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Abstract

An ultracold atomic gas mixture composed of a pair of different species offers attrac-
tive research fields such as polar molecules, heteronuclear Efimov trimers, and ultracold
chemistry. In particular, a mass-imbalanced atomic mixture in an optical lattice can be
a quantum simulator for impurity problems such as Anderson localization, the Kondo
effect, and Anderson’s orthogonality catastrophe. An ultracold atomic mixture of ytter-
bium (Yb) and lithium (Li), which has an extreme mass imbalance of about 29, is one of
the promising systems to realize an atomic impurity system. Loaded in a suitable optical
lattice, Yb atoms are deeply localized in lattice sites while Li atoms remain itinerant

over the whole system.

An experimental challenge to realize a quantum simulator for impurity problems us-
ing Yb-Li mixtures lies in the control of inter-species collisional properties. Inter-atomic
interactions can be tuned by means of Feshbach resonances. However Feshbach reso-
nances between Yb and Li in their respective ground states are theoretically predicted
to be too narrow to precisely tune their interactions. Instead, the metastable 3P, state of
Yb offers an interesting possibility to tune interactions between Yb(®*Py) and Li through
magnetic Feshbach resonances. To establish an Yb(*Py)-Li interaction control method

via Feshbach resonances, detailed investigations of their collisional properties are needed.

In this thesis the realization of a system of localized Yb atoms with controllable
internal states immersed in a Fermi sea of Li in a three-dimensional optical lattice
and the determination of inelastic loss coefficients in collisions between Yb atoms in
the metastable excited 3P, state and ground state Li atoms are reported. An Yb-Li
quantum degenerate mixture loaded in an optical lattice has already been achieved in
a previous work. However the produced mixture suffered from a reduced spatial overlap
due to their different gravitational sags and we found difficulties in the adiabatic loading
of Yb atoms into this optical lattice with a wavelength of 1064 nm. In the present work
we first developed a method to compensate for the reduced spatial overlap between Yb

and Li atomic clouds. Also we constructed a three-dimensional optical lattice with a



wavelength of 532nm and succeeded in forming an Yb Mott insulator immersed in a
Fermi degenerate gas of Li.

Next we studied inelastic collisional properties between Yb(®*Py) and ground state
Li. By combining a deep optical lattice and a direct excitation from the Yb ground
state to the excited 3P, state, we achieved high selectivity on the collisional partners
and high flexibility in the target state preparation. Using this method we determined
inelastic loss coefficients in Yb(®Py)-Li collisions in the absence of Feshbach resonances.
Absence of spin changing processes at low magnetic fields was confirmed by inelastic
loss measurements on the magnetic sublevel of m; = 0. We also demonstrated that our

method allows us to look into loss processes in few-body systems separately.
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CHAPTER

Introduction

Studying impurity problems with ultracold atoms

Impurities play crucial roles in condensed-matter physics. The Kondo effect [1], a resis-
tance minimum at a non-zero temperature in a metal, occurs due to magnetic impurities.
When impurities act as disorder for waves, Anderson localization [2] takes place. An-
derson’s orthogonality catastrophe [3] arises when a many-body fermionic system reacts
to a sudden perturbation. Experimental studies on these phenomena have been mainly
done in solid state systems. However there the number of controllable parameters are
limited. Especially the controllability of impurities including their density and interac-
tion strength with conduction electrons is poor. This limits our current understanding of
these phenomena. Experiments using other systems that have more flexibility and tun-
ability of experimental parameters, i.e. quantum simulations, will give further insight

into the nature of them.

The concept of quantum simulations, to solve a model describing a quantum system
that is hard to solve with classical computers by a quantum system with high con-
trollability, was first proposed by R. P. Feynman [4]. Ultracold atoms are a promising
system to realize a quantum simulator for quantum many-body physics [5—8] because
of simplicity of the system and excellent controllability of the experimental parameters.
One of the important techniques in ultracold atomic systems is Feshbach resonances

(FRs) [9]. Inter-atomic interactions can be tuned by magnetic fields from non-interacting
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CHAPTER 1. INTRODUCTION

to strongly-interacting both attractively and repulsively. This enabled, for example, to
observe BCS-BEC crossover [10-12]. Another useful tool is optical lattices, defect-free
periodic potentials created by interference of light. An optical lattice dynamically con-
trols atomic mobility and system dimensionality. Also lattice structures can be arbitrar-
ily designed such as triangular [13], honeycomb [14], and Lieb [15] lattices as well as
simple cubic lattices [16]. The high degree of controllability and the extreme physical
parameter regimes achieved by these techniques offer a unique setting to study quantum
many-body systems. Especially a quantum gas in a cubic optical lattice is a quantum
simulator for the Hubbard model [17].

Ultracold atomic gases in optical lattices can also provide outstanding opportunities
to study impurity problems with excellent controllability. There, even the impurities are
introduced in controlled ways. One way is to use optical fields such as incommensurate
optical lattices [18, 19] and optical speckles [20, 21]. Anderson localization of matter
waves have been observed with these methods [19-21]. Another way is to use atomic
impurities [22-26]. Using two different atomic species or spin states and choosing a
suitable optical lattice, one can realize a mixture of deeply localized impurity atoms and
mobile atoms. This system is considered to be a quantum simulator for the Anderson—
Hubbard model with binary disorder [27].

Atomic impurity systems ever experimentally realized are alkali atom pairs or spin
pairs of single alkali atoms and there mobile atoms are all bosons. If one wants to address
the problems such as the Kondo effect and Anderson’s orthogonality catastrophe with
atomic impurity systems, mobile ones should be fermions. Also due to properties of
atoms, wavelengths of optical lattices are strongly limited (species-selective or state-
selective) particularly spin pair experiments. By choosing a suitable atomic pair, we can

realize more flexible and desirable atomic impurity systems.

Yb—Li mixtures

An ultracold mixture of ytterbium (Yb) and lithium (Li) is one of the promising systems
to realize an atomic impurity system. Loaded in an optical lattice, Yb atoms are deeply
localized in lattice sites while Li atoms remain itinerant over the whole system because of
their extreme mass imbalance myy, /my; &~ 29. Since the mobility of Yb and Li atoms in an
optical lattice is mostly determined by the large mass imbalance, the system of localized
Yb and mobile Li can be realized by any lattices with far-detuned wavelengths. Also

both species have selectivity on the bose- and fermi-isotopes. An experimental challenge
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to study impurity problems with Yb-Li mixtures lies in the control of their collisional

properties.

It is theoretically predicted that FRs between Yb and Li in their respective ground
states are too narrow to precisely tune the inter-species interaction [28]. On the other
hand, the metastable excited 3P, state of Yb offers an interesting possibility to control
interactions between Yb and Li. FRs between ground and excited 3P, state Yb atoms
have been observed in several isotopes recently [29, 30], demonstrating the feasibility of
working with FRs between different orbitals. In addition to usual mechanisms of FRs
as in alkali atoms [9], the observed resonances arise from anisotropy effects in their
interactions [31]. In consideration of these recent results, it is reasonable to also expect
some useful FRs in the Yb(*Py)-Li system.

There is an application to control interactions between mobile atoms and an excited
state of impurity atoms. Impurities for Li can be optically switched by the excitation from
the Yb ground state to the 3P, state, which allows us to address Anderson’s orthogonality
catastrophe. The response of the Li Fermi sea against a sudden perturbation by switched
localized impurities can be seen by singularity feature on a spectrum (frequency-domain)
and a power-law decay of a spin-echo response (time-domain) of the impurity atoms [32].
This problem, as mentioned above, has been studied in solid state systems by frequency-
domain measurements [33], but tunability of interaction strengths of impurities is poor
and frequency-domain measurements are only available. In contrast atomic impurity
systems can investigate this phenomena more quantitatively and systematically and
have another observable in frequency-domain. Also this problem is inaccessible with

impurity systems realized by optical fields.

The feasibility of Yb(*Py)-Li FRs are reported by several theoretical investigations
of FRs in '™Yb(3P,)-C°Li [34] and '™ Yb(3P,)-5Li systems [35]. The existence of several
FRs is predicted. Considering the complexity of the calculations involved, together with
uncertainty of the constructed inter-atomic potentials, experimental feedback is indis-
pensable to refine quantitative predictions of resonance positions and inelastic loss rates.
On the experimental side, a mixture of ™YDb(®*Py, m; = —1) and °Li was realized at
a few pK [36], and variations of the inelastic loss rate of the ™Yb(3Py, m; = —1)-5Li
collisions for 100-520 G were observed, providing in conjunction with theoretical con-
siderations evidence for FRs between them [37]. Further experimental investigations of
inelastic collisions at a low temperature regime at other magnetic fields and with other
magnetic substates should give further insight into Yb(*Py)-Li collisions. Especially, FRs
in a '"YDb(3Py, m; = —2)-5Li system are theoretically predicted [38] based on optimized
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CHAPTER 1. INTRODUCTION

potentials obtained from the m; = —1 experimental results. Experimental confirmation
of those predictions are as of yet lacking.

In the present thesis, we report on the realization of a system of localized Yb atoms
with controllable internal states immersed in a Fermi sea of Li in a three-dimensional
optical lattice. We develop a method to compensate for a reduced spatial overlap between
ultracold Yb and Li clouds. With help of this we form an Yb Mott insulator immersed in
a Fermi degenerate gas of Li. Using this system we investigate inelastic losses in collisions
of Yb(®Py) and Li in detail. Performing the experiments in a deep optical lattice and
using direct excitation from the Yb ground to the excited P, state, we achieve high
selectivity on the collisional partners and high flexibility in the target state preparation.
We also demonstrate that the developed method allows us to look into loss processes of

one- or few-atoms in single lattice sites.

Outline of this thesis

e Chapter 2 provides an overview on the basics of ultracold gases. Theoretical de-
scriptions of ultracold Bose and Fermi gases trapped in harmonic and periodic
potentials are presented. Properties of Feshbach resonances in the absence and

presence of inelastic scattering are also briefly summarized.

e Chapter 3 presents basic properties of Yb and Li atoms. Especially their optical
and scattering properties relevant for the experiments are summarized. Also unique

features of Yb-Li mixtures are given.

e Chapter 4 describes our experimental setup. In particular, new components con-

structed and installed for the present work are detailed.

e Chapter 5 presents the realization of an Yb Mott insulator immersed in a Fermi
sea of Li. Production of a quantum degenerate mixture of Yb and Li and compen-
sation for a reduced spatial overlap are described. We show the superfluid to Mott
insulator transition of a Bose-Einstein condensate (BEC) of Yb atoms. There,
phase coherence properties of an Yb BEC in an optical lattice in the absence and

presence of a Fermi gas of Li are compared.

e Chapter 6 reports on the determination of the Yb(*Py)-Li inelastic loss coefficient.

Measurement of the decay of localized Yb(®Py) atoms by collisions with Li atoms

4



and the evaluation method of the inelastic loss coefficient from the observed de-
cay are explained. It is also shown that this system allows us to investigate loss

processes of one- or few-atoms confined in single lattice sites.

e Chapter 7 concludes the present work by giving some final remarks and providing

some directions for future studies.






CHAPTER

Basics of ultracold atoms

In this chapter we give basic theoretical descriptions of ultracold atoms. Starting from
classical gases governed by classical statistics, properties of the two kinds of quantum
gases, Bose and Fermi gases, are reviewed. Treatment of atoms in an optical lattice, i.e. a
periodic potential, follows. In the last section, basics of Feshbach resonances in collisions

of ultracold atoms are introduced.

2.1 Classical gases

In a high-temperature regime where effects of quantum statistics are negligible, the
mean occupation number of the single-particle state is given by the Maxwell-Boltzmann

distribution,

fu(e) = e~ /it (2.1)

where € denotes the energy of the single-particle state, p is the chemical potential,
and 8 = 1/kgT is the inverse temperature with the Boltzmann constant kg and the
temperature 7.

Here we consider atoms trapped in a three-dimensional harmonic confinement po-

tential

1
V(r) = §m(w§x2 + wly? + w?z?), (2.2)
where m is the atomic mass and w,, wy,w, are the trap frequencies. The single-particle
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CHAPTER 2. BASICS OF ULTRACOLD ATOMS

energy is quantized as

1 1 1

where n,, . are non-negative integers and h = h/27 with the Planck constant h. The

occupation of a phase space cell {r, p} is given by Eq. (2.1)
fus(r, p) = 6_(%+V(T)_#)/kBT. (2.4)
The density distribution of the classical gas is then given by
dp

na(r) :/(27r—h)3fMB(r’p)' (2.5)

Considering the constraint on the total number of particles

N = / &Prna(r), (2.6)

the density distribution Eq. (2.5) is written as a Gaussian distribution

N x? y? 22
() = _ , 2.7
na(r) (27)3/%0 0,0, exp( (203 * 207 * 202)) (2.7)

| kgT
O'm,y,z = mw%’%Z . (28>

2.2 Quantum gases

with

In quantum statistics particles are divided into two classes on the basis of the symmetry
of the system, bosons and fermions. They obey the Bose-Einstein statistics and the
Fermi—Dirac statistics, respectively. Their distribution functions are
1
fle) = ,
exp((e — p)/ksT) F 1

where the one with the negative sign is the Bose-Einstein distribution and with the pos-

(2.9)

itive sign is the Fermi—Dirac distribution. At high temperatures kg7 > € — p, Eq. (2.9)
is well approximated by the Maxwell-Boltzmann distribution Eq. (2.1).

In the following, we consider Bose and Fermi gases trapped in a harmonic potential
Eq. (2.2). Similarly to the above discussion, the occupation of a phase space cell {r, p}

is given by
1

exp((% +V(r)—p)/ksT)F1

fo@)(r,p) = (2.10)

8



2.2. QUANTUM GASES

2.2.1 Bose gases

Here we first deal with Bose gases. Detailed descriptions can be found in [39, 40]. The

density distribution of Bose particles not in the condensate is given by

d*p 1
— _— — — T, (M_V(T))/kBT
np(r) / (27Th>3f13(”“,p) )\f’hng/Q (6 ), (2.11)

27 h2
kaT

rithmic function defined as

Lin() = — / g f: - (2.12)
in(2) = —— — = —. :
: ['(n) Jo e —1 n

As the number of condensed bosons grows to be significantly large, the chemical potential

where Ay, = is the thermal de Broglie wavelength and Li,(z) is the polyloga-

i approaches to 0. Therefore the Bose-Einstein phase transition occurs in the center of

the trap when the phase space density satisfies
3 . 3
w = nB(O)Ath = L13/2(1) = C 5 ~ 2612, (213)

where ( is the Riemann zeta function.
In a three-dimensional harmonic trap, the Bose-Einstein condensation (BEC) tran-

sition temperature is given by [40]

N 1/3

kpTc = hw(—) ~ 0.94ho N3 (2.14)
qe)

where @ = (w,w,w.)"/? is the geometrical mean of the trap frequencies. For T' < T the

fraction of the number of particles in the condensate is

% =1- (%)3 (2.15)

The ground state of a BEC is described by a single order-parameter ¢ (r). This state

and its dynamics are described by the Gross—Pitaevskii equation

h? ~
(=50 72 V) )0t + Dlotr)P(r) = et (2.16)
where U = 47h%a /m with the s-wave scattering length a describing the effect of two-body

collisions and [¢(7)|? is the density. When the number of atoms in the condensate is large,

9



CHAPTER 2. BASICS OF ULTRACOLD ATOMS

the kinetic energy term in Eq. (2.16) can be neglected (Thomas-Fermi approximation)

and therefore the density is given by

nelr) = (r)* = max| == o]
2 2 2
- 4::;;Lamax {1 - (% + % + ;2> 0] (2.17)

The size of the condensate is characterized by the Thomas—Fermi radii

2
Roy = a (2.18)

2
mwmyz

From the constraint on the total number of particles N = [ d3rn.(r), the chemical
potential p is obtained by
1
= 5(15J\fhzaml/%5‘)2/5 (2.19)

2.2.2 Fermi gases

This section describes trapped Fermi gases. For more details see [11-43]. In the same
manner as classical and Bose gases, the density distribution of Fermi particles is given

by integrating the Fermi—Dirac distribution Eq. (2.10) over the momentum space

3
np(r) = / (2d )3gsfF(7' ,p) = /\3hL13/2( el V("W’“BT>. (2.20)

Here g5 is the number of spin components of the fermions. The total number of atoms is

N = /d3rnp(r) _ —gs(ksf) Lig(—F), (2.21)

with F = e#/*sT as the fugacity.
At T = 0, the chemical potential p is the energy of the highest occupied state called
the Fermi energy Er and the Fermi-Dirac distribution becomes a step function 0( By —e¢).

Therefore the density distribution is

dp P’
nF(T) = / Wgsﬁ <EF T om V(T))
d’p gs (Qm 3/2
|pl<+/2m(Ep—V (1)) (271’71)3 672\ h2 ( F ( )) ( )

The number of fermions N is

N = /dSrnF Js (f{i)s (2.23)

10




2.3. ULTRACOLD ATOMS IN AN OPTICAL LATTICE

Thus the Fermi energy is obtained by

N
g

: )1/3, (2.24)

and equivalently the Fermi temperature Ty = Ep/kg is

ho (6N\"?
Tn = = . 2.25
! kg ( Js ) ( )

Using the Fermi radii defined as
2EF

RFx,y,z = mwg " (226)

the density distribution Eq. ( ) can be written as
(r) = (B L2 v (2.27)

np(r) = max |1 — : :
¥ 72 RFmRFyRFZ R TR

By comparing Eqgs. (2.21) and (2.23), we obtain a direct relation between the reduced

temperature and the fugacity as

TZF - <_6L13(1—f)>1/3. 22%)

2.3 Ultracold atoms in an optical lattice

An optical lattice is a periodic potential formed by a standing wave of light. By using a
laser far-detuned from atomic resonances, atoms feel an optical dipole force proportional
to the optical intensity. The geometry of the intensity pattern created by interference
of such a laser light is directly reflected in the geometry of the potential pattern for the
atoms.

A standard way to form an optical lattice is to retro-reflect a laser beam. This
creates a one-dimensional optical lattice with a periodicity of half a wavelength of the
laser \/2. Three one-dimensional lattices orthogonal to each other create a simple three-

dimensional cubic lattice. The total optical lattice potential is
Viat (1) = Vy cos? (k) + V,, cos®(ky) + V, cos?(kz), (2.29)

where k = 27/\. It is convenient to describe a lattice depth V by the reduced lattice

depth parameter
Vo h2k?
=— with FER = .
° ERr b BT om

(2.30)

Here Eg is the recoil energy of the lattice laser with the atomic mass m.

11



CHAPTER 2. BASICS OF ULTRACOLD ATOMS

2.3.1 Bloch bands

Let us consider a single particle in a one-dimensional periodic potential V(x) with pe-
riodicity d = A/2. A particle in a periodic potential is described by the Schrodinger
equation

HyY (x) = By (x), (2.31)

where the Hamiltonian H is given by

ﬁQ
H=— 2.32
V(). (2.3

Here n and ¢ denote the energy band index and the quasi-momentum, respectively, and
D= ih% is the momentum operator. Values of the quasi-momentum ¢ are taken within
the first Brillouin zone from —hk to hik. By Bloch’s theorem solutions of Eq. (2.31) can

iqr/h

be written as Bloch wave functions, a product of a plane wave e and a function

uf,n) () with the same periodicity as the periodic potential

wén)(x) = eiqz/hug")(:c). (2.33)
Inserting this into Eq. (2.31), we obtain a Schrodinger equation for u )(x) as
(T +V(z) )ul” () = E{Mulm (2). (2.34)

Since both the potential V' (z) and the function ugn)(x) are periodic with the same peri-

odicity, they can be written in a form of a Fourier series,

_ Zweﬂklag’ (2‘35)
l

Z (nq ’Llem. <236)

The kinetic term in Eq. (2.34) becomes

D 2 2hkl 2 )
(p ;_mq) ut(]n) — Z ( 27;_ q) Cl( 7‘1)612“3:’ (237)
l

and the potential energy term becomes
Vi n) _ Z Z V;ei2hl'e (m:a) ikl (2.38)

The optical lattice potential can be written as

1 ’ ’ 1
V(z) = Vi, cos®(kz) = ~ Vi (2 + M) + §VL. (2.39)

4
12



2.3. ULTRACOLD ATOMS IN AN OPTICAL LATTICE

(a) s=10
20[ 20/ ' ]
15| 15| ]
§ \/
3 10} 10} ]
(0]
C A
il
5} 5-_/\- 51
010 0.0 70 %0 0.0 70 %0 0.0 1.0
Quasi-momentum (7ik)
(b)
s3 3 3
=
£ 2 2 2
©
>
£ 1 1 1
o)
©
Q0
<} 0 0
2 1 0 41 2 -2 1 0 1 2 -2 =1 0 1 2

Position (Lattice sites)

Figure 2.1. Energy bands (a) and probability densities for ¢ = 0 in the lowest band (b) for a
one-dimensional lattice at lattice depths of s = 0,5,10. In the s = 0 case, the band structure
and wave function are equivalent to those of a free-particle. For deeper lattices the band gaps
increase and the lowest band becomes flat. Also the probability density in between lattice sites
decreases for deeper lattices.

Thus the potential term has as nonzero values only V_; =V} = Vf,/4 and Vj = V1,/2.

Using these results we can write the Schrodinger equation (2.34) in matrix form as

Z Hz(,?f) M) = Eg%;"’q) (2.40)
!
with
(2l +q/hk)? +s/2 1=,
H%) = Eg x { s/4 -1 =1, (2.41)
0 else.

Figure 2.1(a) shows the band structures for a one-dimensional lattice for various
lattice depths. In the absence of lattice potentials the band structure has no gaps. As
the lattice potential increases, the band gaps become larger and the band widths become

smaller exponentially. In Fig. 2.1(b) the Bloch states for a one-dimensional lattice for

13



CHAPTER 2. BASICS OF ULTRACOLD ATOMS

g = 0 in the lowest band for different lattice potential depths are plotted. For deeper
lattices the density probability becomes small in between lattice sites.

The Schrodinger equation for a three-dimensional cubic lattice system is fully sepa-
rable in the three orthogonal directions. Therefore the wave functions and eigenenergies
for each axis can be calculated independently and the product of the wave functions and

the sum of the eigenenergies of all axes give the wave function and total eigenenergy of

the 3D case.

2.3.2 Wannier functions

In contrast to Bloch states which are delocalized over the whole system, Wannier func-
tions are localized at lattice sites. The Wannier function for a localized particle in the

n-th energy band is defined by a Fourier transform of the Bloch states:
1 )
Wy (2 — 25) = —= Y e @i/ (), 2.42
(2 =) = 5 L) (242)

where z; is the lattice index and A is a normalization factor. A set of the Wannier
functions is an orthonormal system and forms a basis of the Hilbert space.

In Fig. 2.2 densities of the Wannier functions for various lattice depths are shown.
For deeper lattice potentials localization of the Wannier state becomes stronger, which

corresponds to a smaller tunneling probability.

w
—

N
—r——

Probability density |w/|?

210 05 00 05 1.0
Position (Lattice sites)

Figure 2.2. Probability densities |w|? in the lowest band for one-dimensional 5 Fr, 15 ER, and
30 Er deep lattices. As the lattice depth increases, the Wannier state is localized more tightly
in a lattice site.
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2.3. ULTRACOLD ATOMS IN AN OPTICAL LATTICE

2.3.3 Mott shell structure

Bosonic atoms in an optical lattice are well described by the Bose-Hubbard model

(4,3 v

A aaa U
Hpp = —th;rbj + 5 Zﬁz(ﬁz - 1) + Z(Q - N)ﬁiv (2'43>

where b!(b;) is the creation (annihilation) operator, 7; = blb; is the number operator
for bosons, and ¢; is a position-dependent energy offset due to an external confinement.
The coefficients ¢t and U are the tunneling matrix element and the on-site interaction,

respectively, and they are given by [17]

2
(== [@rure—n) (—f—mw s vlatm)w(r ), (2.44)
Arh?
U= Wm ¢ @ lw(r —r)[*, (2.45)

with a as the scattering length. In a deep optical lattice, they can be related to experi-

mental parameters with analytical expressions as [44]

—~ = —s

Er  m

Ul(s) \/§ 43
=4/= . 2.4
o Wklatas (2.47)

These expressions, however, deviate from the results obtained by numerical calculations

Hs) _ 4 angavs (2.46)

in shallow lattice potentials. It is useful to use another expression accurate within 1%

in the range of 8-30 Er obtained by a fit to numerically calculated curves [415]

i(s) _ 1 435098, -207V5 (2.48)
R
U(s) 0.88_4
“8) _ porsoss L 2:49
ER )\lat ( )

When a BEC is loaded in an optical lattice a phase transition from a superfluid
state to a Mott-insulator state occurs at a certain lattice depth [16]. By the mean-field

approximation the phase transition points satisfies [10)]

ne.+1 Ne
t =1 2.50
Z(ncU—u+u—(nc—1)U) ’ (220

where 2z is the number of the nearest neighboring sites and n. is the maximum number of

atoms in a single site. The transition points form Mott lobes as shown in Fig. 2.3. Here
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Superfluid

Figure 2.3. Phase diagram for the superfluid to Mott-insulator (MI) transition obtained by
the mean-field approximation.

we note that the transition point at the tip of the n. = 1 lobe obtained by quantum
Monte Carlo calculations [46] is slightly higher than that obtained by the mean-field
approximation.

Since in the experiments an external harmonic confinement Eq. (2.2) is present in
addition to the lattice potential Eq. (2.29), the formed Mott-insulator has a spatial shell
structure in the occupation number [47, 48]. Here we consider the formation of the Mott
shell structure in the atomic limit zt/U = 0. The lattice sites are decoupled in this limit.

The energy of a state in a site with the occupation number n is given by

U
E, = —fin + 5(712 —n), (2.51)
where i is an effective local chemical potential
a=p—V(r). (2.52)
The occupation number that minimizes the energy F, is determined by
oL, U
=—n+—=02n-1)=0. 2.53
it (20— 1) (253
Since n takes only integer values, the minimization condition becomes
n—l<£<n. (2.54)
U

As our confinement is a harmonic one, V(r) = gm(wiz® +wiy? +w?z?), the effective

chemical potential is maximum at the center where V(0) = 0. Thus the maximum
occupation number n,,, satisfies

Npax — 1 < Ll < Nimax- (2.55)

U
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2.4. FESHBACH RESONANCES

The boundary of the shells with n and n + 1 occupations for each direction is given by

R — (M)m. (2.56)

T,Y,z 2
mwx7y7z

Therefore the Mott shell with the occupation number n lies in the area between two
ellipsoids with radii RY). and RYY, and the shell with nuyay lies in an ellipsoid with

radii R;?;}Z"_l). The number of sites of the occupation number n is then given by

with d as the lattice spacing.

2.4 Feshbach resonances

Collisions of ultracold atoms are characterized by s-wave scattering lengths. Feshbach
resonances make it possible to tune s-wave scattering lengths, i.e. inter-atomic inter-
actions magnetically or optically [9, 19]. In this section we give properties of magnetic

Feshbach resonances in the absence and presence of inelastic scattering.

2.4.1 Resonances in the absence of inelastic scattering

In a two-body scattering process of two atoms with a reduced mass m,¢q at ultracold tem-
peratures where higher-order partial waves with angular momenta [ > 0 are suppressed,
the s-wave scattering length a is defined by
tand(k)
E
where §(k) is the phase shift with the wave vector k defined by the kinetic energy

a(k) = (2.58)

Fign = B%k?/2mieq. The elastic cross-section is given by
4ra

7R =97

where the factor g = 1 for non-identical atoms and g = 2 for identical bosons.

: (2.59)

A Feshbach resonance is well described by the two-channel model [49], in which the
bound state and the continuum are each represented by one scattering channel. The

s-wave scattering length a varies as a function of the magnetic field B

a(B) = apg (1 -5 _ABO>, (2.60)
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where the background scattering length ay, represents the off-resonant value, By de-
notes the resonance position, and A is the resonance width. Therefore the cross-section

Eq. (5.5) shows a sharp peak with a height of 47g/k? at the resonance.

2.4.2 Resonances in the presence of inelastic scattering

In the presence of inelastic collisions, the scattering properties can be expressed by a

complex s-wave scattering length [50, 51]
i=a—ib, (2.61)

where a and b are real. In analogy with Eq. (2.58), it is defined by

tan 50(1{?0)

d(ko) = - kO Y

(2.62)

where dq is the complex phase shift with a positive imaginary part and kg is the wave
vector of the entrance channel. Using the complex scattering length, the elastic and

inelastic cross-sections are given by [52]

4|al?
a(ko) = ~ 2.63
Tailko) I1 ¥ K2|al? + 2kob (2.63)
and it
0

in ko) = = . 2.64
oinlko) = 93 G + 2kod) (264)

In the limit of ky — 0, the elastic cross-section becomes
o = 4mg(a® + b?) (2.65)

The inelastic loss coefficient Kj, is obtained by multiplying the inelastic cross-section

Eq. (2.64) by the relative collision velocity v = hk/myeq. This results in [9]

Kin = ——gb. (2.66)

Myed
The complex scattering length a is given by

v(B — Bo)

(BBt (/2 (2.6

a(B) = apg — Qres

(7/2)° 268

b(B) = QareS<B "B + (/27
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2.4. FESHBACH RESONANCES

Here v is the decay rate for the decay of the bound state into all available loss channels

in magnetic field units. The resonance length parameter a,s is related to the resonance

width A by
A

(res = abg;' (2.69)
This gives an indication of the possible control of the scattering length as the real part a
can vary within the range ang £ ares. A common figure of merit for the coherent control
of the atoms is the ratio a/b. For |B — By| > v and a change in scattering length much
larger than apg, this can be shown from Eqgs. (2.67) and (2.68) to be
(B — By) Qres

~ 2 .
y a

~ —2

(2.70)

> e

Therefore a larger a,qs gives better coherent control and smaller inelastic losses for a given
change in scattering length. From Egs. (2.66) and (2.70), the inelastic loss coefficient can

be written as

h a?

Myred Ares

Ky~ g (2.71)

Thus in the presence of inelastic scattering, a Feshbach resonance is accompanied by an

increase of the inelastic loss coefficient by the square of the change in scattering length.
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CHAPTER

Atomic properties

Since the first realization of a Bose—Einstein condensation (BEC) of a dilute atomic gas
of 8"Rb in 1995 [53], various species have been cooled down to BEC or Fermi degenerate
regime. Each species has different features, which enables us to perform a variety of
experiments with different species.

In this chapter basic properties and features of lithium and ytterbium used in this
work are described. Especially their energy level structures and collisional properties are

introduced. Unique features of mixtures of Yb and Li are also summarized.

3.1 Lithium

Lithium (Li) is the lightest alkali metal atom with two naturally occurring stable iso-
topes, fermionic °Li and bosonic "Li. A BEC of "Li and Fermi degeneracy of 5Li were
first realized in 1995 [54] and in 2001 [55], respectively. The existence of SLi is invalu-
able because it is the only fermionic stable isotope in the alkali metal group apart from
40K and it has a broad Feshbach resonance. This motivated cold atom researchers to
work with °Li and indeed many landmark studies have been achieved with ultracold Li
atoms: realization of a molecular BEC [56], observation of BCS-BEC crossover [11, 12],
investigation on a unitary Fermi gas [57-59], a Bose-Fermi superfluid mixture [60], re-
alization of an antiferromagnetic order [61, (2], and realization of fermionic quantum

gas microscopes [63, 64]. In this work we also use °Li. This section describes the energy
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CHAPTER 3. ATOMIC PROPERTIES

level structure and optical properties of °Li relevant for laser cooling and trapping and

its Feshbach resonances.

3.1.1 Energy level structure and optical properties

Electron configurations of the ground and first excited states of 5Li are 1s?2s' and 1s%2p!,
respectively. Like for all alkali atoms, the spectrum line connecting these states is called
the D-line for historical reasons. Figure 3.1 shows the energy level structure of the ground
and first excited states of °Li. The D-line splits into two, called the D; (the lower one)
and D, lines, due to a fine-structure splitting in the excited 2P state (*Py5 and *P3s
states) by the spin-orbit coupling [65]. The two states are about 10 GHz apart [66].
Optical properties of the Dy and D, lines are listed in Table 3.1.

Electron Fine structure Hyperfine structure
configuration
e ——— F'=1/2
1.7 z
*Pgpo —————— F'=32
A 2.8 MHz
. ——— F'=5/2
2p 10.053 GHz
2p ————— F'=3/2
12 26.1 MHz
A
—— F'=1/2

D, line D, line

—— F=3/2
281 281/2 V V

228.2 MHz

L F=1P2

Figure 3.1. Energy level structure of 5Li. From left to right, the electron configuration, the
hyperfine structure, and the hyperfine structure are involved.

The ground and excited levels have hyperfine structures due to the interactions be-
tween the magnetic field generated by the electrons and the magnetic dipole moment
of the nuclear spin I. The hyperfine structure of an atom is usually defined over the
{J,I, F,mp} eigenstates, where F' is the quantum number of the total angular momen-
tum F' = I 4+ J. The hyperfine energy is given by
BK(K+1)—4I(I+1)J(J+1)

8I(2I —1)J(2J — 1) ’ (3:1)

1
Ehfs - éhAK + hB
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Table 3.1. Optical properties of the D; (281/2 > 2P1/2) and Do (281/2 > 2P3/2) lines of
OLi [66, 67]. Here we note that though the lifetimes and equivalently linewidths and Doppler
cooling limits for the both lines are identical, this is not typical in the alkalis.

Transition | Wavelength Lifetime Linewidth ~ Doppler cooling limit
A (nm) 7 (ns) I'/2n (MHz) Ty (1K)
D line 670.9925 27.1 5.87 141
D, line 670.9774 27.1 5.87 141

where K = F(FF+ 1) —I(I + 1) — J(J + 1). The hyperfine constants A and B for
the 2Si/9, P12, and ?Pj)s states are listed in Table 3.2. The resulting splittings are
shown rightmost in Fig. 3.1. As long as J is considered as a good quantum number, the
hyperfine interaction Hamiltonian is written as

6(I-J)*+3(I-J)

121 —1)2J(2J — 1) (3:2)

Hyg = hAI-J%—hB2

Table 3.2. Hyperfine constants for the 2S and ?P levels [68].

Symbol State | Value (MHz)
2S1/2 | 152.1368407

S 17.375
2Py, —1.155
B %Py, —0.10

Zeeman effect

An applied magnetic field lifts the degeneracy of the magnetic sublevels of a state due

to the Zeeman effect. The Zeeman effect Hamiltonian is given by
HZE = gJ/LBJ - B+ gI,uBI . B, (33)

where pup = h x 1.40 MHz/G is the Bohr magneton and g; and g; are the total electronic
and nuclear spin g-factors, respectively. Values of g; and g; are given in Table 3.3.
Total energy shifts of the hyperfine and Zeeman effects in an external magnetic field are

obtained by diagonalizing the total Hamiltonian
Hiotal = Hugs + Hzg. (3.4)
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Table 3.3. Total nuclear and total electronic g-factors for 6Li [68].

Symbol Value
g1 —0.0004476540
g7 (*S1/2) 2.0023010
g (*P1)2) 0.666 8
g7 (*Ps2) 1.335

The magnetic field dependence of the hyperfine Zeeman sublevels of the 2S5, 2Py s,
and ?Pj/, states are presented in Figs. 3.2 and 3.3.

In a high field region where the Paschen-Back effect occurs, m , the projection of
the total electronic spin J, and m;, the projection of the nuclear spin I, are considered
as good quantum numbers. Hence eigenstates of an atom are labeled by |m s, m;). The

total energy of an eigenstate |m, ms) in a magnetic field B is given by
Enym, = hAmymr + gyusm B + grusmi B. (3.5)

In the Paschen-Back regime the second term dominates the energy shift as g; > g¢;.
Therefore the energy levels of the %Sy /» state splits into two manifolds, m; = mg = £1/2.
Similarly, those of the 2Py, and *Pj/o states split into two (m; = £1/2) and four
(my = +1/2,43/2) manifolds, respectively. The first term in Eq. (3.5) gives a splitting

|F,mp;mg, mr)
|6) =13/2,3/2;1/2,1)
‘5) = |3/2, 1/2; 1/2,0>
|4) =13/2,-1/2;1/2,-1)

4001

200t

—200¢t

Energy shift (MHz)
(=]

13) = 3/2, —3/2; —1/2, —1)

12) = |1/2,—1/2; —1/2,0)

0 100 200 300 D) =11/2,1/2-1/2.1)
Magnetic field (G)

~400} ,

Figure 3.2. Magnetic field dependence of the hyperfine Zeeman sublevels of the ground state of

6Li. For convenience the eigenstates of the ground state are conventionally labeled as [1) - - - [6)
as in Eq. (3.6).
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my m,
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£
[77]
>
2
[0}
c
11}

-1

-1/2 0

1 1 1 1 1 1 +1
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c
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> +1
o
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11}

+1

-3/2 0
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Figure 3.3. Magnetic field dependence of the hyperfine Zeeman sublevels of the 2P /2 (upper
panel) and ?P3 /5 (lower panel) states of °Li.

of each manifold into three as m; takes either —1,0, or +1.

The eigenstates of the ground state are conventionally labelled as |1) - - - |6) starting

from the lowest state:

1) = |F=1/2,mp=1/2;mg =—1/2,m; = 1),

2) = |F =1/2,mp = —1/2;mg = —1/2,m; = 0),

13) = |F =3/2,mp = —3/2;mg = —1/2,m; = —1), (3.6)
14) = |F =3/2,mp = —1/2;ms = 1/2,m; = —1),

5) = |F =3/2,mp =1/2;mg = 1/2,m; = 0),

6) = |F =3/2,mp=3/2;mg=1/2,m; =1).

We follow these notations in this thesis.
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3.1.2 Feshbach resonances

Feshbach resonances in collisions of °Li have been well studied both experimentally and
theoretically. Figure 3.4 shows variations of scattering lengths between the lowest three
states over a wide range of magnetic fields. They are obtained by coupled-channel calcu-
lations using binding energies measured by precise rf spectroscopy [69]. The scattering
lengths in the |1)-|2), |1)—-|3), and |2)—|3) collisions diverge at 834 G, 690 G, and 811 G,
respectively, indicating Feshbach resonances. The parameters of the FRs are given in
Table 3.4. In addition to the broad resonances, there is a narrow resonance in the [1)-|2)
collisions at 543 G [70].

10000F
;5 5000}
= |
o L/
[}
= 0‘,*\_/
c
i
© —
& -5000} &1z
— a3
azs
—10000¢,

0 200 400 600 800 1000 _ 1200
Magnetic field (G)

Figure 3.4. Inter-spin-state scattering lengths in units of the Bohr radius ag over a wide
range of magnetics fields. Divergencies of ai2, a13, and aoz are found at 834 G, 690 G, and
811 G, respectively, indicating Feshbach resonance locations. The figure is reproduced from the
data provided in [69].

Table 3.4. SLi Feshbach resonances between the three lowest spin states. In addition to a
broad FR at 834 G there is a narrow resonance at 543 G in the |1)-|2) collisions. The values
are taken from [9]

Channel By (G) A (G) ang (ag)
1) [2) 834.1 300 1405
11)]3) 690.4 ~122.3 1727
12)]3) 811.2 2923 1490
1) [2) 543.25 0.1 60
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3.2 Ytterbium

Ytterbium (Yb) is the fourteenth and the second to the last element in the lanthanide
series. An important feature of Yb is the richness of its stable isotopes. It has five bosonic
(168Yh, 179Yb, 172YD, 17YDb, 176Yh) and two fermionic (1"'Yb, 1¥Yb) isotopes, with 1"Yh
being the most abundant one (31.8% natural abundance). Quantum degeneracies of all
isotopes except 172Yb have already been realized [71-76]. Thanks to this feature not only
single bosonic or fermionic systems but also Bose-Bose, Bose-Fermi, and Fermi—Fermi
mixtures can be realized at will [76, 77].

Another key feature is the existence of metastable 3P, and 3Py states. High-resolution
spectroscopy using these states is an excellent probe for many-body systems in opti-
cal lattices [78, 79]. Also new kinds of Feshbach resonances between the ground and

metastable states were observed recently [29, 30, 80-82].

This section describes basic properties of Yb. In addition to its energy level structure
and ground state collisional properties, we focus on the metastable 3P, state, which plays

a crucial role in this work.

3.2.1 Energy level structure and optical properties

The ground state electron configuration of Yb is [Xe|4f'46s®. Since Yb has two valence
electrons, its energy levels are classified into singlet and triplet series, similar to alkaline-
earth (group II) atoms. Figure 3.5 shows the energy level structure of Yb relevant for
our experiments.

The 'Sy — 'P; transition is an electric dipole (E1) transition with a natural linewidth
of 20 MHz. This strong transition (399 nm) is suitable for Zeeman slowing and imaging of
Yb atoms which require a high photon scattering rate. In contrast, the intercombination
(!Sy — 3P) lines are much weaker transitions. The 'Sy — 3P, transition has a linewidth
of 182kHz, with which one can achieve laser cooling down to the regime of a few uK.
Optical properties of these two transitions relevant for laser cooling of Yb are summarized
in Table 3.5.

The 'Sy — 3Py and 'Sy — 3P, transitions have much narrower linewidths of =~
10 mHz. These lines enable us to do what cannot be done with alkali atoms that are
often used in cold atom experiments. The former, called clock transition, is one of the
promising candidates for the next generation frequency standard [85]. High-resolution

spectroscopy via the latter transition has been proven to be a powerful probe tool on
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381
(6s7s)
A
P, 770 nm 649 nm
(6s6p) repumpin repumpin
A pumping pumping
3P2
3
399 nm 507 nm Py (6s6p)
Zeeman slower, excitation 3
blast, imaging Y °Pg

1
oo S Y

Figure 3.5. Energy levels of Yb relevant for our experiments shown with their transition
wavelengths and applications. A strong 'Sy — Pj transition (399nm) is used for Zeeman
slowing, blast, and absorption and fluorescence imaging. A narrow 'Sq — 3P; line (556 nm)
is utilized for MOT. Metastable 3Py state atoms are prepared by direct excitation from the
ground 'Sy state (507 nm). The excited atoms are repumped into the ground state through a
33, — 3P, — 1Sy process by simultaneous applications of 3Py — 39, (770 nm) and 3Py — 39
(649 nm) resonant lights before detection.

Table 3.5. Optical properties of transitions relevant for laser cooling of Yb [83, 84].

Transition | Wavelength Lifetime Linewidth ~ Doppler cooling limit
A (nm) 7 (ns) I'/2r (MHz) Tp (uK)

1S < 1Py 398.9 5.5 29 690

1Sy« 3P, 555.8 875 0.182 4.4

ultracold Yb atoms [78, 86], which also plays an important role in this work. Table 3.6

gives optical properties of the 'Sy — 3P, transition.

Table 3.6. Optical properties of the 'Sy — 3P, transition.

Isotope Wavelength Lifetime Linewidth
A (nm) T (s) ['/27 (mHz)
Bosons 15 10.6
1yh 507.35 6.3 25
13Yh 7.2 22
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Zeeman effect
Bosonic Yb isotopes have no hyperfine structures in their energy levels because of the
absence of nuclear spins. Therefore the Zeeman energy shift of a bosonic Yb atom is
given by

AFE7 = gyupmyB. (3.7)

Here the total electronic spin g-factor g; is given by a Lendé g-factor expression that

combines g-factors for the electron orbital g;, and for the electron spin gg

JT+1)=S(S+1)+LIL+1)  JJ+1)+8S+1)—L(L+1)
27(J + 1) T s 2J(J + 1) '

97 = 9L (3.8)

The values of the g-factors are g;, = 1 and gg ~ 2, respectively, which simplifies Eq. (3.8)
to

3 S(S+1)—-L(L+1
by S LL

2 2J(J +1) (3:9)

The 3P, state has five Zeeman sublevels as J = 2 while the 'S, state has no Zeeman
shifts. The g-factor for the P, state is g; = 3/2. Hence an applied magnetic field lifts
degeneracy of neighboring m; sublevels by h x 2.1 MHz/G.

3.2.2 Collisional properties

Ground state collisions

Ground state Yb atoms have no magnetic Feshbach resonances because of the absence of
electronic spins. Instead, we can choose a variety of scattering lengths by using various
pairs of isotopes. The s-wave scattering lengths between all combinations of the seven iso-
topes of Yb have been precisely determined by two-color photoassociation spectroscopy
and the mass-scaling law [87]. The values are listed in Table 3.7.

Another way to tune the inter-atomic interaction is via an optical Feshbach resonance
in the intercombination 'Sy — 3P transition as proposed in [38]. In fact some resonances
have been experimentally observed [89-91]. However, they are far from a practical use

suffering from atomic loss due to photoassociation near the resonance.

Metastable P, state

The metastable 3P, state has a long lifetime of ~ 10s. However inelastic collision rates
in Yb(®*P3)-Yb(*P3) and Yb(*P3)-Yb('Sy) collisions are rather high on the order of

10712-107" em? /s [92, 93], which means the *Py atoms are immediately de-excited and
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Table 3.7. S-wave scattering lengths in nm for all combinations of the Yb isotopes [87].

168y 10y 17y 172y 1Ty, vy L6V
168Y T 13.33 6.19 4.72 3.44 2.04 0.13 —-19.0
170y 3.38 1.93 -0.11 —-430 =274 11.08
1yh —-0.15 —446 —-30.6 22.7 7.49
172Yh —-31.7 22.1 10.61 0.62
13Yh 10.55 7.34 4.22
17yh 5.55 2.88
176Yh —1.28

escaped from a trap in a bulk sample. An optical lattice can isolate individual *P, atoms

from the others and suppress their inelastic collisions.

Feshbach resonances between the 3Py and 'S states have been observed with 1™Yb,
13Yb, and '"YD isotopes [29, 30]. In addition to usual mechanisms of FRs as in alkali
atoms [9], the observed resonances arise from anisotropy effects in their interactions [31],
which are called anisotropy-induced Feshbach resonances and are originally discussed for

collisions of strongly dipolar atoms such as erbium [94, 95] and dysprosium [96].

3.3 Yb—Li mixture

3.3.1 Large mass imbalance

The most important feature of Yb—Li mixtures is their large mass imbalance myy, /my; ~
29. This results in an extreme imbalance of their tunneling rates in an optical lattice.
In a deep optical lattice the tunneling ¢ is given by Eq. (2.48). For a A = 532nm lattice
used in the present work, the recoil energies and the ratio of the s-parameters for Yb
and Li are FEP = 195nK, EL = 5.6 uK, and syp,/sp; = 21.4, respectively. Tunneling
rates calculated by Eq. (2.48) using these values are displayed in Fig. 3.6(a). Even at
1 EL lattice depth for Li, Yb atoms already feel a 20 EX® deep lattice potential and its
tunneling rate is three orders of magnitude smaller than that of Li. That is to say, Yb
atoms are deeply localized in lattice sites while Li atoms are still mobile in the system
as illustrated in Fig. 3.6(b). This realizes an atomic impurity system where Li acts as

itinerant fermions and Yb as localized impurities.
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Li lattice depth (Eg") (b)
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—_~
L

Tunneling rate (Hz)

Figure 3.6. Yb—Li mixture in an optical lattice. (a) Tunneling rates of Li (red) and Yb (blue)
at various lattice depths at A = 532nm calculated by Eq. (2.48). The Yb tunneling rate is
more than two orders of magnitude smaller than that of Li. (b) Illustration of a Yb—Li mixture
in an optical lattice. Yb atoms (blue) are deeply localized in lattice sites while Li (orange) are
moving around the sites in the whole system.

3.3.2 Collisional properties

Yb(!Sy)-Li collision

The absolute value of the s-wave scattering length between Yb and Li has been deter-
mined to be |ayp ;| = 1nm from their thermalization time constant [97]. This allows
Li atoms to be sympathetically cooled by collisions with Yb atoms (see Section 5.2). Its
sign was deduced to be positive from the reduction of the Yb oscillation frequency in
the presence of Li recently [98].

In order to study impurity problems with Yb-Li mixtures, control of inter-species
collisional properties is necessary. FRs between Yb and Li in their respective ground
states have been theoretically calculated in [28]. The authors predict that resonances
would exist at around 1kG with a width of at most less than 1 mG. This is too narrow
to precisely tune the interaction. We should find another way to control inter-species

Interactions.

Yb(®P;)-Li collision

The metastable excited 3P, state of Yb offers an interesting possibility to control inter-
actions between Yb and Li. FRs between ground and excited *P, state Yb atoms have
been observed as mentioned above, demonstrating the feasibility of working with FRs
between different orbitals. In consideration of these recent results, it is reasonable to

also expect some useful FRs in the Yb(3P,)-Li system.
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Indeed, several theoretical investigations of FRs in '™ Yb(*P5)-Li [34, 38] and ' Yb(*Py)-
OLi systems [35] are reported. The existence of several FRs is predicted. Considering the
complexity of the calculations involved, together with uncertainty of the constructed
inter-atomic potentials, experimental feedback is indispensable to refine quantitative
predictions of resonance positions and inelastic loss rates.

In previous works, a mixture of ™Yb(®Py, m; = —1) and °Li was realized at a
few pK [36], and variations of the inelastic loss rate of the ™Yb(3Py, m; = —1)-
%Li collisions for 100-520 G were observed [37]. Further experimental investigations of
inelastic collisions should give further insight into Yb(3Py)-Li collisions. Especially, FRs
in a '"YDb(3Py, m; = —2)-5Li system are theoretically predicted [38] based on optimized
potentials obtained from the m; = —1 experimental results. Experimental confirmation

of those predictions are as of yet lacking.
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Experimental setup

This chapter describes our experimental setup. The setup is composed of a vacuum ap-
paratus and optical systems. Most parts of them have been constructed by predecessors
and are described in their theses [99, 100]. In the first two sections we briefly review the
overall vacuum and laser setups. The rest of this chapter details changes to the setup

related to the present work.

4.1 Vacuum system

4.1.1 Overview of the vacuum apparatus

Cold atom experiments require an ultrahigh vacuum environment in order to suppress
unwanted collisions of trapped atoms with background gases. Our vacuum apparatus
consists of a dual species oven, a Zeeman slower pipe, and a main experimental chamber,
in contrast to a vacuum setup with separate ovens and Zeeman slowers for individual
species as in [101]. This configuration makes the system compact, however, it is more
difficult to optimize atomic beam parameters independently.

The dual species oven turned out to be the most difficult part to design properly. A
revision history of the oven and the design concept of the latest version is explained in
Section 4.1.2. A differential pumping tube is installed between the oven and the Zeeman
pipe to keep the vacuum of the main region better. Also an atomic beam shutter is

installed after the differential pumping tube. The shutter is a stainless steel sphere with
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a through hole and is attached to a rotational actuator. The actuator is externally
controlled to open or to close the shutter. It is kept closed apart from the atom loading
stage during the experimental sequence to prevent trapped atoms from colliding with
the atomic beam.

The Zeeman slower pipe is 285 mm long and its inner diameter is 16 mm. This also
work as a differential pumping tube. The pipe is connected to the main metallic chamber.
The chamber has four pairs of view ports. One is in the vertical direction, another
two are 45° from the atomic beam direction in the horizontal plane, and the other is
orthogonal to the atomic beam. All ports are ICF70 except for the pair orthogonal to
the atomic beam in the horizontal plane which are ICF34. The vacuum in the main
region is 4-5 x 107!2 Torr, which is realized by a combination of a 200L/s ion pump
and a titanium sublimation pump. This is clean enough to produce quantum degenerate

atomic samples.

4.1.2 Dual species oven

We developed a new atomic oven because of decreased performance of the previous
version. Before we introduce the new design, we review the previous ovens and troubles

with their operations to understand the design concept of the new version.

History of our dual species oven

The first generation of our dual species oven consisted of a single container for the
atoms and a short honeycomb nozzle, an array of thin tubes [99, 102]. Though this type
of oven is simple and compact and has been working well in Yb only experiments in other
chambers in our group, we faced the problem that the atomic flux gradually decreased.
This would probably be caused by the honeycomb pipe, whose tubes were so thin that
either species stuck to its walls and blocked the atom vapor from passing through.

The second generation of our oven, therefore, was designed without a honeycomb
pipe [100]. Instead of using an array of thin tubes, we used a single long pipe in the
nozzle part so that an atomic beam after the nozzle has the same divergence as with a
honeycomb collimator. Also inspired by [103], this oven had two containers to separate
Yb and Li to prevent them from any chemical reactions, because Li is liquid at the
operational temperature of around 350 °C.

Initially this oven worked well, but we soon suffered from leaks at the flanges on the
tops of the containers. The leaks were caused by thermal stress on the flanges by daily

cycles from room temperature to several hundred °C and by chemical reactions of nickel
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gaskets probably with Yb vapor [101]. We were able to partly overcome this problem
by minor changes of the design such as having a long neck between the flanges and the
nozzle so as to keep the temperature change at the flanges small, and putting a disk
between the flange and the nozzle to prevent Yb and Li gases from coming up to the
gaskets.

Apart from the leak trouble, later another strange and serious problem appeared.
The vacuum pressure before the Zeeman slower gradually got worse for a few days and
suddenly it dropped by about a half and again gradually increased. The period of this
cycle was about a week. We could obtain an excellent number of atoms in MOTs and
degenerate gases for a couple of days just after the drop of the vacuum pressure, but
for the remainder of the time it was difficult to get sufficient number of atoms to do
experiments. Interestingly, the drop of the vacuum always happened accompanied by a
10 °C temperature drop at the Yb oven part. This weird behavior still remains a mystery.
One possible reason for the temperature drop at the Yb oven would be a bumping of
liquid Li, but its relation with the vacuum change is unclear. It was difficult to continue
experiments with this weird oven. Finally we decided to develop a new version of our

dual species oven.

New oven

Based on the above experiences, required specifications for the new design are;

1. no use of a honeycomb nozzle,
2. no heated flanges,

3. perfect separation of Yb and Li vapor till the oven exit.

To satisfy all these requirements, we designed separated parts of an atom reservoir and
a double collimator system. A drawing of the new design is shown in Fig. 4.1.

The reservoir part has two reservoirs for Yb and Li. The collimator part is a 130 mm
long cylinder and has two ¢ 2.5 holes whose centers are 4 mm apart. The upper one is
a through-hole, a nozzle for Li vapor, and the lower is 105 mm deep and connects to
an opening for the Yb reservoir. The collimator is fixed to the reservoir with vacuum
compatible, vented screws. The surface of the collimator and the inner surface of the
reservoir in the region indicated by the double-headed arrow in Fig. 4.1 have fit tolerance
of h7 and H7, respectively, with which they fit smoothly but tightly. This ensures a tight
gas seal between the Yb and Li reservoirs and good thermal contact between the outer

reservoir and the inner collimator in this region.
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Fit tolerance H7/h7

20 mm

o

Figure 4.1. New dual species oven. It is an assembly of an outer reservoir part and an inner
collimator part. Chunks of Yb with its natural abundance and enriched °Li atoms are loaded in
their respective reservoirs. The amounts of them are 50 g and 2.5 g, respectively. The collimator
has two ¢ 2.5 holes that are separated nozzles for Yb and Li. The reservoir and collimator fit
with fit tolerance of H7/h7 in the region indicated by the double-headed arrow, which ensures
a tight gas seal between the Yb and Li reservoirs and good thermal contact between the outer
reservoir and the inner collimator in this region.

We had two candidates for the material of the collimator, copper and stainless steel.
Copper has a good thermal conductivity, but it reacts with Li vapor at high tempera-
tures. As far as chemical reactions with vapor are concerned, stainless steel would be a
good choice, however, its thermal conductivity is 15 times smaller than that of copper.

The collimator is heated only from the heated outer reservoir at the two ends. We
calculated how long it takes for the center part to arrive at operation temperature from
room temperature. We consider a situation that a 90 mm long cylinder initially at 20°C
is touching 400°C heat baths at the both ends as illustrated in Fig. 4.2(a). The time

Table 4.1. Properties of material candidates for the collimator. Values for stainless steel are
those of SUS430 that has the highest thermal conductivity in stainless steel.

Thermal conductivity — Density  Specific heat capacity
k (W/(m-K)) p (kg/m?) ¢ (J/(kg-K))
Copper 400 8940 385
Stainless steel 26 7700 460
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Figure 4.2. Modeled heat conduction of the collimator. (a) A 90 mm long bar at 20°C is
touching 400°C heat baths at the both ends. Heat is transferred from the both sides to the
center. Time evolution of the center temperature is obtained by solving Eq. (4.1). (b) Solutions
of Eq. (4.1) for copper (blue) and stainless steel (red). Copper reaches the final temperature
after 50 s while stainless steel takes 10 minutes.

evolution of the temperature at the center is obtained by solving the heat conduction

equation

yr aV*T, (4.1)

where o = k/pc, is the thermal diffusivity with the thermal conductivity k, the density
p, and the specific heat capacity c,. Values of these quantities for copper and stainless
steel (SUS430) are given in Table 4.1.

Figure 4.2(b) shows results for copper and stainless steel. Stainless steel needs about
10 minutes to get the final temperature whereas copper takes less than a minute. Though
the steel requires 10 times longer to sufficiently heat up compared to copper, this should
not pose a problem in daily operation. The oven temperature is increased from room to
operation temperature within 70 minutes, a time sufficient to allow the collimator stage
to also heat up sufficiently. Finally we decided to use stainless steel (SUS430) for the
collimator.

We load 50 g of Yb with its natural abundance and 2g of enriched %Li and 0.5g of
natural abundant Li in their respective reservoirs. The new oven has been trouble-free

for two years now.

4.2 Laser systems

This section describes laser systems for laser cooling, trapping, and imaging of atoms.

Cooling procedure consists of three steps; Zeeman slowing, magneto-optical trapping
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5.2 for details). Since

(MOT), and evaporative and sympathetic cooling (see Section
Zeeman slowing, MOT, and imaging utilize optical transitions of atoms, lasers for these
purposes need to be frequency-stabilized. Here we explain specification and frequency

stabilization of each laser.

Li cooling laser

The Dy line (671 nm) of °Li is utilized for laser cooling and imaging of Li atoms. The
light source is a ring dye laser (899-21, Coherent Inc.) pumped by an optically pumped
semiconductor laser (Taipan, Coherent Inc.) at 6 W with a wavelength of 532 nm. The
dye is a solution of LD688 and ethylene glycol monophenyl ether. Typical output power
of the dye laser is 250-350 mW. The output of the dye laser is divided into four prop-
erly frequency-shifted beams for Zeeman slowing, MOT cooling, MOT repumping, and
imaging as shown in Fig. 4.3. The frequencies of the cooling and repumping beams can
be tuned independently by direct digital synthesizers (DDSs). The laser frequency is sta-
bilized to a cavity made of ultra low expansion (ULE) glass by the Pound-Drever-Hall
(PDH) method [104]. Figure 4.4 shows the optical setup for the frequency locking to the
ULE cavity.

e F'=1/2
1.7 z
2P3/2 F'=3/2
2.8 MHz
F'=5/2
Imaging
MOT
Zeefnan coalin
slowing 9  wmOT
repumping
— F=3/2
s
12 228.2 MHz
F=1/2

Figure 4.3. Four beams for Li cooling and imaging. The imaging beam is resonant to the
%Sy )9(F = 3/2) = ?Pyo(F’ = 5/2) transition. Zeeman slowing and MOT cooling beams are
detuned from the ?S; 5(F = 3/2) — ?P3o(F' = 5/2) transtion. The repumping beam resonant
to the 2S;5(F = 1/2) — ?Pgo(F’ = 3/2) transition is applied during MOT loading and
imaging to depopulate atoms from the F' = 1/2 state. The cooling and repumping frequencies
can be independently tuned by DDSs.
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Figure 4.4. Frequency locking setup for the dye laser, the Ti:S laser for Yb Zeeman slower,
and the 798 nm ECLD for Yb imaging. The three lasers are locked to a single ULE cavity by the
PDH method. The cavity is placed in a vacuum chamber and stabilized to its zero-expansion
temperature. The 671 nm beam is combined with and separated from the two 798 nm beams
with cold mirrors. The two 798 nm beams oppositely enter the cavity and are separated by
their polarizations.

Yb Zeeman slower

399nm light used for Zeeman slowing of Yb is generated by frequency-doubling of a
798 nm light from a Titanium:Sapphire (Ti:S) laser pumped by a diode-pumped solid
state (DPSS) laser (Millenia eV, Spectra-Physics) at 10 W with a wavelength of 532 nm.
Output power of the Ti:S laser is about 800 mW. Its frequency is stabilized to the same
ULE cavity as the dye laser by the PDH method (see Fig. 4.4). The output of the Ti:S
laser is converted into 399nm by second harmonic generation (SHG) with a barium
metaborate (BBO) crystal in a bow-tie cavity. The SHG cavity is stabilized by the
Hénsch-Couillaud method [105]. Output power of the SHG cavity is 180 mW.

Yb MOT laser

The 556 nm light resonant to the narrow 'Sy — 3P; transition used for the MOT of Yb
atoms is generated by SHG of a 1112 nm laser [106]. The source of the 1112 nm light is a
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fiber amplifier (Keopsys) seeded by a fiber laser (CYFL-KILO, Keopsys). The fiber laser
is frequency-stabilized to a ULE cavity with higher finesse than that for the dye laser
by the PDH method and its linewidth is less than 100 kHz. After an SHG cavity with
a lithium triborate (LBO) crystal 130 mW output of 556 nm light is obtained. After an
AOM and a fiber 80 mW is available for the MOT.

Yb imaging laser

The laser system of 399nm for Yb imaging consists of an external cavity laser diode
(ECLD) and a tapered amplifier (TA) at 798 nm and an SHG cavity with a periodically
poled KTP (PPKTP) crystal. The frequency of the ECLD is stabilized to the same ULE
as the dye laser and the Ti:S laser by the PDH method (see Fig. 4.4). Output from the
SHG cavity is 50-70 mW.

FORT lasers

The atoms captured in their respective MOTs are transferred into a crossed optical
far-off-resonance trap (FORT). The crossed FORT is composed of a horizontal FORT
with a wavelength of 1070 nm and a vertical FORT with a wavelength of 1064 nm. Laser
sources are fiber lasers (YLR-LP series, IPG Photonics) and are operated at 65 W and
40 W, respectively. The horizontal FORT beam is elliptical with the waists of 22 um
horizontally and 79 ym vertically, and the vertical FORT beam is round with the waist

of 82 ym at the atom position.

4.3 Gravitational-sag compensation beam

One obstacle to be overcome in experiments with Yb-Li mixtures is the reduced spatial
overlap between the Yb and Li atom clouds due to their different gravitational sag. To
compensate for this, we apply an intensity gradient of a A = 532 nm laser, which acts as
an attractive potential for Yb and a repulsive one for Li. Section 5.3 details effectiveness
of this gravitational sag compensation beam (GCB).

The laser source is a DPSS laser (Verdi-V10, Coherent Inc.), shared with the optical
lattice beams. The output of the source is divided into four beams, one for the GCB
and the others for the lattice, and they are delivered to the vicinities of the chamber
by optical fibers. Figure 4.5 shows a picture of the optical path of the GCB after the
fiber. The GCB is superimposed on the H-FORT beam just in front of the chamber at a

dichroic mirror. For a precise control of the pointing of the beam at the atom position,

40



4.4. OPTICAL LATTICE

PZT-controlled 7+ 59
. mirror mount

- B ¥
. ‘
‘
.

Figure 4.5. The optical path of the GCB around the chamber. The GCB (green) is superim-
posed on the H-FORT beam (yellow) just in front of the chamber at a dichroic mirror. One
of the mirrors for the GCB is mounted on a piezo-driven mirror mount so as to precisely tune
the pointing of the beam.

one of the mirrors for the GCB is mounted on a piezo-driven mirror mount (AG-M100N,
Newport corporation). The GCB is focused down to 75 um at the position of trapped

atoms.

4.4 Optical lattice

We have previously installed a three-dimensional optical lattice with a wavelength of
1064 nm in our setup [107]. We observed the disappearance of interference patterns
of an Yb BEC and performed 3P, spectroscopy in an “Yb-%Li quantum degenerate
mixture in the lattice. However, we encountered difficulties in the adiabatic loading of
an Yb BEC into the lattice and in performing spectroscopy with high resolution.
Optical lattice experiments with Yb atoms are conveniently done with a A\f, = 532nm
lattice’. In a 532 nm lattice, adiabatic loading of an Yb BEC [108] and high-resolution

3P, spectroscopy [78] have been successfully performed. Figure 4.6 contrasts a 1064 nm

In experiments particularly using the >Py state, A\ = 759 nm light is used for an optical lattice.
Atoms in the 'Sy and 2Py states feel same amount of light shift in a trap at this wavelength, which is
called a “magic wavelength.”
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and 532 nm lattice. Lattice sites for Yb and Li coincide in a 1064 nm lattice whereas in

a 532nm lattice they alternate. This is why we first chose 1064 nm for our lattice.

However, the ratio of tunneling rates ¢ in a 1064 nm and 532 nm lattice is t1p64/t532 =
1/4 because t < Eg at the same lattice depth parameter s as shown in Eq. (2.48). In
addition, since a lattice spacing of a 1064 nm lattice is twice larger than that of a 532 nm
lattice, energy offset differences between neighboring sites Ae; = €;11 — ¢; produced by
a global harmonic confinement of the optical traps are Aej%* > Aeg?32. Therefore Yb
atoms in a 1064 nm lattice hardly spread to as many lattice sites as in a 532nm lattice

and many atoms tend to localize in same sites. This reduces adiabaticity of the system.

Also in a 3P, spectroscopy experiment, a 532nm lattice has an advantage over a
1064 nm lattice. In a deep lattice, single lattice sites can be treated as harmonic potentials
and vibrational levels separated by hw = Vs x Er are formed. At s = 15 excitation
to the 3P, state in a higher vibrational level (v = 0 — v’ = 1) is spectroscopically well
resolved from carrier excitation (v = 0 — v' = 0), but the separation in a 1064 nm lattice
is four times smaller than in a 532nm lattice. Furthermore, in a Mott insulating state
resonance frequencies of atoms in singly occupied sites and doubly occupied sites are
shifted due to the interatomic interaction. Since the on-site interaction U is proportional
to w3/2, U064 /7532 = 1/8. This makes it difficult to spectroscopically resolve multiply

occupied sites from singly occupied sites in a 1064 nm lattice.

The rightmost figures in Fig. 4.6 contrast sketches of typical 3P, spectra of an Yb
Mott insulator at s = 15 in 1064 nm and 532 nm lattices. In a 1064 nm lattice the carrier
peak and the higher bands are barely resolved, further the double occupancy peaks
overlap with the singly occupancy peaks, whereas in a 532 nm lattice all peaks are well

resolved.

Therefore we decided to use a 532nm lattice instead of a 1064nm one. Though
lattice sites for Yb and Li alternate in a 532 nm lattice because of opposite signs of their
polarizabilities, Li is sufficiently delocalized to reasonably overlap with localized Yb at

suitable lattice depths as syy/sp; = 21.4.

The light source is the same laser as the GCB. Three branching beams for the lattice
are delivered in the vicinities of the chamber by optical fibers. Their frequencies are
slightly shifted by AOMs before the fibers to avoid unwanted interferences between the
three at the atom position. Beam waists are 70-80 um. A lattice is formed by retro-
reflecting each beam after the chamber. Lattice depths are calibrated by the pulsed
optical lattice method [109] onto an Yb BEC.
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Figure 4.6. Differences between lattices at A, = 1064nm (upper row) and 532nm (lower
row). (Left) Lattice sites for Yb and Li coincide in a 1064 nm lattice whereas they alternate
in a 532 nm lattice. (Middle) There exists a global harmonic confinement by the optical traps,
which produces an energy offset difference between neighboring sites as Ae; = ;1.1 — &;. Since
the lattice spacing of a 1064 nm lattice is twice that of a 532 nm lattice, neighboring site energy
differences are Aegl%* > Ae?32. Therefore the number of sites the atoms spread to is much
smaller in a 1064 nm lattice than in a 532nm lattice. This makes it difficult to adiabatically
load atoms into a 1064nm lattice. (Right) Sketches of typical 3Py spectra of an Yb Mott
insulator at s = 15. All peaks are well resolved in a 532 nm lattice whereas they can hardly be
resolved in a 1064 nm lattice. The blue dashed lines denote individual lineshapes of the peaks
and the orange curve denote the observable total of them.

4.5 Setup for °P, state preparation and detection

This section describes experimental setups for P, state preparation and detection. In
order to perform high-resolution spectroscopy of Yb atoms in an optical lattice as an
inter-atomic interaction probe [29, 30], we develop an ultra-narrow 507 nm excitation
laser. A 100 Hz linewidth is achieved by locking it to a high-finesse cavity.

For a high-sensitive detection of the excited Yb atoms, we construct a fluorescence
imaging system similar to the one presented in [110]. In order to perform the fluorescence
imaging of the excited atoms, we need lasers to repump them into the ground state as

well as a MOT system using the strong 'Sy — P; transition. In the following the
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excitation laser, the repumping lasers, and the fluorescence imaging system are detailed.

4.5.1 Excitation laser

Light source

The 507 nm excitation light is generated by SHG of a 1014 nm laser. The laser system
is composed of an ECLD and a TA at 1014 nm and an SHG module. The frequency of
the ECLD is locked to a high-finesse ULE cavity by the PDH method.

The ECLD is Littrow configuration with an AR-coated LD chip (EYP-RWE-1060,
Eagleyard photonics). Its frequency can be tuned by a piezo element attached to a
diffraction grating [111]. The current source for the ECLD is an ultra-low noise and high
bandwidth controller (D2-105, Vescent Photonics), which is based on the Libbrecht-
Hall circuit [112]. Performance of the ECLD is presented in Fig. 41.7(a). We operate it
at 95mA and obtain 27 mW after two optical isolators. The beam is divided into two
branches, 20 mW go to the TA and the rest to the frequency locking.

The tapered amplifier (TA-1010-2000-DHP, m2k Laser) amplifies the seed light up
to 2.3 W (see Fig. 4.7(b)). The output of the TA is coupled to an SHG module with a
periodically poled lithium niobate (PPLN) waveguide (WH-0507-000-A-B-C, NTT Elec-
tronics) via a fiber. Figure 4.8(a) shows a picture of the SHG module. Phase matching
(temperature optimization) of the crystal is necessary to get the highest conversion effi-
ciency. As a result of the phase matching, maximal SHG output power is 180 mW (see
Fig. 4.8(b)). The 507 nm light is brought to the vicinity of the chamber via a fiber. There
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Figure 4.7. Performance of the ECLD and TA. (a) Output power of the free running LD
(without grating) and the ECLD (with grating). Grating feedback starts to work at around
24mA. The ECLD is operated at 95 mA in the experiment. (b) Output power of the TA. Seed
power is 20mW. We can obtain 2.3 W output power at maximum TA current.
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Figure 4.8. Second harmonic generation of 507 nm light. (a) Picture of the PPLN waveguide
SHG module. 1014 nm light is coupled to the crystal via an attached fiber and output of the
507 nm light is free air. The temperature of the crystal inside the module is stabilized. (b) Phase
matching of the SHG. SHG output power depends on the crystal temperature. The horizontal
axis is the 10 k2 thermistor reading. TA output is 2.3 W. We can obtain about 180 mW output
power at the optimal crystal temperature.

is an AOM for switching and power control after the fiber. The power is stabilized by

an intensity stabilization circuit. The beam waist at the atom position is ~ 50 pym.

The frequency of the ECLD is locked to a high finesse ULE cavity by the PDH
method. A portion of the ECLD output is brought to the cavity via two fiber EOMs
(see Fig. 4.9). The first one is used for frequency tuning of the laser. The light after
the EOM has frequency sidebands both on the positive and negative sides of the carrier
frequency. The frequency difference between the sidebands and the carrier corresponds
to the rf applied to the EOM. We lock either sideband component to the cavity and
tune the laser frequency relative to the ULE locking point by changing the EOM driving
frequency. The second EOM, which is driven by a 16 MHz crystal oscillator, is used to
generate an error signal by the PDH method.

The finesse and the free spectral range (FSR) of the cavity is 50,000 and 1.5 GHz,
respectively. Feedback is applied to the current controller and the piezo driver through
a high-speed laser servo (D2-125, Vescent Photonics). As a result of the tight lock to
the ULE cavity the linewidth of the ECLD is narrowed down to =~ 100 Hz, which is
evaluated by measuring beat linewidths of all combinations of the three independent
1014 nm laser sources available in our laboratories. Figure 4.9 shows a schematic of the

laser apparatus.

45



CHAPTER 4. EXPERIMENTAL SETUP

Oscillator ULE chamber
Mixer @
16 MHz
Low pass H L
N filter N 4 H D
N4 ULE cavity
] Laser
seno Synthesizer
|
2 - ﬂ ﬂ ” To experiment
Isolator g Isolator SHG

Figure 4.9. Schematic of the 507 nm laser system. It is composed of a Littrow configuration
ECLD and a TA of 1014 nm and an SHG module. The ECLD is locked to a high finesse ULE

cavity by the PDH method. A portion of the ECLD output is brought to the cavity via two fiber
EOMs. A sideband generated by the first EOM is locked to the cavity and the ECLD frequency
is tuned by a radio frequency applied to the EOM. The second EOM generates sidebands for
the PDH locking. A laser servo sends feedback to the current and the piezo voltage.

ULE cavity

In order to achieve narrow and stable frequency locking, the ULE cavity should be
isolated from ambient noises such as thermal and acoustic fluctuations. We put the
cavity in a temperature-stabilized vacuum chamber and place it on a vibration isolation

platform made by Minus K in an acoustic isolation box.

ULE glass has a temperature at which its coefficient of thermal expansion (CTE)
becomes zero. Therefore, a cavity made of the ULE glass whose temperature is stabilized
to the zero expansion temperature becomes a good reference to the wavelength. Since
the ULE cavity we use was made to have its zero expansion temperature around 30—
40°C, the chamber is heated by a 300 W film heater made by Kawai corporation (see
Fig. 4.10(a)). At first we tried to control the heater by a heater controller (TC200,
Thorlabs), but it turned out that its power was insufficient to heat the chamber higher
than 36 °C. Next we tried a higher power temperature controller (TED4015, Thorlabs),
however, it was limited by a voltage limitation and the chamber could not be heated
beyond 30 °C.

Therefore we constructed a temperature control system using an external power sup-
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Figure 4.10. Temperature stabilization of the ULE chamber. (a) Schematic of the ULE vac-
uum chamber. There are two temperature sensors (thermistors) on the top and the bottom of
the chamber. The temperature controller evaluates the bottom one while the top one is for di-
agnostic purposes only. The chamber is heated by a film heater underneath the base plate. (b)
Temperature feedback control system. A temperature controller (TED4015, Thorlabs) gener-
ates a feedback current depending on the difference between the set temperature and the actual
temperature. The feedback current is converted into a control voltage by a transimpedance am-
plifier (TTA). The converted voltage controls an external power supply (GP050-2, Takasago
Ltd.) which applies current to the film heater. (¢) Schematic diagram of the TTA. It converts
a 1 A feedback current into a 10V control voltage. The circuit consists of a current-voltage
(I-V) conversion part and a ground isolation part by an analog optocoupler (HCNR201, Avago
technologies).

ply. Figure 4.10(b) shows the principle of our control system. A temperature controller
(TED4015, Thorlabs) creates feedback current depending on the set value and the read-
ing of a thermistor at the center of the ULE chamber base plate. The feedback current is
sent to a transimpedance amplifier (TTA), which converts a 1 A feedback current into a
10V voltage signal. The converted voltage controls a power supply (GP050-2, Takasago
Ltd.) which applies the current to the heater depending on the control voltage. Fig-

ure 1.10(c) is a schematic diagram of the TIA. The TIA consists of an current-to-voltage
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conversion part and a ground isolation part by an analog optocoupler (HCNR201, Av-
ago technologies). This system can heat the chamber beyond 40°C and stabilize the
temperature to within +10 mK.

Here we describe the determination of the zero expansion temperature Ty. The CTE

«a can be assumed to linearly depend on the temperature 7' around Tj. Recalling the

resonance frequency condition for a cavity with a length of L, n\ = ne/f = L, we have
to linear order of «(T') the following equation,

1 0L 10f

T)=——=—-— =qao(T — T 4.2

where o is a CTE slope around 7Tj. From the rightmost equation the resonance frequency

of the cavity at temperature 7" is derived as

()= fo eXp<—%O¢0(T - To)2>a (4.3)

where fy is the resonance frequency at T,. Therefore the resonance frequency has an
extreme value at Tj.

We have another 1014 nm laser locked to another ULE cavity stabilized at its zero
expansion temperature available. A beat frequency measurement with it is a good indi-
cation of resonance frequency shifts of our ULE cavity. We would expect to observe an
inversion of the beat frequency drift if we change the ULE temperature to cross Tj. In
order to evaluate T from the beat frequency trace, we need to know the time evolution
of the ULE temperature.

The ULE cavity obtains heat only from the temperature stabilized vacuum chamber.
According to Newton’s law of cooling, the temperature 7" of a material in surroundings
with a temperature T, obeys

dT'(t)
dt

where r = hS/C' is a positive constant characteristic of the system with the heat transfer

= 1 (T(t) = Tony), (4.4)

coefficient h, the heat transfer surface area S, and the heat capacity C'. The solution of

this differential equation gives
T(t) = Tony + (T(0) — Tony)e™ ™. (4.5)

Therefore if the temperature of the ULE chamber is changed from T'(0) to Te,y, the

resonance frequency evolves as
1
£(t) = foexp(—500(T(t) - To)?) (4.6)
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Figure 4.11. Determination of the zero expansion temperature of the ULE cavity. (a) Beat
frequency drift from 28.8 °C to 36.3 °C. We trace the beat frequency between the ECLD locked
to the ULE cavity and another ECLD locked to another ULE cavity whose temperature is
stabilized to its zero expansion temperature. The red dots are measured points and the blue
curve is a fit by Eq. (4.6). The fit gives Ty ~ 39°C. (b) Beat frequencies at several ULE
temperatures around 39 °C. A minimum of the beat frequency is at around 38.5°C. The blue
line is a fit by a quadratic function.

with T'(t) as Eq. (4.5).

Figure 4.11(a) shows a result of a beat frequency measurement with the ULE tem-
perature changed from 28.8°C to 36.3°C. Here we note that temperatures shown here
are values from the sensor on the top of the chamber, though we control the bottom
temperature. This is because there is a slight inconsistency in temperature calibrations
of the two temperature controllers which we changed in the middle of the Ty determi-
nation measurement. In the beat frequency trace we do not observe an inversion of the
frequency drift, which indicates that Ty lies above 36 °C. A fit to the trace by Eq. (4.6)
gives Ty =~ 39°C. We measure beat frequencies at several ULE temperatures around
39°C (see Fig. 4.11(b)). A fit by a quadratic function gives a minimum at 38.5°C. In
the end we set the bottom temperature to 40.15 °C so that the top temperature is around
38.5°C.

Even though the ULE cavity is stabilized at the zero expansion temperature, there
persists a residual shrinking because of the amorphousness of the glass. We check the
m = 0 resonance frequency of a free-falling !™*Yb BEC every morning and compensate
for the residual drift by evaluating a drift rate from the m; = 0 resonance frequencies
on the latest several days. Right after installation we observed about 700 Hz/h and that
now 1.5 years later we are at about 300 Hz/h.
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Fiber noise cancellation

Since our main experimental optical table and the 507 nm laser system are far apart, the
507 nm light is brought to the vicinity of the main experimental chamber via a 15m long
optical fiber. However a long fiber causes phase noises on the light by vibrations and

thermal fluctuations of the fiber, which is unfavorable for high-resolution spectroscopy.

(a) — FNC
T l AOM Switching
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Figure 4.12. Fiber noise cancellation (FNC). (a) Setup for the FNC. We monitor a beat
frequency between input light and retro-reflected light. Since the reflected light passes twice
through an FNC AOM to which wat 4+ ¢4 from a VCXO is applied and the fiber, the beat
frequency is 2wat+2(¢p4 — ¢5) with the fiber noise ¢¢. A phase lock circuit controls the VCXO
to be ¢4 = ¢y so that the fiber noise is cancelled. Monitored beat signal (b) without and (c)
with the phase lock loop. The fiber noise causes about a few 100 Hz broadening on the light.
It is cancelled with the phase lock loop.

We cancel the fiber induced noise out by a phase lock loop as shown in Fig. 4.12(a).
We monitor the beat frequency between the light before entering the fiber and the light
having passed through the fiber, having partially been retro-reflected at its output side
and having thus travelled again back through the same fiber. The reflected light passes
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through an AOM for FNC and the fiber twice till it is detected at the PD. Since an
applied frequency to the AOM is wat + ¢ 4, half of that from a voltage-controlled crystal
oscillator (VCXO), the detected beat frequency is 2wat + 2(¢4 — ¢¢) with the fiber
noise ¢¢. A phase lock circuit controls the VCXO to be ¢4 = ¢ by comparing the beat
frequency with a reference frequency 2wt from a crystal oscillator (XO). The XO drives
a switching AOM after the fiber with the opposite order from the FNC AOM. Therefore
the light going to the experiment has the same frequency as the light before the fiber.

The FNC can be checked by a broadening of the beat signal. The beat signal is
broadened without the phase lock loop (Fig. 4.12(b)), while it has no broadening without
the loop (Fig. 4.12(c)).

4.5.2 Repumping lasers

We use the 3Py — 3S; (770nm) and 3Py — 3S; (649nm) transitions to repump the
excited atoms into the ground state. Both lights are generated by Littrow configuration
ECLDs. LD chips are EYP-RWE-0790 and EYP-RWE-0650 from Eagleyard photonics,

respectively. At the position of the atoms the beams are focused down to a few 100 um

770 nm % 556 nm
for
I 1 PDH d % % U I
r—|: U Trans. Trans.
671 nm +D Qmonitor monitor

)
= | @ | =y )
= for % D

f D . PDH % N O D

monitor

SHH) D e

Transfer cavity

Nl

Figure 4.13. Frequency locking setup for the repumping lasers and the optical pumping laser.
The three lasers are frequency-stabilized to a transfer cavity. The cavity length is stabilized
by a 556 nm light stabilized to a ULE cavity. In addition to the two repumping lasers and
the reference light, a 671 nm light for optical pumping of Li is locked to the same cavity (see
Appendix A).
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with powers of 6-7mW and 2-3mW, respectively.

Since the linewidth of the 3S; state is 11 MHz, these lasers are not required to be
as narrow as the 507 nm laser. Their frequencies are stabilized by the PDH method to
a transfer cavity whose length is stabilized by 556 nm light locked to a ULE cavity.

Figure 4.13 shows a schematic of the optical setup around the transfer cavity.

4.5.3 Fluorescence imaging

A standard technique to measure the number of atoms is absorption imaging (see Sec-
tion 5.1), however, it is hard to detect a small number of atoms by this method. For
detection of a small number of atoms, fluorescence imaging is more useful. We construct
a fluorescence detection system for Yb using a MOT operating on the strong 'Sy — P4
transition. We obtain our signal by integrating the fluorescence signal in time. The flu-
orescence intensity from the MOT is detected and is proportional to the number of
atoms.

Trapped atoms should be confined in a small volume in order to reduce scattering
light which limits our signal-to-noise ratio. We apply a magnetic field gradient of ~
60 G/cm, the strongest gradient our system can generate. The light is detuned by 20 MHz
from the resonance frequency. A beam along each axis has a diameter of ~ 10 mm and
power of 5-10mW. The fluorescence signal is detected by an EMCCD camera (iXon,
Andor).

Figure 4.14(a) shows a fluorescence image of ~ 1000 atoms. We evaluate the fluo-
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Figure 4.14. Detection MOT. (a) A fluorescence image of 1000 atoms. (b) Time evolution of
a detection MOT. The red line denotes a fit by an exponential function. The lifetime is 1.3s.
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rescence counts by fitting the obtained images with a gaussian function. Lifetime of a
fluorescence MOT is 1.3s (see Fig. 4.14(b)). Therefore we set an exposure time for 1s.

Compared to the background noise, the detection limit is ~ 10 atoms.

93






CHAPTER

Quantum degenerate mixture of Yb and Li

in an optical lattice

This chapter describes the preparation of an ultracold atomic sample. First we produce a
quantum degenerate Yb—Li mixture by combining laser cooling and evaporative cooling.
To compensate for a reduced overlap between the Yb and Li atomic clouds due to
different gravitational sags, we apply the gravitational-sag compensation beam after
the production of a quantum degenerate mixture. Finally the mixture is loaded into a

three-dimensional optical lattice.

5.1 Absorption imaging

Before recounting a cooling process to quantum degeneracy, here we explain an imaging
method to evaluate the number and temperature of trapped atoms. A standard technique
to measure a density distribution of trapped atoms is the absorption imaging method.
We shine a resonant laser pulse on an atomic cloud and its shadow is imaged on a CCD
camera. Atomic density can be evaluated from the optical density on the camera.

In the low intensity regime I < I, where I is the saturation intensity, the intensity
distribution of a laser propagating along the z direction after passing through an atomic

cloud with density distribution of n(x,y, z) is given by

I(x,y) = Ih(z,y) exp(—ao/n(x, Y, 2) dz). (5.1)
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Here Iy(z,y) is the intensity profile without atoms and oy is the absorption cross section
for a resonant light expressed by
3\?2

= 9.2
0o ot ) ( )

with the wavelength of the laser A. For Li imaging using the 2S; jo(F = 3/2) — P35 (F’ =
5/2) transition, oy in Eq. (5.1) should be replaced by the effective absorption cross sec-
tion oeg = 20¢/3.

Therefore the density profile of the atoms can be evaluated from the optical density

distribution on a CCD camera by

n(z,y) = /dzn(m,y,z) _ —Ul (10 i ) (5.3)

The number of atoms N can be obtained by integrating Eq. (5.3) over the x and y

directions.

Time-of-flight method

The density profile of the trapped atoms is obtained by absorption imaging Eq. (5.3).
This allows us to evaluate also the temperature of the atoms in association with the
time-of-flight (TOF) method.

Thermal gases
We release atoms from a trap and let them expand. When the temperature of the atoms
is far above the BEC critical temperature or the Fermi temperature, time evolution of

the density distribution of the atomic cloud is given by

B N (o 72 - y? - 2

mlT 1) = g, (Do (o (0) p< 20,0 20, (1) 2az<t>2)’ 54
where

o) = | oD (0, (5.5

7y?
is the width of the cloud with the atomic mass m and the trapping frequency w,, . in

each direction. The scaling factor b, .(t) is given by
b%y,Z( ) 1 + w% Y, z 2 (56)

The density distribution obtained by the absorption imaging is the column density in-

tegrated along the imaging axis. Integrating Eq. (5.4) along the z-direction we obtain
2 2

N x Yy
ale) = e o (3~ 2 oD
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Therefore the number N and temperature T of the atoms can be evaluated by fitting the
Wy Y, th > 1)

the temperature can simply be determined by the relation kgT = ma?/t2. Since the cloud

obtained density profile by Eq. (5.7). If the expansion time ¢ is long enough (w?

becomes isotropic after a long enough expansion time, the line density

ren(8) = mm 0° (‘JT) 58)

can also be used for the evaluation.

Fermi degenerate gases
Time evolution of the density distribution of a Fermi degenerate gas released from a

trap is described by

S Y G|

The column and line densities are

’I’LFD('I"7 t) =

T
nep(,) = mmm{ fexp(—#;y)}, (5.11)

where ny and ny represent the peak column and line density, respectively. The number

of atoms is obtained by

N = 2mnyo,(t)o,(t )% = \/%nlam(t)%. (5.12)

The temperature T'/TF is directly determined from the obtained fugacity by Eq. (2.28).

Bose—Einstein condensates

Time evolution of the density distribution of a pure Bose-Einstein condensate released

from a trap is described by

2 2 2
wm x Yy z
t) = 1-— 0 5.13
npec(r,t) 4ﬂh2amax( (Rx(t)Q + R, (0 + Rz(t)Q)’ ), (5.13)
where
24
Ry y:(t) = mwg,y,zbw(t)’ (5.14)
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Using the relation Eq. (2.19), the density distribution is written as

15N x? y? 22
ranclrid) = (- (o + me * ) 0) 619

The column and line densities are then obtained by integrating this along one- and

two-dimensionally,

oN 22 y?
15N x?
nBEc(ZL‘,t) = 16Rx(t) max(l — W,O) (517)

The number of atoms in the BEC is evaluated by fitting the obtained absorption image
by Eq. (5.16) or (5.17).

5.2 Quantum degenerate Yb—Li mixture

5.2.1 Zeeman slowing and magneto-optical trapping

Yb and Li atoms in a collimated atomic beam from the oven have mean velocities of
~ 340m/s and ~ 1500 m/s at 400 °C, respectively. They are first cooled and trapped by
means of laser cooling techniques.

The initial cooling process is Zeeman slowing, a method to cool an atomic beam.
A Zeeman slower consists of a varying-field solenoid and a near-resonant laser of the
atoms. The atomic beam travels along the axis of the solenoid and the laser is shone
on the atomic beam in the direction opposite to the beam’s motion. Atoms in a certain
velocity class are Doppler cooled by the laser beam. The solenoid produces a spatially
varying magnetic field along the axis so that the Zeeman shift compensates for the
change in the Doppler shift as atoms decelerate. At the exit of the slower the velocity
of the atoms is reduced down to few 10m/s. We use the 'Sy — 'P; and the D, (F =
3/2 — F' = 5/2) transitions for the deceleration of Yb and Li, respectively. They are
detuned by —440 MHz and —524 MHz from their respective resonance frequencies and
superimposed by a dichroic mirror in front of the entrance window.

The atoms decelerated by the Zeeman slower are then captured in magneto-optical
traps (MOTs). A MOT consists of a quadrupole magnetic field produced by a pair of coils
in an anti-Helmholtz configuration and three orthogonal pairs of counter-propagating

laser beams with a frequency slightly below the atomic resonance frequency. The three
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Figure 5.1. The configuration of the dual species Zeeman slowing and MOT of Yb and Li.
An atomic beam consists of Yb and Li atoms from the oven travel along a Zeeman slower. The
Zeeman slowing beams are shone on the atomic beam from the opposite direction. The beams
are detuned by —440 MHz from the 'Sy — !P; resoance for Yb and by —524 MHz from the
Dy (F =3/2 — F' = 5/2) resonance for Li. The decelerated atoms are captured in MOTs.
Atoms are collected at the intersection of the MOT beams where the magnetic field produced
by the MOT coils is zero. The 'Sy — 3Py transition is used for the Yb MOT and the D»
(F =3/2 = F' =5/2) and the Dy (F = 1/2 — F’ = 3/2) transitions are used for the Li
MOT.

pairs of beams intersect the center of the coils at which the field is zero. The quadrupole
magnetic field causes an imbalance in the scattering forces of the laser beams and it is
the radiation force that strongly confines the atoms. We use the 'Sy, — 3P; transition
for a Yb MOT and the Dy (F' = 3/2 — F' = 5/2) line for cooling and the Dy (F =
1/2 — F' = 3/2) line for repumping of a Li MOT. These beams are superimposed by
dichroic mirrors in each direction and retro-reflected after the chamber. Figure 5.1 shows
the configuration of our dual species Zeeman slowing and MOT.

According to the theory of Doppler cooling, the achievable temperature by laser
cooling with a laser with intensity I and a frequency detuned by A from an atomic

resonance is described as [113]

R 1+ 1/1,+ (2A/T)?

T AT : (5.18)

where I' is the natural linewidth of the transition and I, is the saturation intensity.
Accordingly, a laser with a weaker intensity and a smaller detuning realizes lower tem-
perature. When [ < I, and A = —I'/2, Eq. (5.18) takes the minimum and approaches

the Doppler cooling limit
A’

In our experimental sequence, the MOT for each species consists of three steps;

D (5.19)
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loading, compression, and cooling. In the loading stage each MOT has a large velocity
capture range to collect as many atoms as possible by having high-power and far-detuned
beams and a weak field gradient. Typically the detunings of Yb and Li MOT beams are
—16T'yy, and —4T'r; (for both cooling and repumping), respectively, where I'yy 1) is the
natural linewidth of the 'Sy — 3Py (D,) transition. The atoms in this loading stage
MOQOT are too sparse and too hot to be transferred into an optical trap described below.
In the next compression stage we ramp up the magnetic field gradient to make the
confinement of the atoms tighter. This allows us to increase the density of the atoms.
Also at this moment the Zeeman slower is shut off and no atoms are additionally loaded.
Finally in the cooling stage we reduce the power and the detuning of the laser beams
and cool the trapped atoms according to Eq. (5.18). We reduce the detunings down to
—4T'yy, and —0.5I'r; and the temperatures reach a few 10 uK and a few 100 uK for Yb
and Li, respectively, which are cold enough to transfer the atoms into the optical trap
efficiently. The practical MOT procedure in the mixture production is Yb loading —
Li loading — Yb compression and cooling — Li compression and cooling. The order is

chosen such as to have an increased field gradient in each step.

5.2.2 Evaporative and sympathetic cooling

The MOTs achieve a few 10 or 100 uK as mentioned above, yet the atoms are still
far from quantum degeneracy. They need to be much denser and colder. For tighter
confinement and further cooling we load them into a crossed optical far-off-resonance
trap (FORT) and perform evaporative and sympathetic cooling.

Using the polarizability «, an optical dipole potential felt by a two-level atom is

expressed as [114]

2
U(r) = _3;3; (wo 1_ i i w)](r) = —ia[(’r), (5.20)
where I' is the natural linewidth of the transition, wg is the resonance frequency of
the atom, w and I(r) are the frequency and intensity of the laser light, respectively.
As U(r) o I(r), the trap geometry is determined by the intensity distribution of the
laser light. Potential minima correspond to maxima of the intensity with a red-detuned
(w < wp) light and to minima of the intensity with a blue-detuned (w > wy) light.

The most common way is to confine atoms in the focus of a red-detuned Gaussian

laser beam. The intensity distribution of a Gaussian beam propagating along the z
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Table 5.1. Transition coeflicients Cy;, for relevant transitions.

Yb Li
ISO — 1P1 180 — 3P1 D1 DQ
1 1 3 2
direction with power P is given by
2P 272
1 = - 5.21
o) =2 ren(~05s). (5.21)

with the z-dependent beam waist w(z) = woy/1 + (2/2r)?. Here wy is the waist at the
focus position and zg = 7w3 /X is the Rayleigh length with the wavelength .

For a multi-level atom, polarizability of the ground state a can be written as

| 9 1 1
_ 2 E 2
a = bme Cabw_S(w W + o +w>, (522)
b ab ab ab

where the summation is carried out over all electronically excited states b. The coefficient

Cy can be obtained as the coefficient of the reduced matrix element. It is well-known
that a specific transition matrix element (J,||er||.J,) can be written as a product of a

reduced matrix element (L,||er||Ly) and a real transition coefficient Cy;, as follows;

<Ja||€r||‘]b> = <LaSaJa||6r||LbSbe>

L, L, 1
= (1) bt S /(2 + 1)(2Ls + 1) { b

L, Ly) (5.23
o S@}< lerl|Ls) (5.23)

= Cap (Laler[[Ly) -

Here L, S, and J are the orbital, spin, and total angular momenta of the state and
the braces denote Wigner’s 6-7 symbol. For the ground states of Yb and Li, it is suffi-
cient to take into consideration the 'Sy — 'P; and 'S, — 3P; transitions and the D
and D transitions, respectively. Values of transition coefficients of these transitions are
summarized in Table 5.1.

Our crossed FORT is composed of a horizontally propagating FORT (H-FORT) with
a wavelength of 1070 nm and a vertical FORT (V-FORT) with 1064 nm. The polarizabili-
ties at these wavelengths and at 532 nm, which is used for gravitational-sag compensation
and an optical lattice as described below, for the ground states of Yb and Li are listed in
Table 5.2. The beam waists of the H-FORT are 79 um in horizontal direction and 22 ym
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Table 5.2. Polarizabilities a/kp of FORT and lattice lasers for the ground states of Yb and
Li in nK/(kW /cm?). 532nm light has a negative polarizability for Li and acts as a repulsive
potential.

Wavelength Yb(*S) Li(*Sy/2)
1070 nm 1069.0 2402.9
1064 nm 1071.1 2420.6
532 nm 1813.1 —2468.1

vertically and that of the V-FORT is 82 um. The H-FORT has an elliptical shape in
order to reduce a gravitational sag of Yb by having a tighter confinement in the vertical
direction than the others. The atoms in MOTs are transferred into the crossed FORT
after the MOT cooling phase.

We then perform evaporative cooling to reach quantum degeneracy. This well es-
tablished cooling scheme is as follows; hot atoms are forced to escape from a trap by
reducing the trap depth and the remaining atoms thermalize by mutual collisions, which
results in a colder sample than before. Repeating this procedure, we obtain a quantum
degenerate sample. Here we note that at the end of the MOT procedure, Li atoms are
populated in the two lowest spin states (|1) and |2)) by turning off the repumping beams
0.3 ms earlier than the cooling beams. This is because inelastic loss rates in collisions of
higher spin states are so high that atoms are lost from the trap during evaporation [115].

We reduce the trap depth by decreasing the FORT powers. The initial H- and V-
FORT powers are 45 W and 30 W, respectively. They are decreased down to 600 mW
and 3.0 W in 9s. Finally we obtain a mixture of a BEC of 1™Yb and a degenerate
Fermi gas of %Li as shown in Fig. 5.2. Atom numbers of Yb and Li are 1.4 x 10° and
4.0 x 10*, respectively. The Fermi gas of Li equally consists of the two spin states in
the ground F' = 1/2 state. The Li temperature is 71; = 500nK and 71;/Tr ~ 0.2,
where Ty is the Fermi temperature. The final trapping frequencies of Yb and Li are
(Wey wy, w,) = 27 x (69, 83,223) Hz and 27 x (566, 1189, 1680) Hz, respectively, where the
z direction is along gravity.

We note that since the applied magnetic field during the evaporative cooling is less
than a few G, °Li atoms in |1) and |2) states are almost non-interacting as shown in
Fig. 3.4 and can hardly thermalize by themselves', while the scattering length of '™Yb

atoms is large enough to support frequent elastic collisions (see Table 3.7). On the other

In single species experiments with Li in other laboratories, they usually perform evaporative
cooling at 300 G where the scattering length between |1) and |2) states is —330ay.
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174Yb

350 um 530 um

Figure 5.2. Time of flight absorption images of an 1™Yb BEC and a %Li degenerate Fermi
gas. TOF times of Yb and Li are 20ms and 1.5 ms, respectively. The numbers of atoms are
Nyp = 1.4 x 10° and Ny; = 4.0 x 10%, respectively. The Li temperature is 77; = 500nK and
Tri/Tr =~ 0.2. The images are averaged over 5 measurements.

hand, the scattering length between Yb and Li is |ayp ;| = 1 nm [97], which is smaller
than that of Yb but larger than Li. Therefore, the %Li atoms are sympathetically cooled

by elastic collisions with evaporatively cooled '™Yb atoms.

5.3 Gravitational-sag compensation

In mass-imbalanced atomic mixture experiments, one of the obstacles to be overcome is
reduced spatial overlap due to different gravitational sags. In the vertical direction the
atoms feel the gravity potential mgz in addition to the confining potential. The effect
of the gravity is negligibly small in a deep trap potential. However, decreasing the trap
confinement during evaporative cooling, the total potential starts to be distorted by
the gravitational potential at some point and the minimum of the total potential shifts
downwards. The amount of the sag depends on the mass and the trap depth. Generally
a heavier atom is stronger affected than a lighter one, which results in a reduced spatial
overlap between them.

Despite the strong confinement in the vertical direction by the elliptical shaped H-
FORT, the Yb cloud sits about 6.5 um below the Li cloud at the final stage of evaporative
cooling (see Fig. 5.3(b)). Here we note that our FORT potential at the end of evapora-
tion is so shallow that the standard expression for gravitational sag assuming harmonic
potentials, g/w?, is no longer valid”. Therefore, we evaluate the sag of the Yb cloud by

considering the fully Gaussian shaped FORT and the gravity potential.

2 Assuming a harmonic trap for a confinement, the total potential of the trap and the gravity along
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Figure 5.3. Calculated trapping potentials along the vertical direction. (a) Geometry of the
H-FORT (yellow) and the GCB (green). The GCB has a waist of 75 um and is pointing about
38 um above the center of the H-FORT. (b) Calculated trapping potentials for Yb (blue) and
Li (red) along the vertical direction at the end of evaporation without the GCB (left) and
with the GCB (right). The arrow indicates the direction of gravity. The dashed lines indicate
positions of potential minima in which atomic clouds settle. The Yb cloud sits 6.5 um below
the Li cloud without the GCB. The GCB lifts the Yb cloud by about 3 um whereas the Li
cloud barely move down by 1 um at a GCB power of 900 mW.

There are some ways to compensate for a reduced overlap due to different gravita-
tional sags. One way is to use a “magic” optical dipole trap. Calculating polarizabilities
Eq. (5.22) for a certain combination of species 1 and 2, one finds a wavelength which sat-
isfies a1 /ave = my/my. In an optical trap with such a wavelength the two species obtain
same amount of sags. This “magic” optical dipole trap is successfully demonstrated with
Rb-K mixtures [116]. However it is inapplicable to Yb-Li mixtures, because ayy < ag;
with any red-detuned wavelengths.

Another way is to use a magnetic field gradient as in a ¥3Cs—C°Li mixture reported
in [117]. They compensate for the sag of Cs by applying a magnetic field gradient against
the direction of gravity. Though this is applicable to Yb—Li mixtures [101], different from
the Cs—Li mixture case the magnetic field gradient should be applied so as to increase
the sag of Li because of magnetic-field insensitivity of Yb.

In contrast to using a magnetic field gradient, we apply an intensity gradient of a
laser whose wavelength is 532 nm. The laser field acts as an attractive potential for Yb
and a repulsive one for Li, because the signs of their polarizabilities are opposite (see

Table 5.2). Figure 5.3(a) shows the geometrical configuration of the gravitational sag

the vertical direction is U(z) = mw?z% + mgz = mw? (2 + %)2 — %mf}—z. Thus the amount of the sag

can be evaluated by —g/w?.
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Figure 5.4. Effect of the GCB. (a) Vertical position displacement of the Yb cloud. Beam
pointing is changed by the piezo-controlled mirror mount. The GCB power is 900 mW. The
cloud is displaced by about 3 um at the best beam position. (b) Measured vertical trap fre-
quencies of Yb with the GCB with various powers. The beam position is fixed at the best
position determined by cloud displacement. The frequency increases as the power increases.

compensation beam (GCB) and the H-FORT. The GCB has a waist of 75 um and is
pointing about 38 um above the atomic cloud. Resulting total potentials for Yb and
Li in the vertical direction at a GCB power of 900 mW are shown in Fig. 5.3(b). The
Yb cloud is pulled up by about 3 um, while Li is nearly unaffected and does not move
due to its strong confinement within the FORT. 900 mW is the current limit of our
laser system. However, the Li potential will also start to be seriously deteriorated at
some point. As such, for the experiments at hand we think to have established a good
compromise. We linearly ramp up the GCB in 100 ms followed by 100 ms holding at the
end of evaporation to prevent heating and oscillations of the atomic sample.

The effectiveness of the GCB is confirmed by the displacement of the Yb cloud
and the change of the vertical trap frequency. Figure 5.4 shows the vertical position
displacement of the Yb cloud by the GCB. We change the pointing of the GCB by the
mirror on the piezo-controlled mount (see Section 4.3). The maximum displacement is
about 3 pm, which is consistent with our calculation shown in Fig. 5.3(b). The GCB

pointing is fixed at the optimal position determined by the displacement measurement.

5.4 Optical lattice

The next step in the experimental sequence is to load the Yb—Li quantum degenerate

mixture into a 3D optical lattice with wavelength A, = 532 nm and to form an Yb Mott
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insulator. The optical lattice is adiabatically ramped up to 15 EX" in 200 ms, where Er =
h%(2m/Ar)?/(2m) is the recoil energy with atomic mass m. The ratio of s = |V;|/Eg, the
lattice depth divided by the recoil energy, for Yb and Li is sy, /sy = 21.4. At sy, = 15
we have sp; = 0.7 at which the Bloch state is well delocalized in the system. This ensures,
even though at A\, = 532 nm their polarizabilities have opposite signs, reasonable overlap

between the delocalized Li and the localized Yb atoms.

The formation of the Yb Mott insulator is confirmed by the disappearance of inter-
ference peaks in TOF absorption images of Yb atoms. Releasing a BEC from an optical
lattice, one observes phase coherence of the BEC in the lattice by multiple matter wave
interference peaks in a TOF absorption image. In a shallow lattice sharp peaks with a
momentum 2hk clearly appear while in a deep lattice they vanish, indicating a quantum

phase transition from a superfluid to a Mott insulator [16].

It is interesting to see how the presence of Li affects the superfluid to Mott insu-
lator transition of Yb atoms. In a 8"Rb-“°K mixture in an optical lattice enhancement
of localization of bosonic Rb atoms by doping with localized fermionic K atoms has
been observed [22, 23]. In contrast to the Rb—K mixture system, in the Yb-Li mixture
fermionic Li atoms are delocalized even in a lattice with a depth at which Yb atoms
are deeply localized. The effect of the delocalized Li on the phase coherence of the Yb
atoms in the lattice is unclear.

We take absorption images of Yb atoms released from the lattice with a depth ranging
from 0 to 15 EXP both in the absence and the presence of Li. We prepare a quantum
degenerate mixture of a BEC of 1 x 10° Yb atoms and a Fermi degenerate gas of 2 x 10%
Li atoms. The Li atoms are removed from the trap by applying a laser pulse resonant to
the Dy line with a duration of 1 ms before ramping up the lattice in the case without Li.
Figure 5.5 shows images at representative lattice depths together with illustrations of
respective situations of localized Yb atoms and a delocalized Li gas in an optical lattice.

In order to quantitatively compare the two cases we evaluate visibilities of the ab-

sorption images [118]. The visibility is defined as

Nmax - Nmin

Y= mex i
Nmax + Nmin,

(5.24)
where N.x is the total number of atoms in the first order interference peaks and N, is
that in the diagonal areas with the same distance from the central peak (see Fig. 5.6(a)).
Figure 5.6(b) shows a variation of visibility as a function of the lattice depth. No notable

difference between the two cases is observed.
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Figure 5.5. Absorption images of multiple matter wave interference patterns of 17#Yb atoms
after a TOF of 22ms. The number of Yb atoms is Ny, = 1 x 10°. Lattice depths are 0, 5,
10, 15 E}{b from left to right. The images are averaged over 5 measurements. (a) Images in
the absence of °Li. We remove Li atoms by applying a D, resonant light pulse for 1 ms after
the production of a Yb-Li quantum degenerate mixture. (b) Images in the presence of Li. The
number of Li atoms is 20% of that of Yb atoms. Even though lattice sites alternate for Yb and
Li (solid and dashed lines, respectively) because of the opposite signs of their polarizabilities
at A\ = 532nm, the Li atoms are delocalized enough to overlap with the localized Yb atoms
due to the shallow specific potential.

Another indication for the phase coherence of a BEC in an optical lattice is the
central peak width. We integrate the absorption images along the vertical direction and
evaluate the full width at half maximum (FWHM) of the central peak by fitting the
peak with a lorentzian function as shown in Fig. 5.6(c).

In both the visibility and the central peak width analyses no notable difference
between the cases with and without Li is observed. This is in agreement with the result in
a A\, = 1064 nm lattice presented in [107]. There we considered that the reduced spatial
overlap would be one of the reasons for the negligible effect of the presence of Li on the
phase coherence of Yb BEC in an optical lattice. However in this work we compensate
for the reduced overlap by the GCB. Therefore we exclude this from possible reasons for

the small effect. Instead it is attributed to the small inter-species interaction.
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Figure 5.6. Quantitative analyses of TOF absorption images of Yb. (a) Evaluation of visibility.
The visibility of interference fringes is defined as V = (Nmax — Nmin)/(Nmax + Nmin). Nmax
is the total atom number in red squares and Ny, is that in blue squares. (b) Visibility of
Yb interference fringes at various lattice depths in the cases without Li (blue circle) and with
Li (orange diamond). (c) Evaluation of the central peak width. We integrate the absorption
images along the vertical direction and fit the central peak with a lorentzian function. The
central peak width is the FWHM of the fit. (d) Central peak width at various lattice depths
in the cases without Li (blue circle) and with Li (orange diamond). Solid lines denote fits with
dual linear functions. No notable difference between the two cases in the visibility nor the
central peak width is discerned. Error bars in (b) and (d) indicate the standard deviation of
five independent measurements.



CHAPTER

Collisional stability of localized Yb(°P5)

atoms immersed in a Fermi sea of Li

In this chapter, we report on the main result of the present thesis, the realization of
a system of localized Yb atoms with controllable internal states immersed in a Fermi
sea of Li in a three-dimensional optical lattice. In this situation we investigate inelastic
losses in detail. Instead of using spin-polarized fermionic isotopes immersed in a Fermi
degenerate gas of Li as in a 1°K-SLi mixture [119], performing the experiments in a
deep optical lattice and using direct excitation from the Yb ground to the excited 3P,
state, we achieve high selectivity on the collisional partners and high flexibility in the
target state preparation. This method allows us to work also with bosonic Yb isotopes.
Accordingly the results presented in this work provide a general survey on inelastic
collisional properties of Li with one or several Yb atoms in 'Sy and ®P, states. The

results reported here are published in [120].

6.1 °P, state preparation and detection

This section describes *P, state preparation and detection methods. A portion of the
ground state Yb atoms is directly excited to the *P; state by a 0.1-1ms laser pulse at a
resonant wavelength of 507 nm. The Landé g-factor of the 3P, state of 1™Yb is g; = 3/2.
Hence, an applied magnetic bias field lifts the degeneracy of neighboring m; sublevels

by h x 2.1 MHz/G, where h is the Planck constant, and allows for m selective excitation
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to the P, state. We ramp the bias field to 282 mG for the excitation of the m; = 0 state
and 200 mG for the m; = —2 state while the lattice goes from 0 to 5 Eg in 100 ms. Apart
from measurements comparing magnetic field dependencies the bias fields are then left
unchanged until atom detection.

While the absolute value of the magnetic field is important for individual substates
selectivity, the direction of the field connects to the shape of the spectrum due to the
inhomogeneity of the optical potentials. In an optical trap, the excitation frequency is

shifted from the bare transition frequency depending on the position as

hAv(r) = —i(ae —ay)I(r), (6.1)
where ag is the polarizability of the ground (excited) state. If the difference between
oy and o, is large, the excitation frequency is position sensitive, which results in a
broadening of the spectrum. Particularly in the case oy = ., inhomogeneous broadening
is totally canceled, which is called a “magic wavelength” condition.

In an optical trap with a linear polarization, the polarizability of a magnetic sub-
state m; depends on the angle between the direction of the quantization axis and the

polarization of the laser field as [121]

3m? — J(J+1)
2727 —1)

a(J,m,0) = a® +a’(3cos* 0 — 1) (6.2)
where o® and o are the scalar and tensor polarizabilities, respectively. Therefore it is
important to choose the field orientation for each magnetic sublevel to reduce inhomo-
geneous broadening. Since o’ = 0 when J = 0 or 1/2 [121], the polarizability of the 'S
state is constant. For the 3P, state the polarizability (6.2) is reduced to

m2 — 2
4

The polarizabilities of the 'Sy state are calculated by Eq. (5.22). Those of the 3Py

state are determined by spectroscopy of an Yb cloud in optical traps with various trap

ae(m,0) = a5 + ol (3cos? 0 — 1)

(6.3)

Table 6.1. Calculated a, and measured o and ol for 1070nm and 532nm light fields in
units of Hz/(W/cm?).

Wavelength ag/h as/h al/h
1070 nm 22.26 15.98 —13.20
532 nm 37.76 52.44 13.32

70



6.1. 3Py STATE PREPARATION AND DETECTION

-—- 'Sy — my=0 — |myl=1 Imy| =2

w
(=)

1070 nm | 532 nm
60}

x_ il '

40}

N
(=}

-
o

Polarizability (Hz/(W/cm?))

(=}

0 30 60 0 0 30 60 90
Angle (°) Angle (°)

Figure 6.1. Polarizabilities of the 'Sy state and magnetic sublevels of the 3Py state of 17™Yb
in 1070 nm (left) and 532nm (right) light fields. The “magic wavelength” condition is satisfied
where the polarizabilities of 1Sy and 2Py cross.

depths. Values of calculated a, and measured o and o for 1070 nm and 532 nm optical
traps are summarized in Table 6.1.

Using these values we obtain the angle dependences of . for different m; sublevels as
shown in Fig. 6.1. The black dashed lines in the figure indicate the polarizabilities of the
1S, state. The magic wavelength condition is satisfied where the 'Sy and 3P, polarizabili-
ties cross. Table 6.2 gives the angles at which the magic wavelength condition is satisfied.
Due to the limitation of our setup, it is impossible to cancel inhomogeneous broadening
by all lasers at the same time. Therefore we choose the magnetic field orientation to
minimize the broadening as good as possible.

To further reduce inhomogeneous broadening the GCB is ramped down to 0 mW
while the lattice goes from 10 to 15 Fr in 50 ms. Since the Yb atoms are already pinned
at lattice sites at 10 Eg, the spatial overlap between Yb and Li remains restored even
with the GCB turned off at this point.

For the detection of the 3P, atoms, we first remove the ground state Yb atoms from

Table 6.2. Angles between the magnetic field and the light polarization which satisfy the
magic wavelength condition. In a 1070 nm light field each magnetic sublevel has the angle,
while in 532 nm there are no such angles for all sublevels.

Wavelength my =0 Imy| =1 |my| =2
1070 nm 36.2° 10.2° 82.8°
532 nm n/a n/a n/a
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Figure 6.2. (a) Energy shifts of an Yb atom by inter-atomic interactions. In a doubly occupied
site, a resonance frequency shift from that of an atom in a singly occupied site is (Uge — Uge)/ R,
where Uy and Uge are the on-site interactions between two ground state Yb atoms and between
ground and excited Yb atoms, respectively. The presence of Li shifts the resonance frequency
by (Ue-1i — Ug-1i)/h, where Ug_1; and U, 1,4 represent the inter-species interactions of ground
and excited Yb atoms with Li, respectively. (b) Typical 1Sy — 3Py(m = 0) excitation spectra
of an '™Yb Mott insulator in an optical lattice at 15 Egr with (upper) and without (lower)
6Li. The pure Yb case is inverted for ease of comparison. Resonances of single, double, and
triple occupancies (n = 1,2, 3) in the lattice are separated due to interatomic interaction. Any
significant differences between the spectra in the presence and absence of Li are not discerned.
The solid lines denote the fits with Lorentzian functions for each of the resonances.

the trap by a 0.5-1ms laser pulse resonant to the 'Sy — 'P; transition. The atoms in
the 3P, state are then repumped to the ground state via the 3S; state by simultaneous
applications of two laser pulses resonant to the 3P, — 3S; and 3P, — 3S; transitions

with a duration of 1ms (see Fig. 3.5).

Finally, the atoms returned to the ground state are recaptured by a detection MOT
operating on the strong 'Sy — P, transition. The fluorescence intensity from the MOT
is detected and is proportional to the number of repumped atoms. Figure 6.2 shows
a typical 'Sy — 3Py(m; = 0) excitation spectrum of the Yb Mott insulator at 15 Eg

immersed in a Fermi degenerate gas of Li. The formation of a Mott insulator state is
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reflected by the spectrum with well-resolved resonance peaks shifted by on-site inter-
actions [78]. We note that the corresponding spectrum taken without Li (lower panel,
inverted) is basically identical, in agreement with previous observations [107]. The width
of the n = 1 peak, 1 kHz, together with our Li density, results in an upper bound for
the s-wave scattering length difference as |a. 1; — a4-1i] < 40nm (see Appendix B). In
the measurements below, we selectively excite Yb atoms in singly, doubly, and triply

occupied (n =1, 2, 3) sites by properly setting the excitation laser frequency.

6.2 Yb(°P,)-Li inelastic collisions

We measure the loss of Yb(*Py, m; = 0) atoms by inelastic collisions with Li. The
experimental procedure is as follows; after the lattice depth reaching 15 Fg the 507 nm
excitation pulse resonant to Yb singly occupied (n = 1) lattice sites is applied. Remain-
ing ground state Yb atoms are removed by 'Sy — 'P; resonant light as described above.
This procedure allows us to exclude unwanted Yb(3Py)-Yb(3Py) and Yb(*P3)-Yb(1Sy)
collisions that have shown to have large inelastic loss rates on the order of 107! and
1072 cm? /s, respectively [93]. It is also important to note that the number of excited
atoms is less than 10% of that of Li so that the Li density can be considered constant
during the interaction time. After a variable holding time of the Yb(*Py)-Li mixture in
the lattice we detect the Yb atoms remaining in the 3P, state. Li atoms are detected by
absorption imaging at the same time. For comparison, we repeat the identical experi-
mental sequence for a sample without Li, where Li atoms are removed from the trap by
applying a laser pulse resonant to the Li Dy line with a duration of 1ms before loading
the lattice.

The result is shown in Fig. 6.3(a). A fast decay of Yb(*P3) atoms by the collision
with Li is clearly observed. Fits to the data with exponential functions give decay time
constants of ~ 15ms and ~ 1000 ms for the cases with and without Li, respectively. To
determine the Yb(3Py, m; = 0)-Li inelastic loss coefficient, we repeat the measurement
with various Li densities by changing either GCB intensities or the total number of
Li atoms. We vary the GCB power between 0-900 mW and the total Li atom number
between 8-73x10% by changing the initial Li loading time. In the former case the Li
number is 3.0 x 10* and in the latter case the GCB power is fixed at 900 mW. Results
with representative GCB powers are shown in Fig. 6.3(b). The atoms decay faster as
GCB power increases. This also indicates the effectiveness of our GCB approach in which

it lifts the Yb cloud up to the denser regions of the Li cloud. Figure 6.3(c) shows results
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Figure 6.3. (a) Time evolutions of Yb(3Py, m; = 0) atoms with and without Li. The GCB
power and the total number of Li are 900 mW and 2.5 x 10%, respectively. A stronger decay
in the presence of Li is clearly observed. Fits by exponential functions (solid lines) give decay
time constants of ~ 15ms and ~ 1000 ms, respectively. Inelastic decays of Yb(3P3) atoms (b)
at various GCB powers with 3.0 x 10* Li atoms, and (c) with various total numbers of Li at
900 mW GCB power. The decays become faster as Li density increases. Solid lines denote fits
to the data (see text). The applied bias field is 282 mG in all cases. Error bars indicate the
standard deviation of three independent measurements.

with representative total numbers of Li atoms. Faster decay with more Li atoms is clearly
discerned.

We fit the datasets and determine the inelastic loss coefficient in the following way. In
the absence of Yb(®P3)-Yb(*Py) and Yb(*P5)-Yb('Sy) collisions thanks to the optical
lattice and the occupancy selective excitation scheme, the decay of Yb(*Py) atoms is

described by the Yb(®P,)-Li inelastic decay term as a dominant process;

Nyp = —aNyp — BENLinyy, (6.4)

where nyy, and n; are the density of Yb(®P5) and Li, respectively, a is the one-body loss
rate, and 3 is the Yb(3P,)-Li inelastic loss coefficient averaged over the two contributing
Li spin states. Here we assume that higher than two-body collisions are negligible.

We have further introduced a Li density correction factor £. It accounts for the
reduced density of the Li Bloch wave function at Yb sites for a lattice depth of sp; = 0.7

(see Fig. 6.4(a)). The correction factor £ is determined by the three dimensional overlap
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Figure 6.4. (a) The Wannier state of Yb (blue) and the Bloch state of Li (red) at syp(sri) =
15(0.7). The density correction factor £ is determined by the overlap integral of them in a
single lattice site (between —0.5 and 0.5 lattice sites). (b) Mott shell structure of the Yb
ground state (blue) and density distribution of Li (red) along the vertical direction. Examples
with Ny, = 1.0 x 105 and Ng; = 2.5 x 10* at GCB power 900 mW are displayed. The Yb(3P3)
atoms can be assumed to be equally distributed in the n = 1 Mott shell volume, because we
selectively excite the atoms in the n = 1 shell.

integral of the Wannier state of Yb and the Bloch state of Li in a single lattice site;

/2
- / s () 2l os ()2 P (6.5)
—d/2

Here wyy, is the Wannier state of Yb, 1y is the Bloch state of Li, and d = 266 nm is the
lattice spacing. Evaluating the Yb Wannier function we include that the lattice depth for
Yb(®P3) in each direction is slightly different due to the dependence of its polarizability
on the angle between the magnetic field orientation and the laser polarization. For the
mj = 0 state the correction factor is calculated to be £ = 0.66.

Considering the number of Yb(3Py) is less than 10% of that of Li atoms, we regard ny;
as time independent as mentioned above. Therefore, the time evolution of the number
of Yb(3P,) is expressed as

Ny () = / ryn(r, £ = 0)e~ (@B g3y, (6.6)

Figure 6.4(b) shows a typical Mott shell structure of the Yb ground state and a
density distribution of Li along vertical direction with GCB power 900 mW. Since we
selectively excite Yb atoms in the n = 1 Mott shell, we assume that the Yb(®Py) atoms
are equally distributed in n = 1 shell volume. The one-body loss rate is determined to
be 1/a = (900 £+ 250) ms from the fit to the data without Li. We evaluate § using a
bootstrap method. All datasets are fitted 100 times by Eq. (6.6) with £ being a common

parameter among them. Each time the Li cloud size, the numbers of Yb and Li, and the
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Figure 6.5. Inelastic decays of Yb(3Py, m; = —2) with Li at 200 mG and 9.0 G. Solid lines are

fits to the data with Eq. (6.6). Both decay curves are rather identical. This does not support
the previous theoretical prediction of a FR at around 10 G.

YD vertical position are randomly chosen in the ranges of £10% (roughly corresponds
to Li temperatures +£150nK), +£10%, and +0.5 um, respectively. The mean and the
standard deviation of the fit results yield 8 = (4.4 + 0.3) x 10~ ¢cm?/s for the m; = 0
state. Solid lines in Fig. 6.3(b) and (c) show the fit results.

For the determination of the inelastic loss coefficient for the m; = —2 state, possible
contributions from both n = 1 and 2 shells are included. They arise from excitation
uncertainties caused by small intra-species interaction in combination with a significant
sensitivity to magnetic field noise of this state. Our error budget accounts for this by
also allowing partial to full excitation in the n = 2 shell in the bootstrap analysis. The
analysis with & = 0.64 results in 8 = (4.7 £ 0.8) x 107! cm?/s. This value is two orders
of magnitude smaller than that predicted in [38] and better matches the prediction
in [34]. In the former report, the authors also predict an increase of 8 with a ™Yb(3Py,
my = —2)-5Li FR at around 10 G, while the latter predicts a decrease of 3 for 0-50 G.
To check these, we compare the decays of Yb(®Py, m; = —2) at magnetic fields of
200mG and 9.0G (Fig. 6.5). The magnetic field is swept to the desired value in 1ms
after the excitation. The experimentally obtained decay curves at both magnetic fields
are almost identical, highlighting the continuing challenges in a theoretical treatment
of the problem. Our result provides additional input to refine the required inter-atomic
potentials.

To give further insight into the Yb(3Py)-Li inelastic collisions, we investigate the
inelastic decay channels of the 3Py atoms by collisions with Li. Possible decay processes
are spin changing, fine structure changing, and principal quantum number changing

collisions. Considering energy and momentum conservation in Yb(*Py)-Li inelastic col-
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Figure 6.6. Inelastic decay of Yb(®Py, my = 0) with Li at 100mG and 9.0G. Solid lines
are fits to the data with Eq. (6.6). No differences are observed below and above the threshold
magnetic field 500 mG. This excludes spin changing collision dominance in the Yb(*Ps)-Li
inelastic collisions.

lisions, a decayed Yb atom carries away only my;/(mp; + myp) = 3% of the released
energy. If spin changing collisions dominantly occur, there is a magnetic field threshold
beyond which 3Py(mj; > —2) atoms in the process my — —2 gain more energy (3% of
the magnetic field dependent Zeeman splitting) than the lattice and FORT support. As
a result, we would expect faster decays of m; > —2 states at higher magnetic fields.
The lattice depths for all the sublevels of the 3P, state are 1-1.4 times deeper than
that for the 'S, state due to their polarizabilities depending on the direction of the
quantization axis. Since the Zeeman splitting of the 3P, state of '™Yb is kg x 100 uK/G
per Amj; = 1, the threshold is—taking also into account that only 3% of the collisional
energy are transferred onto Yb—in the range of 500-700 mG for m; = 0 at a lattice
depth of 15 Eg = kg x 2.9 uK for the 'Sy state. We compare the Yb(3Py, m; = 0) decays
at 100 mG and 9.0 mG (Fig. 6.6). We do not find any significant differences between the
two cases. Therefore, we conclude that the decay of Yb(®P3) by inelastic collisions with
Li at low magnetic field is dominated by fine structure changing or principal quantum

number changing collisions.

6.3 Site-occupancy selective loss measurements

Besides the Yb(*Py)-Li inelastic collision measurements, we demonstrate that our method
using an optical lattice and a direct excitation allows us to study collisional processes
site-occupancy selectively. First, we measure the decay of *P, state atoms in doubly

occupied (n = 2) sites. By selectively exciting Yb atoms in n = 2 sites to the 3P,

7
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© without Li
o with Li

Normalized atom number

Hold time (ms)

Figure 6.7. Time evolutions of Yb(®Py, m; = —2) in n = 2 sites at 200mG. The solid
lines denote fits to the data with an exponential function for the data without Li and with
Eq. (6.6) for the data with Li. Any particular behavior in a Yb(*P2)-Yb(!Sg) system with Li
is not confirmed. Inset: Sketch of the situation. In a single lattice site Yb(1Sg) (blue), Yb(3P5)
(yellow), and delocalized Li (red) interact.

state, Yb(®Py)-Yb('Sy) inelastic collisions become detectable while Yb(*Py)-Yb(*Py)
and higher order collisions are inhibited. We use the m; = —2 state that is stable
against inelastic collision with Yb(*Sy) [93]. The experimental procedure is as in the
above measurements apart from the absence of the Yb('Sy) blast pulse before having
the holding time.

The result is shown in Fig. 6.7 together without the case with Li for comparison.
The decay model is described by Eq. (6.6) with o modified by the collision with Yb(!Sy)
atoms. From an exponential fit to the data without Li, « is determined to be 1/a =
(1354+20) ms in agreement with the previous result in [93]. The fit to the data with Li by
Eq. (6.6) yields 8 = (5.4 +£1.0) x 10~ ¢m? /s, a value similar to the one obtained above
for Yb(®Py, my; = —2)-Li collisions in absence of Yb(!Sy) atoms. This demonstrates
that the Li-induced inelastic decay of the two-atom state of Yb('Sg)+Yb(*P3) can be
approximated reasonably by assuming Li to only affect the Yb(3Ps) atoms.

To complete the picture, we also investigate by selective excitation the time evolu-
tions of only ground state Yb atoms in singly, doubly, and triply occupied lattice sites
separately. We have a variable hold time at 15 Eg and then measure for each occupa-
tion number the remaining number of sites by site-occupancy selective excitation to the
my = 0 state. Here we note that since our excitation method excites only one of the

atoms in each lattice site, not the number of atoms but the number of sites is measured.

The results are shown in Fig. 6.8. An increase of the number of singly occupied

sites and decays of those of doubly and triply occupied sites are observed. The observed
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Figure 6.8. Time evolutions of the number of singly, doubly, and triply occupied sites at
282mG measured by site-occupancy selective excitation. The number of n = 1 sites increases
by about 50% in a few seconds. Decays of n = 2 and 3 sites are observed. Note that while in
the previous experiments the relevant dynamics was in the range of milliseconds, the current
experiment with ground state atoms only is on the order of seconds. These behaviors should be
related not only to three-body decay processes but also to complication of tunneling and on-
site interactions. In any occupation order, no notable differences between the cases of presence
and absence of Li are observed. Solid lines are guides to the eye.

behaviors should be attributed to an intricate dynamics where tunneling and interaction
interplay as well as three-body decays. In the case of singly and doubly occupied sites the
dynamics is likely to be dominated by redistribution of the site occupation by hopping
and due to heating effects induced by the lattice beams. In triply occupied sites molecule
formation also becomes possible. In contrast to the systems including Yb(*Py) atoms,
notable differences between the cases with and without Li are not observed in any
occupation order. This proves in agreement to our previous results that in the Yb ground
state the intra-species collisional properties are not significantly altered by the presence
of Li.
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CHAPTER

Conclusions and outlook

Conclusions

In this work we realized a system of localized Yb atoms with controllable internal states
immersed in a Fermi sea of Li. First we developed a compensation method for a reduced
spatial overlap between Yb and Li atomic clouds due to different gravitational sags. By
applying a intensity gradient of a 532nm beam onto the atomic clouds, Yb atoms are
pulled up and Li atoms are pushed down a bit. About a 3 um displacement of an Yb

cloud was observed, which indicates the effectiveness of the compensation beam.

We then loaded a quantum degenerate ™Yb-SLi mixture into a three-dimensional
optical lattice with a wavelength of 532nm. A superfluid to Mott insulator transition
of Yb both in the absence and presence of Li atoms was successfully observed. It was
confirmed that the phase coherence of an Yb BEC and a 3P, spectrum of an Yb Mott
insulator were almost unaltered by the presence of Li even with the reduced overlap
compensated. This is in agreement with previous observations in a 1064 nm optical
lattice [107]. Also by the direct excitation of localized Yb atoms from the ground to the
excited 3P, state, we realized localized metastable Yb atoms. This together with the
mobile Li atoms marks the first experimental realization of having localized metastable

Yb atoms immersed in a Fermi sea of Li, the main goal of the present research.

Combining a deep optical lattice and a direct excitation to the 3P, state, we inves-
tigated Yb(3Py)-Li inelastic collisional properties in detail. The '™ Yb(3*Py)-5Li inelastic
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loss coefficients for m; = 0 and —2 states were determined to be (4.440.3) x 107 cm3 /s
and (4.7 4+ 0.8) x 107! ecm?/s, respectively. The obtained inelastic loss rate of m; = —2
and its magnetic field dependence should provide stimulus to further improve current
calculations on the Yb(®P,)-Li Fehabach resonance landscape. The observed magnetic
field independence of the inelastic loss rate for m; = 0 implies little contribution of spin
changing processes to the decay of Yb(*Psy) in collisions with Li.

Our method also allows us to investigate decays of atoms in one- or few-body systems
separately. In fact, we measured the time evolution of Yb(3P,) in n = 2 sites, and we
found that the Li-induced inelastic decay of the two-atom state of Yb(*Sy)+Yb(®Py)
is well understood by the Li atoms affecting solely the Yb(3Py) state. Further we suc-
cessfully observed time evolutions of ground state Yb atoms in n = 1, 2, and 3 sites
separately and confirmed absence of the effect of Li on the intra-species collisional prop-
erties.

In addition to the realization of metastable Yb in the Fermi sea of Li we could also
get a rather complete picture on the interaction between the two species. The inelastic
collisions are characterized in type and quantity and for the elastic collisions an upper
boundary could be established. This is the foundation for the next series of experiments

to try to get control over the inter-species interactions.

Outlook

The experimental method presented in this work can serve as a tool in the search for
Yb(3P,)-Li Feshbach resonances by measuring variations of inter-species inelastic loss
rates over a wide range of magnetic fields (see Appendix B). Also it is applicable to other
isotopes. Especially, fermionic Yb isotopes (1™'Yb and 1"3Yb) are interesting candidates
to search for inter-species Feshbach resonances, where both usual and anisotropy-induced
Feshbach resonances are expected to exist because of their hyperfine structures in the
3P, states. We plan to also make use of high-resolution spectroscopy on the 'Sy — 3P,
transition to measure scattering lengths between Yb(®P5) and Li at eventually confirmed
Feshbach resonances as performed in [29, 30] (see Appendix B).

Once we find a usable Yb(®P;)-Li Feshbach resonance, we can address impurity
problems. Especially, Anderson’s orthogonality catastrophe (OC) would be an interesting
topic [32, 122-124]. In our setup localized impurity Yb atoms can be switched from
almost non-interacting to strongly-interacting with a Li Fermi sea by exciting them from
the ground to the excited 3P, state. OC of the Fermi sea by the suddenly introduced
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local impurities can be seen by Ramsey-interference and spin-echo type measurements
of the impurities [32]. This kind of experiment has been performed for non-localized
impurity atoms in the context of polarons [125, 126], but not for localized impurities as
Anderson’s OC.

Also coherent manipulation of Yb atoms immersed in a spin mixture of Li allows us
to demonstrate deterministic quantum computation with one clean qubit (DQC1) [127],
which can solve some computationally hard problems.

Another interesting research direction is physics in mixed dimensions. Atoms living
in different dimensions show interesting scattering properties including confinement-
induced resonances. Several theoretical studies have been carried out for 1D-3D or 2D—
3D mixtures of Bose-Fermi or Fermi-Fermi mixtures [128-131]. However there is only a
few experimental works on those mixed dimensional systems and confinement induced
resonances [132, 133]. As already seen in this thesis, Yb atoms can be subjected to
low dimensions while Li remains a three-dimensional gas in an optical lattice. Mixed

dimensional physics is an accessible research area with Yb-Li mixtures.
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APPENDIX

Optical pumping of °Li

If a Feshbach resonance between Yb(®P,) and Li exists, the spin state involved in the
resonance is only one spin component of each species. We can prepare a single component
of the P, state by the direct excitation to each sublevel. For Li atoms, we need another
trick to polarize the spin component of the ground state. Here we present the optical
pumping method to prepare a spin-polarized Li sample.

Figure A.l(a) illustrates the scheme to optically pump to the mp = +1/2 state
in F' = 1/2. Initially, Li atoms consists of the mp = +1/2 states equally. Applying a
laser resonant to the Di(F = 1/2 — F' = 1/2) line with the o* polarization, atoms
in mp = —1/2 in F = 1/2 are excited to mp = +1/2 of the ?Pyo(F" = 1/2) state
and immediately decay to either mp = —1/2,41/2,43/2 in F = 1/2 and F = 3/2.
At the same time, unpolarized Do(F = 3/2 — F' = 3/2) resonant light is applied.
This light excites atoms in all spin states of F' = 3/2 to the 2P3/2 state. The excited
atoms can decay to all spin states in the 281/2 state. Since only the mp = +1/2 state in
F = 1/2 becomes the dark state, atoms are in the end pumped to this state. Pumping
to mp = —1/2 can be done by using the ¢~ polarization D; light.

Similarly, atoms can be pumped to either mp = £3/2 state in F' = 3/2 (Fig. A.1(b)).
In this case we use lasers resonant to the Dy(F =3/2 — F' =3/2) and Do(F =1/2 —
F' = 3/2) lines.

The laser source for the D; resonant light is a Littman configuration ECLD. Its
frequency is locked to the transfer cavity (see Fig. 4.13). The applied beam power is
300-500 W and the beam diameter is 2cm. The D, resonant light is the same as used
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Figure A.1. Optical spin pumping of Li. (a) Pumping to mp = +1/2 in the F' = 1/2 state
is carried out by simultaneous applications of a Dy (F = 1/2 — F' = 1/2) resonant light with
oT-polarization and an unpolarized Do(F = 3/2 — F' = 3/2) resonant light. Pumping to
mp = —1/2 can be done by using ¢~ polarized D light. (b) Similarly to the mp = £1/2
case, we can pump atoms to either mp = +3/2 state of the F' = 3/2 state. Pumping lasers are
resonant to the Dy(F = 3/2 — F' = 3/2) and Dy(F = 1/2 — F' = 3/2) lines.

for the MOT cooling or repumping beams. A pumping pulse of 0.5 ms duration is applied
2s after evaporative cooling starts to prevent atoms heated by the pumping process to
leave the still relatively deep optical trap.

The pumping is confirmed by the Stern—Gerlach method. Applying a magnetic field
gradient during TOF, different spin states feel different external forces during the ex-
pansion and they are spatially separated. Figure A.2 shows Stern—Gerlach TOF images.
Without spin pumping, an atomic sample is an almost equal spin mixture of |1) and |2).
Figure A.2(b—e) present results of pumping to the [1),|2) , |3), and |6) states, respectively

and confirms the effectiveness of our optical pumping scheme.
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Figure A.2. Spin resolved absorption images by the Stern—Gerlach technique. A magnetic field
gradient is applied during 1.2ms expansion time. (a) Unpolarized °Li sample. (b—e) Samples
spin-polarized to the mp = +1/2 and —1/2 in the F' = 1/2 state and mp = —3/2 and +3/2
in the F' = 3/2 state, respectively. The images are averaged over 5 measurements.






APPENDIX

Feshbach resonance search

This appendix presents preliminary results of our search for Feshbach resonances between
Yb(®Py) and Li. First we measure inelastic loss coefficients for a wide range of magnetic
fields to locate resonances. An increase of the inelastic loss coefficient is expected around
a resonance (see Section 2.4). We then perform 'Sy — 3P spectroscopy of Yb around the
magnetic field at which an increase of the inelastic coefficient is observed. This enables
us to directly measure the change of the Yb(*Py)-Li scattering length at the applied

magnetic field.

B.1 Inelastic loss coefficients

We measure inelastic coefficients of various combinations of spin states of ™Yb(3P,)
and SLi(?S,; /2) for 40-800 G. The experimental procedure is similar to the one presented
in Section 6.2. First we produce a quantum degenerate mixture of Yb('Sy) and spin-
polarized Li(*S;/2). We can prepare either [1),]2),]3), or |6) spin state of Li (see Ap-
pendix A). The mixture sample is then loaded into a three-dimensional lattice at 15 ExP.
A portion of the Yb atoms in the singly occupied sites are excited to the 3P, state at
200 mG in the lattice and the remaining ground state atoms are removed from the trap
by a blast pulse.

Then the magnetic field is ramped to the desired value. Due to the limitation of the
coils to generate high fields (Feshbach coils), it takes several ms for the coils to stably
reach the set value. The ramping time is 4ms for B < 500G, 6ms for B < 600G, 8 ms
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Figure B.1. Inelastic loss coefficients of the collisions in a '™ Yb(®Py,m; = —2)-SLi(F =

1/2,mp = +1/2) system for 40-800 G. A peak is observed at around 200 G. This probably
indicates the existence of a Feshbach resonance. Though the location is consistent with the
prediction in [34], the value of the loss coefficient is one order of magnitude smaller than the
theoretical calculation. Also the measured coefficients for 400-800 G are almost constant, which
does not match a resonance prediction at 750 G.

for B < 700G, and 11ms for B < 800G. After various waiting times at the target
magnetic field it is ramped down to 0G in 2ms. A second blast of ground state Yb
atoms and repumping of the remaining excited Yb atoms are performed after the field
ramp down. Yb atoms returned to the ground state and remaining Li atoms are finally
detected by fluorescence and absorption imaging, respectively. Inelastic loss coefficients
are evaluated by the method presented in this work.

So far we have measured inelastic loss coefficients of all combinations of Yb(3Py, m; =
—2,—1,0) and all accessible spin states of Li for 40-800 G. Variations of the inelas-
tic loss coefficients are observed in several combinations. In Fig. B.1 the result of the
Yb(®Py,m; = —2)-Li(F = 1/2,mp = +1/2) system is shown. A peak-like feature is
observed at 200 G. This would possibly indicate the existence of a Feshbach resonance
there. This result is partially consistent with the theoretical calculation in [34], in which
they predict a resonance at 200 G. However, the maximum value of the experimentally
obtained loss coefficients is one order of magnitude smaller than the prediction. Also
they predict a large resonance at 700 G whereas our result shows a flat spectrum for
400-800 G.

We do not assert that their calculation is wrong, because we think that the inelastic

loss measurements at high fields still have some problems. The major problem is the long
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magnetic-field ramp time. As seen in Section 6.2, typical decay times of the Yb(*Py)-Li
collisions is < 10ms. The field ramp time is comparable to the interaction time which
might cause us to misevaluate loss coefficient values. Further investigations and checks

of reproducibility of the measurements are necessary.

B.2 Spectroscopy at high magnetic fields

In order to measure possible changes of the Yb—Li scattering length, we perform spec-
troscopy of Yb atoms around the magnetic field where an increase of the inelastic loss
coefficient is observed. Different from the inelastic loss measurements the magnetic field
is ramped to the desired value before excitation. Immediately after excitation and a blast
pulse is applied, the excited atoms are repumped and detected by fluorescence imaging.
We take spectra of the n = 1 Mott shell in the presence and absence of Li and evaluate
the shift of the resonance frequency.

We deal with the m; = 0 state of the P, state for now because its resonance fre-
quency is insensitive to the magnetic field. This also helps to do the blast and repump
after the excitation at high fields, which results in reducing unwanted Yb(*Py)-Li inter-
action time during which Yb atoms are lost due to their inelastic collisions. The applied
magnetic field is oriented to the direction of gravity because of the configuration of the
Feshbach coils. Therefore the obtained spectra are broadened due to the inhomogeneity
of the optical traps compared to Fig. 6.2 taken at low fields where we can choose the
field orientation to minimize inhomogeneous broadening.

Figure B.2 shows the result of the Yb(3Py,m; = 0)-Li(F = 3/2,mp = —3/2)
collisions. Since an increase of the inelastic loss coefficient is observed at around 750 G
(Fig. B.2(a)), we take spectra for 650-810 G. Figure B.2(b) presents a spectrum in the
absence and presence of Li at 750 G. The peak intensity for the case with Li is lower
than for the case without Li. This is because in the presence of Li, a part of excited Yb
atoms is lost during the excitation and blast time for 1.3 ms in total. We fit the obtained
spectrum by a Gaussian function and evaluate the center resonance frequency.

Frequency shifts of the case with Li with respect to the case without Li at different
magnetic fields are plotted in Fig. B.2(c). Positive shifts mean aey; — ag1; > 0 and
negative shifts mean ae i — agr; < 0, where ay1; and ae1; represent the inter-species
scattering length for ground and excited state Yb, respectively. Generally the resonance
frequency tends to shift to the positive side in the presence of Li. This implies that the

background scattering length is ae i — ag1; > 0. If a Feshbach resonance is present,
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Figure B.2. Collisional properties of ™ Yb(3Pg, m; = 0) and °Li(F = 3/2,mp = —3/2). (a)
Inelastic loss coefficients for 40-800 G. An increase of the inelastic loss coefficient is observed
around 750 G. (b) 3Py excitation spectrum of Yb in an n = 1 Mott shell at 750 G with (red)
and without (blue) Li. The solid lines are fits to the data by a Gaussian function. The dashed
lines indicate their respective center frequencies. (¢) Resonance frequency shifts of the data
with Li with respect to the resonance without Li for 650-810 G. A diverging feature which is
an evidence of a Feshbach resonance is not observed. Generally the resonance frequencies with
Li shift to the positive side from those without Li. This implies that the background scattering
length of the excited Yb and Li is positive.

we would expect that the resonance frequency shift diverges at the Feshbach resonance
position. However such behavior is not observed at this resolution.
For a single Yb atom confined in a single lattice site, the inter-species interaction

Uyp 1; is given by

27rh2a —Li d/2
Uvb-1i = ¢/ lwyb (1) [ (r) Prwi(r) &r, (B.1)
—d/2

Myed

where ayy, 1; is the Yb-Li scattering length, myeq = mypmy;i/(myn, +my;) is the reduced
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mass, wyp and ¥r; are the Yb Wannier and Li Bloch wave functions, and ny; is the Li
density. Since the integration range is within a single lattice site with d as the lattice

spacing, the Li density can be regarded as constant. Thus Eq. (B.1) is written as

2R ayy 1
Uyb-1i = mfnm, (B.2)
Myed

with & as defined as Eq. (6.5). The observed spectral shift corresponds to (Ue1;—Ug 1)/ h.
Therefore a +0.5kHz shift together with our Li density corresponds to ae1i — ag1; =~

20 nm.
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