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Optical atomic clocks with precisions and accuracies in the 1078 level are now the
most advanced man-made timekeeping devices. They outperform the microwave
cesium atomic clocks that realize the SI definition of the second. Scaling down the
size of optical atomic clocks may open the door to a range of industrial and space
applications.

In this thesis, the design and preliminary results of a compact strontium cooling sys-
tem are presented. In the first cooling stage, the high power 461 nm laser with 300
mW output features a modular design, while smaller laser sources for demonstrating
a strontium magneto-optical trap have also been investigated. An innovative design
that couples a spectroscopy cell directly into the scientific chamber reduces the over-
all size and power consumption of the system. Additionally, using strontium oxide
as a source of strontium atoms suitable for optical clocks has achieved initial success.
For the first time, a single-beam MO'T configuration is applied to strontium. In this
novel apparatus, the blue MOT and red MOT broadband cooling phases are able
to trap 5 x 10% and 1000 atoms, respectively. This work shows promising progress

towards developing a functional miniaturized strontium optical lattice clock.
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Introduction

The strontium optical lattice clock was first proposed and demonstrated by Professor
Hidetoshi Katori in 2003 [1]. After 12 years development, this “magic wavelength”
optical lattice atomic clock had already beaten the record of the cesium clocks [2,3],
reaching a fractional uncertainty of 107!8 [4]. With two orders of magnitude im-
provement, the strontium optical clock is one of the promising candidates for the
International System of Unites(SI) second re-definition [5]. These laboratory based
strontium clocks could serve as the national or international frequency standards [6].
They are also helpful for other precision measurement experiment [7]. However, for
application such as communication network synchronization [8], absolute gravita-
tional potential measurements [9], high precision clock comparisons, gravitational
wave detection [10], the clock community needs to improve the transportability of
the optical clocks. In the cold atoms group at the University of Birmingham, two
generations of transportable strontium clocks had been developed, one of which had
measured the clock transition with a linewidth of 9 Hz [11]. To further reduce the
dimensions of the system, the clock team in Birmingham started the miniaturized
strontium clock project whose long term objective is to build a strontium lattice
clock with 10716 accuracy and precision, meanwhile limiting the system volume to
30 liters.

I had involved in all the three clock projects. For the first generation transportable

strontium lattice, I had tested different 461 nm lasers for the experiment. The idea



using strontium oxide(SrO) as a strontium source started from this project. I had
joined in all the SrO experiment and verified that the SrO could be easily controlled
to generate strontium atoms. This work resulted in one patent “Kock, O., Singh, Y.,
Bongs, K., & He, W. (2016). CONTROLLED ATOM SOURCE. WO 2015145136
A3.” and a paper “Kock, O., Wei, H., Swierad, D., Smith, L., Hughes, J., Kai, B.,
& Yeshpal, S.. (2016). Laser controlled atom source for optical clocks. Sci. Rep., 6,
37321.” For the second generation, a working strontium optical lattice clock which
is now in Germany, I had taken part in constructing and testing the vacuum system.
I had also built the laser distribution module for the system. There were two papers
published on this project: “Kai B., Singh Y., Smith L., et al. Development of
a strontium optical lattice clock for the SOC mission on the ISS. Comptes Rendus
Physique, 2015, 16(5):990003.” and a conference paper with the same name. For the
miniaturized strontium optical lattice project, I had designed and built the vacuum
system and the 461 nm diode laser. The preliminary results were quite promising.
This thesis is a summary of my work during the last four years, focusing on the
design and preliminary results of the miniaturized strontium clock project.

To reduce the power consumption and the size of the vacuum apparatus, I replaced
the 200 liters vacuum chamber and the water cooled anti-Helmholtz coils with a 2
liters vacuum chamber and a pair of air cooled coils, respectively. To increase the
robustness of the laser system, homemade lockable optics mounts took the place of
the conventional optomechanics. After those changes, I measured the trapped atom
number in the first stage cooling [12] to be 5 x 10° which is half of the number
from the operating strontium clock that had been built in our lab [13]. The result
showed that the new hardware design applied on the experiment setup are highly
promising for the clock operation. An external cavity diode laser(ECDL) [14] based

on newly developed 30 mW 461 nm diode were tested to substitute the energy-



intensive frequency doubling blue laser. Although the limited laser power could not
fulfill the requirement of the experiment, the laser design could be applied to the
system once a higher power diode were developed. A new approach using strontium
oxide as a strontium source has been demonstrated and characterized. By focusing
a 405 nm low power laser on to a strontium oxide sample, the strontium atom would
be released for the experiment. As an alternative to a high temperature strontium
oven, laser desorbed strontium oxide can improve one source of the clock transition
frequency shift due to blackbody radiation (BBR) [15], as well as reduce the energy
requirements of a portable system. As an ongoing project, many opportunities
remain for future improvements. The main scientific results in this thesis are the first
strontium magneto-optical trap (MOT) [16,17] from strontium oxide and achieving
the second stage cooling in the miniaturized vacuum system.

There are seven chapters in the thesis and they are organized as follows: Chapter
1 gives an overview of the clock development. Chapter 2 summarizes the theory
and technology related to strontium optical lattice clocks. Chapter 3 presents the
efforts to minimize the laser system of the strontium clock. Chapter 4 gives details
of the single beam mirror MOT design and construction, comparing the difference
of the traditional six beam MOT and the compact single beam mirror MOT. Chap-
ter 5 exhibits the primary results of the miniaturized strontium clock experiment,
from the blue mirror MOT to the red mirror MOT. Chapter 6 introduces the first
steps towards the new strontium oxide source for the strontium clocks, from sample
preparation to velocity distribution measurements. Chapter 7 looks into the future

of strontium optical clock projects in University of Birmingham.



Chapter 1

From Sundial to Optical Atomic
Clocks

From sowing seeds to growing artificial crystals, mankind’s increasingly sophisticated
activities need to be synchronized to more precise and accurate timekeepers. From
wristwatches to satellite based clocks, miniaturized and user friendly timepieces
enable a wide variety of applications.

In this chapter, the history of timekeeping will be introduced.

1.1 The history of clocks before the quantum era

When we look into history, society has evolved alongside the development of time-
keeping devices. The rotation and revolution of the Earth are natural clocks for
all who live on it. For thousands of years, activities synchronized to years, months
and days were sufficient for early societies. However, smaller time intervals for more
complicated tasks were not directly accessible until man-made timing instruments
were invented.

The sundial is the earliest piece of man-made time-measuring equipment. The day-
time is divided into smaller divisions. As civilization progressed, our forebears sub-
consciously used gravity for time-keeping. Sand and water flowing from a higher

potential to a lower one was used to measure one time interval. These simple clocks



dominated timing tools for hundreds of years. As for the disadvantages of these
elementary timepieces, the craftsmanship would affect the accuracy immensely.
Around 1602, Galileo Galilei found that the length of period is only dependent on
the pendulum length. The harmonic oscillation of pendulums enormously increased
the accuracy of the well adjusted clock to 15 seconds per day in the 1660s [18]. By
the end of the 1920s, pendulum clocks reached accuracies of 1 ms per day [19]. With
the assistance of mechanical clocks, human activity could be easily organized in one
factory, one town or even one small country.

The next boost to clock accuracy came from quartz clocks. Quartz was found to be
a piezoelectric material and would resonate when formed into plates. An electronic
oscillator circuit with a high-frequency quartz resonator can be used as a frequency
standard. Tuning, amplifying and converting the oscillation signal allows it to serve
as an precise clock. Another advantage of quartz is the low temperature sensitivity
which guarantees a more precise frequency source compared to the pendulum. Before
the atomic clock, it was quartz clocks that provided the time standard for the United
States between the 1930s and 1960s. After the invention of cheap and small-sized
semiconductor digital logic in the 1960s, quartz clocks saw broader application.
Since then, quartz frequency standards are used in almost every piece of electronics.
In the 21st century, well designed and manufactured quartz clocks can lose or gain

just 1 second in more than 100 years of free running time [20].

1.2 Timekeepers competition before the laser

Using quantum theory to describe the structure of atomic energy levels, an atom’s
energy can change due to the absorption or emission of discreet amounts of electro-

magnetic radiation, where the change in energy is determined by the frequency of



the radiation. The quantum mechanical model of atoms paves the way for making
clocks using atomic energy transitions.

For atoms of the same species in the absence of external perturbations, the radiation
from a specific energy transition has the same frequency. This phenomenon theo-
retically enables the absolute measurement of time. Frequency differences between
clocks based on the same atomic species will only depend on environmental effects
and the frequency measurement device.

In 1949 an ammonia maser [21] using an atomic transition as the frequency reference
was made at the U.S. National Bureau of Standards (now the National Institute of
Standards and Technology, NIST). Then Louis Essen and Jack Parry in the U.K.
National Physical Laboratory (NPL) made the first cesium atomic clock [22] in
1955. The first cesium clock used a microwave cavity to probe a cesium beam and a
detector to measure the energy level transitions. Its accuracy reached one second in
about 300 years, which beaten the existing quartz clocks. After the development of
cesium clocks in the early 1960s, their unprecedented accuracy led to the definition
of the S.I. (International System of Units) second of atomic time as: “the duration
of 9192,631,770 periods of the radiation corresponding to the transition between the
two hyperfine levels of the ground state of the cesium-133 atom.” [23] The definition
holds to the present day, and Cs clocks are still widely used in laboratories and
industry.

As seen in Figure 1.1, there are two hyperfine states F' = 3, mrp = 0 and F = 4,
mp = 0 in the Cs ground state 625, /2, resulting from the magnetic interaction
between the nucleus and electron. F' is the total angular momentum, mpg is the
magnetic quantum number and 625/, is the term for the ground state Cs atoms.
The frequency of the transition between these two states is in the 10 Hz level

while the linewidth is in the Hz level. Setting a microwave’s frequency to the energy



difference of the two hyperfine states, atoms passing the field may be excited. As
a result, the population distribution in the two hyperfine states is changed. By
changing the microwave frequency and detecting the resulting radiation intensity,
the frequency with the maximum excitation fraction can be determined and locked.
Then, the externally generated microwave field is identical to the cesium transition
frequency and can be used as a frequency standard. According to the definition, the

frequency is 9.19263177 GHz.

=0

6251z’2 / Clock Transition

9.19263177GHz
F=3
< mg=0

Figure 1.1: The interaction of the electron’s spin with its angular momentum(spin-
orbit interaction) results in the fine structure of the cesium ground state. The
hyperfine structure results from the magnetic interaction between the nucleus and
electron. With a constant magnetic field, the hyperfine levels are split into sub-
levels. The clock transition is the 6251/2 F =3, mrp = 0 to the 6251/2 F =4,
mp = 0, which has a frequency of 9.19263177 GHz

One advantage of the transition between these two states of the cesium atoms is
the low sensitivity to external perturbations [22]. However, this transition is not
completely immune to environmental effects,; such as Doppler effect [24], recoil effect
[25] and collision broadening [26]. During the 60 year development of microwave
atomic clocks, the improvement of the precision of the microwave clocks were about
one order of magnitude per decade [19]. The fountain standard [27] of Cs atoms,
using the cold atoms technologies [28], reaches uncertainties around 1076 [3]. Some
other elements, such as Rubidium [29] for its low cost size and Hydrogen [30] for
its short-term stability, are also used to make microwave clocks. Wide applications

of the microwave clocks with different precision had been built. For example, clock



based on hot rubidium cells [31] with precision of 107'? and volume of 0.05 L had

been commercially available.

1.3 Optical clocks

To evaluate the atomic clock, there are two critical characters: accuracy and pre-
cision. The accuracy of an atomic clock refers to how close the readout frequency
matches the natural frequency of the reference atoms. The unperturbed frequency
of the clock transition fu,,, could be shifted by the external environmental effects,
mainly magnetic and electric fields [32,33]. The relativistic shifts [9], arising from
the different frames of reference of the atoms and the probing lasers, would also in-
troduce errors to the clock transitions. A lot of the effort for making atomic clocks
is to evaluate and reduce those frequency-shifting factors. The precision is deter-
mined by the repeatability of the measured frequency over multiple clock cycles.
The noise from the measurement protocol would limit the precision performance.
One typical method to characterize the precision is the Allan deviation [34] which

can be expressed as
B 1
B 27Tfatom Vv NTmT ’

o(T) (1.1)

where o(7) is the Allan deviation, 7 is a certain averaging time, N is the interro-
gated atom number and 7, is the free-precession time in the Ramsey method [35].
Equation 1.1 shows that clock transition working in a higher frequency regime would
lead to improvement of the clock precision.

After the invention of laser, an optical-range electromagnetic wave with narrow
linewidth, researchers considered exploring its ability to probe atomic transitions for
making optical clocks. Comparing to the atomic clocks working in the microwave

range, the ones working in the optical range could theoretically increase the insta-



bility by 4 to 5 orders of magnitude. However, the accurate, precise and convenient
measurement of the optical frequencies were beyond the capabilities of normal elec-
tronics. To obtain the high precision optical clock signals, the complicated frequency
chain [36] were needed to convert the optical frequencies to microwave signals. The
unreliable and large apparatus limits the application of the optical clocks. Fortu-
nately, the development of the optical frequency comb, which consists of a series of
equally spaced elements in the frequency domain and covers the frequencies from
microwave range to the optical range, enabled the direct measurement of optical fre-
quencies at the turn of the century [37-39]. With the realization of optical frequency
atomic clocks, the clock community entered a new era, pushing clock accuracy and

precision to unprecedented limits.

1.3.1 Principle of the optical lattice clocks

There are two kinds of optical clocks leading the time-keeping development: the ion
optical clocks and the neutral atoms optical lattice clocks. The ion clocks using the
transitions in ions as the clock laser reference [40]. The advantage of the ion optical
clocks are the unperturbed environment for spectroscopy and long trapping times.
However, the interrogation of multiple ions simultaneously is still a challenge [41].
Using atoms tightly confined in optical lattice is an alternative methods which has
the advantage of a large atom number as indicated in Equation 1.1. A typical optical
lattice clock consists of three functional modules — a pre-stabilized clock laser whose
frequency is on resonance with the atomic reference, neutral atoms trapped in an
optical lattice and a frequency comb which output the electrically usable signal, as
seen in Figure 1.2.

For the clock laser, in free-running mode, its linewidth is wider than the atomic
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Figure 1.2: Basic structure of an optical atomic clock: The cavity with ultra high
finesse transfers its stability to the clock laser for short term stability. The clock
laser interrogates the atoms, holding its frequency on resonance with the atomic
transition. Beating the clock laser and one tooth of the frequency comb, the result-
ing microwave signal which inherits the precision of the extremely narrow atomic
transition is the clock signal.

transition linewidth. For example, a typical external-cavity diode laser (ECDL) have
a linewidth in the MHz level while the linewidth of the chosen atomic transition is
the the Hz level. Using the laser to probe the atoms, one could not get needed high
resolution spectroscopy. Another drawback of the lasers without pre-stabilization
is that their frequency would drift between the continuous measurements which
introduces extra noise to decrease the precision. To compress the linewidth and
prevent the drift, the clock lasers are designed locked to high finesse cavities. These
cavities are generally made by ultra low expansion(ULE) glass and placed inside
high vacuum environments [42] which thermally stabilize the cavity length.

With the narrow linewidth clock lasers, performing spectroscopy on hot neutral
atoms which have velocities and velocity distributions would still be limited by the
Doppler frequency shift and Doppler broadening. The absorption of the one clock

laser photon would lead to kHz level frequency shift. Using laser cooling [43] to

10



reduce the temperature of the atoms, uK or nK temperature could be achieved for
the atoms. However, in such low temperature, the Doppler broadened linewidth
is also at the kHz level. Since the probing would always transfer momentum to
the atoms which leads to the frequency shift, the Doppler free spectroscopy is not
achievable. One solution is to load these cooled atoms into a off resonance optical
lattice whose depth of the potential is larger than the thermal energy of the atoms
[44]. In such case, the photon recoil momentum of the clock laser being taken by the
lattice, the Doppler free spectroscopy is enabled. The existence of the lattice would
cause Stark shift of the two energy levels of the clock transition which is another
error source of the system. The magic wavelength optical lattice was proposed to
solve this problem by Katori [45] in 2003. Since the frequency shifts are inevitable,
making the two energy levels moving to the same direction with the same quantity
would cancel the frequency shift. This magic wavelength optical lattice scheme paves
the way to the rapid development of the neutral atomic optical clocks.

In the time domain, the frequency comb is a regularly spaced pulse train generated
by a mode locked laser. The separation time of those ultra short pulses is 7,¢,. In the
frequency domain, the frequency comb is a spectrum with a series of equally spaced
frequency peaks. The distance between the neighboring peaks is the pulse repetition
rate frep = 1/Tyep which can be measured by a fast photodiode. The components
in the comb-like spectrum are not perfectly an integer number times the repetition
rate as nf,e, they would have a offset. It could be explained, in the time domain,
as the different velocity of the envelope and carrier of the pulse. To determine the
carrier-envelope offset (CEO) frequency fepo. A technique called self-referencing
scheme [39] is applied to fix the offset value. Doubling the frequency of the ith
mode f; = foro + ifrep to 2fi = 2fcro + 2ifrep and then beating the signal with

the 2ith mode fo; = foro + 2ifrep, the result signal is the offset frequency feogo.

11



With the two microwave range signal f,., and fcro, any mode in the frequency
comb could be indicate as f; = fcro + 1 frep- Locking the frequency comb to any
frequency standards, combined with the beat-note measurement with one tooth of
the comb and the unknown clock laser’s frequency, the exact optical frequency could

be measured.

1.3.2 Application of the optical lattice clocks

With the accuracy and precision of the laboratory based optical clocks outperform
their microwave counterparts, the optical clocks has the potential to take the place of
microwave ones. For example, the definition of the SI unit second is on Cesium and
possibly the next definition would be based on Strontium [46]. Those ultra stable
optical clock in the laboratories would also carry out some fundamental physics
measurements, such as the fine structure constant o measurement since the clock
transition’s dependence on this constant [41]. Einstein’s theory of general relativity
predicts that in a gravitational potential, the clocks would tick slower. Typically,
lem change of the height near the surface of the earth would leads to a change of
the clock frequency in the 1078 level. Artificially adding a height change of the tens
of centimeter level to the optical clock with accuracy in the 10~ level. The output
clock frequency would have a change in the 10717 level.

Another approach for expanding the optical clocks’ application is to make the clock
system mobile or even miniaturized. One application of the mobile optical clocks
would be the precision geodesy that maps the gravitational fields [47]. Comparing
the optical frequency standards in different laboratories with mobile optical clocks is
competing with the comparison scheme using the fiber network [48]. The miniatur-

ized optical lattice clock could replace the microwave ones on the global navigation
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satellite system(GNSS). There long term stability and ultra-low drift would bene-
fits the navigation system for extended operation between re-synchronization. The
optical clocks in space could also serve as the master clock in space to synchronize

other microwave clocks in space [49].
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Chapter 2

Useful Concepts for Strontium
Optical Lattice Clock

As mentioned in Chapter 1, we are looking for atomic transitions with narrow
linewidths to use as the clock reference. The uncertainty principle tells us that

longer lifetimes result in narrower linewidths.

AFE 1

~ 2.1
i h 2mAt’ (2.1)

where 7 is the natural linewidth of the transition, AFE is the energy difference
between the two energy levels, h is Planck’s constant and At is the lifetime of the
excited state. For allowed transitions with short lifetimes in the 1078 s level, their
natural linewidths will be in the MHz range. Since the transition probability for
metastable states is much smaller than the allowed transitions, the metastable states
usually have longer lifetimes on the order of seconds. Therefore these transitions with
narrower linewidths are suitable candidates for a clock reference. The challenge is
to isolate the atoms or ions from the environment, which can shift or broaden those
naturally narrow transition frequencies. In the case of room temperature atoms,
their speed will be in the range of hundreds of meters per second for dilute gases. Due
to the Doppler effect, the resonant frequency fpeppier of @ moving atom is different

from the resonant frequency fq;; of an atom at rest. Another drawback caused
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by the Doppler effect is the transition linewidth broadening due to the velocity
distribution of the atoms. The Doppler broadened transition linewidths may be
orders of magnitude wider than the natural linewidths. For example, the strontium
atom has a transition 5s? 35, — 5s5p 2P, whose frequency is around 4.29 x 10'4Hz
while the natural linewidth is in the sub-Hz level. At the room temperature around
25°C would introduce a Doppler broadening around 700 MHz. Once the reference
atom species have been selected, the first step will focus on reducing the Doppler
shift, and therefore the shift and broadening of the transition. This corresponds to
reducing the velocity of the atoms, in other words lowering the temperature of the
atoms.

This chapter will introduce the essential cold atoms theory and technology for cool-
ing neutral atoms in the optical lattice clocks. Then the characteristics of the

strontium atoms used in our experiment will be presented.

2.1 Cold atoms

The theory and technology behind making “cold atoms”, using the techniques de-
veloped in the 1980s for laser cooling and trapping of neutral atoms, quickly became
one of the most powerful tools in atomic physics [50-52]. These techniques enable
atoms to be cooled to temperatures approaching absolute zero. As a result, the tran-
sition broadening and energy level shifts due to the Doppler effect in fast moving
atoms can be dramatically reduced, and the quantum nature of the small particles

can be exposed.
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2.1.1 Laser cooling

Photon absorption and emission is a quantum process. However the key ideas behind
laser cooling can be described classically. When an atom absorbs a photon, the total
energy and momentum of the atom-photon system remains the same due to energy
and momentum conservation. The momentum change of the atom is equal to the
momentum of the photon 7, = Ak, where |k| = 27/ is the wave vector relating to
the wavelength X of the light. An atom in the excited state will decay to the ground
state and emit a photon with momentum p,,, by spontaneous emission when the laser
intensity is low. If the absorption-emission process repeats, after a large number of

cycles, the total momentum change of the atom is

Aﬁ: Zﬁab + Zﬁem- (22)
N N

As the photons are emitted in random directions, the second term on the right-
hand side of Equation 2.2 averages to zero. Therefore the net momentum change is

simplified to Appes = N hl;, and the resulting force is given by
F = dpye/dt = Thk, (2.3)

where I is the atom excitation rate which depends on the difference between the
laser’s angular frequency wj, and the atomic resonance frequency wy;. In the atom’s

reference frame, the excitation rate I' is expressed as

Fna S0

r— ,
2 14+ sp+ (2(A + WD)/Fna)2

(2.4)
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where I',,, is the decay rate of the excited state as well as the linewidth of the
transition, so = I/l is the ratio of the laser intensity I to the saturation intensity
Lyot, A = wy, — wy is the frequency detuning of the laser and wp = —k - ¥ is the

Doppler shifted frequency.

- .

Red-detuned V| Velocity V Red-detuned V)

Resonant frequency Vi

4

Figure 2.1: One pairs of opposing red-detuned laser beams are applied to the atoms.
It generates a velocity dependent force which viscously damps the atomic motion in
the Z axis. As the similarity with a viscous fluid, the light field is called “optical
molasses”

Considering a simple one dimension situation as in Figure 2.1, the atom is moving
along the z axis and there are two counter-propagating low intensity laser beams
on the same axis. The frequency of the laser v, is lower than the atomic transition
frequency 1. In the atom’s reference frame, the laser beam in the opposite direction
is equivalently blue shifted and the other one is red shifted. The force from the two
beams can be added together as

hkSo% hkSOF—;a 7 (25)

Fou =Fy+ 1= 2(A—k) | * 2(Atkv) |2
1—|—80+<%> 1+So+<%>

where ﬁ+ is the beam propagating along the same direction as the atoms’ direction
of motion, while F_ is the beam propagating along the opposite direction. For
A < 0, atoms in the light field experience a viscous force which reduces the velocity.

The cooling mechanism described above is called Doppler cooling because the sci-
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entific principle uses the Doppler effect, which shifts the resonant frequency of the
transition. However, the velocity of the atoms cannot reach zero as the momentum
and energy exchange between the light field and the atoms is not continuous. As
the temperature corresponds to the velocity of an atomic sample, the temperature
of the atoms cannot reach absolute zero. There are two characteristic temperatures
important in laser cooling techniques — the Doppler limit and the recoil limit. For
simplified two level atoms, the Doppler limit is the lowest achievable temperature
in Doppler cooling processes. The temperature relates to the natural linewidth of

the atomic transition:

. hrna
- 2%kp

Tp (2.6)

where kg is the Boltzmann constant. The other relevant temperature limit is the
recoil limit, which arises because any emitted photon transfers a non-zero amount of
momentum to the atom. The recoil velocity for atoms with mass m is v, = h|k|/m.
The temperature corresponding to the recoil limit is

B h2|];|2

T,
ka

(2.7)

In certain specific situations, it may be possible to surpass these limits. For atoms
with degenerate energy levels, Sisyphus cooling [53] can cool beyond the Doppler
limit. This cooling mechanism is achieved by shining two counter-propagating laser
beams with orthogonal polarization on to the atoms. The atoms moving in the
standing wave with a polarization gradient lose the kinetic energy to reach the
potential maximum. When the atoms reach the maximum, the optical pumping
would move them to the lower potential state.

For 8Sr atoms, two transitions are used to pre-cool the atoms. The 'S, —! P
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transition has a linewidth of 32 MHz. From Equation 2.5, this broad transition
enables a large cooling force for efficient cooling of a large number of hot atoms.
From Equation 2.6, this transition, with a relatively large linewidth, suffers from a
high Doppler temperature in the low mK range. The 1S;—3P; cooling transition is an
intercombination transition with a narrow 7.6 kHz linewidth. This narrow transition
cools the atoms to a lower temperature. The calculated two limit temperatures are

listed in Table 2.1.

Transition ‘ Wavelength ‘ | ‘ Tp ‘ T,
ISy =1 P, | 461 nm 43 mW /em? | 770 uK | 1.03 uK

1Sy =2 P, | 689 nm 3 uW/em? | 180 nK | 460 nK

Table 2.1: Doppler limit and recoil limit of the two %8Sr cooling transitions

Calculations show the recoil limit is higher than the Doppler limit for the second
stage cooling. Typically, after the second stage cooling the atoms’ temperature

reaches the low uK level in experiments.

2.1.2 Magneto optical trap

The slowing force in an optical molasses is not a restoring force, so the atoms will
not remain spatially trapped. Ultimately, the slowed atoms will leave the centre of
the light field by collisions. The atoms will only be trapped in a region of space in
the presence of a position dependent force. An external magnetic field induces the
Zeeman effect shifting the energy levels. In the presence of an external magnetic
field, w,; varies with the position, which means that A in Equation 2.5 is position
dependent. An apparatus employing both an optical molasses and a quadrupole
field generated by anti-Helmholtz coils is called a magneto-optical trap (MOT). At
the center of the quadrupole field the magnetic filed is zero and the gradient near

the center is almost constant.
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Figure 2.2: Diagram of the 1D MOT consisting of optical and magnetic field. The
J_1 state is shifted by the quadrupole magnetic filed. The red color of the light
beams indicates that the laser is red detuned.

Figure 2.2 shows an arrangement for a MOT in 1D. One pair of red detuned (A <
0) counter-propagating laser beams have the same intensity and opposite circular
polarizations (the o~ laser points from z > 0 to z < 0, the o laser points from z
> 0 to z < 0). Along the z axis is a linear magnetic field B(z) = Az, where A is
the magnetic field gradient. In the J = 0 — J = 1 transition, the excited state is
split into three sub-states m; = 0,41 which have different shifts along the z axis.
m; = +1 is shifted up for B > 0 and down for B < 0, m; = —1 is the opposite
and m; = 0 has no shift. Because the opposite circular polarizations, the effective
detuning for the atoms are different. Atoms on the positive side of the z axis absorb
more photons from the ¢~ laser beam because of the absorption law of photons due
to spin. On the negative 2z axis, atoms absorb more photons from the o™ laser. All

the atoms experience a force pointing towards the center of the trap. The Zeeman
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detuning leads to a modification of Equation 2.5:

hSOE% hSOEF%
1480+ (2(A—wp+ wWB/h)/Thw)? 1+ 50+ (2(A+wp —wWB/h)/Th)?
(2.8)

FlDMOT =

where y/ = (9. M. — g,My)pp/h is the transition’s magnetic moment, g. and g, are
the Landé g-factors of the excited and ground states, respectively, M, and M, are
the magnetic quantum numbers and pp is the Bohr magneton. When the detuning
A is larger than the Doppler and Zeeman shifts, ignoring (lgﬁ' /T hat)* and higher

order terms, Equation 2.8 can be simplified to

S 8h|k[2A ‘A
Fipyor = =B — ki = — [FAs% g 148

= 2.9
P50+ @A &Y

where (8 is the damping coefficient due to the light-atom interaction and s is the
spring constant. The one dimensional case can be easily extended to 3D. A pair
of anti-Helmholtz coils can generate the required magnetic field gradient. Shown
in Figure 2.3, the basic configuration of the 3D MOT consists of an anti-Helmholtz
coil and 6 circularly polarized beams.

There are two other popular pre-cooling methods using the Zeeman effect: 2D MOT
[12,54,55] and Zeeman slower [56,57]. For a 2D MOT apparatus, it expands the
1D MOT scheme described in Figure 2.2 to a two dimensional one. The atoms are
cooled and trapped in the two dimensions with cooling laser. A pushing beam would
push the pre-cooled atoms in the 2D MOT to a 3D MOT to increase the loading
rate of the 3D MOT. One advantage of the 2D MOT is that the atomic source does
not necessarily need to be mounted with direct line of sight with the 3D MOT. The
Zeeman slower is widely used for cooling strontium. The basic idea is to change

the Zeeman shift along the atomic propagation path by a changing magnetic field.
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Figure 2.3: A schematic diagram of a 3D MOT. The red arrows on the coils indicate
the current directions. For anti-Helmholtz coil, the current direction are antiparallel.

The changed Zeeman shift keeps compensating the detuning of the interested atoms

whose velocities are changed by the cooling.

2.1.3 Optical lattice and magic wavelength

Under ideal conditions, the temperature of 8Sr atoms after the second Doppler
cooling stage can reach 180 nK (see Table 2.1). At this temperature, Doppler
broadening of the clock transition linewidth is still at the kHz level, which is too
broad for use in a precise clock. Interrogation of the atoms with the clock laser
can also shift the transition frequency due to momentum exchange. Loading the
atoms into a optical lattice with large potential depth can solve this problem. In
an appropriate harmonic potential, atoms occupy the lowest available vibrational
energy states, and their positions are confined in a region much smaller than the
lattice wavelength.

The optical lattice is made by reflecting the diople trap [43] beam to generate a
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standing wave light field. For a 1D optical lattice orientated along the z axis, a
linearly polarized laser beam with intensity I; is retroreflected by a mirror. The
distance between two intensity nodes is A;/2. The optical potential experienced by

the atoms is

Ul(r, z) = Upexp{—2[r/w(2)]*}cos*(2mz/\) = —S%a(wl)Ilech{—Q[r/w(z)}z}cosz(27rz/)\l),
(2.10)

where r is the radial coordinate in the transverse direction, Uy is the potential depth,

w(z) is the beam waist of the laser and «(w;) is the polarizability determined by the

lattice laser frequency w;. Along the z axis, this potential is periodic, and the wells

are well approximated by harmonic potentials. The energy difference between the

discrete harmonic energy levels is

() = 22 Ay, )

m

where m is the mass of an atom. When a clock laser interrogates the 1S, —3 B,
transition, the momentum change on one atom is p,,. If the recoil energy E, =
p2,/2m is smaller than the spacing of the harmonic potential energy levels hwy, the
motional state of the atoms will not change. This quantum regime is called the
Lamb-Dicke regime [45].

The existence of a light field independently shifts the two energy levels of the clock
transition due to the AC-Stark effect. The shift E*™* on each energy level i is
expressed as

tark __ €l 2 / €1 4 6
FES = —an(wn) (32 — afe)(2)! + O(ef) (212

where ¢; is the amplitude of the lattice laser, «;(w;) and o}(w;) are the dynamic

polarizability and hyperpolarizability, respectively. Since both states 'Sy and 3P,
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are shifted, the effective change on the clock frequency is
hApSterk — —Aa(wl)(%)z - Aa'(w,)(%)‘* +O(=9) (2.13)

where Aa(w;) = ae(w;) — ay(w;) is the differential polarizability, which is dependent
on the lattice laser frequency. Neglecting higher orders, a so-called magic wavelength
Am is one which cancels the difference between the dynamic polarizabilities of the
two interested atomic states. Typically, 813 nm is chosen as the optical lattice
wavelength [44]. With a “magic wavelength” optical lattice, the AC-Stark shifts
from the lattice which strongly effect the accuracy of strontium clocks are largely
reduced. During the strontium optical lattice clock operation, the lattice laser in
constantly on. The loading to the lattice happens after the second stage Doppler

cooling.

2.2 Strontium atoms

Neutral strontium atoms, as well as other alkaline earth atoms, have two valence
electrons in the outermost occupied shell. Consisting of many energy levels, the va-
lence shell determines many of the physical and chemical properties of atoms. Based
on the total spin angular momentum, these energy levels can be separated into two
classes: singlet states (parallel, total spin angular momentum S = 1) and triplet
states (anti-parallel, total spin angular momentum S = 0). According to the selec-
tion rule AS = 0, electric dipole transitions between the singlet states and the triplet
states are forbidden. However, due to spin-orbit coupling, these transitions are not
completely forbidden. The semi-forbidden transitions (intercombination lines) have

long lifetimes, therefore the radiation linewidths are very narrow, a favorable prop-
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erty for metrology.

Strontium has four naturally occurring isotopes: #¥Sr, 87Sr,®6Sr#Sr with relative
abundances of 82.6%, 7%, 9.9% and 0.56%, respectively [58]. As frequency stan-
dards, ®Sr and ®"Sr have historically attracted the most interest. The fermionic
isotope, 87Sr, has a nonzero nuclear spin (9/2) and a corresponding hyperfine mix-
ing in the 3P, state, which enables a weakly allowed clock transition. The bosonic
isotope, Sr, which has no nuclear spin, can still be used for clocks by inducing
dipole coupling between states with an external field [59,60]. Both ®8Sr and 87Sr
have benefits and disadvantages for serving as an atomic reference. For example,
high precision spectroscopy from the %8Sr has a better signal to noise ratio, which
stems from the higher natural abundance and simpler cooling process, while 87Sr
experiences smaller collisional shifts and will not experience an extra field, which
are required by the 88Sr atoms to mix the two clock transition, induced Stark shift or
Zeeman shift. 8Sr and 87Sr clocks have been built and explored in clock laboratories
around the world [4,44,61-63]. At the University of Birmingham, we currently focus
on ®8Sr because the miniaturized clock will benefit from the uncomplicated cooling
and trapping procedure.

As stated before, the two valence electrons generate the long lifetime intercombina-
tion lines. Atoms with similar structure are widely investigated as possible frequency
reference candidates. For example, neutral atom optical clocks based on Mg [64],
Ca [65], Sr [4,44], Yb [66,67] and Hg [68,69] have been constructed in the laboratory.
Among the most promising elements, strontium clocks perhaps benefit most from
existing laser technologies. All the necessary lasers, from those which prepare the
atoms to those that detect the clock transition, are in a range achievable by laser
diodes. These low power consuming, user friendly diode lasers provide a promising

start for the miniaturization of strontium optical clocks.
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A large number of atoms trapped in an optical lattice are required to reduce the
uncertainty of lattice clocks. By taking advantage of strontium’s convenient atomic
energy level structure, we can efficiently transfer atoms from a hot atomic vapor
into a cloud of tightly trapped cold atoms. Experimentally, strontium requires two
cooling stages, making use of two different energy transitions. The first cooling
transition, at 461 nm, has a broad linewidth of I'/2r = 32 MHz and serves to pre-
cool the hot (= 700 K) atoms down to ~ 1 mK. The second cooling transition, at
689 nm, has a narrower linewidth of I'/2m = 7 kHz and cools the atoms even further
down to =~ 1uK before they are loaded into the lattice. In addition, two repumping
transitions at 679 nm and 707 nm are used to close the first stage cooling cycle. The
relevant energy levels in strontium can be seen in Fig 2.1, which uses the Russel-
Saunders notation of 2°*1L ;. S, L and J represent the total spin momentum, orbital
angular momentum and total angular momentum of the state, respectively.

1. 461 nm 1 stage cooling: A blue laser resonant with the 5s* 1Sy, — 5s5p 1P,
transition is applied to the strontium atoms for the first stage cooling. This broad
transition has a natural linewidth of 32 MHz and a wavelength of 460.8618 nm in
vacuum. Most of the atoms in the excited state will decay directly back to the
ground state, but a small percentage will branch into the 5s5p P, — 5s4d 1D,
decay path with a probability of 107°. Of the atoms that decayed into the D,
state, 34% will then decay into the metastable 5s5p 3P, state with the other 66%
decaying into the 5s5p 3P, state. Atoms in the metastable 3P, state are effectively
left to the cooling cycle, while the atoms in the 3P, state may continue to decay
back down to the ground state.

2. 707 nm & 679 nm repumpers: Atoms in the 5s5p 3P; state, which have a lifetime
of 21 us, will decay directly back to the ground state, but the long lifetime of the

metastable 5s5p 3 P, state means these atoms are no longer a part of the cooling cycle.
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Strontium 88 Clock Related Energy Levels
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Figure 2.4: Relevant transitions of strontium atoms. All reported wavelengths are
measured in vacuum.The 5s? 1Sy — 5s5p 1P, transition is used for the first stage
cooling, the 5s% 35y — 5s5p 3P, transition is used for the second stage cooling and
the 5s? 3Sy — 5sbp 2Py transition is the clock transition.

Due to the commercial availability of laser diodes at the necessary wavelengths, most
strontium clock experiments [70] use a 707.2019 nm laser to repump atoms using
the 5sbp 3P, — 5s6s 35, transition. Once in the 3S; state, atoms may decay into
any state in the 3P; manifold. Atoms that decay into the 2P, state, which also
happens to be the excited state of the clock transition, are also lost to the cooling
cycle and must be repumped again into the 35 state using a laser with a wavelength
of 679.2890 nm.

3. 3.0 pum repumper: Unlike the widely used 707 nm and 679 nm combined repumper
setup, there are repumping configurations which only require one laser. The 5s4d

3Dy can be used to bridge the 5s5p 2Py and 5sbp 3P, states [71]. A laser with a
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wavelength of 3.0 um can drive the atoms from 3P, to 3Dy, from which the atoms
can decay back to the 5s5p 3 P; state. The single laser repumper setup would benefit
the portable strontium clock since it only needs one laser system.

4. 497 nm repumper: A 497 nm laser is another option for a single laser repumping
configuration. The 497 nm laser addresses the 5s5p 3P, — 5s5d 3D, states [72].
Compared to the 3.0 pym repumper, the advantage of the 497 nm laser is that the
vacuum viewport and coating material already coincides with the requirements of
the other lasers used in the experiment. However, 497 nm laser diodes are not
currently commercially available.

5. 689 nm 2"¢ stage cooling: After the first stage cooling cycle, the temperature of
the atoms will be at the mK level. Then the 5s? 3Sy — 5s5p 2P, transition is used
to cool the atoms further. The linewidth of the transition is 7.5 kHz. With such a
narrow linewidth, loading directly from the first cooling stage to the second cooling
stage is inefficient, resulting in a small number of trapped atoms. To improve the
transfer efficiency, the linewidth of the 689 nm cooling laser is initially artificially
broadened to trap more atoms. The linewidth is then narrowed to the kHz level to
cool the atoms to the uK level.

6. 698 nm clock transition: For fermionic 87Sr, the 5s? 3Sy — 5sbp 3P, transition
is doubly forbidden, but due to hyperfine state mixing it has a natural linewidth of
less than 10 mHz, with a frequency of 429,228,004,229,874.0(1.1) Hz. For bosonic
8Gr, the transition is strictly forbidden. However, with the addition of an external
magnetic field to mix the two states of the clock transition [73], a similarly narrow

linewidth can be generated for the transition.
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Chapter 3

Effort to Reduce the Laser System
Size

The neutral strontium optical clock experiments involve lasers which range from
ultraviolet to infrared. Fortunately, all these wavelengths can be reached by semi-
conductor material. Comparing to other lasing mediums, the diode laser have the
advantages of easy adjustability, low power consumption and compact size. Compact
diode laser systems are one of the technologies enabling mobile strontium clocks. A
big part of the work for building miniaturized clocks is to shrink the laser systems.
We have built three generations of first stage 461 nm cooling laser in our laboratory.
From system dimensions to the power output, each system has its own advantages
and drawbacks. The first part of the chapter will introduce the effort to reduce the
461 nm laser size. The lasers need to be delivered to the atoms, we also built robust
laser distribution setups to meet the mobility requirement. For the delivery of the

lasers, I have built robust laser distribution modules for different experiments.

3.1 461 nm laser system

To reduce the size of the blue laser system which takes a large part of the clock vol-
ume, we had tested many cutting edge technologies, from periodically poled potas-

sium titanly phosphate (PPKTP) crystal based frequency doubling [74] to the 461
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nm diode laser. In all the presented setups here, either the lasers themselves or their
seed lasers are an external cavity diode laser (ECDL) in Littrow configuration. This
configuration allows for single-frequency operation as well as frequency adjustment.
A schematic of the Littrow configuration can be seen in Figure 3.1. The divergent
laser beam from a diode is collimated by a collimation lens. There is a grating
mounted on a piezoelectric transducer(PZT) diffracting the incident laser beam.
The voltage change on the PZT changes the length of the PZT which leads to the
rotation of the grating. For the incident laser beam, a different incident angle 6;
results in a different diffracted wavelength \. Equation 3.1 gives the grating equation

in Littrow configuration:

nA = 2d(sinb; + sinby) = 2dsinb;, (3.1)

where n is the order of diffraction, d is the distance between grooves, 6, is the
diffracted angle. In the Littrow configuration, the incident angle is equal to the
diffracted angle. Apart from selecting the wavelength, the grating and the back
facet of the diode form an Fabry-Pérot(FP) cavity which narrows the linewidth of

the output laser.

3.1.1 High power double amplifiers blue laser

Because the lack of commercially available 461 nm laser diodes with a high power
output in the range of > 100 mW was available for the 2D MOT experiment (the
system is shown in Figure 4.1 for the setup, see [12] for the detailed design), the
first generation blue laser system was designed with a frequency doubling scheme —
a nonlinear phenomenon which converts the 922 nm infrared laser to 461 nm blue

laser with the help of PPKTP crystal. A 922 nm homemade ECDL’s output power
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Figure 3.1: The Littrow external cavity laser. The collimation lens determines the
size of the output laser beam. To gather the light from the diode, the numerical
aperture(NA) of the collimation lens is determined by the divergence of the beam
from the diode. The -1% order diffraction is retroreflected back to the diode and the
0" order is the output.

is 50 mW which is then amplified twice to 1.5 W. The high power infrared laser is
frequency doubled in the PPKTP crystal in a cavity to generate the 461 nm cooling
laser. This design keeps the balance between high power output, high mobility and
limited budget. In practice, the system is divided into three functional modules(see
Figure 3.2). These three modules are connected with single mode polarization main-
taining (PM) fibers. One advantage of the modular design is that components can

be easily replaced if better options become available or if a module is damaged.
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To spectroscopy

Figure 3.2: Schematic diagram of the first generation 461 nm laser modules. The
lines with arrow ends are the fiber connections. The amplification is realized with
the semiconductor tapered amplifier(TA).

922 nm seed laser module (Figure 3.3): The 922 nm infrared laser is generated
by an ECDL in Littrow configuration. The core components of the seed laser are

an anti-reflective(AR) coated laser diode and a grating. The groove density and
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reflectivity of the grating are 1200 lines/mm and 20% - 30%, respectively. Two low
power optical isolators with total isolation of 76 dB are used to suppress instabilities
caused by unwanted feedback. The threshold current of the diode is 19 mA. Because
of the power loss on the optics, the typical laser power before the fibre coupler is
around 30 mW . The imperfection beam profile limits the coupling efficiency to ~

50% , the power being sent to the next module is ~ 18 mW.
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Figure 3.3: The ECDL structure for 922nm diode laser and the following optics
are placed in an aluminium box to isolate the temperature drift and the acoustic
vibration.

Pre-TA (tapered amplifier) module (Figure 3.4): The recommended seeding
power for the 922 nm tapered amplifier(TA) is 50 mW and the corresponding output
is 1.5 W. However the output of the seed laser is lower than the recommended value
which would limit the output of the TA as well as the final blue laser power. To
overcome the power shortage, a pre-TA module was built to pre-amplify the seed
laser. After coupling into the pre-TA module through a 922 nm fiber, the divergent
laser beam is firstly collimated. The diameter of the beam is 0.9 mm. Then a lens
whose focal length is 3.5 mm focuses and couples the beam into the TA. The beam
profile after the pre-TA is different from the perfect Gaussian profile. In vertical and
horizontal planes, the laser beam has divergence angles of 14° and 28°, respectively.
A f = 2.75 mm aspherical lens and a f = 40 mm cylindrical lens are successively

used to shape the beam to a d = 3 mm collimated one. The reflections from the 500
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mW high power laser may damage the TA chip. To prevent this an optical isolator
with 35dB isolation has been installed. Typically, the TA chip amplifies the 18 mW
input laser to 500 mW with a current of 2.75 A. 50 mW 922 nm laser is delivered to
the next module and 2 mW is sent to the wavelength meter for monitoring the laser
frequency. When the single pass wavelength conversion module(from see Section
3.1.2) is coupled to the system, the pre-amplified module is operating at full load
— 50 mW out of the 500 mW to the next TA and the rest to single pass frequency

doubling module.

optical
isolator

half-waveplate

half-waveplate

Figure 3.4: The Pre-TA module has two outputs, the power distribution of the
output is controlled by a half-wave plate and a polarizing beam splitter (PBS).

TA and frequency doubling module (Figure 3.5): From the pre-TA module, 50
mW laser is transmitted to the TA and frequency doubling module. Similar to the
pre-TA module, the same lens are used to collimate the beam and couple the power
to the TA chip. The same aspherical and cylindrical lens as used in the pre-TA
module are placed after the amplifier to collimate the beam. The possible damage
on the TA chip from reflections is again eliminated by a high power optical isolator.
For high conversion efficiency, the laser beam size in the PPKTP crystal is adjusted

by a telescope before the optical isolate and a focusing lens after the optical isolator.
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Figure 3.5: The components in the TA and frequency doubling module can be
grouped into three function modules — the TA chip for amplifying the power, the
telescope and the focusing lens for coupling the power to the cavity, the PPKTP
crystal in the monolithic cavity for converting the laser

The distance from the focusing lens to the cavity is variable for fine adjustment.
For a single-pass in the anti-reflection(AR) coated PPKTP crystal, the conversion
efficiency is less than 5% which means less than 75 mW 461 nm laser could be
generated. The bow-tie monolithic cavity is built to contain the crystal and enable
multi-pass of the 1.5 W 922 nm laser. The multi-pass is realized by stabilizing the
cavity length to the laser. After locking the cavity to the laser, the output blue laser
power is 300 mW and the conversion efficiency reaches 25%.

The detailed second harmonic generation(SHG) theory can be found in Reference

[12,75].

3.1.2 Wavelength conversion module

The 300 mW 461 nm output from the frequency doubling module is divided into
three parts — 10 mW for spectroscopy locking, 50 mW for the six beam 3D MOT
and the rest for pre-cooling in the 2D MOT. Even with high-reflection(HR) coating
for 461 nm, there is tremendous power loss along the light path — 35% - 40% power

loss in each fiber coupler, 15% - 20% power loss in each single pass acousto-optic
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modulator(AOM), 40% power loss in each double pass AOM and 3% - 5% in other
optics. The power loss limits the intensity of the cooling laser which affect the atom
number trapped in the MOT. Only (4 4+ 0.4) x 10° atoms can be trapped by the
first stage cooling. To obtain more 461 nm laser power, a commercial fibre inte-
grated wavelength conversion module from NTT(WH-0461-000-A-B-C) was added
to the system(see Figure 3.6). The wavelength conversion module contains a fibre
integrated 2cm long Periodically Poled Lithium Niobate(PPLN) crystal which dou-
bles the frequency of the seed laser in a single pass. 922 nm laser is coupled to the
waveguide fiber by connecting it to a 922 nm fiber via a PM fiber mating sleeve.
As introduced in the pre-TA module, only 50 mW out of the 500 mW is delivered
to the TA and frequency doubling module, the rest of power now can be coupled to

the new single pass frequency doubling waveguide.

Figure 3.6: The wavelength conversion module is mounted on a customized alu-
minium base.

A customized aluminum base which the waveguide mounts on has the function of
heat sink. The temperature phase-matching property [76] is measured by offering

120 mW 922 nm laser into the module while changing the temperature(see Figure
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Figure 3.7: Temperature dependence of the wavelength conversion module. Those
peaks reveals that it is quasi phase matching in the PPLN crystal.

The suggested input power is 200 mW at 922 nm and the output expectation is
60 mW at 461 nm. However, the coupling efficiency for the 922 nm laser from the
pre-TA module is lower than 50%, we have never reached the 200 mW input from
the available 500 mW in the pre-TA module. The measured power dependence and
the efficiency of the module is in Figure 3.8.

The output light from the waveguide is in free space. The CCD camera beam
profiler(Thorlabs BC106-VIS) is used to carry out the profile measurements of the
light coming out of the waveguide. In Figure 3.9a, there is a near circular beam
with high power density and a lot of side bands with low power density. These side
bands are actually the leak 922 nm laser from the output facet of the waveguide. In
Figure 3.9b, the device shows a near Gaussian beam profile.

The fiber integrated waveguide has a drawback that the actual power coupled into
the PPLN crystal is unmeasurable to properly characterise the waveguide. The

power value in the x-axis of Figure 3.8 is measured from the fiber which is connected
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Figure 3.8: The output power and efficiency of the wavelength conversion module:
As the input power increases, the conversion efficiency decreases. For the maximum
input of 183 mW, the output 461 nm laser is 57 mW. The dropping conversion
efficiency conflicts with the theory that the power of the blue power is supposed to
change quadratically with the input power. One possible reason is the power loss in
the fiber mating sleeve.

to the pre-TA module, but not the fiber to the waveguide. The coupling efficiency
of the PM fiber mating sleeve is unknown. Another problem is the aging of the
crystal, after one year operation, the output power dropped down to 40 mW with

180 mW 922 nm laser input.

3.1.3 461 nm diode laser

After testing the commercial 461nm diode laser from Newport in 2013, we started
to look for 461nm diode on the market. Fortunately, Japanese company Nichia
has made some diodes(NDBA116T) whose operating wavelength range covers the
interested 461 nm. The output power of the diode reaches 30 mW with 237.6 mA
current in our designed system which will be further described in this chapter. The

laser beam profile of the diode is elliptical with full angle parallel and perpendicular
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(a) 33 mm way from the output facet. At
the bottom: profile of the 461 nm beam.
At the top: Profile of the leaked 922 nm
seed laser.

(b) 80 mm away from the output facet.
The yellow line is the actual intensity, the
red line is the fit to a Gaussian distribu-
tion.

Figure 3.9: Beam profile of the wavelength conversion module output.

divergence of 7.9° and 23.9°, respectively. As seen in Figure 3.10, the beam profile
is not perfect. We can see some defects in the beam profile. The beam profile
measurement was to determine whether we could use the free space laser from the
ECDL directly to save some power or we need to generate a Gaussian beam with a

fiber at the cost of 35% power loss.

Figure 3.10: The beam profiler is 20 mm away from the output facet. The red
Gaussian fitting is close to the actual intensity. However, along the x-axis, there are
a few defects.
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Base on the Littrow configuration, the compact 461 nm diode laser design is shown

in Figure 3.11.

Figure 3.11: 461 nm diode laser structure: The centers of the diode, the grating and
the output hold are in the same plane which is 16 mm above the housing bottom.
The dimensions of the housing is 70 mm x 43 mm x 35 mm.

A blue laser diode high voltage controller connects the diode through an electrostatic
discharge (ESD) protection and strain relief cable. A f = 4.00mm aspheric lens col-
limates the divergent beam from the diode. After the collimation, the length of the
major axis and minor axis of the elliptical beam is 1.7 mm and 0.56 mm, respec-
tively. Both the lens and diode are fitted in a modified laser diode collimation tube.
The external surface of the tube is machined with a screw thread which matches the
one in the laser housing. There is a 12.8 mmx12.8 mmx5 mm indentation on the
plate for mounting the visible reflective holographic grating. The indentation saves

the space and set the grating position. Its groove density is 2400 line/mm. Using
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(b) The intensity image shows a lot

of peaks.
(a) The cross section is elliptical P

with some fringes on it.

Figure 3.12: Beam profile of the light from the 461 nm Diode

Equation 3.1, the incident angle is calculated as 33.6°. Two fine thread screws(150
pm/turn) from Radient Dyes(Model 2, 170 TPI) adjust the tilting and rotation of
the grating. Between the grating plate and the rotation screw head is a PZT for fine
frequency fine tuning. A 10 kOhm thermistor is embedded into the laser housing,
5 mm away from the diode. The peltier elements controlling the temperature is
mounted under the bottom of the laser housing. The housing made by aluminum is
designed as the center of the laser beam is 20 mm above the baseplate. The housing
has a cover to isolate the temperature and avoid air fluctuation.

The 0" order of the diffraction is the output of the diode laser. The beam profile
is checked by the CCD camera beam profiler. The imperfection is amplified after
the grating. The laser output is clearly not an ideal gaussian beam and show many
additional side features(Figure 3.12). The reason might be the 461 nm wavelength

is just on the edge of the laser diode operation wavelength.

3.2 Laser distribution module

In the mobile clock projects, the optomechanical components for lab based experi-
ments do not fulfill the requirements of miniaturization and robustness. A range of

customized optics and optical component mounts are used to transmit the laser. Fig-
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ure 3.13 shows a selection of the homemade components design. These components
was designed for the drop tower experiment at ZARM, Bremen, Germany [77] and

their function and robustness for mobile setups had been verified in the experiment.

Figure 3.13: From left to right, they are mirror mount, beam block, wave plate
mount, and PBS mount.All these optics mount have locking mechanism to reduce
the vibration-caused misalignment.

The mounts are designed to make the optics center to be the same 20 mm. It saves
the adjustment on the horizontal level when the components for one function module
are screwed to the same baseplate.

In the clock laboratory, we had performed three strontium optical lattice clock
project. The first one is named as transportable strontium lattice clock. The second
one is an Europe project call Space Optical Clock II(SOC II). The third one is the
miniaturized strontium lattice clock. In each experiment, there is one essential
module is the laser distribution module used to deliver the laser power. I had
operated four mobile laser distribution modules and three of them are designed and

built by me. These laser distribution modules will be introduced in this section.

3.2.1 Laser distribution module in transportable strontium

clock

In the transportable setup(Figure 4.1), the six beam MOT configuration is used.

One beam from the frequency doubling module is split into six beams and coupled
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into six single mode PM fibers. For detuning the laser, an AOM is also included
in the module to shift the laser frequency. Figure 3.14 is the top view of the laser

distribution module.

Quarter
Waveplat

Figure 3.14: Laser distribution module in the transportable strontium clock: Shift-
ing 461 nm laser frequency, splitting one beam to three/six beam and coupling the
laser to the fibers are finished in this module.

The input laser firstly goes through a double-pass AOM setup which is made of a
polarized beam splitter(PBS) with AR coating covering 461 nm, an 80 MHz AOM,
a quarter waveplate, a f = 40 mm lens, a beam block and a mirror. The focus of
the lens is on the mirror eliminating the shift of the beam while tuning the AOM.
The double-pass AOM cause 40% power loss of the blue laser and distort the beam
profile. However the frequency change on the AOM will not change the direction
of the laser beam which benefit the detuning optimization. The frequency shifted
laser then is split into six beams which are coupled into the fibers. Before each fiber

coupler, there is a half-wave plate to adjust the polarization of the laser to match
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the polarization axis of the SMPM fiber. Due to the distortion from the AOM and
the optics surfaces, the coupling efficiency of the fiber couplers is 55% - 65%. The
total power efficiency of the distribution module is ~36%. With a total input power

of 50 mW, ~4 mW is distributed to each beam.

3.2.2 Laser distribution module in SOCII

For the space optical clock II(SOC II) project, I built a distribution module dealing
with blue laser used in each step of the whole clock experiment. Figure 3.15 shows
the CAD(computer-aided design) of the module.

Detection To 3D MOT Input To 2D MOT Pushing

To 3D MOT  To Zeeman Slower To 3D MOT To 2D MOT To 2D MOT

Figure 3.15: The power getting into the module is split into five branches for different
purposes. From the top to bottom, they are MOT laser, 2D MOT laser, 2D MOT
pushing laser, Probe laser, Zeeman slower laser.

The 200 mW input blue laser is split into five branches with half-wave plates and

PBS. The first branch goes through a single pass 110MHz AOM with 85% efficiency.
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Then it splits into three beams to the fiber couplers. The second branch has the same
splitting scheme. For the first two branches, the efficiency of the six couplers are
slightly different, varying between 58% to 65%. With half-wave plates and PBSs,
the difference of the laser power out of the six fibers are controlled to less than
2%. In the actual experiment, the second branch was cancelled to save power and
the retro-reflected 3D MOT with three fibers was used. A double-pass 200 MHz
AOM shifts the frequency of the third branch which is going to be in the permanent
magnet Zeeman slower [78] for pre-cooling the hot atoms. The fourth branch is the
probe laser for detecting the atoms. Its frequency is shifted by a double-pass 80
MHz AOM. The fifth branch is sent to the frequency stabilization system (FSS) [79]

and used to lock the 461 nm laser.

3.2.3 Single board blue MOT

As described in the experiment chapter, we started the modified pyramid MOT
vacuum chamber with a MOT demonstrator which exhibits the new technologies
applied to the miniaturized strontium clock project. The diode laser, the frequency
shift, locking and power delivery are integrated into one baseplate. The top view of
the plate with the vacuum chamber is shown in Figure 3.16.

The 30 mW elliptical beam(see Figure 3.12) from the diode laser is transformed
to a nearly circular beam by a anamorphic prism pairs. The customized isolator
after the prism pair has an efficiency of ~85% and suppress the instability on the
diode laser by isolating the reflection. Then the beam splits into two beam by a
PBS — one beam with 6 mW to the 40 MHz AOM for shifting the laser frequency
45 MHz higher than the atomic transition, the other one with 20 mW to a fiber

which delivers the power as well as shapes the beam to a perfect Gaussian beam.
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Figure 3.16: The plate integrates all the necessary components for making a blue
MOT.

The +1% of the diffraction taking 5.6 mW is used to lock the laser with the inbuilt
spectroscopy (see Figure 4.15). The modulation transfer (MT) spectroscopy locking
scheme [80] is used to lock the laser. With 60% efficiency of the fiber coupling, 12

mW is delivered as the cooling laser.

3.2.4 One fiber for blue and red MOT

After the realization of the first stage cooling - blue MOT as the 461 nm cooling
laser is blue, we pushed the experiment to the second stage cooing - red MOT since
the cooling laser’s color is red. The 461 nm laser and the 689 nm laser needs to be
overlapped to transfer the atoms from the blue MOT to the red MOT. One solution
is a dichroic mirror combining the blue and red laser beam after the two fibers and

before the light going into the chamber. This method has been verified in the SOC

45



IT project(see Figure 4.3). Another way that simplifies the mechanical structure is
to transmit the two lasers in one fiber. This tactic requires a laser combination
setup on a baseplate. Figure 3.17 is the design of the light path for overlapping the
blue and red laser. For the red MOT, the 461 nm laser is from SOLSTIS ECD-X

made by M Squared Lasers. Its output power reaches 400 mW at 461 nm.
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Figure 3.17: The light path for overlapping the blue and red cooling laser
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A PBS splits the total ~400 mW blue laser into two branches. The 370 mW branch
goes through a single pass 80 MHz AOM with 314 mW in the 1% diffraction order.
Apart from shifting the frequency, this AOM has another function as switching off
the light by applying a off-resonance frequency. The switching off time is less than
1 us. Through a fiber coupler with 50% efficiency for blue light, 160 mW blue laser
is coupled to the fiber as the cooling laser. The 50 mW branch is split to two beams
by a 110 MHz AOM. The 0** order with 5 mW is coupled to a fiber for monitor the
frequency. The 1" order carrying 20 mW is for locking the 461 nm laser.

On the red laser part, 80 mW 689 nm light is sent to a 80 MHz AOM. The 1% order
is coupled to the fiber for cooling. As the cooling laser fiber coupler has a working

spectral range of 400 - 600 nm, there is only 13 mW coupled into the fiber. However,
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for the single beam telescope configuration, this power is high enough for the red
MOT. All the three AOMs are from, two with operation frequency of 80 MHz and
the last at 110 MHz) and their operating wavelength of 415 - 900 nm and 440 - 850

nm covers the lasers for the two cooling stages.
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Chapter 4

From Six-beam MOT to
Single-beam MOT

As a standard laser cooling and trapping technique, the traditional six-beam MOT
configuration is now used in most cold atoms laboratories that require large num-
bers of cold, trapped atoms [72,81-83]. In this design, each circularly polarized
laser beam requires multiple optical and optomechanical components. This inher-
ently restricts the minimum volume of the atomics package, and the large number of
components can lead to a fragility that is undesirable for systems that are expected
to be transported from one place to another on a regular basis. As an alterna-
tive to the six-beam MOT design for compact experiments, different configurations
of single-beam MOTs have been proposed and tested in many cold atoms groups.
For example, pyramidal and conical hollow mirror MOTs [84], surface-patterned
chips [85] and modified pyramidal funnel type MOTSs [86] have been used in ru-
bidium experiments. At the University of Birmingham, the first generation of the
transportable strontium clock project used the standard six-beam MOT configu-
ration. However, despite successes in shrinking the vacuum chamber, the overall
volume was limited by the long MOT beam telescopes. In the current version of the
transportable clock, the bulky six-beam MOT configuration has been replaced with

a compact single-beam modified pyramidal funnel MOT.
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In this chapter, I will present details regarding the development of transportable
strontium clocks at the University of Birmingham and the latest results from our

portable system.

4.1 Conventional six-beam MOT in Birmingham

The transportable strontium clock project at the University of Birmingham began in
2008, aiming to build a mobile neutral strontium lattice clock. The system features
a 2D-MOT pre-cooling chamber connected to a 3D-MOT scientific chamber via a
differential pumping stage [12]. A dispenser emits a high flux(10'® atoms/s level)
of hot strontium atoms directly into the 2D-MOT chamber. The atoms in the
2D-MOT chamber are then pre-cooled by a 461 nm blue laser which is 2.5 MHz
red-detuned from the 'S, — P, transition. Instead of using the coils, permanent
magnets generate the cylindrical quadrupole field with the gradient of tens of G /cm.
To achieve the zero magnetic field along the symmetry axis, spacing of the magnets
are adjustable. The pre-cooled atomic flux from the 2D-MOT to the 3D-MOT is
higher than 10% atoms/s. Once in the 3D MOT chamber, the atoms are cooled and
trapped by the 25 MHz red-detuned 461 nm laser with the help of a pair of water-
cooled anti-Helmholtz coils which generates a magnetic field gradient of 50 G/cm.
In this setup, 4 x 10° atoms are captured with a long lifetime of 5.5 s. Figure 4.1
shows the 750 mm long vacuum chamber and peripheral components mounted on a
1500 mm x 900 mm x 58 mm optical breadboard.

As introduced in Chapter 3, the 461 nm cooling laser are delivered to the vacuum
chamber by fibers. There are six telescopes for expanding the beam to the designed
intensity of 5 mW /cm?. Three of those 20 cm long telescopes mounted around the

chamber can be seen in Figure 4.1. The six-beam MOT configuration enables the
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Figure 4.1: Transportable strontium lattice clock: The picture above is the vacuum
system with optical fibers around it. There are three fibers observable in the picture.
The CAD design shows the basic structure of the vacuum system. Aiming at a
transportable clock, the whole setup are mounted on a optical table.

simple alignment of the incident MOT beams. However, the single mode PM fibers
as well as the optics mounts are sensitive to vibration, humidity, temperature change
and other environmental effects. Realignment and re-optimization procedures must
be carried out weekly. To be a real mobile strontium clock, the apparatus must be
more robust and immune to the instabilities.

Another small experiment chamber for testing SrO which could be made as a laser in-
duced strontium source was built in 2014. Beam expansion telescopes were mounted
onto the small chamber and the design was changed to incorporate a three beam
retro-reflected 3D MOT (Figure 4.2). By switching to a three beam MOT configu-

ration, three fibers were eliminated from the setup, and the unibody design matches
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the requirements for mobility. Progression towards a portable design is also demon-
strated by using an experiment chamber with similar dimensions to the telescopes.

However, the enclosed lens tubes used in the telescopes limit the ability to align the

MOT beams.

Figure 4.2: Unibody design of a retro-reflected 3D MOT. All the telescopes are
attached to the chamber. This compact design has two advantages: for generating
the same magnetic field gradient, the water-cooled anti-Helmholtz coil is replaced
by the air-cooled one; the telescope mounts which may introduce misalignment in
the transportable clock project are eliminated.

The disadvantage of the six-beam MOT can also be found in the beginning of the
SOC 1I project (Figure 4.3). To build a strontium optical lattice clock which meets
the requirements for space readiness, the vacuum apparatus as well as the optome-
chanics are supposed to be compact and robust. As a result, the scientific chamber
is made by titanium with a diameter of 5 cm. Fibers for delivering the lasers are

connected to the cage systems which are mounted on the chamber. However, when

51



all the fibers are connected, each arm of the cage system is more than 10 cm long.
Any adjustment to the cage systems or the fibers requires significant care and effort
to avoid misalignment. Too many components attached to the chamber would also
increase the stress on the connections of the vacuum chamber. To simplify the op-
eration and maintaining, SOC II abandoned the six-beam MOT configuration and

applied the retro-reflected MOT design.

Figure 4.3: Space Optical Clock II setup near the scientific chamber end: The
peripheral components completely cover the MOT chamber in the left picture. The
right CAD design shows the relative length of the telescopes and the small chamber.
The vacuum system does not take too much volume and the telescopes are mounted
on the chamber to increase the robustness, but the six-beam/three-beam structure
limits the simplicity of the system.

4.2 Single beam MOT

Just like a laboratory-based strontium optical lattice clock, the miniaturized version
will utilize the same experimental procedure — cooling and trapping hot strontium
atoms, loading the cold atoms into an optical lattice, and finally interrogating the
atoms with an ultra stable clock laser. However, each component of the experi-
mental apparatus, such as the laser systems, electronics and vacuum system, must

shrink compared to their counterparts in typical laboratory-based experiments. This
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section will present the newly developed techniques for a miniaturized single-beam
strontium MOT.

The idea for using a single-beam MOT to trap strontium atoms was inspired by K.
I. Lee’s work on single-beam atom traps for rubidium [84]. A schematic diagram
of the modified single-beam pyramid MOT is shown in Figure 4.4. A PM fiber
provides a linearly polarized cooling light, which passes through a quarter-wave plate
to convert it into the circularly polarized light required for the MOT. A telescope
enlarge the laser beam to cover the four metal coated right angle prism mirrors
mounted inside the experiment chamber. The central part of the beam which is
called the central beam, passes all the way through the experiment chamber, then
through a quarter-wave plate and is retro-reflected back by a mirror, passing through
the quarter-wave plate a second time on the return path to reverse the orientation
of the circular polarization. A part of the outer edges of the laser beam which are
called side beams, are reflected by the 45° metallic mirrors, simultaneously reversing
their polarizations. This results in three pairs of counter-propagating laser beams
pointing to the center of the chamber. The atoms in the center of the chamber “see”
a conventional six-beam MOT.

For loading MOTs, larger diameter trapping beams mean larger capture volumes
and therefore a larger number of atoms loaded into the MOT. This requirement is in
direct contrast with the goal of clock miniaturization, so a balance must be achieved

between MOT capture volume and clock setup volume.

4.2.1 Vacuum Chamber

Four primary factors affect the chamber design — the in-chamber mirrors, vacuum

sealing, heating due to the anti-Helmholtz coils and vacuum pressure maintenance.
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Figure 4.4: The basic structure of the single-beam MOT. There is only one expanded
laser beam outside the vacuum chamber. The metallic mirrors are placed inside the
vacuum.
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After choosing the proper mirrors, the minimum diameter and thickness of the
chamber can be set. Commercial viewports welded into ConFlat(CF) flanges can
increase the thickness of the chamber by up to 50%. To keep the same magnetic field
gradient, the increased thickness will result in a larger current which would either
degrade the vacuum or introduce extra frequency shift to the clock transitions. The
small chamber would limit the pumping speed of the pumps which would increase
the collision between the hot and cold atoms.

Metallic Mirror: Indicated in [84], aluminum coated mirrors reversed the circular
polarization of the incident laser with less than 1% contamination of the polarization.
461 nm and 689 nm are the two cooling transition wavelengths used in strontium
MOTs. For this reason, due to their higher reflectance at the wavelengths of interest,
silver coated mirrors are more suitable than their aluminum or gold counterparts.
In rubidium experiments, it is possible to load large MOTs directly without pre-
cooling mechanism. Strontium’s vapor pressure at room temperature, however, is
below 107! mbar, prohibiting the direct loading of a large strontium MOT from

the background vapor. The strontium atom source must be heated to provide a
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high flux of atoms directing towards the trapping region. As a result, the typical
pyramid MOT [87] design used in rubidium experiments must be modified to allow
atoms access to enter of the experiment chamber. In addition to this constraint,
the repumping laser, the lattice laser and clock laser also require sufficient optical
access. To accommodate these requirements, the mirror layout chosen for the design
can be seen in Figure 4.5. The inclined silver-coated planes of the four right angle
prism mirrors face the center of the chamber, while the uncoated bottom surfaces
of the prism mirrors lie in the same plane. The square hole in the center of the
four mirrors allows access for the third pair of orthogonal MOT beams (the central
beam). Two of the gaps along the strontium atoms’ propagation direction allow the
atoms to enter the chamber, and the other two gaps provide optical access for either

a camera or the lattice and clock lasers.

Figure 4.5: The four mirrors sit in the same plane to keep the power balance of the
four side laser beams. The red arrows represent the overlap of lasers for the first
and second cooling stages. In experiment, the inner diameter of the coil is larger
than the prism mirrors. The four side metallic mirrors revert the polarization, so
the quarter waveplate for the four side beams are not necessary.

As preliminary research towards a miniature strontium lattice clock, we developed
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a strontium MOT technology demonstrator with the aim of realizing a blue MOT
with a 30 mW 461 nm diode laser. Based on previous research conducted within
our lab on transportable strontium clocks [12], with 1 cm MOT beam diameters and
a total beam intensity of 1.05 mW/cm?, a small blue MOT with ~2500 atoms is
visible in the chamber, even without pre-cooling and no repumping lasers present.
Knowing that a blue MOT is possible with these MOT beam diameters, we use
commercial right angle prism mirrors in the single-beam MOT chamber of the tech-
nology demonstrator. The base length of each prism mirror is L = 12.5 mm, which
means the effective MOT beam dimensions will be 12.5 mm x 12.5 mm. Once the
four prism mirrors have been arranged in the configuration shown in Figure 4.5, the
thickness and diameter of the mirror assembly is 12.5 mm and 39.5 mm, respectively.
These two values set the minimum limit of the chamber volume.

Indium Seals and Viewports: To obtain maximum optical access, the diameter
of the viewport should be greater than the diameter of the four mirrors configura-
tion. To withstand one atmosphere pressure differentials, as the window diameter
increases so should the window thickness. Vacuum companies sell standard view-
ports mounted in CF flanges, which use copper gaskets to create a vacuum seal for
ultrahigh vacuum. For example, one commercial viewport mounted in a flange has a
clear aperture of 68.3 mm and glass thickness of 6.4 mm, while the flange thickness
is 17.3 mm. Using these standard flanges will increase the distance between the pair
of anti-Helmholtz coils, resulting in a lower magnetic field gradient. On the other
hand, customized viewports from a vacuum company would be very expensive, es-
pecially for the non-standard, small-sized viewports used in our chamber. To reach
the ultra high vacuum regime (1072 mbar to 107" mbar) for the clock experiment,
an alternative approach is to use indium to seal the bare viewport directly to the

chamber. The indium sealing process is explained in Figure 4.6. The 1.0 mm diame-
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(a) Cleaning (b) Twisting (c) Tightening

Figure 4.6: a. Cleaning the polished metal surface and the indium wire with
propanol; b. Making the indium into a ring with a diameter greater than the diame-
ter of the aperture and smaller than the diameter of the glass window; Twisting the
two ends of the indium wire; Placing the glass window, Teflon spacer, the aluminum
ring and the bolts; c. Tightening the bolts in opposition; Releasing the bolts in
opposition after the designed vacuum achieved.

ter indium wire is used to seal the large viewports, and the 0.5 mm diameter indium
wire is used to seal the smaller viewports. The tightening torque is determined by
the glass window.

To reduce power loss at the optical surfaces, anti-reflection (AR) coatings are nec-
essary for the viewports. Strontium clocks typically use lasers spanning from the
visible to the near-infrared spectrum. The specific coating applied to each window
will depend on which laser wavelengths will be passing through that window. Both
the 461 nm blue and 689 nm red cooling lasers share the same optical path, so
the broadband AR coating for the windows these beams passing through covers the
range 400 nm — 700 nm. The 813 nm lattice laser and 698 nm clock laser also
share the same optical path, so the AR coating for these windows covers the visible
and near-infrared spectrum. The VIS 0° and VIS-NIR coatings from Edmund Op-
tics satisfy these requirements. Table 4.1 lists the reflectance properties at different
wavelengths for these AR coatings.

The VIS 0° coated viewport (Edmund Optics, 47-523) for the cooling lasers has a

50 mm diameter and a 4 mm thickness. The total thickness of the optics required
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Coating Name ‘ T461 ‘ T679 ‘ T707 ‘ 7813 ‘ T'698
VIS 0° <0.2% | <0.2% | <0.4% | n/a <0.3%

VIS-NIR <0.5% | <1% <1% <0.5% | <1%

Table 4.1: Reflectance of different AR coatings. r, denotes the reflectance at x nm.

for the MOT chamber, including two viewports, the prism mirrors, is 20.5 mm. To
avoid increasing the thickness of the chamber any further, the viewports (Edmund
Optics, 45-659) along the edge of the chamber used for the lattice laser have a 15
mm diameter with the VIS-NIR coating.

Anti-Helmholtz coils: The blue MOT transition in strontium has a broad 32
MHz linewidth, which helps the cooling efficiency. However, the wide linewidth
requires a high magnetic field gradient of ~50 G/cm, as stated in the Chapter 2.
This high gradient requires high current and high power. For mobile applications,
especially the strontium clocks in space, the high power consumption of such coils
is unacceptable. For example, in the SOC II experiment (see Figure 4.3), two sets
of 160 mm x 100 mm x 2 mm double-layer copper plates act as heat sinks to cool
the coils, hence decreasing the power transmission to the vacuum chamber. An
alternative solution is to mount the coils inside the chamber near the MOT region.
This solution is not ideal, however, because the coils would block the optical access
in the chamber and may possibly heat the atoms in the MOT. Instead, outside-the-
chamber coils is going to be optimized to balance the gradient, power consumption
and coil size in our miniaturized strontium clock design.

From the Biot-Savart law, we can deduce the formula for the magnetic field B of the
anti-Helmholtz coils along their common axis when the coils have the same number

of turns n and current [:

Ho 2 1 1
B="0IR _
g it <Rg Y (@—d2P? R+ (z+ d/2)3/2) )

(4.1)
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where o is the permeability of free space, R. is the coil radius, = is the position
along the coil axis and d is the distance between the coils. The derivative of the
magnetic field provides the field gradient, a critical property for laser cooling.

From Pouillet’s law, the power consumption P in one coil for the above magnetic

field is

2mpR.n
_ 72 c
P=1] (du2) (4.2)

where p is the wire resistivity and d,, is the diameter of the wire cross section.
Because the cooling lasers passing through the center of the coils, the minimum inner
coil diameter must be larger than the diameter of the prism mirror assembly inside
the chamber. For a unibody design, the coil mounts attach directly to the experiment
chamber. To avoid misalignment of the MOT beams in the mobile clock, the laser
expansion telescope system should also attach directly to the experiment chamber.
This stipulation limits the maximum possible external coil diameter. Taking these
parameters into consideration, the coil-mount assembly design can be seen in Figure
4.7. The gap on the mount allows one end of the coil wire to pass through the mount
for electrical contact to a current supply. The semicircular gaps on the mount are
used to fix the coil mount to the chamber.

Table 4.2 shows the optimal coil parameters for the first stage cooling procedure
in our experiment. The inner and outer coil diameters are 41 mm and 61 mm,

respectively.

I |n |dy | OB | d |R. | P
25 A [ 110 [ 0.9 mm | 35 G/cm | 36.5 mm | 51 mm | 3.1 W

Table 4.2: Optimized coil parameters according to Equation 4.1 and 4.2.

For designing the chamber, one important issue is the achievable pumping speed to

control the vacuum environment inside the chamber. Two different chamber designs
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Figure 4.7: The parameters of the coil mount is specified in the picture in unit mm.

were manufactured and tested in the laboratory. The main difference between the
two designs is the pumping mechanism — the first version uses a 2 L/s ion pump,
while the second version connects to a hybrid getter-ion pump which has a pumping
speed of 100 L/s for Hy. To minimize the weight of the vacuum system while still
maintaining its material strength, titanium is used to manufacture the chamber.

Chamber I: As seen in Figure 4.8, there are two main sections of the vacuum
chamber. The cubic section contains three standard DN16CF flanged ports used
to house an ion pump, a valve and a strontium dispenser. Connected to vacuum
electrical feedthroughs to apply a current, the dispenser has a slit at the end to
emit strontium atoms into the chamber. The hot atoms from the dispenser enter
the MOT trapping region through a borehole 28 mm long and 8 mm in diameter.
No differential pumping stage was used in this design for two reasons. First, the
ion pump is mounted near the dispenser which emits the atoms directly to the
MOT chamber. With a differential pumping stage between the two section, the

pressure in the MOT chamber could not be reduced by the ion pump; Second, the 8

60



mm diameter borehole allows the option of holding strontium oxide powder, which
requires a large optical access to be used as a source of strontium vapor (see Chapter

6).

Figure 4.8: The octagonal chamber holds the prism mirrors for trapping the atoms.
A valve, a dispenser and a ion pump with pumping speed of 2 L/s are connected to
the vacuum setup through the cubic chamber. Some strontium oxide sample is held
in the borehole which connects the octagonal chamber and the cubic chamber.

The octagonal section of the vacuum chamber, referred to as the scientific chamber,
has a thickness of 22.5 mm. The four prism mirrors are positioned in the four square
through-holes in the chamber. These four gaps, each with three walls, have the same
12.5 mm width as the metallic mirrors. The square gaps are actually manufactured
to be 0.1 mm wider than the width of the prism mirrors to allow for the possibility of
thermal expansion. The rounded corners in the square gaps are filled with vacuum
glue to secure the prism mirrors. The two 51 mm diameter recessed round surfaces
are polished for indium sealing. Another advantage of the flat surface means that
by pressing another flat surface firmly against it, the bottoms of the mirrors can

be guaranteed to lie in the same plane. There are also three side viewports on

the octagon which are sealed with 15 mm diameter windows. The two windows
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orthogonal to the direction of the atomic beam are suitable for the optical lattice
laser or a camera, and the window in the line of sight of the atomic beam can be
used for the repumper lasers or for a strontium oxide ‘emission’ laser.

Up to the first stage cooling step, a visible blue MOT, was realized in Chamber
I. However, the ion pump could not provide sufficient pumping speed to support
the MOT operation. During operation of each strontium source, strontium oxide
and the dispenser, the pressure reading on the ion pump controller reaches 10~7 to
1079 mbar. At these background pressures, the excessive density of hot background
atoms collide too frequently with cooled atoms, heating them up and preventing
the formation of a cold MOT. Successful MOT loading only occurred when a turbo
pump assisted the ion pump to reduce the pressure in the vacuum chamber. Despite
the insufficient pumping speed in Chamber I, it still trapped strontium for the first
time a single-beam MOT configuration, using both the dispenser and strontium
oxide sources. Based on the lessons learned when designing and testing Chamber I,
the main improvement for Chamber II is to increase the achievable pumping speed.
Chamber 1I: In a vacuum chamber with a complicated inner structure, the nominal
pumping speed cannot actually be achieved because the intermediate piping systems
limit the actual pumping speed. A correction between the nominal pumping speed

S and the effective pumping speed S.¢r of the area of interest is given by

=<+ =, (4.3)

where C' is the total conductance of the vacuum chamber. Calculating the total

conductance of the vacuum components is similar to the calculation of resistance in
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Figure 4.9: With high power homemade laser and turbo pump connected to the
vacuum setup. A blue MOT has been realized. Although the 2 L/s ion pump design
failed, we have proved that single-beam MOT configuration for strontium could be
realized.

electrical circuits. For series connections, the total conductance Cj is

111
S T 4.4
oot te (44)

where C, Cs, C3 are the conductance of the series sub-systems. Parallel connections

have a total conductance of

C,=Cl+Chs O, (4.5)

where C, CY, C% are the conductance of the parallel sub-systems. The Knudsen
equation [88] gives the most precise approximation of the conductance of air in a
straight pipe at room temperature (20°). Due to the ultra high vacuum condition

in our experiment, the atom flow enters the molecular regime, which occurs when
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d-p < 1072 mbar(d is the diameter of the tube, p is the volume flow rate at unit

pressure). The Knudsen equation can be simplified as

d3

Cp=12.1- " (4.6)

where C, is the pipe conductance in units of L/s, d is the pipe diameter in units of
cm and [ is the length of the pipe in units of cm.

Using Equation 4.3-4.6 to calculate the effective pumping speed of the small 2 L/s
ion pump used in Chamber I gives an actual pumping speed of 1 L/s. Considering
the low pumping speed, Chamber II utilizes an enlarged effective pipe diameter as
well as a small hybrid getter-ion pump with a higher nominal pumping speed than
the small ion pump.

Figure 4.10 shows a CAD drawing of Chamber II, a modified version of Chamber
I (see Figure 4.8). The design of the octagonal section of both chambers remains
mostly the same. Chamber II, however, has a hollow structure inside the chamber
frame. Since the coils limit the thickness of the chamber, the effective diameter
of the “pipes” in the chamber could only be increased by drilling more holes in
the chamber. The cubic section of Chamber I with three DN16CF flanged ports
was replaced in Chamber II by a DN35CF flange. As seen from the calculation
of the effective pumping speed in Chamber I, one solution to improve the pressure
in the chamber is to use a pump with a higher nominal pumping speed. Pumps
with higher pumping speeds typically require larger flanges in order to not restrict
the actual pumping speed. By increasing the size to a DN35CF standard flange, a
stronger physical connection can be made between the chamber and other vacuum
components, which is also beneficial for a mobile system.

The calculated conductance in Chamber 1T is 7 L/s, 7 times the achievable pumping
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Figure 4.10: The transparent effect shows the inner structure of the Chamber II.

speed in Chamber I. The 2 L/s ion pump used in Chamber I is not capable of reaching
the maximum possible pumping speed achievable in Chamber II, so Chamber II uses
a compact NEXTorr D 100-5 getter-ion pump from SAES (see Figure 4.11). This
pump features a nominal pumping speed of 100 L/s for Hy, and the ion pump alone
is capable of pumping Os at 5 L/s. The pumping speed for strontium is not specified
on the pump’s data sheet. During operation of the experiment, with 5 x 10° atoms
in the blue MOT, the NEXTorr pump indicates a pressure of 1.5 x 107 mbar. As
mentioned previously in this chapter, the ideal vaccum pressure for the operation of
a strontium clock is in the range of 1071 mbar to 107! mbar.

Figure 4.12 shows the assembled vacuum system for Chamber II without coils. The
vacuum is maintained by the getter pump when the ion pump is not operational.
The robustness of the vacuum system was verified when the system was transported

from Birmingham to London in a van via motorway, with a layer of cotton insulation

65



Figure 4.11: This picture shows the structure of the NEXTorr pump. Before mount-
ing, the getter pump is vacuum sealed. Before using the pump, the getter material
needs to be activated.

as the only vibration isolation mechanism. The pressure drifted between 1.1 x 10710

mbar and 1.3 x 1071% mbar. For general movement, the vacuum system

4.2.2 Integrated strontium reference cell

Figure 4.12 shows a 80 mm x 80 mm X 110 mm titanium cuboid as the support-
ing center of Chamber II. All other chamber modules attach to this supporting
cuboid. As the heaviest individual component, the pump mounts to the bottom of
the cuboid. The rough pumping valve connects to the lower part of the cuboid to
avoid blocking the beam paths or interfering with the electrical connections for the
dispenser. The centers of the scientific chamber and the dispenser lie on a com-
mon horizontal axis. Another module, a spectroscopy cell for locking the 461 nm
laser to an atomic reference, is embedded directly within the cuboid structure. The
80 mm long spectroscopy cell, which has a diameter of 8 mm, is the smallest and
most integrated locking reference for a 461 nm laser developed at the University of
Birmingham. The evolution of laser frequency stabilization designs demonstrates

the progression towards compact and mobile systems.
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Figure 4.12: Chamber II with every vacuum components connected. Both the cham-
ber and the cubic housing for the NEXTorr pump are made by titanium.

Spectroscopy cell with an oven: Unlike rubidium, which has a vapor pressure
around 10~7 mbar at room temperature, strontium must be heated to 550 K to
reach a similar vapor pressure. In our lab, the strontium were heated to more than
600 K. The first strontium spectroscopy cell built in Birmingham, along with the
schematics for the laser locking electronics, can be seen in Figure 4.13. It contains
an oven with 2 g of strontium at the bottom of a glass vacuum chamber. Heating
wires around the oven connect to an external power supply via a vacuum electrical
feedthrough. The two arms of the cell, which have AR coated windows at the ends,
each have a length of 15 cm. After several years of operation, the glass tube above
the oven has been coated completely with strontium, while the viewports are almost
free from coating.

Using this strontium spectroscopy cell, the 461 nm laser is locked to the 'Sy —! P

transition using frequency modulation (FM) spectroscopy [89]. Prior to entering the
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Figure 4.13: The oven based spectroscopy cell is mounted in a aluminum box as the
modular design. The AOM in the module is used to shift the frequency of the blue
laser. The schematic graph shows the locking scheme of the frequency modulation
locking.

spectroscopy cell, the 461 nm laser is split into a pump beam and a probe beam
by a polarizing beam splitter (PBS) cube. The pump beam enters the spectroscopy
cell directly through one of the viewports. Before entering the cell from the other
viewport, the probe beam is modulated by an electro optical modulator (EOM) at
a frequency of 43 MHz generated by a local oscillator. This pure phase modulation
adds frequency side-bands to the probe laser’s spectrum. The solid strontium is
heated to a vapor in the oven and the atomic beam is emitted in an orthogonal
direction to the counter propagating pump and probe beams. The signal observed
on the photo diode is mixed with the local oscillator’s signal. The amplified error
signal can then be sent to a proportional integral derivative(PID) [90] controller to
provide feedback to the 461 nm laser frequency controller, the fast signal to the laser
current while the slower one to the piezo. Figure 4.14 shows a typical error signal
obtained from the FM spectroscopy locking module. Within the Doppler valley
signal, the 1Sy —! P transition for the 38Sr and 80Sr isotopes can be seen in the error
signal.

As shown in Figure 4.13, there is an electrode in the top right arm of the glass
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Figure 4.14: The green line the the photo diode signal which shows the Doppler
valley. The purple line is the error signal. Both %8Sr and ®6Sr are visible.

chamber. In addition, a second electrode is connected to the electrical feedthrough
near the oven. Upon vaporizing the strontium and applying 300 V across the two
electrodes, the discharged strontium atoms can populate the ®P; states. This extra
step allows us to also lock the 679 nm and 707 nm repumping lasers to the * P 5 —*
Si(see Figure 2.4) transitions using the same FM locking scheme.

Whether heating or charging the atoms, the module requires high power (>20 W)
and high voltage (=300 V). This feature is not ideal for a mobile system. In addition,
a fragile cell made of glass is a disadvantage in the moving process. Following the
design in [91], the spectroscopy module was replaced with a second generation design.
Spectroscopy cell with dispenser: For the second generation spectroscopy cell,
seen in Figure 4.15, the glass tube from the first generation module is replaced
with a steel 4-way cross and the glued viewports have been changed to CF flanged
viewports sealed with copper gaskets. Inside the 4-way cross, a dispenser replaces the

oven, and the divergence of the atomic beam is limited by two pieces of aluminium
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foil mounted on either side of the dispenser. By not attaching a glass tube to an
aluminum box as in Figure 4.13, the 4-way cross version allows more freedom for

mounting and transportation.

F

Dispenser

\

Aluminum

Figure 4.15: A dispenser in 4-way cross replaced the oven in a glass tube. The
dispenser is covered by an aluminum foil to prevent the coating on the viewports.
Along with a new spectroscopy module design, a new locking scheme, modulation
transfer (MT) spectroscopy [80], is employed. In this method, the “pump” beam
is modulated by an EOM instead of the probe beam. In the FM locking scheme,
the error signal includes a Doppler valley signal which can transfer laser intensity
fluctuations into laser frequency fluctuations. In MT locking, however, the Doppler
valley signal is not present on the error signal, and the lock is less susceptible to
laser intensity fluctuations. Figure 4.16 shows a typical error signal from our MT
locking scheme.

The dispenser requires a power supply with >13 A current to emit strontium atoms.
Also, comparing the 4-way cross in the spectroscopy module to the atom chamber
in Figure 4.12, they have a similar size. Therefore, further reduction of the size and
power consumption of the laser locking module would greatly benefit the progression

towards a mobile strontium clock.
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Figure 4.16: The purple line is the error signal. The center feature is from %Sr and
the signal from ®0Sr can just be seen.

Integrated spectroscopy cell: Less than 5% of the strontium atoms emitted
by the dispenser are actually cooled and captured by the MOT. Integrating the
spectroscopy cell into the mobile clock experiment chamber in the path of the atomic
beam between the dispenser and the MOT region provides an efficient solution to
make use of the excess atoms that would not be loaded into the MOT.

As mentioned at the beginning of this section, Chamber II has a spectroscopy cell
in the cuboid next to the dispenser. The interior structure of the cell, including
the dispenser, can be seen in Figure 4.17. Hot atoms emitted from the dispenser
first pass through the spectroscopy cell before reaching the MOT capture region.
Some of these atoms that pass through the spectroscopy cell are resonant with the
blue pump and probe lasers. In between the getter-ion pump and the spectroscopy
cell is a 4 mm diameter hole, which lies along the same axis as the center of the
dispenser and the center of the MOT chamber. This hole helps to collimate the

atomic beam and prevents some excess atoms from entering the MOT chamber
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where they would otherwise increase the background pressure. The same MT locking

scheme as described previously is used in the integrated spectroscopy cell.

Nextorr pump

Pump beam
direction

Probe beam

direction
Strontium atom

direction

Figure 4.17: The CAD design in transparent effect shows the inner structure where
the atoms and the locking lasers meet. The atoms used for locking the 461 nm laser
is on the way to the 3D MOT chamber.

Other possible laser locking solutions also exist for the mobile chamber. For ex-
ample, stabilizing lasers to Fabry-Pérot (FP) cavities is a widely used technique
in spectroscopy experiments [92]. For a mobile atomic clock, stabilizing lasers to
short FP cavities would further reduce the size of the system, especially in situations
where locking to an atomic transition is difficult or inconvenient. In fact, develop-
ing miniaturized optically contacted FP cavities is an ongoing project within our
lab. However, for the demo-MOT design, locking the 461 nm laser directly to the
1Sy —! P, transition using a spectroscopy cell is a simpler and cheaper option, es-
pecially when it allows us to use a single dispenser for both MOT loading and laser

locking.
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4.2.3 Single beam telescope

The single-beam MOT structure depicted in Figure 4.4 is composed of two parts
— the prism mirrors inside the chamber and the single beam cooling laser. With a
final design for the vacuum chamber, the desired diameter of the laser beam can be
determined. Because it is bulky and inconvenient to work with laser beams with the
same diameter as the chamber window, the initial beam diameter before entering
the chamber is much smaller than the window. We use a telescope to expand the
beam and then collimate it at the correct diameter just before it enters the chamber.
Using a free-space laser beam for the cooling laser has the advantage of low power loss
during propagation throughout the MOT chamber. The mirrors in the beam path
have >99% reflectivity, while the coupling efficiency of a single mode polarization-
maintaining (PM) optical fiber for blue a laser is <70%. In a compact laser system,
the 30% power loss could prove critical. On the other hand, the beam’s spatial
mode profile coming from a fiber is nearly a perfect Gaussian mode, while the profile
coming directly from a laser diode is typically much less ideal. If the beam profile has
defects, it can lead to intensity imbalances between the four cooling beams reflected
off the prism mirrors (see Figure 4.5 and Chapter 6).

Gaussian beam from a fiber: Mathematically, the electric field amplitude of a

Gaussian beam is

2 2

E(r,z) = EO% exp (JQ—Z’Z)) exp (—ikz - ik#(z) + z‘zp(z)) R

where r is the radial distance from the center axis of the beam, z is the axial
distance from the beam’s waist, Fj is the electric field amplitude at the origin, wy is

the waist radius, w(z) = woy/1 + = is the radius at z, A is the wavelength of the
0
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2 2
laser, R(z) = z [1 + (%) 1 is the beam’s wavefront radius of curvature at z and

¥(z) is the Gouy phase at z. The corresponding intensity distribution is given by

I(r,2) = W = Iy (;‘(’Z))Qexp (%) , (4.8)

where 7 is the characteristic impedance of the medium (n ~ 376.7€2 in vacuum)
and [y is the intensity at the origin. For a circular Gaussian beam, the intensity at

cylindrical coordinate (r, z) can be expressed as

P = 1 (1o (225) (19)

where Py = %ﬂwglg is the total power in the Gaussian beam. Approximately, the
central part of the cooling laser which is not reflected by the metallic mirrors has
the power of P(r = 0.5L, z), where L is the width of the prism mirror. While those
four beams reflected by the prism mirrors, the side beams, each has a power around
$(P(r=15L,z) — P(r =0.5L, 2)).

As evident from Equations 4.7-4.9, the spatial intensity distribution of a laser at any
point in space is fixed by the beam waist and laser wavelength. For a single mode
PM fiber, the diameter of the beam at the exit port of the fiber is called the mode
field diameter (MFD) of the fiber, which is determined by the numerical aperture
(NA) of the fiber:

2\

Table 4.3 lists the parameters for two possible fiber options to be used in the mobile
clock experiment. By knowing the laser wavelength and the NA of the fiber, the
laser intensity distribution can be calculated. Figure 4.18 shows a power comparison

between the central cooling beam and one of the four side cooling beams along the
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z axis. 10 mW of 461 nm laser light exits the output end of a fiber, which is located
at z = 0. The central part of the beam entering the MOT chamber contains almost
all the power for small values of z, while the side beams have almost no power. As
the Gaussian beam diverges along the z axis, the power ratio between the central
beam and each side beam approaches 1. At z = 150 mm, the central beam power
drops to about 3 mW, and the side beam power rises to approximately 1 mW.
Between z = 150 mm and z = 200 mm, the side beam power remains relatively
constant, while the central beam power continues to decrease. Beyond z = 200 mm,
both beams continue to decrease towards 0 mW. This behavior suggests that the
collimation lens should be placed somewhere between z = 150 mm and z = 200 mm
to maximize the power in the side beams while simultaneously keeping the power

ratio between the central and side beams below 3:1.

Fiber | Wavelength (nm) | NA | Polarization Extinction Ratio (dB)
1 460-550 0.12 | >23

2 460-700 0.11 | >18

Table 4.3: Fiber 1 is PMC-460Si-3.0-NA012-3-APC-200-P from Schéafter+Kirchhoff.
Fiber 2 is P3-488PM-FC-2 from Thorlabs. Fiber 1 is featured for its higher polar-
ization extinction ratio. Fiber 2 is used due to its wider wavelength range when the
red MOT cooling beam is required in addition to the blue MOT cooling beam.

Beam telescope: As the laser propagation simulation suggests in Figure 4.18, the
side beam power reaches a maximum between 150 mm and 200 mm away from the
fiber end. To make the system as compact as possible, we choose a collimation lens
with focal length 150 mm. The schematic drawing of the telescope optics is shown
in Figure 4.19. There is a quarter-wave plate between the lens and the fiber adapter
to convert the linearly polarized light into circularly polarized light.

MOT beam mask: The vacuum chamber, which is made of titanium, scatters any
stray laser light incident on its surface. If the full Gaussian MOT beam enters the

chamber, reflections off the asymmetrical inner walls of the chamber will introduce
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Figure 4.18: Along the z axis, the central beam’s power goes down and the side
beam’s power goes up first and then goes down. The turning point is around z =
150mm. The y-axis is the power and maximum is the output of the fiber.

stray light into the MOT capture region. This scattered light would affect the signal
to noise ratio of the detection. To quickly and cheaply solve this issue, a 3D printed
plastic mask (see Figure 4.20) was mounted at the end of the telescope.

The round hole in the center of the mask is left for mounting neutral density(ND)
filter. For 160 mW 461 nm laser out of the fiber for the first cooling stage(see
Chapter 5). There is & 64 mW power in the central beam. For the 12.5 mm X
12.5 mm beam size, the intensity is ~ 41 mW /cm? which is close to the saturation

2. Tt is a question about how the power difference would

intensity of 43 mW/cm
affect the MOT on either temperature and atom number. This research is still in

progress. Another reason to mount the mask is to filter the stray light from the

inner surface reflection.
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Figure 4.19: Schematic drawing of the optics. A commercial lens cage system made
by is used to hold the collimation lens, the quarter waveplate and the fiber adapter.
The cage system makes it convenient to adjust the lens and wave plate.

Figure 4.20: The mask is 3D printed. The four side holes are square and the center
one is round for testing neutral density filters.
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Chapter 5

Blue and Red MOT in the
Single-beam MOT configuration

With all the hardwares introduced in the last two chapters, for the first time, we
have realized the single-beam 3Sr MOT. This chapter will present the related mea-
surements and results.

A vacuum system using Chamber I (Figure 4.12) was first made to build a blue
MOT demonstrator as preliminary research towards the final miniature clock vac-
uum chamber design. This chamber is capable of testing many different features
useful for implementation in the final miniature clock, including a home-made 461
nm extended cavity diode laser (ECDL), a modified pyramid MOT design, SrO as a
source of ®8Sr vapor, the pumping ability of the new hybrid getter-ion pump and the
embedded spectroscopy locking cell. Once each of these features was tested or veri-
fied using the demonstrator design, the vacuum system was moved to the laboratory
to explore its capability for operating in a actual strontium optical clock. Using
laboratory-based equipments — 400 mW 461 nm laser from M Squared(SOLSTIS
ECD-X) and homemade 689 nm cooling laser, we achieved a broadband red MOT
with 10* atoms. Efforts to improve the number of atoms in the red MOT as well as

to load the atoms into an optical lattice in this chamber are ongoing.
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5.1 Velocity distribution

The velocity distribution of the atoms emitted from the dispenser is a key charac-
teristic in system evaluation because it affects the total number of atoms that can
be loaded into the blue MOT. Velocity distribution measurements were taken in the
chamber center.

To measure the longitudinal velocity distribution a 461 nm laser beam is aligned to
counter propagate with the atomic beam. Scanning the frequency of the counter-
propagating laser allows us to measure the longitudinal velocity distribution. To
measure the transverse velocity distribution of the atomic beam, the blue laser
is aligned orthogonally to the atomic beam at the point where you would like to
measure the velocity distribution.

The fluorescence from the atomic beam is amplified by a photomultiplier tube
(PMT) with a 1.5 mm diameter aperture. As the laser frequency is scanning, the
fluorescence intensity of the atoms changes, leading to a change in current in the
PMT. Converting the PMT current into a voltage measured with an oscilloscope,
the velocity distribution of the atoms in the region of interest can be measured.
Atoms at rest are excited by a laser on resonance with the atomic transition fre-
quency fo. Due to the Doppler effect, atoms moving with velocity v are excited by

a laser resonant with the Doppler shifted transition frequency fp:

Jo=foll+2), (5.1)

where c is the speed of light. The frequency shift Af = fp — fy can be expressed as

Af==fo. (5.2)

79



In the case of strontium atoms, atoms with a 50 m/s velocity lead to a 100 MHz
Doppler shift in the resonance frequency. To cover a wide velocity distribution of
the atoms, at least 1 GHz detuning should be scanned with the laser. However, an
acousto-optic modulator (AOM) with such a wide frequency range for a 461 nm laser
is not available in our lab. Instead, the grating which selects the laser frequency in
our ECDL (see Chapter 6) was scanned to adjust the frequency.

A side effect of scanning the grating is that the laser power changes along with the
frequency. To account for this, the detection laser is split into two beams, one for
fluorescence detection and the other for monitoring power fluctuations. The 461 nm
laser is split by a 90%/10% beam splitter (BS) before entering the chamber, with the
weak beam going to a photo diode (PD) to record the power drift. By monitoring
the power fluctuations on the same oscilloscope as the fluorescence, the drift in the
fluorescence measurement due to laser power drift can be removed.

A third oscilloscope channel monitors the laser wavelength as determined by a
wavelength meter. The spectral bandwidth of the wavelength meter(ADVANTEST
(Q8326) used in our lab only extends down to 480 nm, leading to an unknown abso-
lute accuracy in the wavelength measurements. As a result, the transverse velocity
distribution in the center of the MOT chamber is measured first because the peak of
the distribution indicates the unshifted atomic resonance frequency of zero velocity
atoms.

Figure 5.1 identifies the resonance frequency of the ®8Sr atom by measure the fluo-
rescence intensity in the center of the MOT chamber with dispenser currents of 3.6
A, 4.0 A and 4.3 A. For the 1S, —! P, transition in the four isotopes of strontium,
the frequency shifts relative to 8Sr are —49.2 MHz, —124.5 MHz and —270.6 MHz
for 87Sr, 85Sr and #4Sr, respectively [75]. The bump on the three curves which are

more than 100 MHz which means it is the ®Sr isotope. 87Sr is not visible in the
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plots because of the low resolution of the laser scan and the wavelength meter.
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Figure 5.1: Transverse fluorescence intensity in the center of the chamber with
dispenser currents of 3.6 A, 4.0 A and 4.3 A. The result shows the relative resonance
frequency of the ®8Sr atoms, preparing for the longitude velocity measurement. The
bump on the right side of the curve is ®Sr.

In Figure 5.2, the points show the measured results of the longitudinal velocity
distribution in the center of the MOT chamber for dispenser currents between 3.6
A and 4.3 A. The dashed line is a Maxwell-Boltzmann distribution fit to the data.
For higher currents, the peak of the curves moves towards higher temperatures in
accordance with the theory.

For Maxwell-Boltzmann distribution, the most probable speed v, of a gas is

_ [2kgT  [2RT

= 5.3
,Up m M ’ ( )

where kp = 1.38064852(79) x 107%* J K~! is the Boltzmann constant, T is the

thermodynamic temperature of the gas, m is the particle mass, R = 8.3144598(48)
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Figure 5.2: Longitude velocity distribution in the center of the scientific chamber

with dispenser currents of 3.6 A, 4.0 A and 4.3A. The negative velocity may come
from the strontium atoms being reflected from the wall of the vacuum chamber.

J mol~! K~! is the gas constant and M is the molar mass of the material. From
Figure 5.2, the strontium gas temperatures are 686.64+10.0 K, 1022.1+10.0 K and
1192.6+£10.0 K for dispenser currents 3.6 A, 4.0 A and 4.3 A, respectively.

The longitudinal velocity distribution reveals that an increase in dispenser current
increases the overall number of atoms in the low velocity tail of the distribution,
which leads to a higher number of atoms loaded into the MOT. A higher dispenser
current will increase the pressure in the chamber, limiting the lifetime of the MOT.
The vacuum pressure has been recorded during velocity distribution measurements.
The results are shown in Table 5.1, which shows the upward trend of the vacuum
pressure when the dispenser current is increased. A trade-off occurs between the

number of atoms loaded into the MOT and an increase in the vacuum pressure
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(b) MOT image without back-
(a) Real MOT image ground

Figure 5.3: Blue MOT with the Low Power 461 nm Diode Laser

during MOT operation.

3.6 A [40A 43 A
(15£0.2) x 107" mbar | (2.7£0.1) x 107" mbar | (1.5 £ 0.3) x 107 mbar

Table 5.1: The vacuum pressure recorded by the ion pump of the getter-ion pump.
The error came from the average of three measurements. These measurements were
taken after 30 minutes continuous dispenser operation when the vacuum reading
had reached the steady states.

5.2 Blue MOT using a 461 nm diode laser

The first blue MOT using a single beam configuration was obtained using a home-
made 461 nm extended cavity diode laser (ECDL). Figure 5.3a shows a picture of the
MOT as seen on a CCD camera(pco.pixelfly usb, model PF-M-QE-PIV), and Figure
5.3b shows the MOT image after subtraction of the strong background fluorescence.
To load the MOT in Figure 5.3, the dispenser current is 3.6 A, and the corresponding
vacuum pressure is 1.9 x 1071% mbar. The coil current is 2.5 A, providing 35 G/cm
magnetic field gradient. The total laser power entering the telescope system is 12.5
mW. As calculated in the single beam telescope Section 4.2, this corresponds to 3.75

mW (or 2.4 mW/cm?) in the center beam and 1.25 mW (or 0.8 mW /cm?) in each
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of the side beams. The laser detuning is 40 MHz, and no repumping lasers were
used while loading the MOT.

Given the above parameters, the atom number is estimated by the MOT fluores-
cence. For an atom in the MOT, the scattering rate of an atom ~,, in number of
photons emitted per second, is related to the laser intensity I and detuning A [93]

by
. I/L-T)2
T + (20T

(5.4)

where I, = 43 mW/cm? is the saturation intensity, and I'/2r = 32 MHz is the
natural linewidth of the 'Sy —! P, transition. While the atoms emit photons in
all directions, only a fraction of those atoms actually hit the camera’s CCD. The
camera’s photon collection efficiency r can be calculated as

. _ m(De/2? _ D
Cdr(dy/2)? 4de

(5.5)

where D; is the diameter of the camera lens, and d;, is the distance between the
photon source and the lens. The efficiency of the detection system also creates errors
for the fluorescence intensity calculation. The transmission efficiency 77, of the lens
and the quantum efficiency Q) F of the sensor at 461 nm affect the number of photons

recorded by the sensor per unit time, n:

N

S QE- Ty (5.6)

n

where N is the number of photons emitted by the MOT which reach the lens during
the camera exposure time t. In our experiment, the camera (pco.pixelfly usb, model

PF-M-QE-PIV) has a quantum efficiency of 55% at 461 nm. Combining Equations
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5.4, 5.5 and 5.6 gives an estimate of the atom number Ny;or in the MOT:

n

Nyor = (5.7)

’Yp'r.

The MOT loaded using the 461 nm diode laser captured ~1000 atoms. Even though
the setup meets the minimum requirement of a visible MOT, the small atom number
limits the further progression of the clock to the second stage cooling. More blue

laser power is required to load a larger number of atoms into the MOT.

5.3 Blue MOT from the high power 461 nm laser

The homemade high power 461 nm laser outputs over 300 mW of power and replaces
the low power 461 nm diode laser to explore the potential of the vacuum system
for use in a functional strontium clock. Adding two repumping lasers at 707 nm
and 679 nm also increases the total number of atoms loaded into the MOT. After
optimization, the atom number in the MOT reaches the 10° level, which is sufficient
to proceed to the next step — the red MOT.

Figure 5.4 shows an image of the MOT image using the 80 mW blue laser as cooling
light, 5 mW of 707 nm repumper, 5 mW of 679 nm repumper and a dispenser
current of 4.5 A, while the other experimental conditions remain unchanged from
the previous MOT using the low power blue diode laser. Compared to the MOT in
Figure 5.3, the brightness of the trapped atoms in Figure 5.4 is easily distinguishable
from the background fluorescence.

Loading time: As indicated in Figure 5.2, higher dispenser currents emit a larger
number of low velocity strontium atoms. Using a PMT to monitor MOT fluorescence

and manually switching the anti-Helmholtz coil currents on and off, we can observe
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(a) Real MOT image by high (b) MOT image without back-
ground by high power blue laser

power blue laser and repumping ;
and repumping laser

laser

Figure 5.4: Blue MOT from the High Power 461 nm Laser and Repumping Lasers

MOT loading curves for different dispenser currents. Figure 5.5 shows the results of
each loading curve measurement with the background fluorescence subtracted. To
find the loading times for different dispenser currents, the PMT signal is fit with

the MOT loading rate equation:

N(t) = Ny(1 —€'/7), (5.8)

where N(t) is the number of atoms in the MOT as a function of time ¢, N is the
steady state atom number and 7 is the MOT loading time.
Table 5.2 shows the measured loading times for five different dispenser currents. As

expected, higher dispenser currents leads to decreased loading times.

Dispenser current(A) | 3.7 [ 4.0 [43 |45 |47
Loading time(s) | 1.45 [ 0.59 | 0.23 ] 0.18 | 0.16

Table 5.2: MOT loading time vs Dispenser current. Increasing the current on the
dispenser would result in a shorter loading time. The 0.2 second delay is added to
observe the background noise.

Atom number: Figure 5.5 suggests that higher dispenser currents leads to a higher

steady state atom number. Laser intensity, or power, can also affect the trapped
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Figure 5.5: MOT loading vs Dispenser current. The vertical axis is in arbitrary
unit. The actual loading signal is in colored lines and the black line is the fitting.

atom number. To investigate this, we loaded MOTs using lasers with 80 mW and
160 mW coming out of the fiber before entering the chamber. Figure 5.6 shows
comparison images of the MOT in the steady state for both laser powers using
different dispenser currents. The first row of MOT images uses the 160 mW 461 nm
laser, and the second row uses the 80 mW blue laser. From left to right, the five
pictures in each row represent MOT images generated by dispenser currents of 3.7
A, 40 A, 43 A, 45 A, 4.7 A, respectively. The color-coded axes are in arbitrary

normalized units.

Figure 5.6: Images of stable MOT's with different dispenser currents and laser powers

Using Equations 5.4 to 5.7, the atom numbers in each MOT are calculated. Figure
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5.7 shows the dependence of the atom number on dispenser current and laser power.
At higher dispenser currents, higher laser powers result in higher atom numbers.
This trend likely continues for lower dispenser currents, but the signal-to-noise (SN)
ratio in the camera images is too low to resolve differences in atom numbers at these

levels.

Figure 5.7: The Dependence of the Atom Number on Dispenser Currents and Laser
Power

During the velocity distribution measurements, the dispenser current only went up to
4.3 A, where the vacuum pressure readings remained in the lower 107'° mbar range.
However, in pursuit of higher atom numbers, the dispenser current was increased to
higher values. For 4.5 A and 4.7 A, the vacuum readings are (2.6 £0.1) x 10~ mbar
and (5.940.2) x 10~ mbar, respectively. From previous experience with the SOC II
project [79], with around 50% transfer efficiency from the first stage to second stage
cooling, 5 x 10° atoms in the blue MOT is acceptable. As a result, the dispenser
current is limited to 4.5 A in the following experiment.

Temperature of the MOT: In preparation for transferring atoms into the red
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MOT, the temperature of the atoms in the blue MOT has been determined using
the time-of-flight [94] measurement technique.

In the first step, strontium atoms are cooled and loaded into a blue MOT. An
in situ image of the MOT is captured by a well calibrated camera whose focal
plane coincides with the MOT cloud. Assuming the atomic cloud has a uniform

temperature Ty, the velocity distribution f(v) of the atoms is a Maxwell-Boltzmann

m _ mv2
— 2kpT,
FO) =\ g e (5.9)

where m is the mass a single strontium atom and v is the velocity. The spatial

distribution:

distribution f(r) of the atoms in the MOT follows a Gaussian distribution:

1 -
e M, 5.10
vV 27T7”M ( )

fr) =

where r is the position of an atom in the cloud, and rj; is the radius of the MOT.
In the second step of the time-of-flight measurement, the anti-Helmholtz coils and
cooling laser are switched off. In the absence of the optical and magnetic fields, the
atom cloud will expand freely. After some time ¢, the atom originally in position
r; travels to position r; = r; + vt. The position distribution after evolution time ¢

becomes

Piet) = [ seasan = [ seor (ST ) an = £+ 50 Gy

From Equation 5.11, the MOT radius becomes

k)BTM
m

r? =78+ ( )22, (5.12)
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The third step in the time-of-flight measurement is to switch on the blue laser to
take an image of the atom cloud at time t. Comparing the images before and
after a free expansion time ¢, the temperature of the MOT can be calculated using
Equation 5.11. Figure 5.8 contains two pictures of the cloud from a time-of-flight
measurement with a 17 ms expansion time. Along the y axis, the original radius of
the MOT is 1.25 mm, and after 17 ms, the radius has expanded to 1.75 mm. For
the x axis, the radius expands from 0.51 mm to 0.75 mm. The temperature along
the y axis is 2.58 £ 1.16 mK, while the temperature along the = axis is 1.22 £ 0.37
mK. This result is in reasonable agreement with the 1.5 mK Doppler cooling limit

for strontium atoms during the first stage cooling process.

Figure 5.8: Time-of-flight Method is used to to measure the temperature of the
MOT. After takeing a picture, the MOT is released by turning off the light field and
magnetic field. After 17 ms, the cooling laser is turned on the take another picture.
The size difference tells us the temperature in the low mK level.

MOTs for four different isotopes of Sr: All of the data presented so far for
the blue MOT is based on the 3¥Sr isotope. We have also been able to demon-
strate the possibility to trap the other two stable, less abundant isotopes of Sr in
our miniaturized chamber, including 87Sr, which is the isotope of generally used in
optical lattice clocks, and ®Sr and #!Sr which are used in strontium Bose-Einstein

condensate (BEC) experiments.

The 'Sy —! P, cooling transition frequency is slightly different for each isotope. The
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Figure 5.9: The experimental condition were set to the same for the four isotopes.
87Sr is convered by the strong fluorescence of %¥Sr.

master laser is locked to ®Sr atoms and the frequency is shifted by AOMs. The
frequency is red-detuned by 49.2 MHz for 87Sr, 124.5 MHz for 8Sr and 270.8 MHz
for 84Sr. All other experimental parameters remain the same for all isotopes — the
dispenser current is 4.5 A, the laser power is 160 mW, frequency detuning is 40
MHz, the magnetic field gradient is 35 G/cm and the camera exposure time is 0.5

ms. Figure 5.9 shows the MOTs obtained for 88Sr, 87Sr, 8Sr and #4Sr.

5.4 Red MOT

Using the modified pyramid MOT chamber, atoms have been successfully transferred
from the blue MOT into a broadband red MOT. This demonstrates the suitability of
the chamber design for its continued development towards a miniaturised strontium

clock. In addition, to our knowledge this is the first red MOT loaded using a single
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beam pyramid MOT design. The red second stage cooling laser is a homemade
689 nm external cavity diode laser (ECDL), which is stabilised to a 3 cm long F =
10000 high finesse optical cavity. To efficiently transfer atoms from the “hot” blue
MOT to the “cold” red MOT, the 689 nm laser is frequency broadened first. Once
atoms are transferred into the broadband red MOT, the frequency modulation is
removed to generate a cold, single frequency MOT. A broadband red MOT of around
1000 atoms has been realized using the single-beam MOT chamber. With further
optimization, we expect to be able to increase the transfer efficiency into the red
MOT.

689 nm laser locking and broadening: As explained in Chapter 2, before trans-
ferring atoms into the lattice, strontium atoms undergo two cooling stages. After
loading a large number of atoms into the blue MOT, the 'Sy —2 P, intercombination
transition, with a linewidth of 7.5 kHz, is used to cool the atoms to below the puK
level. The free running linewidth of the 689 nm ECDL is in the 100 kHz range,
which is broader than the transition linewidth. To obtain such a narrow transition,
a Fabry-Perot cavity is a popular technique for stabilising the laser frequency.

To make a stable red MOT laser, the 689 nm laser diode has a AR coating to prevent
mode competition, which may lead to instabilities in the laser frequency. Although
using the same Littrow configuration as the 461 nm diode laser, the distance between
the diode and the grating is 10 cm, much longer than the 3 c¢m cavity length in
the blue laser. When the laser is in free running mode, the linewidth is about
170 kHz. The laser is locked to a homemade high finesse cavity to narrow the
laser linewidth. As seen in Figure 5.10, the mirrors with multiband coatings are
attached to the cavity using optical contacting techniques. The details can be found
in Reference [95]. With the addition of a tapered amplifier (TA), 13 mW of 689 nm

light is coupled into the fiber to the single-beam MOT chamber to cool the atoms.
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Figure 5.10: The cavities are multiband coated for stabilizing more than one laser
in one cavity. The length of the ultra low expansion(ULE) cavity body is 30mm.

As the temperature measurement states, the atoms in the blue MOT reach temper-
atures of a few mK. Doppler broadening at such low temperatures still occurs at
the MHz level. Applying the cavity locked 689 nm laser directly to the blue MOT,
only a few percent of the atoms can be trapped in the red MOT. The conventional
way to solve this issue is to split the second cooling stage into two phases. In the
first phase, the red cooling laser is artificially spectrally broadened to a few MHz
to initially load the atoms in the red MOT. In the second phase, the broadening is
removed to cool the atoms to their minimum temperature.

We use an AOM to broaden the frequency of the 689 nm cooling laser. The fre-
quency modulation depth is 1.2 MHz centered around the natural transition fre-
quency to effectively cover the entire Doppler broadened frequency spectrum of the
atoms in the blue MOT. By scanning the AOM frequency, the total laser power
is distributed between all the frequency components. The more closely spaced the
frequency components of the cooling laser are, the more atoms it can cool. Each
frequency component should contain a laser intensity higher than the saturation
intensity of 3 uW/cm?. Although 13 mW of red light is coupled out of the fiber,

only about 4 mW is actually available to cool the atoms in the single beam config-
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uration. The frequency modulation rate of the laser is set to 40 kHz, and the total
laser intensity is ~400 W /cm?.

Sequence to reach the red MOT: Figure 5.11 details the experimental timing
sequence used for cooling and trapping strontium atoms in the broadband red MOT

phase.

Figure 5.11: Sequence from hot atom to the second stage cooling.The power axes of
461nm laser and 689nm laser is the total power in the fiber, ~30% of the power is
used to cool the atoms. The 707 nm laser is always shining to the chamber center.
The dispenser current is at 4.5 A throughout the entire process. The 707 nm re-
pumping laser is always on, while the 679 nm repumping laser was always off due to
a malfunction in this laser. The 461 nm laser has a power of 160 mW coming out of
the fiber. From this light, only 48 mW is incident on the MOT trapping region. 2.5
A applied to the anti-Helmholtz coils corresponds to a gradient of 35 G/cm in the
centre of the chamber. After 210 ms, around 5 x 10° atoms are trapped in the blue
MOT. At this point, the blue cooling laser power is ramped down to zero over a
period of 50 ms. At the same time that the blue MOT beams are ramping down, the
magnetic field gradient simultaneously ramps down to 7 G/cm. The 13 mW 689 nm
laser, which is overlapped with the 461 nm laser inside the same fiber (see Chapter
3), is applied to the atoms throughout the entire timing sequence. Effectively, 4 mW
of the broadband second stage cooling laser falls in the MOT trapping region. 60 ms
after the blue laser and the field gradient are ramped to their minimum values, the

blue laser is switched on for 5 ms to detect the red MOT via fluorescence. The cam-
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era is also triggered at the beginning of the 5 ms time frame with a 5 ms exposure
time. Three pairs of Helmholtz coils are always on to compensate for the Earth’s
background magnetic filed and any stray magnetic fields present in the vicinity of
the experiment chamber.

Figure 5.12 is an image of the first broadband red MOT detected in the modified
pyramid MOT chamber. The diameter of the red MOT is around 4 mm and it
contains about 1000 atoms. With around 5 x 10° atoms in the blue MOT, the
transfer efficiency between the blue and red MOTs is ~ 2%. Work at this stage is
ongoing, and we expect to improve the transfer efficiency with further optimisation.
With these preliminary results showing a red MOT, we have paved the way towards

successfully demonstrating a miniaturized strontium lattice clock.

Figure 5.12: Red MOT image
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Chapter 6

New Atom Source for Strontium
Clock

All early versions of the strontium clock experiments at the University of Birming-
ham, including the use of a 2D MOT for a transportable system( see Figure 4.1)
and the Zeeman slower used in the SOC II project (see Figure 4.3) [79], require a
high power 461 nm laser to slow the atoms. The high power requirements, typically
in the range of 50-100 mW, necessary to operate a 2D-MOT or Zeeman slower are
currently not available in a compact format. These pre-cooling apparatuses increase
the overall volume and complexity of the clock apparatus. The low vapor pressure
of strontium at room temperature requires the continuous operation of ovens or dis-
pensers to provide a source of strontium atoms. The high temperatures of over 400
°C of these devices causes a significant AC-Stark shift in the clock transition by the
black body radiation (BBR) [96] which shifts the clock frequency and affects the
clock accuracy.

To avoid the above drawback a new strontium source has been developed with
low power consumption requirements and which do not require pre-cooling laser
techniques. As a potential solution, we have used strontium oxide as a source of
strontium vapor to load a blue MOT with atom numbers in the 10° range. This

research may give rise to a great improvement available for use with strontium
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optical lattice clocks.

The first section of this chapter talks about the discovery of SrO as an atom source.
The second section is based on a paper “Laser controlled atom source for optical
clocks” that has been published on Scientific Report 6, Article number:37321. The
authors are Ole Kock, Wei He, Dariusz Swierad, Lyndsie Smith, Joshua Hughes, Kai

Bongs and Yeshpal Singh. The first two authors contributed equally to the work.

6.1 From coating removal to atom source

As some of the discoveries in history began with another problem which needed
to be solved. After 4 years of operation, one viewport facing the dispensers in the
transportable strontium clock apparatus (see Figure 4.1) was coated with strontium.
Because the strontium coating blocked the transmission one of the repumping lasers,
we wanted to remove the coating without opening the vacuum, which would ruin
the dispensers and would require a re-baking of the system. The paper [97] on light-
induced atom desorption (LIAD) of alkali metals raised the possibility of removing
the strontium atoms using an ultraviolet (UV) laser. Figure 6.1 shows the first
test using the oven based spectroscopy cell, which is heavily coated with strontium.
With an unfocused 405 nm UV laser, no visible change could be detected on the
strontium coating. After focusing the beam on the inner surface as seen in Figure
6.1a, we observed a change in color between the illuminated coating area and the
unexposed coating area.

To verify if the color change came from coating removal or from thermal effects on
the glass, a 461 nm laser on resonance with the 1Sy —! P, transition was used to
detect fluorescence of the atoms. In Figure 6.1b, atomic fluorescence is observed

near the focus of the 405 nm laser. The fluorescence not only provided a method to
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405nm laser focus

Fluorescence

(a) A 405nm laser was focused to the (b) When the strontium was released
inner surface of the cell where had been from the coating, a fluorescence was ob-
coated with strontium. served.

Figure 6.1: The test of removing strontium coating

remove a strontium coating, but also presented the possibility of using laser-induced
strontium emission as an atom source.

Further investigations were undertaken to clarify the effects causing the emission of
atoms. A compact test vacuum chamber as seen in Figure 4.2 provided the experi-
mental environment for the possible atom source. Figure 6.2 shows the fluorescence
from the Sr sample in the MOT chamber. The solid strontium was mounted on an
aluminum tray 4 cm away from the chamber center as seen in Figure 6.2a. The
short distance between the atom source and a resonant laser beam was to facilitate
a bright fluorescence signal. Figure 6.2b demonstrates strong fluorescence from the
solid strontium.

Solid strontium with a purity of 99% from Sigma-Aldrich was used in the experiment.
The strontium pieces are packaged under mineral oil due to the quick oxidation of
the sample after strontium becomes exposed to air. During the vacuum chamber
assembly, the vacuum chamber was filled with argon to remove any oxygen previously
present. Before sealing the last viewport, the strontium was washed with acetone
and moved to an aluminum holder inside the chamber. Although the pumping began

nearly instantly, the remaining oxygen in the chamber reacted with the strontium
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(a) The strontium sample is held near (b) While focussing the 405 nm laser on
the center of the MOT chamber. The the Sr sample, a strong fluorescence was

strontium sample is visible at the left visible in the chamber.
hand side of the viewport.

Figure 6.2: Solid strontium tests in MOT chamber

to leave a layer of white strontium oxide covering the solid strontium (see Figure
6.2a).

Using a 405 nm laser focused on the strontium sample to produce a source of stron-
tium atoms, we were able to load atoms into a blue MOT. However, the mechanism
for the emission of strontium in the presence of both solid strontium and strontium
oxide had not been well researched. Since it is difficult to completely eliminate the
presence of oxygen in the vacuum chamber, we followed the route of investigating
the effects of the oxide layer by using pure strontium-oxide as a source. Figure 6.3
shows a viewport in a simple vacuum system made with a 4-way cross.

The vacuum included three samples — commercial SrO powder with 99.9% purity
from Sigma-Aldrich, homemade SrO powder made by exposing bulk strontium to air
for a few hours and the same solid strontium used in the MOT chamber. The solid
strontium was placed within the setup at the last minute as in the MOT chamber,
which was exposed as briefly as possible to air. The same 405 nm emission laser
with variable power used in the MOT experiment was focused on the samples, and

fluorescence was observed from each of them. Even if pure strontium is capable of
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Figure 6.3: Three different strontium-oxide preparations in a vacuum chamber: Pure
commercial SrO powder, homemade highly porous SrO, a layer of SrO on the solid
strontium tested in the vacuum.

emitting strontium atoms, strontium oxide can also be considered as a strontium
source.

With the realisation that strontium-oxide is a viable source, we stopped pumping the
MOT chamber for 4 hours to fully oxidize the solid strontium. Then the pumping
was restarted to reach the typical MOT operation pressure of 1072 mbar. A conven-
tional six-beam MOT configuration was used for loading and decay measurements.
The emission laser was focused at the surface of the sample with a diameter of 200
pm. A computer control system switched the emission laser on and off by controlling
a shutter with a short 8 ms jitter. A typical MOT capture-and-release experiment
using SrO as an atom source is shown in Figure 6.4. For the measurement in Figure

6.4, the shutter was open for 2 s and closed for 2 s.
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Figure 6.4: The y-axis is the atom number in the MOT. The x-axis is the time in
ms unit.

6.2 Laser controlled atom source for optical clocks

6.2.1 Abstract

Precision timekeeping has been a driving force in innovation, from Stonehenge defin-
ing agricultural seasons to atomic clocks enabling satellite navigation, broadband
communication and high-speed trading. We are on the verge of a revolution in
atomic timekeeping, where optical clocks promise an over thousand-fold improve-
ment in stability and accuracy. However, complex setups and sensitivity to thermal
radiation pose limitations to progress. Here we report on an atom source for a stron-
tium optical lattice clock which circumvents these limitations. We demonstrate fast,
cold and controlled emission of strontium atomic vapours from bulk strontium oxide
irradiated by a simple low power diode laser. Our results demonstrate that mil-
lions of strontium atoms from the vapour can be captured in a magneto-optical trap
(MOT). Our method enables over an order of magnitude reduction in scale of the
apparatus. Future applications range from satellite clocks testing general relativity

to portable clocks for inertial navigation systems and relativistic geodesy.
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6.2.2 Background of the research

In recent years, there has been tremendous progress in the field of precision metrol-
ogy and quantum measurements with optical lattice clocks demonstrating a fre-
quency uncertainty on the order of 2 parts in 10'® [4,41,98,99]. In an optical
lattice clock, many ultracold neutral atoms confined in periodic light potentials can
be used simultaneously for precision metrology and quantum measurements, and
the spectroscopy becomes independent of the motion of the centre-of-mass of the
atoms [1]. The wavelength and polarisation of the lattice laser is chosen such that
the two probed electronic states of an atom experience the same light shifts and
perturbations on the clock transition are minimised. One central remaining sys-
tematic effect in these systems is posed by systematic shifts caused by black body
radiation (BBR) [96,100,101]. This thermal radiation depends on the temperature
of the enclosure of the probed atoms, where particular challenges result from an
inhomogeneous thermal distribution around the atom source. This is of particular
importance for Sr which typically has to be heated to several hundred degrees to
generate sufficient vapour pressure.

The atom source creates another limitation when it comes to novel applications of
state-of-the-art clocks. The typically used Zeeman slower systems add size, com-
plexity and power consumption, rendering the creation of a master space optical
clock [102,103] or portable clocks for mapping the Earth’s gravitational field via
relativistic geodesy [104-106] extremely challenging.

Here we report on a novel atom source, which operates without any significant heat
generation, uses minimal space and allows a high degree of control in a simple, low-
power setup. Starting from strontium-oxide, our source differs from light-induced

atomic desorption (LIAD) [97,107-112], which has been successfully used with al-
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kali metals, but to our knowledge has not been demonstrated using alkaline earth
metals. We demonstrate the practicality of our laser-controlled atom source by the
operation of a Sr magneto-optical trap (MOT) and we characterise lifetimes and
velocity distributions. We find that the parameters are suitable for the operation of
optical lattice clocks, opening the pathway to compact systems for novel applications

outside of the laboratory.

6.2.3 Results

Our atom source relies on the release of Sr atoms from a bulk sample of strontium
oxide when irradiated with a laser. In the experimental setup shown schematically
in Figure 6.5a, we employ a simple off-the shelf 405 nm diode laser module for
this purpose. However, note that we observe atom emission for many wavelengths,
including 532 nm, 922 nm and 1560 nm, at laser powers as low as 5 mW. When
irradiating the SrO, we can readily see fluorescence of Sr atoms in a nearby probe
beam resonant with the 461 nm transition in Sr (Figure 6.6). The remaining question
is whether the velocity profile of the emitted atoms contains suitably low velocities

to allow trapping with laser cooling methods.
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Figure 6.5: Experimental setup. (a) A schematic showing all three pairs of MOT
beams, the emission laser at 405 nm and the vacuum chamber. The figure shows
a low power diode laser at 405 nm focused onto a strontium oxide sample in solid
form. As a result, Sr atoms are emitted and captured in a 3D-MOT. The MOT
beams are shown in blue. The MOT fluorescence and a separate probe beam at 461
nm (not shown here) are used as the two detection methods for the Sr vapours. (b)
Typical photographs of a 88Sr (top) and 8Sr (bottom) MOT, consisting of ~ 4 x 10°
atoms and & 1 x 10% atoms, respectively. (c) Loading of the #Sr MOT. (d) Decay
of the ®Sr MOT. (e) Measured delay between switching off the emission laser and
Sr vapour emission. After switching off the emission laser, an increase in the probe
beam transmission is detected. In all panels, filled circles represent data while solid
lines represent exponential fits to the data. A loading and decay time of ~200 ms
and ~500 ms, respectively, are measured.

In order to demonstrate the applicability of our source to a cold atom experiment,
we trap the emitted Sr atoms in a MOT. While the data in the remainder of this
paper is based on measurements using the 357 isotope, we are also able to load a
MOT using other Sr isotopes, in particular including 8" Sr, which is most commonly
used in Sr optical lattice clocks (Figure 6.5Db).

Figure 6.5¢ shows a typical loading curve leading to ~ 3 x 10° trapped %Sr atoms
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Figure 6.6: Energy level diagram of Sr. We show only the energy levels relevant
to MOT operation. ~ refers to the transition linewidth, and 'Sy — P, is the main
cooling transition. A small fraction of atoms can be lost to ®P; states via the *D,
state(see text).

(Figure 6.5b) without much optimisation. At the resulting density of 4 x 10? atoms
per cm?, collisions inside the MOT are insignificant [113], allowing a fit of the loading
and decay curves in Figure 6.5¢ and 6.5d with exponential functions. The resulting
1/e loading and decay times are ~200 ms and ~500 ms, respectively. The difference
is due to the rapid drop of background gas pressure when switching off the emission
laser, leading to longer decay times. This is supported by the observation, that
Sr fluorescence measurements show a fast drop to zero, when the emission laser is
switched off (Figure 6.5¢). The trapped atom number, and loading & decay rates
can be optimised by adapting the geometry of the setup and changing laser power,
focus and pulse duration. We have been able to trap ~ 5 x 10° atoms for emission
laser pulses of ~200 ms, and one can anticipate achieving a higher number of trapped
atoms for shorter duration of the emission laser by reducing the distance between

the sample and the MOT centre.
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Figure 6.7: Velocity distribution of the emitted atoms. A probe beam at 461
nm was used to detect the fluorescence of the emitted atoms (y-axis). The velocity
on the x-axis corresponds to the Doppler detuning of the probe beam. (a) Probe
beam nearly antiparallel with the emission laser. (b) Retro-reflected probe beam
orthogonal to the emission beam with a Lamb-Dip visible in the centre. (a) & (b)
The filled circles represent the data while the solid lines represent Gaussian fits to
the data. The data in both curves has been independently rescaled. (c) Thermal
emission of Sr atoms.

Velocity distribution. In order to further understand the process, we have mea-
sured the velocity distribution of the emitted Sr atoms using Doppler sensitive spec-
troscopy (Figure 6.7). Independently rescaled fluorescence yields have been plotted
as a function of velocity of the emitted atoms. Figure 6.7a shows the velocity distri-
bution of atoms in relation to a probe beam counterpropagating with the emission
laser. The nearly symmetric distribution can be fitted well with a Gaussian distri-
bution centred on zero velocity, and a corresponding temperature of 319 K. This
indicates that the atoms undergo several collisions and thermalize with the walls of
the vacuum chamber. This is surprising, as the low room temperature vapour pres-
sure of strontium would suggest that the atoms should stick to the wall. To confirm
that atoms are able to reflect off the walls of the vacuum chamber, we performed

the experiment illustrated in Figure 6.8. In this experiment, fluorescence was still
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observed despite having no direct pathway for emitted Sr atoms to reach the path of
the probe beam. This thermalization with the walls of the vacuum chamber is very
useful for creating a thermal distribution accessible to laser trapping and cooling.
This is consistent with evidence that the measured velocity distribution does not
depend on emission laser power or wavelength.

A further consistency check is provided in Figure 6.7b, representing a measurement
with a retroreflected probe beam perpendicular to the emission laser. This measure-
ment shows a Lamb dip indicating the zero-velocity component and has the same
width as the distribution in Figure 6.7a, indicating a fully thermalized vapour. Ge-
ometry, together with the source in the probe chamber, plays an important role in
creating the observed thermalized background vapour. In contrast to the previous
setup, a measurement of the emission velocity spectrum in a beam-like geometry
in Figure 6.7c, using a commercially available dispenser (Alvatec Alvasource, Type
S, Figure 2b in reference [12]), shows a very good fit with a Maxwell-Boltzmann

distribution for 626 K.

6.2.4 Discussion

The presented method allows unprecedented control for generating atomic vapours
for laser cooling and trapping applications. It does so by breaking chemical bonds
in compounds, which have a negligible vapour pressure at ambient temperature.
We find that the method is not restricted to strontium oxide, but also works with
strontium hydroxide, strontium carbonate and bulk strontium. For all these samples
we detect Sr vapours fluorescence in the vacuum chamber. The insensitivity of our
measurements to the emission laser’s wavelength, seem to suggest that the process

could be thermal in nature. Finite element simulations suggest that this might be
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possible if the powdery nature of the sample reduces the thermal conductivity by at
least a factor of 100 as compared to bulk strontium oxide.

In any case, our method produces no significant heating and promises to overcome
size, power and blackbody shift limitations of current Sr optical lattice clock sys-
tems. We anticipate this method will work with other species as well, furthering
the ongoing efforts to realise quantum technologies that harness pristine quantum
properties to deliver breakthroughs in a wide range of applications including quan-
tum clock networks and deep space navigation, GNSS, VLBI, relativistic geodesy,

financial markets and the exploration for minerals and oil [102-106,114-116].

6.2.5 Methods

Sample preparation and science chamber. Sr vapours are generated from bulk
strontium oxide near its surface. In order to generate strontium oxide, we use a solid
piece of granular strontium (99% trace metals basis) which is exposed to air for 4
hours such that it can react with oxygen in the air to form strontium oxide. The
prepared sample is mounted on a sample holder in the science chamber. The science
chamber is a compact, titanium vacuum chamber with indium sealed viewports. The
viewports are made of BK7 glass and are AR coated for all relevant wavelengths.
We place the strontium oxide sample in solid form into the science chamber using
a sample holder. The chamber is evacuated using a 20 L/s ion pump and a turbo-
molecular pump. The chamber maintains an ultra high vacuum (~ 5 x 107!% mbar)
environment.

Emission laser. We have mainly used a commercially available 405 nm diode laser
(405 nm UV PHR-805T) with 120 mW as the maximum output power. The distance

between the laser and the sample is 14 cm. We use a 4.5 mm aspheric lens to focus
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the laser light 10 cm away from the sample. At the focal point, the 1/e* laser beam
diameter is 150 pm in the vertical and 200 pgm in the horizontal. This allows for
continuous emission of Sr. We have observed that at a tighter focus, one can emit
large amounts of Sr. However, it lasts only for short durations, typically only a few
seconds. At a shallower focus, on the other hand, we do not observe any emission.
We use a separate laser beam at 461 nm in order to observe emission of Sr.

MOT and detection method. We use a six beam MOT, of which three beams
are retro-reflected. Each beam is circularly polarised, 1 cm in diameter, 3 mW /cm?
in intensity and approximately 56 MHz red detuned from the resonant transition *Sy
— 1Py at 461 nm (Figure 6.6). Reflection and polarisation changes for the reflected
beams are achieved, respectively, by focussing the beams onto mirrors and using
achromatic quarter wave plates. To bring atoms in the long lived excited states
3P, and 3P, back to the ground state 1S0, we use standard repumping transitions
3Py — 351 at 679 nm and 3P, — 3S; at 707 nm. For the MOT, we use a magnetic
quadrupole field with a gradient of approximately 40 G/cm at the centre. The
MOT centre is approximately 4 cm away from the sample. In order to detect the
emitted Sr atoms, we use the broad 'Sy — ' P, transition at 461 nm with 32 MHz
linewidth. We use a probe beam of 1 mm diameter and 3 mW - 5 mW intensity.
When Sr atoms are emitted, they interact with the probe beam, and the resulting
fluorescence is detected by a CCD camera (pco.pixelfly usb, model PF-M-QE-PIV).
We used a 1 ms exposure time for the fluorescence image of the MOT. In addition
to the camera, we have used a photodiode for detecting the absorption of Sr atoms
by a probe beam. During normal MOT operation, the probe beam is switched off.
During loading, the emission laser is ON, while during the decay time, it is OFF.
Velocity distribution of emission. We use the fluorescence yield at 461nm to

determine the velocity distribution present in the emission. From the Doppler effect,
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we can estimate the velocity of atoms from the detuning of the probe laser using

the following expression:

fo=fs(122). (6.1)

where fp is the Doppler shifted frequency, fs is the resonant frequency of the atomic
transition, v is the velocity component of atoms along the probe beam direction and
c is the velocity of light. In our Doppler spectroscopy, the velocity of atoms cor-
responds to the detuning of the probe laser from the resonance at 'Sy — 'P;. We
scan the probe frequency by £2 GHz around the 'Sy — !P; transition at 461 nm,
while monitoring the wavelength on a wavemeter (ADVANTEST 8326, 10 MHz
resolution). Our apparatus allows us to probe the emitted atoms from two orthogo-
nal directions, one where the probe beam is almost antiparallel to the emission laser
(Figure 6.5) and the other where the probe beam is orthogonal to the direction of

the emission laser.
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Figure 6.8: Observation of fluorescence with no direct line of sight of sr
vapour emission. Experimental setup used to demonstrate that emitted Sr atoms
collide with room temperature walls of a vacuum chamber without sticking. At the
location where the emission laser hits the SrO sample, the Sr vapour will be emitted
in a solid angle, Q (the orange shaded region in the figure), that does not intersect
any point with the beam path of the probe laser. When the emission laser was turned
on, however, fluorescence could still be observed in the probe beam, indicating the
presence of atomic vapour even after collisions with the chamber walls.
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Chapter 7

Conclusion and Outlook

This thesis presents the ongoing development of a miniaturized strontium optical
lattice clock. Great success has been achieved during the last four year. A 25 L
blue MOT demonstrator has been built using a single-beam MOT configuration
(Chapter 4), including a homemade 461 nm diode laser (Chapter 3) and essential
electronics. In the demonstrator, a visible blue MOT has been realized with a power
consumption below 50 W for the entire system. Using a high power homemade 461
nm laser (Chapter 5) and two repumping lasers, we were able to trap 5 x 10° 8Sr
atoms in a blue MOT with a temperature of 1-3 mK. In the absence of the 679 nm
repumping laser, 1000 atoms have been loaded into a broadband red MOT.

For the first time, strontium oxide (Chapter 6) is used as an atom source with
the outlook of eliminating the BBR shift on the clock transition frequency. With
~ 4x10°% 88Sr and ~ 1x 10° 87Sr atoms trapped in the blue MOT, strontium oxide
provides an attractive solution for atom sources in strontium clocks.

After realizing a single frequency red MOT in the near future, the atoms will be
loaded into an optical lattice. A high power (1.5 W), compact lattice laser at the
magic wavelength of 813 nm has been designed in parallel within our laboratory. The
698 nm clock laser, which will be locked to a high finesse cavity, is being built by

the National Physical Laboratory (NPL). Once the miniaturized clock is completed,

112



clock comparison measurements will be carried out at NPL, where the miniaturized
clock can be compared to the frequency standards located at NPL.

By developing new technologies, we have scaled down the dimensions of the conven-
tional strontium lattice clock system. During the course of the experiment, however,
potential improvements to the system have been targeted.

Coating by strontium: In the single beam MOT chamber, the width of the
experiment chamber is only 22.5 mm. Hot strontium emitted by the dispenser may
stick to the room-temperature walls of the titanium chamber as well as the windows.
After a long operation time, it remains an open question to determine if strontium
may coat the prism mirrors, which may affect the polarization and power of the
reflected cooling beams. At the point when the vacuum system was first brought
to low pressure in November 2015, after one-year operation, the viewport which
faces the dispenser directly was coated by strontium with observable coating. 1 did
a transmission measurement on the viewports which covers the four prism mirrors.
For brand-new viewports, the transmission of 461 nm laser is 96% for two viewports.
The two viewports mounted on the vacuum setup had a transmission of 94%. An
aging test using a 4-way cross with mirrors in the same configuration as the actual
experiment chamber is planned.

Mirror fine adjustment: Since the mirrors are fixed inside the chamber, there is
no freedom to adjust a single mirror to optimize the MOT. Due to manufacturing
tolerances of the gaps where the mirrors are placed or the glueing process for the
mirrors, the mounted mirrors may be displaced slightly from their designed geom-
etry. Ome possible solution is to place the mirrors on an alignment plate before
mounting them inside the vacuum chamber. The position of the mirrors could then
be adjusted outside the vacuum environment.

Chamber pumping: With the getter-ion pump and borehole design of the cham-
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ber, the pumping speed has been increased from earlier designs. However, the
gauge in the ion pump controller may not accurately reflect the actual pressure in
the MOT chamber since there is a relatively long separation distance and a getter
pump between the chamber and the ion pump. A local measurement of the vacuum
pressure is necessary, especially during clock evaluation. Using a getter pump with
a DN16CF flange from SAES, we can move the pumping apparatus closer to the
scientific chamber.

In addition to the issues discussed above, other aspects of the system may be opti-
mized to improve the mobility of the apparatus, such as customized electronics and
a computer control system. As the current system is an ongoing prototype towards
a fully functional strontium lattice clock, more questions may be discovered and
solved in future systems.

Traditionally, strontium has played an important role in cold atoms experiments
because of its versatile level structure, with diode lasers available at accessible fre-
quencies. For fundamental physics, strontium serves an important role in research
on ultracold gases, cold molecules and Rydberg atoms. The most significant success
in cold strontium experiments comes from the precision measurement of time. In
laboratory environments, strontium optical lattice clocks have achieved both preci-
sion and accuracy at the 107!8 level. The result is two orders of magnitude better
than the caesium fountain clocks which form the basis of the SI definition of second.
As a result, strontium is one of the most promising candidates for the redefinition
of the second.

The mobile strontium clock projects at the University of Birmingham have evolved
through three experimental generations over the last 8 years. In the first trans-
portable system, a 2D MOT for strontium was realized. The second generation,

also known as the European Union Space Optical Clocks II project, now operates as
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a fully functional strontium clock with a precision down to the 10~1° level. Although
the third generation is still in progress, it has realized the first single beam MOT
for strontium. These great developments pave the way for future mobile and space

applications of strontium optical clocks.
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