimated to be

17 Hz.

4.3.1.3 Fiber Doppler Noise Cancellation

When an optical signal with narrow linewidth, such as clock laser, passing through an optical fiber,
it introduces a broadening to the linewidth of the laser. This is because the fiber’s insertion phase
is sensitive to the environmental perturbation, such as vibration and temperature. For instance, the
linewidth of a Hz-level clock laser can be broadened to hundreds of Hertz when travelling through a
25 m fiber [95]. In this case, a Doppler noise cancellation system is necessary to address this problem.

In our clock laser system, two Doppler noise cancellation systems are required: one for the fiber that
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connects the master laser to the slave laser and the other for the fiber linking the slave laser to the

experimental setup.

The Doppler Cancellation Module (DCM) for the master laser is a commercial module that takes
the optical beating signal between the reference and the beam passing back and forth in the fiber
to generate an error signal. The optical path generating the beat signal is depicted in Figure [£.8|
The yellow path represents the optical layout for both the incoming and back-reflected beams. In the
incoming path, the optical signal passes through a Faraday Rotator and an AOM (440 MHz) before
entering a 10-meter fiber. The Faraday Rotator rotates the polarization of the retro-reflected beam by
90° before it joins the referenced beam at the fiber coupler for Doppler cancellation. A double-pass
AOM after the fiber output, labeled as "TAOM1" in Figure is employed to appropriately shift the
frequency of the master laser for the clock transition. The zero-order of after modulation is reflected
back to create the beat signal with the reference beam for locking purposes. The reference beam for
beating is depicted in green. After amplification, the optical beat signal obtained by photodetector
is mixed with an 80 MHz radio frequency generated by a direct digital synthesizer (DDS) referenced
by a 10 MHz RF from the Rubidium (Rb) clock. This error signal is fed into the PID module and
feedback on the 40 MHz AOM to cancel out the fiber noise. The comparison of the beating signal
with and without Doppler noise cancellation is depicted in Figure The blue curve is the beating
signal without the Doppler cancellation lock, which gives a linewidth of (1.94-0.1) kHz. In comparison,
the beating signal with the lock gives a linewidth lower than 10 Hz, and this value is limited by the

reading bandwidth of our spectrum analyzer.

The optical layout for the fiber transporting the slave laser to experimental table is illustrated
in Figure [1.6] After being frequency-shifted to the resonance of clock transition, the master laser is
employed to inject into a diode laser, providing a higher power clock laser for the experiment. This laser
is then directed to the main setup by another 10-meter-fiber, indicating that a fiber noise cancellation
is also required. The AOM1 shown in Figure is utilized to fine-tune the frequency of clock laser
to match the clock transition frequency. After injected by the master laser, the main beam is directed
through AOM2, which is driven by a voltage-controlled oscillator (VCO), employed for the feedback
of Doppler noise cancellation. To generate the beating signal, a non-PBS (R:T=10:90) is positioned
before AOM2. One of the beat branches traverses the AOM and fiber, reflects off the polarization-
maintaining (PC) fiber, retraces the same path, and combines with the reference beam. The reference
beam is obtained from the reflection of the non-PBS and a mirror. This beating signal is then fed into
the PID module, with its output linked to the VCO of AOM2 for implementing fiber Doppler noise
cancellation. An additional AOM3 is placed after the fiber output to shift the clock laser frequency
in the opposite order compared to AOM2. This serves a dual purpose of clock laser switching and

compensating for detuning introduced by AOM2 during the Doppler lock process.

The performance of the Doppler lock for the path from slave laser to experimental table is illustrated
in Figure[£.6] The blue curve represents the beat signal without lock, where the AOM is fed by a VCO
with a fixed value, while the red curve is the beat signal with Doppler lock. The RF signal without
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Figure 4.8: Optical schematic of Doppler noise cancellation for the fiber bringing master to slave

laser table. The yellow lines show the incoming and back-reflection path for the beating, and the
reference path is shown in green. The reference beam and back-reflection beam are sent to the Doppler
cancellation module to generate the beating signal for the fiber noise cancellation. The red path is the

beam for the cavity lock.
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Figure 4.10: Beating signal comparison between with and without Doppler cancellation lock from slave

laser to the experimental table.

lock is given by the VCO with a fixed value, which is not exactly at 80 MHz, so the beating signal
without lock is not centered at 160 MHz. Compared to the (22.9+0.8) kHz for the linewidth of the
unlocked case, we obtain a linewidth below 10 Hz of the linewidth with the Doppler cancellation lock,

constrained by the data collection bandwidth.

4.3.2 Mixing magnetic field

In 87Sr, the clock transition is allowed because of the hyperfine mixing, due to the zero nuclear spin [71].
Conversely, in bosonic strontium-88 the clock transition is forbidden. To enable the clock transition
in 88Sr, a magnetic field is applied to induce coupling between 3P0 and *P1 (J47, [65]). The switching
of the mixing coil, similar to the MOT coil switching discussed in Section [3.4.1] is accomplished using
IGBTs. The power supply for the mixing coil typically provides a current of 105 A, providing in a
magnetic field of approximately 80 G at the position of the atomic samples. CNY65 optocouplers are
used to drive the IGBTs. Additionally, a diode (part no. DSEI2X101-12A) is incorporated to prevent
reverse current flow. To dissipate the magnetic field energy effectively during switch-off, a transient-
voltage-suppression (TVS) diode (part no. 1.5KE480CA) is incorporated. The "spectroscopy PSU"
part shown in Figure depicts the circuit with low current to generate the bias field for the red
spectroscopy check. The IGBT and TVS diode for the mixing coil switching circuit are also placed at
the cooling plate, as depicted in Figure [3.16]
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Figure 4.12: The switching behavior of the mixing coil monitored by the transducer during the in-
terrogation of clock transition. The current in the mixing coil stabilizes after 45 milliseconds, with a
peak-to-peak fluctuation of approximately 0.8 amperes. Once the current stabilizes, the clock tran-
sition, highlighted in red, is initiated. The bottom figure is zoomed on the current during the clock

transition stage.

Moreover, a transducer is added to monitor the current flowing in the coils. The switching behavior
during the clock transition of the mixing coils is depicted in Figure The current flowing in the
mixing coils stabilizes after 45 ms, after which the peak-to-peak fluctuation in the coils is down to
0.8 A. Further details regarding the clock transition sequence with this switching behavior are discussed

in section

4.3.3 Spectroscopy on clock transition

The clock transition in strontium-88 is strictly forbidden due to the zero nuclear spin. Although other
approaches such as using twisted-light, two-photon and three-photon processes have been proposed and
studied [49} [51), 97, 98] [99], the only known achieved strategy to enable the clock transition in bosonic
strontium-88 so far is the so-called magnetically-induced spectroscopy [47, [65]. In this technique, a
mixing field is applied to mix the states 3Py and >P; and enable the transition. This process can be

derived using perturbation theory. The Hamiltonian of an atom in a static magnetic field is given by
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Figure 4.13: Magnetically-induced spectroscopy scheme. An extra magnetic field is applied to induce
the coupling 25 between the state 3Py and Py, which enables the transition from 'Sy to 3Py. A is

the frequency splitting between 3Py and Py, and Qp is the single photon Rabi frequency.

H=H,—ji-B (4.31)

where H, is the unperturbed Hamiltonian, and @ = ppg (glE+ gsg) with g; = 1 and g5 =~ 2. According

to the perturbation theory, the state with the first order correction is given by

P o3
PPy =PR)+ ) Muﬁfi Fo) (4.32)
P

The sum is over all possible states 1, which is dominated by |3 P, m; = 0) in the same fine triplet;

A, is the frequency splitting between 1 and 3Py. Decompose the states P, and 3Py into eigenstates
of L=1and § =1 [100]:

1 1
|3P1a m; = 0> = \/;17_1>m3, my T \/g| -1 1>m37 my

(4.33)
3 1 1 1
| POa m; :0>: g\la—1>m3, my §|0v0>ms,mz+ g‘_1’1>ms, my
Then second term is calculated to be
3p . B3 2 3
C P BI*Po) = | susl Bl = 0 (4.34)
The state with the presence of the static magnetic field can be expressed by [47]
3 pr 3 QB3
"Fo) = ["Fo) + —1~["P1) (4.35)

where A is the frequency splitting between [>P;) and |*Pp). To address the clock transition with

the presence of mixing field, a resonant probe beam is applied with the polarization parallel to the
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magnetic field. The Rabi frequency can be calculated with

QpQ, .
— = «o|B|\/1, 4.
L2 = alBIVT, (4:36)

where B and I, are the mixing field and probe laser intensity respectively; €1, is the single photon

Rabi frequency; a = \/gd”B\/eTc x (Tigy53p, )1/2 (d is the dipole moment, and A is the single-photon

chock/Qﬂ' ~

2w AR2
detuning) is the factor gathering the constants, with a=6.26 Hz/(mTv W - cm~2) [I0T].

In the implementation of magnetically-induced-spectroscopy, atoms are initially loaded into the 1D
optical lattice operating at 813.427 nm for a duration of 20 ms to clear out the unloaded atoms from
the red MOT. Subsequently, the mixing field is turned on, taking approximately 45 ms to stabilize, as
shown in Figure[£.12] Once the mixing field stabilizes, the clock laser is turned on to address the clock
transition. The clock transition is addressed with a mixing field of 80 G and a probe beam intensity
of 50 W/cm?. The magnetic field and laser intensity theoretically provides a peak Rabi frequency of
360 Hz. During the interrogation of clock transition, the peak to peak fluctuation of current flowing
on mixing coils measured by the tranducer is about 0.8 A. This gives a magnetic field fluctuation of
0.6 G and a Rabi frequency fluctuation of 2.4 Hz, which is adequately stable for our experiment when
compared to the targeted Rabi frequency of 360 Hz.

For the detection stage, an on-resonance probe beam operating at 461 nm is applied to the atomic
sample and retro-reflected to capture the fluorescence signal from the ground state 'Sy while simulta-
neously pushing away the ground state atoms. Following this step, the repump beams are employed
to bring the atoms in excited clock state from 3Pg back to !Sy. Subsequently, another detection with
the blue probe is performed to determine the number of atoms in the 3Py state.

The existence of the mixing magnetic field and clock laser induce the second-order Zeeman effect
and ac Stark shift of clock transition, which is given by [47][102]

- 2
(Wl BI*R)

hAug) = Z
" hAy

(4.37)
1 2
hAv, = iAaE ,

where A« is the differential polarizability between ground and excited states. Inserting the parameters

for clock transition in strontium-88, the shifts are rewritten as[101]:

1mT
I
1 W/cm®

AVD fyy = (3)2 x (=5.47(5) x 1074)
(4.38)

Avy vy = ( ) x (—6.6 x 1071*)

The population distribution between the ground and excited states during the clock transition can
be adjusted by modifying the pulse duration. The Rabi oscillation between the 'Sy and ®Py states is
depicted by the blue dots in Figure As we will elaborate in Section the damping observed
in the oscillation is primarily due to the power broadening of the clock laser, which results in a range
of Rabi frequencies within the atomic sample. The simulation with this effect is illustrated by the

orange curve in Figure [£.14]
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Figure 4.14: Comparison between simulation and experimental data: the orange curve is the simulation
result considering that the Gaussian profile of the clock laser gives the inhomogeniety of the Rabi
frequency in the cloud. The blue dots show the experimental data. The parameters in the simulation
are taken according to the experiment: Rabi frequency 2 = 360 Hz, atomic cloud waist is 50 pum, clock

laser waist wy = 100 pm. The yellow curve is the simulation result multiplied by a constant a = 0.65.

4.3.4 Damping of the Rabi oscillation

In this section, I will model the primary factors contributing to the damping of the Rabi oscillation.
The beam size of the clock laser being comparable to the size of the atoms can result in a Rabi
frequency distribution due to the intensity distribution of the beam over the atomic cloud. It’s worth
noting that in this analysis, the finite temperature of the atoms is not taken into account since they are
trapped in the Lamb-Dicke regime where Doppler shifts are insignificant. Additionally, as the excited
clock state is metastable state with a significantly longer lifetime compared to the interrogation time,
any decay in this process is considered negligible.

In our experimental system, the clock laser is propagating at the same direction as one of the
horizontal lattices (y-axis). The atomic sample has a size which is much smaller than the Rayleigh
length of the clock laser and should be well located at the focus of the clock laser. In this case, the

intensity of the clock laser experienced by the atom at the position (z, z) is given by

I(z,z) = Iyexp [—W} (4.39)

wo

where Iy and wy are the peak intensity and waist of the clock laser. Since the Rabi frequency is

proportional to the square-root of the clock laser intensity, we have

- (4.40)

Q(z, 2) = Qo exp [_(x:)]

where )y is the peak Rabi frequency. We consider that the atomic ensemble with a total number of



4.3. CLOCK TRANSITION WITH STRONTIUM-88 103

0 1 1 1 1 1
0 0.5 1 15 2.5 3

Ot/2m

N

Figure 4.15: Comparison of the averaged Rabi flopping signal for different values of cloud size with a

clock beam waist of 100 pm.

atoms IV has a Gaussian density distribution

(z* +y° + 22)] (4.41)

B N
p(z,y,z) = W €xp | — 902

where o is the RMS size of the atomic sample. As discussed in Section 2, the excited state population

P, = (g)QSinz (?) (4.42)

where Q = v/Q2 + 62 is the generalized Rabi frequency, and § is the detuning of the clock laser. Due

can be expressed by

to the Gaussian profile of the clock transition, we need to average over the atomic spatial distribution:

Pe(t):% / / / (2,7, 2) Bgzzrshﬁ [Q(zz)t] dadydz (4.43)

Integrating along the clock beam propagation axis y with a range 0 < yg:

e

Here, we consider the resonant case, this expression can be reduced to:

P.(t) ~

P.(t) = % / / exp [—(”32;”’2)] sin? Q(Zz)t] dzdz (4.45)

where & = x/0, & = /0 and Wy = wy/o. The Rabi frequency can be written as

=2 | 32

(%, %) = Qg exp [—W] (4.46)
wo

Figure shows the simulation for averaged Rabi oscillation with different values of the cloud size,

where we can observe a more severe damping with larger cloud size. The clock laser beam waist is

fixed at 100 pum in this simulation.
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Figure 4.16: Magnetically-induced spectroscopy of clock transition. The experimental data is shown
in orange circle, and the blue curve is the Lorentzian fitting, where a width of I'=(607.8£25.6) Hz is

observed.

The comparison between the experimental data and simulation result is shown in Figure[f.14] In the
simulation, the peak Rabi frequency is set at 360 Hz, determined by the magnetic field and beam power
applied in the system. The waist of atomic cloud and clock laser are measured experimentally as 50 yum
and 100 pm respectively. However, the amplitude of the experimental data appears smaller compared
to the simulation curve. This might be attributed to the time gap between the detection of ground and
excited states, , where the loss of excited state atoms could contribute to this difference. Therefore,
the yellow curve in Figure shows the simulation result multiplied by a constant value a = 0.65.
From the results illustrated in Figure we can observe a good agreement of the damping and the
period of the oscillation between the simulation and experiment. It indicates that the inhomogeneous

broadening due to the beam size might be the main mechanism at decay.

4.3.5 Clock transition spectrum

The temperature of the atomic source in red MOT is approximately 1 pK, resulting in a Doppler
broadening of 60 kHz. This is much larger than the linewidth of the clock transition. In order to
eliminate this Doppler broadening during the clock transition, the atoms are loaded into an one-
dimensional optical lattice operating at the magic-wavelength after cooled and captured in red MOT.
The clock laser is overlapped with one of the horizontal lattice beams via a dichroic concave mirror.
The spectroscopy of the clock transition is presented in Figure [1.16] The interrogation time set for

the clock transition is 30 ms, after which the atoms are prepared in a statistical mixture of ground and
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Figure 4.17: Clock transition spectroscopy in the 1D optical lattice. The sideband transition signal

gives a trapping frequency around 65 kHz. The clock laser is turned on for 30 ms.

excited clock states. The data is fitted with a Lorentzian function L(f) = offset + A - %,
where a width I'=(607.84+25.6) Hz is observed. The observed broadening is primarily attributed to
the varied ac Stark shift generated by the Gaussian profile of the clock beam.

As discussed in Section [£:2] a concave mirror is utilized to retro-reflect the incoming lattice beam
and create a standing wave, which generates the periodic trapping potential to trap the atoms. We
use a focused Gaussian beam to describe the lattice laser:

. 2

E(r,z) = EO% exp(—wgi(z)) exp(—ikz), (4.47)

2
7\'(.do

where Ej is the field at the focal point; w(z) = woy/1 + (2/Ig)? with the Rayleigh length Iz = 25
wo = w(0) is the waist radius. With this, the electric field of the lattice can be expressed by

—

Elatticc = E(T, Z) + E(T.? 72)

B 2 (4.48)
=2Fy(r, 2) exp(—wzi(z)) cos(kz),
And the trapping potential of the lattice is
Ulattice = —Up exp (_w:;Q) cos?(kz) (4.49)

where Uy = 4o, P/megcw? is the trap depth, a, is the atomic polarizability, P is the laser beam power.

The trap depth is dependent on the power of lattice beam, which can be regarded as harmonic when
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Uop > kpT. The trapping frequencies are the relevant parameters to characterize the optical lattice.

i 82 Ulattice
m  Or?

2
o — 200 _ 2\/Uowm; o — \/TUOQ, (4.50)
m h mwg

where wye. = fik?2 /2m is the recoil frequency of the lattice.

The axial and radial trapping frequencies can be calculated by w? = %% and w? =

at the focal position:

Consider the clock transition in optical lattice, the interaction Hamiltonian in a rotating frame

with rotating wave approximation can be written as [103]

RQ
Hipy = 761k2|e><g\ + h.c., (4.51)

when the atoms are trapped in a harmonic potential with £ = /5 nfw (a@+a'), where a and af are the

annihilation and creation operators. Then the interaction part in the Hamiltonian is rewritten as

R ara
Hine = =5 (€7 D]e){g] + h.c), (4.52)

where 1 = \/weys rec/w: is the Dicke parameter. Analogous to the two-level system we discussed in
Chapter 2, the Rabi frequency can be defined as [103]

hide hsd —in(a+at
28 = (e, el Hyndlg, m) = "5 (ke "0+ ), (4.5)
where n. and n, are the motional state in lattice associated with excited (|e)) and ground (|g)) states.

The Rabi frequency is given by [104]

|
oy (ne,ng) = Qe /2 %nlne—n9|mj—ng|(n2)7 (4.54)

where n< and n- are the lesser and greater of the two motional states; and L$ (z) is the jth generalized

Laguerre polynomial. The Hamiltonian with the resolved sideband transition can be written as

—A 4w (ne —ng) Qeg(ne, ng)/2
Qge(ne,ng)/2 0

H=h , (4.55)

The states basis of the system are |g) ® |n,) and |e) ® |n.). Therefore, the excitation probability can
be expressed by [103]

po_ |©eq|? Sinz(f\/m 21 [A — w.(ne — ny)]?) (4.56)
T Qg P+ A= wa(ne— g2 2V o

When n., = ng, the equation above expresses the transition within the same motional state, the
Hamiltonian and excitation probability of which are reduced to the two-level system described in section
@ In cases where n. # ng4, the expression above indicates that the sideband transitions occur when
the detuning A = w, for n. —ny = £1. The experimental findings regarding this are depicted in Figure
Based on the spectroscopy of sideband transition, the trapping frequency for the optical lattice is
approximately (65+0.5) kH z.Inourexperimental setup, weapplythelatticelaserwithapowerof1l Wandbeamwaisto f80 pm,
which theoretical gives a trapping frequency of 70 kHz according to the expression in Equation [£.50}
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Discrepancies between the experimental and theoretical values could stem from power losses in the
optical path and through the viewport. Besides, deviations from an ideal Gaussian profile in the
transverse profile induced by the optical path might influence the trapping frequency.

Additionally, from the sideband spectroscopy of the clock transition, we can obtain the mean
occupation of the atoms in motional states [105]:

Ar@b
n=—"—"———=20.>51 4.57
Absb - Arsb ( )

where A, and Apgp, is the amplitude of the first red sideband and first blue sideband. The averaged

occupation of the atoms can be expressed as [101]

nihw

‘7ve_kBT 1
n= an : nihw | hw . (458)
S e FsT e FT —1
Mg

Therefore, from the occupation, the temperature of the atoms is calculated to be 550 nK. This value
is close to the temperature we measured with time-of-flight strategy.

The sideband broadening illustrated in Figure[£.17]is attributed to the anharmonicity of the motion.
Typically, the atomic motion within an optical lattice is perceived as harmonic when considering only
axial motion, neglecting radial movement. The observed broadening and asymmetry stem from atoms
within the optical lattice exhibiting classical motion in the radial direction, where Aw, > kgT,. As
atoms radially oscillate, they experience varying axial trap frequencies due to the dependence of trap
intensity on their radial position. For detailed theoretical insights, references [I03][106] provide further

exploration on this topic.

4.4 Bragg Diffraction

In our dual atom interferometer setup, we utilize a moving lattice operating at 813.427 nm (fmagic =
368554.58(28) GHz [68][69]) to implement Bragg diffraction. The Bragg diffraction technique serves
dual purposes: velocity selection and interferometric pulses. This section focuses on the calibration

process of Bragg diffraction in our experimental system.

4.4.1 Frequencies involved in the Bragg pulse sequence

The atoms are initially in the momentum state |p; = ahk), where k is the wavenumber of the Bragg
beam, a is the real number. Here we consider Bragg pulse that transfers the atoms between |p; = afik)

and |ps = (a + 2)kk). In this case, we need a angular frequency difference of

2 2
Aw, = lpf Pi
h  2m
h2 k2
h2k?
= (4 4
(da +4)——

where m is the atomic mass, w, is the recoil angular frequency of the Bragg beam.
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Figure 4.18: Bragg pulse scheme for velocity selection and demonstration of atom interferometer.
During the velocity selection phase, three first-order on-resonant Bragg pulses are applied to transfer
the atoms with low temperature from 0 momentum state to 67k state. The last Bragg pulse is applied to

interrogate the momentum state transition between 64k and 84k for the pulses in atom interferometer.

During the Bragg diffraction pulses, as the atomic sample is in free space and falling, it experiences
a frequency shift in the pulses caused by the Doppler effect. Therefore, in order to compensate the

effect, we chirp the frequency of the pulses with a rate of
a = ke - g ~ 24 kHz/ms (4.60)

where kesr = 2k is the effective wavenumber of the Bragg pulses (k is the wavenumber of the Bragg
beam), g = 9.781 m/s? is the gravitational acceleration. The details about the chirping during the

experiment sequence will be described in Section [5.2.2

4.4.2 Bragg pulses for velocity selection and interferometry

The atom interferometer is operated by interrogating the Bragg diffraction between atoms and a
moving lattices at a magic-wavelength of 813.427 nm. As discussed in Chapter 2, this external state
manipulation is sensitive to the initial velocity of the sample. To ensure an efficient implementation of
the interferometer, it is essential to prepare the atomic sample with a low temperature. The atoms are
cooled and captured in the red MOT with a temperature of approximately 700 nK, which corresponds

to an 1-0 momentum width of
Ap = /mgs,kpT = 1.51hk (4.61)

Consequently, a velocity selection stage becomes necessary, and we implement the selection stage by

applying three Bragg m-pulses centered at the resonance frequency considering zero temperature. This



4.4. BRAGG DIFFRACTION 109

N 1.2
0.012 —-10
—8
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 6 |J
1
0.01 g | \ | —
I I I _—
| | |
| | | 0
0.008 | 14 S S A P
a | | | |
: 5 \W ‘
+~ | | | |
5} E L | J 4
~= 0.006 1Z 08 | i i [
o, [oN) | | | |
1S} o | | | |
a8 s} | | | |
0.004 1 04 b
| | | |
| | |
) | | |
I | |
0.002 [ b 02r | | 1 ! B
| I |
fﬁj % e
o | 5 S N NARP P aS 1
NINENEN L A NN 0 100 200 300 400 500
momentum states (hk) time (us)

Figure 4.19: Numerical simulation of the imperfection of velocity selection. (a) Momentum distribution
with the initial temperature of 700 nK (blue curve) and the momentum distribution after 3 m-pulses
of velocity selection (orange curve). (b) The population evolution of each momentum state with 3
m-pulses velocity selection and Rabi oscillation between 67k and 8hk. The first three vertical dashed
line denote the end of velocity selection pulses, while the region between the third and forth vertical
dashed lines is the Rabi oscillation of the Bragg diffraction between 6- and 8-hk. The black curve is
the population sum over the momentum states in negative side. The Rabi frequency is Q2=3.5w,., and

the normalization is done with eleven state (from -10 to 10 hk)

selects the atoms with low temperature and bring them to 6#k. The configuration for velocity selection
and interferometry pulses are illustrated in Figure [{.18]

The selected atoms along the vertical direction have a temperature of approximately 180 nK,
demonstrating a significant reduction compared to the atoms in the lattice, which gives the momentum
width of

Ap = 0.76hk (4.62)

After the selection stage, about 10% of atoms are selected for further processing. Subsequently, inter-
ferometer pulses are applied to transition the momentum state of the atoms between 64k and 8hk for
the quantum sensing stage.

However, it’s essential to acknowledge that the velocity selection stage is not perfect due to the
initial velocities of the atoms in the red MOT. Figure provides a simulation of the momentum
distribution and Rabi oscillation, taking into account the influence of Doppler effects. The simulation
was conducted with an atomic temperature of 700 nK and a Rabi frequency of 2 = 3.5w,..

Figure [£.19] illustrates the momentum distribution before (blue) and after (orange) the velocity
selection stage considering the effect of a finite temperature of 700 nK. From Figure a), it is
evident that the momentum distribution following velocity selection is broad in 6ik, potentially leading
to reduced efficiency in Bragg pulses due to the off-resonance effect. Additionally, the population

prepared in 6hk is relatively low, which results in a decreased signal-to-noise ratio during detection.
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The dynamics of population evolution for the momentum states from 0- to -10-hk throughout the
velocity selection and Rabi oscillation is presented in Figure b). Due to the complexity of the
momentum distribution shown in Figure a), the population evolution of the state ahk is obtained
by the sum over the dynamics of the momentum states from (a — 1)%ik to (a + 1)kk. The black curve
represents the populations of states on the zero and negative side. During the velocity selection stage,
three Bragg pulses are applied, marked by distinct segments in Figure b). These pulses consist
of a dual Bragg diffraction initially, succeeded by two single Bragg diffraction pulses. Subsequent to
the final selection pulse, the system enters the Rabi oscillation stage, where the populations at 6-hk
and 8-hk are manipulated. Figure b) exhibits an imperfect shift during the Rabi oscillations,
attributed to the momentum distribution after the velocity selection.

To align the numerical simulation results with the experimental data, a rescaling of the amplitude
was carried out. The normalization is done between only 6-, 8- and 10-Ak, and the results are presented
in Figure [£.20] Following the velocity selection stage, we observe an offset in 8-ik due to the off-
resonance effect of the Bragg pulses. Additionally, there is a fraction of 4- and 10-hk oscillation
during the Bragg pulses, resulting from the finite temperature of the atomic sample. To evaluate the
agreement between between theory and experiment, the experimental data is fitted with the function
P = a- cosQtexp(—7/t) + offset, where a Rabi frequency Q/(27) = 17.6 & 0.2 kHz is obtained.
Compared to the Rabi frequency 18.0 kHz we used in the theoretical calculation, this discrepancy is
likely attributed to power reductions occurring as the laser beams passing through the optical elements

and the viewport.

4.5 Conclusion

In conclusion, this chapter is aiming to comprehensively address several crucial preparation stages for
quantum sensing.

Our setup involved constructing an optical lattice to confine atoms, with one of the horizontal
lattices aligning with the clock laser. The vertical lattice, formed by merging two cross-polarized
beams, serves as a source for both the lattice and Bragg diffraction. Additionally, we elaborate on the
setup and performance of phase difference lock between the beams.

Following the loading of atoms into the optical lattice, the clock transition is implemented. Due to
the zero-nuclear spin in 33Sr, the clock transition is forbidden. To enable this transition, the magnetic
induced spectroscopy is implemented. A detailed study of the clock transition’s Rabi oscillation is
undertaken by varying the interrogation time while maintaining constant laser power and magnetic
fields. Furthermore, a comprehensive theoretical model is developed to investigate damping effects
resulting from inhomogeneity broadening due to the clock laser beam profile.

Since Bragg diffraction is sensitive to the initial velocity of the atomic sample, it is important to
start with a low temperature. We apply three Bragg pulses, thereby facilitating velocity selection. After

the velocity selection phase, the atoms with low temperature are prepared in 6hk. Then we observe



4.5. CONCLUSION 111

1 - T T T T T T
! —-10
1
: —-8
0.8 F : 6 .
1 —_—-a
[ o0 expt -10
0.6 F I A expt -8 |

expt -6

| |
v

Rescaled Population
>}
=

o
N

0 50 100 150 200 250 300 350
Time (us)

Figure 4.20: Comparison of the Rabi oscillation between the theoretical simulation and experimental
data after rescale of the amplitudes, where the normalization is taken with 6-, 8- and 10-hk. Similar as
Figure b), the first three regions separated by the vertical lines are the velocity selection pulses,
which are followed by the Rabi oscillation part. The Rabi frequency is 5w;..
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the Rabi oscillation and calibrate the Bragg diffraction. During the atom interferometer phase, the
employment of Bragg diffraction allows us to manipulate the momentum states 6- and 8-fik.

The subsequent chapter will delve into quantum sensing experiments, encompassing a dual inter-
ferometer with atoms in both ground and excited states of the clock transition. Additionally, the

measurement of state-dependent force will be explored using the dual interferometer setup.



Chapter 5

Experimental results

5.1 Introduction

In this chapter, the experiment for differential inertial sensing with the prepared atomic sample is
discussed. I begin by describing the experimental scheme, covering the sequence, frequency setting
of the Bragg pulses, and the subsequent data analysis. The dual atom interferometer is realized by
performing the atom interferometer with an atomic sample in the statistical mixture of ground 'Sy
and excited 3Py clock states, with which the universality of free-fall can tested. Furthermore, this
scheme allows us to probe state-dependent forces, as elaborated in section To introduce state-
dependent forces, a light field gradient generated by a 671 nm beam is applied on the interferometer
trajectory. This gradient induces state-sensitive acceleration through a differential light shift gradient.
Consequently, the state-dependent force experienced can be quantified by analyzing the phase difference

between the ground and excited clock states observed in the dual atom interferometer.

5.2 Experimental scheme

5.2.1 Overview of experimental sequence for dual atom interferometer

The experimental sequence for the demonstration of dual atom interferometer is depicted in Figure
Following the two-stage MOTs described in Section a 1D horizontal optical lattice with a
beam waist of 80 ym is turned on to trap a fraction of atoms (~ 10°) from the red MOT. Notably,
this horizontal lattice is overlapped with the clock laser beam. Subsequently, the clock transition
is implemented to prepare the atomic sample in a mixture of ground and excited clock states. The
interrogation time for the clock transition is set to 30 ms, with which the system is put into a statistical
mixture.

Since the efficiency of the Bragg diffraction pulses is sensitive to the temperature of the atomic
sample, an initial velocity selection stage is conducted using three Bragg pulses. After this selection,

the temperature of the atomic sample is approximately 180 nK. Then the Mach-Zehnder interferometer

113
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Figure 5.1: Experimental sequence for dual atom interferometer. After loading into the optical lattice,
the clock transition is implemented to prepare the atoms in a mixture of ground 'Sy and excited 3Pq
states. This is followed by three Bragg pulses for the velocity selection. Then the Mach-Zehnder
interferometer is conducted with the prepared atomic sample. A time-of-flight period and state-
dependent fluorescence are performed to detect the momentum state population of 'Sy and 3Py. The
momentum population of both clock states are measured using the broad 'Sq—3Pg transition at

461 nm.

based on Bragg diffraction is performed by manipulating the momentum states between 64k and 8hk
with a Rabi frequency of around 13 kHz.

In interferometry based on Bragg diffraction, the momentum states of the atomic sample are
manipulated while the internal state remains the same. Therefore, to detect the population of distinct
momentum state after the interferometry stage, the atoimic sample is let to further expand by 17 ms
to spatially separate the two different momentum states. The atoms in ground state 'Sy are firstly
imaged with a resonant 461 nm probe beam (I = 30I) for 35 us, which removes the atoms in ground
state. Subsequently, repump beams are applied for 2 ms to transfer the excited state atoms from 3P

to 1Sy, followed by a second imaging pulse to detect the momentum state distribution in 3Pj.

5.2.2 Frequency-chirp of the Bragg pulses

During the Mach-Zehnder interferometry stage, the atomic cloud undergoes free fall along vertical axis
with a velocity change v, (t) = vg + gt. This movement necessitates frequency shifting of the Bragg
pulses to account for the changing velocities during free fall. As described in section[4.4] to compensate
this frequency shift, we chirp the frequency difference between beams composing the Bragg pulses to
keep the resonance condition for the two-photon transition, namely Eeg U = 2k(gt + vo).

The interference fringes phase of a Mach-Zehnder interferometer is expressed by the formula [12]

A® = (keig — )T? + (¢1 — 2011 + bmr), (5.1)
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Figure 5.2: Bragg pulse frequency setting in the experiment. The frequency difference between the
two beams that composing the Bragg pulses is fixed at the resonance during the velocity selection
pulses. For the pulses of Mach-Zehnder interferometer, the Bragg diffraction frequency is chirped to
compensate the velocity change during the interrogation between atom and light field, while during
the free-evolution time, the Bragg beam frequency is tuned back to the resonance for the transition

6hk to 8hk without considering the velocity change to accumulate interference phase.

where A® is the interferometer phase; k.g = 2k is the effective wave-number of the optical field; g is the
gravity; T is the free-evolution time between the pulses; « is the chirp rate during the interferometry;
¢1, o1 and ¢ are the phase difference between the two lasers composing the Bragg pulse for the

m/2-, m- and 7/2-pulses respectively.

The frequency change of the Bragg pulses during the experimental sequence is illustrated in Figure
and the specific frequency setting of the Bragg pulses for the velocity selection and atom interfer-
ometer are detailed in Table[5.1] The Rabi frequency of Bragg diffraction is 13 kHz, corresponding to
a m-pulse duration of 40 us. The frequencies of the first three m-pulses during the velocity selection
stage are set to be 4w,., 12w,., and 20w, without chirping. However, for the atom interferometer pulse,
a chirp rate of 24 Hz/us is implemented to compensate for the Doppler effect during both the laser in-
terrogation and the free-evolution time. Moreover, in the dark time, the frequency of the Bragg beam
is tuned back to a fix frequency difference of 28w, for the phase accumulation. Notably, the same
DDS is utilized during both the velocity selection and interferometer stages, ensuring the preservation
of phase continuity when switching between different configurations. Therefore, considering that the

two-photon resonance condition is fulfilled at each Bragg sequence, and ®; — 2®;; + ®;7; = 0, the
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Figure 5.3: Fluorescence image of the 1Sy level for the output of the Mach-Zehnder atom interferometer

with the dark time scanning. The dashed lines denote the momentum states of 0hk, 6hk and 8hk.

interferometry phase is given by

AD = kgT?. (5.2)

Time Transition | Stage | Freq. Diff. Aw (start) | Freq. Diff. Aw (end) | Chirp «
0 to 40 us 0 — 2hk VS 13.68 kHz 13.68 kHz -

42 to 82 pus 2hk — 4hk | VS 41.04 kHz 41.04 kHz -

84 to 124 ps 4hk — 61k | VS 68.40 kHz 68.40 kHz -

126 to 146 us 6hk <> 8hk | Al 95.76 kHz 95.28 kHz 24 Hz/us
148 to (148+T) us - Al 95.76 kHz 95.76 kHz -
(150+T) to (190+T) us 6hk <> 8hk | Al (95.28-0.024xT) kHz | (94.32-0.024xT) kHz | 24 Hz/us
(192+T) to (192+2T) us || - Al 95.76 kHz 95.76 kHz -
(194+2T) to (214+2T) ps || 6%k <> 8hk | AI (94.32-0.024x2T) kHz | (93.84-0.024x2T) kHz | 24 Hz/ps

Table 5.1: Frequency setting during the experiment. VS: velocity selection; Al: atom interferometer.

T is the dark time in the unit of us.

In Table the precision of the Bragg frequency setting is set up to the second digit, which may
introduce imperfections in the phase accumulation. To account for this, an extra phase 2keggdtT is
incorporated into the analysis, as described in Section [5.3] Additionally, there is also a 2 us time gap
between the switches of the pulses, caused by the delay of lab control system. When switching off the
pulses, the Bragg beams are off during this 2 us, while the frequency of the beam stays same as the
frequency of the pulse. This delay can be account into the parameter d¢. When the pulses are switched
on, the frequency is kept same as the dark time during this 2 us delay, which gives some frequency
mismatch on the Bragg pulses. Fortunately, for the dual Al experiment, the differential phase is the

key result so this common mode influence can be neglected.

5.2.3 Data analysis

The images captured during the detection with varying dark times are depicted in Figure [5.3] Each
image is an average of five shots. The dashed lines denote the position of 0hk, 62k and 8hk momentum

states after time-of-flight period, where the profile at 0 ik corresponds to the atoms that are not
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Figure 5.4: An example for the image fitting at the output of the interferometrywhile the middle image
depicts the fitting outcome achieved by combining eleven 2D Gaussian functions. The residue shown
on the left highlights the differences between the experimental data and the fitted model. Specifically,

the three most prominent peaks correspond to the 0, 6 and 8 7k momentum states.

selected by the first three pulses.
In the subsequent data analysis, we employ a sum of eleven 2D Gaussian functions to determine

the population from —10hk to 10%k:

fla,2) = Z:Ai exp [— <(x ) G Z“))Zﬂ : (5.3)

2 2
2073, 207,

where ¢ = —10, —8, ..., 10 denotes the i-th momentum states. We set the z;o and y;o as fixed values,
obtained from z;0 = xoo + @ X hk/m x Tiot. Here, Tio represents the overall duration encompassing
velocity selection, interferometry, and the time-of-flight period. The parameters A;, o;; and oy, are

determined through fitting process. Subsequently, the population of each state is calculated as follows:
Py =A; 045042, (5~4>

Figure illustrates one example of the image fitting results with the sum of eleven 2D Gaussian
functions. The parameters such as 0;, and o;, can be obtained, where we assume that o;, is indepen-
dent of the index ¢ (0;, ~ 00z ), while 0;, # 00, if i # 0. This fitting results as well as the low residue

indicate the fitting procedure is capturing most of the experimental profile.

5.3 Dual atom interferometer

With the experimental scheme established in Section [5.2] we are able to execute dual atom interfer-
ometer with the atomic sample in a mixture of ground and excited clock states. This enables the

demonstration of differential inertial sensing, with the two states separated in the optical domain.
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Figure 5.5: Interferometry fringes for ground (1Sp) and excited (3Py) state with the dark time scanning
around 0.5 ms and 3 ms. The blue dot and curve illustrate the experimental data and fitting of the
1S, interferometry fringes respectively, while the red denotes the results of 3Py state. The population
differences are calculated from (Ps — Ps)/2. The error bars are obtained from the standard deviation

of 4 sets of data.

5.3.1 Experimental results

The experimental fringes for the two states (1Sp and 3Py) in the dual atom interferometer are depicted
in Figure denoted in blue and red respectively. The population differences are calculated from
(Ps — Ps)/2, and the normalization is done with Ps and Ps. Each data point depicted in Figure
is the averaged result of four values obtained from the image analysis discussed in section [5.2.3] The
images are averaged with 5 shots and the error bars calculated from the standard deviation across
these four sets of data. Consequently, each data point presented in the fringe plot entails a total of 20
experiment shots.

The fringes from the ground state are firstly fitted using the function:
f(T) =ag- cos (ke g- (T + dty)* + ¢g) - exp(—T/7,), (5.5)

where a4, g, 74, ¢4 and di, are obtained from the fitting. We remind that the parameter dt, is
introduced to account for the imperfections due to the chirping during the interferometry stage. The
exponential term describes the decay of the fringes, and ¢, is the phase offset of the fringes.

Using these fitting parameters obtained from the ground state fringes, we perform a fit on the data

points of the excited state with the equation:

f(t) = ae- cos (2keff (g +dg)(T + dtg)2 + ¢g) - exp(=T/7e), (5.6)

The parameters g, ¢, and dt,; in Eq. are constants and determined through the fitting of the
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ground state data. The parameter dg is obtained from the fitting, interpreted as the result of test for
universality of free-fall, a. and 7. are the amplitude and decay of the fringes in excited state. With

the fitting, we find the value of dg/g = (1.8 4+ 3.1) x 10~%.

Several other atom interferometer platforms have been performed for testing the weak equivalence
principle. One such example involves a Bragg atom interferometer conducted in a gradiometer config-
uration with rubidium atoms to compare the free-fall in hyperfine states and in coherent superposition
states [29]. An E6tvos ratio with a relative uncertainty at 10~ is achieved by operating the differential
atom interferometer with a dark time of 80 ms. Other experiments have explored comparisons of free
fall behavior between different atom species and atoms in diverse spin orientations [23][25][26][107].
The uncertainty of the tests based on atom interferometer can be achieved at the level of 10712, ob-
tained by comparison of the gravitational acceleration between two isotopes of rubidium [23]. compared
to these platforms, the limitation of our experimental system is mainly from the finite temperature
of the gas, which will be discussed in section [5.5] Notably, precise measurements has been conducted
with other platforms such as torsion balances in a laboratory setting [19][20], Lunar ranging[2I] or
Earth’s orbit[22], leading to verification of weak equivalence principle at 10713, 1073 and 10715 level,

respectively.

5.3.2 Non-magic effect

In our dual atom interferometer scheme, we utilize the magic-wavelength of the clock transition to
obtain the same polarizability for the ground and excited clock states. This gives an identical Rabi
frequency as well as the light shift during the experiment. To further investigate, we conduct the
interferometry process with the Bragg beams operating at non-magic wavelengths, as depicted in
Figure Figure (a) and (b) showcase the fringes obtained with the Bragg beams operating
at 369.40468 THz and 367.68629 THz respectively, approximately +1 THz away from the magic-
wavelength (368.55468 THz).

Through an identical analysis approach as applied in the dual atom interferometer setup, the
sensitivity obtained in non-magic cases is of the same order as in magic case. We do not observe any
extra phase shift between states 'Sy and *Py due to the non-magic beams within the sensitivity range
of our system. Figure [5.6] presents the comparison of the fringes at three wavelengths, the phase shift
between different wavelengths is matched with the wave-number difference of the three cases. This
can be theoretically quantified as A¢ = 2AkgT?, where Ak represents the wave-number difference
between the Bragg beam wavelengths. The theoretical values of the phase shifts are calculated as
A¢in1 = —3.1 rad and Agipe = 3.2 rad, corresponding to the phase differences between the magic and
non-magic 1 and 2 cases. The experimental results give Agexpr = (—3.04 £ 0.11) rad and Agexpe =
(3.25 £ 0.13) rad, showing an agreement with the theoretical values.
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Figure 5.6: Dual AI fringes with the Bragg beam operating at non-magic wavelength: (a)

Fron-magic1=369.40468 THz; (b) fuon-magic2=367.68629 THz. (c) The comparison of the fringes be-

tween the magic and non-magic cases. The magic-wavelength is fiagic=368.55468 THz.
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5.4 Measurement of state-dependent force

Our dual atom interferometer configuration facilitates the probing of state-dependent forces through
the differential phase. In this context, we introduce an external optical field gradient on the Mach-
Zehnder interferometer path, leading to state-sensitive acceleration. Consequently, this approach allows
us to quantify the state-dependent forces by analyzing the phase difference between the ground and

excited states detected in the dual atom interferometer.

5.4.1 Theoretical model

In this section, I delve into the theoretical model concerning the measurement of state-dependent

forces.

5.4.1.1 Differential acceleration provided by light shift

We first consider a laser beam applied on the atomic sample in a mixture state of 'Sg and 3Py. The

real part of the polarizability difference can be expressed as
da = Re(a, — ay), (5.7)

where a4 and o, are the polarizability of ground (1Sp) and excited (°Py) states. The differential light
shift along z-axis provided by the light is given by

U(z) = —%OC(SOJ(Z), (5.8)

where I(z) = Iyexp(—22z2/w?) is the intensity of the laser beam, and Iy = 2P/(nw?) is the peak

intensity. The internal state-sensitive acceleration is then induced by this differential light shift:
a(z) = =VU(z)/m, (5.9)

where m is the mass of the atom. Therefore, this difference of the acceleration between ground and
excited state can be encoded into the interferometry phase and measured via the differential phase
between the two states.

For the experimental demonstration, we apply a Gaussian beam operating at 671 nm. With the
significant energy separation between the two clock states, the differential polarizability A« can be
notably large, detectable forces within the sensitivity range of our apparatus. Specifically, for strontium
atoms at 671 nm, as depicted in Figure we observ Aa >~ 1672 a.u., with ang, ~ —353 a.u. and
asp, ~ 1319 a.u..

Given the polarizability and the profile of the 671 nm beam, we can numerically calculate the
potential difference and the resulting differential acceleration. The blue curve in Figure [5.8]illustrates
the potential difference generated by the beam along z-axis, which is proportional to the intensity of
the beam. The orange curve in Figure [5.8| represents the differential acceleration, proportional to the

gradient of potential difference as indicated in Eq[5.9] Notably, this analysis reveals that the differential
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Figure 5.7: The calculated polarizability for the state 'Sy and 3Py from 650 nm to 700 nm. The
polarizabilities at 671 nm are highlighted by the dashed line, which is the wavelength of the external
field we applied on the atomic sample to provide the state-dependent acceleration.The parameters in

this calculation are obtained from [I].

acceleration is zero when atoms are located at the center of the beam. The maximal acceleration is

obtained at z = o=wg71/2=350 pum, where wgr; denotes the waist of the 671 nm laser beam.

5.4.1.2 Phase difference induced by differential acceleration

Consider the 7/2-T-7-T-7 /2 Mach-Zehnder atom interferometer, where k is the magnitude of the wave
vector. T is the dark time. I also remind that the interferometer is performed only along z-axis.

The maximum separation during the atom interferometer is given by dz = hkessT/m, where
kegr = 2nk is the effective wavevector and n is the diffraction order. Over the interferometer, the
atoms experience a free fall in gravity through a distance that is given by z, = 2vy — 2¢T?, where
vg is the initial velocity of the atoms. Taking the interrogation time as 2 ms, we obtain §z=22 um
and z,=230 pm, which are smaller than the typical length scale of the transverse beam profile. For
simplicity, I take z as the initial position of the atom and a(z) is considered to be constant during the
atom interferometer phase. Under these assumptions, the interferometric phase difference between the

two internal states is given by

AP(2) = kega(2)T? (5.10)

Therefore, the state-dependent acceleration can be encoded into the differential phase between the two

internal states.
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Figure 5.9: Configuration of 671 nm laser with atomic sample.
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Figure 5.10: Dual atom interferometer sequence with the application of an additional external field.
The light field is applied during the Mach-Zehnder interferometer stage to provide the differential
potential for the probing of state-dependent force.

5.4.2 Experimental demonstration
5.4.2.1 Experimental scheme

The sequence for probing state-dependent force is illustrated in Figure[5.10} The external optical field
is activated during the Mach-Zehnder atom interferometer stage. During the dual atom interferometer,
the 671 nm beam provided a differential force, induced by the differential light shift between the ground
and excited states. Consequently, the state-dependent force can be detected from the phase difference
between the ground and excited clock states. The 671 nm laser beam is aligned on horizontal plane

and collimated with a beam waist of 700 pm.

5.4.2.2 Experimental results

To calibrate the performance of the differential inertial sensing, we measure the phase difference with
different power of 671 nm beam. The interference fringes corresponding to varied powers (670 mW,
410 mW, 200mW) are illustrated in Figure where the differential phases induced by the external
field gradient are observed. Each data points are averaged with 5 sets, and each set of data is determined
from the fitting results of the image averaged with 10 single shots. The error bars shown in the figure
are calculated from the standard deviation across the 5 sets of data.

To obtain the phase difference, both the ground and excited states fringes are fitted by
f(t) = a- cos(keg - gt* + ¢;) + offset. (5.11)

In the dual atom interferometer scheme, where the differential phase holds significance, we take keg =
27 /A (A = 813.427 nm is the wavelength of Bragg beams) and g = 9.781 as constants in the fitting.
Parameters like a, ¢; (i = e,g) and offset are determined from the fitting. The phase distinction
A¢ = ¢p. — ¢g4, representing the discrepancy between the phases of the excited and ground clock states,
can be computed from the fitting results.

The differential phase values obtained at different dark times are presented in Figure [5.12]and [5.13]
In Figure the fringes for 'Sy (blue) and 3Py (purple) are displayed with the fitting function in
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Figure 5.11: Interferometry fringes in ground and excited clock states with different intensity of the

external light field. Top: 670 mW; middle: 410 mW; bottom: 200 mW.
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Figure 5.12: Differential phase measured in the dual atom interferometer with various dark time
(0.5 ms, 1 ms, 1.5 ms and 2 ms). The blue dots and curve are the population difference of experimental

data and fitting results of 'Sy, while the purple represents the results for 3Pg.
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Figure 5.13: Differential phase measured in the dual atom interferometer versus the square of dark
time. The solid curve shows the fitting results of the experimental data. The fitting function is

f(T?) =C -T2

Eq where the phase difference A¢ can be extracted. Due to the presence of state-dependent
acceleration, the phase difference accumulation is proportional to 72. Therefore, the data points
depicted in Figure are fitted using a quadratic function f(7?) = C-T?. From the fitting we
found a slope of Cexp=(0.71£0.06)x 10 rad/s?, for a 671 nm laser power of 670 mW. Comparatively,
the theoretical maximum slope predicted is Cy,=0.72x 108 rad/s?. This theoretical value is calculated
from the phase accumulation expression in Eq[5.10, where the state-sensitive acceleration is calculated
from the potential difference in Eq [5.9] with given 671 nm beam properties. We found an agreement

with between the theoretical and experimental values within the corresponding uncertainties.

5.5 Finite temperature: limitation of the system performance

The E6tvos ratio obtained in our dual atom interferometer system is (1.8 & 3.1) x 10~%. Compared
to the state-of-art test platforms, this moderate value is mainly limited by the finite temperature of
the atomic sample. This leads to imperfection of the Bragg pulses and limits the dark time to a
few milliseconds, which indicates that preventing the high atomic temperature in the experiment is
necessary. In this section. the limitation and the potential strategies to overcome it are discussed.
There are two main limitations caused by the finite temperature in our system. Firstly, the non-

zero initial velocity of the atomic sample results in reduced efficiency of the Bragg pulses due to the
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Figure 5.14: Images from the dual atom interferometer output in ground state with the dark time

around 3 ms and with time-of-flight period of 17 ms.

Doppler effect. Consequently, this leads to the broadening of the momentum distribution and the
presence of multiple velocity classes. The details about this have been discussed in section [£.4.2}

Secondly, the free expansion resulting from the finite temperature during the dark time and time-
of-flight period might also hinder the spatial separation of different momentum states, contributing to
a decrease in the signal-to-noise ratio. Also, the size of the atomic cloud poses a limitation, making it
challenging for different momentum states to be spatially separated during the time-of-flight period.
This issue can complicate the analysis of fluorescence images and result in a reduction in the signal-
to-noise ratio. Therefore, preventing large temperature is necessary in our experiment.

As depicted in Figure [5.14] I present averaged images under a dark time around 3 ms. Compared
to the images with shorter interrogation time (around 500 ps) shown in Figure the longer dark
times lead to more significant free expansion, resulting in a larger atomic sample at the output port
of the interferometer. This expansion poses a challenge in effectively separating different momentum

states spatially. Take the interrogation time as 3 ms for an example, the expansion during the dark

[kpT
=4/ — 12 2 5.12
o m +Uo, ( )

where T is the temperature of atoms; ¢ is the total free expansion time, including the two interrogations

time can be calculated by

and time-of-flight (17 ms); o is the initial size of the atomic sample. By inserting the experimental
values t = 3 x 2417 ms, T' = 180 nK, and the atomic size is initially measured to be og = 150 um, the
cloud size on the detection can be theoretically determined to be o = 177 um. However, after 17 ms

time-of-flight period, the separation between 6- and 8-hk is given by

Az = % “tror ~ 190 um (5.13)
Thus, the oscillation observed in the fluorescence image is vague, which results in a reduction of the
signal-to-noise ratio in the data fitting of the detection image.

To address this challenge, one potential strategy is to employ large momentum transfer techniques.
This can be achieved by combining Bragg diffraction with Bloch oscillations, as outlined in [34][TI08].
Here, the Bragg diffraction is utilized to coherently split different momentum states, followed by
the application of accelerating lattices during the Bloch oscillation stage to enhance the momentum

transfer. Additionally, there is another magic-wavelength presence at approximately 477 nm, which
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gives a larger momentum kick during the Bragg pulses. The large momentum separation between the
two states makes the spatial separation easier, and this can potentially increase the signal-to-noise
ratio when analyse the fluorescence signal.

In addition to large momentum transfer, reducing the atomic sample temperature through cooling
processes presents an alternative solution to mitigate the limitations arising from initial atomic veloc-
ities. One possible method is to conduct sideband cooling in the optical lattice [68]. With a mean
occupation number of 7 = 0.51, there is room for improvement with the narrow transition 'Sy <+3Pj.

In conclusion, the finite temperature of the atomic sample represents a significant source of error
and noise in our experiment. This limitation constrains the dark time of the interferometer and
introduces statistical uncertainties at the 10~* level. Additionally, the second-order Zeeman effect can
contribute to phase shift errors and noise. Specifically, with a magnetic field bias of B and gradient
of 6B, differential accelerations da o< B-J§B are experienced by the atoms in ground and excited
clock states. Fortunately, the magnetic field can be controlled at the mG-level with our compensation
system installed, resulting in phase noise below prad. The uncertainty introduced by the second-order
Zeeman shift is below 10~?. Moreover,owing to the dual atom interferometer configuration adopted
in our experiment, manipulation of atoms in ground and excited states occurs concurrently and at
identical positions. Consequently, the AC Stark effect induced by intensity fluctuations in the Bragg
beams is considered a common noise source. This effect, often a significant systematic error in various

atom interferometer setups, is mitigated in our experimental setup [29][14].

5.6 Conclusion

In this chapter, I present the experimental results of dual atom interferometer for differential inertial
sensing. This approach involves preparing the atomic sample with a mixture of ground and excited
clock states, followed by velocity selection and subsequent Mach-Zehnder interferometry. By conduct-
ing the interferometer with atoms in both ground and excited states simultaneously, we effectively
test the weak equivalence principle. Currently, our setup achieves a sensitivity at the 10~ level, with
limitations stemming from the finite temperature and size of the atomic sample. Additionally, this
scheme enables detection of state-dependent forces from the phase differences of the fringes. To exhibit
this, we introduce a 671 nm beam with a Gaussian profile onto the interferometry path as an external
force during quantum sensing.

Addressing the limitations posed by the finite temperature of the atoms is crucial for enhancing the
dual atom interferometer’s performance. These limitations result in reduced signal-to-noise ratio and
restricted dark times. Implementing alternative cooling strategies like sideband cooling in lattice struc-
tures can yield lower-temperature atomic samples. Furthermore, utilizing Bragg beams operating at
an alternative magic wavelength around 477 nm may offer increased separation between states, poten-
tially enhancing the signal-to-noise ratio during fluorescence image analysis. Additionally, integrating

a vibration isolation platform within the system might be a upgrade to minimize noise introduced by
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the retro-reflect mirror of the Bragg beams.



Chapter 6

Conclusion and Outlook

In summary, this thesis presents an experimental setup designed to produce an ultra-cold strontium
atomic source. Building upon this setup, we introduce and validate a dual atom interferometer concept
utilizing the clock transition in 33Sr, offering potential applications in differential inertial sensing.

Our work involves the development of a compact ultra-cold Sr experimental system featuring trans-
verse loading of atoms into the 2D-MOT. We investigate the system’s performance for 88Sr experimen-
tation. A novel hybrid bi-color slowing scheme is proposed and realized using two crossed-polarized
beams to address the magnetic-sensitive m = 0 — m = —1 and magnetic-insensitive m =0 — m =0
transitions of the 'Sq —!'P; line. This approach aims to enhance the atomic flux, and we observe a
10-fold improvement in the number of atoms in 461 nm-MOT with the bi-color slowing beam. While
this improvement is smaller than the 20-fold enhancement achieved with a Zeeman slower adopting an
optimal magnetic field profile [86], our system demonstrates comparable performance in terms of the
number of atoms prepared in the blue MOT, amounting to approximately 10° atoms. Notably, our
system offers advantages in terms of simplicity, compactness, and lower power consumption compared
to previous approaches [86], thanks to the short distance between the oven and 2D MOT, as well as
the transverse loading of the 2D MOT.

Following the 461 nm-MOT, the 689 nm-MOT is performed to cool the atom below 1 uK via the
narrow intercombination line 'Sy —3P;. Around 107 ultra-cold atoms are prepared in 689 nm MOT,
which gives the transfer efficiency below 5%. This transfer efficiency is mainly limited by the power
of the 689nm beam during the last stage of red MOT. While lower power contributes to achieving a
lower temperature, it reduces the number of atoms during the process.

Moreover, we implement an active control of the stray magnetic field to compensate slow-varying
fluctuations around the 50 Hz of the AC line. With this active compensation, a typical rms magnetic
field noise of 10 uG at low frequency (0.001 to 5 Hz) and 370 G between 10 and 100 Hz are achieved.
The enhanced stability benefits a St MOT operated on the 689 nm transition by minimizing induced
position fluctuations.

In our experimental setup, three standing waves operating at 813.427 nm are generated to create

131
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the optical lattice. Two of them are aligned on the horizontal plane and one is along the vertical axis.
One of the horizontal standing waves overlaps with 698 nm laser beam for the implementation of clock
transition. The vertical lattice, consisting of two cross-polarized beams, serves as the moving lattice
for Bragg diffraction. The magnetically induced spectroscopy is implemented in this system, where an
80 G magnetic field and 50W /cm? are applied to achieve a Rabi frequency of 360 Hz, preparing the
atoms in a statistical mixture of the ground 'Sy and excited 3Pg clock states. Furthermore, velocity
selection is carried out using Bragg pulses to prepare the atomic sample with a temperature around
180 nK (0.76hk).

With the prepared atomic sample, we explored a dual atom interferometer scheme, where the atoms
in 'Sy and 3Py clock states are simultaneously manipulated by the same interferometric sequence. The
interferometer is based on Bragg pulses operating at 813.427 nm magic-wavelength, where we observe
a differential phase-shift between two clock states in a free-falling Mach-Zehnder interferometer. This
can be interpreted as a verification of the weak equivalence principle. Notably, we found an Eotvos
ratio at the level of 1074,

Moreover, our dual atom interferometer scheme enables the determination of the state-dependent
forces. This is demonstrated and studied by introducing an extra light field gradient on the interfer-
ometer trajectory. The large differential polarizability induces an extra state-dependent accumulated
phase in the dual interferometer.

The achieved sensitivity level in our dual AI scheme, while moderate compared to the state-of-
the-art platforms [29][23], is mainly limited by the finite temperature of the prepared atomic sample,
restricting the interrogation time to few milliseconds. The free expansion during dark time and time-
of-flight period makes it challenging to spatially separate different momentum states, thereby reducing
the signal-to-noise ratio during detection image analysis. Additionally, the initial velocity introduces
off-resonant effects in Bragg diffraction, leading to the complexity of velocity classes. Strategies such
as large momentum transfer and temperature reduction may be employed to overcome this limitation.

The dual atom interferometer scheme holds promising potential for future applications. Firstly,
while the current experiment utilized a clock-statistical mixture, future studies could investigate the

test of the quantum weak equivalence principle utilizing pure states [I09]. The test operator

M Mt ~ (6.1)
can be implemented. Here M, = mol + % is the mass-energy operators for inertial (o = 4) and
gravitational (o« = g) mass, and H,, is the contribution from the internal energy to the inertial and
gravitational mass. In the context of classical weak equivalence principle, we have r; = ro = 1, which
can be tested by different species of atoms or atoms in a statistical mixture of internal states, as
discussed in this thesis. Furthermore, the quantum weak equivalence principle is valid if » = 0. This
off-diagonal term reflects the coupling between different energy eignstates and can be tested using

pure states. Based on the dual atom interferometer scheme with clock transition in strontium atoms,
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one can envision a test of the quantum weak equivalence principle in the optical domain. This holds
the potential to enhance the test by several orders of magnitude compared to tests conducted in the
radio-frequency domain that have been previously reported [29].

Moreover, most accelerometers and gravimeters typically let the atoms evolve in free space, accu-
mulating phase with ¢ = kegaT?. However, achieving higher sensitivity requires larger interferometry
setups. An interesting alternative might be replacing the free-falling scheme with guided interferom-
etry, where atoms are spatially frozen midway in the interferometer sequence in an optical lattice for
an extended period, enabling the accumulation of phase in the gravitational potential. This approach,
demonstrated in previous works, like those cited in references [110] and [IT1], could potentially render
the experimental setup more compact compared to the traditional free-falling Mach-Zehnder interfer-
ometer. A potential systematic effect in trapped interferometry could be the phase shift due to the
trap. Our dual atom interferometer scheme may provide a potential strategy for the measurement of
this light shifts. When the dual atom interferometer is performed with different internal states, by
adding the lattice beam on the interferometry path (shown in Figure , the differential light shift
between the two states can be obtained from the phase shift of the two fringes. This information
might prove useful in post-processing to account for systematic phase shifts arising from trapping
potentials. The same method can also be utilized in the evaluation of polarizability. In addition, the
state-dependent force measurement opens up the possibility to resolve the information of the environ-
ment such as magnetic field, since a differential acceleration da oc B-JB can be encoded into the phase
shift in the fringes of dual atom interferometer.

Lastly, this scheme holds for measuring the time-dilation effects using atom interferometry. The
traditional setups like free-falling Mach-Zehnder and Ramsey-Bordé type are not sensitive to the grav-
itational redshift. However, it has been proposed that the asymmetric Ramsey-Bordé geometry with
the internal state splitting can resolve the proper time difference in spacial relativity [I12]. This con-
cepts might be demonstrated with the dual atom interferometer system. Additionally, measurements
of relativistic or gravitational redshift have been reported on non-interferometric systems using either
an optical clock in motion [II3] or two incoherent optical clocks located at two different altitude in
the Earth’s gravitational field [II3][114][115]. However, so far there is no test of gravitational red
shift using atom interferometer, where the clock shall be activated either before [31] or during [32] the
interferometeric sequence. By modifying the scheme of dual atom interferometer and implementing

the wave-guided atom interferometer discussed in [31][32], it can be sensitive to gravitational redshift.
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