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Abstract

The atomic optical lattice clocks use, as the name suggests, an optical lattice
to trap a large number of neutral atoms allowing Doppler and recoil free clock
spectroscopy. The disadvantage of using an optical lattice is that the high
intensity required for trapping introduces large AC stark shifts which perturb
the clock transition. By choosing the wavelength of the optical lattice correctly
this effect can be minimized but never canceled. In order to reach fractional
stabilities of 107!7 and below we need to characterize the remaining AC stark
shifts to better precision than they are currently known. In this work we
present a novel introduction to the theory behind the optical lattice clocks
and the light shift model used to describe the AC stark shifts. We detail the
operation of the ytterbium lattice clock and present the changes that were
made to the optical setup in order to investigate the light shifts at higher
lattice intensities than previously possible. We then present the analysis of the
frequency measurements together with a new way of modeling the sideband
spectra in order to extract the operational parameters. Finally we present the
analysis which determines the light shift model coefficients and find a large
improvement in precision over previous values.

Resume

Et optisk gitter atom ur bruger, som navnet antyder, et optisk gitter til at
fange et stort antal neutrale atomer. Gitteret fanger atomerne sa steerkt at
man kan lave Dopplerfri og rekylfri spectroscopi. Ulempen ved at bruge et
optisk gitter er at det kreever en meget hgj intensitet hvilket skaber staerke
AC stark forskydningerne der perturberer atom overgangen. Ved at vealge
den rigtige bolgeleengde kan denne effect minimeres, men den forsvinder aldrig
helt. For at na fractionelle stabiliteter pa 10~'7 eller lavere kreever det at
vi bestemmer de tilbagevaerende AC stark forskydninger til bedre praecision
end de er kendt idag. I denne rapport presenterer vi en simpel introducktion
til teorien bag optiske gitter ure og den model der bruges til at beskrive AC
stark forskydningerne. Vi beskriver hvordan ytterbium gitter uret fungerer og
detaljerer de sendringer der er lavet for at kunne undersgge AC stark forskyd-
ningerne ved hgjere gitter intensitet end tidligere mulight beskriver. Derefter
beskriver vi analysen af frekvensmalingerne sammen med en ny metode til
at modellere sidebandsspetre for at bestemme de operationelle parametre. Til
sidst praesenterer vi den analyse der bestemmer de nye koefficienter til AS stark
shift modellen og vi finder en stor forbedring i praesision i forhold til tidligere
resultater hvis man kun medtager statistiske usikkerheder.
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CHAPTER

Prologue

The most universal standard of length which we could assume would be the
wave length in vaccum of a particular kind of light, emitted by some widely
diffused substance such as sodium, which has well-defined lines in its
spectrum. (...) A more universal unit of time might be found by taking the
periodic time of vibration of the particular kind of light whose wavelength is
the unit of length.

— James Clerk Maxwell, A Treatise on Electricity and Magnetism - 1873

1.1 Introduction

Old as time itself - is a popular idiom for good reason. Having a concept of
time, and more importantly, a systematic way of defining it, is paramount to a
civilized society. Not only does it give us the ability soft boil eggs, it also allows
us to arrange meetings, organize our lives, use a global positioning system, and
calculate how many episodes of the newest Netflix series I can watch before I
have to leave for work.

However, being able to perfectly soft boil my eggs is not that impressive
if I cannot explain to my neighbor how long it took. For this Mankind needs
a common agreed upon time reference. To create a time reference all that is
needed is some type of periodic event happening with a fixed frequency

Creating a good time reference relies on two important qualities; stability
and accuracy, with the former describing how much the reference systemati-
cally changes over time, and the latter describing how far off the reference is
from the ’true’ value. One might include precision, the random fluctuation of
the reference, as an important quality, but the mean value of an imprecise but
stable reference can be determined by averaging over many measurements

For centuries we used the movement of the sun across the sky and the
changing phases of the moon as frequency references. But since the frequency
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of both is very low, it is difficult to measure shorter periods of time, i.e. the
cooking time of an egg or the length of a guard watch.

This led to the construction of man made clocks, starting with the water
clocks dating back to ancient Egypt, to the pendulum clocks during the 17°th
century and electronic and crystal oscillators three centuries later.

Common to all the man made clocks were that they were very sensitive
to variations in environmental parameters such as temperature, humidity or
gravity. For these reasons, when the first scientific definition of the SI second
finally happened in the 1940’s, it was not a man made frequency reference but
rather defined as was as m of a mean solar day. This was the most stable
frequency reference known to man at the time even though it is fundamentally
limited by tidal effects caused by the moon. This causes Earths rotation period
to increase by 1.8 ms per century|[24], corresponding to a fractional stability:

5l 1.8 ms 1.8 ms

=57x 10713, (1.1)

Vg  century ~ 3153600000 s

if it was only limited by the tidal effects. For comparison the best pendulum
clocks today have a fractional stability of 10~®, while quartz oscillators used
in wrist watches have only 10~7(]20]).

1.1.1 The atomic clock

In 1873 Maxwell had noticed that certain lamps emitted a spectral pattern with
very well defined spectral lineshapes. Since he understood that the vibrations
of electromagnetic waves and the wavelength were connected, he suggested to
use the wavelength of these lineshapes to define a ”universal unit of time”.

With the discovery of quantum mechanics, we finally understood the na-
ture behind Maxwell’s spectral lines, as emission of photons with an energy
corresponding to the difference between two quantum states of the atom. We
also realized that:

1. The energy difference between two quantum states of an isolated atom is
very well defined.

2. Electromagnetic waves can cause transitions between two quantum states,
if the energy matches the difference.

3. The energy of electromagnetic waves and their frequency are intimately
linked by Planck’s constant:

E = hv. (1.2)

Maxwell’s original idea was to use the emission from an atomic transition to
produce electromagnetic waves at a specific frequency. But since the emission
rate is inversely proportional to the linewidth!, a very well defined transition
radiates very little power.

Instead of relying on emission, an atomic clock could be built on absorption.
We could prepare the atoms in the low energy state of a given transition, and
target them with coherent radiation produced by a local oscillator. This would

1The full width at half the maximum of the spectral line.
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cause the atoms to become excited, with the fraction of atoms ending up in the
excited state depending on how close the ’local oscillator’ frequency matched
the transition frequency. By detecting how many atoms ended up in the excited
state we could tune our ’local oscillator’ until the absorption was maximal,
hereby locking the frequency of the local oscillator to the atomic transition
frequency.

The advantage of using an atomic transition as a frequency reference is
not only that atoms are much less sensitive to changes in the environment,
compared to the previous man made clocks, but also that atoms of the same
species are universally identical. This means a ceasium atom from anywhere
in the universe will behave the exact same way as a ceasium atom from Africa
or Antarctica.

Furthermore the transition frequencies of atomic clocks depend on the con-
figuration and the atomic species but range from the ceasium microwave clocks
to the Ag x ray clocks. Having a high clock frequency (1) not only allows
you to split the second into smaller fractions but also decreases the fractional
instability for similar uncertainties (0v).

The creation of a coherent local oscillator was not possible until the inven-
tion of the maser, which lead to the most famous atomic clock to date; the
caesium clock. In 1967 it became the definition of SI second, the so called
Primary Frequency Standard|[3]:

A second is 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 171.

In this day and age caesium fountain clocks have reached fractional stabil-
ities of[1]:

v _ 10716, (1.3)
Vo

but are only able to do so by averaging over many repeated measurements

taken over a long period of time, sometimes up to 30 days. This is possible

because the long term stability of the atomic transition is very good, so even

if the line width is relatively wide the line center can be found with very high

precision.

One of the challenges of atomic clocks is limiting the movement of the atoms
to reduce the velocity dependent Doppler broadening and the interrogation
time dependent Fourier broadening. The atoms cannot simply be held in a
magneto-optical trap since the scattering causes decoherence which reduces
the contrast of the atomic transition.

This lead to the invention of the ion clock and the lattice clock which both
rely on tightly confining atoms in a specifically engineered potential which
causes the first order Doppler effect to vanish completely.

The ion clocks use rf traps to confine ions which allows for very long inter-
rogation times. However since ions interact very strongly with each other ion
clocks preferably work with just a single atom at a time which puts a significant
limit on the signal to noise ratio. By averaging over enough measurements this
limit can be overcome and ion clocks working with the Al* ion have achieved
a fractional instability of 8.6-10718 in just under two days|5].
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The lattice clocks rely on trapping neutral atoms in a periodic potential
structure created by counter propagating beams forming a standing wave. By
using ultra cold fermions, the interaction between the atoms becomes very
small. It is therefore possible to have many hundreds or even thousands of
atoms at once which leads to very high signal to noise ratios. As each atom is
confined to its own potential well a lattice clock can be thought of as hundreds of
ion clocks running in parallel. Optical lattice clocks based on Sr have achieved
fractional stabilities of 10718 in two hours of averaging time[26], beating the
stability of the primary frequency standard with two orders of magnitude.

The lattice however, is a double edged sword as the strong electromagnetic
fields used for trapping can, and will, perturb the atomic transition through AC
stark shifts. This was partly solved in 2003 when Katori, Takamoto, Palchikov
and Ovsiannikov[9] suggested using a well chosen, ”Magic” wavelength, which
would leave the atomic transition frequency undisturbed. However, as the
fractional stability of the optical lattice clocks keeps improving it becomes
increasingly important to understand and characterize these tiny AC stark
shifts at the level of 1078,

1.2 Outline

The work in this thesis will focus on experimentally investigating and deter-
mining the lattice induced AC stark shifts in the ytterbium optical lattice clock
located at the Riken Quantum Metrology Laboratory in Japan.

Chapter 2 will go through the theoretical derivation of the dipole interaction
between light and atoms and how this leads to an optical lattice capable of
trapping atoms. The derivation of the full light shift model from [16] will be
outlined and slightly modified.

In Chapter 3 I will discuss the latest published error budget of the Riken
Yb clock.

Chapter 4 will describe the experimental setup, the lasers and levels in-
volved, and the experimental procedure of running the Riken Yb clock.

Chapter 5 will detail the data analysis, starting with the extraction of the
frequency measurements of the interleaved measurement data. I will then go
through the analysis of the sideband spectra used to determine the operational
parameters. Finally the analysis done to characterizer the variables of the light
shift model will be presented.
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The theory

Ytterbium (Yb) is a rare earth metal and the second last of the lanthanide
elements with atomic number 70 and two electrons in its outermost shell. It
can be regarded as a two electron atom with a charged core consisting of the
atomic nucleus and 68 electrons and two valence electrons.

The energy of a free atom at rest is given by the potential energy from
the Coulomb attraction between the core and the electrons. The eigenstates
of such a system can be thought of as different spatial orbitals the electrons
follow around the core.

The lowest energy configuration, i.e. the ground state, of Yb consists of
the two electrons in the orbit closest to the core with their spins aligned anti
parallel due to Pauli’s exclusion principle. Using atomic term symbols this is
652 1S where the 6 represent the electrons being in the 6’th shell as the previous
5 shells are filled with the 68 other electrons and constitute part of the core.

The closest higher lying energy configurations involve a single of the two
electrons in a higher energy orbital which can be further from the core (6s7s 1),
include an angular momentum ( 6s6p !P), have a different spin alignment
(6s6p 3P), or all of the above.

If we then include the coupling between the angular momentum of the orbit
and the spin of the electrons, also called the LS coupling, the energy levels
with angular momentum will split depending on J, the sum of the angular
momentum and the total spin of the electrons:

J=L+S. (2.1)

where L is the angular momentum of the level and S is the total spin of the
two electrons. The angular momentum can either be parallel, antiparallel, or
orthogonal to the total electron spin, leading to three values for J if the spin
of the electrons are parallel, or one value for J if they are anti parallel. These
two groups of states are commonly referred to as triplets and singlets.

The level structure for the first few levels of Yb have been illustrated on
Figure 2.1 where we have separated the singlet states to the left and the triplet
states to the right. The labels follow the standard atomic term symbol notation.
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6s6p P 3
6s6p Pz
6s6p P4
6s6p Po

652150

Figure 2.1: The energy level diagram for Yb only illustrating the first 5 levels in the
LS coupling scheme.

In the following section we will look at how oscillating electromagnetic fields
interact with atoms with such a level structure.

2.1 The dipole interaction

When an electric field interacts with an atom, the electrons are displaced by
the electric field, and a dipole moment d is induced in the atom:

d = —er, (2.2)

where e is the elementary charge, r is the distance from the electron to the
nucleus, and E is the electrical field.

The energy from the induced dipole moment is described by the atom-field
interaction Hamilton:

Har = —d-E, (2.3)
where the factor of E comes from the fact that the induced dipole itself interacts
with the field which induced it.

We now focus our attention on the interaction with a laser which produces
an oscillating electrical field of the form:

E , ,
E=Fycos(k-R—wt)é= ?0€ (el(k'Rﬂ”t) + efl(k'Rf“’t)) , (2.4)

where k is the wave vector of the laser, R is the position of the atom, relative to
the electric field, € is the polarization of the field and w is the angular frequency
of the laser. Throughout this thesis w will always refer to angular frequency
and v always to frequency.

The dipole interaction then becomes:

Hap = —d- ?Og (ez(k R—wt) + efz(k wat)> ’ (25)
In the interaction picture, the interaction Hamilton takes the form:
Hy = eMorH ppe Mot (2.6)

We then solve the time dependent Schrodinger equation in a basis of elec-
tronic eigenstates:

ow)

ihY " anlt) = Mo (=d-B) e RS 4y [thyn) (28)
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and insert the electric field from Equation 2.4 while rewriting Ex/h = w,,:
cpe _@ iwpt ,—iwmt ~ [ ik R—wt) —i(k* R—wt)
tha, = 5 e*“rte am(tpld-€le +e [ )

m

(2.9)

We now define w,, — wy, = wpm and use the dipole approximation where the
wavelength of the applied field is considered much longer than the size of the
atom, such that e B =14 ik-R...~ 1:

E . )
ilic, = _70 am<1/)n|d‘é|'l/}m> (ez(wnm—w)t + ez(wnm-‘rw)t) ] (2.10)
m

Equation 2.10 tells us how the coefficients of the eigenstates evolve in time,
such that |a,(t)|? becomes the probability of finding the atom in state |t,,) at
time ¢. In the LS coupling scheme |1),,) can be expressed by the two quantum
numbers n and J

The dipole matrix element (¢ |d - €|tby) determines the part of the transition
strength which is independent from the applied field and describes the overlap
between the initial state wave function |¢4) and the final state wave function
[tok)-

By focusing on a two level system with only one initial state and one final
state we can arrive! at the well known Rabi oscillations:

Qe 28, ) (\/AMQ? t)
111  — .

VAZ L OF

where P, is the probability of finding the atom in the state |¢.), A is the
detuning:

Put) = lan (B = ] 2.11)

2

A =wey —w, (2.12)
and Q.4 is the Rabi frequency:

<¢e|d|¢g>E0

Qeg:_ A P

(2.13)
While Rabi oscillations show us that the dipole interaction can cause the atom
to change state if we are sufficiently close to resonance, there still are some
limitations. If we insert the definition of the dipole momentum into the dipole
matrix element we get:

(1] — er-€ig). (2.14)

Because r is odd, transitions between states with the same parity cannot hap-
pen. Furthermore, because the dipole interaction couples the position of the
electron with the electromagnetic field, there is no effect that will cause the
spin of the electron to change. As a consequence dipole interactions cannot
cause transitions between singlet and triplet states.

Transitions that violate these rules still happen for two electron atoms since
the eigenstates are in fact not true eigenstates[8]. The state P has a tiny
admixture of ' P; and 3P, a tiny admixture of 3P; which causes the transitions

1See Appendix A for a full derivation
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to happen, but at a much lower rate. This is one of the reasons why Yb is a
good candidate for clock operation since it makes the line width of the clock
transition 1Sy <+ 3Py only ~ 50 ms[18] which is very narrow.

One other advantage of Yb is that the energy difference between the ground
state and the first few excited states is small enough to be targeted by lasers
in the optical regime. The reason for this is that the two valence electrons are
bound very weakly because of the screening of the 68 other electrons.

Moving away from Rabi oscillations which only considered one possible final
states, we can now include all final states if we assume the laser is far detuned
from all of them. In this case the atom never leaves the ground state and we
can treat the dipole interaction as a perturbation.? The interaction then turns
out to be governed by the polarizability:

d =a(w)E (2.15)
where « is the polarizability:

_ gwng<¢n|d|w9><¢g|d|wn>

7 2.16
b wl, —w? —idwngvn ( )

a(w)

n

and 7, is the natural line width of the state |1,,).
If we then look at the dipole interaction Hamiltonian again:

Hap=—d-E=—oE-E, (2.17)

we see that the polarizability describes how much the energy levels of the
atom get perturbed by an oscillating electrical field if the field is far from any
resonances, and is also called the AC stark shift.

One of the differences between Rabi oscillation and the AC stark shift is
that the former changes the state of the atom while the latter does not.

2.1.1 The Dipole force

Since Har represents the potential energy of the dipole interaction, any gradi-
ent will result in a force:

FDipole =-V-d-E
— aVL (2.18)

In our case the electrical fields applied by lasers always have gradients because
the laser intensity has a transversal intensity distribution. This leads to the
atoms being pushed either to the center or away from the center depending on
the sign of a.

The polarizability of the ground state of Yb has been plotted in Figure 2.2
where the peaks correspond to resonances at 399 nm and 556 nm arising from
transitions between the states 6s2 1Sy « 6s6p 'P; and 652 1Sy < 6s6p 3P,
respectively.

To trap an atom, we must apply a laser with a frequency such that « is
positive which will cause atoms to be pushed towards the intensity maximum.

2See Appendix B for a full derivation.
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Polarizability «
[arbritary units]

_4 | | |
300 400 500 600 700

Wavelength[nm]

Figure 2.2: A plot of the polarizability of the ground state of Yb with resonances at
399 nm and 556 nm.

This is called the dipole trap and has been used to confine atoms in many
different applications. Trapping can also be done at a frequency where « is
negative where one technique is to use multiple laser beams to surround the
trap center and act as optical walls.

2.2 Optical lattice trap

In an optical lattice clock, a standing wave is used to confine the atoms. If we
assume a standing wave generated by laser of intensity I = %ceoEg, then the
electrical field is given as:

1
E =24/ 5¢€0 Ey cos(kz) sin(wt), (2.19)

where Ej is the amplitude of the running wave laser, z is the position along
the z axis, and k is the wave vector given as k = 27/x.

We can now focus on the spatial part of the electrical field by looking at
the time average. Equation 2.17 then gives us the potential:

Vdipolc = _aEz
= —a4ly cos? (kz)
= —Urap cos? (kz). (2.20)

This potential has a minimum when z =0 or z = %T")\ with a depth of Usyap.

The spatial intensity distribution has been illustrated on Figure 2.3a, which
also shows the electrical field (Figure 2.3b) and the dipole potential (Figure
2.3¢) for a positive o value. The name lattice comes from the fact that all the
potential wells are identical, creating a periodic structure similar to a crystal
lattice.
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Figure 2.3: An illustration of the peak intensity (a), the electrical field (b) and
the dipole potential (c) for a positive a. In (b) the shaded area represents the full
modulation of the electrical field. Potential in (c) should be —Utrap.

Since all the wells are identical, we can focus, without a loss of generality,
on just a single one, with just a single atom. We can do a Taylor expansion of
the potential around the minimum at z = 0:

Vaipole & —Usrap | cos® (k- 0) —sin (2k - 0) k(z — 0)
1
— 5 cos (2k-0) 2k*(z — 0)?
+ %sm (2k - 0) 4k3(z — 0)3

1
+24008(2k‘-0)8k4(2—0)4+...:|

1
Vdipole ~ _Utrap 1- k222 + §k424 + O(Zzn)] (221)

This potential is very similar to the harmonic oscillator potential with an an-
harmonic correction:
1 1
Vdipole = _Utrap + i'rnatomw%z2 - Utrap§k4z4a (222)

where we have thrown away higher orders of the anharmonic correction and
only kept the first. The offset is the AC stark shift and is thus proportional to
the polarizability and the harmonic part represents the kinetic energy of the
atom while the anharmonic is a correction to the kinetic energy.

We can now identify the characteristic oscillation frequency of the trap wyp:

[ 2k2 FErecoin Ut
_ U, I 2 recoi rap 7 293
“r Matom trap h h ( )

where we have further rewritten it by using the recoil energy, which is the
kinetic energy a stationary atom gains by emitting a trapping laser photon:

p2 h2 k2

2Matom 2Matom

Erecoil = (224)
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The interaction Hamiltonian for an atom trapped in such a potential then

takes the form:
1

1
Har = _Utrap + Ematomw%zQ - Utrap§k4z4’ (225)

The stationary eigenstates to this Hamiltonian represents the trapped atoms
vibrational motion and has the energies:

AC stark shift Harm Osc Correction

E=- Etrap + En - Eanh ) (226)
where we know the energies of the harmonic oscillator:
1

The anharmonic energies can be found by using perturbation theory:

143 1 h?
Fanh = Upap=k?= ( n? -
Erecoil 2 1
_ 4= 2.28
5 n“+n+g ( )
The anharmonic correction has the opposite sign of the oscillator energy so
it pulls the higher lying energy levels closer together. This has been illustrated
on Figure 2.4 where the vibrational energies with and without corrections have
been plotted in the left and right well respectively. The approximation with
an harmonic oscillator and an anharmonic correction is only good for the few
lowest energy levels. For higher lying energy levels we should include more
than just the first order anharmonic correction.

\ /

©
— N\ v 4
= N y 4
[ g
=
(e}
i}

_‘/fmp | | !

1 1 3
0 A ZA 1A A

Figure 2.4: The blue line is the cos® potential, and the green is the harmonic oscilla-
tor approximation without the anharmonic correction. The first 7 levels are illustrated
for the harmonic approximation, with and without the anharmonic correction, in the
left and right well respectively.

2.2.1 Probing a trapped atom

The full advantage of trapping an atom in a lattice is revealed if we imagine
doing spectroscopy with a second laser which we will call the probe laser. The
full system Hamiltonian for an atom in a trap and getting probed by a second
laser can then be written as:

1 1
H="Ho+ <Utrap + §mat0mw%22 - Utrap 3k4z4) + Har, (229)
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where Hg is the Hamiltonian describing the electronic configuration and Hap is
the new interaction Hamiltonian describing the interaction of a trapped atom
with a probe laser.

The eigenstates to H can be factorized into two independent parts, one
dealing with the ’internal’ electron configuration, and one dealing with the
'vibrational’ motion of the atomL

) = (96 )
= Z U |05 ). (2.30)

where n is the quantum number for the vibrational levels.
The interaction between the trapped atom and the probe laser is then:

Har = —d-€Ey, cos (ky-R —wpt), (2.31)

with the subscript p denoting the probe laser.

The two major differences between the probe and the trapping laser is that
the probe is close to resonance and not a standing wave. We can then calculate
the interaction with the probe like we did with the free atom except now our
basis of eigenstates consist of both the internal and vibrational parts.

Like before the frequency independent strength of a transition from one
electronic state to another, and from one vibrational state to another is deter-
mined by the dipole matrix element:

(g, n|d - ée™r " Blop, n). (2.32)

This time we have not used the dipole approximation yet. This is because while
the size of the atom is still much smaller than the wavelength of the probe,
the vibrational motion of the atom is not. On the other hand the vibrational
states do not interact with the electron or the dipole operator. Therefore the
dipole matrix element factorizes into two parts:

(gld - e[tpe) (n'[e’™ F{n). (2.33)

The first factor is the same as in the free atom case, so we will focus on the
second factor.

For a probe beam aligned parallel to the trap laser, and hence parallel to
the direction of vibration, the position operator takes the form:

- / h

where a! and a are the normal ladder operators. The product kp/ ﬁ
is also called the Lamb-Dicke parameter n:

1 1
k2h EP
n= \/ p _ recoil , (235)

27natom(")T th

where the recoil energy is now that of the probe laser, and not of the lattice
laser.
The matrix element is now:

(n'|e(a’+a) |y, (2.36)



2.2. OPTICAL LATTICE TRAP 13

which can be solved by following the steps in [27] from eq (30) to eq (32),
making use of the identity e**? = o' ete—3la"al,

. |
(e ) = =B [T s ) AT ERT (7). (2.37)

(n< + An)

Here An = |n' — nJ, nc is the smallest of n and n’ and Lﬁf (772) is the gen-
eralized Laguerre polynomial. A plot of Equation 2.37 for An = 0,1,2 and
ne = 0,1,2 can be seen on Figure 2.5 as a function of 7. We see that the
matrix elements involving no change in vibrational level are generally much
stronger than when An # 0 especially for small 1. This effect is furthermore
increased for lower n..

e n_.=0 — An=0
e n_=1 - = An=
e n_= e An=2

Figure 2.5: A plot of Equation 2.37 for three values of n< and three values of An
as a function of the Lamb Dicke parameter 7.

In our setup the clock transition is 578 nm and we use the 171 isotope of
Yb with a mass of 170.9 u. This leads to a recoil energy of:
EP

recoil

= h-3.494 kHz. (2.38)

Our typical trap frequencies range from 27 - 25 kHz to 27 - 120 kHz which leads
to small Lamb-Dicke parameters:

/3.494 kHz

meaning we are in the Lamb-Dicke regime where n < 1. In this regime any
transitions involving changes in vibrational level (An # 0) will be suppressed
compared to those that do not (An = 0).

The energy difference between the electronic eigenstates is ~ 105 Hz,
whereas the difference in vibrational states is typically, for our experiments,
in the range of 10* — 10° Hz, but depends on the trap depth as seen by com-
bining Equation 2.23 with Equation 2.27.

Since the energy separation of the harmonic levels is inaccessible with a
laser, they are instead excited by detuning the laser slightly from an electronic
transition, called the carrier, and used to excite both an electronic and a vi-
brational transition simultaneously, called a sideband.

If the line width of the electronic excitation is smaller than the trap fre-
quency wr, then we are able to resolve the sidebands in the spectrum as seen
on Figure 2.6 and Figure 2.7 for atoms starting inn =1 .
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The lower height of the sidebands compared to the carrier is due to the
matrix element in Equation 2.37 as seen as the difference between the solid and
dashed lines in Figure 2.5. The red sideband is lower than the blue sideband
because going from n = 0 — 1 has smaller matrix element than n =1 — 2 as
n< is smaller. This is also visible in Figure 2.5 as the difference between the
blue dashed and the red dashed lines.

The inwards shifts of the blue and red sideband is because of the anharmonic
correction. It reduces the energy gap between two adjacent levels by nFiecoil
where n is the highest level involved, thus moving the blue sideband slightly
more inwards than the red.

Being in the Lamb-Dicke regime makes it possible to do Doppler free spec-
troscopy since the motion of the atom, which is quantized in the vibrational
levels, does not change the transition frequency of the carrier. Furthermore,
because the trap frequency, and thus the motional level spacing, is much larger
than the recoil energy, the atom cannot gain any momentum by interacting
with photons. The momentum is instead absorbed by the lattice and allows
for recoil free spectroscopy.

Carrier

Blue

Red sideband

sideband

1
So _k | JL

—wr 0 +wr
+Erecoil _2Erec0il

Excitation

Detuning

Figure 2.6: An illustration of excitation Figure 2.7: Spectrum of the sideband ez-
of the atom in an optical lattice well. The citation for an atom starting in n = 1.
atom starts inm =1 and can be excited to

three different final vibrational states de-

pending on the frequency of the laser.
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2.2.2 Not a perfect world

Up until now we have only focused on the trapping along the axis parallel to the
lattice laser, also called the axial direction. But a single, standing wave beam
will not only trap an atom in the axial direction, but also in the two others due
to the transversal Gaussian intensity distribution. The two transversal axis
can be treated identically due to symmetry and are collectively referred to as
the radial directions.

The axial trap is much smaller, since the lattice confines atoms to less that
%, whereas the radial confinement is limited by the beam diameter, typically
being on the order of microns:

Vdipole = —0[41(2, ’I“)

_2r2

= —adlycos® (kz)e 0 (2.40)
27‘2

= —Urap cos? (k2) e vo. (2.41)

Here r is the radial distance from the beam center and wg is the beam waist.
We can imagine that the beam waist overlaps perfectly with the center of a
lattice site and do a Taylor expansion to second order around the beam center
r=0:

2r2

Vdipole = _Utrap67 "3
Taylor 4

L7 —Usap (1 - 2r2) (2.42)
W

which leads to a radial trap frequency given as:

; [ 8U
radial trap
= —. 2.43
“r Matom W(% ( )

Since the beam waist is typically on the order of tens of microns, and the
trapping wavelength hundreds of nanometers, the radial trap frequency will
two to three orders of magnitude smaller than the axial trap frequency.

Looking in the axial direction the atom will therefore see a slowly changing
‘instantaneous’ trap depth as it moves radially in the trap. The instantaneous
trap depth is always equal or smaller than the ’full’ trap depth which is the
depth at the center of the beam. This is illustrated in Figure 2.8 where the
colored slices represent the ’instantaneous’ axial trapping potential at different
points in the radial motion.

2.3 The light shift model

From the previous section we learned that an atom can be trapped in a stand-
ing wave in order to do Doppler and recoil free spectroscopy. A couple of other
advantages of the optical lattice is that many atoms can be probed simulta-
neously and with long interrogation times, both with are very beneficial to
clock operation. Unfortunately the optical lattice it brings its own cohort of
problems.
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Potentia|

S

e
, xC
Radia; Axis \ 0

Figure 2.8: The radial azis is a Gaussian potential, and the lattice axis is a cos>.
The colored slices illustrates the instantaneous trap depth the atoms feels at different
radial positions in the trap.

The main idea of using atomic clocks is that the electronic transition energy
is well defined and constant in time. The lattice, however, creates an AC stark
shift of the ground and excited state, which leads to a shift in the transition
energy. We can see that by writing up the energy difference between the excited
(e) and ground (g) states:

Electronic AC stark shift Harmonic Anharmonic
AEclock = (E(()e) - E(()Q)) - (Etgrea)p - Et(;]zzp) + (EﬁLE) - E’Slg)) - (E((l(’il)h - Ezg,gz)h)
(2.44)

We must therefore determine and correct our measurements for the contribu-
tions from the lattice induced shifts:

i 1 Erecoi 1 Erecoi 1
AE}:EI%E:LCG = 7AUtrap + ﬁACUT (2 + TL> - |:21 <7’L2 +n—+ 2) — Tl <TL2 +n+ 2):| .

(2.45)

We then use Equation 2.23 to express the trap frequency in terms of trap depth:

i 1
ABBNE — _AUpan +2y/Brocon BUrman, (2 n n) , (2.46)

And use the fact that Usrap = al:
) o e 1
AEiT(gZi(Ce =-1 (a(e) - a(g)> + 2\/ Erecoi! ( ale) —+/al9) ) (2 + n) s
(2.47)

where [ is the intensity of the standing wave, thus making the clock transition
frequency dependent on the intensity of the lattice laser. Any fluctuations
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in lattice laser intensity will then result in fluctuations in the measured clock
transition.

An elegant solution to this problem was proposed in 2003[9] and imple-
mented later the same year [25] with strontium-87 (Sr). The idea was to find
a wavelength, coined the "magic wavelength”, where the polarizability of the
ground state was equal to the polarizability of the excited state, effectively
making the differential light shift disappear completely. The plot from the
original article[9] is shown in Figure 2.9, where the AC stark shift, i.e. the
dipole potential is plotted for the ground and excited state of the 'Sy < 3Py
clock transition. Note that the polarizabilities must not only be equal but also
positive3.

-100
0 ' . .
= s0f g = e T oo
= P s : 712
= N Te——
o f T BN —— T L—3/2
& AT T Sy s SO
= | - ' ' /
= ; E -64.72{ ! : + 1/2
b : @ : ; ' 12
200 P Rean| T -
@ / n —_— T T—sn2
3 Q b— T2
Pn © -64.76+ 5___/"3—‘*—-._____9,2
! 00 05 10 15 20 25 30
' Polarization Rotation 6 (rad.)
250 . ; ation Rotatio

700 750 800 850 900 950
Laser Wavelength (nm)

Figure 2.9: The original plot from the article[9] proposing the magic wavelength
scheme. The interesting point is the crossing of the stark shift for the 'Sy and 3Py
state.

2.3.1 The full light shift model

While Equation 2.47 is a good start, it is only an approximation as it only
considers electric dipole interactions.

The next step is to include the two-photon interaction and the magnetic
dipole and electric quadrupole interactions. To do that, we follow the deriva-
tions of [16]:

From the dipole interaction Hamiltonian in Equation 2.17, with a standing
electrical field, we saw that:

VdEiéole = —alcos® (kz) = —aP T cos? (kz), (2.48)
which we have relabeled to remember that it stems from the electric dipole
(E1) interaction. The magic wavelength for Ytterbium is known, both from
experimental observations and theoretical calculations to be around 759 nm[10,

3 A positive polarizability will lead to a negative AC stark shift, in accordance with Figure
2.9.
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7]. This is very close to three two photon transitions [2] which means we must
include the two-photon interaction even though it is normally very weak:

‘/thoton = _612 COS4 (kz) ’ (249)

since it depends on the interaction with two photons and not only one.
The magnetic dipole interaction is proportional to the magnetic field, which
is a quarter out of phase from the electric field:
VMag dipole — _OéMlj Sin2 (kz) s (250)
where we have included all conversion factors between Ey and By in oM.
The electric quadrupole interaction is proportional to the gradient of the
electric field, so it must also be out of phase:

VE1 quad = _aEZI Sin2 (kz) . (251)

Now we group all these together, and do a Taylor expansion around z = 0
as before:

Viattice = — [aF! cos? (k2) + (a2 + a1 sin® (kz)] I — Bcos® (kz) I?
~ aEl] _ /812
+ [(aP' — oMt — aP?) [ + 2817 k222

4
(@™ oM ) 1 5pr) hat (2.52)

Seeing the parallels to Equation 2.21, we recognize the first two terms as the
depth of the potential well and the next term as the harmonic oscillator, with
the third term being the first order anharmonic correction. The axial trap
frequency is now given as:

Erecoil

wp =2 \/(aEl — oMl —oF2) [+ 2012 . (2.53)

and the anharmonic correction energy:
Eann = [(@' — o™ — oP?) T + 5817] L (n2eny ! " (2.54)
o 2 2 m?}tomw% .

K2 k>

2Matom

Erecon 1+ 5 aer—tin—grs 1
o = B (L4 S} (2 1)
2 \1+2m—m—pm 2

Erecoil 6 2 1
:2<1+3aE1—aMl—aE2I n —|—n+§ . (2.55)

To get to the last line, we have used a Taylor approximation around zero in
m since the electric dipole polarizability is roughly 106 times larger
than the others: a! >> o™ o2 3.

The energy of the atom, due to the lattice interactions, can then be written as:

Using Equation 2.53 and Fiecon = we can rewrite this to:

aE11+6I2
. ~~ 1 1
Lattice — "D~ 4 <2 + n> — Eann <n2 +n+ 2) , (2.56)
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We now once again look at the clock energy difference AE({‘lﬁtcﬁce, and group
the terms in powers of I:

AE‘hgtc'i(ice — \/Erecoil <\/aEl(e)_a1\/[1(e)_aE2(e)_ /B9 —aM1(9) _,B2(9) ) (2n + 1) . Il/2
i ( |:aE1(e) _ OéEl(g)}

3B ecoil B B8
‘ 2
- 4 aBl(e) _gMi(e) —_qE2(e) ~ GEL(9) —qM1i(9) —qE2(9) (27”& +2n+ 1) 1

+ Erecoi] ( B(e) IB(Q) ) (2n + 1) . 13/2

VaPLe) _aMi(© _aB2()  \/aBl(9) _aMi) _qB2()

_ [5(@ _5@)} 12, (2.57)

We now consider the case where we are at the magic wavelength, such that
aP1e) ~ P19 Still following [16] we make a series of clever rewrites, us-
ing again the large magnitude difference of o', a2, and 3, which reduces
Equation 2.57 to:

A JlLattice _ A<<E01—(A 1V11+A E2) M( +1/)-]1/2
clock — « a o ofl " ?
<<0
3F ccoil

E1 recoi 2

— [Aa™ + AB 1B (2n°+2n+1)| -1
Ere oil

+AB =5 @ 1) - 1
—AB-I2. (2.58)

Here we have assumed that Aa®! is not completely zero for reasons that will
be clear in a moment.

The first thing to notice about Equation 2.58 is, that there is no way to make
everything cancel out. In order to minimize the light shifts we can consider
the case where we have detuned the lattice frequency slightly from the magic
wavelength:

OAaF!
ow
where wiattice 1S the frequency of the lattice laser and wg; is the E1 magic

wavelength.
Plugging this in leads to:

E1l
A Lattice _ 0Ax
clock Ow

(aAaEl 3Erecoil

AaPt =

(wlattice - WEI) 5 (259)

Erecoi
(wlattice — wEl) — (AOéMl + AOZE2>> 1 ! (n + 1/2) -11/2

o (Wiattice — WE1) — AB 1o El (2n® +2n + 1)) I

Erccoi
+ AR 5 @n 1) I

— AB- T2 (2.60)
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where we see we can choose the lattice wavelength such that it either cancels
the o /I contribution or I contribution.

We have, in principle, all we need now, but to make it slightly more useful
for us, we wish to parameterize it in some quantities we can easily determine
experimentally. Recalling from from the first line of Equation 2.52 that the
trap depth is given as D = o®'I + BI2, and because 3 is negligible compared
to o', we can approximate the intensity in terms of the trap depth:

D = Upap = P11 (2.61)

and reduce Equation 2.60 to:

i U ra
AV = (@ (aviico — v1) = b) (n+ 1/2) | =22
recoil

3 Utra
— <a (Mattice — VE1) — id(?nQ 4+ 2n + 1)) trap

recoil
3/2
Utr
+d(2n+1) (t”)

recoil

4 ( Utrap )2, (2.62)

Erecoil

where we have divided everything by planck’s constant A to convert the energy
shift to frequency which is what we measure in the lab. We then converted the
angular frequencies to frequencies and collected many of the constants in a,b,
and d:

o 1 aAaEl Erecoil

T h v aFl

1 M1 E2 Erecoil

1 Erccoi ?
d=AB ( i 1> : (2.63)

Note that the recoil energy used here is not the recoil energy of the probe laser
as in the previous section, but rather the recoil energy of the lattice laser:

a

Erecoil = h+2.026 kHz. (2.64)

a now describes the slope of the the differential electric dipole polarizability
AaP! close to the magic frequency vg:. b is related to the differential magnetic
dipole polarizability and the electric quadrupole polarizability, and d is related
to the differential hyperpolarizability arising from the two photon electric dipole
interactions.

The trap depth in Equation 2.62 is not the full trap depth of the potential,
but rather the instantaneous axial trap depth the atom experiences which, as
explained in Section 2.2.2, depends on the radial position of the atoms.

Under normal operating conditions the interrogation period is long enough
for the atoms to oscillate significantly in the radial directions, leading to the
atoms experiencing a light shift which varies in time. Any observed light shift
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will therefore be an average over the radial motion and we must therefore
modify Equation 2.62 to deal with the average axial trap depth experienced by
the atoms.

We do this by modeling the average trap depth as a fraction of the full trap
depth U}, :

Utra

< to P> — C

Utrap

(Utrap) = CUrap (2.65)

Here Utomp is the full trap depth, i.e. the axial trap depth at the center of the
beam and therefore only depends on the lattice laser intensity, while ( is called
the intensity reduction parameter.

Because the light shift model is non linear in axial trap depth we must use
four different intensity reduction parameters:

(VOian) = /63Ul
<Utrap> =G Utorap
(Uunan)? ) = (€3U8ap)

2\ _ 0 \2
(Uiap)”) = (V) (2.66)

This however has the down side of introducing four additional parameters. If
we assume the radial positions of an atom throughout the interrogation period
follow a Gaussian distribution, then we can do a Taylor expansion to first order
of all four averages:

()< -12-1-3(5)
E)m(2) ()

(1897 (-38)1-3(2).

<(6222)2> ~ <12ZZ> 12<;Z>. (2.67)

Here r is the radial distance from the center and o is the width of the Gaussian
distribution. To this order we can express all the averages as the linear average
with a correction applied:

3
2

1
2
<(e—2’fz)2> e <::> (2.68)
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Going back to Equation 2.66 we define the correction as he difference between
the quadratic average and the linear average:

0¢ = C2 — (1, (2.69)

which then leads to the other averages being defined as:

1

(VO ) = ﬂ@ - 50¢) Ul

<Utrap> = ClUgap

() = (2 + 5%¢) U?mp>S

2
(Unap)) = ((G1 +80) Ul (2.70)
When inserting this into Equation 2.62 we arrive at:
1
lattice 1 1 Utorap
Ayclock = ((1 (Vlattice - VEl) - b) (navg =+ /2) G — §5C Erooonl
3 0o
- (a (Vlattice - VEl) - zd(anvg + 2na»vg + 1)) Cl E:C:jl
3
+d(2 +1) (C + 15() Uirap -
Nay a
& ! 2 Erecoil
2
UO
—d ((gl +6¢) tap) . (2.71)
Erecoil

where we have also replaces n with the average na,s. We can do this because
even though the light shift model is non linear in n, our experiments only use
n either very close to zero or very close to one, in which case the non linear
terms can be approximated as linear.
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The motivation for investigating
the hyperpolarizability

As mentioned in the introduction, atomic clocks are not very sensitive to ex-
ternal parameters. But on the levels of accuracy we are measuring even the
smallest perturbations will cause a significant shift in the clock transition.
Things like constant magnetic fields or finite temperatures cause systematic
effects which can be measured and corrected for, but still add an uncertainty
based on how well we can measure them. The next section will describe the
error budget for the most recent published results of the Yb clock [14].

3.1 The previous error budget

Table 3.1 lists the error budget reported in [14] which is the latest official
clock measurement using the Yb clock at Riken. This measurement was not
an absolute frequency measurement but rather a ratio measurement between
strontium-87 and ytterbium-171. The error budget here only represents the
uncertainty of the Yb clock and not that of the final measurement.

The values are the fractional uncertainties, meaning they have been divided
by the clock frequency. Corrections indicate systematic offsets that have been
determined and can be corrected for.

From Table 3.1 we see that the lattice light shift is the largest uncertainty.
It is split into three contributions: Running wave contributions arising from
power imbalances, lattice laser impurity from the spectral shape of the lattice
laser, and the uncertainty of the applied light shift model.

Running wave contributions

Any power imbalance between the forwards and backwards going beam creating
the standing wave lattice will lead to a non-ideal standing wave. This will
result in the nodes not having zero intensity, which will change the shape of
the potential. Since the light shift model is based on the assumption of a perfect

23
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Correction Uncertainty

Effect (10718) (10718)
Quadratic Zeeman effect 67.7 9.8
BBR shift 27.5 0.7
Probe light shift -0.8 3.2
Collisions 0.0 3.4
AOM chirp and switching 0.0 1.1

1%t order Doppler effect 0.0 2.0
Servo error 0.8 1.1
Lattice Light shift 8.5 32.8
Total 103.7 34.7

Table 3.1: The error budget from the last published results of the Yb clock [14]. The
numbers are the fractional corrections and uncertainties averaged over the operating
conditions encountered during the measurements in [14] .

standing wave any deviations will lead to an error. The fractional uncertainty
contribution from a running wave was determined to 5.9-10718[14].

Lattice light impurity

The spectral impurity of the lattice light either due to Amplified Spontaneous
Emission (ASE) or spurious frequency components from the laser system was
estimated to contribute 1.2- 10717 to the fractional uncertainty.[14]

The variables and parameters of the light shift model

The lattice laser creates light shifts which we are able to correct for by using
the light shift model, but there is an uncertainty on the correction arising from
the uncertainty on the input to the model.

The error budget presented here used a light shift model slightly different
from the one we derived in Equation 2.71 as it contained only a single parameter
for the average trap depth ( instead of both ¢; and 6¢:

. UOT
Avghie® = (a (Mattice — V1) — ) (Mavg + 1/2) CEtiaITl
3 Ura
- (a (Vlattice - VEl) - Zd(zni"g + 2navg * 1)> Cﬁ

Erecoil

d Utorap 2 3.1
B CE‘recoil . ( . )

3/2
U
+ d(2navg + 1) (g £ P)
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where variables a, b d, and wg; are identical to those derived earlier:

_ 1 aAaEl Erecoil
T h v aFl

a

1 M1 E2 Erecoil
b= 7 (Aa™ + Aa™?) BT
1 Erecoil ? . .
d= EAﬁ Bl . (Reprint of Equation 2.63)

a, b and wg; were experimentally determined in [14], whereas the parameter d
was taken from a different Yb clock located at NIST [2] which was running with
different operational parameters. d was therefore modified to fit the parameters
of the RIKEN clock. This was done because the Riken setup was not built to

access trap depths (U&ap) large enough to determine d accurately.

The variables and operational conditions for the error budget from Table
3.1 were:

a = 0.021(6) mHz/MHz b= —0.68(71) mHz
d = —1.9(8) ulz Ubrap = 100(2) Erecoil

¢ =0.72(5) Tave = 0.08(8)
attice = 394 798 278(0.1) MHz vg1 = 394 798 265(9) MHz ~ (3.2)

To determine how much each parameter influences the final uncertainty, we
assume normally distributed and uncorrelated uncertainties and do error prop-
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agation:
2
2 Uf’ Utea
g = <(Vlattice - VEl) (navg + /2) r:::l - (l/lattice - VEl) CEr;:l> Oq +

~ 2
i <—(navg F ) g ) '

_ , 3/2 2 2
+ <4(2 avg —+ 2navg + 1)CE::;:1 + (Qnavg + 1) (C E,ter:or:l) << E;ter:cil> ) Jd:| +

_ 2

U Ut

+ a(na‘Vg + /2) CErecoil o CLC Elecoil GVlattice +

_ 2
+ <—a(navg +12)\/¢ E:i:l +ag Effﬁ) Tver |+

u? 3 v 2

4 @ Ottice = ve1) = D) CFE2 4+ Fdldman + 20522 420 (¢ ) o |+

I Udra
+ (a (Vlattice - VEI) - b)(ndVg +! /2)\/;;(:

0
— (a (Mattice — VE1) — %d( Navg T 2Navg + 1)) Etrap

recoil

y 2
+ d(2navg + 1) ( Ur%(:jl) 3 f ( :::‘1) QC}UC]
1
* |:{(CL (Vlattice - VEl) - b)(navg + 1/2)\/:% (Ugap) ’

- (CL (Vlatticc - VEl) - %d( avg + 2navg + 1)) Ei

recoil

3/o / 2
+ d(2nan + 1) (Ex"fcoil) V Ui?rap (Ez'fcoil> QUgap} (Uf?rdp):|

(3.3)

By plugging in the values from Equation 3.2 we get the uncertainty contribu-
tions listed in Table 3.2 that almost sum to the value listed in Table 3.1.

The dominating uncertainty contribution comes from the E1 magic fre-
quency vg; which is largely because the uncertainty was determined to 9 MHz.

From previous works [15] it can be seen that a large part of this uncer-
tainty was due to the borrowed d from NIST. It therefore seems paramount
to investigate and characterize d for the Riken Yb clock, with the expectation
that it will bring down, not only the uncertainty on vg1, but also on the other
variables a, b and d.
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Coefficient Uncertainty contribution (-1— x 107'%)
a 10.1
b 6.7
d 6.8
¢ 2.6
Nave 0.85
VE1 26.0
Nattice 3.5
Ugmp 0.6
Running wave 5.9
Lattice light impurity 12.0
Total 32.7

Table 3.2: Contribution to the fractional uncertainty from the lattice light shift
model, given the nominal experimental parameters used in [14].
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Figure 4.1: The level diagram for ytterbium-171. Only the levels relevant for clock
operation are displayed.

The Yb optical lattice clock at Riken operates with 171Yb, which has a
range of beneficial properties such as a nuclear spin of I = % which not only
simplifies the clock operation as we will see in Section 4.3, but also removes
any kind of tensor! light shifts[6].

As stated earlier Yb is a two electron atom and has a level structure (Figure
4.1) well suited for clock spectroscopy. It has a clock transition at 578 nm with
a natural linewidth of ~ 50 mHz and a magic wavelength at 759 nm, together
with a set of transitions suitable for cooling the atoms enough to trap them in
the optical lattice lattice.

In general terms the Yb clock works by loading atoms into the lattice and
preparing them in a known initial state. A probe laser is then used to excite
them and the excitation fraction is detected. Because the detection process

LOnly scalar light shifts were considered in Section 2.3 because '71Yb has no tensor light
shifts and no vector light shifts when the polarization of the clock laser is identical to the
lattice. This will be explained in the following sections.
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heats the atoms out of the lattice we must repeatedly reload the lattice, excite,
and detect again. Each reload and measurement is called a shot and the clock
transition frequency is measured by averaging over many repeated shots.

The experimental setup is mostly identical to the one described in both [15]
and [14]. A few major changes have been made, mostly to the lattice, to allow
investigation of larger trap depths primarily to determine the hyperpolarizabil-

1ty.

Each shot follows a special sequence of actions which will be explained
step by step in the following sections along with the lasers and atomic levels
involved. The full experimental setup and timings diagram can be seen on
Figure 4.19 and Figure 4.17, but will make more sense to the reader after the
next sections.

Many techniques such as magneto-optical traps[19] and fiber noise cancellation[12]
will be mentioned but the details will be assumed known to the reader. As the
systems for generating the lasers were already built when I joined the group
the technical details will also mentioned but not elaborated upon.

4.1 The Lattice

The lattice is one of the most fundamental parts of the lattice clock. It is what
allows us to do Doppler free and recoil free spectroscopy, motional sideband
cooling and long interaction times, but also what creates the light shifts that
dominate the clock uncertainty.

Figure 4.2 shows the experimental setup with the part relating to the lattice
highlighted. The lattice laser is on during the entire sequence but its intensity
is varied systematically.

The lattice laser is generated by a Ti:Sapphire (TiSa) laser system, which
is able to output high power (roughly 4 W) at the magic wavelength of !71Yb
~ 759 nm.

After the TiSa the lattice laser is filtered by a Volume Bragg Grating with
a FWHM of roughly 40 GHz. This is not depicted Figure 4.2, but details can
be found in [15]. The lattice is then sent through an AOM for power and
frequency control before it is brought to the clock setup by a 1 m end-capped
(EC) fiber.

The high power of the lattice laser could easily burn the surface of an
ordinary fiber, but the EC fiber has a small piece of glass attached to each end.
This allows the beam to have a larger diameter at the air/glass interface, thus
reducing the power density and minimizing the chance of burning the surface.
For our experiments we need at most 1.3 W of transmitted power but we have
tested the fiber up to 2.4 W transmitted power without visible damage when
inspected under a microscope.

After leaving the fiber, the lattice laser is focused by a microscope objective
lens to a width of about 43 pm at the beam waist. The first mirror after the
lens is marked "Bad” because it deliberatly leaks some of the light through.
The leaked light is monitord by a photo diode (PD 1) and used to control the
power of the lattice through feedback to the AOM.

After the ”Bad” mirror the lattice is reflected off a dichroic mirror (DM) and
finally off a polarizing beam splitter (Rotated PBS). All the elements inside the
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Figure 4.2: The clock setup with the parts not relating to the lattice lattice laser
faded. The round main structure in the center is a vacuum chamber. The lattice laser
comes from a TiSa system and passes through a quarter- and half-wave plate (QWP
and HWP) before entering an endcapped (EC) fiber. It is then focused by a microscope
objective lens (ML) and reflected off a “bad” mirror, then a dichroic mirror (DM)
and a polarizing beam splitter (Rotated PBS) before entering the vaccum chamber.
All the elements inside the shaded region marked ”Crane” are mounted 20 cm above
the rest as shown on Figure /.3. A meniscus shaped mirror at the bottom of the setup
reflects the lattice laser back on itself, creating a standing wave. Various photodiodes
(PD) are used to monitor the lattice laser pointing, power and polarization. Power
control is done with the acousto-optic modulator(AOM).

shaded area labeled ”Crane” in Figure 4.2 are mounted in a crane structure,
in a different plane than the rest. The lattice therefore enters the rotated PBS
from above as illustrated on Figure 4.3.

After passing through the vaccum chamber the lattice laser is retro reflected
upon itself by a meniscus shaped mirror below the chamber as seen on Figure
4.2, thus creating a standing wave which has 4 times the single beam intensity
at the anti nodes.

A third photo diode (PD 3) is installed before the EC fiber but looks at
the light reflected off the meniscus mirror and returning back through the
fiber. With this signal we can optimize the overlap of retro reflected beam and
ensuring a good standing wave. The waist position of the lattice is determined
by the radius of curvature of the retro reflecting surface and is approximately
in the center of the vaccum chamber. The collimation of the lattice laser is
changed by translating the fiber mount relative to the microscope objective

llBadll
o[]

»INE:
> G

ML

Rotated
PBS

Figure 4.3: Sideways illus-
tration of the elements in-
cluded in the shaded area in
Figure 4.2 marked ”Crane”.
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lens until the curvature of the beam matches the curvature of the meniscus
mirror.

In the previous setup the lattice was created by two counter propagating
lattice beams brought in from the top and the bottom separately and used
to create a 'moving’ standing wave by detuning the frequency of one beam
from the other. This could transport the atoms several mm into the cryogenic
chamber? where they were then excited by the clock laser. This was done to
reduce the effect of environmental black body radiation[26] by cooling the entire
cryogenic chamber to 96 K and only allowing tiny access holes of 500 pm and
1000 pwm in diameter. Since our goal is to investigate the hyperpolarizability
we do not need to minimize the black body radiation.

Even though the EC fiber is polarization maintaining we still observe a slow
drift of the transmitted polarization over the course of hours. The polarizing
beam splitter (PBS) in front of the chamber ensures a constant polarization
in the chamber, but it still leads to drops in lattice power. The ”Bad” mirror
leaks mostly p-polarized light, which is the ”wrong” polarization of the EC
fiber and the polarization that gets filtered out by the rotated PBS. Because
PD 1 is places behind the "Bad” mirror it will overestimate the lattice power
when the polarization drifts, resulting in the feedback system not accurately
controlling the lattice power in the vacuum chamber. To alleviate this a small
PBS is glued directly in front of PD 1 as seen on Figure 4.2, unfortunately the
small PBS is angled slightly different than the rotated PBS and therefore does
not completely fix the problem.

Instead we place a quarter wave plate (QWP) and a half wave plate (HWP)
in front of the EC fiber and by measuring the light leaking from the curved
mirror with PD 2, we can adjust the wave plates to compensate for any drift.
We cannot power stabilize directly to PD 2 as the polarization drift would lead
to the feedback system simply increasing the lattice power. The lattice power
in the chamber would be kept constant but the transmitted power through the
fiber might get dangerously high.

We suspect that the polarization drift is due to stress induced birefringence
in the collimation lens (not drawn) before the EC fiber as a result of the lattice
laser heating the mount holding both the lens and the fiber, so increasing the
lattice power to compensate for polarization changes would then create a run
away effect.

Because the new lattice setup has no way of making a 'moving’ lattice we
will need to convert the setup back to the previous configuration when we are
done determining the coefficients of the light shift model. We therefore did not
want to change any optical elements that the previous lattice setup used and
instead had to retrofit the old setup by installing new elements ’above’ the old
ones, on a crane structure. A picture of the crane can be seen on Figure 4.4
where the right image is the crane structure before it was put into the clock
setup and the left picture is the clock setup with the crane structure in place.

2The cryogenic chamber is illustrated on Figure 4.2 as a copper triangle inside the main
chamber.
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The rotated PBS was installed on a flip mount to allow fast conversion back
to the old lattice setup. The rotation mount visible right after the Rotated PBS
is empty.

Figure 4.4: Two pictures of the crane structure illustrated in Figure 4.3. The right
picture is the structure before it was placed in the clock setup, the left picture is after.
The ”Bad” mirror is not visible on any of these two pictures.
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Figure 4.5: The clock setup with the parts not relating to the loading sequence faded.
The atoms from the oven are cooled by a Zeeman slower and then further cooled by
a two stage MOT, working first on the 399 nm transition and then on the 556 nm
transition. The vacuum chamber has 11 windows for radial optical access, while the
atomic beam enters through the 12. radial port. There are MOT beams in all three
directions but only two of them are shown here as the last one is perpendicular to the
two drawn here. After the second stage MOT the atoms are loaded into the lattice.

4.2 Loading sequence

Inside the oven seen on Figure 4.5 the atoms are heated to ~ 450 °C and
leave as a collimated beam, but before the atoms can enter the lattice, they
must be cooled to temperatures where they are actually confined by the lattice
potential.

This is done in a series of steps, where the first uses the 1Sy <> 1Py, fully
allowed dipole transition. The transition is at 399 nm and has a line width of
28 MHz as illustrated on Figure 4.6.

The hot atomic beam first enters an increasing field Zeeman slower where
the atoms are slowed down by a counter propagating 399 nm beam. Once the
atoms leave the Zeeman slower and enter the main chamber they are caught
in an magneto-optical trap (MOT). This MOT is called the first stage MOT
and also works on the 399 nm transition. The MOT is detuned 30 MHz from
the resonance while the Zeeman slower beam is detuned 750 MHz to be able
to target the fast atoms leaving the oven with ~ 300 m L s.

The 399 nm light is generated by using a BIBO crystal to frequency double
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1 W at 798 nm to 200 mW at 399 nm. In our experiment, we generate
the Zeeman slower and first stage MOT light in two independent frequency
doubling setups. Both 798 nm sources for the two 399 nm setups, are frequency
stabilized by a High Finesse wavemeter using a digital PID lock.

The atoms need to be cooled to a temperature low enough that they can
be trapped in the lattice. For most of the experiments done here we keep a
constant lattice intensity during loading corresponding to a trap frequency of
wr = 27 -93 kHz from which we can calculate a trap depth:

Erecoil Vtrap

wp =2 N N (reprint of Equation 2.23)
2 352
Utrap = wTh
i 4Erecoi1
U (27 - 93 kHz)?h
TP 42 2,02 kHz
Utrap _ 51 uK (4.1)
kB

where we have converted the trap depth to temperature in the last line by
dividing with Boltzmann’s constant kg.
The lowest temperature a MOT can theoretically achieve depends on the
line width and is called the Doppler limit[8]:
hry

where « is the line width in angular frequency. For the 399 nm MOT the
Doppler limit is 690 uK. Since this is much higher than the depth of the
lattice, we apply a second stage MOT this time working on the 'Sy « 3P,
transition. The transition has a wavelength of 556 nm and a line width of
only 180 kHz (see Figure 4.7), leading to a theoretical Doppler limit of 4.2 uK.
Because of the narrow line width the 556 nm laser is artificially broadened
by a frequency modulation of 2.5 MHz to ensure that the second stage MOT
catches as many atoms as possible when transferring from the first to second
stage MOT.

After the atoms have cooled down in the broadened second stage MOT the
frequency modulation is removed and the atoms are transferred from the MOT
into the lattice. This is done by ramping down the power of the 556 nm beams
while bringing them closer to resonance.This compresses the atomic cloud and
increases the loading efficiency into the lattice.

Previous experiments show that the atoms at this point have a temperature
around ~ 15 pKJ[15] however that was measured without the lattice beam
present.

The number of atoms in the lattice can be adjusted by changing the duration
of the initial Zeeman slower beam, since a shorter pulse will slow down fewer
atoms.

The 556 nm light is generated by a fiber coupled frequency doubling crystal
(WG-PPLN) converting 100 mW of 1112 nm, generated by an ”orange one”
system from MenloSystems, to 30 mW at 556 nm. The 1112 nm light that leaks
through the frequency doubling crystal is used to lock the laser to a cavity. A
small part of the 556 nm light is used for calibrating the wavemeter controlling
the 399 nm lasers.

3P1

556nm
180 kHz

ISO

Figure 4.7: Level diagram.
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Figure 4.8: The clock setup with the parts not relating to the settling faded. The
settling pulses cool the atoms in the radial directions and increase the number of atoms
ending in the lattice.

4.3 Settling the atoms

As this is only a 1D lattice, the confinement in the two other dimensions (re-
ferred to as ”radial”), is purely due to the Gaussian intensity profile of the
lattice beam as explained in Section 2.2.2.

To minimize the radial energy of the atoms we apply a 1 ms pulse of 556 nm
light in the two radial directions, one perpendicular and one parallel to the
lattice polarization. This is much shorter than the radial oscillation time and
is carefully detuned to only target atoms moving towards the beams. This
"settles” the radially hot atoms and increases the overall final atom number in
the lattice.

The light for the settling pulses comes from the same laser that generates
the second stage MOT, but is independently controlled by AOMs and sent onto
the atoms through a different set of fiber.
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Figure 4.9: The clock setup with elements not used for state preparation faded.
The atoms are simultaneously cooled in the azial direction to n = 0 using motional
sideband cooling and pumped into one of the mp + % Zeeman substates of the ground
state.

4.4 Clock state preparation

After the loading and settling phase, we move on to the state preparation in
which the atoms are prepared for clock interrogation. This consists of two
different techniques: Axial motional sideband cooling, and spin polarization.
The relevant lasers and elements have been highlighted on Figure 4.9.

The sideband cooling is used to cool the atoms in the axial direction. From
the theory in Section 2.2.1 and from Figure 2.7 we know that the axial motional
sidebands are clearly resolved. By exciting the atoms on the red sideband, we
can decrease the vibrational level of the atoms by one. This is done on the
1Sy « 3Py transition at 578 nm which is also the clock transition (see Figure
4.10).

Since the 3P, state has a lifetime of 20 s[18] we need to "repump” the
atoms out of the excited clock state and back into the ground state. This
is done with the a 1388 nm laser through the 3D; state (Figure 4.11). We
excite the atoms into 3D; from which they can spontaneously decay into the
3 P manifold with the probabilities 3%, 42%, and 55%][15] for decay into 3P,
3Py, and 3Py respectively.

From 3P, they can decay into the ground state and from 3Py we can excite
them to 3D; again, but if they end in 3P, they are stuck since it has a lifetime
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Figure 4.10: Level diagram
with Zeeman substates (mp ).
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Figure 4.11: Level diagram.
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Figure 4.13: Level diagram
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of 15 s[17].

Since the spontaneous emission in an optical lattice predominantly con-
serves® n, the atoms tend to end up in the ground state with their vibrational
level reduced relative to their initial state as illustrated on Figure 4.12.

To cool all the atoms to n = 0 we must continuously pump both on the red
sideband (1Sy <+ 2Py) and on the 3Py <»3 D.

Figure 4.12: The process of vibrational cooling considering an atom inn > 0 starting
in the ground state 'So. From here it is excited on the red sideband of the 578 nm
transition to n— 1 in 3Py. The atom is then pumped back to the ground state through
the 3D state with the 1388 nm laser. From 2Dy it will decay to the 3p manifold with
the chance of ending in each state indicated in percent. From 3Py it can decay back
to the ground state.

The repump laser at 1388 nm is created by an ECDL and locked to the same
cavity as the 1112 nm laser used to generate the 556 nm light. The 578 nm
laser used to excite the red sideband is branched off from the clock laser used
for the main clock interrogation, which will be explained shortly.

The second step of state preparation is spin polarization. Even when loading
very few atoms, we will still have a few lattice sites occupied by two atoms. This
leads to collisions which are enhanced by the strong confinement and which give
rise to a shift of the clock transition[10]. Since the atoms are fermions Pauli’s
exclusion principle will suppress a large part of these collisions if we prepare
them in an identical state. Furthermore, since the clock laser only targets one
of the Zeeman substates we increase the signal to noise ratio by only having
atoms in the state we wish to excite.

At this point the MOT B-fields have been turned off and a constant bias
B-field of ~ 80 uT is applied.

Because '"1YDb has a nuclear spin of % there is only two configurations of the
nuclear spin when the atom is in the ground state !Sy; Either parallel or anti
parallel with the B-field. These are commonly called the Zeeman substates, or
my states.

The 3 P; state has an electronic angular momentum of one and a combined
spin of one.

3This is due to the matrix element regarding vibrational level changes being suppressed
by n as explained in Section 2.2.1.
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Spin polarization is achieved by pumping on either the 'Sy <« ?’lep1 /2
or 1S, & BplmF71/2 trasition with 7 polarized light. The 3P, substates are
separated by ~ 1.2 MHz, and because the atomic line width is only 180 kHz,
the 556 nm laser can selectively target only one of the transitions.

As seen on Figure 4.13 the 3P} state can decay to either of the two Zeeman
substates with either a o or a 7 polarized decay. This pumps all the atoms out
of one of the ground state substates, but is a process which requires multiple
cycles as the chance of spontaneously decaying with a o polarized photon versus
a 7 polarized is 1:2.

If '71YD had a larger nuclear spin we would have a larger range of my states,
meaning it would be more complicated to prepare all atoms in the same state.

The 556 nm light for the spin polarization is generated in the same way as
the light used for the settling pulses described previously, but coupling into a
different fiber. The spin polarization light is overlapped with the high power
clock beam used for sideband cooling and enter the clock setup through the
same fiber (as seen on Figure 4.9). The PBS in front of the chamber prevents
us from using circular polarized light to do the spin polarization, even though
it would be more effective as it would require fewer cycles.

Before the state preparation begins, the lattice depth is reduced adiabat-
ically to a level in the middle of the range we want to investigate, typically
155 Frecoil Or 105 FEiecoil- It is now more useful to define the trap depth in
terms of recoil energy than in temperature because it simplifies the light shift
model equation (Equation 2.71). The loading point of 51 puK corresponds to
a trap depth of 520 Fiecoil, and after loading the lattice depth is reduced to
155 Elecoil to reduce the vibrational level spacing which makes it easier for the
sideband cooling laser to target all atoms with n > 0.

Since both the sideband cooling and spin polarization relies on spontaneous
emission, one has a tendency of reducing the effect of the other. Sideband cool-
ing mixes up the population in the Zeeman substates, and spin polarization
heats up the atoms. We therefore apply the sideband cooling and spin polar-
ization in alternating pulses, with the finishing pulse being either one or the
other depending on which effect we wish to increase.

The clock can also be run in ”inverted” mode where the atoms are prepared
in the excited state instead of the ground state allowing us to prepare the atoms
in a pure n = 1 state. This is done by following the sideband cooling and spin
polarization by a short pulse of the high power clock laser focused on the blue
sideband. This increases n by one for some fraction of the atoms and since
the excited state has a long life time, we can clear out the ground state with a
high power 556 nm pulse, leaving us with only the n = 1 atoms in the lattice.
We can also prepare atoms in n = 0 by targeting the carrier instead of the
blue sideband with the short pulse and then similarly clearing out the ground
state. Because there is no reliable way of clearing out the excited state it is
not possible to create a pure n = 2,3,4... state.
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Figure 4.14: The clock setup with the parts not relating to the clock interrogation
faded. The atoms are interrogated by the clock beam coming from below the vacuum
chamber and passing through the curved mirror used by the lattice. The detection is
done by cycling the atoms in the ground state on the 'Sy <! Pi transition with a
100 ps pulse of 399 nm light, which removes them from the lattice, and recording the
florescence on a CCD camera. The atoms left in the excited state are then repumped
to the now empty ground state with the 1388 nm laser. The FNC and AOM of the
clock laser feedback are implemented in the opposite order.

4.5 Clock Spectroscopy and detection

With the atoms now both cold and spin polarized, we move on to clock spec-
troscopy. The clock laser is generated by frequency doubling 1157 nm light in a
WG-PPLN. The 578 nm light is pre-stabilized by locking it to a 75 mm cavity
and then phase locking to an optical comb, which is generated by a laser that
is locked to a 400 mm long cavity.

It is in this setup that the clock laser is divided into two different branches;
a high power branch, used for the sideband cooling described previously, and
a low power branch used for clock interrogation.

The clock laser is generated far from the chamber and the atoms, and is led
there through optical fibers. To prevent phase noise in the fibers originating
from fluctuating temperature or stress which changes the optical path length
in the fiber, a standard fiber noise cancellation system[12] is implemented in
both the high power and low power branch.

The clock laser enters the chamber from the bottom, after passing through
first a reference surface for the FNC system, a PBS for polarization cleanup, an
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attenuator, and finally the meniscus mirror used for the lattice. The attenuator
has a transmission of only 10 % which allows a large FNC signal while still only
interrogating the atoms with low power.

Since the placement of the nodes and antinodes of the lattice depends on
the position of the meniscus mirror, the FNC reference surface is mounted on
the same structure to minimize any phase drift between lattice and the clock
laser.

To prevent any unnecessary light shifts, all other lasers except the lattice
are blocked by mechanical shutters while the clock laser is exciting the atoms.

Before starting the interrogation the lattice ramps to the desired trap depth.
If this is below 200 Eyecoil, we first dip to 65 Erecoy before ramping up. This is
done to remove any atoms with enough radial energy to get close to the edge
of the trap. When interrogating at trap depths above 200 F,ecop it is sufficient
to ramp up the trap depth.

The 80 uT B-field creates a splitting of the clock state Zeeman substates of
2.1 MHz/T[10] which equals ~ 170 Hz. Because the line width of the clock laser
is very narrow we can selectively target either of the two transitions indicated
in Figure 4.10 depending on which state we have prepared the atoms in.

After interrogation, the result is detected. This is done by saturating the
atoms with a 100 ps pulse of 399 nm light, branched off from the first stage
MOT setup, and independently controlled by an AOM. The fluorescence is
recorded on a CCD camera equipped with a 400 nm bandpass filter. The
399 nm laser is only resonant with atoms in the ground state and the 100 us
pulse effectively heats all the ground state atoms out of the lattice, so a series
of 3 pictures are taken to determine the excited fraction: First the atoms in
the ground state are detected and removed. Then the 1388 nm laser repumps
the atoms in the excited state into the, now empty, ground state where they
are detected as before. With no more atoms left, a third picture is taken while
the 399 nm beam pulses again in order to correct the two other pictures for
light originating from the detection beam scattering off the windows and walls
of the chamber.

The clock laser frequency is then determined based on the measured exci-
tation fraction, and a new shot is initiated.

The clock laser is locked to the atomic transition by correcting the frequency
based on the excitation probability measured in each shot. This is possible
because we know the underlying probability distribution, which makes us able
to calculate the detuning.

In the Yb clock we use two different excitation schemes; Rabi interrogation
and Ramsey interrogation, each with its own distinct probability distribution.
Both are mentioned here, since some of the data presented later was taken with
the Rabi scheme, while other data was taken with the Ramsey scheme.

The Rabi scheme uses a coherent 7 pulse to excite atoms from the ground
state to the excited state, and has the distribution:

Q VAZ Q2
P, = ’M sin? <2+7'> ) (reprint of Equation 2.11)

An excitation using the Rabi scheme with 7 = 300 ms can be seen on Figure
4.15 as a function of detuning (%) The blue points are data and the green
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line is a fit with the equation above. For this particular spectrum the clock

was running in inverted mode.
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Figure 4.15: Spectrum taken with the
300 ms Rabi interrogation in inverted
mode. The blue is data and the green
is a fitted model, with the center and
Q as the only free parameters.
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Figure 4.16: Spectrum taken with the
Ramsey scheme using 7, = 30 ms and
T = 150 ms. The blue is data and the
green is a fitted model, with the center
and $2 as the only free parameters. The

insert is a zoom of the central fringes.

The Ramsey scheme is slightly different. It relies on coherently driving the
atoms with two §-pulses, separated by a ”dark time” where the clock laser is off
or off resonant. The first § pulse brings the atoms into a 50/50 superposition
of ground and excited state. During the dark time the atoms pick up a phase
relative to the clock laser depending on their detuning. Finally another 7 pulse
drives the atoms into something between the fully excited state and the ground
state depending on the phase. The Ramsey excitation probability is given[23]
as:

Pe(rp, T) 2 2 2

L2 (VAT AT VAT P,
= A2+Q2 Sin cos| — |JcosS| —————

A (AT) i (\/A2 + 0%,

— 7—«2 T e Sin B)

(4.3)

Here 7, is the pulse length of one of the 5
the two pulses, also called the dark time.

Figure 4.16 shows the excitation probability for 7, = 30 ms and 7" = 150 ms,
note that the detuning in the plot is in frequency whereas the detuning A in
Equation 4.3 is in angular frequency.

The fringes in Figure 4.16 appear because the phase picked up during the
dark time goes from zero at zero detuning, to 7 at the first minimum, to 27
at the first maximum away from the center and to 37 at the second minimum,
and so on. We see that the width of the center fringe is comparable to the

300 ms Rabi pulse.

pulses and T is the time between

To lock the laser to the atomic transition we choose a pulse time 7 (or 7,
and T) and detune the clock laser by HWHM of the calculated probability
distribution.

After a shot, we use the measured excitation fraction to determine how far
we are away from the 50% point and correct the clock laser for this. We use

2

)]
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the 50% points because it makes us able to differentiate between being detuned
too high or too low, and because the slope is largest here. This also makes a
more narrow linewidth desirable since it increases the slope which improves the
lock performance in the precense of noise.

In practice we cannot make the pulse length infinitely long as we are limited
by the short term stability of the clock laser. If the clock laser frequency changes
too much during the pulse we will loose the coherent excitation and thus the
contrast of the fringe.

Initially the clock was running with the Rabi scheme but later retro fitted
to use the Ramsey scheme after the new lattice configuration was implemented.

Due to space constraints a shutter could not be placed between the FNC
reference surface and the curved mirror. This makes it impossible to turn the
clock laser off during the Ramsey interrogation dark time without turning off
the FNC system which is necessary to avoid loosing the coherence due to phase
noise in the clock laser. It is instead detuned 200 kHz which, because the line
width of the transition is so narrow, essentially eliminates any interaction.

During the dark time the power of the clock laser is reduced but limited by
the minimum power needed for the FNC system.

The full setup can be seen on Figure 4.19. Two timing diagrams, one
representing Ramsey interrogation in non inverted mode and one representing
Rabi interrogation in inverted mode can be seen in Figure 4.17 and Figure
4.18. The absence of a radial settling pulse in Figure 4.18 is because it was not
implemented when the experiments using Rabi interrogation in inverted mode
were conducted.

State .
Loading preparation Interrogation
Zeeman i
399 MOT
556 MOT FM—EI
Radial Settling
Sideband Cooling 000
Spin Polarization i Dark time
1388 Repump [ 150ms |
Clock Beam [T gl
Detection 65 E recail 111
Lattice / 90-650 E recoi
0 200 400 600 800 1000
Time [ms]

Figure 4.17: The timing diagram for a typical sequence using Ramsey interrogation.
The atoms are first slowed by the Zeeman slower and then cooled by the first and
second stage MOT. During loading the lattice trap depth is 520 Frecoil- It is ramped
to 155 Erecoit before the clock state preparation and then, depending on whether the
interrogation trap depth is above or below 200 Frecoil, dipped to 65 FErecoil to remove
any atoms with enough radial energy to bring them close to the edge of the trap. This
timing diagram shows the Ramsey interrogation scheme with two pulses with a dark
time of 150 ms in between.
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State .
Loading preparation Interrogation

Zeeman
399 MOT
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Sideband Cooling L []=or carrier
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Figure 4.18: The timing diagram for a typical sequence using Rabi interrogation in
inverted mode. The atoms are first slowed by the Zeeman slower and then cooled by the
first and second stage MOT. During loading the lattice trap depth is 80 Fyrecon and is
then ramped to 105 Erecon before the clock state preparation. After the spinpolarization
the atoms are excited on either the blue sideband or the carrier and a high power
556 nm pulse is used to clear out the ground state. The lattice is then ramped to the
desired interrogation trap depth. The clock excitation is done with a 300 ms Rabi
pulse.
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Figure 4.19: The experimental setup for the Yb clock not including the systems
generating the lasers involved. Figure 4.2 through Figure 4.14 explain each component
in detasl.
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Figure 4.20: A plot of the clock transition shifts arising from varying only the atom
number in the lattice. We see that they follow a linear tendency nicely.

4.6 Minimizing collisional shifts

The reason for converting from Rabi interrogating to Ramsey interrogation
was to suppress the effects of the collisional shifts we observed from having
two atoms in the same lattice site even when spin polarizing the atoms. Other
clocks have seen similar behavior and it has been suggested that the observed
shifts arise from p-wave interactions between the atoms[10, 11]. As we only
populate between 250-500 lattice sites with about the same amount of atoms,
there are only at most a few of the sites with more than one atom.

The collisional effects have been studied in [28] and it is seen that by chang-
ing the pulse length of the first Ramsey pulse we can minimize the collisional
induced shifts.

Figure 4.20 is a plot of the frequency shift arising from varying the atom
number and we will for the work presented in this thesis assume that the
collisional shifts are linear in atom number.
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Analyzing the data

5.1 Overview

The light shift model which we derived in Section 2.3 describes the expected
AC stark shift on the clock transition that arises from the lattice laser:

i 1 Ud..
Al/é?ct)zlkce = (a (Vlatticc - VEl) - b) (navg + 1/2) (Cl — 5C> trap
2 Erecoil
3 Ud.
- <CL (Vlatticc - VEI) - Zd(Qng‘,g + 2navg + 1)) Clﬁ
3/2
1.\ Ut
d(2n,y 1 v i
" ( " g+ ) <<C1 * 2 <> Erecoil
Ubey | . |
—d| (1 +60) ——] - (reprint of Equation 2.71)
Erecoil

The goal of our experiments is to determine the variables a, b, d and vE1. This
can be done by systematically varying the parameters viattice, Nave and U&ap
and measuring the resulting clock transition shift.

The lattice laser frequency viastice 1S frequency locked to a frequency comb
with a delay-line lock[22] and can be varied by changing the lock point.

The parameter n,,; describes the axial energy level and can only be accu-

ratly varied between n = 0 and n = 1 by running the clock in inverted mode
as explained in Section 4.4.
Utorap is the peak trap depth at the radial center of the lattice beam and can
thus be varied by changing the lattice laser intensity. The two last parameters
in the model ¢; and 6¢ are introduced to account for the radial motion of the
atoms by averaging over the radial positions but in the experiments presented
here we do not purposely vary these.

Close to the E1 magic frequency the resulting light shift from varying the
lattice frequency, lattice intensity and nay, will only shift the clock transition

47
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frequency on the order of one to hundreds of millihertz. It is therefore easier
to measure the frequency of the AOM controlling the clock laser than the
frequency of the clock laser itself since the clock transition is on the order of
hundreds of terahertz. However, since the clock laser is pre-stabilized to a
reference cavity which changes slowly over time the AOM has to continuously
correct for this to keep the clock laser resonant with the atomic transition.

One solution is to build two identical clocks using two independent clock
lasers stabilized to the same cavity. If we then calculate the difference be-
tween the AOM frequencies of the two clock lasers the cavity change would be
identical for both of them and thus disappear.

Instead of building two clocks we could run a single clock and apply the
correction calculated for shot 1 to shot 3, and the correction calculated for
shot 2 to shot 4. If the short term drift of the cavity between two shots is
negligible we can calculate the frequency difference between the even and odd
shots and any long term cavity drift will again be common and disappear. This
way of locking the clock laser twice but independently to the atoms is called
interleaved measurement.

We run one ’collection’ of shots one set of parameters, and another collection
with another set of parameters. The frequency difference between the two
collections is then the difference in light shift predicted by the light shift model
for the two sets of parameters.

Some of our measurements expand on the idea of interleaved measurements
and run 4 collections at a time. We then run two sets of parameters with both
a high and a low atom density. Because a higher atomic density increases the
chance of having more than one atom per lattice site we can use the frequency
difference between a high density and low density measurement to determine
any shift caused by collisions.

An illustration of how the interleaved measurements are performed can be
seen on Figure 5.1 where each color represents a set of parameters. The black
line is the order the measurements are done in, while the colored lines represent
how the data is connected.

The experimental data was taken in 6 groups with two or three days of
measurements in each group. Between groups many of the lasers were powered
down and realigned before the beginning of a new group.

The first two groups focused on measuring the resulting frequency shift be-
tween having n = 0 and n = 1 at low peak trap depth at multiple different
lattice frequencies around the magic frequency. Under these operating condi-
tions the light shifts will be dominated by the first term in the light shift model.
Varying n is therefore a good way of determining the multipolarizability b.

The multipolarizability measurements were conducted in ”inverted” mode,
as described in Section 4.4, in order to obtain n = 1. The clock pulse was
using the Rabi scheme with a pulse length of 300 ms and the settling pulses
described in Section 4.3 were not implemented when these measurements were
taken. The timing diagram for these measurements is Figure 4.18.

The last four groups were used to vary the peak trap depth over a large
range from 85 Flecoil 10 650 Fleconl at 7 different lattice frequencies. At high
peak trap depths the light shift model will be dominated by the last term which
makes it easy to determine the hyperpolarizability d. By varying the lattice
frequency we also get a good estimation of a.
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Figure 5.1: An illustration of how the interleaved measurements are done. FEach
color represents a specific set of parameters. The black line represents the order the
measurements are done in, while the colored, dashed lines represent the order they are
split into when analysing the data.

Group Parameter Probe Probe Operation
Date . o .
nr of interest timings mode
1 Aug 15-16 . C Rabi e ,
9 Aug 27-29 Multipolarizability excitation 300 ms inverted
3 Nov 09-10
71 = 38.6 ms
4 Nov 18-20 N Ramsey B ] , . ,
5 Nov 21-23 Hyperpolarizability excitation 77_’ = 125104mnb1S non inverted
6 Nov 24-26 S

Table 5.1: Owverview of the 6 groups of measurements performed to determine the
variables of the light shift model.

These measurements were not done in ”inverted” mode and used the Ram-
sey scheme with the first pulse being 38.6 ms, the dark time being 150 ms, and
the second pulse being 21.4 ms. The timing diagram for the Hyperpolarizability
measurements is seen on Figure 4.17.

As mentioned earlier the peak trap depth can be changed by controlling
the lattice laser intensity. This was controlled by software by changing the
lock point of the lattice power feedback control mentioned in Section 4.1. Due
to the issues mentioned in the same section this does not necessarily keep the
lattice intensity in the vacuum chamber constant, so to determine the actual
lattice intensity we make use of the relation between trap depth and intensity
mentioned in Section 2.2 and take a spectrum which is broad enough to capture
the sideband structure. By analyzing the sideband spectrum we can extract
not only the trap depth Uyap but also the average energy level n,y, and the
intensity reduction parameters ¢ and 0¢. This is detailed in Section 5.3.

To precisely measure the frequency shift arising from varying the parameters
we must average over many repeated measurements to decrease the statistical
uncertainty. The analysis of a frequency shift measurement is presented in
Section 5.2.



50 CHAPTER 5. ANALYZING THE DATA

5.2 Interleaved measurement analysis

We do interleaved measurements to determine the frequency shift arising from
varying different parameters in the light shift model, namely the trap depth
Uy, the vibrational level n and the frequency of the lattice vjattice-

This section will go through the data analysis of a measurement that used
four trackers: two at a low trap depth of 82 F...oi but at two different atom
numbers, and two at a higher trap depth of 330 Eyecoi also with different atom
numbers. We ran a high and low atom number version of the same set of
parameters because this allows us to estimate the collisional shifts which the
light shift model does not take into account.

As explained earlier we do not measure the absolute frequency of the clock
transition but rather the difference between two ’collections’ of shots. This
means all frequency shifts are measured relative to some set of parameters
which we try to keep constant over all the measurements. The low trap depth
measurements are denoted the reference point and the high trap depth are
denoted the measurement point. For the measurements that varied the vibra-
tional level n instead of the trap depth, the reference point is n = 0 and the
measurement point is the n = 1.

5.2.1 Measurement scheme

The clock states 'Sy, and 3P, have two magnetic substates mp = j:%. By
using 7 polarized light we can target either the 'S, mF% 3Py, mF% or the
LSy, mp — % 3Py, mp — % transition which are separated by ~ 340 Hz during
interrogation due to the bias B-field.

In order to cancel out any first order Zeeman shifts arising from variations
in the magnetic field, we measure both Zeeman transitions, alternate between
the two sides of the fringe, creating a 4-step cycle on top of the interleaved
measurement scheme. This is illustrated on Figure 5.2 and Figure 5.3.

A Step 1 [\ Step 2 Step 3 [\ Step 4
Rl [| Step p3 [\ Step

I I I >
= f Zeeman 0 . +f zeeman
Detuning

Figure 5.2: The cycle of 4 shots that each tracker repeats. This probes the left and
right side and the two Zeeman substates alternating.

A plot of the raw data can be seen on Figure 5.4, where the blue points are
the frequency correction applied to the clock laser AOM and the green points
are the atom number. If something happens that causes the clock laser to
not lock to the atomic frequency, we remove those datapoints. For the large
gap in this dataset the ultra stable cavity which the clock laser is locked to
became unstable. The clock kept repeating shots but failed to lock to the
atomic transition. As no parameters or environmental factors changed during
the missing time we assume that the conditions before and after the missing
time were identical and stick the two sets of data together.
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Figure 5.3: The interleaved measurement scheme, with the 4-step cycle included for
clarity. In this example we run 4 collections at the same time, but it is possible to
run fewer.
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Figure 5.4: The raw data from a clock measurement. The blue points are the fre-
quency corrections applied to the clock laser AOM and the green points are the clock
laser AOM frequency. The points are split into two bands, one for each Zeeman
substate. The green points are the atom number.

The AOM frequency is split into two bands because we alternate between
measuring the two Zeeman components. Each of the two bands are in turn
split into two bands, one for each side of the fringe. We separate the raw data
into independent collections of shots and remove all shots that have too low or
too high excitation probabilities because there always is a small loss of contrast
limiting the range of excitations we can expect to measure.

5.2.2 Determining the frequency of a collection of shots

From the measured excitation probability P we can calculate the detuning of
each shot from the Zeeman substate resonance. This is done in two different
ways depending whether we used the Ramsey or Rabi scheme for interrogation.

For Ramsey interrogation we invert the expression for Ramsey excitation
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so it becomes a function of excitation probability:[23]

P = cos (27 A feroekT) , (5.1)
1 —1
Afclock = ﬁ CcOS (2P — 1) (52)

which is only good for small detunings. Here T is the time between the begin-
ning of the first and the second 7 pulse. The Ramsey line shape for 7' = 180 ms
is plotted as a blue line on Figure 5.5 with the inverse plotted in green on top.

For Rabi interrogation it is a bit more tricky since the Rabi excitation
probability is not easily invertible:

\/(271’Afclock)2 + Q2
T
2 )

Q
(27TAfclock)2 + Q2

(reprint of Equation 2.11)
Instead we use interpolation to construct a model which is the inverse of P:

Afclock(P) = ]:(P) (53)

The interpolated function is plotted with green on Figure 5.6 on top of the line
shape for a Rabi pulse of 7 = 300 ms.

1.00
0.75
a2 0.50
0.25
0.00

4 -2 0 2 4 6 8
Af('lock [HZ] Af(-lock [HZ]

Figure 5.5: A plot illustrating the inverse Figure 5.6: A plot illustrating the inverse
Ramsey line shape (green) on top of the Rabi line shape (green) on top of the Rabi
Ramsey line shape (blue) with T = 180 ms. line shape (blue) with T = 300 ms.

Using either the inverse Ramsey or Rabi excitation equation we can cal-
culate the detuning from the excitation probability in two different ways de-
pending on what side of the fringe we measured. By combining this with the
measured AOM frequency we can calculate the line center of the resonance:

fline (54)

center

) faom — Afcoek (P)  Step 1 and 3
faom + Afeock (P)  Step 2 and 4

This can be seen on Figure 5.7 where the crosses are the measured AOM
frequency (faowm), the numbers represent the measured excitation probability
P and the dots are the calculated fiine . Note that the the y-axis of Figure

nter
5.7 is broken half way. This is done tcg iﬁustrate both of the Zeeman substates

on the same plot. The calculated fin. are always centered between the faom
center

points because the latter measure the side of the fringe and not the center, as
explained in Figure 5.2.
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Figure 5.7: A plot of the measured AOM frequency (cross) and the calculated Zeeman
line center frequency (dot). The numbers are the measured excitation probability P
for that shot. The dashed lines are the linear interpolation to the calculated Zeeman
line center for each group of points.

We now use the four points to calculate the center frequency, i.e. the AOM
frequency that would have been required to make the clock laser resonant with
the transition if there was no magnetic field and thus no Zeeman splitting:

(1) (2) (3) (4)
1 line + fline line + fline

center center center center
+ (5.5)

fcenter = 5 9 9 y

but because the shots are taken consecutively we first interpolate between the
points. This can be see as the four dashed lines in Figure 5.7. With these
interpolations we can then calculate the center frequency:

RN w+R2 ) RY O+FY @

fcenter(t) — center center + center center ; (56)

2 2 2

where F(t) represents the interpolation function for step 4, evaluated at time
t. By interpolating we get a calculated feenter for each shot as illustrated in
Figure 5.8.

By calculating the mean of the Zeeman line centers for every point indi-
vidually we cancel out any fluctuations or variations in the magnetic field that
might cause the Zeeman splitting to change over time.

Figure 5.9 shows the calculated feenter for the entire data set. The slow
change over time is due to the length of the stabilizing cavity changing, and
is what prevents us from using this calculated value to determine the clock
transition frequency.

5.2.3 Comparing trackers

As explained earlier we do interleaved measurements to combat the exact prob-
lem with the drift seen in Figure 5.9. By looking at the difference between the
calculated center frequency for the reference point shots and the measurement
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Figure 5.8: The calculated feenter based on the interpolation of the Zeeman line
centers.
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Figure 5.9: The calculated AOM frequency needed to make the clock laser resonant
with the atomic transition in the absence of any magnetic fields.

points shots we can determine the frequency shift:

diff meas ref

clock — Jcenter — Jcenter* (57)

Since the shots of the two trackers were taken at different times we interpolate
again, but this time only for the reference data:

diff d f
clt)ck(ti) = cearftaeri - Fggmter(ti)’ (58)

where the subscript i refers to the i’th time stamp of the measurement tracker.
The clock frequency difference between the low density reference tracker and
the low density measurement tracker is plotted on Figure 5.10 where we see that
the cavity drift is no longer visible. By averaging over the entire measurement
period we find a mean clock frequency difference of:

(fOH ) = 215.1 mHz (5.9)

To help estimate the uncertainty of the measured frequency difference, we
calculate the overlapping Allan deviation as recommended in [21]. The Allan
deviation is a two sample variance, which separates a time series into M bins,
each of a length 7, and calculates the average difference between adjacent bins.
The overlapping Allan deviation differs from the normal Allan deviation by
creating additional bins by changing the starting point of the first bin. This
can create m extra bins, where m is one less than the number of points in each
bin, as illustrated on Figure 5.11 taken from [21].
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Figure 5.10: The difference in AOM frequency between two trackers. Since the
cavity drift is common for both trackers the frequency difference must come from the
difference in operating parameters for the two trackers. For this data the reference
shots used a trap depth 82 Fiecon and the measurement shots used a trap depth of
330 Erecoil-
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Figure 5.11: An illustration of Overlapping Allan deviation compared to the normal
Allan deviation. Taken from [21].

The overlapping Allan variance, which is just the square of the Allan devi-
ation, can be calculated by:

1 M-—2m+1 [j+m—1

jH

where (f), is the average of bin k. Figure 5.12 contains a plot of the overlapping
Allan deviation of the data in Figure 5.10.

The error bars, which represent the 68% confidence interval, are calculated
by first estimating the degrees of freedom, which varies depending on noise
type. For white frequency modulation noise a good approximation is[21]:

L (3(M) M —1)\ 4m?
do£_< om  M+1 ) dm?+5 (5:11)

The confidence interval can then be calculated as:

dof

o g2 dof
™3 (p, dof)

(1= p,dof) (5.12)

and opmax = o]%
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where x?2 is the chi-squared distribution, and omin and omax are the lower and
upper values o at the confidence limit p.

The Allan deviation is an excellent tool to determine the stability of a mea-
surement and is therefore widely used when analyzing the data from clocks.
For our purpose we wish to average over many repeated measurements to de-
termine the measures frequency shift as accurately as possible. In order to do
so we need to be certain the measured shift is stable in time and the Allan
deviation in Figure 5.12 tells us exactly that.

We see that from 7 = 40 and onward the Allan deviation seems to follow a
# slope and even though the last few points in Figure 5.12 behave strangely,,
the uncertainties are also so large that it is difficult to make any definite claims.

When analyzing the frequency differences from the rest of the data sets
we see a change in the day to day stability where measurements taken on the
same day show very similar stabilities. We therefore find a region in the Allan
deviation that seems representative of the stability on that given day, and use
this to extrapolate the final uncertainty.

For this data set (and the others taken together with it) we choose the region
from 7 = 60 to 7 = 300 and make the assumption that the clock stability will
improve as # from here. This is marked by the dashed line in Figure 5.12.

When extrapolating to the full measurement length we get an uncertainty
of 12.5 mHz, leading to a frequency difference between the low density reference
tracker and the low density measurement tracker of:

(fof, ) = 215.1 mHz + 12.5 mHz. (5.13)
100 L ol T, !
Y sof e A s
E 30p i
€ 10k LEaE!
SE =
1 L il sl L
1 10 100 1000

Figure 5.12: The overlapping Allan deviation plot of the data in Figure 5.10. The

dashed line indicates a # slope.

5.2.4 Correcting for collisional shifts

As mentioned earlier we assume that the collisional shifts are linear in atom
number and correct for them by running a high density and low density version
of the two parameter sets being investigated.

The frequency difference between the high and low density versions are
summarized in Table 5.2. By assuming the collisional shifts are linear in atom
number we calculate a correction for both the low trap depth (ref) and high
trap depth measurement (meas). To apply this correction to the frequency



5.2. INTERLEAVED MEASUREMENT ANALYSIS 57

Trap Clock frequency Atom Collisional shift
depth difference number correction

Low 30.3 mHz £ 6.2 mHz 233 vs 104 24.99 mHz 4+ 2.0 mHz
High 11.8 mHz + 8.0 mHz 218 vs 85 7.5 mHz + 1.7 mHz

Table 5.2: The result from comparing low atom number and low trap depth with
high atom number and low trap depth (Low) and comparing low atom number and
high trap depth with high atom number and high trap depth. The last column shows
the extrapolation to zero atom number.

difference between the two measurements we must add one and subtract the
other:

< clock> < é?oe(?ks> < Clock>

( é{]:gl: h(fictlon) - (<fgleofck> + ég‘;‘;ection)
(215.1 mHz + 7.5 mHz) — (0 mHz + 24.99 mHz)
197.7 mHz (5.14)

And the uncertainties add in quadrature:

0gan = /1252 + 1.7 + 2.0> mHz = 12.8 mHz (5.15)

clock

The final result of the collisional shift corrected frequency difference measure-
ment for this data set is then:

(fof ) = 197.7 mHz £ 12.8 mHz (5.16)
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5.3 Sideband spectrum analysis

To determine the parameters Utorap, Nave, ¢ and 6¢ we take a spectrum wide
enough to resolve the sidebands.

For the atoms trapped in a lattice we expect a spectrum like the one in
Figure 2.7 (reprinted on page 59).

The data of such a spectrum can be seen on Figure 5.13, where the black
points are the excitation probability P and the green points are the total atom
number. We have removed all points with an atom number below a certain
threshold! because this is due to technical issues preventing us from succesfully
loading atoms into the lattice. The data is then binned in frequency and
smoothed by a symmetric moving average filter with a width of three bins.

We see that while the carrier in Figure 5.13 looks like the carrier in Figure
2.7, the red and blue sidebands look significantly different both in width and
in height.

08 1 1 1 1 1 1 1 1 1 1 1 1 _ 1350 E
0.6 |- x . . 1250 24
o 04} = - 1150 3 1=
S 1050 3
0.2 | S g - ] 950 gg
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Detuning [kHz] Detuning [KHz]

Figure 5.13: The raw data binned in frequency and with a moving average filter
applied. The data points with atom numbers below the threshold have been removed.
The error bars represent the standard deviation of the points in each bin.

As the peak of the red sideband is much lower than the peak of the blue
sideband, it indicates most of the atoms are not able to make a transition to a
lower vibrational ground state. This means we must have more atoms in n = 0
than in n = 1,2,3..., which is to be expected because the spectrum in Figure
5.13 is taken on a sample of atoms which have been cooled by the resolved
motional sideband cooling technique described in Section 4.3.

As evident of the nonzero excitation probability in the red sideband not all
atoms are in n = 0. Since it is evident that only a small fraction of the atoms
are in n > 0 we can estimate the average vibrational level n,y, by comparing
the area of the blue and red sideband:

Ared

avg — . 1
fave Aplue (5.17)

Also, the width of both the red and the blue sideband in Figure 5.13 is much
wider than expected from Figure 2.7 and has a shape that extends inwards
towards the carrier. This is due to the atoms only being tightly confined along
the lattice axis as explained in Section 2.2.2 which leads to the axial trap

IThis threshold is determined individually for each spectrum and is for this data 200
atoms.
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Figure 2.6: An illustration of excitation Figure 2.7: Spectrum of the sideband ez-
of the atom in an optical lattice well. The citation for an atom starting in n = 1.
atom starts in n = 1 and can be excited (From page 14)

to three different final vibrational states

depending on the frequency of the laser.

(From page 14)

frequency changing with the atoms radial movement in the lattice because the
instantaneous trap depth changes:

Erecoil Utrap
h h

where we have rewritten Equation 2.23 from angular frequency wr to frequency
v to match the units of the raw data.

The highest trap frequency in the sideband represents the peak trap depth
Ugap, and since the trap depth decreases symmetrically for atoms with a radial
position on either side of the center the sideband in asymmetric.

All the sideband spectra used in our measurements are taken with a pulse
length of 1 ms which is short enough to allow us to sample the distribution of
radial positions which means the shape of the sideband contains information
about the distribution of radial energies.

(5.18)
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Figure 5.16: The data fitted with Equation 5.19 to the excitation probability P (black
line) and Equation 5.20 fitted to the atom number (red line). The numbers on the
right hand side are the parameters from the two fits. Npkg is the atom number in the
absence of any losses.
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5.3.1 Estimating the recovered fraction

As explained in Section 4.4, some of the excited atoms are lost when they are
repumped to the ground state for detection either because they get heated
by scattering or because they end in 3P,. During measurements we assume
that only a fraction of the excited atoms are recovered and factor this into the
calculation of the excitation probability.

By looking at the correlation between the excitation probability and the
atom number we can determine the exact fraction of lost atoms. We do this
by first modeling the excitation probability of the carrier with a Lorentzian of

the form: 1
Plv) = AP———— + Pig, (5.19)

14+ ((Va;’o))

The background Py, is not fitted but set to the expected value of zero.
We then use our model P to correlate the relative excitation probability to
the atom number by fitting the atom number with:

(P(v) — Poxg)
AP

where the peak atom loss AN and the background Ny, are free parameters.
The fit can be seen on Figure 5.16, where the black line is the fit of Equation
5.19 to the excitation probability P, and the red line is the fit of Equation 5.20
to the atom number. The parameter values from the two fits can be seen on
the right hand side of Figure 5.16 and show a correlation between low atom
number and high excitation probability.

The measured number of atoms in the excited state can be expressed as the
total measured atom number multiplied with the calculated excitation proba-
bility:

N(l/) = AN + Npkg, (5.20)

Ne = Ntot . P (521)
Because of the loss during repumping this could also be expressed as:
N, = P . N™e. R (5.22)

where P%™"¢ is the true excitation probability, Ng¢ is the true total atom
number, and R is the fraction of atoms that were repumped without being
lost. Using these two equations we can write up four equations, two for the
atom number at the peak of the carrier, and two for the atom number at the
background far away from the carrier:

Ne = NP = Ptrue.Ntrue‘R
At peak Pl 2 pk ™ Tk ey Artrue (5.23)
Ny:Npk'(l_Ppk):(l_Ppk ) N
Ne = N, . P — Ptrue . Ntrue ‘R
At background - Phe "7 ble bke . . (5.24)
Ng = Npkg - (1- Pbkg) =(1- Pblrclée) - vEme

Here Pox = AP + Piog, Npk = AN + Ny, Ne is the number of atoms in the
excited state and Ny is the number of atoms in the ground state.

We can then isolate R in this set of equations to find an expression for the
recovered fraction:
Nikg Pokg — NpkPpk

R = ,
Npk + Noke Pokg — Nokg — NpiPpk

(5.25)
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For the data plotted in Figure 5.16, we find R = 0.73 which fits nicely with
the visible drop in atom number around the carrier.

To reduce the effect of measurement noise, we average over all the calculated
R for all the sidebands taken in a single group of measurements, and use this
average to correct all the sideband spectra. The sideband spectrum analyzed
here is chosen because it has a large, visible loss in atom number. It illustrates
well how the loss correction is performed but is not part of the final data
analysis. For the sideband data which we do use we commonly find R, ~ 0.9
when averaged all the sideband spectra in a group.

The correction is applied across the entire spectrum, by correcting the ex-
citation probability P and atom number N:

b N
corr = Ng TN /Ravg
Neorr = Ne/Ravg + Ng (526)

The corrected data is then split into three parts: The blue, and red sideband
data where the carrier contribution has been subtracted, and the carrier data
itself.

The splitting of the data is plotted on Figure 5.17 were the black points
are the data, the black line is the Lorentzian carrier fit and the red and blue
points are the respective sideband data points with the carrier fit subtracted.
In the plot of the atom number we no longer see a drop around zero detuning.
There is still a visible loss of atoms around 40 kHz which we will take care of
later.
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Figure 5.17: The sideband data, split into carrier and red and blue sidebands. The
red and blue points are the corrected data points with the Lorentzian carrier fit sub-
tracted.

To get the parameters nayg, U&ap and the radial energy distribution from
which we can calculate ¢ and 6¢ we must model the sideband spectrum. This
has previously been done by a method based on [4], but we present a different
approach in the following sections.

5.3.2 Fitting the sidebands

We start by modeling the blue sideband by using a simple, but computationally
heavy, technique to fit the blue sideband by simulating virtual atoms with
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different radial positions and calculating the resulting spectrum from this. The
advantage is that we require no assumption of the distribution of the atoms.
Placing virtual atoms at different radial energies is akin to assigning them
different instantaneous axial trap frequencies v or placing them at different
detunings in the sideband spectrum.

To estimate the contribution to the total spectrum from a single virtual
atom we need the Rabi frequency. This can be found from the Rabi frequency
of the carrier? modified by the matrix element dealing with the vibrational
states (see Equation 2.37):

in(a’+a _1,2 ne! . n n
Qs (ne, An,n) = Qo(|e(*' *)|n) = Qce# = ) LAY (i),

(n< + An)
(5.27)

where 7 is the Lamb Dicke paramter:

|EP__
— [ Zrecoil 5.28
7 T (5.28)

Q¢ is the carrier Rabi frequency found from the width (W) of the Lorentzian
fit:
W = Qc. (5.29)

This equation is accurate in the regime where there is no dampening due to
the long lifetime of the excited state, but where we still drive the atoms into
saturation with an ~ 57 pulse.[13].

Over all the sideband spectra we have taken at different lattice intensities,
we see axial trap frequencies ranging between 20 kHz and 100 kHz. This
leads to Lamb Dicke parameters between 0.19 and 0.41. With a carrier Rabi
frequency of 27 -1.63 kHz we can estimate the sideband Rabi frequencies from
Equation 5.27:

Qgp ~ 27m-220 Hz at 100 kHz,
Qsp ~ 2m-360 Hz at 40 kHz. (5.30)
This means that while the carrier might be saturated by a 1 ms pulse the

sidebands do not. We can also estimate the radial trap frequencies at the waist
by rewriting Equation 2.43 from angular frequency:

. 202
radial trap
=\ = - 5.31
vr 7(2matom W(Q) ( )

Note that this depends not on the instantaneous axial trap frequency but rather
on the peak axial trap frequency (v%) which ranges from 40 kHz to 100 kHz.

012
With wo = 44 pum, Matom ~ 2.3-1072° kg and Utorap = ZEZVT),l the radial trap
frequency gives: 4

viadial 900 Hz  at 40 kHz,
viadial 500 Hz  at 100 kHz. (5.32)

2This is possible because the electronic dipole matrix element is identical for the carrier
and the sidebands.
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which means they move significantly during our 1 ms pulse. Since the atoms
are both moving radially during the pulse and have a very low sideband Rabi
frequency we cannot use the Lorentzian line shape from Equation 5.19 or the
pure Rabi excitation (Equation 2.11) to model the spectrum of a virtual atom.

The radial movement is slow enough that the atoms will not oscillate back
and forth multiple times. We can therefore picture it as atoms moving either
into the center of the trap, or away from the center of the trap. Since the
sideband Rabi frequency they perceive is larger the further they are away from
the trap center, we model the excitation of the atoms as if they interacted with
a shorter pulse, in this case half as long;:

2
Q VA2 4+ Q2
Prodel (A, Qsp, 7) B sin <+SBT> (5.33)

=-———-5"5
A? 4+ Q2 2 2

where 7 is the pulse length of 1 ms and A is the detuning. The spectrum
contribution for each virtual atom is then calculated from Equation 5.33 with:

Erccoi
A=v—(vpr— N 1)

Erecoil
hI/T
7 =0.001s (5.34)

ne=0 An=1 n=

where vr is the instantaneous axial trap frequency, corresponding to the har-
monic potential felt by the virtual atom. We assume initially that all virtual
atoms are in n = 0 and subtract one unit of Fiecoi in the detuning because
of the anharmonic correction, as described in Section 2.2.1, since this is the
effective axial trap frequency of the virtual atoms.

The next part describes the computational steps done to model the sideband
spectrum.

Placing the virtual atoms

The first virtual atom is placed at the frequency corresponding to the largest
observed excitation probability of the sideband, with the consecutive ones being
placed randomly inside the sideband. We limit the number of initially placed
virtual atoms to 10-20 based on the width of the sideband. This is far less than
reality, but is limited to decrease the sensitivity to noise.

After each placement we sum the contributions from each atom over the
entire frequency range to get a model spectrum. The model spectrum after
placing two atoms can be seen on Figure 5.18a(i) where the blue points repre-
sent the sideband data. The thin green lines are the individual spectra from
virtual atoms placed at two different trap frequencies and the black line is the
combined spectrum from both atoms. Both the individual spectra and the
combined spectrum have been renormalized to fit the data.

We estimate the goodness of our model renormalizing the model spectrum
to fit the data and calculate the residual sum of squares between the two.
Figure 5.18a(ii) shows a plot of the residuals. We reject the placement of new
atoms if the sum of squares increases and continue to try to place atoms.

Figure 5.18b(i) shows the result of placing four virtual atoms. Note that
the individual contribution from each virtual atom decreases as more atoms



64 CHAPTER 5. ANALYZING THE DATA

0.05
0.00
~0.05
-0.10
-0.15
0.05
0.00
~0.05
~0.10
-0.15
0.05
waww%gzagiwu&-aoo
% 4-0.05
{-0.10
{-0.15

Residuals

Residuals

X%

Residuals

20 25 30 35 40 45 5020253035404550
Detuning [kHz] Detuning [kHz]

Figure 5.18: These figures show the procedure of simulating virtual atoms with
different trap frequencies to model the blue sideband. The blue points are the data
points, the thin green lines are the spectra from the individual virtual atoms and the
black line is the combined spectrum from all the virtual atoms. The black lines have
been renormalized to match the data. a(i) shows the model with only two virtual
atoms. The residuals in a(ii) is used to estimate how well our model fits the data.
b(i) shows the model after placing four atoms. We see that b(ii) models the data better
with four atoms. c(i) shows the spectrum after placing all the atoms. The model now
fits nicely which is also evident from c(ii).
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Figure 5.19: After placement the trap frequency of the virtual atoms are randomly
moved around in order to optimize the model. This plot is after the optimization
stage. The black line in (i) is the combined spectrum from all the virtual atoms,
renormalized to match the data.
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are added. The residuals seen in Figure 5.18b(ii) show some improvement over
using only two virtual atoms.

The model spectrum after finishing placing the atoms can be seen on Figure
5.18¢(i). Now the combined spectrum (the black) models the data much better
which is also visible in the plot of the residuals in Figure 5.18c(ii). By looking
at the thin green lines in Figure 5.18¢(i) we see how the distribution of virtual
atoms influence the combined spectrum.

Optimizing the placement

After the initial placement of atoms we optimize the model by ’wiggling’ the
trap frequencies (vr) of the virtual atoms. This is done by moving the trap
frequencies of all virtual atoms, simultaneously, one small frequency step in a
random direction.

If the sum of squares show that the steps improved the model, the virtual
atoms keep their new trap frequencies and take a new random step from there.
This process continues until the sum of squares has converged, at which point
the model fits the data better as evident of the plot on Figure 5.19i. We also
see a clear improvement in the residuals going from Figure 5.18¢(ii) to Figure
5.19ii.

Because our method works by summing over many tiny contributions we
have a large number of degrees of freedom. This makes it possible to fit any
type of underlying distribution, but also makes the model very susceptible to
noise. We minimize the risk of optimizing to noise by limiting the number of
virtual atoms, thus ensuring that the contribution from each virtual atom is
larger than the average noise.

Estimating the loss in the blue sideband
As the blue sideband corresponds to an increase in vibrational level n, there
is some atom loss due to atoms with a high radial energy not being confined
for higher axial n. We are still able to excite these atoms on the sideband
transition because the radial motion of the atom is very slow compared to the
axial motion. Therefore the atom is ’bound’ while near the center of the trap
while becoming 'unbound’ once it moves radially away. While the atom is
'bound’ it can be excited to a higher axial vibrational level. This is further
complicated by the fact that the lattice is tilted 15 degrees to gravity. This
causes the trapping potential to be lower on one side compared to the other.
To estimate this loss, we use the same method as we did with the estimated
repump loss previously. This time we already have a model fitting the blue
sideband, so we can fit the atom number with:

Prodel (V)

N(v)=AN- AP

+ kag- (535)
where Ppodel is our model spectrum and AP = max(Ppodel). A plot of this fit
can be seen as the red line on Figure 5.20, where the solid blue line is the model
spectrum. We now calculate R exactly as before, and once again average over
all the sideband spectra taken under similar conditions. We do not correct the
entire spectrum but only the data points which lie inside the blue sideband.
Compared to the other loss, this a physical effect that only applies to atoms
getting excited to a higher n level. For the data in Figure 5.20 R is found
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Figure 5.20: The blue sideband model (blue line) on top of the data points (blue
cross). The correlation between the sideband model and atom number (green) is fitted
with Equation 5.35 and plotted as the red line. It clearly shows that ezictation in the
blue sideband leads to an atom loss. The numbers are the parameters from the red fit.

to be 0.69 which corresponds to the drop in atom count seen around the blue
sideband in Figure 5.20. Note again that the losses in this data set are not
representative for the data used later. This data set is chosen because it clearly
illustrates the loss correction processes.

The correction of the loss in the blue sideband relies on the assumption that
the loss is identical for all n — n + 1 excitations, which is not completely true
because the energy difference between the higher n states is smaller making it
less probable that an atom ends in a semi-bound state.

We also assume that the loss is independent of radial energy even though
atoms with higher radial energy are more likely to get lost.

After correcting for loss we discard our previous model for the blue sideband
and create a new starting by placing new virtual atoms and optimizing the
placement of these.

Including n # 0

We now have a model for the blue sideband created under the assumption that
all atoms are in n = 0. As explained earlier we can get an estimate of nays by
comparing the ratio of the blue sideband area to the red sideband area. Here we
do this by reconstructing the red sideband from our virtual atom distribution.
We then renormalize the red sideband model so it fits the data. This can be
seen on Figure 5.21 where the red points are the data and the green lines are
the reconstructed spectrum from the virtual atoms. The red black line is the
rescaled red sideband model.

By taking the ratio of the red sideband model to the blue sideband model
we can get an estimate of n,ve. Since atoms in n = 1 will have slightly different
Rabi frequencies than atoms in n = 0 we must take this into account for the
blue sideband model. We do this by creating a new blue sideband model where
we assume that n.ye of the atoms are in n = 0 and 1 —n,y, atoms are in n = 1.

The blue sideband model is then calculated as:

Ptotal = navg : Pmodcl(A(O); Q(S(])g,a T(O)) + (]- - navg) : Pmodcl(A(1)7 Q(SlB)7 T(l))
(5.36)
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Figure 5.21: (i) shows the reconstructed red sideband used to estimate navg. The Ted
points are the data points. The green lines are the individual spectra from the virtual
atoms and the black line is the combined spectrum from all the virtual atoms. Both
the green and the black lines have been normalized to the data. (ii) is the residuals of
the model compared to the data.

where the first term represents atoms in n = 0 with the parameters:

A =y — (- Frset

Erecoil
hVT

70 =0.001 s (5.37)

n(<0) =0 An@ =1 pO =

and the second term represents atoms in n = 1 with the parameters:

Erecoi
AW =y — (vp -2 l)
h
Erccoi
n(<1) =1 AnM =1 M= N !
vy
1) =0.001 s (5.38)

Note that the resonance frequency for the sideband transition n =1 —n =2
is shifted an additional factor of Eccoi closer to the carrier due to the anhar-
monicity.

We then optimize the new blue sideband model by ’wiggling’ it around
once more and moving the trap frequencies of all the atoms in random steps.
Once this has converged we reconstruct the red sideband but assume the n,yg
distribution of atoms, and then calculate a new nayg.

This process of estimating 1.y and re optimizing the blue model continues
until n,ye has converged on a value.

Finally we end up with the model shown on Figure 5.22. The points are
the raw data and the red and blue lines are the sideband model. The black
line is the Lorentzian carrier fit.
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Figure 5.22: The full sideband model after optimizing for n.
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5.3.3 Extracting the operational parameters

The full light shift model described in Section 2.3 has five parameters of which
four (n,U3,,,,¢,0¢) can be extracted from our model of the sideband:

UO

trap

i 1
AV}:?(EZLCE = (a (Vlattice - VEl) — b) (navg + 1/2)\/<<1 _ 26C)

Erecoil
0

3 Ura
_ <a (Vlattice — VEl) — Zd(?nivg + 2navg + 1)) Cl trap

Erecoil
3/2
1\ Uia
+ d(2navg + 1) ((Cl + 25§> t<p>

Erecoil

2
UO
—d ((C1 + Q) trap) . (reprint of Equation 2.71)

recoil

The parameters we are able to get from the sideband spectra are averages
over all the atoms in the lattice. They will therefore enter Equation 2.71 as
averages which becomes a problem if the light shift model is non linear in a
given parameter.

Because we do resolved sideband cooling the average vibrational level is very
close to zero, making it is a reasonable approximation that the light shift model
is linear in n and we can therefore use the calculated n.y, as the vibrational
level number. This is also true when running the clock in inverted mode where
Navg 1S close to one, since that still makes the light shift model linear in n.

The peak trap depth UQ,. can be calculated from the largest axial trap

trap
frequency in our virtual atom distribution using the relation from Section 2.2:

Erecoil Utrap
h h
0 h2’/%2
Utrap B 4Elrecoil (539)

The parameters (; was included in the light shift model to express the
average trap depth as a fraction of the peak trap depth. But since the light
shift model is non linear in trap depth we later introduced d¢ to correct the
nonlinear averages.

Despite that the sideband spectra were taken with a pulse time too long
to freeze the radial motion, we still assume that the distribution of axial trap
frequencies represents the distribution of radial energies. (3 is then found from
the average of the relative trap depths of our virtual atoms:

_ 0
Utrap - Cl Utrap

wp =2 (Equation 2.23)

G=~ > Uirap. (5.40)
N &~ U3,

J

while ¢ is found as described in Section 2.3.1:

N . PL .
1 Utra 1 Ui
0 =C—( = NZ<UtO p) —NZUB P, (5.41)

trap j trap

J
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For the spectrum analyzed here we find the following parameters:

Navg = 0.119 Urap = 45.3 kHz

¢ =0.88 6¢ = 0.005 (5.42)
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5.4 Fitting the light shift model

Throughout the 6 measurement groups described in Section 5.1 we did a total
of 37 interleaved measurements. Each interleaved measurement used at least
two collections of shots® to measure the resulting frequency shift of varying
either the lattice intensity or the harmonic vibrational level at various different
lattice frequencies. To determine the parameters Utorap7 Navg, ¢ and 6¢ we took
sideband spectra and extracted the parameters as explained in Section 5.3.

Most of the measurements ran with two additional collections of shots to
determine and correct for collisional shifts.

The data for measurement group 3 is summarized in Table 5.3 while the rest
of the data can be found at the end of this chapter. The tables contain the time
of the interleaved measurement, the lattice frequency and the parameters from
the sideband spectra taken before and after the measurement. The parameters
are listed in two rows with the top row being the reference point and the bottom
row being the measurement point.

The frequency shift between the measurement point and the reference point
is then listed together with the uncertainty. The corrected frequency shift refers
to the collisional shift corrected frequency shift.

Some of the sideband parameters in Table 5.3 are identical from measure-
ment to measurement because the measurements were done right after each
other. The sideband spectrum describing the reference tracker parameters af-
ter measurement n is therefore also used to describe the reference parameters
before measurement n+1. This is only valid if nothing but the lattice frequency
is changed, since this has no influence on the sideband spectrum analysis.

As seen from the tables the parameters from the sideband spectra vary
slightly from the spectrum before compared to the spectrum after. This is due
to uncertainties in estimating the parameters or slow changes in the experi-
mental setup such as misalignments which decrease the lattice intensity. To
account for this we use the mean of the values before and after and assign an
uncertainty calculated as the uncorrected sample standard deviation. Because
we only have two points it can be calculated as:

o \/ (e = )"+ et = 1) .13

where (k) is the average and k = U}, Navg, ¢, 6C.

Table 5.3: Group 4 Nov 18-20 data.

Uattice Before/After Frequency Corrected
Date  (+394798000) Udap ¢ 3¢ Navg  shift frequency shift
[MHz] [Erecoil] - - - [mHz] [mHz]
Nov-18 Ref 792848 08lps1 0015011 907403
02:55 +309.0 Meas 167-%166.9 087086 9:0054.006 0-03/.04 —70.5+6.5 —62.6£6.7
Nov-18 Ref 86.14005 082481 00104017 002412
08:55 +309.0 Meas 201.6/992 079 77 0017417  0.044 59 —104846.2 —97.246.4

3.

— =
3 A reference point and a measurement point as explained in Section 5.2. continuing Table 5.
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Table 5.3 continued ...

Vlattice Before/After Frequency Corrected
Date (4394 798 000) Utorap ¢ 6C Nave shift frequency shift
[MHz] [Erecoil] - - - [mHz| [mHz|
Nov-18 Ref 859910 07%.80 20134010 015%.03
17:01 +309.0 Meas 53143542 0-80fgs 00124 419 0204 o7 —193.9+ 71 1399472
Nov-18 Ref 91.04887 080pg1 00104 012 0034 03
22:51 +309.0 Meas  465:6/904 087483  0.0064 ggg  0.034 g —198.5+7.9  —188.0£8.0
Nov-19 Ref 88.7093.4 08lhgo 00124012  0:034.01
03:57 +309.0 Meas 03446400 08% .86 00034 oo 0-0%.03 —200.9+6.6  —195.7+638

Using this data we can estimate the variables a, b, d and wg; from the light
shift model:

1

A . U n = 1 UCrE
Vél‘ggi‘ce ( trapy ""aves C? 5Ca Vlattice) - (a (Vlattice VEl) b) (navg 1/2)\/<<1 25C) E : il
a - _—— (1‘3,
< (Vlattice VEl) d(?n?}‘,g + 2’/7,an + 1)) Cl :ec P;

0 52
A2y + 1) <<c1 n ;54) Utp)

Erecoil

—d ((Cl +6¢) gtoap> . (5.44)

recoil

which predicts a frequency shift from an input of Utorap, Navg, ¢, 0C and Vagtice-
Since our measured frequency shifts are the difference between two trackers
and thus two sets of input parameters we can calculate the expected shift from
as:

_ lattice 0 lattice 0
Ay = Ayclock (Utrap7 navga Ca 6C7 Vlattice) - Ayclock (Utrap7 navg7 C; 6C7 Vlattice)

Meas Ref
(5.45)
where the "Meas’ and 'Ref’ refer to the parameters in the top and bottom row
of each input in Table 5.3. The lattice frequency was never varied between the
reference and measurement tracker and is thus identical for both.
By using the data from the 37 interleaved measurements we can estimate the
variables of the light shift model by finding the set of variables that minimize
the x%:

37 diff 32
X* = Zi(fi 5 Avi) : (5.46)

- O ¢ai
; Fa

where 7 denotes the i'th data point.

Doing this with the 37 data points and the parameters from the sideband
spectra, without taking the uncertainties of the parameters into account, yields
the results listed in Table 5.4. The table lists the results from using either the
uncorrected frequency measurements, or the measurements which have been
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corrected for collisional shifts. There is a reduction in the calculated x? when
including the collisional shifts, but because we only have 37 data points care
must be taken when interpreting the y?

First fitting With collisional shifts Without collisional shifts
Variable Value Uncertainty Value Uncertainty
o (42) 2534 0.25 2580  0.24
b (mHz) -1.36  0.36 129 0.32
d (uHz) -1.184  0.059 -1.306  0.055
vp1 (MHz) 394798263.1 1.2 394798260.5 1.1
X2 40.3 50.4

Table 5.4: Results from fitting the light shift model to the 37 data points with and
without the collisional shift correction. The uncertainties in the parameters Utorap,
Nave, C, 0C, Viattice are not included in this fit. With 37 data points and 4 fitted
parameters we expect a reduced chisquare 33.

The data points for the measurements in group 1 and 2, which focused
on varying n over a range of lattice frequencies at two different trap depths,
are plotted on Figure 5.23. The mean peak trap depth of the blue points is
89.2 Fecoil While for the red points it is 127.1 Eyecoil- The black points include
the collisional shift correction when available. If no collisional shift corrections
exists the black point is identical to the colored point.

The slope we see in this figure is expected because we only varied n and
kept the trap depth constant. Looking at Equation 5.44 and Equation 5.44 we
see that if the trap depth is kept constant only the first term including vattice
survives. This means the observed shift from varying n will have a slope in

lattice frequency proportional to a. The slope is also proportional to ,/Ugmp

which explains why the red points follow a steeper slope than blue points.
The plot only shows the data points as a function of a single parameter,
in this case the lattice frequency. In reality the points vary slightly in peak
trap depth (Utorap) and energy level (n,yg) from each other. The fitting model
takes this into account but it makes it difficult to draw a single line which
goes through all the points. The blue line uses the mean of the parameters as
input to the light shift model fit and plots it as a function of lattice frequency.
Similarly the red line uses the mean parameters from the red points. It is

therefore not expected that it agrees perfectly with the points.

Figure 5.24 shows the data points for the measurements in group 3-6 that
varied the trap depth at 7 different lattice frequencies. The colored points are
the frequency shifts without the collisional shift correction and the black points
include this correction. The lines are once again drawn by taking the mean of
the input parameters of all the points taken at a particular lattice frequency
and then plotting the light shift model as a function of peak trap depth.

Because these measurements vary the trap depth over a very large range
we see a quadratic behavior in trap depth as expected from Equation 5.44,
which makes the determination of d possible. By measuring the shift at similar
trap depths but with different lattice frequencies we can accurately determine
vg1. We see this from the second term in Equation 5.44 which contributes a
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shift that is linear in trap depth with a slope which depends strongly on the
detuning from the magic frequency. Because the points in the seven data series
are taken at the same trap depths, the changing linear slope must be due to
the detuning from the magic wavelength.

Note that the accessible trap depth range with the previous lattice setup
was from 70 Erecoit 10 160 Frecoil-

5.4.1 Including the statistical parameter uncertainties

The first fit we made to estimate the variables of the light shift model did not
take the error of the input parameters into account. With our first fit we now
have a model where we can take these uncertainties into account by assuming
that they are small enough to justify a linear approximation where we can use
the derivative to convert a parameter uncertainty into a frequency shift error:

OLSM
Ufk = 8]{7

Ok (5.47)

where k = Utorap, Navg, ¢, 0C, Viattice and oy is the uncorrected sample standard
deviation calculated over just two points as mentioned earlier except for Vjatsice-
The uncertainty on the lattice frequency is determined to be 100 kHz based on
observed beat signal between the lattice laser and the frequency comb line it
is locked to.

After propagating the parameter errors to a frequency uncertainty we add
it in quadrature to the existing frequency shift uncertainty.

The results from fitting the light shift model again, this time including the
statistical uncertainties of the parameters, can be seen in Table 5.5. The 2
has now decreased significantly and the reduced x? with 33 degrees of freedom
is now 1.00. This indicates that we have reasonably estimated the statistical
uncertainties of our measurements. Caution must be taken however, since we
only have 33 degrees of freedom the x? P value is 0.46. The P value is expected
to be 0.5 for a reduced x? of one, but the deviation in our case may be due to
the low number of degrees of freedom.

Second fitting With parameter uncertainties

Variable Value Uncertainty
o (H) 2528 0.29
b (mHz) 135 037
d (uHz) 1.164  0.071
vg1 (MHz) 394798 263.5 1.4
X’ 33.1

Table 5.5: Results from fitting the light shift model to the 37 data points including
the uncertainties in the parameters Utorap, Navg, ¢, 0C, Vattice-

A plot of the data points with the increased uncertainty can be seen on
Figure 5.25 and Figure 5.26 where the colored points are the data points with
only the measured frequency shift error and the black points include both
collisional shifts and statistical parameter uncertainties. The lines are drawn
in the same way as for Figure 5.23 and Figure 5.24. Since we have only included
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Figure 5.23: Data from the frequency shift measurements in group 1 and 2 after
the first fitting. The points show the shift arising from varying the vibrational level
between zero and one, at two different trap depths. The lines are the light shift model
fit plotted as a function of lattice frequency with the other input parameters being the
mean of the parameters of the corresponding points (blue or red). The colored points
are the raw frequency measurements and the black points include the correction due
to collisional shifts.
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Figure 5.24: Data from the measurements in group 3-6 after the first fitting. The
7 different series measure the shift between different trap depths at different lattice
frequencies. The lines are the light shift model fit plotted as a function of trap depth
for each of the 7 series. The other input parameters are the mean of the parameters
of the points taken at the same lattice frequency. The colored points are the raw
frequency measurements and the black points include the correction due to collisional
shifts.
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extra uncertainties only the error bars of the black points have increased while
their position has not changed.

5.5 The comparison with the previous values

The variables we have now determined for the light shift model only include
statistical uncertainties as we have not treated any systematic effects which
could affect the results. Nonetheless, we compare our values with the previous
values used in [14] in Table 5.6.

We see that our new values all agree with the old vales within the uncer-
tainty of the old values, and the precision of all variables but b have improved
by an order of magnitude. This is not a completely fair comparison since our
new values do not include systematic uncertainties while the previous values
do.

Variable New values Values from [14]

a (hﬁ) 25.28 40.29 21 +6

b (mHz) -1.35 £0.37 -0.6840.71

d (uHz) -1.164-£0.071 1.9 £0.8
ver (MHz) 3947982635 +£1.4 394798265 =+9

Table 5.6: Comparison of the new estimated variables of the light shift model com-
pared to those used in [14] and presented in Section 3.

We can also compare the contribution of our new variables under normal
operating conditions, i.e. the conditions used in [14]:

Utorap = 100(2) Erecoil C = 072(5)
Navg = 0.08(8) Vattice = 394 798 278(0.1) MHz

By using error propagation like we did in Section 3 we can estimate the con-
tribution from each of the variables. A comparison of the contributions from
the new values and the previous values can be seen in Table 5.7.

The large reduction in the contribution of the E1 magic wavelength is be-
cause the uncertainty is much lower. This is primarily due to the uncertainty
of d and a also being lower. As explained earlier, the magic wavelength can be
estimated by measuring the shift at similar trap depths over a range of differ-
ent lattice frequencies. The uncertainty of vg; will then be correlated with the
uncertainties of a and d.

With the new values the uncertainty contribution from 7.y, has increased.
The contribution to the uncertainty from na, is proportional to the partial
derivative of the light shift model:

HAleattice Ul Ul Ud, 5/
Tt = (0 (aico — V1) — 0) [ G+ nag 2 2 ()
(5.48)

Because a and d have both become larger (d has become less negative) and
b and vg; have become smaller, the contribution from n.. is expected to
increase. The same argument can be made for the increased uncertainty of
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Figure 5.25: Data from the frequency shift measurements in group 1 and 2 after the
second fitting. The black points now include the correction due to collisional shifts and
the added uncertainty from the input parameters. The points show the shift arising
from varying the vibrational level between zero and one, at two different trap depths.
The lines are the light shift model fit plotted as a function of lattice frequency with the
other input parameters being the mean of the parameters of the corresponding points
(blue or red). The colored points are the raw frequency measurements and the black
points include the correction due to collisional shifts and the added uncertainty from
the input parameters.

60 |-
40 |
20 |
op UL,
qg)-‘g 0 i — 1271 Erccoil
q!_') E m— 89.2 Ere(:nil
CG 20| I
—40 |
-60 | 1
_80"' o g o e b
—100 O 100 200 300 400 500 600
Nattice
+394 798 000 MHz [Mhz]
600
500
400
[ Wattice
300 +394 798 000 MHz
I — 176.9 MHz
—~ 200
oy _ e 211.0 MHz
SE 100 s 245.0 MHz
gE 3 s 279.0 MHz
v e 0 e 2925 MHz
~100 309.0 MHz
s 381.0 MHz
-200
-300
_400 I . " " " l " " l " L l L
0 200 400 600
Ut(i-ap [Emmil]

Figure 5.26: Data from the measurements in group 3-6 after the second fitting. The
black points now include both the collisional shift correction and the uncertainties from
the input parameters. The 7 different series measure the shift between different trap
depths at different lattice frequencies. The lines are the light shift model fit plotted as
a function of trap depth for each of the 7 series. The other input parameters are the
mean of the parameters of the points taken at the same lattice frequency. The colored
points are the raw frequency measurements and the black points include the correction
due to collisional shifts.
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magic frequency to determine a new operation point.

Coefficient New From [14]
a 0.54 10.09
b 3.51  6.74
d 0.60 6.81
¢ 198  2.64
Navg 201  0.85
VEL 4.87  26.01
UNattice 4.17 3.47
Un 1.67 043

The latter will however decrease when we use the newfound value of the

Table 5.7: Contribution to the fractional uncertainty from the lattice light shift model
with our new and with the old variables, given the experimental parameters used in

[14]-

5.6 Data tables

The data used to estimate the variables of the light shift model is presented

here. Each table represents one group of measurements.

Table 5.8: Group 1 Aug 15-16 data.

Date

Aug-15
21:40

Aug-16
02:45

Aug-16
05:32

Aug-16
08:17

Aug-16
11:28

Aug-16
12:26

Uattice
(4394 798 000)
[MHz]
+274.0
Meas
+284.0
Meas
+352.0
Meas
+206.0
Meas
+20 Ref
Meas
+546.0
Meas

Utap
[Erecoil]

89.4/91 1
85.9%97.9

92.1/95 1
89489 4

921951
89-4/89.4

92195 2
89.4/88.0

92299 2
88.0/88.0

92299 2
88.0/88.0

Before/After

¢ o¢
078479 00124 912
077060  90114.013
078478 00134013
078478 00114 011
0.784.78 00134013
078478 00114 011
078479 0-013/ 013
078478 0-0114 012
0.7%.79 00134013
078478 00124 012
0-7%.79 00134013
078478 00124 012

Navg

0.01/4 01
068/ 67

0.02/ 02
0-73/ 73

0.02/.02
0.73/.73

0.02/4.02
0.73/.62

0.024.02
0.62/4.62

0.024.02
0.62/.62

Frequency
shift
[mHz]

17.5£9.7

6.71+6.6

7.6£11.5

—0.2+10.1

—279+£11.0

46.9 £12.6

Corrected
frequency shift
[mHz]

13.6 £9.8

28£6.7

18.5£11.6

1.4+£10.1
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Table 5.9: Group 2 Aug 27-29 data.
Ulattice Before/After Frequency Corrected
Date (4394 798 000) Utorap ¢ o¢ Navg  shift frequency shift
[MHz] [Erecol] - - - [mHz] [mHz]
Aug-27 Ref 121%017 077077 001%,016  00%.06
01:54 +274.0 Meas 11784173 077477 00154014 074483 119434 121£38
Aug-27 Ref 32V12390  07%.76 001646017 0:0% 06
17:48 +266.0 Meas 1731310 0767 90144017 083476 195475 203+£76
Aug-28 Ref 123%19390  07%.76 001746017  0:064 06
12:47 +539.0 Meas 134%1340 067067 00174017 076476 66.2+7.6 )
Aug-28 Ref 123%1311 078071 00174026  0:064.12
18:05 -6.0 Meas 13401340 067067 001745017 076076 —68.0£1L.2 -
Aug-29 Ret 127%1276 07%.76 00185018 00%.05
01:10 +282.0 Meas 12431243 073473 00174017 07979 17x83 9.5+85
Table 5.10: Group 8 Nov 9-11 data.
Uattico Before/After Frequency Corrected
Date  (+394798000) Utorap ¢ e Navg  shift frequency shift
[MHZ] [Erecoil] - - - [mHZ] [mHz]
Nov-09 Ref 86.1885 08550 00114012 003405
01:16 +293.0 Meas 01776376 086 gs 0.0074907  0-064 g9 —13.6£84 —6.6£86
Nov-09 Ref 885847  080p.g2  0.0124 g99 0054 03
06:39 +293.0 Meas 4893498 0845 g3  0.0084 gp9  0-074 g7 —534£1L9 =510+ 120
Nov-09 Ref 836615 080080 001045017 00518
18:38 +293.0 Meas 51234434 07950 00134011 016429 —70.1£153  —51.94 154
Nov-10 Ref 874832 0840 00104011 00922
04:52 +293.0 Meas 20234365 080477 00134016 018433 —54.9£6.6 —388£7.0
Nov-10 Ref 82.6/90.7  079%.s0 90124012 991510
23:37 +293.0 Meas 199641800 087086 9-00%h 006  0-930.09 —46.3£5.2 —36.7£5.5
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Table 5.11: Group 4 Nov 18-20 data.
Uattice Before/After Frequency Corrected
Date  (+394798000) Utomp ¢ oC Navg  shift frequency shift
[MHz] [Erecoi] - - - [mHz] [mHz|
Nov-18 Ref 792848 08Ypg1 00114011 007403
02:55 +309.0 Meas 16761669 9870s6 00054006 ©09%0.04 —705+6.5 —62.6+6.7
Nov-18 Ref 861455  082f g1 00104017 0024 42
08:55 +309.0 Meas 2616/1992 07977  0-0174917 004499 —104.8+62  —97.2+6.4
Nov-18 Ref 859910 07%.80 90134010 015.03
17:01 +309.0 Meas 331443542 0804 gy 00124419 0204 o7 —193.9+ 71 1399472
Nov-18 Ref 91.0487 080pg1 00104 012 0034 03
22:51 +309.0 Meas 405-6/92.4 08783  0.0064 gog  0.034 g —198.5+7.9  —188.0£8.0
Nov-19 Ref 88.793.4 08lpso 00124012 003401
03:57 +309.0 Meas  34%610.0 088086 00934006  0-0%.03 —200.9+6.6  —195.7+638
Table 5.12: Group 5 Nov 21-28 data.
Uattice Before/After Frequency Corrected
Date  (+394798000) Utorap ¢ oC Navg  Shift frequency shift
[MHz] [Erecoil] - - - (mHz] [mHz]
Nov-21 Ref 18839 08lpg1 00134017 0064 g2
19:25 +279.0 Meas 16031678  0-85pgy  0.0064 g05 0094 02 464116 —18£118
Nov-22 Ref 83.9%6.5 08Lpso 00114010 002402
00:25 +279.0 Meas 25324506 078 s0 00174014 097006 —47+4.9 —64+5.3
Nov-22 Ref 86.5%6.5 080080 00104010 002402
07:31 +279.0 Meas 54433296 0-80f.g2 00144117  0.054 o7 1394119 —3.2+12.0
Nov-22 Ref 865433 080ps1 001040190 002412
12:45 +279.0 Meas 57543712 08281 00124415 0094 46 —158+ 120 2324121
Nov-22 Ref 833899 08lhgo 00104012 012401
17:11 +279.0 Meas 44335003 0820487  0:0094 005 019402 3434105 395+ 106
Nov-23 Ref 899836 080hg2 00124010 00401
02:28 +279.0 Meas 02485786 086487 00064 g6  0-034.03 149.7+109 163.0 4 11.1
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Table 5.13: Group 6 Nov 24-26 data.
Uattice Before/After Frequency Corrected
Date  (+394798000) Ugap ¢ o¢ Navg  shift frequency shift
[MHz] [Erecoil] - - - [mHz] [mHz]
Nov-24 Ref 85.586.1 080079 00114011 003402
19:12 +177.0 Meas 10874714 0864 gy  0.0054 995  0-014 g9 175.9+9.3 178.24+9.4
Nov-24 Ref 861565 0-7%.82 00114010 002401
23:55 +245.0 Meas 17141688 087pgr 0005405 0-00401 64.24+7.6 63.8 +7.7
Nov-25 Ref 851831  08Lpso 00094012 000401
05:17 +245.0 Meas 29445470 078 g0 0016415 0-03402 89.2+8.0 96.0 +8.2
Nov-25 Ref 848880 080080 001145010 0003
12:08 +211.0 Meas 290-0%50.2 079479  0.0174 914  0.064 o5 21514+ 12.5 197.7£12.6
Nov-25 Ref 832804 08l go 00104917 001403
18:23 +211.0 Meas 16844651 085487  0.0054 05  0-024 01 119.1+8.6 126.2+8.8
Nov-25 Ref 824847 082481 001G 009  0:034.06
23:22 +245.0 Meas 97825778 087487  0.0054 97 0064 o4 491779 486.1+8.1
Nov-26 Ref 84850 0800.80 00104012 004412
03:38 +245.0 Meas 4969541 0806486  0:0074 006  0-034.06 3229498 3229100
Nov-26 Ref 833858 08lps1 00115010 9:0% .06
08:55 +245.0 Meas 32873339 079% g1 0013411 013414 189.1+8.6 175.0+ 8.8
Nov-26 Ref 858847  08Lpg1 00104912 0064 o5
13:17 +177.0 Meas 29005468 078479 00174915 0-144.14 308.9 7.9 3l4.1£8.1
Nov-26 Ref 847847  08Lpg1 00124912 0054 05
16:58 +381.0 Meas 24685468  079%.79 00154015 014414 —333.14+ 112 —344.0+11.3
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Summary and outlook

6.1 Summary and outlook

With the implementation of the new lattice setup we have been able to create
a lattice with a much higher intensity than previously, allowing us to measure
trap depths ranging from 60 Fiecoil t0 640 Frecoil- By measuring the frequency
difference between very high and very low trap depths we have been able to
clearly resolve the quadratic behavior of the hyperpolarizability. This has led
to a determination of the hyperpolarizability coefficient d which is much more
precise than the value previously used. It is also the first the hyperpolariz-
ability coefficient is directly measured with our clock setup, having previously
borrowed the coefficient from the Yb clock at NIST.

Simultaneously we have been able to determine the magic frequency vg1,
the multipolarizabiltiy coefficient b, and the polarizability coefficient a with
improved precision.

The new coefficients presented in this work only include statistical uncer-
tainties and do not take systematic uncertainties into account. It is unlikely
that the inclusion of systematic uncertainties will change the uncertainties on
the parameter by an order of magnitude, but great care should be taken when
comparing the new coefficients with those used in previous works.

When looking at the fractional contribution at normal operating conditions
these results suggest that the contributions from @ and d are in the high 10~!°
range while the contributions from b and vg; are an order of magnitude larger.

6.2 Outlook

Before we can truly claim anything on the basis of the coefficients presented
here it is paramount that the systematic uncertainties are included. One of
the contributions is the systematic effect of running waves in the lattice beam.
These are caused by any power imbalance between the two counter propagating
beams as this will affect the intensity at the nodes. It will no longer be zero
and there will be a systematic contribution from the electronic quadrupole and
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magnetic dipole polarizabilities. The determination of the light shift model co-

efficients is nonetheless an important step in improving the fractional stability
of the Yb optical lattice clock. With the new coefficients it should be possible
to go below 10717,

One of the limitations of the current clock setup is the radial motion of
the atoms. The implementation of the { and ¢ parameters in the light shift
model are ways of dealing with not having enough control of the radial motion.
The uncertainties they introduce could be decreased if the atoms could be
radially cooled. The settling pulses described in this work are a step in the
right direction, but further cooling of the radial motion of the atoms would
lead to improved results.

Another possibility is to design the next generation of the Yb lattice clock as
a 3D lattice clock. This would confine the atoms tightly in all three dimensions
and allow much greater control of the atomic motion.



APPENDIX

A two level system

Considering a laser producing an electrical field given as:
E ) )
E=FEycos(k-R—wt)é= 70€ (ez(k' R-wt) e_’(k'R_“’t)) (A1)
The interaction with an atom is described by the interaction Hamiltonian:
Eo i(k* R—wt) —i(k* R—wt)
Har = —d- (e te ) . (A.2)

We then solve the time dependent Schrodinger equation in a basis of electronic
eigenstates in the interaction picture:

zh% = MR Y ppe~ M%) (A.3)
i) anln) = eMon (—d - E) e 08> " a0 [th) (A.4)
Inserting the electrical field leads to::
cEe Eq iwpt ,—iwmt ~ [ ik R—wt) —i(k* R—wt)
zhanff?Zte e am<¢n|d-e(e +e ) [im)

(A.5)
We now define w,, — w,, = wnm and use the dipole approximation where the

wavelength of the applied field is considered much longer than the size of the
atom, such that e R =1+ik-R...~ 1:

.3 . E ~ (Wnm—w i(w w
ihi, = _fgamwﬂd-ewm (eftenmet 4 eilenmtart), (A.6)

Lets restrict ourselves to a system with only two electronic eigenstates: A
ground level |g), and an excited level |e) with the energies E, and E. respec-
tively. We interact with these levels with a laser with frequency w.
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We can then write up the two coupled differential equations for the system
from Equation A.5:

Lq. E ~ (Weg—w 2 (w, w ~ (Wee —w 2(w w
thae = *70 (ag<¢e|d-€|¢g> (6( cg W)t +e (Wegt+ )t> +ae<7/)e|d'e|1/1e> (6( et te (et )t))

thag = -2 (ag <¢g|d : éW}g> (el(w”_w)t + €l(w99+w)t) + ae<¢g\d - €|1e) (el(w“_w)t + ez(w9€+w)t))

2

(A7)

We now define the so called Rabi frequency:

d|thm ) E

ka:_<¢k| W) > ()’ (AS)

h

and the detuning:
A=wey—w

(A.9)

and make the approximation that the laser frequency is close to resonance,
meaning w ~ we,. The term e'@eat@)t and ei@se=)t then oscillate so fast,
that they average to zero over any reasonable timescale. We can also eliminate
the terms that violate the parity dipole selection rule:

(thgld - €lthg) = (Yeld - €[1he(= 0. (A.10)
This leaves us with:
Q. )
Qe = T%gemt (A.11)
Qge ,
iy = Tqaee_mt, (A.12)

where we, for simplicity, have chosen the dipole orientation parallel to the laser
polarization (d- € = d).

If we assume the initial conditions a4(0) = 1 and a.(0) = 0, meaning the
atom starts out in the ground state, we can solve these two coupled differential
equations by first differentiating Equation A.11:

g . At . At
lde = —° (age™>" +ilAage'>")

We then insert @4, and isolate and insert a4 from Equation A.11:

Q Q AL L2 A
Qe = eg —i ge aee zAtezAt _ Aae e iAt ezAt
2 Qg

2
a. =0

(A.13)

This second order differential equation can be solved by guessing an ansatz of
the form:
ac(t) = Cre™" + Cye™! (A.14)
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where 1 and ro are the roots of the differential equation:

7"1:;(—A+ A2+|Qeg|2>; T2:;<_A_ A2+|9692)'

) (A.15)
For simplicity we define the generalized Rabi frequency Q = /A2 4 |Q,]?% -

ae(t) = Cres(ZA+Q)t 4 Cge%(_A_Q)t,. (A.16)
This can now be solved by using the initial conditions:

a.(0)=C1+C2=0
Cy=—-Cq

and from differentiating Equation A.16, and using Equation A.11:

e (0) = 01% (—A + Q) + 02% (—A - Q) - —i%g a,(0)
o (-a-0) - (-a+0) =0,

Q
LY
20

Cy = Yoo

20)

Finally collecting it all:

ez

Qe a(_ 0O Qe A (_A_
o(t) = — G 5 (-A+Q)E | oeg 5 (-A-Q)t
2Q) 20

ac(t) = ng’sin <2t> eint (A.17)
And calculating the probability of finding the atom in state |1).):

2 (0
sin (215). (A.18)

which is the well known result of Rabi oscillations, where Q = /A2 + Q|2
is the generalized Rabi frequency.

P = o) = |2

Q
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Polarizability

Considering a laser producing an electrical field given as:
E=FEpcos(k-R—wt)é= ?O€ (el(k Rwt) | gmilk R*“t)) (B.1)
The interaction with an atom is described by the interaction Hamiltonian:
Eo. ( ik-Rewt) | —i(k-R-wt)
Har = —d- 5 ¢ (e +e ) . (B.2)

We then solve the time dependent Schrodinger equation in a basis of electronic
eigenstates in the interaction picture:

ih% = Mon Y ype~Hon | W) (B.3)

ihY " anltn) = €M% (=d - E) e MOR Y " ay[hyn) (B.4)

Inserting the electrical field leads to::

Ey

tha, = — 5

eiwntefiwmtam <¢n |d e (6i(k ‘R—wt) 4 e*i(k . wat)) |7/}m>

(B.5)

We now define w,, — w,, = wnm and use the dipole approximation where the
wavelength of the applied field is considered much longer than the size of the
atom, such that ¢ R =1+ik-R...~ 1

Lq. E ~ i(w —w 2(w w
tha, = —70 (W |d - €[00y (e (Wnm—w)t 4 piwnm+ )t) . (B.6)

m

When far away from resonance we consider any far off resonance interaction
as a perturbation to the initial state and approximate:

an(t) = a® () + alD (1) + aP (1) ... (B.7)
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where a' (t) = an(0) and:

; E
ihal ™ (1) = - =2

23 (el (1 i tat) - (B)

m

We then, once again, assume that the atom at ¢t = 0 is in a single eigenstate
|hg) such that a,(0) = 1. But this time we have many excited states |t,.g4)
with an+4(0) = 0.

We can now find a(t) to first order by integrating Equation B.8 from 0 to
t:

t
E . ’ . !
al(t) = /0 _%% S al, (weld - et (ez(w:m—w)t 1 ei@rmtw)t ) a’
m

i(wrg—w)t _ i(wrgtw)t _ 1
€ > (B.9)

E
— St (¢

+
Wkg — W Wrg + W

The factor of —1 describes transient effects. We can make them disappear by
assuming that the laser has been on for a long time. We will choose to remove
them now, though it won’t be obvious until the next section why we chose so.

What we are actually interested in, is the magnitude of the induced dipole,
or rather, the expectation value of the dipole operator to first order in pertur-
bation theory:

() = (@ + (w|) 5 deﬂnt(|\lf><0>+|@>“)

(<¢g|+zaz<l><¢n|)ef¢f (¢> zag>|¢m>)

m
0 0

———
= (thgldles,) +Zan aly) (Wb |dihy, et

(hgld > a£i>|wm>e“wt + 3 @D (| dfihg)et ot (B.10)

2Re{<¢g\ > agrlz,)d"‘/’nﬁei“’ymt}
Where the second term is zero due to parity as seen when we insert the ex-

pressions in Equation B.9 (ignoring the constants and exponentials and setting
d-é=1):
m,n

Za (1) (Ynldpm) = Zaz(l)wnldllﬂm)a%)

= Z<¢g|d|wn><¢n|d|¢m><wm|d|"/}9>

m,n

Now using the identity Y, |¢x)(¢x| = 1:

Za afy) (Ynldlihm) = (gldddley), (B.11)
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which is obviously zero due to the parity of d.

We can then insert our expression for al(cl) from Equation B.9 into Equation

B.10:

1(ng w)t ei(wmg"'w)t iw

97w2)

E cos (wt) (B.12)

where we immediately identify the last two factors as the electrical field defined
in the beginning but with the dipole approximation. The sum then describes
how much an atom gets polarized and is called the polarizability «:

2 Wing (Pm|d]9g) (Vg ld[m)

m h (w%lg - w2) ,

alw) = (B.13)
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