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Abstract

State-of-the-art atomic clocks have fractional frequency instability of 6 x 10717 at 1
s averaging time, and are aiming for even higher stability. One of the main factors
limiting this stability is the standard quantum limit (SQL) of quantum projection
noise, which can be overcome by spin squeezing.

We constructed an apparatus to perform spin squeezing on an ytterbium optical
lattice clock to demonstrate the enhancement of clock stability by spin squeezing.
Using the spin 1/2 system of the ground state Zeeman sublevels of *"*Yb, two different
methods are utilized to perform a spin squeezing via coupling to 6s6p> P, excited state.
One method is measurement-based squeezing, which gave 2.1 dB of spin squeezing.
The latter method, cavity feedback squeezing, achieved 8.6 dB of inferred squeezing.
The sequence is designed in such a way that the squeezing procedure is unitary, which
is demonstrated by reverting the state to a coherent spin state after squeezing it, and
the measurement does not require atom number measurement much more precise
than the SQL.

The squeezing of ground state is expected to be transferred to the 6s6p3 P, state,
which is the excited state of the clock transition. This would be the first observation
of an entangled state between a ground state and an electronic excited state, and
the resulting spin squeezed atomic clock would be the first optical transition clock
enhanced by spin squeezing.

Thesis Supervisor: Vladan Vuleti¢
Title: Lester Wolfe Professor of Physics
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Chapter 1

Introduction

1.1 Introduction: brief history of precision measure-

ment of time

Humans have measured time since thousands of years ago. For example, we can track
back more than 2000 years in historical records in ancient Rome and Greece. During
this period, time was mainly measured by the motion of heavenly bodies, mainly the
Sun and the Moon. The concept of the year started with the annual motion of the
sun, and the month came from the waxing and waning of the Moon. The concept
of hour was to divide the time between sunrise and sunset by a certain number in
ancient civilization. Later, the hour was redefined as 1/24 of a day.

More precise time measurements were realized when mechanical clocks were in-
vented. Early mechanical clocks that are still used now are pendulum clocks, which
were developed by Huygens. These early mechanical clocks enabled the precision of
less than 1 minute error per day. In the 20th century, the quartz clock was developed.
The first quartz oscillator frequency standard at NBS had a precision of 107°, and
eventually it went up to 2 x 1078, which is less than one second error per year. [12]

Later, the atomic clock was invented and it became the most precise clock in the
world. After World War II, microwave technology was applied to atomic spectroscopy,

and precisely measured atomic resonance started to be used as a frequency standard.
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The first atomic clock in NBS was built in 1949 with ammonia’s 23.87 GHz inversion
transition. [13] This had a precision of 2 x 107%, which was equivalent to the best
quartz frequency standard at the time.

In 1950’s, the atomic clock operating on a microwave transition in the Cs ground
state hyperfine structure was developed. In 1951, NBS measured this microwave
transition in the 3 Cs ground state for the first time as 9192.632 4 0.002 MHz, and
their first Cs atomic clock was estimated to have the precision of 1071%. [14] The first
atomic clock as a time standard was built at NPL in 1956. [15] In 1958, the transition
frequency was measured with higher precision, and the result was 9192631770 + 20
Hz. [16] At this moment, the Cs atomic clock was developed by many universities
and standard organizations, such as NBS, NPL, PTB, and Bureau de I'Heure. In
1967, the microwave transition in the Cs ground state was selected as the definition
of a second. Also, some other atomic frequency standard, such as the Rb microwave
transition clock and the H maser, were developed in the 1950’s and 1960’s.

Since the first advent of the Cs clock, its accuracy improved by orders of magni-
tude, as Fig. 1-1 shows. Currently, the NIST-F2 fountain clock! and other Cs clocks
in other metrology agencies have an accuracy on the order of 10716, [17, 18, 19, 20|
A recent long time measurement with Rb microwave transition clocks claims to have
stability down to the 1077 level. [21]

Further improvement of clock stability is sought by optical transition clocks, which
use visible light as an oscillator, whereas Cs, Rb clocks and H maser use microwaves
as an oscillator, because an oscillator of higher frequency is more immune to low
frequency drift. The effort on performing spectroscopy of narrow optical transitions
started in the 1980’s for ions that have a forbidden electric quadrupole or electric
octupole transition, or J = 0 — J' = 0 transition. Examples are the Hg" ion
[22], Ba™ ion [23], InT ion [24] Sr™ ion [25], Ca™ ion [26], YbT ion [27], and Al*
ion [28]. The first observation of these narrow transitions, which are typically called
clock transitions, were performed by the end of the 1990’s, and in the 2000’s, relative

frequency comparisons beyond the accuracy of Cs time standard were performed.

!See Sectionl.2 for the description of a fountain clock.
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Figure 1-1: Improvement of Cs clock precision [3].

[29] The accuracy of an AlT optical clock was narrowed down to the level of 1078 in
2010. [30]. Currently, an '™Yb™ ion clock has the smallest systematic uncertainty of

3.2 x 10718 [31].

The idea of trapping neutral atoms and using them as atomic references existed
for a long time, but the problem of the energy shift of clock transitions due to the
light field used for trapping had not been solved until the idea of a magic wavelength
to cancel the energy shift was proposed in 2003. [32] Once the idea was established,
the first optical lattice clock was quickly built for 3"Sr atoms, [33] '™Yb atoms, [34]
and "9Hg atoms. [35] At first, the accuracy of optical lattice clocks was worse than
that of the ion clock, but currently, optical lattice clocks also have accuracy of 107,
with the best number of 2.1 x 107!8. [36] Frequency comparisons between different

optical lattice clocks were performed with a precision below the Cs time standard.

37, 38]
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1.2 Comparison of Cs clocks, ion clocks and optical

lattice clocks

The history of clocks described in the previous section is that of finding a precise fre-
quency reference. An atomic clock uses an atomic system as the absolute reference of
frequency, and tries to detect it through a local oscillator. Two specific energy levels
are chosen in the atomic system whose energy difference constitutes a frequency refer-
ence. These two energy levels have to be connected by an electromagnetic transition,
and this transition is called clock transition.

The 133Cs clock, which uses a transition between ground state hyperfine levels
|FF'=3,mp =0) — |F = 4,mp = 0) as the clock transition, is still an important
clock, because 1 s is currently defined as "the duration of 9 192 631 770 periods of
the radiation corresponding to the transition between the two hyperfine levels of the
ground state of the caesium 133 atom." The state-of-the-art Cs atomic clock is a
fountain clock. Cs atoms are first laser cooled down by a MOT (see Section 6.1 for
how MOT works), and shot vertically upward by a push beam. While they are free
falling, atom number counting is performed by a probe laser, and they go through a
clock sequence by experiencing microwave field. Typically, the stability of Cs clocks,
which is described by the Allan deviation [39], scales ~ 1 x 107!3771/2 [18].2 The
clock is stable enough to be averaged over more than 10* s, and this gives a stability
and an accuracy below 1071

In ion clocks, typically single, sometimes a few ions are trapped in a Paul trap.
The ion is laser cooled, and a forbidden narrow optical transition is interrogated by
a laser. Although its stability goes down to the order of 10718, the scaling of Allan
deviation is 5 x 10715771/2 [31], and months of averaging are necessary to get to 107%
level of stability. The poor 1 s stability is due to the fact that there is only single ion

to be interrogated, and quantum fluctuations cannot be improved.

L . M-
?Allan deviation oy/(7) is defined as 03(1) = 57— 2i2; "y(1))ip1 — (y(7))i)2, where (y(7));
is the ith measurement of the average fractional frequency difference over averaging time 7, and it
is the most common quantity to describe the stability of clocks. More description on the stability

of atomic clocks can be found in Section 2.2.
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Optical lattice clocks, on the other hand, have thousands of atoms trapped in an
optical lattice?, interrogated by a laser resonant to the clock transition. The stability
at 1 s is much better than that of the ion clock, thanks to the larger number of
atoms in the lattice. Ref. [36] gives 2.2 x 1071¢/,/7, which is an order of magnitude
better than ion clocks, and a recent report gives 6 x 10717 level stability at 1 s [40].
This better stability in a short averaging time is advantageous to quickly estimate
systematic effects precisely, and design feedback against long term drifts in an effective
way. The superiority of optical lattice clocks over Cs clocks is demonstrated by direct
stability comparison. [41] For this reason, optical lattice clocks are regarded as one
of the most promising candidates for the next-generation atomic clock, including a
new way to define the second, and are researched at various universities and national
institutes, such as NIST, NPL, PTB, SYRTE, RIKEN /University of Tokyo, NIMJ,
KRISS, and NIM.

One of the challenges to have better atomic clocks is therefore to have better 1 s
stability. One obvious method is to use even larger number of atoms as a frequency
reference. Another way is to seek better frequency measurement with atoms at a
fixed atom number. This is achieved by spin squeezing in rubidium hyperfine clocks
[42, 43|, and is a promising method to improve the stability of optical lattice clocks. In

this thesis, a path towards a spin squeezed optical lattice clock in "*YDb is described.

1.3 Structure of the thesis

Chapter 2 and Chapter 3 serve as an introduction to the main topics. Chapter 2
summarizes the state of the art of optical lattice clocks, and Chapter 3 introduces
the idea of spin squeezing. Theory on atom-light interaction in an optical cavity and
theoretical aspects of spin squeezing we performed is also summarized in Chapter 3.

Chapters 4, and 5 describe the technical details of our apparatus. Chapter 4 sum-

3When you send two laser beams of the same frequency counterpropagating to each other, a
standing wave of light is formed. When the light generates a trapping potential for atoms, the
standing wave becomes a periodic trap for atoms. This is called optical lattice, and it can be made
two- or three-dimensional by adding one or two more pairs of counterpropagating beams.
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marizes hardware and software in our lab except for lasers, such as vacuum chamber,
experimental cavity and optics system around them. Chapter 5 is dedicated to laser
systems, including all seven different lasers, and two reference cavities. Chapters 6
and 7 deal with experimental results. Chapter 6 describes details of our atom trap-
ping. This includes a summary on the TCMOT, which is a MOT for low magnetic
field gradient we developed, and details of trapping in an optical lattice. Chapter 7
mentions all the experiments using cavity QED tricks, starting from optical pumping
to spin squeezing. Chapter 8 mentions a couple of miscellaneous things we did, and
the prospects of the experiment in a near future. There are three appendices. List
of acronyms is located at the beginning of the thesis. Appendix A is detailed deriva-
tions of equations in Chapter 3. Appendix B briefly summarizes the modified current

controller we use for the 759 nm and 1157 nm lasers.
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Chapter 2

State-of-the-art atomic clock

2.1 Optical lattice clock

An optical lattice clock is an atomic clock where neutral atoms are trapped in an
optical lattice, and interrogated by lasers. (Fig. 2-1) The atoms are first laser cooled
and trapped in a magneto-optical trap (MOT), and then loaded into an optical lattice.
A clock laser, which is used as a local oscillator and locked to an ultrastable reference
cavity to reach < 1 Hz linewidth, interrogates a forbidden narrow transition. This
interrogation stabilizes the clock laser’s frequency to the atomic resonance frequency,
and the clock laser works as a stable oscillator for a clock.

In optical lattice clocks, He-like atoms that have two electrons in the outermost
shell are used as an atomic reference. ®7Sr is the most popular one (e.g. [36, 44,
45, 46, 47, 41, 48]), and 1"YDb follows. [4, 49, 50, 38, 51] Clocks with other species,
such as Hg [35, 37] and Mg [52|, have been developed. The common feature
of these atomic species is the 1Sy —3P, clock transition, where the 1S, state is the
ground state. Both the ground state and excited state do not have any electronic
angular momentum, and thus are immune to the energy shift due to a magnetic field,
except for a few hundred Hz/G shift due to the nuclear magnetic sublevels. The clock
transition is between the J = 0 and J’' = 0 states, which is completely forbidden unless
it has slight mixing with 2P, state due to the nuclear magnetic moment. This gives

an extremely narrow transition, for example 7 mHz for '"'Yb [53], which is suitable
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Figure 2-1: Concept of optical lattice clock (Cited from https://phys.org/news/2013-
08-nist-ytterbium-atomic-clocks-stability.html, similar figure is also on [4])

for the clock transition.

Still the clock transition cannot avoid the energy shift by the light field, which
is used for trapping atoms. The idea of removing this was proposed by Katori et
al. [32], and the wavelength that gives the same energy shift for the ground and
excited states is called the magic wavelength. Theoretical calculation was first made
for 87Sr [32], and numbers were soon calculated for '™Yb [54] and "Hg [55]. The
measurements of the actual numbers, which is in some cases a few percents away from
the calculation, were performed in various clock systems, and Ref. [56] has a good
summary of the numbers for 87Sr and '"'Yb.! As for 1%Hg, the magic wavelength is
measured to be 362.53(0.21) nm [57].

With the idea of trapping atoms with a laser of the magic wavelength for the clock
transition, the first optical lattice clock was built in 2005 [33], and it has been quickly
developing for ten years. At the beginning, its 1 s stability was on the order of 10~
[33, 58], mainly limited by the stability of the clock laser due to the reference cavity?,

and the overall accuracy was on the order of 10716, There was a significant progress

! This reference is a good summary of the state of the art optical lattice clock and ion clock.
Fig. 2 in Ref. |41] nicely shows the stability of optical lattice clocks are limited by the noise of
reference cavity
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in the evaluation of systematic uncertainties, as the stability of the clock laser was
improved by better ultrastable reference cavities [59]%, and now the typical 1 s clock
stability is on the order of 10716, and few hours of averaging gives a precision of 10718,

With this precision, systematic uncertainties can be investigated with a precision
of 107! or below. Uncertainty budgets are listed in Ref. [36, 44]. In 2015, the major
uncertainty was AC Stark shifts* by the trapping light and black body radiation. In
both Ref. [36] and Ref. [44], a quarter of the contribution comes from the lattice light
shift. Ref. [36] has BBR dynamic shift as the major uncertainty, even though they use
precise temperature estimates for the atoms based on the temperature stabilization
of the whole vacuum chamber and a NIST calibrated thermometer. Ref. [44] puts
atoms in a cryogenic thermal shield to reduce the effect of black body radiation.
The understanding of the lattice shift, which is a higher-order AC Stark shift, has
improved over the past two years, and next generation clocks trap atoms in a three

dimensional optical lattice [61] to reduce the effect of atom-atom collisions.

2.2 Standard quantum limit and Ramsey sequence

In the last paragraph, I put emphasis on systematic uncertainties, but statistical
uncertainty is also an important factor for clock stability. For simplicity, it is assumed
that a single clock sequence is a Ramsey sequence that measures the phase difference
of a local oscillator from an atomic system. (see Fig. 2-3 for what exactly the Ramsey
sequence is) The statistical uncertainty that limits the stability of a clock is described
as
Cc 1
o(r) = oo TN (2.1)

where 7 is the duration of overall experiment, which is typically called the averaging

time, N is the number of atoms in the system, wy is the clock transition frequency, and

T is the interrogation time. C is a constant of O(1), and it is larger than 1. The C' =1

3This reference has the comparison of their new 40 cm cavity and old 7 cm cavity[60], and new
one has one order of magnitude better stability.
4AC Stark shift is the energy level shift of an energy level due to an oscillating electric field.
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case is called the standard quantum limit. In this limit, what is limiting the precision
of the clock is the quantum mechanical fluctuation that appears in the population
difference measurement. This is called the quantum projection noise (QPN). QPN is

1/2

proportional to N~"/¢ and this is intuitively understood by a phase uncertainty A¢

derived from the uncertainty principle of AN -A¢ ~ 1 with atom number uncertainty
following shot noise AN = 1/ V/N. Currently, a QPN limited clock is achieved with
a sufficiently stable local oscillator |59, 46].

There are three ways to increase the precision. One is to increase the averaging
time. This was already mentioned as a way to get a 1078 stability clock from a 10716
1 s stability. This method always works, but too long an averaging time is susceptible
to long-term drifts. The second one is to increase the interrogation time 7'. The in-
terrogation time is typically determined by the lifetime of atoms in the optical lattice
and by the laser stability, and there is not much room for improvement unless one
develops a new method of stabilizing the clock laser. The third method is to improve
atom number N. Currently, in an optical lattice clock, a few thousand atoms are
interrogated in one sequence. This number is a compromise between the phase reso-
lution in the Ramsey sequence and the energy shift due to the atom-atom collisions;
too large an atom number in a one-dimensional lattice increases the probability of
collision, which gives an uncertainty in the clock transition frequency. Historically,
three-dimensional lattices were once used to avoid the collisional shift [62], but popu-
lar consensus returned a one dimensional lattice to avoid higher order AC Stark shift
by the trapping light. Some next-generation clocks use three-dimensional lattices

again [61], but the uncertainty budget is still to be evaluated.

2.3 Spin squeezed atomic clock beyond the standard

quantum limit

Another way to improve the N dependence of the precision is to use entangled states.

This changes the N dependence of the shot noise from N~'/2 to something closer to
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Figure 2-2: Bloch sphere for an atomic ensemble: suppose an atomic ensemble of
N two-level system. Because a two-level system is mathematically equivalent to a
spin 1/2 system, this is equivalent to a spin S=N /2 system. The state of this atomic
ensemble is described on a Bloch sphere. The polar angle direction corresponds to the
population difference between the ground and the excited state, and the azimuthal
angle corresponds to the relative phase between them. At the south pole, all atoms
are in the ground state, and at the north pole, all atoms are excited.

the Heisenberg limit N~!'. The simplest entangled state that is useful for improving
the phase resolution is a spin squeezed state. The basic idea is to push uncertainty
into the population difference direction AN on the Bloch sphere (Fig. 2-2) to get
smaller uncertainty in the phase direction A¢. Then scaling of A¢ changes from
N~12 to N7 where —1/2 > p > —1. For details of spin squeezing and other kinds
of entangled states, see the next chapter.

An atomic clock enhanced by spin squeezing has been achieved in Rb microwave
transition clocks [42, 43|. In these experiments, spin squeezing was performed before
starting the Ramsey sequence (see Fig. 2-3), and factors of a few improvement of the
clock precision with the same averaging time were observed. This is a very important
demonstration that a clock precision is enhanced by a squeezed state, as well as using
squeezed states for real metrology, but the clock used for the experiment is a mi-
crowave transition clock, not the state-of-the-art optical clocks. The implementation

of spin squeezing in an optical transition clock for enhancing the precision is still to be
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Figure 2-3: Standard Ramsey sequence and Ramsey sequence with spin squeezed
state: in the standard Ramsey sequence (top), atoms in the ground state are put into
a superposition state between the ground and excited state by a m/2 pulse. This is
the start of the sequence, and then atoms are left over an interrogation time of 7. For
the measurement of relative phase drift between atoms and a local oscillator, another
/2 pulse is sent to rotate the phase shift into the shift in population difference. To
use a spin squeezed state for the Ramsey sequence, spin squeezing is first performed
after bringing a state into a superposition state. In the figure case, spin squeezing is
performed by a 1 axis rotation. The squeezed state is rotated to the phase direction,
and then the interrogation time of 7" is inserted. The final read out is performed after
a m/2 pulse.

done. In our project, the primary goal is to implement this spin squeezing technique
in an optical clock to demonstrate that spin squeezing can improve the precision of
state-of-the-art atomic clocks. It is also notable that all the spin squeezing experi-
ments that have been performed so far are the squeezing of either electron or nuclear
spin, whereas the spin squeezing we are targeting is for the pseudo-spin describing
the two-level system of the ground state and the electronic excited state of a clock

transition. To do this, we chose '"'Yb as our atomic species.

2.4 Ytterbium clock

In this section, an optical lattice clock with ytterbium is described. Ytterbium is an
element with atomic number 70, which is the second last lanthanoid element, that
has a closed 4f shell and two electrons filling the outermost 6s orbital. There are
seven stable isotopes whose natural abundance is shown in Table 2.1. Because the
atomic number is even, nuclear spin is nonzero only for fermionic isotopes, *"*Yb and

1%3Yb. The low-energy levels of interest are shown in Fig. 2-4. The ground state
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Figure 2-4: Level structure of ytterbium

Table 2.1: Natural abundance of ytterbium isotopes

mass number nuclear spin  abundance [%)]

168 0 0.13
170 0 3.05
171 1/2 14.3
172 0 21.9
173 5/2 16.12
174 0 31.8
176 0 12.7

is the 1Sy state, where all the electronic spin is paired up and therefore there is no
spin or orbital angular momentum. The only sublevels for the ground state are the
Zeeman sublevels due to the nuclear spin, and the number of sublevels is more than

one only for fermionic isotopes.

The broadest transition to an excited state is the 1S, —1P; transition, whose

linewidth is 28 MHz. This is typically used for first-stage cooling and trapping such
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as with a Zeeman slower and a MOT. Because there are two outermost electrons,
there are some transitions between the ground state and the triplet states that are
allowed by LS coupling. The 'S, —3 P, transition is broad enough to use for a
MOT, thanks to large atomic number. Transitions from the ground state to two
other triplet states for the 6s6p state are forbidden. The 'S, —3P, transition is
forbidden because it is an E2 transition, and the 'S, —3P, transition is forbidden
because it is a J = 0 — J' = 0 transition. For bosonic isotopes, this transition is
completely forbidden, unless some external field mixes this state and the 2P, state,
and for fermionic isotopes this transition is slightly allowed due to the mixing with
the 2P, state by the nuclear magnetic moment. This narrowness and insensitivity
to the magnetic field makes the 'S, —3P, transition an excellent choice for a clock
transition. Other transitions drawn in Fig. 2-4 are repump transitions we decided to
use for the two metastable states.® Note that some other groups use the 6s6p>P, —

6s7s3S) transition (649 nm) for repumping the 3P, state.

The possibility for ytterbium to serve as an optical lattice clock was first suggested
in 2004 [54], soon after the first proposal of the idea of magic wavelength. At this
moment, ytterbium was already a popular atom for atomic physics experiments, and
MOTs with the 1Sy —!P; and 'S, —3P; transitions were already achieved. (See
Section 6.1 for the details of ytterbium MOTs.) Moreover, a Bose-Einstein condensate
(BEC) of ytterbium was already achieved [63], and precision measurements regarding
atomic parity violation were already performed. [64] Therefore, it did not take very
long time to observe the first clock transition, [65] and subsequently the frequency of
the clock transition is measured with 1 Hz order precision, first for ™Yb [66], and
then for '™Yb [34] at NIST. KRISS [49], NMLJ |51], RIKEN /University of Tokyo [38],
INRIM [50] and Chinese Academy of Science [67] also built their own '™ Yb clocks.
Systematic uncertainties precisely measured by NIST group include the collisional
shift [68, 69], the DC Stark shift 70|, and the blackbody radiation shift [71, 72].
Cs time standard limited frequency measurements for the clock transition has been

performed at various different institutes [56, 49, 50]. The magic wavelength has

°The 3Py state has lifetime of 22.6 + 1.8 s [53], and the 3P, state has lifetime of 14 s.
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been measured by different groups, and the current most precise measurement is
394,798,265(9) MHZS.

The major advantage of using '"*Yb for a spin squeezed optical lattice clock over
other atomic species, such as 87Sr and ""Hg, is the fact that the nuclear magnetic
moment is 1/2. This gives the textbooklike spin 1/2 system in the ground state, and
the state preparation and performing of spin squeezing at the ground state becomes
much easier than with other atomic species. Also, Yb is a good atom to have a two-
color MOT (TCMOT) with a low magnetic field gradient [9] (see also Section 6.2 for
TCMOT). Other benefits are the low sensitivity to the BBR shift, access to different
transitions by commercially available lasers, and the existence of various different

isotopes.

2.5 Application of the atomic clock

With 1078 precision, optical lattice clocks and other atomic clocks have many dif-
ferent applications. First of all, their higher precision and accuracy than the Cs time
standard suggests that they can be used for a new definition of time to give better
measurement precision. *9Hg, 27Alt, 19Hgt, 1"1Yb*, 171YDh, 49Ca, 8Sr+, 88Sr, and
87Sr clocks have already become a second description of time [74], and the community
is pushing for optical clocks to be the next time standard.

Recently, it was proposed to detect gravitational waves by two satellites having
precise atomic clock [75]. The point of the proposal is that the second arm of the large
interferometer experiments for gravitational wave detection, such as LIGO, VIRGO
and KAGRA, is only for the time reference, and if your clock is precise enough, a
second axis is not necessary. The proposed sensitivity is as good as space based light
interferometry such as LISA, and with resonant detection mode, satellites with precise
atomic clocks have better precision.

Precise atomic clocks can be used for measuring the drift of the fundamental

6This is magic only for cancelling energy shift due to the E1 term. Strategies to choose a good
intensity and frequency is summarized in [73], and their operational frequency is 394,798,278 MHz,
which is closer to [34]
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Figure 2-5: Summary of time variation of fundamental constants (Cited from [5])

constants with respect to time. Particularly, any change of the fine structure constant
« is of interest, as there are some astronomical observations that claim to show that
« changing over time. [76] To measure this with an atomic clock, it is necessary to
compare the frequency ratio of two different transitions that have different dependence
on a. A good example is the frequency ratio measurement of E2 and E3 transitions
in a '™YbT ion clock. [5, 77] The atomic transition in general is also sensitive to
the proton electron mass ratio p, and clock measurement gives the constraints in
f/p — &/« space. Fig. 2-5 shows a nice summary in [5].

Another proposal is a detection by an array of atomic clocks of a domain wall of
topological defect dark matter. [78] The idea is that a certain kind of dark matter
generates a delay of time, and therefore as a bulk of this dark matter goes through
an array of atomic clocks, certain clocks gets slower in a coincident way.

A classically important application of atomic clocks is the test of special and gen-
eral relativity. Historically, this was tested by GPS satellites, and an Al™ clock with
107! precision enabled it on the ground. [79] Recently, a more precise measurement
was performed with an 87Sr optical lattice clock located ~ 15 km away, and the de-
tected altitude difference was the same as that by independent measurement made

by levelling and gravimetry. [80]
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There are also attempts to measure some many-body physics phenomena by clock
transitions. |81, 82, 4]
For an improvement of these measurements, improvement of atomic clock preci-

sion, particularly for a short averaging time, is desired.
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Chapter 3
Spin squeezing

In this section, theoretical aspects of spin squeezing and previous experiments are
summarized. In typical experiments performed so far, a spin is either an electronic
spin of alkali atoms or a nuclear spin in alkali-earth (like) atoms. Spin squeezing
is often performed through atom-photon interaction enhanced by an optical cavity.
To describe the methods for spin squeezing smoothly, first theories of strong atom-
photon interaction are described. Next, the theory of spin squeezing is developed. In

the end, the theory of our specific system is mentioned.

3.1 Strong atom-photon interaction through an op-
tical cavity

Strong atom-photon interaction enhanced by an optical cavity is formalized by Janes
and Cummings [83]. Their assumption is a two level system, which can be regarded
as a spin 1/2 system, that interacts with a light field inside an optical cavity. (Fig.
3-1) The original formalism with a fully quantized field has the Hamiltonian

~ hew

Hjc = TO&Z + hwed'a +ih (9a'6™ — g*ao™) (3.1)

A major feature of this system is a splitting of the resonance frequency of cavity

transmission when we = wp, which is called vacuum Rabi splitting. This was first
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Figure 3-1: A system for the Janes-Cummings model. The resonant frequency for the
two level system is wy, and the resonant frequency for the light field inside the cavity
is we. The coupling constant, decay to the free space, and decay through the cavity
are g, I', k, respectively.

calculated with Eq. 3.1 to be 2gv/N. [84, 85] On the experimental side, Jeff Kimble’s
group has a realization of the vacuum Rabi splitting in a single atom and cavity

system [86]. Further developments are summarized in Ref. [87].

This strongly interacting system can also be understood by a fully classical descrip-
tion, as summarized in Ref. [88]. In this formalism, a two level system is described
by a Lorentz model that has complex polarizability

3 I'/wi
wi — w? — i(w? /W)’

(3.2)

o = 6megc

where w is the frequency of the light field and v is the decay rate of the oscillator.
The light field has an electric field of

ei(kZ()fwt)’ (33)

where k is the wave number, z, is the position of the atom, and A = 7w?/2 is the
effective mode area. £ is the beam size independent electric field satisfying P = |€]?/2,

where P is the power of a laser beam.

Now, assume the configuration shown in Fig. 3-2. With this configuration, the

intracavity electric field satisfies the following equation.

Es = 2 L E + i1 Ein + 2E 04 (3.4)
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Figure 3-2: Configuration of an atom interacting with a light field in an asymmetric
cavity: &n, &, and & are the electric field of the input, intracavity and transmitted
light. 7, ro are the reflectivity of two mirrors, and iq;, igs are the transmission
of mirrors. Here, lossless mirrors are assumed, but if loss needs to be implemented,
intracavity loss can be modeled by a reduction of £ at each reflection, and transmission
loss can be modelled by a beamsplitter in front of a mirror.

Using Ey = iPE, = 252 and RWA, we get the following form for &,.

22.C.Ilgin 1
E. = - 3.5
qi + @3 [L+nLa(D)] = [2 +nLa(A)] i 39

where
F2

L,(A) = AT (3.6)

—2AT
Ly(A) = AT (3.7)

24F 4q¢°

p = —_ =Y (3.8)

Tw2k? k[

are the absorptive Lorentzian, dispersive Lorentzian, and single atom cooperativity,
respectively. A and ¢ are defined as § = w — w,, and A = w — wy. Single atom
cooperativity is an important parameter to describe the strength of the interaction
between atom and light, and is intuitively understood as the number of interaction
between a single atom and a single photon before the photon leaks out of the cavity.
If this is more than one, the system is said to be in the strongly coupled regime, where
vacuum Rabi splitting manifests for single atom. If it is less than one, the regime is
called the dispersive regime. It is often necessary to have n > 1 to generate highly

entangled states.
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From Eq. 3.5, & is calculated as

201926 1

& = . (3.9)
B+ E L+ nLaA)] - [E+aLy(A)]d
From Eq. 3.9, transmission power is calculated as
P, dq3q2 1
t _ - QIQQ2 5 5 > (310)
B (@ + 62 [1 4 nLy(A) + [ +nLa(A)]
The ratio of free space scattering and input power is
P Gf + 63 [1 4+ Ly (A) + [Z 4+ nLy(A)] '
In the strongly coupled regime 1 > 1, this has two peaks separated by
2f = v/nl'k (3.12)

This matches the amount of vacuum Rabi splitting calculated by the fully quantized
description. When the cavity resonance is far detuned A > I' from atomic resonance,

nL, < 1 holds, and the transmission peak is at

K1) I'r

This means that the cavity resonant frequency shifts by the amount dw. = nl'k/4A.
When there are more than one atoms in the cavity mode, coherent scattering from
atoms simply becomes N times larger, assuming that there are no effects of saturation.
This results in all 7 substituted by N7, and the vacuum Rabi splitting and cavity

resonance shift by an atomic ensemble in a cavity becomes

2f = /Nnl'x (3.14)

dw. = Nnp— (3.15)

Nn in the formula does not reflect the actual number of atoms trapped in the
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cavity mode, because each atom has a different coupling constant to the cavity mode
depending on their position relative to the cavity mode. In the case of a Gaussian
beam inside a standing wave Fabry-Perot cavity, the effective cooperativity is n.g =

21, where 7 is the cooperativity at the center of the Gaussian beam. [89)

The phase shift due to the atoms in the cavity is calculated as the phase of & /&,.
From Eq. 3.9, the phase shift ¢, is

2 4 nLay(A)

(bph = tanfl a

1+ L. (D) (3.16)

This phase measurement is performed with a homodyne measurement with some

reference light.

3.2 Bloch sphere and coherent spin state

To explain what a squeezed spin state is, it is useful first to mention a few basic
concepts to describe a spin state. For simplicity, it is assumed that the spin state we
deal with is an ensemble of N = 25 particles of spin 1/2. For a single spin state,
the Bloch sphere is useful to describe the orientation of the spin, which quantum
mechanically is the amount of the relative phase of the | |) state and the | 1) state.
The notion of a coherent spin state (CSS) was first developed by Ref. [2] for solid
state physics as a spin equivalent of an optical coherent state in the sense that the
uncertainty in two quadratures is minimized by same amount. Intuitively this is
the situation where N spins are pointing in the same direction, and mathematically

formalized as follows for atomic physics, where it is easy to flip all the spins. [90]

o & ot 0 songi]
0, ¢0) = sin e a' + cos ¢ b'| |vac) (3.17)

S 1/2
— Z (SQS ) Coss_mQsins+mge_i(5+m)¢|5’,m> (3.18)

S, = bla, S_=a'b, S, =0bTb—afa (3.19)



Here, a' and bf are creation operators for the | 1) state and the | 1) state. The state
is on a sphere whose point is specified by the polar coordinate (6, ¢) and whose radius
is S. This is the Bloch sphere for a spin ensemble, and it describes the coherent spin
state in the way same as a Bloch sphere for a single spin; the 8 direction corresponds
to the population difference between the | |) state and the | 1) state, and the ¢
direction corresponds to the relative phase between them.

The coherent spin state has the same amount of uncertainty in both orthogonal
directions. Particularly when the state is on the equator of Bloch sphere, the uncer-
tainty becomes AS = SA¢. With the knowledge of uncertainty relation for the spin
(AS?)(AS?) > }1|<ASJ>.|2, this becomes

21 _ 1 1
A9 = =In "~ N (3.20)

This N~ scaling is called the standard quantum limit (SQL) of the phase resolution.

3.3 Spin squeezed state

The idea of a squeezed spin state was first proposed in 1993 [91]. A spin state is
regarded as squeezed if the uncertainty of one of the two direction that is orthogonal
to the mean spin vector is smaller than the SQL. This kind of squeezed spin state is
possible if spins are correlated in an appropriate way. To generate a spin squeezed
state, a special procedure described in Section 3.4 is necessary.

The amount of the spin squeezing described here is quantified by the following

parameter:

2
2 = ZAS2.
gUK S Smln

(3.21)
If &4, < 1, a spin state is squeezed. This criterion is called the Kitagawa-Ueda
criterion. To the extent that the radius of a Bloch sphere is fixed, this is a good
enough criterion to use, but practically, the preparation of a state shortens the spin

length, and this effect should be taken into account to have a criterion for usefulness

of spin squeezing. This practically useful criterion is called the Wineland criterion,
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described in the following equation [92]:

A‘Sglin
&, =28 @ (3.22)

If this parameter is less than 1, a spin state is squeezed. Here, 0 the picture is you
start from a spin S, and during the process of squeezing, your spin length shrinks to

~

(S, which is the effective mean spin length. The contrast C' is defined as
(8) = Cs. (3.23)

With this and N = 25, Eq. 3.22 becomes

52 i4 (ASmin>2

Typically, the amount of squeezing is described by the inverse of 2, in units of dB.
This quantity is called metrological gain.

In Section 3.2, the uncertainty of the SQL was mentioned to be (Apsqr)” ~ 1/N.
The squeezed state makes this resolution better, but there is an absolute limit you
can get from a maximally entangled state: the Heisenberg limit. The uncertainty of
Heisenberg limit scales as (AngL)2 ~ 1/N? and spin squeezing enhances the phase

resolution from the SQL to somewhere between the SQL and the Heisenberg limit.

3.4 General strategy to generate spin squeezed state

To generate the squeezing, we need some kind of nonlinear process that correlates

spins. In this section, a few examples of such nonlinear processes are discussed.

3.4.1 Measurement-based squeezing

One method is to use a measurement. In quantum mechanics, measurement collapses
a quantum state into certain eigenstates. Suppose a coherent spin state undergoes a

measurement. The measurement we can perform is always a population measurement,
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Figure 3-3: Concept of measurement-based squeezing

not a phase measurement, so the S, component is measured. If this measurement

(i) O is weak enough not to collapse the state into a certain S, eigenvalue,

(ii) is strong enough to resolve S, better than the SQL,

(iii) does not resolve each spin,

the coherent spin state after a measurement is squeezed, as shown in Fig. 3-3.
(i) is important to maintain the phase coherence. If a state collapses to a specific
S, state, the uncertainty in the S, direction is zero, but the usefulness of this spin
state is zero, because the state wraps all around the sphere, and there remains no
phase resolution. (ii) sets a technical requirement on how strong the measurement
is. A squeezed spin state is generated only when the resolution of the measurement
is larger than SQL. (iii) means that we should keep the contrast of the state through
the measurement. In a typical situation of measuring the atom state with photons,
the scattering of a photon into free space, which is not captured by a photon detector,
cannot be avoided. This free space scattering picks a certain spin out of the coherent
spin state, and the loss of contrast incorporated in Wineland criterion occurs.

In typical experiments so far, a spin is either an electronic spin of alkali atoms
or a nuclear spin in alkali-earth (like) atoms, and measurement is made through an
interaction between atoms and photons. Often, to enhance the interaction, atoms
are trapped in an eigenmode of an optical cavity, and photons interact with atoms in
the cavity. The measurement can be performed through vacuum Rabi splitting or a
dispersive cavity resonance shift. The measurement can be done through the power

or phase of transmission or reflection. In previous reports, most of the experiments
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use the dispersive cavity resonance shift to measure the atom number. Ref. [43, 93|
use the phase shift of reflected light. As for transmission, Ref. [94] uses power, and
Ref. [95] uses phase. Ref. [96] uses the power of reflected light to detect the amount
of vacuum Rabi splitting. A popular measurement without a cavity resonance shift

is through Faraday rotation of linearly polarized light. [97, 98, 99|

The advantage of measurement-based squeezing is that it is conceptually simple,
and information obtained by the measurement can be used for the following process.
If a spin squeezed atomic clock is operated with measurement-based squeezing, each
time the initial atomic phase is slightly different due to the quantum mechanical
fluctuation of the coherent spin state, but this fluctuation can be compensated by the
measured value of the phase. On the other hand, maximum squeezing depends on the
measurement efficiency. In particular, it is very difficult to collect all the scattered
light, part of which is into free space, and this would put additional constraints on

the achievable squeezing.

3.4.2 Unitary squeezing

Unitary squeezing uses as the source of squeezing the unitary evolution of a state
by a nonlinear Hamiltonian. In the original proposal of spin squeezing [91], one-axis
squeezing and two-axis squeezing are described. These are implemented by the lowest
order nonlinear Hamiltonian regarding spin operators S, S, and \S,, and higher order
nonlinear Hamiltonian gives different kind of quantum states. Here, the discussion

will be concentrated on the lowest order nonlinear Hamiltonian.

Generally, unitary transformation U(t) = exp[—itF(S.)] generated by the Hamil-
tonian H = hF(S.) transforms the ladder operator S, as

S.(t) = UTS,U = $,(0) exp [ztf(éz)} (3.25)

f(S.) = F(S.+1)—F(S.) (3.26)
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When the Hamiltonian is the lowest order nonlinear Hamiltonian
H = hyS? (3.27)

£(S.) = 2x(S. 4 1/2). This gives a shearing of the state as shown in Fig. 3-4. For
S > 1 and |u| = |2xt| < 1, the reduced variance takes the minimum value of

1 S 1/3
Vmin ~ 5 (g) ~ 51/3 (328)

at |pu| = 24/6572/3. This means that with one axis squeezing, the number scaling
of phase uncertainty is reduced from V ~ S to V ~ S'/3 by a factor of S?/3. For
example, if § = 1000, the reduction of uncertainty is a factor of 100, which means

that 20 dB of squeezing is possible, except for a numerical factor of O(1).

Intuitively, the rigorous calculation above is understood as follows. When a time
evolution happens for a linear Hamiltonian H = hAgz, what happens on the Bloch
sphere is a precession of the state e=*4™|S m). When the Hamiltonian is given by
Eq. 3.27, the precession is e‘iAm(Amt)|S, m), which means the velocity of precession
is proportional to S,. This is simplified on a flat plane as shown in Fig. 3-5. The
transformation is a slide in the x direction proportional to the value of y. The resulting
state has a narrower distribution along the direction perpendicular to the line y = z/p.
The distance between the two lines y = (z£1)/u shows the width of the distribution,
which is 2/ m The ratio to the original width is 1/ m, which is smaller

than 1. Here, the width decreases monotonically against p, but on the Bloch sphere,

58



x=-117 [x=1 Y/
TN e A Y
s

Y(x+1)/uA7
y'=(x"-1)/u

Figure 3-5: Simplified picture of one axis squeezing: a circle of radius 1 symbolizing
SQL is transformed by a translation proportional to its y value.

the cross section with a larger |S.| has a smaller radius, and the transformation has a
quadratic term due to the geometry. Consequently, the sheared state gets distorted to
an S shape, which gives a minimum for the reduced variance. It has to be noted that
in the real system, sending photons means that a certain number of photons interact
with atoms, and this generates measurement-based squeezing in the y direction. This
effect, which is quantified by the Fisher information, is not included in this intuitive
explanation.

To implement one axis squeezing, atom collision is first used to get a nonlinear
Hamiltonian. It was first proposed in Ref. [100], and achieved by a bunch of different
groups. [101, 102, 103, 104, 105, 106, 107, 108, 109, 110] Another method is cavity
feedback squeezing, which is described in the next section.

Another proposal for unitary squeezing is two axis squeezing. In this case, the

Hamiltonian is

=X (Sﬁ - S2) , (3.29)

and rotation is along the axis of S, = £S;. Because the rotation along two axes
happens at the same time, the shearing in the one axis squeezing case becomes an
elongation as shown in Fig. 3-6, when the initial state is the S, = S state. The
reduced variance minimum can reach 1/2. Generally, two axis squeezing is more
difficult to implement, and there are only a few reports. Ref. [111] proposed a way to
perform effective two axis squeezing by composite Rabi pulses. Ref. [112] is another

proposal for changing one axis squeezing into effective two axis squeezing. Ref. [113]
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Figure 3-6: Two axis squeezing: the Bloch sphere is observed from north pole.

shows a scheme to perform two axis squeezing with a BEC in an optical cavity. Ref.
[114] is an experimental realization of two axis squeezing, though the amount of

squeezing is not very high.

3.5 Cavity feedback squeezing-implementation of uni-
tary squeezing

One way to implement unitary squeezing is cavity feedback squeezing [6]. The system
is described in Fig. 3-7. A two level system | |) and | 1) interacts with the light field
in a cavity that is on resonant to an excited state |e) and to the average energy of the
two level system. Due to the energy difference of the | |) and | 1) states, the cavity
resonance is far off resonant from these two states. The light sent into the cavity has
a frequency that is on a slope of the cavity resonance. In this situation, the effective

Hamiltonian becomes
Heg = hwé'é + hQeéteS, + huw,S., (3.30)

where ¢ is the annihilation operator of the cavity field. Q = 2¢*/|A| is satisfied, with
the definition that ¢ is the coupling constant for atom light interaction, and A is the

detuning from | |) and | 1) and the cavity resonance.! The first term in Eq. 3.30 is

!Thus, A = w, /2 from Fig. 3-7.
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the energy of the light field, the third term is that of atomic system, and the middle

term is the interaction term. This term gives the following time evolution for S, and

~

C.

st
dt

L (—g—wc—msz)a+\/§ (b +5) (3.32)

where n is a positive integer and b; o are the annihilation operators for the input fields

= inQéfSne (3.31)

from the two sides of the cavity. Using the steady state solution of Eq. 3.32 for the

coherent state inside the cavity, the following expression is obtained for Si

~

(s = ifalS)(ST)s (3.33)

fa(S) = nQ|B)? (1+m—1 +2QS) (3.34)

where the subscript 3 indicates the tracing over the light field states. Eq. 3.33 gives
an expression for (Sﬁ)ﬁ equivalent to Eq. 3.25, with f,(S.) linear to f,(S.). This is
the same form as what is discussed in the previous section, and therefore this gives
squeezing. The resulting normalized variance AS%qq/ASZs is plotted against the
shearing strength Q = Spy(2Q2/k)? in Fig. 3-8, where py is the number of transmitted
photons through the cavity.

Fig. 3-8 tells a few things. For cavity feedback squeezing, it is important to have
collective cooperativity Nn to be much larger than 1, but single atom cooperativity
7 can be smaller than 1. When shearing gets large, the curvature limits the amount

of squeezing, as discussed in the previous section.

Intuitively, it uses light atom interaction as a way to generate the 5’3 Hamiltonian.
This Sf Hamiltonian is explained as a result of the AC Stark shift. If you have n
atoms in a single state that is off resonant from a transition, each atom has an index
of refraction. This changes the effective path length inside the cavity, and thus shifts
its resonant frequency. In the situation described in Fig. 3-7, one state is red detuned,

and the other is blue detuned, so n oc Ny — N, = S,. This resonant frequency shift
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Figure 3-7: System for cavity feedback squeezing (Cited from [6])

0.01

Figure 3-8: Minimum normalized variance (i.e. maximum amount of squeezing) due
to cavity feedback squeezing as a function of shearing strength (Cited from [6]): it is
assumed that S = 10%. The blue dashed line is the limit due to the curvature of the
Bloch sphere, when decoherence due to free space scattering is ignored, and the red
dotted line is when both curvature and free space scattering are ignored.

changes the amount of light that is stored in a cavity mode, and thus changes the AC
Stark shift of the state. As the lowest order is linear for all the process, the AC Stark
shift is proportional to n. The overall energy shift is the number of atoms n times the
energy shift, which is proportional to n, and therefore H oc S?. This picture holds
as long as one of the two state interacts with light dispersively. For example, if the

| 1) state is far detuned and does not have any AC Stark shift due to the cavity light,
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n o< —N| = (S, — Nit)/2, and the proportionality of n to S, remains.

The advantage of cavity feedback squeezing, or unitary squeezing in general, is
that it does not require any detection, and we don’t have to worry about the detection
efficiency. The downside is that there is a slight difference between the angle of the
squeezed direction and the S, axis. This means that this angle needs to be measured
precisely, and the m/2 — § pulse has to be applied precisely. Otherwise the squeezed
direction has a tilt and the benefit of squeezing goes away.

Cavity feedback squeezing is demonstrated by Ref. [115], and Ref. [116] uses this

idea to perform an enhanced measurement of the quantum state.

3.6 Previous works and applications of squeezing

The previous works of spin squeezing are well summarized in Ref. [7]. What is
important is how much the variance is reduced compared to the SQL, and how much
it is useful for actual applications. This information is nicely summarized in Fig. 3-9
cited from Ref. [7]. The two largest metrological gains were reported from [43, 93]
(27 and 28 in Fig. 3-9) These experiments took advantage of the fact that large
atom number has larger maximum squeezing, and they are far from the Heisenberg
limit. When it comes to a few trapped ions, squeezing down to the Heisenberg limit
is achieved. Most of the experiments with cold thermal gas were performed with
rubidium atoms. Ref. [99] used ytterbium without an optical cavity.

Spin squeezing has applications to measurements that involve phase measurement.
One example is an atomic clock, as discussed in Section 2.3. Ref. [117, 114] also did
an atomic clock experiment with squeezed states, though they don’t show an Allan
deviation graph. Another application is a magnetometer, as the precision of the
measurement of precession of spin is enhanced by spin squeezing. Ref. [109, 107]
achieved enhanced magnetometry with spin squeezing. Atom interferometry is also a
precision measurement that is benefited by spin squeezing. Ref. [118| put emphasis
on the application to atom interferometry to describe the significance of their result.

EDM measurements, both electron EDM and nuclear EDM, also should be benefitted
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20 |

metrological gain (dB)

Figure 3-9: Previous results of spin squeezing (Cited from [7]): metrological gain is
plotted against atom number. Black, blue, and red points are measurements with
trapped ion, BEC and cold thermal gas, respectively. Filled (open) circles are the
Wineland squeezing parameter &2, obtained without (with) subtraction of technical
and /or imaging noise. Stars are the direct measurement of the sensitivity in phase
measurement. Numbers show different reports. For the citation, please refer to Ref.

7].

by the spin squeezing, as they also measure the precession of spins.

3.7 Beyond spin squeezed state: non-Gaussian states
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and their applications

A spin squeezed state is a simple step to get phase sensitivity beyond the SQL, and
reports on squeezing so far do not go beyond the Gaussian state, which is defined as a
quantum state whose distribution is Gaussian no matter onto which axis you project

a state. One-axis squeezing described in Section 3.4.2 has the assumption of |u| < 1.
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Figure 3-10: State evolution by one axis squeezing from coherent spin state (Cited
from [7]): two xt = m/2 case shows N = 100 (left) and N = 101 (right).

When this limit is removed, and a state has extensive shearing, eventually the two
ends of the state wrap up the Bloch sphere and start to interfere with themselves.
Generation of Schrodinger’s cat state (or NOON state, in this context) in this way is
first proposed by Ref. [119], and Fig. 3-10 cited from [7] has a good visualization of
the state evolution for different ;1 = 2xt. As shown in the figure, the cat state has an
interference fringe between two blobs. This fringe becomes a source of better phase
sensitivity. As this is the maximally entangled state, the cat state has a Heisenberg

limit sensitivity.

Even if a state is not as entangled as a cat state, typically if it has separate blobs
like a kitten state, there can appear an interference fringe between them. This still
gives a better phase sensitivity, and therefore a non-Gaussian state in general is a

good way to enhance phase sensitivity in metrology.
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Figure 3-11: The level structure we used for spin squeezing: the ground state has
Zeeman splitting of 750 Hz/G, where as the excited state’s Zeeman splitting is 1.4
MHz/G. Thus, there is negligible amount of interaction between m = —1/2 state of
the ground state and the excited state.

3.8 Amount of measurement-based squeezing in our

system

In this section and the next section, the theoretical prediction of the maximum squeez-
ing achievable in our system is described. We perform spin squeezing on the nu-
clear spin 1/2 system of the "'Yb ground state through the interaction between the
mpr = 1/2 state (i.e. the | 1) state) and the F' = 3/2, mp = 3/2 state of the *P,
excited state via 556 nm light. (Fig. 3-11). Because the total atom number N
is conserved, measuring only the | 1) state gives information about S,. We define
the atomic resonance between the mp = 1/2 state of the 'Sy ground state and the
F =3/2, mp = 3/2 excited state as wy, the cavity resonance frequency as w. and the
laser frequency as w. Detunings normalized by the cavity linewidth x and the atomic
linewidth I' are defined as x = 26/k and y = 2A/I". The number of atoms in the | 1)
state and the | |) state are defined as N7 and Nj.

First, we think of an atom number measurement by transmission power of the
vacuum Rabi splitting. The setup is described in Fig. 7-2. The transmission photon

is detected by a single photon counter of quantum efficiency of ¢, including all the
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coupling efficiency. The maximum squeezing possible described by the Wineland

parameter is
32 0.8978 Yav E

gg[/,tr = N_ )
m ¢ g R

(3.35)

where v,y = (k +1')/2 and v, = VKI'. With values of Nyn =450, ¢ = 0.12, k = 400
kHz, and I' = 184 kHz, we get
Gy = 1.343 (3.36)

Next,the amount of squeezing by phase measurement is given by the following

equation:
8 0.8978 vy I'

2 _
£W,ph - Nl n c Vg K

(3.37)
This is a factor of four better than that of the transmission power measurement.
When values to get Eq. 3.36 are substituted,

&y pn = 0.3357 (3.38)

This assumes that the probe frequency is parked on a peak of the vacuum Rabi
splitting. An easier situation is when the probe frequency is scanned over a peak. In

this case, the efficiency is 3/8 of Eq. 3.37, and the Wineland parameter is

64 0.8978 vay I

2 = 3.39
gW,ph 3N177 c Vg K ) ( )

and the numerical value of Eq. 3.38 becomes
&y pn = 0.8952 (3.40)

3.9 Amount of cavity feedback squeezing in our sys-

tem

The system for cavity feedback squeezing is also the same as that for measurement-

based squeezing. The difference is that the probe laser frequency is off resonance,
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i.e. off from both the bare atomic resonance and the resonance of the vacuum Rabi
splitting. The cavity feedback squeezing is performed through the atomic phase shift
due to the light, and therefore the first step is to calculate the atomic phase shift due
to the light in the cavity. To estimate it, the starting point is the following relation

between the atomic phase per transmission photon and the light phase.

d¢ph t d¢ph t
att = o= : 3.41
Patt = Tis T AN, (3.41)

Summing up @pnt, Pphs, and ¢pn, we obtain the following total atomic phase shift

per incoming photon.
y 1+¢°
14+9y2 2

Soat,tot = —77 T, (342)

where ¢ = q1/q2 and € = 2¢*/(1 + ¢?).

The shearing per incoming photon is calculated as

dSOat,tot

@=>5 ds,

(3.43)

From Eq. 3.42, we obtain

y(xy — Nin — 1)T
1+ y?

Q = —NPsc (344)

Whenever photons interact with atoms, we can obtain the information on atom
number, and this information always collapse the state partially into certain popula-
tion difference state on the Bloch sphere. Situation is we send fixed number of probe
beam, and certain number of photons are detected, so we know the detected photon
number, and from this we can estimate the atom number. This broadens the state in
phase direction, and the amount of broadening is governed by the Fisher information.
To estimate the amount of squeezing, the antisqueezing due to this Fisher information

needs to be calculated. The total Fisher information due to the squeezing light is

1+ 2 +N177T

3.45
1+y? (3.45)

Eot - 277psc
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Overall squeezing is

, 1+4F
gW: QQ =

( 2 )2(1+y2)2+2npsc(1+y2+N1’7)(1+y2)T (3.46)

1+¢° 1°pey*(zy — Ninp — 1)°17
When these are converted into the function of transmitted photon number py,,

1+ ¢ y(ry — Nip—1)

= —2N"’py, 3.47
Q 17 Dt 9 (1 + y2)2 ( )
1+¢*1+y*+ Nin
_ 2
Ftot - 4N177 ptr 2 (1 + y2)2 T (348)
, 1+ F
§W = QQ

2
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Chapter 4

Apparatus

The apparatus mainly consists of a vacuum chamber that contains atoms and an
optical cavity, lasers whose lights are sent to atoms, detectors of photons, and the
hardware and software for controlling the system and acquiring the data. In this
chapter, these apparatus except for the lasers are described. Lasers are described in

Chapter 5.

4.1 Laboratory structure

An atomic physics lab has certain requirements. First of all, a certain amount of
space is necessary to have a vacuum chamber where cold atoms are trapped and
manipulated. This space is typically large optics tables, because laser beams are sent
into vacuum chamber to manipulate atoms. In addition to these most basic features,

the following features are useful.

e shelves above optics tables to put electronics that control lasers and other de-

vices

e outlets for control devices

a workbench to do soldering and other electronics manufacturing

a workbench to assemble optics components
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Figure 4-1: Structure of the laboratory

e computers and a control system for experiments

e paths for cables between different control devices

e a cabinet to put noisy things.

e air conditioning system for room temperature stabilization

e chilled water circulation system, so that heat from components consuming high

power can be dumped into water
e storage space for various components

Based on these requirements and fire safety, our lab is designed as shown in Fig.
4-1. The room has 5.3 m x 7.2 m rectangular shape, and two optics tables, three
working benches, three main cabinets, and a bunch of other storage space are in-
stalled. Above the optics tables is two layer canopy for putting electronics boxes and
other equipments to control the system. Three work benches are used for soldering,
computer controls, and optics building, as shown in the figure.

The optics tables are from TMC (783 Series), and are 4’ x 8 in size. They have a
pneumatic floating feature for passive vibrational isolation, compressed air for which
is supplied from the building. Closing a valve from the building disables the floating

without damaging the legs. Also, we have valves that can disable the floating of each
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table independently. One of the two optics table is custom ordered, and has a 7"
square hole in the middle, for the purpose of holding the main vacuum chamber. It
also has some tapped holes for 1/4-20 screws on the bottom surface, so that an optics
breadboard can be hung from the bottom surface of the table.

Inside the space for noisy things, a water chiller (Thermo Neslab System I) and
high current power supply (Agilent 6031A and Lambda GEN 15-220) are located.
The water chiller is for separating water circuit from the building, and dumps heat to
the building cold water supply. water hoses are put along cable trays, and water goes
to a splitting station below optics table 2. The splitting station is made of Swagelok
components, and sends cold water (temperature regulated at 20°C) to the MOT coils
and to cold plates for FETs controlling coil current and AOM drivers. Electrical

cables and coaxial cables for transmitting signals are also put along the cable trays.

4.2 Vacuum chamber design

The vacuum chamber is the place where cold atoms are trapped and interrogated by

lasers. For different purposes, following features are required, or desired.

e large enough number of AR coated viewports that are at different angles from
each other, for optical access of different kind of lights with 0 degree AOI to

prevent unwanted reflection and polarization change.

e low vacuum pressure: 10~ Torr or less depending on background gas collision

limited lifetime required in experiments

e non-mechanical pumping system to keep the vacuum pressure low without gen-

erating mechanical vibration.

e at least one viewport that covers large numerical aperture from atoms for imag-

ing
e oven or other source of atoms
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e differential pumping system for the oven: as the oven gets hot, typically vacuum
pressure is worse than the main part of the chamber, and independent pumping

is desired.

e coils surrounding the chamber for MOT and cancelling background magnetic

field
e ability of baking
e tight holding from the optics table

In addition to these general requirements, for cavity QED experiments, following

factors are also important.
e large enough space for the cavity structure
e mechanical stability of the cavity inside the vacuum chamber
e good coupling to the cavity mode from the outside of the chamber
e electrical feedthrough for sending signals to control the cavity

Based on these requirement, our vacuum chamber is designed and built as shown
in Fig. 4-2. The main part consists of a 4.5" long nipple for 6.75" flange. On each
6.75" flange, a viewport is attached, and these work as the main windows for sending
light in and imaging the atoms. On the side of the cylinder, 10 different half nipples
are welded. Two 4.5" flange nipples are oriented in the vertical direction. The top
flange has a custom reduced flange from 4.5" to 2.75" onto it. The reducing flange
has six 6-32 screw for mounting the cavity structure (for the details of the cavity
structure, see Chapter 4.3). On the top, a Tee is mounted for sending electrical signal
to the cavity system. The bottom 4.5" flange is connected to another reducing flange
from 4.5" to 6.75". Four 2.75" flanges are angled 50° from the vertical axis, and
are used for sending the MOT beams in. Four 1.33" flanges are angled 10° from the
horizontal. The right bottom one in Fig. 4-2 is used for the oven. The tube sticks

out from the main part of the chamber by 0.535", and its end is closed except for a
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3 mm diameter hole for collimation. The oven is in the tube, with a Tee holding a 2
1/s ion pump (Agilent 919520) for differential pumping. (for the detailed description
of the oven, see Section 4.4.) Three other 1.33" flanges have conical reducers that
expand the flange size to 2.75". Two flanges simply have 2.75" viewports on their
ends. For these flanges, the reason for expanding the size is that 1.33" viewports
have thickness variations on the glass part large enough to have some lensing effects,
and they should be avoided for use as a window. The last 1.33" flange, which is on
the opposite side of the oven has heated window inside a Tee on the reducing conical
nipple, and then has 2.75" flange (for the heated window, see Section 4.4). This path

is used for sending the longitudinal cooling beam.

A unique feature of this chamber is that it is held in the middle of an optics table,
and goes through a hole in a optics table. Pumps are below the optics table. The
connection to the bottom part of the chamber is done by 13.68" long 6.75" flange
nipple, which is connected to the bottom 4.5" flange of the main part through a
reducing flange. The bottom surface of the top 6.75" flange of the tube is clamped by
a clamp onto the optics table. The tube is so large to increase the flow rate. At the
bottom, the 6.75" flange has a 4.5" 6-way cross connected via another reducing flange.
The 6-way cross has a 40 1/s ion pump (Agilent Vaclon Plus 40 Starcell Ton pump),
a 4.5" tube for titanium sublimation pump (Thremionics PS-500), an 1-1/2" angled
all metal valve (MDC 314003), a blind flange, and a 4.5" viewport. The viewport is
at the bottom flange of the 6-way cross, and serves as input for light going into the
cavity. For the purpose of baking, the 6.75" tube that is in the hole of the optics
table has heating tape and aluminum foil permanently wrapped onto it.! The valve is
connected to a pumping system consisting of a turbo pump and a rotary pump when
the initial pumping happens, but once pressure goes below safe operation pressure of
the ion pump (typically 10~* Torr), the valve is closed and the roughing pumps are

disconnected.

L Although it is very good for this structure to have tight fixture onto the optics table and to
save the space on the table, baking is a bit tricky. Because the maximum temperature for the optics
table is 70 °C, the chamber has to be lifted during a baking, when the temperature of the chamber
goes up to 150 °C, and a fan has to be continuously run to have cold air flowing around the table.
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Figure 4-2: Vacuum chamber
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Figure 4-3: Reflectivity of the AR coating on the viewport for different wavelength
(This is a scan of a specification from the coating company.)

All the viewports on the vacuum chamber are AR-coated for 399 nm, 556 nm, 578
nm and 759 nm light. The estimated reflectivity by the coating company is shown in

Fig. 4-3.

4.3 Optical cavity

4.3.1 Designing the cavity configuration

The optical cavity in the main vacuum chamber is the heart of our experiment for

cavity QED interrogation. This cavity in the main chamber that interacts with atoms
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is called the experimental cavity to distinguish it from the other optical cavities in
the lab. In this section, the design of this experimental cavity is described. For the

detailed procedure of assembly and wiring, refer to Boris Braverman’s thesis [1].

As described in Section 3.1, the most important parameter for spin squeezing and
cavity QED in general is the single atom cooperativity n (see Eq. 3.8 for definition).
High 7 is better for generating quantum mechanically interesting states, and a tight
waist w is desired for it, because 7 is purely geometric if you specify a wavelength
and mirror properties. Fig. 4-4 shows n for different mirror configurations. A pair of
mirrors of the same size (red curve) are typically used, and in this case, there are two
regions of high 7. One is to put two mirrors very close, such as 10 ym apart. This is
what Jeff Kimble has achieved [87], but only a few atoms were loaded at a time, which
does not work for an optical lattice clock experiment, where we need thousands of
atoms in the cavity. The other choice is to put the cavity near confocal configuration.
This has large enough distance between the two mirrors to load thousands of atoms
into the cavity mode, but the structure is mechanically unstable. When two different
size mirrors are used, the situation changes. As one of the two mirrors has smaller
radius of curvature, the stability region gets split. Also, the most mechanically stable

part has higher cooperativity than that of the symmetric structure.

In our case, we have a technique to have a micromirror [120], which is suitable
for the small radius of curvature mirror: a mirror with both diameter and radius of
curvature of a few hundreds of ym. The is made by shooting a COs laser pulse onto
a flat substrate, and then coating substrates in the same way as ordinary commercial
superpolished mirrors. The quality of micromirrors is not well controlled, and there-
fore a typical way of making a good micromirror is to have many mirrors, test all of

them, and then choose the best one.

Based on these considerations, the cavity structure is chosen to be an asymmetric
cavity; one mirror is a commercial 2.5 ¢cm radius of curvature one, and the other one

is a micromirror. The designed cavity is in the stability region of two mirrors far
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Figure 4-4: Cooperativity for different mirror configuration: red curve is for two
mirrors of 25 mm radius of curvature. Blue, pink, and black curves show the situation
where one 25 mm radius of curvature mirror and another smaller radius of curvature
mirror is used.

apart, satisfying the following equation.
R, <d<R1+R2, (41)

where R; and Ry are the radius of curvature of the two mirrors (R; > R») and d is
the distance of two mirrors. This satisfies both high 7 and large distance between the
two mirrors for directly loading many atoms into the cavity mode, maintaining the

mechanical stability.

4.3.2 Design of structure holding mirror

The next thing that should be determined after deciding on the choice of mirror shape
and distance is the structure to hold them. Followings are some important factors to

be considered.

e Overall structure has to be stiff to prevent mirrors from moving with respect to

each other.

e The holding structure has large enough optical access for various lights, such as

78



MOT beam and path for imaging atoms.

The distance between the mirrors must be tunable to stabilize the cavity length

inside the vacuum chamber. This is typically done by piezo.

The vibration due to the piezo’s motion should not be transmitted to the whole
structure, and the mirror should be fully moved by the motion of the piezo.
This means the piezo should be on a counter weight, and there should be a

damping material between the piezo and the whole structure.

It is necessary to have fine tunability of axial relative position of two mirrors

before they are fixed.

The temperature of the cavity should be stabilized for a better stability of the

mirror distance.

The structure holding the two mirrors together should be well isolated from the

environment to avoid vibrations and temperature fluctuations.
The cavity should be fixed relative to the optics outside the vacuum chamber.?

There should be some focusing optics near the cavity structure, as the high

cooperativity cavity mode diverges quickly.

The structure should have insulating material to prevent eddy currents over

whole structure.

Metallic components should be nonmagnetic to prevent any unwanted magnetic

field.

Based on these criteria, our cavity is designed as shown in Fig. 4-5. Basic structure

is two baseplates connected by four rods (2.324" long). Bottom baseplate is made

of macor, and top baseplate and the rods are made of 316 stainless steel, which is

nonmagnetic. On the bottom baseplate, a VESPEL ring (0.29" ID, 0.7" OD, and

0.05" thick), counter weight ring (316 stainless steel, 0.29" ID, 0.7" OD, and 0.1"

2This is contradictory to the previous point. We should find a compromise.
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Figure 4-5: The design of experimental cavity: (a) whole picture, (b) side facing
computer table, (c) side facing oven, (d) side facing white board, (e) side facing
heated window. The heater is colored in different way to easily specify the number
of heater: red: 1, blue: 2, green: 3, brown: 4. Width of top and bottom baseplates
is 2".

thick), piezo, and commercial 25mm ROC mirror are glued in this order. (The glue is
Epotek, H77). The counter weight has an atomic beam shield, whose shape is the half
of a hollow cylinder (0.20" ID, 0.25" OD, 0.5" tall), for the mirror. The dimension
of the piezo is 0.29" ID, 0.35" OD and 0.125" long, and it is a single layer actuator
that has electrodes on the inner and outer sides. (material: C5700 manufactured by
Channel Industries) For convenience, this piezo is called short piezo. Its tuning rate
is 0.725 nm/V. The counter weight, the VESPEL ring and the bottom baseplate have
a hole that has the same inner diameter as the piezo. On the bottom end of the
baseplate, a 38.1 mm focal length 1/2" diameter lens is mounted at the distance of
16.4 mm from the back side of the 25 mm ROC mirror. This lens is AR coated for
399, 556, and 759 nm light. The baseplate has a hole to send an electrical wire for
the inner electrode.

On the top baseplate, the mirror structure is screwed down. The mirror is 25
mm x 10 mm x 2 mm rectangular substrate, on the center of which the micromirror
is located (for more detailed description of micro mirror, see Subsection 4.3.3). The

micromirror substrate is held by two rectangular piezos (P-885.11 manufactured by
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PI). They are multistack piezos of 9 mm x 5 mm x 5 mm size, and tuning rate is 65
nm/V. These are called long piezos, and are operated with the same voltage. The
back of the micromirror substrate except for the micromirror part and the piezos
are gold plated to ground to prevent electric field from the piezos from leaking into
where the atoms are. The piezos sit onto a counter weight (0.4" D x 0.29" H x 1"
W) made of 316 stainless steel. The counter weight is on a VESPEL layer (0.05"
thick, same area as counter weight), which is on a cross (0.165" thick) that is screwed
down to the top base plate. On the back side, a 38.1 mm focal length 1/2" diameter
lens is mounted at the distance of 35.15 mm from the micromirror substrate. All the
connections up to the cross are fixed by gluing. On the side, we have a thermistor for

temperature stabilization. (Epcos, B57550G0103+)

The four rods connecting the two baseplates have a bunch of cutoffs from a basic
pentagonal cross section. On the top and bottom of it, there are tapped screw holes
to screw the top and bottom baseplates down. On the side, each rod has a heater
(Birk Manufacturing 3503-57.5-200-00, 57.5 €2 resistance, glued by Epotek, 353ND)
for temperature stabilization and length tuning due to the thermal expansion. It has
some screw holes on the side for future upgrade and fixing electrical wires down. On

the side of the oven, an atomic beam shield for the micromirror substrate is located.

This part has relatively rigid structure, and a finite element method simulation
by SOLIDWORKS shows that the lowest mechanical resonance for the structure up
to the top base plate is 2.7 kHz, and the mirror holding structure has the lowest
resonance frequency of 7.5 kHz (top) and 14.4 kHz (bottom). This ensures a few kHz
locking bandwidth of the cavity length by putting feedback onto the piezo length.

The structure is held by four 0.25" OD x 1.1" long VESPEL hollow cylinders
inside of which 4-40 screws press the structure onto the top structure. Top joint is a
huge stainless steel cylinder that is screwed down to the reducing flange from 4.5" to
2.75" on the top of the main part of the chamber. It has some holes through which
electrical wires go from a micro D-sub feedthrough (MDC 9162003) on the top Tee
to the cavity structure. On the top side of the top joint, a 0.7" OD x 0.6" ID x 5.5"

long hollow cylinder is screwed down for the purpose of preventing electrical wires
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from blocking the optical path to the cavity.

4.3.3 Optical design and its properties

High reflectivity coating

We have a few requirements for the high reflectivity coating. First of all, we have to
have a high finesse for 556 nm at the 0 degree AOI, which is resonant to 1Sy —3 P,
transition. Secondly, we want to have reasonably high finesse at 0 degree AOI to
enhance the power of 759 nm laser for an optical lattice. In addition, it should
be reflective for 399 nm and 556 nm light at ~ 45° AOI, because the micromirror
substrate is used for the mirror MOT. This is doable at AT Films. Basically, the
high reflectivity coating for 556 nm at 0 degree AOI comes at the top layer (farthest
from the substrate, closest to the air), and below this, there are layers of reflective
coating for 759 nm. The high reflectivity coating at 0° AOI works at 45 deg AOI
to some extent. The coating is a dielectric stack made of alternating layers of TayOs
and SiOy. As the TayOj5 at the top results in degradation of O the mirror reflectivity
[121], it is specified to have a top layer of SiOs.

At the beginning, the typical transmission to loss ratio of the micromirrors was 1:3,
and this being less than 1 is not good for extracting information from the cavity. To
increase transmission, we etched 4.5 pairs of dielectric layers. The etching is performed
with hydrofluoric acid for SiO, layers, and plasma etching for TayO5 layers, following
the original idea by Dan Stamper-Kurn’s group. [122] Because plasma etching does
not have any deterministic stopping point, the top layer is TayOj5 layer after etching

to have smooth surface. To prevent the degradation, we add 10 nm layer of SiO,.3

For a more detailed discussion, see Boris Braverman’s thesis [1].

3 All of the etching was practiced on the damaged substrates. There were some damaged substrates
due to poor packing when they were sent to the coating company. We asked them to coat it as well,
because they still had some space in the coating machine.
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Figure 4-6: The design of micromirror substrate

Micromirror

The micromirror substrate is a 25 mm x 10 mm x 2 mm fused silica glass substrate.
In the middle of substrate, we made six micromirrors, as shown in Fig. 4-6. 16
substrates are made, targeting different radii of curvature by changing the focusing
of a COy laser.(Table 4.1) An intuitive understanding of why we can get a spherical
mirror simply by shooting a COs laser is that the laser locally heats the substrate up
and evaporates the material, and the amount of evaporation is proportional to the
intensity, which has gaussian profile that is approximately spherical in the center. The
coating was performed together with the commercial mirror substrates at ATFilms.*

5 are tested. The tests are microscopic measurements of

All of the micromirrors
radius of curvature of two axes, transmission, and finesse; since the micromirror is
slightly elliptical, long and short axes have slightly different curvature. Fig. 4-7
shows a microscope photo of a micromirror, and Fig. 4-8 shows a cross section of
a micromirror. Transmission and finesse measurements are performed with the 556

nm laser. The transmission measurement is performed simply with a photodiode and

the laser. The finesse is measured by making a cavity with 25 mm ROC mirror and

4They do not like to guarantee any kind of spec regarding coating on micromirrors, but we can
just ask put the substrates into the same run as the commercial ones. Another tip on coating is
what is expensive is a coating run, not the substrate. Thus, typical strategy is to add some extra
mirrors for the future.

5In total, we have 96 mirrors.
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Table 4.1: The micromirror target ROC and actual ROC: actual ROC is an average
over two axes of six mirrors. Uncertainty is standard deviation.

substrate No. target ROC [um]| actual ROC [um]

1 700 753.2£178.6
2 7007 361.6 £81.4
3 300 225.0 £ 32.0
4 100 106.8 = 32.0
5

6 500 562.8 £82.0
7 100 127.5 £ 33.6
8 700 692.6 £ 177.6
9 100 107.6 £ 28.2
10 500 596.4 £+ 63.9
11 500 412.1 £ 98.0
12 300 209.8 = 30.6
13 300 166.1 £ 32.7
14 100 122.5£51.2
15 100 151.4 £58.1
16 300 206.6 £ 28.1

Figure 4-7: Photos of micromirror: the bar shows 100 pm

performing a ringdown measurement. Based on the finesse and transmission, amount
of the loss is extracted, and the information of the curvature gives the maximum
cooperativity n at the waist. Fig. 4-9 shows the summary of the properties of differ-
ent micromirrors. This shows the estimated cooperativity against the micromirror’s
radius of curvature. Among these substrates, we chose the highest cooperativity one,

and etched the surface, as described in Section 4.3.3.
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Figure 4-8: Cross section scanning of a micromirror: this is the same mirror as the
one in Fig. 4-7.
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Figure 4-9: Properties of micromirrors: the expected cooperativity is plotted against
the radius of curvature.
Properties of the completed cavity

In this section, the property of the experimental cavity is summarized. The cavity
consists of a 25 mm ROC commercial mirror and a micromirror. The micromirror

has ROC of 387 pm (long axis) and 298 pm (short axis). Fig. 4-10 shows the
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Figure 4-10: Estimated cooperativity for the experimental cavity with different mirror
distance

cooperativity dependence on cavity length. Red dots being on blue curve shows that
our theoretical prediction was correct, and smaller measured cooperativity compared
to the theoretical calculation presumably is due to the fact that beam size on the

micromirror is larger than the spherical part of the micromirror for long cavity lengths.

We fix a distance at 25.1225(25) mm, which corresponds to a free spectral range
of 5.9666(6) GHz. This gives an estimated waist size of 4.7 ym x 4.3 pm, and a
maximum cooperativity of 44.3. Fig. 4-11 shows cooperativity against atom distance
from the micromirror substrate. Note that the cavity has also high finesse for 578
nm light. The maximum cooperativity is estimated to be 27.3. Other cavity QED
parameters are summarized in Table 4.2, and Fig. 4-12 shows transmission and loss

at each cavity mirror. The finesse for 759 nm light is 3000.

The temperature of the cavity is stabilized at 30°C, and its stability is +50 mK.
Only two of the four rods are heated, and one has a current fedback by a four point
temperature controller, and the other is driven by a constant current. It is crucial
to have correct rods heated to have a good coupling into cavity mode. The length

tunability is 640 nm/K by heating, and -65 nm/V by the long piezo. The tunability
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Figure 4-11: Estimated cooperativity for the experimental cavity with different mirror
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Table 4.2: Cavity QED parameters of the experimental cavity for 556 nm and 578

nm light

wavelength
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Figure 4-12: Summary of transmission and loss on each mirror



by the short piezo is 11.4 MHz/V for 759 nm, which corresponds to 0.725 nm/V.
The coupling efficiency of the light into the cavity is 70 % for 556 nm, and 60 % for
759 nm. The 759 nm light has higher divergence, and output cavity mode has some
interference fringes due to a cropping by a part of the structure. After all coupling
efficiencies and quantum efficiency are combined, the overall coupling efficiency of

intracavity light to a single photon counter is 12 %.

Construction of the cavity

Since the alignment involves putting the focal point of a 25 mm ROC mirror into a
cone of 300 pum diameter and 300 pum height, how to align two mirrors and put it
onto the holding structure is not trivial.® Detailed procedure of the construction of
the cavity and electrical connection should be referred to Boris Braverman’s thesis
[1]. Here, the basic idea is briefly described.

Before starting all the alignment, the mirrors are glued onto the baseplate and the
holding structure is constructed. The first step is to carefully calculate the coupling
into the cavity mode, and make an optics setup accordingly. 556 nm light coupled into
the cavity mode is sent from the micromirror side, which is the top of the structure.
Next, we put a 25 mm ROC mirror, and retroreflect the light back to the incoming
path. This fixes the position of the 25 mm ROC mirror against the laser beam. The
bottom baseplate is screwed down to the structure. The micromirror substrate is
inserted to the path. To determine the position of the mirror, we first fix the distance
between the micromirror substrate and the 25 mm ROC mirror. The method is to
make a 25 mm ROC and flat mirror cavity mode, using the flat part of the micromirror
substrate. When the distance is more than 25 mm, the cavity mode disappears, and
this sets the distance at 25 mm. Once we find the position for the 25 mm distance,
we set the distance slightly larger than 25 mm, and slide the micromirror into the
laser beam path. Strongly scattered light from the micromirror is the sign of correct
positioning. At this point, sliding micromirrors around horizontally gives some kind

of cavity output. Usually, this has two spots, and this corresponds to a V shaped

6 Actually, it was so nontrivial that we first had to make a prototype and practice the alignment.
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Figure 4-13: V shaped cavity mode that appears when the alignment of micromirror
and 25 mm ROC mirror is not perfect.

cavity mode shown in Fig. 4-13. The goal is to make these two spots into one, and
then alignment is done.

During the alignment, fine tuning of the mirror distance, including compensation
of the effect of the thickness of the glue layer and machining precision, was done by
inserting shims in between the rods and bottom baseplates to increase the mirror
distance, and between the cross and the top baseplate to decrease the cavity length.
Final adjustment of the relative position is done by moving the 25 mm ROC mirror.”
After the alignment, wiring electrical wires from a feedthrough is done. The cavity

structure is inserted into the main vacuum chamber by putting the reducing flange

onto the top 4.5" flange of the main cavity.

4.3.4 Optics around the cavity

Optics are needed for coupling the light into the cavity mode, and out of the cavity
mode. In this section, these optics are summarized. Input optics are on a optical
breadboard below the optics table, which we call the bottom layer breadboard. The
bottom layer breadboard (Thorlabs, PBG11105) is hung from the bottom surface of
the optics table by 14.5" long 1.5" thick pillar. The output optics are above the
vacuum chamber. To have optics there, we first have 14.5" tall 1.5" thick pillars to

support an aluminum breadboard (Thorlabs, MB18). This layer is called the middle

"The adjustment involves estimating the motion due to the screwing, and compensating it, and
interestingly, after trying all the sophisticated translational stage, most effective way of moving the
baseplate into correct position was by fingers.
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layer breadboard, and it has a cutoff to prevent eddy currents. On top of this we
have 4" tall 1.5" thick pillars, and another layer of optical breadboard (Thorlabs,
MB18). In addition, we have a 2’ x 2’ 2.2" thick breadboard (Thorlabs, B2424F)
next to the structure right above the chamber. This whole structure for the output

optics is called the top layer breadboard.

A diagram of the input optics is shown in Fig. 4-14. the idea is first to shape
the beams of different color independently, and then combine them with dichroic
mirrors, because chromatic aberration and the difference in the size of cavity mode
between different color are significant. 556 nm laser has two sub parts. One is for
the pump beam, and the other is for the probe beam. The pump beam is used for
optical pumping through the cavity, and the probe beam is used for probing through
the cavity. Since both of them require a specific polarization, the polarization is
cleaned with a PBS and HWP right after a fiber outcoupler (Thorlabs, C230TMD-
A). After that, each path has a QWP to make a circular polarization, and two beams
are combined by a non-polarizing 50:50 beam splitter. Because both beams do not
require so many photons, OD=3.0 ND filter is located after the non polarizing beam
splitter. The probe path has an additional OD=1.0 ND filter before the beam splitter,
as the pump requires more power than the probe (see Section 6.5 for the details of
optical pumping). The beam changes its direction by 180 degrees by two mirrors,
which work as a pair of mirrors to independently align the green path into the cavity,
and goes through a x1.25 telescope. Right before the dichroic mirror reflecting 556
nm and transmitting 759 nm and 578 nm (Semrock FF562-DI03), there is a 119.23°
waveplate (custom order from CASIX), which compensates the phase shift between

S and P polarizations at the dichroic mirror.

The 759 nm path has features for locking the experimental cavity to the 759 laser,
and an intensity feedback for the cavity light. The output from a fiber coupler (Thor-
labs, C230TMD-B) first go through a PBS and then 20 MHz free space EOM (Qubig,
EO-F20L3-NIR). Light is next reflected by a R:T=90:10 non-polarizing beam splitter
(Thorlabs, BS025). The light next goes into another free space EOM (Thorlabs, EO-
AM-NR-C1). This is located between the QWP and PBS, and modulated based on
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Figure 4-14: Optics schematics for bottom layer breadboard: These optics are used
to combine light of different wavelengths and send them into the cavity mode of the
experimental cavity.

the intensity stabilization feedback signal. This intensity stabilization components are
between two mirrors, and these mirrors works as a pair of mirrors to independently
align the 759 nm path. After the mirror, the light goes through a x1.6 telescope, and
then goes through two dichroic mirrors, both of which transmit 759 nm light. Light
reflected by the experimental cavity goes back along the path, and part of the light
is transmitted by the 90:10 non-polarizing beam splitter. the light goes through a 25
pm pinhole (Thorlabs, P25S) that is located at the focus of a 30 mm focal length lens
to block the reflection due to the higher order transverse modes of the experimental
cavity. The light is focused down to an AC coupled APD by a 20 mm focal length

lens.

The 578 nm laser path is also implemented. The light coming out from the fiber
outcoupler (Thorlabs, C111TME-A) first goes through a polarization cleaning system
with a HWP and PBS. It then goes through a x0.75 telexcope, and then a bandpass
filter (Semrock, FF01-578/21-25) to protect from 556 and 759 nm reflection. At the
end, the light goes into the dichroic mirror (Semrock, FF649-DI01) to combine it with
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the 759 nm light.

The top layer splits 556 nm, 578 nm and 759 nm light into a separate paths, using
the same dichroic mirrors as the bottom side. Fig. 4-15 shows the schematic. 556
nm light goes to single photon counters, a DC coupled APD, and a camera. The
light first goes through a 119.23° waveplate. After the beam size is shrunk by a
x0.33 telescope, it goes through a QWP that changes circularly polarized light into
linearly polarized light so that a PBS downstream can send % and o~ light for the
atoms to different single photon counters. There is also a mechanical shutter [123|
for protecting single photon counter when high power light is sent to cavity. Next, a
pellicle beam splitter (BP108) splits a small amount of light (0.27% for H polarization
light, 2% for V polarization light) into a path to a DC coupled APD and a camera.
The camera gets 8% of this light reflected by a beam sampler (BSF10-A). Rest of the
light goes into a PBS, and on both the reflection side and the transmission side, the
light is fiber coupled. Right infront of each fiber coupler, a bandpass filter (Semrock,
FF01-554/23) and an iris are placed for reducing background light and blocking light
if necessary. The fiber coupling efficiency here is around 65%), and the light is sent to
single photon counters (Hamamatsu Photonics, C13001-01(x)). This single photon
counter is an APD operated in a Geiger mode, and the quantum efficiency at 556
nm is 45%, including outcoupling efficiency from the fiber to the active area of the
detector. Note that the 759 nm light is sufficiently suppressed by not only a dichroic

mirror and a bandpass filter but also a bunch of mirrors coated only for 556 nm light.

759 nm path sends the cavity output to a camera and two APDs. After the
dichroic mirrors, the light goes through a mirror for 556 nm light to filter the 556
and 578 nm light. The beam is next shaped by a x0.5 telescope, and then split by
a HWP and a PBS. One path has a camera and a DC coupled APD for monitoring
purposes. Only a small amount of the light comes to this path, and 8% of it goes into
the camera by a beam sampler (Thorlabs, BSF10-B), and the rest goes into the DC
coupled APD. Most of the light goes into another AC coupled APD that generates

an error signal for an intensity feedback. A diagram of the circuit that generates the
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Figure 4-15: Optics schematics for the top layer breadboard: these optics ar used to
split different wavelengths of light and send it into different detectors. Two fibers at
the end of 556 nm light path are connected to single photon counters.
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Figure 4-16: Circuit to generate the error signal for the intensity feedback of the 759
nm laser

error signal is shown in Fig. 4-16 The basic idea is to AC couple the signal at 1.6 kHz,
and have 40 dB of amplification, so that a small fluctuation in power can generate

large enough modulation voltage for the non-resonant EOM.

Locking of the experimental cavity

To perform a stable probing by 556 nm light, the resonant frequency of the exper-
imental cavity has to be tightly fixed. To do this, we lock the experimental cavity

to the 759 nm laser for the optical lattice, which is locked to a reference cavity (for
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Figure 4-17: Gain curve of the feedback system for experimental cavity locking: red
curve is after the optimization of PI gain parameters to maximize the gain of the

feedback.

the locking of the 759 nm laser, see Section 5.4). The locking is a standard PDH
technique. The RF modulation frequency is 20 MHz, which is the resonant frequency
for the Qubig EOM. The retroreflected light is detected by an AC coupled APD. The
error signal is processed with our standard lockbox, and fed back to the voltage on
the short piezo. As the short piezo’s tuning range is as small as 150 MHz, long term
stability is maintained by generating an error signal from the short piezo voltage, and
sending a feedback to the long piezos’ voltage so that the short piezo’s voltage stays
at a constant value. The bandwidth of the feedback to the short piezo is 6 kHz, as
shown in the gain curve shown in Fig. 4-17. This is limited by the lowest mechanical
resonance at 7.5 kHz.® Few high frequency resonances, which are 7.5 kHz and 67 kHz
for short piezo and 4.5 kHz, 7.5 kHz, and 22.4 kHz for the long piezo, are suppressed
by a notch filter.’

Even when we lock the experimental cavity to the 759 nm laser, there still remains

82.7 kHz resonance mentioned in Section 4.3.2 is swinging sideways, and it does not seem to affect
the cavity resonance frequency.

9Basically, this is good enough for having a stable enough 556 nm probe. Sometimes, a ~ 100 Hz
oscillation is visible in the error signal of the experimental cavity locking. This is from the whole
cavity holding structure swinging due to the thin VESPEL rod structure. This 100 Hz noise is
suppressed reasonably well when the gain of the locking is high enough, and removed by floating the
optics table.
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a decent amount of intensity noise of the trap light in the cavity. Since the intensity
noise of a trapping light results in parametric heating of atoms in the trap [124], this
intensity noise should be suppressed, ideally to the level that the atom lifetime in the
lattice is not limited by the intensity noise. With an optical cavity of finesse ~ 3000,
both intensity noise of the laser and frequency noise of the laser lead to intensity
noise of the intracavity light, as the cavity’s sharp resonance peak converts frequency
noise to intensity noise. At the beginning, we had only a < 200 ms lifetime in the
lattice, and had to reduce the intensity noise. At first, we implemented fast frequency
feedback by getting the error signal from a PDH signal from the experimental cavity
and putting feedback onto an AOM which shifts the frequency of 759 nm slave laser.
This did reduce the frequency noise around 100 kHz by 10 dB, but we did not observe
any improvement of the intensity noise. Therefore, we decided to simply measure the
power of the laser after the cavity, and put feedback based on it to the power of input
light.

The circuit for the intensity feedback is shown in Fig. 4-16. The error signal is sent
to the non-resonant EOM in the 759 nm light path on the bottom breadboard, with
the shortest cable length that is geometrically allowed, to ensure a large bandwidth.
The gain curve and phase is shown in Fig. 4-18, and the resulting enhancement of
the expected lifetime in the lattice calculated by Eq. 6.3 is shown in Fig. 4-19. The
enhancement is a factor of ~ 10 in the region of our interest, which is around the 100
kHz trapping frequency, and this intensity feedback enables a >1 s atom lifetime in

the lattice.

4.4 Oven, atomic beam, and heated window

Ytterbium has a melting point of 1097 K, and boiling point of 1469 K, and therefore
we need an oven that can heat up to few hundred degrees Celcius. To design an oven,

there are few things to consider.

e Amount of material; if it is a large amount, you do not have to replace it

frequently, but the structure gets larger.
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Figure 4-18: Property of the intensity feedback circuit of the trap laser
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Figure 4-19: Enhancement of the atom lifetime by intensity feedback

e Flux of atomic beam you want to have

e Distance between an oven and the region where you actually trap atoms; if
the distance is small, the flux gets larger because of the larger solid angle.
However, when a hot object gets close to trapped atoms, there are potentially
bad effects due to outgassing from the oven that increase the vacuum pressure,

and blackbody radiation from the oven.

e Management of heat: how to heat the oven efficiently, and if the surrounding

part gets warm, how to dissipate that heat in a good way.
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e How to collimate the atomic beam; a couple of holes, or honeycomb structure
is commonly used. However, if the collimating structure is cold enough for the

atomic species to condense, there is a danger of clogging it.

Based on these criterion, we chose a relatively compact setup that is close to the
MOT region. To get a reasonable atomic flux, we put the oven 2" away from the
MOT region. The system does not have any Zeeman slower, and therefore the solid
angle over which we can gather atoms is larger than that for a system with a Zeeman
slower. Still we send a counter propagating cooling beam to enhance the atom number
in a MOT. (regarding the counter propagating beam, see Section 6.2.)

The oven is made by wrapping 2 g of ytterbium bulk by 0.0005" thick tantalum
foil. The shape of the foil and how to wrap the ytterbium bulk and connect it to a
conductor rod is shown in Fig. 4-20. Fixing open ends is done by spot welding. The
tantalum bag is spot welded to a conductor rod. The rod is made of 0.032" diameter
1.7" long steel that is welded on 0.032" diameter 6.2" long copper rod. The length
of the copper includes the commercial electrical feedthrough (Lesker, EFT0023032),
and there are 0.2" overlap between the copper and the steel part. The overall length
is determined by the length of the vacuum chamber, including a Tee splitting the
tube to a 2 1/s ion pump for differential pumping. The steel part prevents the heat of
the oven from being dissipated through the conductor rod, and copper part ensures
the conductor itself has low resistance. '© The rods are supported by two macor rings
so that the whole structure does not touch the chamber wall due to gravity. The air
side of the electrical feedthrough is connected to a power supply by 16 AWG wire.
The tantalum bag has a hole of 1 mm diameter, so that ytterbium vapor can come
out. The bag is located at the end of the oven tube. The distance of the oven bag
and the closed end with the 3 mm hole is estimated to be a couple of millimeters.

To get 10 s~! overall atom flux, we typically run 5.4 A to the oven. This requires
a voltage of 2.0 V, including all the resistances of wires and conductors, and thus the

overall heat dissipation at the oven is 10.8 W.1! Most of the resistance is due to the

10The first generation oven had an all steel structure. The conductor part was too resistive and
so only a third of the overall resistance was attributed to the tantalum bag.
1 The previous all steel design required 10.4 A and 3.1V, which gives more than 30W.
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Figure 4-20: How we wrapped ytterbium oven: the number in the left most picture
is the length scale in cm.

wires connecting a power supply and the feed through, and the resistance inside the
vacuum is only 78 mf2, 75 m2 of which is due to the steel and the foil part. This

does not give any heat onto the chamber surrounding the tantalum bag part.

Because ytterbium has high boiling point, and low vapor pressure at room tem-
perature, once it sticks onto a cold surface, it never goes off. This is the same for the
vacuum viewport at the opposite end of the oven through which a counter propagating
beam is sent. To prevent ytterbium from coating it, which reduces the transmission
of the viewport, we implemented a heated window inside of a Tee on the counter
propagating beam path. The structure of the heated window is shown in Fig. 4-21.
The main part is an AR-coated Sapphire window that is clamped by two copper
parts. The main copper plate has a heater (Watlow, Ultramic 600 Heaters WS-CER-
1-01-00098) screwed onto it, and the heat flows to the window through copper. This
structure sits onto a macor mount, which is held in a 2.75" flange Tee by gravity.
Because of the small thermal conductivity of macor and small amount of mechanical
contact between the window and the macor mount, and between the macor mount
and the Tee, we need only 7.7 W (33.3 V and 0.23 A) to heat the window up to
300 °C. The AR-coating for the sapphire window is performed with the same run as
the one for the viewport (See Fig. 4-3, however, due to the difference in material
(sapphire and 7056 glass), actual reflectivity should be different) 0 The power for the
heater is supplied from an electrical feedthrough (MDC 9132006) on the top of the
Tee. A thermocouple on the heater is also wired through this feedthrough, and this

allows us to estimate the temperature of the window.
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Figure 4-21: The structure of the heated window

4.5 Coils and optics for MOT

In order to have a MOT and apply the proper magnetic field during interrogation
through the experimental cavity, it is necessary to have a proper coil to generate the
magnetic field. For historical reasons, we have two pairs of MOT coils. One is on
the 6.75" flanges, which is large enough to generate a 50 G/cm field gradient for a
MOT with the 1S, —! P, transition. This only worked when we did not have the
cavity structure inside the chamber, due to the relation of the polarization and the
sign of the field gradient in the mirror MOT. As we use a mirror MOT with the cavity
structure, the MOT coil axis has to be along the MOT beam axis that is reflected by
the mirror. To satisfy this, we put relatively small MOT coils on the 2.75" flanges. To
have compensation of the background field, to shift the MOT position, and to apply
the proper magnetic field for the interrogation of atoms in the cavity, we have bias
field coils for the x, y, and z directions, where th+z, +x, and +y direction are defined
as vertically upward, horizontal direction from heated window to oven direction, and
axis of 6.75" viewport that makes the right hand system.

Large MOT coils are made of a hollow copper wire whose cross section is 0.1875"
square and the tube inside is 1/16" diameter circle. (S & W Wire Company, .18755Q)
SPEC#MW46C) The cross section of the coil is shown in Fig. 4-22. Total number of

windings is 54, making a 6 x 9 rectangle. Two coils of identical shape are made. Each
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Figure 4-22: Cross section of the large MOT coil (left) and the small MOT coil (right):
this shows the number of windings. The arrow shows how we wound the coil, which
corresponds to the order of water flow.

end of the wire for both coils are left straight for ~ 2 m. This part is used for the
connection to the chilled water system and cables to the high current power supply.
To wind the MOT coils, we use a lathe. After fixing one end onto a 6.75" diameter
tube working as a core, we rotate the lathe slowly, such as few rpm, applying decent
amount of tension onto the wire and pasting an epoxy glue, and the wire is tightly
wound. The OD of the core matches the OD of the flange, so that the ID of the coil
matches the OD of the flange.!?

The small MOT coils are made of the same hollow copper wire as the large MOT
coil. The cross section is shown in Fig. 4-22. This is also made by the same method,
and each end has ~ 2 m of free wire for the connection to the chilled water system
and cables to the high current power supply. Both the large and small MOT coils
are mounted onto the flange by the friction generated by inserting thin stainless steel
sheets in a small gap between the coil and the flange.

Bias field coils are made of 16 AWG single stranded insulated wire. The coils are
a 11" (vertical) x8” (horizontal) rectangle for the x and y directions, and an 8" square
for the z direction. The coil has 60 windings for each direction. To make the coil of
X" xY?” we first put four Thorlabs optics posts at the corners of a (X —1)” x (Y —1)”
rectangle, and then wind the wire onto the rectangle made by the posts. Each end
of a coil has ~ 2 m of free wire for the connection to the power supply and driving

system. Bias field coils are fixed to the middle layer breadboard by cable ties.!® The

12You should carefully think of how to remove the core after winding. As the wire is tightly wound
onto the core, quite large amount of force is necessary to remove the core from the coil.
BFor the z direction of the bottom coil, we cannot insert the coil after we built the chamber.
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Table 4.3: Summary of the magnetic field generated by different coils

Coil Field (gradient)
Large MOT | 0.42 G/cm/A
Small MOT | 0.08 G /cm/A

Bias X 2.5 G/A
Bias Y 2.5 G/A
Bias Z 1.6 G/A

calibrated magnetic field is summarized in Table 4.3. The calibration is performed
by sending a few amperes of current, and the magnetic field is measured by a Hall
probe that is held above the center of the coil.

The coils are connected to control circuits. We have two kinds of control circuits:
unipolar and bipolar. Simplified diagram of these control circuits is shown in Fig.
4-23. The idea is to regulate the current flowing on the coil with a FET connected
downstream for the unipolar controller and upsteam for the bipolar controller. To
have the exact same current through the two coils, a pair of bias field coils of each
direction and MOT coils are connected in series, respectively. The set point of the
current is controlled by a LabVIEW signal that goes into the External Signal input
of the controller box. In order for the circuit to work against large emf due to the
inductance of the coil, the DC voltage applied to the bias field coil is made as large as
possible, which is limited by the maximum output voltage of the power supply for the
coil. Currently, the bias field coils have 30 V DC voltage, and the MOT coils have 7.5
V DC voltage. Thanks to the TVS bridging two ends of a single coil, the MOT coil
has a decay time of 1 ms when the coil is suddenly switched off. The bias coils have
a bandwidth of 2 kHz, 4 kHz, and 2 kHz for the x, y, and z directions, respectively.
The maximum current is set to be 120 A, 5 A, 5 A, and 10 A for the MOT coil, X,
Y, and Z direction bias coils, respectively.

It is no problem to connect the bias coil to the control system by standard 16
AWG wire, ring connector, and Eurostrip. On the other hand, the connection for the

MOT coil needs special care due to the high current. First of all, the hollow wire

Thus, we wound the coil on site with high temperature resistant cable ties.
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Figure 4-23: Simplified diagram of the unipolar and bipolar current controlling sys-
tems: we use IXFN520N075T2 for the N-channel FET, and IXTN170P10P for the
P-channel FET, both of which are manufactured by IXYS.

for the MOT coil needs to be connected to the chilled water system. To do this, we
remove the insulation of the hollow wire, wind woven copper for solder removal onto
the naked copper part of the wire to make the wire outer diameter thicker, and solder
it onto a 3/8" OD copper tube. Since the copper has a high heat conductivity and
the part that needs to be heated is large, a blow torch is used for the soldering. The
water is connected to the chilled water system by Swagelok through the 3/8" OD
copper tube. The copper tube is clamped by a custom made clamp , and the ring
connector is screwed down to the copper clamp. To convey 180 A current without
overheating, 2 AWG wire is used for the wires for MOT coils.!* Parts that dissipate
lots of heat, such as current sensing resistors and FETs, are screwed down to an
aluminum board that is water cooled by the chilled water system for the purpose of

effective heat dissipation to prevent overheating.

AC coil for Rabi pulse

As described in Section 7.3, the Rabi frequency we can get by applying an AC mag-
netic field with the x direction bias coil is as small as < 40 Hz. Two main limiting

factors are the low power supply voltage which struggles to overcome the back emf,

142 AWG is a bit too thin for 180 A. The gauge was chosen to handle the 120 A specified in the
original design. Still the cable does not heat up too much, and we even send 220 A for ~ 100 ms.
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Figure 4-24: The position of the AC coil: the tube indicated with arrows has coils
inside.

and the eddy current that is generated over whole chamber which cancels the AC field
generated by the coil. To solve these problems, a single winding coil with smaller cross
section driven by huge current was made. To generate current higher than the power
supply can give, we used a 100 mF capacitor and a 680 mF capacitor in parallel. The
coil current is regulated by a FET that is controlled by a feedback circuit similar to
coil current controller that is tuned by the LabVIEW analog output voltage. When
the coil is driven, we add a DC offset voltage and an AC current at the same time.
If it were for single coil, this gives a DC magnetic field, in addition to the AC field.
To cancel this DC field, we put another coil that has the opposite winding direction.
We drive the opposite winding coil with the same DC current as the standard coil,
and AC current with flipped sign. In this way, we generate a pure AC field. The coil

is mounted on the oven side of the chamber, as shown in Fig. 4-24.

The maximum amplitude of the AC current achieved is 200 A, and this improved
the Rabi frequency by a factor of 10. Currently, the AC coil is operated with 50 V

voltage. For more details, refer to Boris Braverman’s thesis. [1]
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4.5.1 High current operation for MOT coil

In the standard operation of the MOT, we chose 115 A for the current on the MOT
coil, which gives 9.2 G/cm magnetic field, but in the cavity feedback squeezing exper-
iment (Section 7.10), we increased the current to 180 A to increase the atom number
trapped in an optical lattice. To do this we used 220 A power supply (Lambda, GEN
15-220) instead of 120 A one (Agilent, 6031A). With a current of ~ 200 A, heat
dissipation at the FET (IXYS, IXFN520N075T2) becomes an issue, and we cannot
have a fixed output voltage of the power supply. To minimize the heat dissipation at
the FET, we tune the output voltage of the power supply in addition to the current
regulation with the FET. The control of two parameters at the same time is done by
splitting the control signal by a Tee, and setting the voltage to correct ratio by a volt-
age divider. With this feature, we confirmed a safe operation up to 180 A constant

current, and 220 A for a short amount of time (~ 100 ms in 5 s sequence).

4.6 Imaging system

To monitor the MOT and perform absorption and fluorescence imaging, we have a few
imaging systems. Two of them use Baumer cameras (Baumer, VLG-02M), and one of
them uses an Andor camera (Andor Zyla-5.5-USB3). The two Baumer camera have
different optics: one with 1:2.2 magnification, and the other with 1:1 magnification.
Here, for simplicity, the camera with 1:2.2 magnification optics is called the wide-
view camera, and the camera with 1:1 magnification optics is called the narrow-view
camera.

The Baumer camera has 656 (horizontal) x490 (vertical) pixels, where the size
of single pixel is 5.6 pym x5.6 um. The overall CCD area is 4.46 mm x3.80 mm.
The quantum efficiency for 399 nm and 556 nm light including the loss due to the
insensitive area is 56 % and 74 %, respectively. Its dynamic range is 8 bits. The
camera is connected to the DAQ computer through ethernet cable, and the data
transfer is fast enough for a 10 Hz frame rate. It has 18 e~ read noise.

The Andor camera is a CMOS camera that has quantum efficiency of 31 % for 399
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Figure 4-25: Optics for wide-view camera
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Figure 4-26: Optics for narrow-view camera

nm light and 58 % for 556 nm light. The pixel size is 6.5 pm (horizontal) x6.5 pm
(vertical), and it has 2560 (horizontal) x2160 (vertical) pixels. The overall CMOS
detector size is 16.6 mm (horizontal) x 14 mm (vertical). Its dynamic range is 33000:1.
Connection to a computer is done by USB3 cable to the analysis computer. The ata
transfer is fast enough to have a 40 Hz frame rate for the full size image.

The optics for the wide-view camera are shown is Fig. 4-25. The idea is to
once focus down the light with an iris on the focal point. This and black aluminum
foil surrounding the optics system reduces the amount of stray light. Currently, we
put a bandpass filter (Semrock, FF01-554/23-25) to use this camera exclusively for
detecting the 556 nm fluorescence from the atoms. As the first lens is 1" in diameter

and it is 4" away from the atoms, it covers 3.9 x 1073 sr out of 47 overall solid angle.

The narrow-view camera has the optics shown in Fig. 4-26. The concept of the
structure is the same as the wide-view camera, and currently it is used without any
filter. As it also has the 1" lens at the beginning, the solid angle coverage is 3.9 x 1073
ST

The optics for the Andor camera start with a 2" achromatic doublet lens (Thor-

labs, AC-508-075-ML). This ensures 4 times larger solid angle coverage compared to
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Figure 4-27: Optics for Andor camera

1" optics, though it is actually put at least 6" away from the atoms and therefore the
actual solid angle enhancement is a factor of 2.67. The following optics are shown in
Fig. 4-27. In addition to the focusing and iris feature, the optics split the light into
two paths using a 90:10 non-polarizing beam splitter. 90 % of the light goes into the
Andor camera, and the remaining 10 % is sent to the second path, which can be used
for monitoring by APD or other fast devices.

Currently, monitoring of the atoms is done by the narrow-view camera and the
wide-view camera. The narrow-view camera mainly works for the TCMOT, and the
wide-view camera is used for monitoring the green MOT. To use the Andor camera,
the MOT beam needs to be sent diagonally, so that the optics axis of the 2" lens is
perpendicular to the 6.75" viewport.

4.7 Optics for MOT

The optics of the MOT beam are depicted in Fig. 4-28. The idea is to superpose
the 399 nm and 556 nm beams to send them together into the vacuum chamber.
First, they are independently outcoupled from optical fibers, go thgough a PBS to
clean the polarization, and are expanded to 1.8 cm diameter by telescopes. The light
is combined by a dichroic mirror (Thorlabs, DMLP505R), and then sent into the
main paths. The extra U shaped path for the 556 nm light is used for the relative
alignment of the two beams. After combining the beams, all the optics, including the

waveplates, work for both 399 nm and 556 nm light in the same way.
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Figure 4-28: Optics for the MOT

The horizontal beam is lifted up by a periscope to the optics breadboard 6.375"
above the optics table, and sent to the vacuum chamber. It is simply retroreflected

by a flat mirror and QWP, in the same way as standard MOT optics.

The diagonal beam first goes through a HWP to rotate the linear polarization to an
optimal polarization for reflecting it diagonally upward. The QWP used to generate
circularly polarized light is located right in front of the viewport to prevent unwanted
polarization mixing due to reflections by mirrors outside of the vacuum chamber.
After being reflected by the flat part of the micromirror substrate, it comes out of the
vacuum chamber and is retroreflected. Here, the QWP is mounted onto a rotational
mount, so that we can optimize the angle of the QWP. This adjustment is necessary,
because the incoming circularly polarized light changes to elliptically polarized light
after the reflection at the micromirror substrate, and a specific ellipticity is better
than others for the retroreflected light to keep the light force balanced to the input
light. The change of polarization at the micromirror happens due to the phase shift
between S and P polarized light. The phase shift strongly depends on AOI, as shown
in Fig. 4-29. Currently, the AOI is around 45.95°.

To avoid extra scattered light from the cavity structure, both horizontal and

107



ift [deg]

o . ,.“—‘A\A‘A ,,A
“““‘ K / ‘.ll“‘ / ' ',4‘/
—100f N v ¢

-200 Ao

Phase shift
»
N
T,
».
NMtET};
»
- »

40 45 50 55 60
AOI [deg]

Figure 4-29: The phase shift of S and P polarizations after the reflection on micromir-
ror substrate: green and blue points are for 556 and 399 nm respectively. The dotted
line with triangular points and the solid line with circular points are for without and
with etching, respectively.
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Figure 4-30: The shape of the cutout for the MOT beam; top: horizontal beam,
bottom: diagonal beam: the numbers are dimensions in mm.

diagonal beams go through cutouts to remove the unnecessary part of the beams.

The shape of the cutoff is shown in Fig. 4-30.

We sent a longitudinal cooling beam counter propagating to the MOT. This is a
399 nm light, and detuned by —110 MHz from the frequency of the MOT beam. It
is circularly polarized by a pair of PBS and QWP so that it has a slight amount of
Zeeman slowing due to the quadrupole field from the MOT coils, and sent from a
viewport that is on the opposite side of the oven. The beam is focused down with an
effectively 65 cm focal length lens from a 1.3 c¢m initial diameter and is focused to 13

pm at the waist.
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4.8 Control system

To control the system and analyze the data, we have three computers. One is for
general purpose, and is not covered here. Another one is specifically for running
sequences and controlling systems. This computer has LabVIEW software and hard-
ware installed, with a custom made 10 PCI slot. The third computer is for getting
data from the control computer and analyzing the data.

The control of the experiment system is done by a LabVIEW program on the DAQ
computer that generates analog and digital outputs. Digital outputs switches things
on and off by TTL signal, such as AOM modulation, shutter, and RF modulation
for the EOM for probe light. Analog outputs control values that require a control
by continuous numbers, such as the quadrupole and bias magnetic fields, and the
power of lasers. The camera shutter, which is operated with an 8 V input is also
controlled by an analog output.'® Each analog output is controlled by the value of an
output voltage. The analog output has two types: constant and ramp. As explained
in details in the next paragraph, we specify values for the outputs at few times; for
example, Vj at ty, and V; at t;. The constant analog output gives Vj for all the time
between t =ty and t = t;. The ramp analog output gives the interpolation of V; and
V1 for t that satisfies o < t < t;.

To have a good timing between different outputs of NI boards, one specific digital
output is set to generate a 1 MHz clock signal that is sent to the other NI boards for
triggering signal. All the outputs are slaved to this triggering signal, and we don’t
observe any significant delay of the output signals. To have the correct output value,
NI boards need to know what specific voltage they have to give out at every clock
signal. To inform the boards of this, we specify the output voltages by a table of times
t =0,ty,...,t, and corresponding voltages V;(0), Vi(t1), ..., Vi(t,), where the subscript
1 indicates the output voltage for ¢th output channel. In the LabVIEW code, using a
MATLAB script, we processs this table into the table of times ¢t = 0, At, 2At, ..., NAt,
where N = t,,/At, and output voltages V;(0), V;(At), Vi(2At), ..., V;(NAt). Currently,

15The spec sheet says the low threshold is 4.5 V and high threshold is 11 V, but 8V is high enough
to activate the shutter.
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At = 10 ps. As for the ramp analog output controlling the bias coil current, we
have a special feature to implement the AC field for a Rabi pulse of a few kHz.
The MATLAB script has a feature to generate a sinusoidal wave by specifying the
frequency, amplitude and starting phase. Note that these feature gives a continuous
voltage change for the ramp analog output as far as the discretization due to the

resolution of the output channel.

Outputs are sent to different controlling components. Analog outputs controlling
coil currents are sent into external signal inputs of coil current controllers. Laser
power controllers are sent to I port of mixers to tune the RF power for the AOM with
a DC signal. The RF power for EOM modulation is tuned by an analog output by
the same way with a mixer as the laser power control. Digital signals for switching
RF signals are sent to an RF switch (MiniCircuits, ZASWA2-50DR+). As for lasers
that require precise timing control and completely turning off the light, we use a
combination of an AOM and a shutter. We keep the AOM on to load constant heat

t'6, and turn it off only when the

dissipation to keep the diffraction angle constan
shutter is moving. The digital output signal for this kind of purpose is Tee’ed out to
the shutter driver and a FPGA box that generates a short Off signal for the AOM
that works both on the rising and falling edge of the TTL signal. This turns off the
AOM for 4.5 ms starting 0.5 ms after the TTL signal, and the shutter moves while

the AOM is off due to the 1-2 ms delay of the mechanical motion.

The connection from NI boards to actual hardware that outputs LabVIEW signals
is done by BNC panels mounted on the top of the canopy. Specifically, we use PCI-
6284 for digital outputs, PCI-6713 for constant analog outputs, and PCI-6713 for
ramp analog outputs. These boards are connected to connection box of SCB-68A,
BNC-2110, and BNC-2110, respectively, and each output is wired to a BNC connector
on the panels. The BNC panel has some additional connections, such as to the AOM
driver switch and coil controlling signal. These connections are also done by BNC

cables.

16The change in AOM temperature results in the change of diffraction angle due to the thermal
expansion of the crystal. This is particularly strong in Isomet AOM (1205C-1)
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4.9 Data acquisition system

Data acquisition is done by analog inputs of an NI board, cameras, and single photon
counters collecting the transmission through the experimental cavity. Analog inputs
are controlled by the LabVIEW sequence.!” Camera data acquisition is also done by
the LabVIEW sequence. For now, those for the Baumer cameras are implemented,
and every time the camera shutter is triggered, the camera image is captured and
sent to the DAQ computer.

Single photon counter data is captured by a counting board (FastComtec, P7888).
The single photon counter is purchased from HAMAMATSU (C13001-01(x)). This
is a fiber coupled module, and its quantum efficiency including the fiber outcoupling
efficiency to the detector is 45 % at 556 nm. Up to 2 MHz, we did not observe any
saturation effect. It is an APD operated in Geiger mode, and its dark count rate
is 7 Hz. The output of the photon counter is a 15 ns long TTL signal. The TTL
signal goes into the counting board. Currently, the counting board is operated in a
4 channel mode, that has a time resolution of 2 ns. Channels one and two get TTL
signals from the two single photon counters, and the third channel receives a trigger
signal from a function generator for a phase reference of the chirp measurement (see
section 7.1.3 for the details of the chirp measurement). The data is saved in a form

of binary data, and analysis is performed by a MATLAB code.

17Currently, it is set up, but is not used.
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Chapter 5

Lasers

As Fig. 2-4 shows, there are six different transitions of our interest, and our trapping
laser frequency has to be a specific value. Thus, we need seven different lasers. In

this chapter, the configuration of each laser is described.

5.1 399 nm laser

The 399 nm laser is for driving the 1Sy —!P; transition. The laser consists of a
homemade master ECDL and a slave DL. The schematic for the optical system is
shown in Fig. 5-1.

The master laser is an ECDL with an AR-coated LD (Nichia NDV4411T, cur-
rently available equivalent product is NDUA116T). The nominal threshold is 43.7
mA, central wavelength is 401 nm, and its maximum output power is 45 mW. The
light from the LD chip diverges 9.3 degrees horizontally, and 19.8 degrees vertically.
It is collimated by an aspheric lens (Thorlabs, C671TME-A). A part of the light is
sent back to the LD by a grating (Newport, 33025BF01-530H, 3600 gratings/mm).
The structure of the LD and the grating mount is shown in Fig. 5-2. The grating
is mounted in a way we can manually tune both horizontal and vertical angles of
the reflection. In addition, a piezo in the grating mount controls the external cavity
length. The incident angle of the grating is optimized to set the output wavelength
at 398.911 nm, and due to this being off the center wavelength, a typical threshold
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Figure 5-1: Optics arrangement for the 399 nm laser system

Figure 5-2: Structure of 399 nm master laser: grating is on the back side of aluminum
block in the center of the photo.

current is 40.4 mA. The whole mount is temperature stabilized by a TEC at 18 °C.
Due to the large size of the baseplate, the time constant for the temperature stabil-
isation is ~ 20 s. We typically operate this laser at a current of 53 mA, and get 11

mW power before isolators.

After going through two 30 dB isolators (Conoptics, 711C-2), whose isolation
and transmission are measured to be 40.6 dB and 81 %, respectively, the light is

split by a PBS and a HWP. One goes into a wavemeter (Bristol, 521-VIS) through
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a PM fiber. Typically 100 uW is necessary for the wavemeter to operate correctly.
The wavemeter had a slight inaccuracy, and when the error signal for the locking is
observed, the number on the wavemeter is 398.909 nm. In front of the fiber coupler
to the wavemeter is another PBS, which sends a part of the light into a Thorlabs
Fabry-Perot cavity (Thorlabs, SA200-3B) to monitor if the master laser is single

mode.

The reflection side of the first PBS is split into two paths: an injection locking path
and a DAVLL locking path. Injection locking path sends the master laser light into a
slave laser. A typical power sent into the slave laser is 2.8 mW. The injection locking
is subjected to the daily realignment. The alignment is done by two Radiant-Dye
Laser mirrors (MDI-2-3030z-M6).!

The master laser is stabilized by locking to the 1Sy —!P, transition. Because
ytterbium has a high boiling point, a vapor cell is not available, and instead we use a
hollow cathode lamp (Hamamatsu Photonics, 1.2783-70NE-YB). Typically the hollow
cathode lamp is operated at 165 V, and the current due to this voltage is 1.14 mA?2.
Around the hollow cathode lamp, two permanent magnets are mounted to generate
Zeeman shifts for the dichroic atomic vapor laser lock (DAVLL) [125, 126] Based on
the shape of the error signal, the magnetic field is estimated to be 700 G. Typically
120 pW of linearly polarized light is sent into a differential photodiode through the
hollow cathode lamp. The differential photodiode subtracts the ¢~ component from
the o™ component. The resulting error signal typically has 140 MHz/V slope. In
addition to the Doppler broadened DAVLL signal, we have a counterpropagating
beam to generate a Doppler free feature. When we send 0.15 mW power in the pump

path, this generates a small dispersive feature corresponding to each isotope as shown

'Radiant-Dye Laser mirror mounts are believed to be stabler than Thorlabs KM100 mount, but
no quantitative measurement has been done.

2This current is decreasing over time, for the previous hollowed cathode lamp, which we replaced
about two months ago, presumably due to the degradation of the hollow cathode lamp. At the
beginning, it was 180 V and 1.51 mA, we have observed 1.29 mA at 180 V, and the speed of decrease
is increasing. After we observed some extra instability, we operated at the voltage of 265 V with a
current of 0.75 mA. The spec sheet from Hamamatsu only guarantees the operation of 8000 Ah, and
the degradation might mean that it is approaching to the end of its life. and changed the current
and the voltage to 0.75 A and 265 V.
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Figure 5-3: Doppler free DAVLL signal

in Fig. 5-3. The error signal generated by the differential phododiode is sent into our
standard lockbox, and fed back to the current and the piezo of the master laser. The

linewidth of the laser is estimated by the fluctuations of the error signal as 5 MHz.

The slave laser is a DL (Nichia NDV4313, non AR-coated). The laser does not
have any external optical feedback, and at the free running, a chip mode is the only
mode that selects the wavelength. The divergence angle is 10.9° vertically and 18.9°
horizontally, and the beam is collimated by an aspheric lens. Frequency selection is
done by an injection locking from the master laser. The laser chip is temperature sta-
bilized with a TEC at 16°C. An approximate thermal time constant is 5 s. Typically,
2.8 mW of master laser light is injected, and 115 mW of the output power before

isolator is extracted by a current of 96 mA.

The slave light is sent into a splitting system. First, the light goes through a f =
—100 c¢m cylindrical concave lens to compensate the different amount of divergence
between horizontal and vertical direction. Then a beam sampler sends a part of the
light into a Thorlabs Fabry-Perot cavity (SA200-3B) for a monitoring purpose. This

monitoring is important for checking the quality of injection locking. After going
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through a pair of mirrors to compensate alignment drifts®, the light is split into four
paths. The first one is a TOF path. This has a 110 MHz AOM for fast switching,
and 1st order diffraction is sent into an optical fiber. The light is then split into three
paths after going through an 80 MHz AOM. The 1st order diffraction is coupled into
optical fibers. The first path is used for MOT beams, the second path is an auxiliary
path for alignment or other purpose, and the third path is for a longitudinal cooling
beam. This beam is —110 MHz detuned by another AOM. The diffraction efficiency
for each AOM is 80 %, and the fiber coupling efficiency is 50 %, which gives an
overall coupling efficiency into a PM optical fiber of 40 %. The standard fiber for
399 nm laser is from OZ Optics (QPMJ-3AF,3AF-350-2/125-3-3-1), which only has
a maximum rated power of 10 mW. To avoid damage in the fiber, which typically
happens on the tip, we use a fiber from Shafter-Kirchhoff (PMC-E-400Si-3.1-NA010-
3-APC.EC-300-P) for the MOT beam, which typically carries 18 mW. This fiber has

a layer of glass that has smaller index of refraction on the tip as a safety feature.

5.2 556 nm laser

A 556 nm laser is used to address the 1Sy, —3 P, transition, and it is the most important
laser in our experiment. First of all, this transition is used for the second stage MOT.
Secondly, this transition is used for performing spin squeezing and other cavity QED
probing. The laser is a commercial fiber laser that generates 556 nm light by frequency
doubling. Overall diagram is in Fig. 5-4.

The laser is manufactured by Menlo Systems (Orange one-SHG). It consists of
three components: seed, pre-amp, and power-amp. The seed laser is an ytterbium
doped fiber laser manufactured by NKT Photonics (Koheras BASIK), which gives 10
mW of 1112 nm light. The seed laser has two ways to tune the frequency. One is
temperature tuning of the fiber, and the other is tuning piezo length that changes the
length of the fiber. Temperature tuning gives a tuning coefficient of 6.5 GHz/K, and

3This drift happens daily basis, and it is attributed to the soft rubber between the laser mount
and breadboard.
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Figure 5-4: Optics arrangement for the 556 nm laser system: 556 nm output goes
to the splitting station (Fig. 5-6. IR output goes to te ultrastable cavity after
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to splitting station

piezo gives 21.8 MHz/V. The overall frequency tuning range by the piezo is about 3
GHz, and this is good enough to cover the long term drift of the laser, and isotope
shift of the 1Sy —3P, transition for most isotopes of ytterbium. Nominal linewidth

of the free running laser is 35 kHz.

The seed light then goes into pre-amp, which gives 100 mW of 1112 nm light.
About 890 uW of the light is split into a monitor port. The rest of the light goes into
the power-amp. The power-amp can give at most 0.69 W of 1112 nm light. The IR
light is next sent into a frequency doubler. This is a waveguide PPLN, manufactured
by NTT Electronics. Conversion efficiency is 70 %/W?, and at the maximum power,
we can get 335 mW of 556 nm light. Typically we don’t need this much light, and
only use 25 % of the full power of the power-amp, which gives 18 mW of 556 nm light.
Up to the frequency doubler is all fiber coupled, and all parts described so far except
for the doubler are in a 19 inch rack. The free-space output of the frequency doubler
is coupled in to an optical fiber, whose coupling efficiency is 60 %,* and whole setup
is on top of the canopy. The frequency doubler needs temperature stabilization so
that the length of the SHG crystal matches precisely the wavelength of the light. The
stabilization is done by a comercial temperature controller (Thorlabs, TED200C),
and it is stabilized to 39.4 °C. Fig. 5-5 shows the relation between the temperature

“Initially, this was 80 %.
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Figure 5-6: Optics arrangement for the 556 nm splitting station

and the output power by a constant input.®

Fiber coupled 556 nm light is first sent to a double pass AOM, and then sent into
a splitting station (Fig. 5-6). The light is split into four paths. The first path is for
a probe beam for the experimental cavity. This path has a shutter and an 80 MHz
AOM for switching. The diffraction order of the AOM is positive first order. The
second path is an auxiliary path. The third path is for MOT beams, whose frequency
is shifted by the negative first order diffraction, and a shutter is also implemented.
The fourth path is for a pumping beam. This path also has a shutter and an AOM,

whose diffraction order is the negative first order.

5This data is taken in 2012. The optimal number drifted since then.
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Frequency stabilization of the laser is done by locking to an ultrastable cavity. (For
detailed description of the ultrastable cavity, see Section 5.8) The unstable path of
the cavity is used for the 556 nm laser. The cavity has a finesse of 330,000 for 1112 nm
light, and a free spectral range of 3.157 GHz. This corresponds to a linewidth of 9.5
kHz. The light from the monitor port is sent to this cavity. The light first experiences
polarization cleaning by a PBS, and then goes into a fiber coupled EOM (EOSPACE,
PM-0K5-10-PFA-PFA-1112). Since the polarization of the monitor output is not
maintained, occasional rotation of a HWP in front of the PBS is necessary to maintain
the large enough power going into the reference cavity. The power sent into the
reference cavity is 750 uW. An error signal for the feedback is generated by the PDH
technique [127|. The feedback is performed by two paths: a slow path and a fast
path. The slow feedback drives the piezo that tunes the frequency of the seed laser.
The bandwidth of this feedback is ~ 1 kHz, and it mainly compensates the long term
drift of the laser. As the laser has high frequency fluctuation, this slow lock does not

narrow its linewidth.

The fast feedback is sent through an RF signal. First of all, since the resonance
frequency for the reference cavity we,, and the resonance frequency for the 1S, —3P,
transition wiom is different in general, we need to bridge these two frequencies. The
frequency difference is Wiridge = Watom — Weay- 10 do this, we send an RF signal of
wpps + wvco to the EOM in addition to the PDH modulation frequency wppn. wvco
receives fast feedback, so that we., = wr, + (wpps + wvco) is free from the frequency
fluctuation due to the laser.® The frequency fluctuation of the 556 nm light is twice
as large as that of the 1112 nm light. The double pass AOM is used for both the
frequency feedback and the frequency tuning. To do this, we mix wyco ~ 40 MHz
and another ~ 50 MHz signal from a synthesizer (PTS3200) for frequency tuning,
and an ~ 90 MHz RF signal is sent to the double pass AOM. The light that is sent to
the atoms is shifted by another 80 MHz AOM (MOT and pump beams, -1st order)
or a combination of 80 MHz AOM (+1st order) and -160 MHz sideband of an EOM
(probe beam). This system stabilizes the frequency for 556 nm light interacting with

SHere, what is fluctuating is the bare laser, wr,.
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Figure 5-7: Frequency relations regarding 556 nm laser locking. Note that all the
numbers here are those for 1112 nm light, and frequencies for 556 nm light are twice
as large.

atoms, and estimated linewidth for the sideband is 5 kHz. Overall frequency relations

of various RF signals are summarized in Fig. 5-7. For '"'Yb, we have

wpTts — 50MHz (5 1)
wyvco — 143MHz (52)
WPDH — 15MHz (53)

5.3 578 nm laser

A 578 nm laser is for interrogating the 1Sy —3P, transition, the clock transition. In
order to have interactions with the 7 mHz narrow transition, the laser has to have
as narrow linewidth as possible, ideally 1 Hz or less. Here, only a brief summary
of the laser is described, and further technical details should be referred to Boris
Braverman’s thesis [1].

578.4 nm light is generated by frequency doubling of 1157 nm light, and therefore
lasers consists of 1157 nm lasers. It is a master-slave laser system, where the slave
light goes into a frequency doubler. The master laser is a free space DFB laser
(Nanoplus, DFB110130). Typically we get 16 mW from a current of 80 mA. The

chip has an integrated TEC and thermistor, and the temperature is stabilized to 30
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Figure 5-8: Noise spectral density of 1157 nm master laser

°C. The master laser has a long-path optical feedback feature [128] to prenarrow the
linewidth. The effective path length of the cavity is ~ 1.7 m with a 1 m optical
fiber, and this gives about 10 kHz linewidth out of 1 MHz linewidth laser, as Fig.
5-8 shows. Most of the master laser light goes into an injection locking path for a
slave laser. The slave laser is a quantum dot DL (Innolume, GC-1156-T0O-200), and
its AR-coated feature results in a good injection locking no matter what the input
and output powers are. The chip has an integrated TEC and thermistor, and the
temperature is stabilized to 18 °C. It gives at most 100 mW output. The slave laser
light goes into a waveguide PPLN SHG module (NEL America, WH-0578-000-A-B-
C). The conversion efficiency of this SHG module is 1269%/W?, and it can output 20
mW from the slave light outputting 100 mW.

Frequency of the 1157 nm laser is stabilized by locking to the stable axis of the
ultrastable cavity. For the stable axis, free spectral range is 3.14 GHz, and finesse
is 330000 for 1157 nm light, which gives the linewidth of 9 kHz. We use the PDH
technique to generate an error signal, and the error signal is fed back to the current
of the master laser and the length of the long external cavity. The slow signal up
to 30 kHz bandwidth is processed in a lockbox with proportional and integral gains.
This signal is fed into a piezo that modulates the length of the long external cavity,

whose bandwidth is 100 Hz. The feedback to the current is high-pass filtered at 3 Hz
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Figure 5-9: Noise spectral density of 1157 nm laser when it is locked

to avoid putting unnecessary slow feedback onto the current by a thermal drift of the
path length of the long optical feedback path. Faster signal from 3 kHz to ~ 3 MHz is
directly fed back to the current of the master laser through a lead-lag filter. Here, the
lead-lag filter is for compensating the sign change of the current-frequency relation
at high frequency ( 200 kHz). The overall feedback system gives the noise spectral
density shown in Fig. 5-9, which suggests the linewidth of 10 Hz.

resonance Wyiom is done by the same way as 556 nm laser, which is to send RF signal

The bridging of

the frequency difference between the ultrastable cavity resonance wg,, and atomic

Currently whyidge is estimated to be 1508.37 MHz for '™Yb.”

5.4 759 nm laser

5.4.1 Photodigm master setup

A 759 nm laser is used as a trapping laser. This wavelength is the magic wavelength,

which cancels the AC Stark shift for the clock transition. As the AC Stark shift for

"This measurement was performed before we tune the temperature of ultrastable cavity from

32.5 °C to 3 °C. Therefore, temperature change should be compensated.
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Figure 5-10: Optics system for 759 nm master laser

the ground state is 0.7 MHz for 100 kW /cm? light®, it is necessary to have around 1
W laser power to have an order of 10 K trap depth with a few tens of um waist size
one dimensional lattice. However, since our optical lattice is along an optical cavity
that has F ~ 3000 finesse for the 759 nm light (see Chapter 4.3 for more details), only
7 mW of input laser power is required for a one dimensional lattice deep enough to
trap atoms. For future installation of two dimensional lattice for a clock experiment,
where we send the clock laser from the side and need to Lamb-Dicke regime trapping
in the radial direction for the experimental cavity axis, a TA is implemented, but the
main part of the laser is a DBR laser and an AR-coated DL as a slave laser.

The master laser is a DBR laser from Photodigm (PH760DBR020TS8).? The chip
is mounted onto its laser mount (Photodigm, T08-1000-A). Nominal divergence of the
beam is 28 degrees in the horizontal direction and 6 degrees in the vertical direction.
Collimation is done by an aspheric lens (Thorlabs, C230TME-B) and an anamorphic
prism pair (Thorlabs, PS881).!1% This is operated at 110 mA current, and we get
~ 15 mW power. The temperature of the laser is stabilized to 17 °C with a built-
in TEC and thermistor driven by our standard temperature controller. This laser

also has a long-path optical feedback [128|, and therefore part of the light is picked

8This is calculated from the lattice depth in [129].

9Now, the LD chip for the master laser of this system is dead and this setup is not used right
now. However, we have another alive chip, and replacing the chip should revive the system. Thus,
the description is kept here.

10T herefore there is certain amount of light not well coupled into fibers.
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Figure 5-11: Effect of long path optical feedback on 759 nm master laser

up into a 1 m long PM fiber (OZ Optics, PMJ-3AF ,3AF-780-5/125-3-1-1) before an
isolator. The light going into the optical fiber is retroreflected at the output side,
and sent back into the laser. The retroreflecting mirror is mounted onto a piezo
(Thorlabs, AE0203D08F) for the purpose of feedback path length stabilization. The
amount of optical feedback is around -32 dB, and this gives around a factor of 100
reduction of high frequency noise, as Fig. 5-11 shows. The laser light goes to a 60
dB isolator (Isowave, I-80U-4L), and then sent into a splitting station by a PM fiber.
The coupling efficiency to the output optical fiber is 60 %.

The splitting station splits the light from the master laser into three. The first
path sends the light to the slave laser for injection locking. The second path sends
the light first into a fiber-coupled EOM (EOSpace, PM-05K-10-PFA-PFA-760), and
then send it to a reference cavity. The third path is an auxiliary path, which is
usually connected to a wavemeter (Advantest, Q8326). All the input and outputs are
fiber-coupled, and each path has a power-tuning feature by a combination of a HWP

and a PBS.

The slave laser is an AR-coated DL (Eagleyard, EYP-RWE-0780-02000-1300).
The chip is mounted onto a laser diode mount (Thorlabs, LM9F), and the output
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beam is collimated by an aspheric lens. To have a lasing output, there has to be an
injection locking light, and otherwise it only gives out 3 mW of ASE at a current of 90
mA. Typically the laser gets 2 mW of seed light for injection locking, and it outputs
31 mW with the current of 140 mA after a 30 dB isolator. The laser is temperature
stabilized by a TEC onto which the laser mount is fixed, and the temperature is set
to 20 °C. The output is split into two paths, after being shaped by an anamorphic
prism pair (Thorlabs, PS875). The first path is an auxiliary output, and the second
path is sent into the experimental cavity setup. Both outputs have an AOM (Isomet,
1205C-2) for frequency shifting, and coupled into PM fibers. The AOM is essential to
prevent an unnecessary feedback from the retroreflected light from the experimental
cavity. The diffraction efficiency for Isomet AOM in the main path is 72 %, and the

coupling efficiency to the optical fiber is 54 %.!

Frequency stabilization of the master laser is done by locking to a reference cavity.
The 759 nm axis of the reference cavity has the finesse of 1250, which corresponds to a
linewidth of 1.2 MHz. Error signal for the locking is generated by the PDH technique
[127]. The RF frequency for the PDH technique wppy is 41 MHz. The RF signal of
Whridge ~ D30 MHz is also sent to the fiber-coupled EOM to shift the 759 nm laser
frequency from the reference cavity resonance. The magnitude of the PDH signal is
around 200 mV peak to peak. The feedback is applied by three paths. The first path
is a slow feedback onto the laser current. An error signal is processed by a lockbox
with a gain curve shown in the Fig. 5-12. The output of the lockbox is sent into
the MOD;, input of the current controller. The current controller for 759 nm master
laser is a modified current controller from the standard Libbrecht-Hall laser diode
current controller [130] in our group to AC couple the feedback onto the current. (see
Appendix B for the detailed description of the modified current controller) The cutoff
frequency for the high-pass filter is 0.7 Hz. The second path is that to the piezo of
the optical feedback path. This is through the current controller, with a bandwidth
of 100 Hz, due to the capacitance of the piezo and high output impedance of the
piezo driver. The third path is the direct feedback onto the current of the LD. The

1 These numbers were larger at the beginning.
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Figure 5-12: The gain of the lockbox for the 759 nm master laser lock
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Figure 5-13: The circuit diagram for the fast feedback of 759 nm master laser: the
path that does not go through lockbox is called fast feedback.

PDH error signal is tee’ed out into a fast feedback path, and directly connected to the
diode chip. The signal is processed through a 5 dB attenuator, a lead-lag filter, and
an AC coupling feature as shown in Fig. 5-13. The bandwidth of the fast feedback is
around 3 MHz, and frequency noise is suppressed by about 9 dB around 100 kHz, as
shown in Fig. 5-14.

5.4.2 Eblana master setup

A problem of the long path optical feedback is that this feedback path is sensitive to

the vibration, and it easily falls out of lock if any strong vibration happens on the
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Figure 5-14: The effect of fast feedback on the frequency noise of 759 nm master laser

optics table. To have better locking, we developed an EOM feedback system in the
optical feedback path.

The new system uses a DM laser from Eblana Photonics (EP759-0-DM-7P39-01).
The chip is mounted on a cubic mount from Nanoplus (OPT-HEAT-T05) with a
22.5 degrees tilt to house the chip with 6 pins in a correct way with the output of
H linear polarization. The chip has an integrated temperature controlling system,
and the temperature of the chip is stabilized to 20 °C with our standard temperature
controller. The threshold current at 20 °C is 80 mA, and we typically operate it
at 110 mA, which gives 12 mW output. The light that is collimated by an aspheric
lens and an anamorphic prism pair (Thorlabs, PS879-B) first goes through an isolator
(OFR, 10-3C-780-HP-Z). then a part of the light is picked up by a beam sampler, and
sent into a fiber-coupled EOM (PM-0S5-10-PFA-PFA-770) by a mirror on a piezo.
The output of the EOM is sent back to the return port of the isolator, and fed back
to the LD chip. The amount of optical feedback is controlled by ND filters and a
HWP before and after the fiber coupled EOM. This itself gives certain amount of

high frequency noise reduction, and narrows the laser linewidth down to ~ 100 kHz.

The stabilization of the laser is done by the PDH locking to a reference cavity.
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Figure 5-16: Amplifier for the feedback to EOM

The basic idea of how to generate a signal is the same as the previous subsection.
Difference is how to put the feedback. This has two feedback paths.'? First one is a
slow feedback to the piezo that can change the path length of the optical feedback.
The bandwidth is around 100 Hz, and the signal is sent to a piezo driver after our
standard lockbox. The second path is the path to the EOM. This path has an amplifier
to put a large enough phase shift onto the optical feedback, as shown in Fig. 5-16.
This has gain and phase behavior as shown in Fig. 5-17, and when we change the
overall gain by putting different attenuators into this path, we can reduce the noise

around 100 kHz by two orders of magnitude compared to simple optical feedback, as

shown in Fig. 5-18.

Note that the output of this laser is simply sent to the splitting system described

in the previous subsection, so that we can easily change between two systems.

12We also have a current feedback feature through a lockbox, but it is not currently used.
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5.5 770 nm laser

A 770 nm laser is used for coupling to the 6s6p>P, — 6s7s2S) transition. This is a
repump transition for the P, metastable state. The laser is a commercial ECDL from
TOPTICA (DL100L). The output wavelength is tuned at 770.2 nm, and the laser has
27 GHz of modehop-free tuning range. Output light is separated into three paths:

the main output, a frequency lock path, and an auxiliary path, which is usually used

10° 10°
Freag [Hz]
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Figure 5-19: Optics system for 770 nm laser

for wavelength measurement by a wavemeter. The main path has an 80 MHz AOM
(ISOMET 1205C-2) for a switching purpose. In the frequency lock path, the light is
first sent into a fiber coupled EOM (EOSpace, PM-05S-10-PFA-PFA-770), and then

is transferred to the reference cavity. All outputs are fiber coupled.

Frequency locking of the 770 nm laser is done by the PDH locking to the reference
cavity. The 770 nm axis of the reference cavity has finesse of 682, which gives 2.2
MHz linewidth. The free spectral range of the cavity is 1.474 GHz. Feedback has fast
and slow paths. The slow path goes to the mod inp. input for the current and the
trigger input for the piezo on the comercial controller from TOPTICA, which tunes
both piezo and current of the DL. Corner frequency of a low pass filter on this path
is 7 kHz. The path to the piezo has additional low-pass filter of a couple of hundred
Hz to avoid mechanical resonances around 1-2 kHz. The fast path is directly sent to
the current of DL. The bandwidth of the path istelf is 20 MHz, and the bandwidth of
the feedback is 1.5 MHz. With this feedback, the linewidth of the laser is narrowed
down from 25 kHz to 5 kHz. The way to bridge the reference cavity resonance and
atomic resonance with a sideband of wyyigee is the same as 556 nm laser. whyidge 1S
-175 MHz and 393 MHz for "*Yb and '™Yb, with a wavemeter reading of 389.25689
THz and 369.26074 THz, respectively.
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Figure 5-20: Optics system for 1389 nm laser

5.6 1389 nm laser

1389 nm laser is to be resonant with the 6s6p®Py — 5d6s®D; transition, which works
as a repump transition for the 3P, metastable state. The laser is a fiber coupled
DFB laser from NEL-America Inc.(NLK1ESGAAA). The LD is enclosed in a 14 pin
butterfly can, and mounted on a butterfly mount (Arroyo, 203 Butterfly laser Mount).
Typically the laser gives 12 mW output with 50 mA current. The laser diode chip
has an integrated TEC and thermistor, and the chip is temperature stabilized to 19
°C by our standard temperature controller. The laser has a built-in 30 dB isolator.

The laser is outcoupled from the fiber, goes through a 35 dB isolator (Thorlabs
10-4-1390-VLP), and then split into three: the main output, an auxiliary output, and
a locking output. The main output has a 80 MHz AOM (Intraaction, ACM-802AA1)
for a switching purpose. The auxiliary output is for a wavelength measurement by a
wavemeter. The locking output sends the light to the reference cavity through a fiber
coupled EOM (EOSpace, PM-0S5-10-PFA-PFA-1390). All the outputs are coupled
into PM fibers.

Frequency stabilization of the 1389 nm laser is done by locking to the reference
cavity. The 1389 nm axis has a finesse of 213, which corresponds to a linewidth of 7.0
MHz. Locking is done with the standard PDH technique to a whyiqge sideband to shift

the carrier frequency to the atomic resonance from the reference cavity resonance.
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Figure 5-21: Optics system for 1539 nm laser

The value for whyiqge has not been measured, but the transition has been observed at
215.87221 THz through a wavemeter reading for '™'Yb. The feedback is put to the
LD current through our standard lockbox. The lock is only for long term stability

and there is no frequency narrowing by the locking for now.

5.7 1539 nm laser

1539 nm is the wavelength for the 6s6p3P; — 5d6s®D; transition, and this transition
is used to send the population from the ground state to the excited state of the clock
transition without using the clock transition. The laser is a fiber-coupled DFB laser
(Eblana Photonics, EP1539-1-DM-B01-FM). The chip has a 30 dB integrated optical
isolator, and a thermistor and a TEC for temperature stabilization. A typical output
power from the fiber is 6 mW with a current of 80 mA. The temperature is stabilized
to 18 °C by our standard temperature controller. The laser system is all fiber coupled,
and the output is split into three paths by two fiber coupled beam splitters (Thorlabs,
PMC-1550-90B-APC). 81 % of the light goes to the main output path, 9 % goes to
an auxiliary output, and 10 % goes to a locking path. The main output has a 80 MHz
fiber coupled AOM (Intraaction FCM-801-E38AP)for a switching purpose, and the
locking path goes through a fiber-coupled EOM (EOSpace, PM-0S5-10-PFA-PFA-
1539).

The locking of the 1539 nm laser is performed by a PDH locking to a reference
cavity. The 1539 nm axis of the reference cavity has a finesse of 1522, which gives a
linewidth of 0.99 MHz. The locking technique is the PDH technique with an whyidge

sideband to shift the carrier frequency to the atomic resonance from the reference
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cavity resonance. The feedback is sent to the current of the LD through our standard
lockbox. The locking only suppresses the long term drift of the laser, and linewidth
narrowing due to the locking is not observed. For '™ Yb, wyiqge is measured to be 102

MHz, with wavemeter reading of 194.77757 THz.

5.8 Ultrastable cavity

Six of seven lasers are locked to reference cavities, because it is difficult to couple to
atomic transitions due to narrow linewidths or the fact that transitions are between
excited states. To lock these lasers, we have two reference cavities: an ultrastable
cavity and a reference cavity. The ultrastable cavity is a commercial reference cavity
that is designed to have a narrow linewidth laser down to 1 Hz level. The reference
cavity is our home made cavity that is inspired by this commercial cavity. Here in this
thesis, when the cavity is mentioned as the reference cavity, it means this homemade
reference cavity, and the commercial reference cavity is referred as the ultrastable
cavity.

The ultrastable cavity is a commercial reference cavity from AT Films (spacer
and mirror, ATF-6302) and Stable Laser Systems (housing structure, VH-6300). The
design is based on a spherical cavity from Bergquist group [131]. A spacer is made
out of ULE, which has a zero crossing of the thermal expansion coefficient. The
holding structure of a sphere is at a special angle between the cavity axis that cancels
contraction of the cavity mirror distance due to holding force and expansion of it
in the perpendicular direction governed by a Poisson ratio. This results in a very
low acceleration sensitivity of 107%g or below. Our spacer is custom made to have
another axis that is perpendicular to the original cavity axis. We call this original
cavity axis a stable axis, and the additional one an unstable axis. The spacer is held
by a fork as Fig. 5-22 shows, and the whole structure is sitting inside a vacuum
chamber that is pumped by a 2 1/s ion pump (Agilent, 9190520). The spacer and
the gold plated thermal shield is temperature stabilized by a TEC and thermistors
mounted on the bottom plate of the thermal shield. The temperature is set to 2.500
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Figure 5-22: Photo of the inside of ultrastable cavity

°C,' which is the zero crossing point we measured, by a commercial temperature

controller (Wavelength Electronics, LFI-3751). 4

The stable axis is used for 578 nm laser locking, and unstable axis is used for 556
nm laser locking. The vacuum chamber and surrounding optics are put onto a 1.5
x 1.5” optical breadboard (Thorlabs, MB18), and the whole structure is put onto a
vibrational isolation stage (Minus-K Technology, 100BM-8). The overall structure is
put inside an acrylic box for a passive suppression of the temperature fluctuation and
acoustic noise. To cool the cavity down to 2.5 °C, the TEC has to dissipate heat into
the environment. To make this efficient, we send air to the vacuum chamber by a fan

mounted on the acrylic closure, and the top lid has a hole for good air circulation.

Cavity mirrors have high reflectivity coating for both 1112 nm and 1157 nm lights.
Measured finesse is 330000 for both 1112 nm and 1157 nm, which correspond to
linewidths of 9 kHz. Free spectral range is 3.1565 GHz for 1112 nm light in the

13Currently, it is at 3.000°C, but it should be tuned to 2.500 °C.

14The manufacturer originally reported the zero crossing temperature as 32.5 °C, with a note of
the actual zero crossing point including the mirror would be 6 °C lower, but measured value was far
off. It turned out that their method of using sound wave velocity in the spacer did not work well
for this spherical cavity.
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Figure 5-23: Optics components around ultrastable and reference cavity (Cited from
[8]): each axis has these optics components for PDH locking and transmission detec-
tion.

unstable axis, and 3155.8282(4) MHz for 1157 nm light in the stable axis. A pair of
mirrors consists of a flat mirror and 50 cm radius of curvature mirror, which gives
323 MHz separation from adjacent higher order modes. Surrounding optics are for
near IR. Particularly, INGaAs APDs (Hamamatsu Photonics, G8931-20) are used for
the transmission peak detection and the detection for the reflected light, though a
silicon photo detector still can detect 1157 nm light, as proven by a security camera

detecting transmitted light.

Each axis has optics described in Fig. 5-23. The idea is to detect the transmission
through the cavity by DC coupled APDs, and the reflected light is detected by fast
APDs.
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5.9 Reference cavity

The reference cavity!® is for locking the 759, 770, 1389, and 1539 nm lasers. The
design is inspired by comercial reference cavities. A spacer is made of ULE, and
it is held in the middle. Cavity axes are along vertical direction. To have four
lasers locked to the cavity, four different holes are drilled onto the spacer, and each
axis has mirrors for different wavelength. The spacer has a heater glued onto it for
the temperature stabilization. The spacer is surrounded by a gold plated copper
thermal shield, which has some heaters for the temperature stabilization. These
structures sit on a teflon baseplate, and whole structure is inside a vacuum chamber
that is pumped by a 2 1/s ion pump (Agilent, 9190520). (see Fig. 5-24) The vacuum
chamber is wrapped by a three layer passive thermal shield (fabric, Mylar, fabric),
and the chamber is temperature stabilized to 25 °C by a heater, thermistors, and a
four point measurement temperature controller. The chamber and surrounding optics
are on 2’ x 2’ optical breadboard (Thorlabs B2424F), as shown in Fig. 5-25. The
incoming light is sent horizontally into the chamber, and reflected upward by a 45
degree mirror in the vacuum chamber. The output light is detected by optics on an
upper layer breadboard.

Length of the spacer is 10 cm, and therefore the free spectral range of each axis
is 1.5 GHz. Properties of the mirrors on each axis are summarized in Table 5.9.
Optics components around the reference cavity is shown in Fig. 5-23. The input side
is on the bottom layer, which also works for reflected light detection for the PDH
technique, and transmission light is detected at DC coupled APDs on the top layer.

15 André Heinz’s thesis [8] has some technical details on this cavity.
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Figure 5-24: Structure of reference cavity (Cited from [8])
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Figure 5-25: Photo of optics around the reference cavity
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wavelength mirror 1 mirror 2 finesse linewidth
ROC transmission ROC transmission

759 nm 00 0.13 % 50 cm 221 ppm 1250 1.2 MHz

770 nm 00 0.10 % 50 cm 126 ppm 682 2.2 MHz

1389 nm 00 0.14 % 50 cm 323 ppm 213 7.0 MHz

1539 nm o0 978 ppm 50 cm 1084 ppm 1522 0.99 MHz

Table 5.1: Summary of the properties of reference cavity axes
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Chapter 6

Atom Trapping

In this chapter, the way we trap atoms into an optical lattice is described. Because we
have a waist of a cavity mode close to the micromirror, we use a mirror MOT. [132]
In our setup, mirror MOT geometry limits the maximum quadrupole magnetic field
gradient, and this constraint motivated us to develop a MOT TCMOT that works at
smaller magnetic field gradient than standard MOT. This leaded to TCMOT, where
we send 399 nm laser and 556 nm laser at the same time to form a MOT. In the
experimental sequence for cavity QED experiments, we first make TCMOT with 399
nm and 556 nm laser, turn off 399 nm light to have green MOT, and then turn off
556 nm laser to load atoms into an optical lattice made by 759 nm laser. The trap
laser is always on during the MOT stage. In the following sections, each part of these

techniques and sequences are described.

6.1 MOT for ytterbium

MOT [133] is the starting point of trapping atoms in most cold atom experiments.
MOT combines an atom cooling by dissipative light force and a position dependent
force with a use of quadrupole magnetic field and circularly polarized light. In the
configuration shown in Fig. 6-1, magnetic field shifts the energy level of Zeeman
sublevels, and in a positive z position, the o~ light that is sent towards the negative

z direction is scattered more due to the energy shift. In a negative z position, m, =1
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Figure 6-1: Mechanism of MOT: the configuration is that magnetic field B, = Byz,
and o light is sent to positive z direction, and o~ light is sent to negative z direction.
Frequency of light is red detuned relative to unperturbed transition frequency.

state has lower energy, and therefore the o™ light that is sent towards the positive
z direction has more scattering. This means atoms in a —z position gets more light
force in the 42z direction, and atoms in a 4z position gets more light force in the —z
direction. Thus, atoms are confined at z = 0, and lose its energy due to a molasses
effect due to the red detuned light. Type-I MOT have more Zeeman sublevels in the
excited states than the ground state, using a ' — F" = F 4 1 transition, and this is
much more common than type-II MOT that usesa ' - F'=F or F - F' =F — 1
transition. [134, 135|

As for ytterbium, the ground state is the 6s21.S; state, which has 27 + 1 Zeeman
sublevels and no hyperfine structure, where I is a nuclear spin magnetic moment.
I = 0 for bosonic isotopes, and I = 1/2,5/2 for 1™Yb and ™Yb, respectively. There
are two suitable excited states for making a MOT. One is the 6s6p' P; state, whose
decay linewidth is 28 MHz, and the other is the 6s6p> P, state, whose linewidth is 184

kHz. Because its total angular momentum J = 1 for these excited state, this gives
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Table 6.1: Isotope shift for 1Sy —3 P, transition [10]

mass number F' for the excited state isotope shift

173 7/2 “1431.872(60)
171 1/2 0 1177.231(60)
176 0

174 954.832(60)
172 1954.852(60)
170 3241.177(60)
173 5/2 3266.243(60)
168 4609.960(80)
171 3/2 4759.440(80)
173 3,2 4762.110(120)

Table 6.2: Isotope shift for 'Sy —! P, transition [11]

mass number F' for the excited state isotope shift

176 0 509.310(50)
173 5,/2 0 253.418(50)
174 0

173 3,2 515.975(200)
172 533.309(53)
173 7/2 587.986(56)
171 3,2 832.436(50)
171 1/2 1153.696(61)
170 1192.393(66)
168 1887.400(50)

type-I MOT.! Parameters relavant to laser cooling with the 'S, —!'P, transition
and the 'Sy —3P; transition are summarized in Table 6.3, and isotope shifts are
summarized in Table 6.2 and Table 6.1. Also, the natural abundance of each isotope

is summarized in Table 2.1.

!Particularly for the bosonic isotopes, the ground state has single Zeeman sublevel and the ' P;
and 3P; excited state has three Zeeman sublevels, and therefore the level structure is identical to
the situation depicted in Fig. 6-1
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MOT for ytterbium was first achieved with the 'Sy —!' P; transition [136]. This
transition is broad, and therefore convenient to trap atoms in various velocity ranges.
However, a decay from the 6s6p'P; state to the 6s6p®P, and 6s6p®P, metastable
states limits the atom lifetime in the MOT up to ~ 600 ms, and the atom number up
to ~ 10°. To avoid this limit of atom number, the next thing achieved is to use the
1Sy =3P, transition for a MOT transition. Directly loading atoms into a MOT with
this transition after being slowed by a Zeeman slower achieved 10® atoms trapped.
[137] The atom lifetime in this MOT is limited only by background gas collisions, and
can be as long as 30 s. In addition to the trapped atom number, the temperature of
the atoms is lower in the MOT with the 1S, —! P, transition, because of a narrower
linewidth. The Doppler limit temperature of 4.4 uK is cold enough for atoms to be
loaded into an optical lattice. Depending on their purpose, people used direct loading
to a 1Sy =3P, transition MOT, or first quickly trap atoms with a S, —! P, transition
MOT and then transfer them to a 'Sy —3P; transition MOT. [34] Recently, a new
method of core-shell MOT achieved both quick loading and the large number of atoms
trapped. [138] In this MOT, the centers of MOT beams for the 'Sy —!' P, transition
are blocked and the 1Sy, —3P; transition light is sent there to avoid the decay to the

metastable states, keeping the efficient gathering of atoms from the outskirt.

In our case, few thousands of atoms are needed in an optical lattice for a clock
experiment, and a few seconds of lifetime is long enough. This means that we can
put an oven close to the MOT region, removing a Zeeman slower, which is another
technical complexity in experiment. Thus, we decided to put an oven to generate an
atomic beam 2" away from the MOT region, and only send a counter-propagating
beam for a longitudinal cooling. Based on the fact that we do not need a very large
atom number, conventional two stage MOT, first with the 1Sy —!'P; transition and
then transfer atoms into the 1Sy —3P; transition MOT, is good enough. However,
because of the configuration of the mirror MOT and the size of the MOT coil, we
cannot have a large enough magnetic field to have the 'Sy, —!P; transition MOT,

unless we send very large current to the MOT coils. This motivated us to develop a

TCMOT.
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6.2 Two-color MOT

The motivation of the TCMOT is to have a MOT with a low magnetic field gradient.
For ytterbium, although 1Sy —!P; transition MOTs typically use 50 G/cm magnetic
field gradient, 'Sy —3P; transition MOTs use only a few G/cm magnetic field gradi-
ent, and therefore a 1Sy —3P; transition MOT is suitable for this purpose. However,
a 1Sy =3P, transition MOT has low capture velocity, and it is not likely that large
number of atoms are trapped in the MOT without the help of a Zeeman slower. To
avoid the problem of the small capture velocity, we superpose a 'Sy —! P, transition
laser to a 1S, —3P; transition laser, so that the 'S, —!P; transition laser works as
molasses to slow down atoms. Once atoms are slowed down, the 1S, —2P, transition

laser traps atoms.

This intuitive idea is confirmed by calculations. Description here is based on our
paper [9], and notations are summarized in Fig. 6-2. First thing to confirm is if the
1Sy —1P, transition laser works as a good molasses. To check this, we calculated
acceleration a = F'/m, where F' is force and m is mass, on to an atom of velocity v

by the following standard light force equation:

hkl’ I (2)/ L

214 L (o) T+ 4 (SERRE )’

Fi(v,z) ==+ (6.1)
Here, I, is the intensity of two beams propagating to positive and negative directions,
z is atom position, Iy, is the saturation intensity of a transition, £ is wave number,
i is magnetic moment, and B’ is magnetic field gradient. Fig. 6-3 shows the result
of calculation. The 'S, —!P; transition laser makes significantly better molasses
than the 1Sy —3P; transition laser, and for atoms in most velocity ranges are mainly

slowed down by the 1Sy, —! P, transition laser.

To calculate the trapping effect of the lasers, trapping potential is calculated by
numerically integrating Eq. 6.1

Ulz0) = — / T B0, 2) + F(0,2)) d2 (6.2)
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Figure 6-2: Transitions relevant to TCMOT and the definition of notation (Cited
from [9])
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Figure 6-3: Calculated velocity dependence of the light-induced acceleration due to
the singlet (blue dashed line) and triplet (green solid line) transitions (Cited from [9]):
parameters were set as Ay = —0.71's, Ay = =551y, [y = 0.043Lsats, and [y = 27 4.

Fig. 6-4 shows potential depth for the 'Sy —!' P, transition MOT and the 1S, —2 P,
transition MOT. As expected from a broader linewidth, the 'Sy —! P, transition MOT
has deeper trapping potential at large magnetic field gradient, but at lower magnetic
field gradients of a few G/cm, the 'Sy —3P; transition MOT has deeper trapping
potential. There are two important points here. One is that the potential depth by

the 1Sy —3P; transition light is deeper than the Doppler limit temperature of the
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of 5%, and 10% between the counter-propagating beams, respectively. Parameters
were set as Ay = —0.7T, Ay = =551, [y = 0.043Lsats, [y = 271511, and beam size 1
cm.

1Sy —!P; transition. This means that the atoms can be trapped by the 'S, —3P;
transition MOT even with the 1Sy —!P; transition light coexisting. Second thing is
that the 1Sy —3 P, transition MOT is more robust against power imbalance than
the 1Sy —!' P, transition MOT, particularly at low magnetic field gradients. This is
particularly important to our system, where we use a mirror MOT that has a certain
phase shift at a reflection on the mirror, and the retroreflected beam does not have

the same polarization purity as the incoming beam, which results in power imbalance.

To see how well TCMOT works, we perform some experiments. The experiments
are performed before we put cavity structure in the chamber, so the MOT is not a
mirror MOT but a standard MOT with 6 beams sent from outside of the chamber,
which enables us to generate a magnetic field gradient as large as 50 G/cm. In the
most experiments, we use ™Yb, though we confirm that '"'Yb is also trapped in a
TCMOT. Typical detuning for the 399 nm and 556 nm lasers, which correspond to the

1Sy —!P; transition and the 1S, —3P, transition, respectively, is Ay = —0.7T; and
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Ay = =3.7T, respectively. The beam intensity defined as the sum of six MOT beams
are Iy = 0.261 ¢ and Iy = 1601, for the 399 and 556 nm light respectively. We
also send a longitudinal cooling beam counterpropagating to the atomic beam, whose
power and detuning is Pcp = 3 mW and Acp = —4.61s. Atom number and the RMS
radius of the cloud of trapped atoms are obtained from images taken by two Baumer
Cameras. Atom number is calculated based on a transition rate, detuning from a
resonance, and solid angle coverage, and the RMS radius is calculated from spatial
distribution. Loading rate is measured by an APD. The measurement is performed
by loading atoms to a TCMOT to the steady state, taking an image of a TCMOT,
turning off 399 nm light, and taking a photo of a 1Sy =3P, transition MOT. Atom
number counting is always done by atoms in this the 1S, —3P; transition MOT,
because it is difficult to estimate what kind of suppression of the scattering of each
transition happens when two lights that are resonant on two different transitions are
shined onto atoms. Error bars on graphs correspond to a standard deviation of five

measurements.

Fig. 6-5 shows an experimental comparison bewteen the 1S, —!P; transition
MOT and the TCMOT. Our 'S, —!P; transition MOT has maximum atom number
of 4.0 x 10° at a relatively low magnetic field gradient of 13.5 G/cm, compared to a
typical magnetic field gradient for the 1Sy —!P; transition MOT of 45 G/cm. This
presumably is due to a good adjustment of the retroreflection, circular polarization,
and beam intensity of the 399 nm light. At a magnetic field gradient lower than
13.5 G/cm, atom number in the MOT decreases quickly, and we did not see any
atoms in the MOT below 6 G/cm. The TCMOT, on the other hand, had the largest
atom number of 1.5 x 10° atoms at 6.75 G/cm, which is a bit smaller than that of
1Sy —1 P, transition MOT at 13.5 G/cm, but still comparable amount. In addition,
finite number of atoms are trapped at as small magnetic field gradient as 2 G/cm.
The loading rate of TCMOT is comparable to the 'Sy —! P, transition MOT in Fig.
6-5. Relatively small atom number in our system is due to a small loading rate, and
with a help of a Zeeman slower, it is expected to have comparable number of atoms

trapped in the MOTSs in other reports [137, 138].
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Figure 6-5: Comparison of the atom number (a) and the loading rate (b) in the singlet
MOT (blue triangles) and the TCMOT (green squares) as a function of quadrupole
field gradient B’ (Cited from [9]): for B’ < 6 G/cm, the singlet MOT does not
trap any atoms. Other parameters were Ay = —0.71s, Ay = =3.7[, Iy = 0.26154 5,
and [y = 1601 .. We believe that major source of the error bar is the frequency
instability of 399 nm laser.

Detailed properties of the TCMOT are shown in Fig. 6-6. These data is taken at
the best magnetic field gradient of 6.75 G/cm, and tell us what values to choose for
each parameter. Detunings of the 399 nm laser and the 556 nm laser should be around
—0.7y ~ 20 MHz and —22I'; ~ 4.0 MHz, respectively. Atom number saturates at
intensities around 0.2/ s and 100/, for the 399 nm laser and the 556 nm laser,
respectively. We observed finite number of atoms when we turned off the 399 nm
laser, which proves that there are a few atoms that are below the capture velocity
of the 1Sy —3P; transition MOT even without a Zeeman slower in an atomic beam.
Temperature of the TCMOT is 1 mK, which is slightly above the Doppler limit of
the 1Sy —!P; transition MOT.

To show our intuitive explanation of molasses by the 1S, —!P; transition and
a trapping potential by the 'Sy, —3P; transition is correct, we make a MOT with
different conditions, which are summarized in Table 6.4. First, we compare half
power TCMOT and full power MOT that has the 399 nm laser and the 556 nm laser
alternately turning on and off at 25 kHz frequency. We trap comparable number of
atoms, and this shows that the enhancement of atom trapping in TCMOT compared
to the 1Sy —!P; transition MOT is not due to a nonlinear effect of two lasers but

their independent effects combined. Another test is to compare a TCMOT where the
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Figure 6-6: Characterization of the TCMOT (Cited from [9]): atom number N (red
squares) and RMS cloud size rrys (black triangles) are plotted against (a) As, (b)
A, (¢) I, and (d)I;. We varied only one parameter for each graph, shown on the
horizontal axis. Fixed parameters were Ay = —0.71s, Ay = —=3.7T%, Iy = 0.26154 s,
I; = 160154, and B’ = 6.75 G/cm. We believe that major source of the error bar is
the frequency instability of 399 nm laser.

center of the 399 nm laser is blocked, a pure 1Sy —3P; transition MOT, and a pure
1Sy =P, transition MOT. The number of atoms trapped in the blocked TCMOT
is in the same order of magnitude as 1/2 power TCMOT, whereas it is an order of
magnitude larger than the pure 1S, —3P; transition MOT and the pure 'Sy —!P,
transition MOT. This shows that the trapping potential is made by the 1S, —3P
transition, as there are no light force in the middle where 399 nm light is blocked, and
the enhancement compared to the 1Sy —3P; transition MOT happened with the 399
nm light only on the outskirt of MOT. Note that this configuration is the same as
that of a core-shell MOT [138] except that we did not have any frequency broadening
for 556 nm laser. These results show that the TCMOT is achieved indeed by the
effect of the 1S, —' P, transition working as molasses and the 'S, —3P; transition

making a trapping potential.
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Table 6.4: N and rryg in the MOT in different conditions. Parameters are fixed at
AS = _0'7FS7 At = _3'7Fta [S = 0'26153,1’,,87 [t = 160]53357‘;, and B/ =6.75 G/Cm The
errors shown are statistical errors; systematic errors are estimated to be 10%.

Condition N (x10%) rRMs [mm]

Full power TCMOT 243 £ 10 0.69 £+ 0.01
1/2 power TCMOT 60 £+ 8 0.69 £ 0.01
25 kHz singlet /triplet switching 25 £ 3 0.80 £ 0.09
Pure singlet MOT 54 £ 0.7 204 = 0.03
Pure triplet MOT 1.1 £ 0.2 0.61 + 0.02
Blocked TCMOT 6 £ 1 0.67 £ 0.01

There are some applications for the TCMOT. The criterion if the TCMOT works
for other atomic species is whether the Doppler limited temperature of the broad
transition MOT kgT, ~ hl', is lower than the potential depth of narrow transition
MOT U; ~ F?/ 22 Checking this ratio in ytterbium, we get the lower bound of
I';/(27)) to be 35 kHz, which gives I's/I"y ~ 800. This number suggests that TCMOTs
can be useful for cadmium [139], dysprosium [140, 141], erbium [142]|, and thulium
[143, 144]. Regarding the technique, the original motivation was to have a MOT with
a low magnetic field gradient, but this means that a large power is not necessary to
keep the current on the MOT coil. This is useful when electrical power is limited,
such as on a satellite or in a portable system. Also, small magnetic field gives less
magnetization of the structure surrounding atoms, which leads to the smaller amount

of uncertainty in Zeeman shift.

6.3 Mirror MOT

After we established the technique to make a TCMOT, we inserted cavity structure
and obtained a TCMOT with mirror MOT configuration. We first found a MOT
with 1"Yb, which has the largest natural abundance, and then changed parameters

for 1"'Yb. Following parameters are for *"1Yb. 3

2This is derived as the force scales as I'y and the spatial range over which the transition is
near resonant scales as Fi /2 because the saturation-broadened linewidth scales as 1"% / %, assuming a
constant laser intensity.

3 As this is a summary of what we achieved, only the result is written and it looks quite easy to
achieve a mirror MOT. However, it took a quite while to find the first mirror MOT. First of all,
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Our mirror MOT is a combination of a standard mirror MOT and a TCMOT.
Configuration of optics and cameras are described in Section 4.7 and 4.6. We typically
send 18 mW of 399 nm light and 5.5 mW of 556 nm light, which corresponds to an
intensity of 0.407gs and 51 gy, respectively.? Detunings of the lasers are A, =
—0.7Ty ~ 20 MHz, and —38["; ~ 7.0 MHz. The power of the longitudinal cooling
beam is 1.8 mW, and the magnetic field gradient is 9 G/cm. With this, we first
generate a TCMOT, and transfer the atoms into a 1Sy —3P, transition MOT by
turning off the 399 nm light. Typical atom number trapped in the 1Sy —3 P, transition
MOT is 10%, and its lifetime is 3 s, limited by the background gas collisions.

The temperature and the size of the MOT are measured by absorption imaging
with the 1 to 1 magnification Baumer camera. Fig. 6-7 shows the temperature and
the cloud size of a green MO'T for different combinations of the detuning and intensity
of 556 nm laser. From this we set a detuning of 200 kHz and an intensity of 10 gy

as the optimal parameters.

The distance of the green MOT from the mirror is measured by tilting the 1:2.2
magnification Baumer camera. With a certain tilt (~ 15 degrees), a reflected image
of the MOT on the mirror is observed in the camera when the MOT is close enough to
the mirror. With the camera magnification and the size of CCD pixels, the distance
between the MOT and the mirror is calculated to be the half of the distance of the
real and reflected image of the MOT. We measure atom lifetime at different MOT

distances from the mirror. The lifetime is measured by taking many photos in a single

you need to be sure that you are sure that you have correct laser frequencies. It is more difficult
for a TCMOT than a standard single color MOT, because you need to tune two lasers to correct
frequencies. In our case, 399 nm laser was easy to tune, because we saw the fluorescence of the
atomic beam by the laser on a camera. Regarding 556 nm laser, we had to rely on the stability of
the ultrastable cavity, and to assume that wyriqge did not change before and after the installation
of the experimental cavity. After that, we tested various parameters, such as polarization, overlap
of the atomic beam and the MOT region, and bias field, but what was most important was after
all increasing the magnetic field gradient. We used two power supplies in parallel, sending 160
A current, whereas the current we need to get 9 G/cm is 115 A, and found the first sign of a
1Sy —1 Py transition MOT. After that, we searched the resonance of the 'Sy —3 P; transition in
the 1Sy —! P, transition MOT, and eventually we got a TCMOT. The lesson is that even you want
to use the TCMOT, you need to have large enough magnetic field to generate a broad transition
MOT at the beginning, and once you find a TCMOT, you can safely operate it with a low magnetic
field gradient.
4Here, the beam size of two MOT beam is assumed to be 1 cm in diameter.
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Figure 6-8: Decay rate of the MOT with different distance from mirror

run, and extracting total fluorescence from the MOT in each photo. The fluorescence
is fitted by exponential function. Fig. 6-8 shows how green MOT lifetime changes
according to the distance from the mirror. The decay rate increases at 0.5 mm away
from the mirror, and decay is too fast to observe at 0.4 mm. This is reasonably
consistent with [145|, which becomes a double check of the validity of the MOT

distance measurement by the camera.
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6.4 Loading sequence to the optical lattice

To find an overlap of atoms and the cavity mode, we trap atoms in the 1S, —3P; tran-
sition MOT, and lock the experimental cavity resonant to probe laser of a frequency
same as the MOT laser. We send a strong probe laser, move the MOT around and
find a position where the MOT lifetime gets significantly shorter than other places.
This is the position where the cavity light kicks atoms out of the MOT. Next, we turn
off the probe light, keeping the cavity resonant to the MOT laser frequency. If the
MOT overlaps the cavity mode, scattering from the MOT beam to the cavity mode
happens, and a single-photon counter located at the output detects the scattered
photons. Once we find this overlap, we tune the magnetic field around, and try to
find the best position based on the scattering into the cavity. Typical signal is shown
in Fig. 6-9. The feature is at the largest overlap, vacuum Rabi splitting is so large
that the scattering into the cavity is suppressed. After figuring out this position,
we move onto the off resonant probing with typically -10 MHz detuning (see Section
7.1.1) to see the cavity resonant frequency shift by the atoms. At this point, a finite
number of atoms overlaps with the cavity mode, and moving the MOT around by
tuning bias magnetic field provides fine alignment of the cavity mode and the MOT.

Relative alignment does not change unless background magnetic field changes.

The lattice loading sequence is summarized in Fig. 6-10. At least 5 s is spent
for loading the TCMOT prior to the start of the sequence shown in Fig. 6-10. We
first gradually turn off the 399 nm laser, shifting bias magnetic field from the number
for the TCMOT to the 'S, —3P, transition MOT. Note that we need to tune the
longitudinal magnetic field regarding the cavity axis to tune the axial position of the
MOT because of the tilted quadrupole field. Next, we tune 556 nm laser frequency up
to —1.1T°;. Then we reduce the 556 nm laser intensity. After we wait for a while for
the MOT to be thermalized, we move the MOT from far from the mirror to the point
where we load atoms into the lattice. In the last 20 ms, we reduce 556 nm laser power
further, in addition to making the detuning larger by another 1.1I';. This last 20 ms
step is crucial for an efficient lattice loading, because the AC Stark shift by 759 nm
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Figure 6-9: Scattering rate to experimental cavity from MOT atoms when atoms scan
over cavity mode

light is larger for the 3P; state than for the ground state, and the optimal detuning
for the MOT compression actually is blue detuned for atoms that overlap with the
lattice. Thus, we need to cool those atoms down in the last moment. Quadrupole
magnetic field is kept constant over all the time.

After we turn off the 556 nm laser instantaneously, we ramp the quadrupole mag-
netic field and radial bias field B,, B, to zero, and axial magnetic field B, to a specific
value, such as 7.1 G over 20 ms. This ramping time is finite because suddenly turning
off the MOT coil kicks the cavity structure, and we have ~ 100 ms of dark time of

the transmission of probe beam through the experimental cavity.

6.5 Optical lattice properties

As described in Chapter 4, an optical lattice is made by the 759 nm magic wavelength
along the cavity mode. Since the experimental cavity has a factor of 1000 enhance-
ment in the trap laser power, we only need to send 6.7 mW to get 1.1 W intracavity
power.® Loading of atoms into optical lattice is described in Section 6.4. The point

related to the properties of the optical lattice is that we tune the x direction bias

5The coupling efficiency to TEMyg mode of the experimental cavity is not 100 %.
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Figure 6-11: Beam size of one dimensional optical lattice against the distance from
micromirror

magnetic field to tune the atom position along the one dimensional lattice along the
experimental cavity axis.

The beam size of the optical lattice changes against the distance from the mi-
cromirror as shown in Fig. 6-11. As the green MOT size is 50 pm in radius, the
MOT is larger than the optical lattice when atoms are 1.3 mm or less apart from the
micromirror.

The trapping frequency of the lattice is measured by modulating the lattice power
by modulating the RF power going into an AOM in the path from 759 nm slave laser

to experimental cavity. When the modulation frequency of the lattice power matches
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Figure 6-12: Atom lifetime in optical lattice against different modulation frequencies
of intracavity power: the high frequency dip of doublet is twice the trapping frequency.
The low frequency one is there because the modulation of the AOM diffraction was
not purely sinusoidal, and therefore we had higher harmonics components.

twice the trapping frequency, atoms are parametrically heated in side the lattice and

the lifetime decreases, according to the following formula [124].

I'= % = 1125 (2v) (6.3)

The measurement is performed with atoms 1.99 mm away from the micromirror.
Lifetime measurement is performed with the off resonant probe (see Section 7.1.1 for
the detailed method), and lifetime is estimated by fitting the atom number decay by
an exponential function. Fig. 6-12 shows the result, and this suggests a trapping

frequency of 125+ 5 Hz (radial) and 67 4+ 2 kHz (axial) for 1.11 W intracavity power.

Because of the parametric heating effect by Eq. 6.3, atom lifetime in the lattice
is limited by the intensity fluctuation of the intracavity light. Because our cavity
linewidth is 1.9 MHz, which is larger than a typical trapping frequency of 100 kHz,
the cavity does not work as a tool to remove the intensity noise. Rather, its rela-

tively narrow resonant peak converts frequency fluctuation to power fluctuation, and

158



10°
?&&*ﬁi@%gﬁww%%%ﬁmﬂ%i% el P e I sty
10%E
Eer
104t
T{%T
o 200 400 800

Time after turning off MOT [ms]

Figure 6-13: Atom lifetime with different stabilizations: black: initial trapping 7 =
7.7+ 0.5 ms, red: with last 20 ms cooling 7 = 32.1 £ 0.2 ms, green: first atom trap
7 = 188.9 & 1.7 ms, blue: current best 7 = 2951 4+ 89 ms

therefore frequency stabilization is crucial for long atom lifetime in the optical lattice.
This is the reason why we put a large amount of effort on stabilizing the 759 nm laser
frequency (see Section 5.4, and intensity feedback for experimental cavity (see Section
4.3.4). Fig. 6-13 summarizes the lifetime of atoms in the optical lattice with different
level of stabilization. Typically, we have around 1 s lifetime unless the probe light is
too strong.

According to Eq. 6.3, the lifetime can change simply by changing the intracavity
power, as this changes the trapping frequency of the lattice. We confirmed that the
atom lifetime changes more or less in an expected way when we change the lattice
depth, as shown in Fig. 6-14. At 100 kHz or more trapping frequency, measured
lifetime has a reasonable match with th expected lifetime. Deviation at low frequency

should be due to the too shallow lattice to trap atoms.

6.6 A MOT with high magnetic field gradient

All the properties of the MOT described so far is for 9.2 G /cm magnetic field gradient
by 115 A current on the MOT coil. As described in Section 4.5.1, the magnetic field
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gradient can be increased up to 14.4 G/cm by a higher current (180 A) on the MOT
coil. Even with this configuration, the sequence to load atoms into the lattice is the
same: the TCMOT, the green MOT, the last 20 ms cooling, and turning off the
magnetic field. The difference is the time to turn off the MOT coil, lattice intensity,
and optimal detuning for the 556 nm laser. It takes longer time to turn off the
MOT coil, because when the slope of the current on the MOT coil goes beyond
certain threshold, there appears long lasting ~ 100 Hz oscillation in cavity resonant
frequency. In the case of 180 A current, it turns down by 10.5 A in first 8 ms, 33.9
A in the next 10 ms, 101.6 A in the next 20 ms and 33.9 A to zero in the last 10 ms,

where as in 115 A case we linearly turn it down to zero in 20 ms.

The optimal loading parameters for 9.2 G/cm and 14.4 G /cm magnetic field gradi-
ents are summarized in Table 6.5. When the magnetic field gradient B’ is large, atom
number increases by a factor of two or three at the same MOT position. Higher B’
confines atoms tighter, and this allows loading to closer to the mirror. We observed
twice as many initial Nn at 0.5 mm away from the mirror as 0.9 mm away. Here, we
needed more trap laser intensity than 0.9 mm away case, and resulting atom lifetime

is shorter. Even the loading to 0.25 mm away is observed, with estimated initial N7
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of ~ 7000. At this position, average cooperativity n is 7.9, believing the number in
Section 7.6. Based on this result, we guess that with B’ = 14.4 G/cm, we have a
MOT size smaller than cavity mode at all the distance down to 0.25 mm, and number
of atoms loaded into the optical lattice is the same. The increase in N7 is due to the

increase in 7.
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Chapter 7

Cavity QED experiments

This chapter describes experiments that lead to spin squeezing of 1™'Yb ground state
Zeeman sublevels. First I describe four different kinds of atom number counting we
use to perform various measurements. All are methods to count the population of
a specific spin state of the ground state. Next, I go through all the procedures to
double check if the system works well, such as state preparation, Rabi and Ramsey
spectroscopy, and noise estimates on atom number counting. In the end I describe

our results on spin squeezing.

7.1 Measurement methods

The energy levels we use are shown in Fig. 7-1. We are interested in the ground
state nuclear spin of !™'Yb. Since the magnetic moment is 1/2, we have two Zeeman
sublevels, and the Bloch sphere picture in the following discussion is that for this
nuclear spin 1/2 state.

To detect this spin 1/2 state, we use the 556 nm laser that is near resonant to
the 1Sy —3 P, transition and the experimental cavity. The 3P; excited state has two
hyperfine levels, F' = 3/2 and F = 1/2. In ™Yb case, the hyperfine splitting is
5936.671(100) MHz. Because we have the closed transition between m = £1/2 in
ground state and the m = £3/2 excited state of the F' = 3/2 hyperfine level, we use
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Figure 7-1: The system we used in the following experiments: Clebsch-Gordan coef-
ficients and Zeeman shifts are summarized.

the F' = 3/2 level for probing. !

We take the advantage of strong interactions between atoms and light enhanced
by the experimental cavity that has high finesse at 556 nm. We have four different
kinds of method. One is an off resonant probe, where a cavity resonance is far
from the 'S, —3P, transition resonance. Three other methods use vacuum Rabi
splitting when cavity resonance and atomic resonance of the 'S, —3P; transition
are at the same frequency. One method is simply to scan the probe laser, which
we call scan measurement. Another one is called chirp measurement, where we have
two sidebands that are scanned from the bare atomic resonance to the blue and red
directions in a symmetric way. The third one is a phase measurement-based on the
chirp measurement. All the detections are done by a single photon counter into which
transmitted 556 nm light goes 0 (Fig. 7-2). The following subsections describe the

details of each measurement scheme.

! Another technical reason would be that it is easier to use the same frequency as the laser used
for 1.5y —3 Py transition MOT, not the one 6 GHz away.
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Figure 7-2: Setup for probing atom number

7.1.1 Off resonant probe

The off resonant probe uses the dispersive cavity resonance shift caused by the exis-
tence of atoms in the cavity mode. Eq. 3.15 shows the amount of the cavity resonance

shift by atom number N7. Modifying this equation to

45
Np = Swe e, 1
0= 0we (7.1)

we extract the atom number in the cavity mode. This measurement is non-destructive,
in the sense that it does not kick atoms out of the lattice unless the probe light is too
strong,? and therefore we can measure the atom number in the lattice continuously.
This method is primarily used for adjustment of the MOT position to have the maxi-
mum overlap with the cavity mode, and lifetime measurement of atoms in the lattice.
To have the same detuning of the cavity resonance from the atomic resonance for two
spin states, we do not apply any magnetic field when performing this measurement.
Thus, this measurement gives the atom number N7 as (Ny + N, /3)n, due to the
Clebsch-Gordan coefficients.

To extract the atom number precisely, we need to know four frequencies—dw, 9, &,
and I'-precisely. The linewidth of the atomic transition I' is known with less than 1 %
precision from literature |71, 146, and we used 184 kHz, which is the latest measure-
ment [71]. The cavity linewidth r is measured by the ringdown finesse measurement
with a precision less than 1 %. A typical number is 400 kHz, which corresponds

to a finesse of 15000. Detuning of the probe light from the atomic transition § is

2At the cooperativity n = 0.6 and photon detection rate of > 500 kHz, we observe faster loss of
atoms in the lattice, which is estimated to be due to the probe light kicking atoms out of lattice,
but otherwise, there was no sign of atoms being disturbed by the probing.
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easily extracted from the information about the RF frequency applied to the EOM
to generate the probe beam. The fluctuation of this number is only due to that of
VCO, which is typically 10 kHz out of the typical 6 of 10 MHz. The number that
requires careful measurement is dw., particularly because our cavity frequency drifts
according to the frequency drift of the 759 nm laser due to the RAM in PDH lockings
and the reference cavity performance. To calibrate dw., we turn on the 399 nm MOT
beam to kick all the atoms out of the lattice at the end of off resonant probe sequence,
followed by a scan of probe laser frequency over a cavity resonance. A comparison of
the peak height of the scanned cavity resonance and an average of the amount of the
transmission at the empty cavity gives a frequency detuning of the bare cavity from
the probe beam, and comparison of the amount of the transmission relative to the
peak height gives the atom number at each time.

Typical raw data are shown in Fig. 7-3. At ¢t = 0.4 s, the MOT is turned off,
and the atom number in the lattice starts to decay. According to Eq. 3.15, the
cavity shift gets smaller, and the transmission gets larger. At the end, peak due to
the calibration scan is shown. Converting this data into the atom number N7, we
get Fig. 7-4. Typically, we use 6 = —10 MHz detuning, and this § gives dw. = 920
kHz= 2.3k for Nn = 500. We set the photon counting rate of 1 MHz at a cavity
resonance, and use 1 ms binning to get photon number of a few hundred in each bin.
With this d, we can resolve up to Nn ~ 1500, and if we need to measure more N7,
we increase 0. We typically fit this atom number decay with an exponential function

and extract the atom lifetime in the lattice and the initial atom number.

7.1.2 Scan

The scan measurement and the following two measurements use vacuum Rabi split-
ting. As described in Section 3.1 and Eq. 3.14, the amount of vacuum Rabi splitting is
proportional to the square root of N7, and therefore we can extract the atom number
from the amount of vacuum Rabi splitting in the following way:

_ir

Nn —
" I'r
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Figure 7-3: Raw data for the off resonant probing
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Figure 7-4: Atom number decay in the cavity mode derived from Fig. 7-3

The easiest way to see vacuum Rabi splitting is to scan the probe laser frequency
linearly over the resonance, and see two resonant peaks. We call this measurement
"scan measurement." We linearly ramp the voltage of the VCO that drives the EOM
for the probe light, and scan the probe light frequency. Acquired data is the time
dependent transmission. We use calibration information on the VCO voltage to fre-
quency conversion to change the time information to frequency, as the VCO output

frequency is slightly nonlinear to the input voltage.
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Figure 7-5: Typical signal by scan measurement

To separate Zeeman sublevels of the 2 P, excited state by a larger amount than the
vacuum Rabi splitting, a bias magnetic field in +2z direction is applied. We typically
apply 7.1 G, which generates a 10 MHz frequency shift between two adjacent Zeeman
sublevels. Because of a difficulty in tuning the cavity resonant frequency quickly, we
fix the cavity frequency in an experimental sequence. To measure the atom number
in the m, = 1/2 state in the ground state, we use +15 MHz detuning of the cavity
resonance frequency from the atomic resonance frequency of the 1Sy —3P; transition
without any magnetic field, and a o polarization light. For measuring the atom
number in the m, = —1/2 state, we use —15 MHz detuning of the cavity frequency,

and a o~ polarization probe light.

A typical transmission signal whose x axis is converted into a frequency unit is
shown in Fig. 7-5. We spend 20 ms to scan over 20 MHz. From this we convert
the frequency splitting to the atom number. We fit this with Eq. 3.10 multiplied
by a normalization factor. A typical number with I' = 184 kHz, x = 400 kHz, and
Nn = 1000 gives 8.58 MHz vacuum Rabi splitting. A single scan gives one piece
of information on the atom number, and the uncertainty of the atom number comes
from the uncertainty of the fitting. Also, the cavity resonant frequency fluctuation

during two peaks and atom loss due to the probe add uncertainty.
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Figure 7-6: Concept of the chirp measurement in the frequency space

7.1.3 Chirp measurement

The scan measurement has an advantage of being conceptually easy, and robust
against the cavity frequency drift. However, because of the time difference of a
few ms between two peaks, it is affected by a fast cavity frequency change due to
mechanical vibrations that cannot be suppressed by locking. To solve this problem,
we use another measurement scheme called chirp measurement. The idea of chirp
measurement is to have two probe beam frequencies scanning over the two vacuum
Rabi splitting peaks at the same time in opposite directions, as shown in Fig. 7-6.
Because the fluctuation of the resonant frequency of the vacuum Rabi splitting peaks
due to the cavity frequency fluctuation is a common mode, scanning over them at
the same time in the opposite directions cancels the fast fluctuation. In addition, the
effect of change in atom number or the frequency shift of the cavity over the few ms
in the scan measurement is removed, thanks to the simultaneous scanning over two

peaks.

To generate these sideband frequencies of w, £ Wepirp, We mix an RF signal of
Wenirp With a VCO signal driving the EOM for the probe beam, and chirp wepirp. The
signal obtained by the single photon counter is shown in Fig. 7-7. The peak position
derived from this data is f in Eq. 3.14, and we get Nn from Eq. 7.2. We typically
perform a single measurement in 1 ms, with ~ 100 and ~ 40 photons transmitted in
a chirp for measurement-based squeezing and cavity feedback squeezing, respectively,
and perform this again and again if we need a large number of photons for a precise

measurement of the atom number.

To have a precise peak frequency estimate, we perform a single parameter maxi-
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mum likelihood fitting with a Lorentzian function. Typically, the Lorentzian function
has three parameters of center wp, peak height AN,, where N, is the number of

detected photons, and width v, as shown in Eq. 7.3

A
1+ (2(w — wo)/7)?

flw) = (7.3)

To reduce the number of parameters, we use the average of cavity and atomic res-
onance width v = (I' 4+ k)/2 as the linewidth v, and peak height per photon A is
estimated by a Lorentzian fit we did in advance with a large detected photon number.
Then the function f(w) has a single parameter of wy to be estimated.

The crucial part of this chirp measurement is whether the atomic resonance w,; and
the cavity resonance w, are precisely the same. If these frequencies are different, we
see two peaks at slightly different frequencies, because we set the probe laser frequency
relative to w,y, whereas the vacuum Rabi splitting resonance shifts according to the
shift of w.. Because we do a single parameter fit for the peak position search, the
frequency difference of the peaks more than a FWHM of the Lorentzian resonance
(k +T')/2 deteriorates the quality of fitting significantly. To avoid this, we first run
100 scan measurements to see the frequency difference between the cavity resonance
and the atomic resonance. This frequency difference is obtained by fitting each scan
to Eq. 3.10, and averaging 100 data. According to the frequency difference, we tune
the cavity resonance frequency, and if necessary, run another 100 scan measurements
to see if the frequency is modified in a good way. Next, we run chirp measurements
with different probe frequency to see if the start frequency of the chirp w, matches
wat = We. Once the correct center frequency is obtained, the frequency calibration is
performed by a two light pulses that are on the opposite slope of the cavity resonance.
As the frequency that has largest drift is w., when the amount of transmission photons
by these two pulses gets imbalanced, we tune w. for the two pulses to have better

balancing. 3

3The majority of drift is monotonic drift of more than 10 MHz over a few hours during the oven
running. It turned out that this is due to the change in thermal balance for experimental cavity by
heat from MOT coil. Once this drift is removed, it is desired to have an upgrade of the reference
cavity, and RAM stabilization for 759 nm laser locking and experimental cavity locking.
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Figure 7-7: Typical signal of chirp measurement

7.1.4 Phase measurement

According to Eq. 3.16, the phase shift is an odd function of a detuning from w,. = wy
(i,e. 6 = A), and behaves as shown in Fig. 7-9. When N7 is large enough, the
function is approximately an arctangent function whose origin is at two vacuum Rabi
splitting peaks. The electric field of the transmitted light at the chirp measurement

is calculated as

E = EO (e’i(k27(wp+wchirp)t+¢ph) 4 6i(k2*(wp*wchirp)t*¢ph)>

— Eoei(szwpt) <€_i(wchirpt+¢p}\) + ei(wcl1irpt+¢ph)) . (74)

Therefore we obtain

P x cos? (Wehirpt + dph) (7.5)

as the power. This means that we can extract phase information as a shift of the
photon arrival time relative to the chirp frequency’s phase reference, which is easily
obtained by a function generator we use for the chirp (SRS DS345). We implemented
this phase measurement in addition to the transmission peak measurement of the

chirp measurement.

The raw data of the phase is shown in Fig. 7-8. The phase changes as wepirp is
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Figure 7-9: The phase of the light that is transmitted through experimental cavity:
it is assumed that wy, = w.

scanned, and fitting this with Eq. 3.16 gives the position of the resonant frequency
of the transmission. The phase measurement is effective when the contrast of the
beat note is more than 85%. Because the contrast gets high when w;, is well tuned to

Wat = We, this contrast is used for a frequency calibration for w,.
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7.2 Optical pumping

The first thing to do after trapping atoms into an optical lattice is state preparation
for spin squeezing: optical pumping to a single state. To perform an optical pumping
to the mp = 1/2 ground state, we use a transition from the mp = —1/2 sublevel of
the 1Sy ground state to the mp = 1/2 sublevel of the P, F' = 3/2 level, as shown in

Fig. 7-10. We send a pumping beam through the experimental cavity.

Fig. 7-11 shows the quality of the optical pumping with different detunings of the
pump beam from the resonant frequency between the mp = —1/2 ground state and
the mp = 1/2 excited state. The measurement is performed by the sequence shown in
Fig. 7-12. Since the scan measurement is performed for only one of the mp = +1/2
states, a single sequence obtains the number of atoms remaining after the pumping.
The atom number is normalized by the twice the initial atom number in the state we
probe. The ratio of the atom number in the mp = 1/2 state and the mp = —1/2
state after the pumping is obtained by dividing the remaining atom numbers, and the
sum is obtained by adding them. The pumping is most effective when the frequency
detuning of the pump beam is zero from the atomic resonance. At the blue detuned
side, we observe a certain amount of atom loss, which is presumably due to heating
by the pumping light. As this graph is a relatively early result, we still had 2 % of
atoms remaining in the mp = —1/2 state, and the loss at the resonance is 40 %, but
currently, we typically have less than 0.5 % of atoms remaining in the mp = —1/2
state, and the loss due to the heating is more or less zero.* Particularly when we
apply a larger B, magnetic field, the quality of optical pumping improves, and we see

only a few atoms remaining in m = —1/2 state out of ~ 2000 total Nn.

4we only see the atom number increase in the mp = 1/2 state by 80 %. The reason we regard

that the loss due to the heating is zero is that atoms are initially polarized, as the number in
Wpump — W1/2 = +1 MHz data shows.
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Figure 7-11: Quality of optical pumping for different pump laser frequency

7.3 Rabi pulse and coherence

Once all atoms are pumped into the mp = 1/2 state, we want to put the state into a
superposition state between the mp = £1/2 states coherently. To do this and other
rotations on the Bloch sphere, we need to have good Rabi pulses, such as a 7/2 pulse
and a w pulse. These pulses are first achieved by applying an oscillating magnetic field
with the x direction bias coil, and later the coil for Rabi pulse is replaced by the AC

coil. The mp = +1/2 states are regarded to be a two-level state, and to have decent
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Figure 7-12: Sequence for optical pumping experiment

energy shift between them, we applied 7.06 G magnetic field, which corresponds to a
Larmor frequency of 5296 Hz. Note that this is a two-level state that is truly a spin
1/2 system.

It is important for coherence to be maintained over the whole manipulation of
the states during a sequence. To check this coherence, we have a sequence shown in
Fig. 7-13, and take a ratio of atom number before and after the Rabi pulse measured
by scan measurements. We change the length of the Rabi pulse, and check if the
coherence is maintained. Fig. 7-14 shows a result with the x bias coil. Half of the
coherence remains after 500 ms. The data points are fitted with the following fit

function.

f(t) = % <1 + cos (QWL) et/m) e~tPL (7.6)

Po
where 1/py is Rabi frequency, which is 17 Hz, and p; is the loss of coherence due to
the atom lifetime in the lattice, which is 846 ms, according to the fit, which is the
limiting factor of the coherence. The loss of the coherence except for the loss of atoms

in the lattice is more than 2 s.

Although this coherence time is long enough to do manipulations, the length of the
7/2 pulse is as long as 14.66 ms. A long Rabi pulse has a danger of being susceptible
to the possible fluctuations of background magnetic fields, and a shorter pulse is
desired. Thus, we implement the AC coil. Fig. 7-15 shows a result of a coherence
measurement for the AC coil. The lengths of 7/2 and 7 pulses are 1.8 ms and 3.6

ms, respectively, which corresponds to a Rabi frequency of 139 Hz. Beyond 15 ms,
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Figure 7-13: Sequence for Rabi pulse coherence test
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Figure 7-14: Coherence of Rabi pulse with x direction bias coil: fitting function is
0.5(1 + cos(2mz/po) exp(—z/pa)) exp(—z/p1).

we don’t see any oscillating feature, because the capacitor is completely discharged
and the power supply turned to a constant current operation to supply the DC offset
current. The length of the Rabi oscillation can be increased by reducing the DC offset
voltage. Note that this data is measured with a B, = 13.77 G magnetic field, which

corresponds to a Larmor frequency of 10.295 kHz.

7.4 Ramsey spectroscopy and coherence

With the Rabi oscillation confirmed, another useful tool for us to see the coherence
of the state is the Ramsey sequence. This can give us information on the coherence

of the state after any kind of procedure in between two 7/2 pulse of the standard
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Figure 7-15: Coherence of Rabi pulse with AC coil: fit is misleading and should
not be believed too much. The fitting function is 0.5(1 4 cos(2wx/py) exp(—z/p2))

exp(—z/p1).

Pump 1 Interrogation time

Figure 7-16: Ramsey sequence

Ramsey sequence. The basic Ramsey sequence we performed is shown in Fig. 7-16.
After the optical pumping to the mp = 1/2 state, we measure the atom number in
the mp = 1/2 state with a scan measurement, and send two /2 pulses separated by

an interrogation time of 7. The second pulse has a different phase from the first one.

We first change frequency of the AC field, setting the phase difference between
two /2 pulses zero and interrogation time 7 = 10 ms. This gives a good Ramsey

fringe, as shown in Fig. 7-17. The fitting function is the standard Ramsey sequence
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Figure 7-17: Ramsey fringe fitting function is the standard Ramsey sequence tran-
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where Q, = 27\/p2 + (x — p1)?, § = 27(x —p1) and T = 10 ms. The fitted parameters
are pp = 49.41 £ 0.09 Hz, p; = 5315.00 £ 0.03 Hz, and p, = 5.726 £ 0.008 ms.

population, and this gives the precise Larmor frequency of 5315 Hz. °

Next, we set the interrogation time 7 = 10 and 100 ms, and changed the phase of
the second pulse from zero to 2. As shown in Fig. 7-18, the coherence is more than
95 % in the 7 = 10 ms case. When 7 = 100 ms, the coherence decays by a certain
amount, but still 60 % of it remains. This is good enough for us to perform spin
squeezing and observe the effect without being limited by the coherence of the state

itself.

With the AC coil, we first perform the standard Ramsey sequence with different
interrogation times. The fraction of atoms in the mp = 1/2 state is fit with y =
Acos(2m fr—ao) exp(—x/Ty)+yo exp(x/T1). This fit gives coherence time Ty = 13042
ms, as shown in Fig. 7-19. The experiment is also performed with a Larmor frequency
of 10.380 kHz, and the fitted oscillation frequency gives a precise Larmor frequency
of 10.295 kHz. A Ramsey sequence with echo, which means a 7 pulse is applied when
half of the interrogation time has passed, is also performed. Fig. 7-20 shows the

result. The decay time of the contrast is 75 = 1.80 = 0.30 s, which is limited by the

At this time, magnetic field was slightly different from 7.06 G
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Figure 7-18: Measurement of Ramsey coherence with x direction bias coil

Ramsey spectroscopy, w, = 10327 Hz
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Figure 7-19: Coherence decay in Ramsey sequence: Larmor frequency is 10.327 kHz.
Fit function is y = A cos(2m fx — ¢g) exp(—z/T3) +yo exp(z/T}), and fitted parameters
are yo = 0.5308 £ 0.0142, ¢y = 2.838 + 0.077, A = 0.5073 + 0.0453, f = 30.4074 +
0.2569, T, = 0.1295 4 0.0240, and 77 = 1.9780 + 2.3646.

lifetime of atoms in the lattice.
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Figure 7-20: Coherence decay in Ramsey sequence with echo: Fit function is
yo exp(—x/I'), and fit result is yo = 0.8743 £ 0.0105 and I' = 1.7964 + 0.3034.

7.5 Atom number counting

The precision of atom number counting is crucial for a large amount of squeezing,
because to confirm 20 dB squeezing, we need to have a measurement of the atom
number 20 dB more precise than the SQL. We first tried to do this with scan mea-
surement. For the scan measurement, we can perform this test without using actual
atoms. We generated two probe frequencies 3 MHz apart by mixing a 1.5 MHz RF
signal with a VCO frequency, and scanned the VCO frequency. This told us that
there is a ~ 30 kHz fluctuation in the frequency measurement, no matter how many
photons we use for detection.

The sequence for the test with the chirp measurement is shown in Fig. 7-21.
Because we use the vacuum Rabi splitting for the chirp measurement, we have to use
actual atoms with this measurement. The chirp measurement is performed multiple
times in a single sequence, and we get a series of atom numbers in a sequence, which
decrease over time, because of the atom number decay in the lattice induced by the
probe light. To have the best estimate of the atom number in a certain time in a
sequence, we perform a linear fit, and to assure that the linear fit is good enough,

and that we don’t have to use more complicated fit function, such as exponential fit,
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Figure 7-22: Precision of the peak position estimate for different transmission photon
number

we only use the data where atom number stays with in 20 % of the initial number.
We calculate the atom number fluctuation as the deviation from this fit, and plot it
against different photon numbers. Fig. 7-22 and 7-23 show the result. Note that the
frequency fluctuation is estimated in the same way as atom number fluctuation, and

the linear fit is good enough for both of them.

The results suggest that our frequency estimate with the chirp measurement is
as good as the theoretical limit of the Lorentzian fitting. Theoretically, the typical
width of the Lorentzian fit uncertainty should be described by a unit of FWHM, as
the Lorentzian curve does not have a finite variance. With the FWHM, the theoret-
ical upper bound of the fitting precision is calculated to be Af/FWHM = 0.5/N,,
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Figure 7-23: Precision of the atom number estimate for different transmission photon
number

where N, is the number of photons used for the peak frequency estimate. Data points
are above this theoretical limit within the errorbar, and the fitting uncertainty and
the actual fluctuation of atom number match well. This suggests that we hit the
theoretical limit, and our fitting does not have any problems regarding the uncer-
tainty estimate. When we convert the theoretical limit according to Eq. 7.2 and
the error propagation for it, we get the theoretical limit for an atom number esti-
mate of A(Nn) = 291.6/N,,. Because N7 is not proportional to f, A(Nn) is much
larger than the SQL at the small number of photons, but still Fig. 7-23 implies that
with sufficiently large number of photons, we still can measure well below the SQL.
Note that this analysis is done only with the transmission photon number. With the
phase information, we also can go 3 dB higher precision than only with transmission.
However, uncertainty due to the atom loss due to the probe beam comes in, and the

maximum precision is estimated to be -13 dB of SQL.

7.6 Measurement of cooperativity

To correctly estimate the amount of squeezing, we need to know the cooperativity n
precisely, as what we can measure through the cavity is only N7, whereas the spin

squeezing is always described by the variance of N. One way to estimate 7 is to use
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the information of geometry. As we know the radii of curvature and the distance
between two mirrors, and the distance of atoms from the micromirror substrate, we
can estimate 17. However, direct measurement of 7 is always more reliable. To do
this, we first optically pump the population to the mp = 1/2 state, and we transfer
a specific number of atoms from the mp = 1/2 state to the empty mp = —1/2 state
by a short Rabi pulse. The normalized variance of the number of atoms transferred
is

(AND?) (%)

Ny iy T

as all the fluctuation in Nn comes from that of N, and if we do this measurement

(7.7)

with different Nn and plot (AN 77)2 against IV, the slope is 7. There are two reasons
we prefer small N; one is that only in this region, is the relation of (AN 77)2 and
Nn linear, as described in the next section. The other is that with small N, the
relative quantum noise is larger than large N, and we are more sure that the noise is

dominated by the quantum noise.

The experiment is done with a sequence shown in Fig. 7-13, where the length of
the Rabi pulse is very short. We measure the population in the mp = —1/2 state
by a scan measurement. After the optical pumping, we send a short Rabi pulse to
transfer atoms from the mp = 1/2 state to the mp = —1/2 state, whose length
is changed to take data for different N7. The atoms are 0.9 mm away from the
micromirror substrate. Fig. 7-24 shows the result. Here, IV on x axis is not the total
atom number but the final atom number in the mp = —1/2 state. To get the total
atom number, we use the information of the atom number measured before optical
pumping, and the typical number of the initial atom polarization, where 3/8 is in
mp = —1/2 state, and 5/8 is in mp = 1/2 state, and get n = 0.613 £ 0.037. 7 for
different atom positions is derived from this number and the geometry of the cavity

mode.
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Figure 7-24: Result of cooperativity measurement: note that N here is the initial
atom number in -1/2 state, not the total atom number in the trap.

7.7 Estimate of classical noise

Eq. 7.7 only holds for N < Ny, where N is the atom number transferred, and Ny
is the total atom number in the lattice. For arbitrarily large N, the correct formula is
the variance for the binomial distribution AN = Np(1 — p), which is N/4 at p = 1/2.
Here, because N is large, the quantum noise is suppressed, and it is easier to see
the effect of the classical noise. This is the case of the w/2 pulse, and the stability
here is very important to have a reproducible transfer of atoms to the equator of the
Bloch sphere. To estimate the effect of the classical noise, we perform the stability

measurement of the 7/2 pulse.

The sequence for the experiment is the following; we optically pump the population
to the mp = 1/2 state, send a /2 pulse, and measure the population in the mp =
1/2 state by a scan measurement. We repeat this ~ 100 times, and put the final
population normalized by the population after the optical pumping into a histogram.
Fig. 7-25 shows the result with a Gaussian fit. Based on the average Nn = 806 4+ 71
and n = 0.613 4+ 0.037, we get an SQL of 329 + 34, whereas measured variance
(No)2 = 714+£148. The measured variance is 2.17 times larger than the SQL. Part of

the reason why the variance is more than the SQL is because the initial atom number
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Figure 7-25: Histogram for the atom fraction after a 7/2 pulse
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Figure 7-26: Histogram for the atom fraction after a 7/2 pulse with the post selection
of 765 < Nn < 845

fluctuates as 806+ 71, where 71 is standard deviation. When we post-select the data
of 765 < Nn < 845, the histogram becomes Fig. 7-26. This gives (N0)2 = 548 £ 114,
which is only 1.67 times worse than than the SQL. We conclude that this is not too
noisy for performing a spin squeezing measurement.

The same measurement is performed with a Rabi pulse by the AC coil. Here, the
average N1 is Nuen = 1433.66 before a post selection, and together with the standard
deviation of ¢ = 0.01276 £ 0.00315 in Fig. 7-27, variance is calculated to be 1.526
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Figure 7-27: Histogram for the atom fraction after a 7/2 pulse by AC coil

times larger than SQL. When we post-select the data with the condition of 0.9 N,..n <
Nn < 1.1N,e, the histogram becomes Fig. 7-28. This gives o = 0.00863 4 0.00144,
resulting in the variance of only 0.698 times larger than the SQL. The latter suggests
that actual cooperativity might be a bit smaller; it should be 0.43 instead of 0.613
for the variance to be the same as the SQL. The most likely explanation for a poor
estimate of 7 in Section 7.6 is that the estimate of the initial polarization of atoms is
wrong. In any case, this shows that the 7/2 pulse by the AC coil is free from classical

noise.

7.8 Measurement-based spin squeezing

To perform the simplest squeezing, we first perform a measurement-based squeezing.
The idea is described in Section 3.4.1. The sequence is shown in Fig. 7-29. We make
a relatively weak chirp measurement 200 times, where each chirp has N, of ~ 100,
after putting the state onto the equator of the Bloch sphere. We regard first n;
measurements of this 200 chirps as a squeezing measurement, and the next n, pulses
as a strong measurement. This sequence is run more than 100 times for the purpose
of taking an average and a standard deviation. Defining the measured population

in the mp = 1/2 state with the first and the second measurement as Nin and N7,
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Figure 7-29: Sequence for measurement-based squeezing

we take the variance of Ny — Ny to get (AN;). Total atom number Ny, which is on
average 6800, is derived by doubling the average of Ny and n = 0.125 at 1.99 mm
away from the micromirror. From these numbers, we get the measurement variance
4 (AN;) /Ny, shown by the green dots in Fig. 7-30. Apparently, this variance gets
smaller as the squeezing measurement gets stronger. To get the amount of useful

squeezing, we need to incorporate the effect of coherence loss.

The contrast measurement is performed separately with a sequence described in
Fig. 7-31. This is the Ramsey coherence measurement in Fig. 7-16, except that the

interrogation time 7 is replaced by n; chirp measurements. The extracted coherence
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Figure 7-30: Result of the measurement-based squeezing
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Figure 7-31: Sequence for measuring the contrast for the measurement-based squeez-
ing

is fitted in Fig. 7-32, and the fitted coherence is plotted on Fig. 7-30. According
to the graph, we get the largest amount of squeezing of 2.1 dB in the language of
Wineland criterion (Eq. 3.24) at 500 or 600 detected photons.

This amount of squeezing matches to the theoretical calculation well. Based on
Eqgs. 3.36, 3.40, and measured Nyn = 425 + 35, total amount of squeezing is §%V’t0t =
0.569. This is 2.45 dB of squeezing, which is quite close to the measured value of 2.1
dB. Egs. 3.35, 3.37, and 3.39 imply some possible ways to improve the amount of
squeezing. First of all, increasing the number of atoms linearly increases the amount
of squeezing. There is room for a better measurement by parking the probe frequency

at the top of a peak of the Lorentzian. This should double the amount of squeezing.
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Figure 7-32: Contrast measurement for the measurement-based squeezing

If we have better light collection efficiency, such as better coupling of the cavity
transmission to a fiber by a multimode fiber and a single photon counter with better

quantum efficiency, this also improves the amount of squeezing.

7.9 Phase shift by probe light

To estimate if the cavity feedback squeezing works, a good starting point is to test
if the phase shift is the same amount as the prediction by Eq. 3.42. To test this,
we perform phase shift measurements. The sequence is to send a phase shift pulse
after bringing the state into the 1:1 superposition state of the m; = 1/2 state and the
mys = —1/2 state, and then measure the atomic phase shift due to a phase shift pulse
by changing the phase of the second 7/2 pulse, as shown in Fig. 7-33. The result is
shown in Fig. 7-34. First, we scan the frequency of the probe beam while we send
the phase shift pulse. (Fig. 7-34 (a), (b)) As most of the photons are transmitted
through the cavity when the frequency is resonant to a peak of vacuum Rabi splitting,
this is effectively a phase shift with on resonant light. Next, we set the phase shift
light frequency ~ 1 MHz off from a peak of vacuum Rabi splitting. (Fig. 7-34 (c),
(d)) Here, the atom number is Nn ~ 630.
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Figure 7-34: Phase shift measurements: The fit function for (a) and (c) is y = po+p1,
and the fit function for (d) is y = ppexp(—x/p1). The negative photon numbers in
(a) and (b) correspond to sending red detuned photons.

The phase shift is linear to the photon number, as predicted by Eq. 3.42. For
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y>1and ¢ < 1, Eq. 3.42 becomes

L (7.8)

Pat,tot = —77%

and the amount of the phase shift per photon is calculated as —8.489 x 1073 rad/~°,
plugging in Nn = 630, n = 0.613, ¢ = 31 ppm, and ¢ = 196 ppm. This does
not include a factor of quantum efficiency of the detector. Including this detection
efficiency, the expected phase shift is -0.0679 rad/~v for the resonant case. For the
off resonant case, y = 48 instead of 37, and this gives -0.0523 rad/y. These numbers
are too large to explain the result in Fig. 7-34, particularly the on resonant case. A
possible explanation is the estimate of 77 mentioned in Section 7.7; if we use n = 0.43
instead of 0.613, the phase shifts become 0.0476 and 0.0367 rad/~ for the on and off
resonant cases, respectively, and this matches well, at least to the off resonant case.
Potentially, the steeper slope for three points around [0,20] is the true phase shift rate

for the on resonant case.

The contrast decay is faster than expected from Fig. 7-32; although the atom
number decreased only by a factor of 10, the decay constant decreased from ~ 1300
to 54. This raises a question of whether nonuniform coupling of each atom to the
probe light can decohere the state faster than a coherence loss by scattering light into
free space, and therefore we perform a phase shift measurement with spin echo. The
sequence is to have two phase shift pulses, and in the middle a 7 pulse is sent to flip

the spin, as shown in Fig. 7-35.

The result of the phase shift measurement with spin echo is shown in Figs. 7-36
and 7-37. Although there remains slope at a small number of photons, the phase
shift flattens out at a large number of photons. This suggests the phase echo works
well. Later, we once more do the measurement, only with two data points, and at
this measurement, the slope is 0.00055 rad /v, which is effectively zero. Also, given
that the cavity feedback squeezing works well, spin echo cancels the phase shift in

a desirable way. The contrast decay shown in Fig. 7-37 has an order-of-magnitude

SHere, v means photon.
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Figure 7-36: Phase shift with spin echo: the linear fit is y = (0.126+0.015)+(0.0176 4+
0.0081)zx.

larger decay constant compared to a single pulse phase shift. This supports the idea
that nonuniform couplings dephase the state more quickly. Also, this implies that
with spin echo, we can send a much larger number of photons for cavity feedback

squeezing.

7.10 Cavity feedback squeezing

7.10.1 Theoretical estimate

The amount of squeezing we obtained from the measurement squeezing is relatively

small without any further improvement in a few parameters. One of the major limiting
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Figure 7-37: Contrast for phase shift measurement

factors is the light collection efficiency, which is only 12 %. This can be overcome
by using cavity feedback squeezing, which does not require any measurement for
squeezing.

Our system for the cavity feedback squeezing is the same as measurement-based
squeezing; we use spin 1/2 Zeeman sublevels of the ground state of *Yb for the spin
to squeeze, and squeezing is performed by the interaction between the mp = 1/2 state
of the ground state and mp = 3/2 of the F' = 3/2 hyperfine level of the 3P, excited
state via 556 nm laser (see Fig. 3-11). As we have total atom number of Nyn ~ 2000,
which is larger than the measurement-based squeezing experiment case thanks to the
high magnetic field configuration for the MOT, we applied 14.3 G magnetic field to
separate Zeeman sublevels of the F' = 3/2 hyperfine level of the 3P, state. 7 The
method is to send some phase shift pulses in a way to cancel technical noises to
generate the nonlinear phase shift induced squeezing, as described in Chapter 3.

To determine the parameters and estimate the amount of squeezing we can achieve,
a theoretical calculation is performed as described in Section 3.9 and Appendix A.5.
It is convenient to estimate the amount of squeezing for a specific number of scatter

photons ps., because p. is directly connected to the contrast of the atomic system.

7At this magnetic field, separation of adjacent Zeeman sublevels is 20 MHz, and vacuum Rabi
splitting for Nn ~ 2000 is 2g = 12 MHz.
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Figure 7-38: Shearing @) (black), Fisher information F'I (red) and squeezing parame-
ter £,2 (blue) for scattered photon number of 2500/e: horizontal axis is in frequency
normalized by the half linewidth of cavity resonance. Cavity resonance w, is assumed
to be the same as atomic resonance w,.

Assuming N; = 2500 and 1 = 0.4 for Nyn = 1000, the typical ps. for the most useful
squeezing is ps. = Np/e ~ 920. Fig. 7-38 shows the shearing @) (Eq. 3.44), Fisher
information FI (Eq. 3.45), and Wineland squeezing parameter £,2 (Eq. 3.46) for
Pse = 920 as a function of detuning from the cavity resonance o, where the cavity
resonance is parked at the same frequency as atomic resonance (w. = w,). The
amount of squeezing takes maximum at a few linewidths away from the resonances
of vacuum Rabi splitting § = £¢9. When the detuning is close to the resonances of
vacuum Rabi splitting, the amount of squeezing reduces because of sharply increasing
Fisher information and reduction in the shearing. When |§| > g, the decrease of the
amount of squeezing is slower than |0 < ¢g. An important feature is when 6 —g > r/2
for 6 > 0or 6 — (—g) > /2 for § < 0, where the Fisher information is so small that

the squeezing is unitary.

In the actual experiment, a photon number parameter easy to observe is the
number of transmitted photons through the experimental cavity p;,. Fig. 7-39 shows
the amount of squeezing (1 + Q?)/F against ¢ for different p;,, based on Eq. 3.46.
Note that it is not the case that the amount of squeezing £, 2 increases significantly

as the detuning of the phase shift pulse gets smaller, because the probability for an
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Figure 7-39: Amount of squeezing &2 for different transmitted photon number: black,
red, and blue lines correspond to 1000, 2000, and 4000 detected photons at a single
photon counter.

atom to scatter a photon into free space increases as the frequency of the squeezing

light gets closer to the atomic resonance.

7.10.2 Antisqueezing

The experiment consists of three parts: antisqueezing, unsqueezing, and phase sen-
sitivity gain. To show that we can get a squeezed state, we first measured the anti-
squeezing by the phase shift pulse.

The experimental sequence is shown in Fig. 7-40. After the optical pumping, a
7/2 pulse is sent to put the state on the one to one superposition state of spin up and
down. Then the phase shift pulses are sent. This is a 556 nm laser with a detuning
from atomic resonance of A = 12.8 MHz. Because the phase shift pulse has linear
term regarding S, as well as nonlinear term, we send this the phase shift pulse twice
to cancel the linear phase shift by a spin echo technique. This also makes sure that
atoms in both the mpr = 1/2 state and the mp = —1/2 state interact with the light.
The last /2 pulse is sent only when we want to see the amount of antisqueezing in
the phase direction, and without it, we can check how noisy the state becomes in the
population difference direction after the sequence. As for the atom number counting,

all initial detection is removed, as we established a way to reliably estimate the atom

195



Phase Chirp

ol o[ /| /]

s

Figure 7-40: Sequence for antisqueezing experiment: the picture below the sequence
shows the change from a coherent state in the ideal system. The last 7/2 pulse is
sent only for measuring phase direction uncertainty. The first 7 pulse and the second
7/2 pulses have 7/2 phase relative to the first 7/2 pulse and the last 7 pulse.
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number ratio of Ny /Ny as N1/(N1+ Ns). To avoid effects from the 60 Hz background
magnetic field, from the beginning of the first 7/2 pulse to the middle of the 7 pulse
for spin echo and from the middle of the 7 pulse for the echo to the end of 2nd /2
pulse are set to be 16.67 ms.

The result is shown in Fig. 7-41 and 7-42. In each condition, ~ 100 data points
are taken, and post selected by the contrast of the phase measurement (C' > 0.8), the
atom number N; + N, (typically 20004 200), and detected photon number N., (target
number+10%). Fig. 7-41 shows the uncertainty of an antisqueezed state in phase
and population difference direction. Atom number N7 is 2020 + 228, and detected
photon number N, is 2403 £ 107. This clearly shows the state has larger uncertainty
than the SQL in the phase direction, whereas there is no significant additional noise
onto the population difference direction. This is one of the things expected for a
squeezed state generated by cavity feedback squeezing.®

Fig. 7-42 shows the dependence of the uncertainty in the phase direction on the

8This itself does not prove that the state is squeezed, as we have not observed anything that
implies the narrower distribution than SQL. The unsqueezing measurement is necessary to be sure
that the state is squeezed.
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Figure 7-41: Noise distribution of an antisqueezed state

strength of phase shift pulse strength. This pulse strength is always described by
the photon number detected by a single photon detector, whose overall detection
efficiency of the photon coming out of the cavity is 12 %. Here, the average atom
number is 2183+£119. What is measured here is the uncertainty of a state in the phase
direction, and for the cavity feedback squeezing, this is basically the shearing (), which
is proportional to the transmitted photon number p;,. In Fig. 7-42, uncertainty is well
proportional to N, up to N, = 2000, but for IV, = 4000, @ is smaller compared to this
linear behavior. This should be explained by a good antisqueezing and an exponential
decay of the contrast due to the phase shift pulses, and the data points were fitted
by a fitting function y = pg + p12 exp(—z/8662). The decay constant of the contrast
is obtained by the contrast measurement for unsqueezing (Fig. 7-46). This model
explains the behavior of the antisqueezing well, and the slope (2.42 4 0.23) x 1073 is
reasonably close to the theoretical calculation of 0.001850 by Eq. 3.47. The larger
slope than the theoretical estimate might mean that our overall coupling efficiency is
smaller than the typical value of 12 %. Although the sequence has the echo feature,
we had a residual phase shift, which is 0.01 degree/NV,.
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Figure 7-42: The amount of antisqueezing for different photon number N, for phase
shift pulse: the fitting function is y = py + p1V, exp(—N,,/8662), where the decay
constant of the exponential function comes from the contrast measurement Fig. 7-46.

7.10.3 Unsqueezing

The unsqueezing is defined as a process to put a squeezed state back to a coherent
spin state, as shown in the bottom half of Fig. 7-43. To do this we first squeeze
the state in the same way as antisqueezing. To put the state back to the coherent
spin state, we first make a small rotation on the squeezed state to flip it against
the equator. Then we send two other phase shift pulse that has a spin echo 7 pulse
in between. Since the state is flipped in the way that the part closer to the north
pole has negative phase compared to its center, the phase shift pulse that shifted the
northern part of the state more to the positive direction now undo the shearing, as
shown in the figure. This results in a state going back to its original distribution after
the same procedure as the antisqueezing. In the end we rotate the state by 7/2 to
measure the uncertainty in the phase direction.

The basic structure of the sequence is the same as antisqueezing sequence. After
the optical pumping, a 7/2 pulse is sent to put the state onto the equator. Then two
phase shift pulses between which a 7 pulse is located for the spin echo are sent. So far
the procedure is the same as antisqueezing. Next, an € pulse is sent to flip the state.

Here, ¢ is regarded as a variable, and we experimentally change this between —m /2 and
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Figure 7-43: Sequence for unsqueezing experiment: the picture below the sequence
shows the change from a coherent state in the ideal system. The first three 7 pulses
and the second /2 pulse is along S, and the first 7/2 pulse and the last 7 pulse is

along S,. The € pulse has the rotation axis that matches to the residual phase shift
observed in antisqueezing measurement.
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7 to find the best rotation angle. The rotation axis for this € pulse is chosen according
to the residual phase shift observed in antisqueezing measurement to minimize the
deviation of the state from the equator of the Bloch sphere. Theoretically, the best
is twice as much as the angle # between the long axis of the state and the equator, as
shown in Fig. 7-44. To have another spin echo feature, we then send another 7 pulse
along the rotation axis same as the first 7 pulse. The second half of the sequence
is the same as antisqueezing part: a phase shift pulse, 7 pulse and another phase
shift pulse. The timing of the sequence is matched to 60 Hz in the same way as the
antisqueezing sequence; it takes 16.67 ms from the beginning of first 7/2 pulse to the
middle of first 7 pulse, between the middle of each 7 pulse, and from the second last
7 pulse to the end of the last /2 pulse. The last 7w pulse is for flipping the population

to measure N.

Fig. 7-45 shows the result of unsqueezing, and Fig. 7-46 is the constrast mea-
surement with the same NN,. The graph shows the ¢ dependence of the uncertainty
in resulting state. Each data point is obtained by post selection from ~ 50 runs by

the contrast of the phase measurement (C' > 0.8), the atom number N; + Ny (typi-
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Figure 7-44: Squeezed state after antisqueezing sequence and its flipping

cally 2000 £ 200), and detected photon number N, (target number+10%). The basic

behaviors that are common to all of different N, is a sharp dip at a relatively small

€ ~ 0.27 and dull peak around € ~ 0.77. These features as well as y intercept match

to the following intuitive understanding of unsqueezing.

e At ¢ = 0, we have the uncertainty of 2(¢) at the end of unsqueezing sequence,
because the squeezed state is sheared by another shearing of () in the second half
of unsqueezing sequence, where () is the amount of shearing in an antisqueezing

sequence.

At e = 20, where 0 is defined in Fig. 7-44, the state is flipped in the way that
the unsqueezing process puts the state back to original coherent spin state. The

expected 6 is tan™!(1/Q).

At e = 0 £ /2, the state is rotated for the long axis of the sheared state to
be along population difference direction. This means during the unsqueezing,
it has a factor of () leverage for the shearing by (), and therefore resulting
uncertainty in phase direction is Q?. Note that this state is the most sensitive

to the contrast loss.

The solid line in the figure is based on a theoretical calculation with Ni,; = 600. The

@ = 4.00 used for the theoretical calculation reasonably matches the experimental

result. The unsqueezing strongly suggests that the antisqueezing we observed in Fig.

7-42 is not due to some classical noise but spin squeezing, because the classical noise
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Figure 7-45: Result of unsqueezing for IV, ~ 4000: the uncertainty of unsqueezed state
in phase direction is plotted for different rotation angle . Red dots are experimental
results, and blue solid line is a numerical fit of the experimental results to a theoretical
model with N, = 600.
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Figure 7-46: Contrast Measurement for Unsqueezing: the fit function is y =
poexp(—N,y/pl).

simply adds up when the same sequence is repeated.’

9Tt is true that certain kind of classical noise can behave in the similar way to unsqueezing, like
the state’s narrowing down to original coherent spin state in spin echo. This is another reason we
need to show the gain in phase sensitivity to show that the phenomena we are observing here is not
classical but quantum.
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7.10.4 Gain in phase sensitivity

To see if this squeezing and unsqueezing by cavity feedback squeezing is useful for
metrology, the gain in phase sensitivity is the direct thing to show. The gain in
phase sensitivity by the one axis squeezing comes from the fact that the point 1 SQL
away from the equator in population difference direction has a factor of ) shearing.
If two states are ¢ radian apart in the population difference direction on the Bloch
sphere, after one axis squeezing that generates the shearing of (), the shift in the

phase direction is Q4. [116, 147]

To demonstrate this in our system and measure the amount of gain, we run ex-
periments with the sequence shown in Fig. 7-47. This sequence is exactly the same
as the unsqueezing sequence shown in Fig. 7-43, except for the ¢ pulse after the &
pulse and a 7 pulse. To have the best resolution at the final state, we set ¢ = 26
derived from the unsqueezing experiment. The § pulse is for rotating the state by
angle § radian along the rotation axis same as the first 7/2 pulse to shift the state in
population difference direction. We chose a few different 4. The experiment is per-
formed in the same way as antisqueezing and unsqueezing experiments; we run the
sequence ~ 100 times for each data point, and post select the data by the contrast of
the phase measurement (C' > 0.8), the atom number N; + Ny (typically 2000 + 200),
and detected photon number N., (target number£10%).

Fig. 7-48 O shows the result of the gain in phase sensitivity. The graph shows
that the slope (IN1/Niot)/d with the unsqueezing sequence is 2.10 times larger than
that of a Ramsey sequence with full contrast, and 3.45 times larger than that of a
Ramsey sequence with reduced contrast by IV, ~ 4000 unsqueezing process. This
shows that the unsqueezing process increased the phase sensitivity by factor of 3.45
in the unit of standard deviations. The theory predicts that this number should
match with ) obtained by the unsqueezing measurement, and the gain of 3.45 is
reasonably close to () = 4.00 described in Fig. 7-45. This proves that the state after

the antisqueezing process is broadened by the quantum mechanical effect of the cavity
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Figure 7-47: Sequence for phase sensitivity gain experiment: the picture below the
sequence shows the change from a coherent state in the ideal system. The blue
distribution is the sequence with the ¢ rotation pulse, and the red distribution is
the case without the rotation pulse for comparison. The first three 7 pulses and the
second 7/2 pulse is along S, and the first 7/2 pulse, the ¢ pulse, and the last 7 pulse
are along S,. The ¢ pulse has the rotation axis that matches to the residual phase
shift observed in antisqueezing measurement.

feedback squeezing. Assuming that () = 3.45, the inferred amount of squeezing is

11
53[/—@@—0138——86dB (7.9)
Here, Fisher information is assumed to be much smaller than 1, based on the the-
oretical calculation shown in Fig. 7-38, and only slightly broadened state (o =

1.41 £ 0.28SQL) at the bottom of the dip in Fig. 7-45, and C' = 0.783 based on

the half of the photon number in overall unsqueezing process and Fig. 7-46.

7.10.5 Discussion

Three measurements, antisqueezing, unsqueezing, and gain in phase sensitivity for
N., = 4000 reasonably matches to the amount of shearing () = 3.45, and thus the state
after the antisqueezing process is inferred to be squeezed by 8.6 dB. This number has

reasonable agreement with the theoretical prediction shown in Fig. 7-39 (red curve,

20/k = 64).
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Figure 7-48: Gain in phase sensitivity for detected photon number N, ~ 4000: red
dots are the experimental results of the gain in phase sensitivity measurement. my,
m. and m are the slope for Ramsey sequence without any phase shift pulses, Ramsey
sequence with phase shift pulses with total N, ~ 4000, and with the gain in phase
sensitivity experiment. The average IV, and Nyo are 4191423 and 1916 +£18. Average
here is the simple average of the average N, and N, obtained in each data point,
which includes different number of runs.

According to the theory, this squeezing scheme gives Fisher information that is
much smaller than 1, and thus the squeezing is unitary. Experimentally, the sign of
unitary squeezing is observed, but it is not as reproducible as it should be. In Fig.
7-45, data point at € = 0.1457 rad is 1.41 £ 0.28 SQL wide, but € = 0.1377 rad point
is as wide as 3.1740.45 SQL. This is probably due to some technical noise that is not
well controlled. Possible sources are asymmetry in the sequence regarding e pulse,
slightly imperfect 7/2 and 7 pulse, not fully cancelled transverse magnetic field, and

drift in B,.

To remove the possible source of the noise further, we carefully measure the cor-
rect length of m and 7/2 pulse, and make the sequence more symmetric by placing
£/2 pulse before and after the 7 pulse in the middle, as shown in Fig. 7-49. This
have certain benefit on reducing the noise at the best unsqueezing point, and with
narrower post selection of the center value &5 %, we reproducibly obtained the width

of distribution close enough to 1 SQL. Fig. 7-50 compares the result in Fig. 7-45
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Figure 7-49: More symmetric sequence for unsqueezing experiment: the first three 7
pulses and the second 7/2 pulse is along S,, and the first 7/2 pulse and the last 7

pulse is along S,. With the fine tuning of RF frequency to the Larmor frequency, and
precise pulselength for 7 and 7/2 pulse, £/2 pulses have the rotation axis along S,,.
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Figure 7-50: Result of unsqueezing for N, ~ 4000: the uncertainty of unsqueezed
state in phase direction is plotted for different rotation angle ¢.

and the result with symmetric sequence. The symmetric sequence and narrower post
selection criterion reduced the noise on the state, which made the result close to the
intuitive understanding with @) = 4 and contrast C' = 0.61, and here the bottom
of the dip is 1.16 4+ 0.29 SQL, which is 1 within the error bar. Thus, the unitary
squeezing is demonstrated.

The same problem on the noise also applies to the gain in phase sensitivity mea-
surement. Although the average makes a larger slope than without squeezing and
unsqueezing process, the uncertainty of the state is ~ 4 SQL. This actually means
this unsqueezing method is not useful for the actual metrology, and the reduction

of the noise is desired. The sequence is symmetrized in the similar way as the sym-
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Figure 7-51: Symmetrized sequence for phase sensitivity gain experiment: rotation
axis for each pulse is the same as that in Fig. 7-47 with §/2 pulses and €/2 pulses
having same rotation axes as ¢ pulse and € pulse, respectively.

metric unsqueezing sequence, as shown in Fig. 7-51. This together with narrower
post selection reduces the uncertainty down to below 2 SQL. This opens the way to

metrological gain in the phase sensitivity, but further reduction of the noise is desired.

Another important thing on these three experiments is that no measurement pre-
cision beyond SQL is necessary to do these experiments. 9.0 dB of squeezing has been
proved without having as precise atom number measurement as 9.0 dB below SQL.
This benefits implementations of this method into actual metrology, as one technical
complexity of precise measurement far beyond SQL is removed from the system.

Some possible applications of this method are for atomic clocks or magnetometers.
Here, let’s take an atomic clock as an example. The basic idea is to have the phase
sensitivity gain experiment by the phase drift of the local oscillator from the atomic
system. We first prepare the squeezed state by the antisqueezing sequence, and
instead of sending a § rotation pulse, we send 7/2 pulse to make the state elongated
in population difference direction. This 7/2 pulse is the start of the interrogation
time in the Ramsey sequence. At the end of the interrogation time, we send another
7/2 pulse to rotate the accumulated phase drift to the population difference direction.
Then we unsqueeze the state, and the resulting offset at the end of last 7/2 pulse is @
times more than the accumulated phase drift.!? In a sense, this kind of enhancement
in phase detection is possible if you simply make the interrogation time longer. In

this sense, the spin squeezing becomes powerful for atomic clocks when it is necessary

10This method does not work for the symmetric sequence for the gain in phase sensitivity, because
the second §/2 pulse has opposite rotation axis. Further development of the sequence is desired.
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to detect drifts over a relatively short time, or when the interrogation time is limited
by some other factors, such as atom lifetime in the optical lattice, in a fountain clock,

or laser coherence due to broad linewidth.
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Chapter 8

Towards a spin squeezed atomic

clock: future directions

8.1 Clock transition search

The search for the 1S, —3 P, transition of '"'Yb in our system is performed with the
578 nm laser. The method is to shine the 578 nm laser onto the green MOT and scan
the frequency of the 578 nm laser to see a faster decay of atoms in the MOT due
to the 578 nm laser’s exciting atoms into the metastable state. The laser frequency
tuning is performed by locking the laser to the ultrastable cavity and tuning whridge
of the locking.

To estimate the search range for wiigge, we first measure the absolute frequency of
the cavity mode to which we lock the laser by using the stable axis of the ultrastable
cavity, the 1S, —3P, atomic transition, and the 556 nm laser. The FSR of the
cavity is measured by generating sidebands by an EOM with kHz precision. It is
3155.8282(4) MHz for 1157 nm light, and 3155.827(1) MHz for 1112 nm light. This
FSR and the frequency difference between the 1Sy —3P; transition and the 'Sy —3P,
transition reported in Ref. [148] tells that the frequencies of the undoubled light of
two transitions are different by 3342 FSR and 509.3(4.4) MHz. When we lock the 556
nm laser to the atomic resonance of the 'Sy —3P; transition, the cavity resonance

of the stable axis is 1130.48 MHz above the atomic transition. This information
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indicates that the 'Sy —3P, transition is 1516.0 MHz above the 518299114.7(4.4)
MHz cavity resonance. This cavity resonance is proved to exist by a measurement
with a wavemeter (Toptica WST7). Thus, the search region has been narrowed down
to ~ 2 MHz prior to the search.

The search is performed with ~ 10 mW 578 nm laser focused down to ~ 50 pm.
Whridge = WAOM + Wsyneh 15 found to be 1508.37 MHz, where the frequency shift by
AOM wpom = 40 MHz and the synthesizer frequency wsynen = 1468.37 MHz.!

8.2 Future directions

8.2.1 Spin squeezed atomic clock

As we have observed a certain amount of squeezing, the next step for the spin squeezed
atomic clock is to put this squeezed state into the 6s6p 3P excited state via the clock
transition. Coherent excitation should be possible simply by shining the 578 nm laser
resonant to the 1Sy —3P, transition. To prevent unnecessary decoherence due to the
excitation of both Zeeman sublevels, a nonzero magnetic field in z direction should
be applied, and pure circularly polarized light should be sent. This makes it possible
to excite m = +1/2 ground state to m = F1/2 state in the excited state, resulting in
a superposed state (|g, F1/2) + |e, £1/2))/V/2.

To perform this, the 578 nm laser has to be reliable. The locking quality is
acceptable, but the ultrastable cavity performance is critical for a stable operation.
Because the ultrastable cavity’s temperature changes by 50 mK temperature per 1
° room temperature change, a more sophisticated way of stabilizing the ultrastable
cavity is desired, such as a temperature stabilization of the inside of the enclosure. To
perform a good Rabi spectroscopy, long and weak interrogation pulse is used [4], but
typically such a pulse reduces the contrast of Rabi oscillation. [149] At the beginning,

a strong but short Rabi pulse is more suitable for transferring atoms from ground state

!This measurement was performed before we noticed that the zero crossing of the reference cavity
is not 32.5 °C but 2.5 °C. This is why we could not find the transition at the same frequency the
next time, and wsyntn has to be changed according to the temperature change.
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to excited state in a coherent way.

The 578 nm laser has to be shone from the side for a few reasons. First of all, it
is almost impossible to get all of the 1S, —3P, transition, the 1S, —3P, transition
and the magic wavelength of the 759 nm laser to be on resonant to the experimental
cavity. Also, we want to excite whole atoms to the excited state without any difference
between atoms; therefore we need to have a uniform coupling to the atoms, which is
impossible in the magic wavelength lattice. To do the interrogation from the radial
direction of the one-dimensional lattice in a recoil-free way, we need to make this
lattice at least two-dimensional, so that the trapping in the direction of propagation
of the 578 nm laser is in the Lamb-Dicke regime. To achieve this, a tapered amplifier
(TA) (Toptica, BoosTA PRO 765) for the 759 nm laser is being built. This will give

~ 1.5 W output, which makes a deep enough lattice in the radial direction.

8.2.2 Cayvity QED in the strongly coupled regime

Another direction of the experiment is to generate more sophisticated states for the
metrological gain. The unique feature of our experimental cavity can give average
cooperativity up to ~ 33, and this enables us to get non-gaussian states through atom
light interaction. One example is that, when we send two frequencies, each of which is
resonant to one of two resonances of vacuum Rabi splitting and detect a single photon,
we can conditionally generate a non-Gaussian state that is a coherent superposition of
two CSS that is farther than SQL. The intuitive understanding is that we cannot tell
what the frequency of the detected photon is, and the two frequencies induce opposite
phase shifts to atoms. Thus atoms are in the superposition state between positive
phase shift and negative phase shift. If the cooperativity 7 is larger than the Fisher
information, two blobs are separated to generate a kitten state, and the interference
fringe between them gives better phase resolution than the SQL. Key technology here
is to have large enough 7. So far, we have achieved n ~ 8, and if we need to achieve
higher n we need to establish a way to load atoms very close to micromirrors, such
as 50 pm away. Also, a long enough lifetime in the lattice is important. This can be

achieved by further reducing the intensity noise of the trapping laser.
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Conclusion

We have built an apparatus to spin squeeze an optical lattice clock with '"'Yb, and
performed spin squeezing on the ground state Zeeman sublevels by nuclear mag-
netic moment of I = 1/2. The spin squeezing is performed by two different methods.
Measurement-based squeezing gave 2.1 dB of spin squeezing. Cavity feedback squeez-
ing demonstrated 8.6 dB of squeezing. The cavity feedback squeezing is performed in
a unitary way, and this does not involve any measurement more precise than SQL.
By transferring the population in one sublevel in the ground state to the 6s6p 3P,
excited state, a squeezed state of a pseudospin system with an electronic excited state
is expected to be achieved, and this will lead to an optical lattice clock whose stability

is enhanced by spin squeezing.
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Appendix A

Derivation of formulae related to spin

squeezing

In this section, the details of the derivation of formulae appearing in Chapter 3 are

described.

A.1 Strong atom-photon interaction through optical
cavity

The starting point of a classical description of atom light behavior in an optical cavity

is a Lorentz model with complex polarizability

['/w?
—6 3 0 Al
@ = breee wd — w? —i(w?/wd)T (A1)
for a two level system and light field
& i(kzo—wt)
E(Zo, t) € 0 . (AQ)

Here, w is the frequency of the light field, £ is the wave number, 2, is the position
of atoms, and A = 7w?/2 is the effective mode area. £ is a beam size independent

electric field that satisfies P = |€]?/2, where P is the power of a laser beam. Assuming
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that an atom is at the waist of a free space Gaussian beam, the coherent scattering

into the Gaussian beam direction of this light field is calculated to be

Ev = ifE
k «
f= =
TW= €p

by integrating the far field of the dipole radiation field

Em = \/5OC/€MErad27Tpdpa

where cavity mode ey, and field radiated by the atoms F,.q are

2 1/2 p2 p2
~ | — ———— + ik k— —i—
em(p, 2) <7rw(z)2> exp( W +ikz+1i 5, '3
k?sin 0 e'* R
Era 5 Ein
d 471'80 R @
2
w(z) = w1+ (i> ~
ZR ZR
A property of «
67T50
af? = T tn(a),
gives the following optical theorem for [:
6
B = s Tm(8),

:)

(A.10)

With Eq. A.10 and the integral of Eq. A.7 over a 47 solid angle, the following relation

is derived for the total scattering power of an atom driven by a free space Gaussian

beam:

ck* E2w?
.= El?=—|B&? =1 E?
in = o 0Bl = - |8E = Im(B)e]

(A.11)

Now, suppose the configuration in Fig. 3-2. With this configuration, intracavity
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electric field satisfies following equation.
5(: = T1T2€2ikLgc + 'thin + 28/\4 <A12)

With the definition of transmission and Eq. A.3, Eq. A.12 is solved as

2iq1Em 1
E = ‘ . A.13
E+E1— 20/ 80+ D) (4.13)

_ 2igién 1 (A.14)

() (o ()
WL (1+1m (27 ~ tRe(zZz))i
where detunings are defined as 0 = w — w,, and A = w — wy. Using the RWA, we get
the following from Eqgs. A.1, A.4, and A.13.

T qufqg [1+1La(A)] —1[2—: +nLa(A)] (A-15)
where
]_'\2
LalB) = INZ T2 (A.16)
Ldd) = % (A.17)
= % (A.18)

are the dispersive Lorentzian, absortive Lorentzian, and single atom cooperativity,

respectively.

From Eq. A.14, &, is calculated as

gt = Zq2 EC
2iq1q2Em 1

2 2 - ) )
qi + a3 (1—|—Im<%>>—(%""Re(qufq%))Z
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The scattering into free space is calculated by Eq. A.11 with & = 2&,.:

k2 2
P = X |app2e,? 20,
2 160 1
= q ilqgl (Q%+Q§> <1+Im <q28+'8q2>>2+ (26+Re (q o >>2(A.21)
12 1t+a

Dividing by the incident light and using the RWA, the following simple form is ob-

tained.
P 242 2 | 28 2 :
n a7 a5 [1 + ﬁﬁa(A)] + |: P —+ nﬁd(A)]
From Eq. A.19, the transmission power is calculated as
P, 4¢%q3 1
A — L - (A.23)

B (@@ + G [1 4 0L, (A) + [2 +nLy(A)]

The phase shift due to the atoms in the cavity is calculated as the phase of & /&,.
From Eq. A.19, the phase shift ¢py, is

25
-1 + Re <q1+q2>

¢ph = tan (A.24)
83
1+1Im <q$+q§)
2 4 nLa(A
fan-1 &+ 1EaD) (A.25)

In the second line, the RWA is used. This phase measurement is performed with a

homodyne measurement with some reference light.

A.2 Coherent spin state in Ref. [2]

The coherent spin state is defined is Eq. 3.17, but the original definition in the first
proposal in Ref. [2] is different. There, it is defined as

) = exp (S ) 0) =

1/2 .
(L4 |pl?) SZ(k' 25 — k) ) pilk), (A.26)

1+|u|
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where p is a complex number, £ = 25 corresponds to a state where all the atoms are
in the | |) state, and k = 0 corresponds to a state where all spins are in the | 1) state.

2] When 0 and ¢ are defined as p = tan £e'®, Eq. A.26 becomes
[ K 2

9 25 0 o
6, ¢) = (cos 5) exp (tan 56“’5) 0}, (A.27)

which is easier to understand as the spin state oriented to the direction of the polar
coordinates (6, ¢). Note that this is an approximation for large S with a small number
of | |) components, which is a good way to describe solid state magnetic system in a

magnetic field.

A.3 Amount of squeezing by one axis squeezing

Unitary squeezing makes use of a unitary transformation U (t) = exp[—itF(S.)] gen-
erated by the Hamiltonian H = hF(S,). This transforms the ladder operator S, as

follows:

S.(t) = U'S,U = $,(0) exp [itf(;)} (A.28)

When the Hamiltonian is the lowest order nonlinear Hamiltonian
H = hyS? (A.30)

£(S.) = 2x(S. + 1/2). Substituting this into Eq. A.28, we get the ladder operators
at time ¢. Rotating this distribution around the x axis with exp(ivS,)S exp(—ivS,)

and starting with a coherent state

25 IS 1/2
|0,¢>:\g,0>=2isz<fn) 15,m) (A31)
m=0
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as an initial state, the following distribution is obtained.

(8,) = Scos?! g (8,) =0, (S.) =0 (A.32)
(AS?) = g [25 (1 — cos?25D) g) . (S - %) A} (A.33)
(ASZ) = §P+%(s—%)QunﬁﬁI§%%@y+%Dy (A.34)

25-2 p

b= 2yt, § = Jtan~' L. (AS?)

1 252 — Aain B
where A = 1 — cos p, B = 4sin§ cos v

is minimized, and (AS?) is maximized at v = 7 — §. The increased and reduced

variances are

Vizg{lJr%(S—%)Ai(S—%)\/m] (A.35)

Here, we are particularly interested in the reduced variance V_. For S > 1 and

Vol ( ! ) , (A.36)

2 \ S22 + i52:”4

nl <1,

where a = %S wand f = iS ©?. The minimum value for V_ is

1/S 1/3
Vmin ~ 5 (g) ~ 51/3 <A37)

at |u| = 24Y/6572/3,

A.4 Amount of measurement-based squeezing in our

system

First, we think of the atom number measurement by transmission power of the vacuum
Rabi splitting. The transmission photon is detected by a single photon counter of
quantum efficiency of ¢ including all the coupling efficiency. The definition of N, N;
and Ny gives

1
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From Eq. 3.24 and Eq. A.38,

1 2(AN;)?
S =N (A.39)
The uncertainty of N; is evaluated by Eq. 3.14:
(AN)® | (Af)?
=16 , (A.40)
Ny 2

where 7, = VkI'. As the scattering of the probe photon only happens for the | 1)

state, assuming the state is initially Sz = 0, the following probabilities are true.

psl 1) = 1 (A1)
plns| 1) = (A42)

p(s) = %:%(1—6—%), p(ns) = 1= p(s) (A.43)
i - S

where s and ns stand for scattering and no scattering. Because the contrast for the

state \/p1| 1) + 1 —p1] 1) is C = 2¢/p1(1 — p1) = \/P1P2, the remaining contrast is

2e 7t

2 _ 2 _
" = Cnsp(ns) - 1 _l_e_,yt

(A.45)

Define m = p/Ny, a relation ps. = (I'/k)p between the transmitted photon number p
and the scattered photon number pg., and a quantum efficiency including all coupling

constants ¢. A peak center estimate with ¢p detected photons is

(Af)? = %7 (A.46)

From Eqgs. A.39, A.40, A.45, A.46, the following expression is obtained with z =

ml'/k:
32 0.5 Vav r 1
Nin ¢ vy k2ze /(14 e77)

ggV,tr = (A47)
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The maximum of 2ze™* /(1 + e ") is 0.5569 at x = 1.278. Thus, the final expression

is
9 32 0.8978 Vay I'
Ehre =
1mc Tg K

(A.48)

Next, we estimate the amount of squeezing by phase measurement. The basic
formula is the same as the transmission case, and only the precision of the peak
center estimate is different. Substituting 5 = 0 into Eq. A.13, the phase shift of the

output light is 26/k. In the vacuum Rabi splitting case, A¢p = 2Af/~,,. This gives

()-3)e

If the phase measurement is by homodyne detection, the noise of the signal is (Anyom )?
= 4(cp)?(A¢)?, because the signal is cp(sin®(A¢+7/2) —cos?(Ad+7/2))= cpsin(2A¢)
= 2cpA¢. The noise of heterodyne detection is twice as bad, and assuming the signal
equals the shot noise,

(Ag) = 2—1]3 (A.50)

From Eqs. A.39, A.40, A.45, and with a treatment to maximize the contrast factor

the same as the transmission case, the following expression is obtained.

§2 8 0.8978 vuy I'
Wiph ™ Ninp ¢ Vg K

(A.51)

This assumes that the probe light is parked on the peak of the vacuum Rabi
splitting. An easier situation is when the probe frequency is scanned over a peak.
In this case, the Fisher information of the phase ¢ = tan™'z is 1/(1 + 2?), and the
probability of a photon to be transmitted is another Lorentzian, and therefore the

overall efficiency drops to

©1 1 1 3
1 _ 9 A.52
/OO T 2Ar )T g (A.52)

Thus, the Wineland parameter for the phase measurement when the probe frequency
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is scanned is

o _ 64 080785, T
WP TSN e g K

(A.53)

A.5 Amount of cavity feedback squeezing in our sys-

tem

The system for the cavity feedback squeezing is also the same as that for measurement-
based squeezing. The difference is that the probe laser frequency is off resonance,
i.e. off from both the bare atomic resonance and the resonance of the vacuum Rabi
splitting. The estimation of the atomic phase shift starts from the following relation

between the atomic phase per transmission photon and the light phase:

d¢pht d(bpht
bt = L= ’ A.54
Pat,t dS. N, ( )

The phase of transmitted light described in Eq. A.25 gives

Tty
att = —N——=T5, A.55
Pat,t W1+y2 ( )

where Ty is the transmission coefficient P, /P, of a symmetric cavity. From A.23,

1
1+ NinLo()] + [z + NinLa(y)]®
1+ y2

_ A57
y? 4+ 22(1 + y?) — 2Nnxy + (1 + Nin)? (A.57)

T, = \%\2:

(A.56)

Based on the argument of a dipole transition, the phase of scattered light is the same
as that of transmitted light. Thus, the atomic phase due to the scattered light is the
same as that due to the transmission. To discuss the reflection light, the following

relation is useful, where ¢ = ¢1/go:

_ 2611Q2 _ 2(] " :it <A58)
d+ag” 1+¢° ¢
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The electric field of the reflected light is given by & —qi€. = En— g—;gt =&n(1— Z—;t).

Therefore

=11 ¢,
T 1+q2

_ L Nl + [z + NunLa(y)]” — & ([L+ NunLa(y)] + i [o + NinLa(y)])
[1+ NinLo(y)] + [z + NinLa(y)]®

(A.59)

This gives

1 —¢ [z 4+ NinLa(y)]
[1+ NinLo(®)) + [z + NinLa(y)]” —  [L + NinLa(y)]

Ppnr = tan” (A.60)

and therefore

— d¢ph,r
spat,r —le
n(x+y— ey)
- + Pats (A.61
_2N1T](€ -1+ :cy) + ((5 — 1)2 4 :L’2)(1 + yz) + N12772 Pat,t ( )
=  Pat,r0 + Pat,t <A62)

The total atomic phase per incoming photon is

Pat ot = B (Patr0 + Patt) + (T + p) Qatt = Patt + RPat 10, (A.63)

where p is the scattering probability, and R+ 7T + p = 1. Egs. A.22 and A.23 give

1 2
p=2eNnL,(y)Ts = 4

o(y)T (A.64)

From Eqs. A.63, A.55, A.61, A.23, A.64, and R=1—T — p, a final expression of

y 2 y 1+¢
at,tot — — ‘Ts = — T A65

is obtained.
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The shearing per incoming photon is calculated as

g, = PatiorlS: = VD) = Pavian(5: =0) _ | pgdpuio [ gdPaiot (5 gy

(Ad)sqL ds, 2 ds,

From Eq. A.65, we obtain

d‘Pat tot 1+ q2 ?J(WJ — Ninp — 1)
= pi N O~ ppe T A.
@=pwMNi—7n Pse™y 1+ 42 (A.67)
1+ ¢ y(ey — Nn—1)
= —2p,Nin? T? A.68
P14 (14 y2)? ( )

So far our discussion has been limited to the phase shift. To estimate the amount
of squeezing, the antisqueezing due to the Fisher information needs to be calculated.

To estimate it, let us start from a coherent state for cavity transmission:
a = tay, (A.69)

Here, t can be written as t = v/Te . Regarding the atom number estimate, ¢ should

be differentiated by atom number N.

% = %g—jj\;ew + z’ﬁg—]‘éew (A.70)
A @@
As each quadrature of the coherent state has variance of 1/4,
1 1 (aT\? )
1 = Pngp (8_N> (AN) (A.72)
;= T (%)2 (AN)? (A.73)
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Therefore

(A}V)2 - pi”% (%)2 (A.74)
(A}V)2 = el (%)2 (A.75)

Note that this means that the cavity feedback squeezing has an effect due to the phase
shift (Eq. A.75) in addition to the transmission change (Eq. A.74), as explained in

Section 3.5. Naively, the atom number uncertainty is

2

o\ (A.76)

L
P\ 5N

(AN)2

but when the polar angle of a state is known, the fluctuation along the radial direc-
tion does not come into the measurement, and the measurement is twice as precise.
Because r =1 —t and s; = \/mt, where the subscript ¢ is the scattering due to
the ith atom.

ot |? or|?
‘8_N = ‘G_N (A.77)
852- 2 ot 2
e T (AT
Thus,
1 1 ot |?
AN7 ~ (e = PN (A.79)
1 ot |?
e (.0

Note that the effect of N atoms is summed for the scattering component. Summing

these three terms, the total atom number uncertainty is

1 2

AN = 8pin(1 4+ NnLa(y)) ‘

ot

o (A.81)
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As

ﬁ2:<491Q2 )2772 142
ON ai + a4 (2 + 22(1 4+ y2) — 2Ny + (1 + Nin)?)?

The Fisher information is

2N 2 2 1+924+ N
P 1 4( Q1Q2> N + Y7+ N1 9

(AN)2 \E+@ (1+y?)? °°
_ g S ity N
77 SCq2 1+y2 S

The overall squeezing for large () is

, _14+F

S =

Q? 1+¢? n?p2y?(zy — Nin — 1)2T72
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(A.82)

(A.83)

(A.84)
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Appendix B

Modified current controller

The standard laser current controller in our lab is a Libbrecht-Hall type controller
[130] designed by a former group member. The low noise feature of this current
controller comes from temperature stabilized voltage reference LM399, as well as
capacitors and inductors for cutting off high frequency noise. The controller has a
main current source regulated by a FET, and it also has a modulation input that can
apply a small amount of modulation current proportional to an input voltage, which
is used for scanning laser frequency, or as an input for a negative feedback to stabilize
a laser frequency. This modulation input is commonly used for the input signal from
a lockbox in our lab, and in our design, this modulation signal is split into two paths:
an output for piezo modulation, and that for laser current modulation, as shown in

the left half of Fig. B-1.

For the lasers with optical feedback, which are 759 nm and 1157 nm master lasers,
the piezo modulation goes to the piezo in the path of the optical feedback, and both
paths have modulation by the input signal at low frequency.! Because the main low
frequency drift is the drift of path length of the optical feedback path, this should be
compensated only by the piezo tuning, and current tuning at the same time increases
a danger of mode hopping. To prevent this current tuning at low frequency, we put a

high pass filter in the current modulation path, as shown in the right half of Fig. B-1.

L At high frequency, the piezo path has a low pass filter in addition to the capacitance of the piezo
itself.
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Figure B-1: Schematics for the modified current controller: original design (left)) and
modified design (right). Only the modulation input path is written.

= +15 -15V
- 2.5kQ 10 kQ2.5 kQ

The feature of this modification is that the DC offset feature by a voltage divider
between +15 V is changed from common tuning for both piezo and current to the
tuning only for current. This enables the precise tuning of the current by a POT in
the voltage divider even with an AC coupling from input. The DC offset of the piezo
tuning is performed by a DC offset in input signal, which is typically provided by an

output offset feature in the lockbox.
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