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ABSTRACT

Cold atomic ytterbium (Yb, Z=70) densely captured in a magneto-optical trap

(MOT) has opened many possibilities for fundamental studies and applications, including

optical frequency standards, parity non-conservation tests, and cold collisional properties.

Ytterbium atoms can be cooled and trapped by two types of magneto-optical trapping:

the strongly interacting (6s2)1S0-(6s6p)
1P1 transition with a laser wavelength of 398.9

nm and the weakly interacting (6s2)1S0-(6s6p)
3P1 transition with a laser wavelength of

555.8 nm. In this dissertation, we summarize how an ytterbium MOT has been con-

structed, what are the characteristics of trapped cold Yb gas, and how the performance

of Yb MOT has been improved, after a brief review of the principles of Doppler cooling,

Zeeman slowing, and magneto-optical trapping.

Radiative decay from the 1P1 state to metastable 3P states limits the number of

trapped atoms, as well as the (6s2)1S0-(6s6p)
1P1 transition MOT lifetime. Therefore,

researchers have attempted to improve the Yb MOT by eliminating the shelving loss

characteristics. In this thesis, we report that the atoms associated with the metastable

states (6s6p)3P0,2 are optically repumped, and that the loss rate of the 1S0-
1P1 transition

is extracted using trapping laser power-dependent fluorescence measurements. Experi-

ment were performed with and without each repump laser, i.e., a 650-nm laser (3P0-
3S1)

and a 770-nm laser (3P2-
3S1). The loss rates associated with radiative decay to the

metastable states were then analyzed. The experimental results indicate that the num-

ber of trapped atoms increases compared to the no-repumping case, by up to 30%. The

repumping has also more than doubled the lifetime of the trapped atoms. The loss rate

term was affected by three major physical properties: the background gas collisions, the

Yb-Yb collisions, and the loss to the metastable states. By considering all of these con-

tributions to this particular loss, we experimentally measured the rate of decay from 1P1

state to metastable states. The measurement results show a good agreement with the

theoretical predictions.
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Chapter 1. Introduction

1.1 Research with cold ytterbium atoms and its ap-

plication

Optical trapping of neutral atoms has been a powerful tool for generating cold and

ultracold of gases [1]. Much work has been done with alkali metals such as rubidium

[2], sodium [3], and so on. Recently, like alkaline earth atoms, two-electron atoms have

become an attractive subject for the cooling and trapping research. Ytterbium atom has

a closed valence-shell electronic structure which is similar to alkaline-earth atoms, such as

calcium (Ca) [4], strontium (Sr) [5] and magnesium (Mg) [6]. There are some interesting

trapping properties in an ytterbium atom due to the spin zero electronic ground state,

which are different from those in alkali metal atoms. And ytterbium atom has many

naturally stable isotopes: seven isotopes, five bosonic atoms and two fermionic atoms.

The isotopes have similar abundance in nature. The bosonic isotopes have no angular

momentum in the ground state, and the fermionic isotopes, however, have nuclear spin,

allowing us to utilize the effects of hyperfine structures.

1.1.1 Optical frequency standards

Ytterbium atoms in the ground have a closed S-shell, and they have a weak inter-

combination transition between the ground state and the triplet state. This transition

has an extremely narrow linewidth and, therefore, used for optical frequency standards.

The uncertainty of a frequency standard is defined as σ(τ) = ∆f
fo

1√
Nτ

, where f0 is a exact

reference frequency, ∆f is the error of from the reference frequency, N is the number of

oscillators measured in unit time, and τ is the total interrogation time. As the number of

the atoms and the interrogation time are increased, the frequency uncertainty is lowered.

So the neutral atoms often are trapped at Lamb-Dicke regime in an optical dipole-induced

lattice for Doppler-free spectroscopy. This concept has been a new candidate for an optical

frequency standard [7].

But the optical lattice field perturbs the atomic internal state, and cold ytterbium

would appear to be unsuited for a clock. To overcome this defect, a concept of magic-

wavelength has been proposed: the AC Stark shifts of the ground and the excited state

energy can be canceled by the proper choice of wavelength (magic wavelength) of the
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lattice laser. Katori proposed that such a clock based on the polarization insensitive 1S0-
3P0 transition in 87Sr [8] could have extremely small, quantum projection-noise limited

instability of less than 10−17 in one second. However, there are still many sources that give

uncertainty in frequency standards [9] such as Zeeman shift, collision shift [10], blackbody

radiation shift [11], etc.

For ytterbium atomic lattice clock, 171Yb isotope, which has a nuclear spin I=1/2

and simple hyperfine structure [12], has been researched. There are several advantages

of ytterbium atomic clock. The lattice electric field induced frequency shift is removed in

spin-1/2 system. And 171Yb reduces the collisional shift because fermionic isotope atoms

does not interact with each other due to Pauli exclusion principle.

1.1.2 Cold collision properties

The interaction between atoms can be described by collisional parameters. Cold

collision research is related to a variety of different research areas including optical ma-

nipulation of chemical processes, quantum degenerate gases, precision measurements,

and spectroscopy. When the inter-atomic distance is the order of de Broglie length, their

interaction can be no more treated as of classical nuclear point-particles with atom’s elec-

tron distribution. There are two kinds of low temperature collisions: cold and ultracold

collisions.

Cold collisions occur when the de Broglie length is on the order of a chemical bond

distance. For example, when two atoms move to each other, they can absorb photons,

which are resonant with their molecular states, and form a bound excited molecule; quasi-

molecule. This molecule decays and emits photons at different internuclear separation

from the one at which they were made. The difference in binding energy the molecules

results in the kinetic energy of atoms and therefore they escape from the trap region [13],

[14], [15], [16], [17].

Ultracold collisions occur when the de Broglie length is on the order of the mean

distance between atoms. There are no photon-related processes in this case. They are

described in terms of a phase shift or scattering length, a, of the ground state wave

functions. The sign of a determines the stability of condensation: a > 0 results in stable

condensate, a < 0 results in unstable BECs, where they have an attractive interaction,

and the BECs collapse [18], [19], [20], [21], [22], [23].

– 2 –



1.2 Outlines

In chapter 2, we introduce the general properties and the optical properties of ytter-

bium. In chapter 3, we explain the qualitative descriptions and quantitative mathematical

expressions for atomic cooling process with laser. In chapter 4, we introduce the exper-

imental setups for ytterbium MOT: the ultra high vacuum chamber system, the laser

systems. In chapter 5, we explain how the ytterbium MOT was constructed and the

characteristics of MOT, such as the temperature, the number of trapped atoms. And we

measured the loss terms of the blue Yb MOT.
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Chapter 2. Properties of ytterbium

Ytterbium atom is a rare earth element of the lanthanide series, represented by the

symbol Yb and its atomic number is 70. The ground state electronic configuration of Yb

is [Xe]4f 146s2, where [Xe] is the closed shell electronic configuration of a Xenon atom.

Yb has two electrons in its valence shell (6s). The melting and boiling temperatures

are 1097 K and 1469 K, respectively, and is fairly stable in air but will slowly react

with moisture in the air. Ytterbium has seven isotopes, five even isotopes with I=0

(168,170,172,174,176Yb) and two odd isotopes, 171Yb (I=1/2) and 173Yb (I=5/2). The even

isotopes are bosons, and the odd isotope are fermions.

2.1 Optical transitions of ytterbium

For the cooling and trapping of Yb, there are two optical transitions available: the

blue 1S0-
1P1 transition at 398.9 nm and the narrow green inter-combination transition

1S0-
3P1 at 555.6 nm [24]. The low energy levels of ytterbium (174Yb) are shown in Fig

2.1. The blue transition is an allowed dipole transition, and it has a short lifetime of

the state 1P1 of 5.5 ns, with a broad linewidth of 28 MHz. The green transition is an

intercombination transition (∆S = 1), and has a relatively long lifetime of 850 ns, with

a linewidth of 187 kHz. Both of these transitions are approximately two-level optical

transitions, but the blue transition is not completely closed. Atoms in the 1P1 state have

non-zero decay probability into either one of the 3D2 or
3D1 states with a branching ratio

that has a lower limit of 1.2× 10−7 [25]. The atoms in 3D2 or 3D1 states can then decay

into one of the 3P2,
3 P1,

3 P0 states, where 3P2 and 3P0 are metastable [26]. The lifetimes

of these states, 3P2 and
3P0, are extremely long (12 s for 3P2, 21 s for 3P0). Table 2.2 and

Figure 2.2 show the relative strength, the isotope shifts, and the hyperfine splitting for

the blue (1S0-
1P1) transition. Table 2.3 and Figure 2.3 show the same physical parameters

for the green (1S0-
3P1) transition.
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Table 2.1: Natural abundance and nuclear spin of stable isotope of Yb

Isotope Natural abundance(%) Nuclear spin
168Yb 0.13 0
170Yb 3.04 0
171Yb 14.28 1/2
172Yb 21.83 0
173Yb 16.13 5/2
174Yb 31.83 0
176Yb 12.76 0
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Figure 2.1: The lowest energy levels of ytterbium
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Table 2.2: Hyperfine levels, relative strength, isotope shifts and hyperfine splitting of the
1S0-

1P1 transition [27].

Isotope/hyperfine Relative Strengths Shift(MHz)

176 0.1273 0

173 (5/2 - 5/2) 0.0498 272.1

174 0.3184 509.4

173 (5/2 - 3/2) 0.0225 1008.86

172 0.2182 1039.3

173 (5/2 - 7/2) 0.0884 1092.8

171 (1/2 - 3/2) 0.1140 1352.7

171 (1/2 - 1/2) 0.0285 1654.5

170 0.0303 1690.8

168 0.00135 2388.5

Table 2.3: Hyperfine levels, relative strength, isotope shifts and hyperfine splitting of the
1S0-

3P1 transition [28].

Isotope/hyperfine Relative Strength Shift(MHz)

173 (5/2 - 7/2) 0.0715 0

171 (1/2 - 1/2) 0.0476 255

176 0.1274 1432

174 0.3187 2386

172 0.2184 3387

170 0.0303 4673

173 (5/2 - 5/2) 0.0537 4698

168 0.0014 6044

171 (1/2 - 3/2) 0.0952 6192

173 (5/2 - 3/2) 0.0358 6193
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Figure 2.2: The isotope shift of ytterbium atom in 1S0-
1P1 (398.9 nm) transition fluores-

cence signal
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Figure 2.3: The isotope shift of ytterbium atom in 1S0-
3P1 (555.8 nm) transition fluores-

cence signal
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2.2 Physical parameters for the cooling and trapping

of ytterbium atoms (Yb174)

The physical parameters of ytterbium atom (Yb174) useful for the cooling and trap-

ping experiments are listed in Table 2.4 [29]. For example, the main optical two-level

transition is at 398.9 nm and the saturation intensity for this transition is 59.6 mW/cm2.

The Doppler limit temperature is TD = 694 µK which corresponds to the Doppler limit

velocity of vD = 18 cm/s. The capture velocity for the experiment has been designed as

vc = 1154 cm/s.

Table 2.4: Calculation of ytterbium parameters for cooling and trapping

Parameters 1S0 −1 P1
1S0 −3 P1 Description

gJ 1.035 1.493 Landé g-factor

τ (ns) 5.5 850 Life time of excited state

γ/2π (MHz) 28.9373 0.1872 Spontaneous decay frequency

Is (mW/cm2) 59.5817 0.1425 Saturation intensity

TD (µK) 694.3839 4.4931 Doppler limit temperature

vD (cm/s) 18.2660 1.4693 Doppler limit velocity

vc (cm/s) 1154.34 10.4069 Capture velocity

Ω (Hz/
√

W/m2) 5.2670E+06 6.9679E+05 Rabi frequency per unit power

– 10 –



Chapter 3. Laser cooling and trapping

3.1 Doppler cooling

Doppler cooling is atomic cooling technique with laser. When an atom moves with

velocity of ~v and laser field is counter-propagating to the atom with the frequency ωL,

which is lower than the atomic resonance frequency, in the atom’s reference frame, the

laser frequency is shifted by Doppler effect. The laser frequency ω′
L is similar to the

atomic resonance frequency ωo in atom’s reference frame. The schematic description is

shown in Fig. 3.1 a). The laser frequency in atom’s reference frame is given by

ω′
L = ωL −∆ωD, (3.1)

where ∆ωD is the Doppler frequency shift. We consider only the first-order Doppler shift,

then ∆ωD is given by

∆ωD = ~k · ~v, (3.2)

where ~k is the wavevector of laser field. When an atom absorbs a photon from the laser

field, the atom loses the momentum h̄~k and the atomic internal state changes from the

ground state to the excited state. After the time τ (lifetime of the excited state), the

excited atom releases a photon through spontaneous emission process. Then the atom

receives momentum kicking of −h̄~k′, where ~k′ is the wavevector of the spontaneously

emitted photon. Figure 3.1 b) shows the schematic description of the whole process.

After N times of absorption and emission process, the sum of momentum changes in the

spontaneous emission process is almost zero, because the emitted photon is released to

random direction. The net change of atomic momentum is decreased by the amount

of Nh̄k. And the translational kinetic energy EK = P2/2m, where P is the atomic

momentum and m is the atomic mass, decreases and the atom slows down. We describe

this process with mathematical formula: In steady-state, the total force exerted by laser

is equal to the momentum change by single photon times the mean number of photons

absorbed from the laser field per unit time.

~F =

[

dN

dt

]

ss

h̄~k, (3.3)

where
[

dN
dt

]

ss
is the scattering rate, and N is the mean number of photons absorbed from

the laser field per unit time.
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Figure 3.1: Schematic description of the Doppler cooling. a) An atom moves toward laser

incoming direction. In atom’s reference frame, the laser frequency ωL is up-shifted to ω′
L

near ωo, which is the atomic resonant frequency in the atom’s reference frame. b) When

an atom absorbs a photon, the atom in the ground state transits to the excited state.

After the lifetime of the excited state, the atom in the excited state decays to the ground

state and releases a photon.
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In steady state, the number of photons absorbed per unit time equals the number of

photons emitted spontaneously per unit time. Then, scattering rate is expressed by

[

dN

dt

]

ss

= Γρee, (3.4)

where ρee is the excited-state population in the steady state. When the atoms in a two-

level energy system are excited by the laser field, it is described by the optical Bloch

equations [30]. From the result of optical Bloch equation, the value ρee is given by

ρee =

(

Ω2

4∆2 + Γ2 + 2Ω2

)

. (3.5)

Then the force is

~F = h̄~k

(

ΓΩ2

4∆2 + Γ2 + 2Ω2

)

. (3.6)

We can express equation (3.6) in more useful form by using the saturation parameter

s, which is related to the Rabi frequency of transition, are given

s =
I

Is
=

2Ω2

Γ2
, (3.7)

where I is the laser intensity and IS is the saturation intensity of transition Then the

force equation for an atom is

~F(s,∆) =
h̄~kΓ

2





s

1 + s+ 4(∆−~k·~v)2

Γ2



 = m~a, (3.8)

where m is the atomic mass and ~a is the acceleration. For s ≫ 1, the acceleration, |~a|,
approaches to a maximum value :

amax =
h̄kΓ

2m
. (3.9)

Next, when an atom is between two counter-propagating lasers, known as the optical

molasses [31], the total force experienced by the atom is the sum of each laser force. The

total force is given by

F(s,∆) =
h̄kΓ

2





s

1 + s+ 4(∆−kv)2
Γ

− s

1 + s+ 4(∆+kv)2
Γ





≈ h̄kΓ

2





s

1 + 4(∆−kv)2
Γ

− s

1 + 4(∆+kv)2
Γ



 (for s ≪ 1)

=
h̄kΓ

2

kv

Γ

(

16∆s/Γ

1 + 8
Γ2 (∆2 + k2v2) + 16

Γ2 (∆2 − k2v2)2

)

. (3.10)
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The force is maximum value at |2kv/Γ| ∼ 1. For ∆ < 0, the force damps the atomic

velocity. And for ∆ > 0, the force accelerates the atoms. For |kv| ≪ Γ and |kv| ≪ |∆|,
Equation (3.10) can be expressed by the velocity dependent form

F = 4h̄ks
kv(2∆/Γ)

(1 + (2∆/Γ)2)2
= αv, (3.11)

where the damping coefficient α is

α = 4h̄k2s
2∆/Γ

(1 + (2∆/Γ)2)2
. (3.12)

And velocity damping occurs when α < 0.

3.2 Zeeman slowing

To decelerate the atomic velocity continuously along the atomic propagating direc-

tion, Zeeman shift cooling is used. In Zeeman shift cooling, atomic resonance phenomenon

is maintained between the laser frequency change with Doppler effect and atomic tran-

sition frequency change with Zeeman shift due to the external magnetic field. Zeeman

shift cooling is schematically described in Fig. 3.2. In the presence of external magnetic

field, the Zeeman energy shift energy is given by

∆E = ±µB, (3.13)

where µ is the magnetic moment and B is the magnetic field amplitude. Then the

mJ = ±1 excited state energy is changed by Zeeman effect from the mJ = 0 state energy.

σ+ polarized light drives transition between the J = 0 and the J = 1 (mJ = 1), σ−

polarized light drives transition between the J = 0 and the J = 1 (mJ = −1). Then

we have two possible Zeeman slowing configurations; σ− cooling (Fig. 3.2 a) and σ+

cooling (Fig. 3.2 b). For σ− cooling, the σ− polarized cooling laser is resonant frequency

with atomic transition by Doppler effect. The magnetic field magnitude is small at the

entrance of the slowing region and is large at the exit of the slowing region. Here, the

laser frequency changes by the Doppler shift due to the slowing atom is matched the

Zeeman shift of the J = 0 → J = 1 (mJ = −1) transition frequency. As the atomic

velocity is slowed down, the Zeeman shift increases. For σ+ cooling, the σ+ polarized

cooling laser is resonant with atomic transition J = 0 → J = 1 (mJ = 0). The magnetic

field magnitude is large at the entrance of the slowing region and the magnetic field

magnitude is small at the exit of the slowing region. As atoms enter the slowing region,

the J = 0 → J = 1 (mJ = 1) transition energy is shifted by the magnetic field and

matched the laser frequency shift by Doppler effect. As the atomic velocity is slowed

down, the Zeeman shift also decreases.
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3.3 Magneto-optical trap

To trap an atom at specific position, the position-dependent force is required. The

magneto-optical trap uses optical molasses and position-dependent force. Figure 3.3

describes the magneto-optical trapping of atom in one dimension. An atom located at

z = 0 is illuminated by two counter-propagating light fields having opposite polarization

and the frequency, ωL, slightly below the unperturbed atomic resonance frequency ωo.

The magnetic field ~Bz that increases linearly with distance from z = 0, where magnetic

is. For z < 0, the magnetic field vector is in the opposite direction.

As shown in Fig. 3.3, for z > 0 the magnetic field up-shifts for the J = 0 → J = 1

(mJ = 1) transition frequency and down-shifts for the J = 0 → J = 1 (mJ = −1)

transition frequency. While for z < 0, the magnetic field up-shifts for the J = 0 → J = 1

(mJ = −1) transition frequency and down-shifts for the J = 0 → J = 1 (mJ = 1)

transition frequency. When an atom with near zero velocity that is moved to z < 0.

Here, the σ+ cooling laser propagating to the +ẑ direction is nearly resonant with the

J = 0 → J = 1(mJ = 1). So, the atom will absorb photons from σ+ light, time averaged

force toward z = 0 where the absorption rates for the two cooling lasers are equal. Then

force equation is modified from Eq. (3.10) with magnetic field effect to

F =
h̄kΓ

2





s

1 + s+ 4(∆−kv−µbz/h̄)
Γ

2 − s

1 + s+ 4(∆+kv+µbz/h̄)2

Γ





≈ h̄kΓ

2





s

1 + 4(∆−kv−µbz/h̄)
Γ

2 − s

1 + 4(∆+kv+µbz/h̄)2

Γ



 (for s ≪ 1)

=
h̄kΓ

2











(16∆s/Γ2)(kv + µbz/h̄)

1 + 8
Γ2

(

∆2 + k2v2 +
(

µbz
h̄

)2
)

+ 16
Γ4

(

∆2 − k2v2 −
(

µbz
h̄

)2
)2











. (3.14)

Zeeman shift is linear with respect to the position and the Doppler shift is also

linear with respect to the velocity at near the trap center, satisfying the condition |kv|,
µbz/h̄Γ < Γ, ∆, the force equation of MOT becomes

F = 4h̄ks
2∆/Γ

(1 + (2∆/Γ)2)2

(

kv +
µbz

h̄

)

= αv + κz, (3.15)

where the damping coefficient α is given by Eq. (3.12) and the spring constant κ is

κ = 4h̄ks
2∆/Γ

(1 + (2∆/Γ)2)2
µb

h̄
. (3.16)

Thus, for ∆ < 0, atoms move toward the trap center and the velocity of is near zero.

– 16 –



Moving atom LaserLaser

Velocity v
mJ = 1

kv

ωL

mJ = -1

σ+ σ-

Ζ=0Ζ

kv
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position z, the Zeeman shift of transition frequency and Doppler shift are equal, and

atom slows down and moves toward the center of MOT.
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Chapter 4. Experimental setup

4.1 Vacuum system

There are two methods for generating atomic sources: atomic beam, which is densely

accumulated and collimated; and vapor gases, which is relatively freely moving gases in

the chamber. Alkali metals have room-temperature vapor pressure on the order of 10−7

Torr, which is sufficient for atomic source density. However, ytterbium atom should be

heated to 200◦C to obtain the given atomic source density. To trap ytterbium atoms

in a magneto-optic trap for a long time, the ambient gas pressure should be maintained

below the 10−8∼9 Torr. There is a problem that the ambient gas pressure rises as the

temperature of chamber is increased.

For this situation, a differential pumping is required. Differential pumping scheme

is illustrated in Fig. 4.1. A main idea of differential pumping is that the oven region for

the atomic source is separated from the trapping atom region. The atomic oven region

and the main trap region are connected with very low-conductance vacuum component,

which has a diameter of 16 mm, a length of 400 mm, and is used for the Zeeman slower

coil mount in this system.

Then the main trap region has a lower vacuum pressure than the oven region on the

order of 10−2 Torr. As the pressure of the oven region is lowered, the pressure of main

trap part is lowered in the differential pumping scheme. To maintain the pressure of oven

region low enough, we have installed an ion pump (40 l/s). We have also connected an ion

pump (50 l/s) to the main chamber for maintaining the pressure of the chamber. Then

we have achieved the vacuum pressure of the main chamber on the order 10−10 Torr.

4.1.1 Atom beam system

As mentioned before, a metal atomic sample is placed inside an oven and is heated

to obtain the atomic source. The heated atoms effuse from the oven through a collimator,

which is placed at the oven exit, and they form atomic beam. In this section, we review

a theoretical explanation of atomic beam, and discuss the atomic beam’s longitudinal

velocity distribution and the total flux. When atoms in the oven are in thermal equilib-

rium with the oven wall, the velocity distribution for atoms follows Maxwell-Boltzmann
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Figure 4.1: A schematic description for differential pumping system. The pressure of

atomic oven region is below 10−7 Torr, and the pressure of main trap chamber region

is below 10−9 Torr. They are connected with very narrow and long(low conductance)

component.

velocity distribution function

f(v) = 4π
(

m

2πkBT

)3/2

v2 exp

(

− mv2

2kBT

)

, (4.1)

where m is the atomic mass, v is the speed of atoms, T is the absolute temperature of

the oven, and kB is Boltzmann constant. In this velocity distribution, the most probable

velocity and the mean velocity are given by

vmp =

√

2kBT

m
,

v̄ =
∫ ∞

0
vf(v)dv =

√

8kBT

πm
. (4.2)

When atoms escape from the oven, the mean velocity of atom is increased. Because

the escaping probability increases as the velocity of atom increases. Consequently the

velocity distribution for atoms exiting the atomic oven is modified and is shifted to higher

velocity. This is known as a modified Maxwell-Boltzmann distribution [32] :

g(v) = 2
(

m

2kBT

)2

v3 exp

(

− mv2

2kBT

)

. (4.3)

In this velocity distribution, the most probable velocity and the mean velocity are given

by

vmp =

√

3kBT

m
,

v̄ =

√

9πkBT

8m
. (4.4)

In Fig. 4.2, the solid line is Maxwell-Boltzmann distribution function (f(v)) and the
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Figure 4.2: Solid line shows the Maxwell-Boltzmann velocity distribution and the dotted

line shows the modified Maxwell-Boltzmann velocity distribution for the temperature

400◦C.

dotted line is the modified Maxwell-Boltzmann distribution (g(v)) for the temperature

of 400 ◦C in the atomic oven. The most probable velocity is up-shifted from 250 m/s

(Maxwell-Boltzmann distribution) to 300 m/s (modified Maxwell-Boltzmann distribu-

tion).

The atomic flux through a circular hole(thin hole) with an area of A is given by

Q0 =
1

4
nv̄A, (4.5)

where n is the atomic density inside atomic oven and v̄ is the atomic mean velocity in

the oven. For a channel with area A, radius r, and length l, the atomic flux is modified

from Eq. (4.5) :

Q =
1

κ

1

4
nv̄A, (4.6)

where 1
κ
= 8

3

(

r
l

)

for a channel with l ≫ r.

Figure 4.3 shows a collimator used for atomic oven. The collimator is made by a

plasma drilling machine. It has 25 holes with a 0.5-mm diameter and 4-cm length. There

are two advantages in this feature: 1) Each hole acts as a good collimator which reduces

the transverse velocity; 2) For making a high vacuum system, the holes act as parallel

conductance of holes; it saves the time for the pumping. Atomic flux of one channel in the
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Figure 4.3: A picture for the atom beam collimator. It is made by drilling holes into a

stainless steel bolt and has 25 holes of a diameter of 0.5 mm and length of 40 mm.

collimator is 1
κ
= 8

3

(

0.35
40

)

≈ 0.0167 for our collimator, and the total flux is a summation

over all channels.

4.1.2 Zeeman slower

To effectively slow down the velocity of atoms in the Zeeman slower, the relation

between the atomic velocity and the magnetic field profile satisfies the following equation:

∆ =
µB(z)

h̄
+ kv, (4.7)

where ∆ is the detuning from the resonance frequency of atom, k is the wavevector of

laser field, and µ is the magnetic moment.

To characterize the Zeeman slower, we introduce several terms related to the velocity

of atom shown in Fig. 4.4. At the entrance of Zeeman slower, the cut-off velocity, which

is the maximum velocity to slow down, is given by

vcov =
∆

k
. (4.8)

At the end of the Zeeman slower, the terminal velocity, which is the final velocity at the

exit of Zeeman slower, is obtained from the Eq. (4.7) as

vterminal =
∆

k
− µBexit

h̄k
. (4.9)

And the magnetic field profiles for σ− Zeeman slower is given by,

B(z) ∝ 1−
√

1− z

z0
, (4.10)

– 21 –



Z=0 Z = Z
end

∆=kv
cov

ω
L

h

B(z)µ

kv
terminal

Figure 4.4: Zeeman slower configuration. Atoms with the velocity below the cut-off

velocity are slowed down the terminal velocity.

where z0 is the total length of the Zeeman slower.

We have constructed the σ− cooling configuration. The coils are wounded on the

coil mount (Fig. 4.5). At the starting point of Zeeman slower, the number of turns is less

than the rest. And the number of turns increases toward the end. For σ− slowing laser

condition, the magnetic field tail of Zeeman solenoid coil could affect the magnetic field

distribution at the trap center. So we have added the compensation coil to cancel out the

magnetic field effect. The total length of Zeeman slower component is 400 mm. And the

length of coil mount region is 290 mm. For satisfying the magnetic field distribution, the

radius of coil mount varies like a step. The copper cooling water pipe was installed after

the wire was wounded on the coil mount. The copper pipe is wrapped with aluminum

foil for efficient cooling.

To obtain the velocity distribution change in the Zeeman slower, we have measured

the fluorescence signal with a probe-laser. The probe-laser input direction is aligned 135◦

from the propagating direction of the atom beam. The reference-laser input direction

is aligned 90◦ from the propagating direction of the atom beam without Doppler effect.

Then the atomic velocity is calculated from the difference in fluorescence signal depending

on the velocity.

Figure 4.6 shows the magnetic field distribution along the axial direction of the

solenoid coil. The solid line is the measured magnetic field profile with a given geometric

configuration in Fig. 4.5. We have measured the magnetic field with using the gauss

meter along the Zeeman slower coil axis with the coil current of 2.5 A. And the dotted
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line shows the theoretical line from Eq. (4.10). The theoretical line is calculated with

conditions, the Zeeman slowing laser power is about 10 mW (I = 0.4 Is) and the cut-off

velocity is 340 m/s. The difference between the theoretical line and the measured line is

matched by adjusting the current and biased field. Figure 4.7 shows the velocity of atom

and acceleration of Zeeman slower. Atoms with the cut-off velocity of 340 m/s are slowed

down to the terminal velocity with constant deceleration.

Figure 4.8 shows the velocity distributions versus various slow laser detunings. The

result shows the high fluorescence signal near the zero velocity due to the scattering from

slowed atoms. The velocity is slowed down to zero velocity, and then the atomic beam

is diffusing from the axis of atom beam line. If the velocity of atoms is not sufficiently

cooled down, then the atoms pass thorough the trap region. So we need to tweak the

detuning of Zeeman laser for maximizing the Zeeman slower performance. Ideally, all

atoms with the velocity below the cut-off velocity at starting position are slowed down.

Figure 4.9 shows the result of cut-off and terminal velocity depending on the slow laser

detuning. As the detuning is large, the terminal velocity and cut-off velocity is large.

Figure 4.10 shows cut-off velocity is 260 m/s for the current of Zeeman slower of 1.6 A

and laser detuning of 580 MHz. Then the terminal velocity of atom beam is 13 m/s.
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4.1.3 Trap chamber

The main chamber, where the ytterbium atoms are trapped, has 18 faces. It consist of

16 windows, 1 atom beam source input port, and 1 pumping port. To construct magneto-

optical trapping of ytterbium atoms, the quadrupole magnetic field configuration has been

used. Figure 4.12 shows the pair of coils have been mounted on the main trap chamber

surface. As the radius of the coil is smaller, the magnetic field gradient is larger with the

same current of coils in the trap chamber center. Therefore, we have made grooves on

the surface, which is used for coil mount with a depth of 4 cm and a width of 2 cm. Total

number of turns of the wounded wire was 170 on the groove and we have wounded an

additional wire more than 200 turns. For sufficient magnetic field gradient for MOT, we

had to send a bigger current through the winding wire of 170 turns. Then, the pressure

of the main chamber was increased due to the heat of the coils.

The magnetic field gradient was measured in the axial and the radial direction for

the anti-Helmholtz coil in Fig. 4.13. The axial directional magnetic field gradient is 20

G/cm and the radial directional gradient is 10 G/cm with 3-A current. The magnetic

field gradient for the axial direction is 2 times larger than the radial direction.

The center position of the main chamber, which is also the MOT center, is not the

zero magnetic field point, because many external sources affect the magnetic field such

as geomagnetic field, the ion pump magnet, the Zeeman slower coil, etc. To make zero

magnetic field at the chamber, we have installed shimming coil (Helmholtz coil) for x-,

y-, and z-direction. The additional coils, which are shown in Fig. 4.12, are wounded on

the surface of the trap chamber.
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Figure 4.14: Schematic description for the whole vacuum chamber system.
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Figure 4.15: A picture of trap chamber.
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4.2 Laser system

4.2.1 398.9 nm blue laser

There are many different laser systems with a wavelength of 398.9 nm. Examples

include, dye lasers, frequency-doubling lasers, and diode lasers. In this dissertation, we

have made a laser system using a commercial diode laser, which is easy to obtain and

which is tunable along the wavelength by adjusting the current and the temperature of

the diode laser. Commercial GaN diode lasers (Nichia NDV4313) with a wavelength

ranging from 400 nm to 410 nm at room temperature (25◦C) can be used. Because these

lengths are slightly longer than 398.9 nm, we cooled the temperature of the diode laser

below room temperature in this case. With this laser with the wavelength range of 400

nm to 401 nm, we obtained a wavelength of 398.9 nm cooling the diode laser until it was

slightly below room temperature. We used a diode laser controller to control the current

and temperature of the diode laser (SRS LDC500), and thus obtained the wavelength of

398.9 nm by cooling the temperature of the laser diode mount to 13 ◦C. The temperature

of the diode laser was measured by a thermistor which was placed on the diode laser

mount. The temperature of the diode laser was maintained to an accuracy of 1 mK. If

the diode laser temperature falls below the dew point in summer, dewdrops can develop,

which poses a problem. We therefore created an outer laser box with air-tight seal to

maintain dry-air condition.

To investigate the atomic spectrum, the linewidth of the laser should be narrower

than the linewidth of the atomic transition. The wavelength of the laser should also be

tunable. A well-known method of atomic spectroscopy with a diode laser is to construct

an external cavity diode laser (ECDL) system. The diode laser output beam propagates

to the diffraction grating and the first diffracted laser beam provides feedback regarding

the diode laser. The wavelength of the diode laser is determined according to the angle

between the grating and the diode laser, and the length between the surface of the grating

and the gain medium inside the diode laser. Therefore, a piezo translator, placed behind

the grating, is used to tune the frequency of the diode laser (Littrow configuration).

We have made an injection locking system for cooling and trapping lasers. It consists

of one master laser with, a narrow linewidth and a tunable the wavelength, and two

slave lasers, controlled by the master laser that are used for cooling and trapping. The

master laser was constructed with the ECDL system. By controlling the current and the

temperature of the slave diode lasers, the spectrum of slave lasers follow the spectrum of

the master laser.
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modulator.
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Figure 4.17: A picture of 398.9 nm injection locking laser setup.
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There are several advantages of the master and slave laser system compared to the

use of two independent ECDL lasers. First, we can gain more output power from the slave

lasers. In the ECDL system, some of the laser output is used to stabilize the wavelength.

Second, merely by stabilizing the frequency of the master laser, the frequencies of several

slave lasers are stabilized simultaneously. Figure 4.16 shows a schematic diagram of the

injection locking system. The output beam of the master laser is divided into two parts:

One part is for frequency stabilization of the master laser, and the other part is for seed

beams for the slave lasers. We used two optical isolators operating with 60 dB at the

front of the master laser exit. It was installed to block laser feedback into the master from

external sources. We also used Faraday rotators of the optical isolator for polarization

matching of the seed laser and the slave lasers at the exit of the slave lasers. Figure 4.17

shows the overall optical layout of the injection locking laser system.

The master laser was constructed with the ECDL system. We used a holographic

diffraction grating with 3600 groove/mm (Edmund optics). The diffraction efficiency is

10% for p-polarization and 50% for s-polarization. We have used the s-polarization in this

case. The output beam of the diode laser is collimated with an aspheric lens (Thorlabs

A230TM-A) propagating to the diffraction grating. The master laser output is separated

into three parts with a total power of 20 mW. One line of the output power was sent

to the frequency locking system. The other two laser beams act as seed beams for the

slave lasers. The laser frequency of the master laser is locked to the fluorescence signal

of the ytterbium transition. An atom beam machine system can be used for Doppler-

free spectroscopy. In a well-collimated atom beam, transverse velocity component of the

atom beam is suppressed. The fluorescence signal was detected by a PMT(photomultiplier

tube) on the atom beam apparatus. The measured mod-hop free range was 3.6 GHz in the

florescence spectrum. The laser frequency was stabilized by side-lock to the fluorescence

signal using a PI-servo system. The PI-servo system sends the feedback signal to the

piezo translator, and the frequency is locked at one side of the resonance line. The laser

frequency is red-detuned from the transition resonance. For optimal cooling and trapping,

the detuning is controlled at ∆ = Γ/2.

Slave laser-1 is used for the trap laser. In the injection locking system, the wavelength

of the slave lasers is determined by the injection seed beam. The temperature of the diode

laser is adjusted to maximize the single-mode operation. The output power of slave laser-

1 was determined to be 80 mW. Slave laser-2 is used as a Zeeman slowing laser. The

master laser output is fed back into the slave laser after passing the double pass AOM

system. The AOM crystal is tunable in the range from 220 MHz to 260 MHz. There

are two advantages of using double pass AOM system. First, we can ignore beam path
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steering due to the frequency tuning process. The angle of the first-order diffracted beam

in the AOM depends on the modulation frequency of the AOM. Accordingly, the laser

path is steered when the AOM frequency is tuned. However, the laser beam path does

not change during the frequency tuning of the AOM. Second, the tunable frequency range

is broader than it is in one pass AOM, because the frequency is twice that of the one

pass AOM case. To slow the atoms effectively, the frequency of slave laser-2 is detuned

by -500 MHz from the master laser frequency. The output power of slave laser-2 was 60

mW in this case.

To check the wavelength of the slave laser, we measured the absorption signal by

means of ytterbium hollow cathode lamp. Figure 4.18 a) shows the properties of the

slave laser, which is dependent on the seed laser power. When the seed laser power is

low (0.1∼ 0.3 mW) the injection effect was increased. With a seed beam power 0.3 mW,

the Doppler absorption signal was very similar to the master signal, as shown in Fig.

4.18 b). When the seed laser power is more than 0.3 mW, the slave laser operates at a

multi-mode frequency. Figure 4.18 c) shows the seed-laser power-dependent property of

slave laser-2. At a seed beam power of 1.3 mW, the Doppler absorption signal was very

similar to the signal of the master laser, as shown in Fig. 4.18 b).
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Figure 4.18: a) Doppler absorption signal related to the injection power for the slave laser

1. b) Doppler absorption signal of the master laser. c) Doppler absorption signal related

to the injection power for the slave laser 2.
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4.2.2 555.8 nm green lasers

Although the 1S0-
3P1 transition is a spin-forbidden transition, the 1S0-

3P1 transition

has a small transition amplitude, due to the state mixing between the 1P1 state and the
3P1 state. Thus, the transition linewidth is 182 kHz, which is narrower than the linewidth

of a common ECDL (i.e., at 1 MHz). For a successful spectrum analysis of 1S0-
3P1

transition, the laser should have a linewidth that is narrower than the natural linewidth.

Moreover, the wavelength of the laser must be tunable. A diode laser system is suitable

for a tunable wavelength and for narrow linewidth, as the spectrum of the diode laser

follows the external feedback well. To create a laser with a narrow and tunable linewidth,

a high-finesse cavity is used, due to the narrow spectrum characteristic. However, a 555.8

nm diode laser does not exist; therefore, we constructed the laser system by doubling

frequency of the wavelength of 1111.6 nm.

The laser diode system with the wavelength of 1111.6 nm was a commercial DL100

(Toptica) system. This system contains a scan control system for continuous frequency

tuning, a laser current controller, a laser temperature controller and a frequency locking

system. It is a Littrow-type ECDL system with single mode emission and an output

power of about 70 mW. The laser output is split into two parts. One of the output lasers

is sent to the high-finesse cavity (cavity finesse ∼ 10000), and the other is sent to an

ytterbium-doped fiber amplifier (KPS-CUS-YFA-1111-SLM-10-PM-CO, Keopsys). The

amplified laser output passes through the fiber to the second harmonic device.

The laser linewidth is narrowed by means of the high-finesse cavity in conjunction

with the PDH(Pound Drever Hall) locking method. The high finesse cavity system is

depicted in Fig. 4.21. The high-finesse cavity (Finesse ∼ 10000) consists of two concave

mirrors (AT-films Co.) placed in a spacer set at a distance of 10 cm. The spacer is made

of an ULE(ultra-low expansion) material to diminish the cavity length change due to

the temperature variation. A PZT exists on the one of the mirrors to adjust the cavity

length and compensate for the temperature variation. After the laser passes through

the EOM (electro optic modulator), which modulates the optical phase of the laser to

a the frequency of 19 MHz, the laser output propagates to the cavity. The laser beam

reflected from the cavity is then detected by a photodiode. The measured signal and the

reference signal from the function generator are mixed and filtered by a low-pass filter.

The generated error signal is shown in Fig. 4.23. The generated error signal is fed back

into injection current of the diode laser by using fast MOSFET current operating devices

(Toptica FALC110). Thus, the diode laser is locked, and the current is changed to follow

the peak position of the transmission signal. Figure 4.22 shows the transmission signal of

the cavity. When the diode laser frequency matches the longitudinal mode of the cavity,
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the transmission signal is maximized. The frequency linewidth of the diode laser was

reduced to 10 kHz level in this case.

Next, we explain the generation of the 555.8-nm laser. The 555.8-nm laser is gen-

erated with a PPLN (periodically-polled lithium niobate) crystal. We used the ridge

waveguide, fiber pig-tailed type (NTT). The ridge WG-PPLN(wave-guided PPLN) crys-

tal has advantages compared to a bulk crystal. First, the amplified laser output to the

crystal should be aligned to the crystal, whereas the pig-tailed fiber is easy to use. Sec-

ond, the damage threshold is high. The conversion efficiency of the SHG is related to the

temperature of the crystal. Therefore, an embedded TEC is used to control the tempera-

ture of the crystal and a thermistor is used to measure its temperature. The temperature

of crystal is controlled using a diode laser controller (Thorlabs ITC 510) with a resolution

of 0.1 K. The conversion efficiency of crystal as a function of the temperature is shown

in Fig. 4.24. The temperature of maximum conversion efficiency values is 39.5◦C. The

coupling efficiency of the PPLN versus the input laser power is shown in Fig. 4.25. Below

an input level of 300 mW, the efficiency is proportional to the input power. As the input

power increases, the efficiency nearly saturated. To prevent damage to the crystal, we

used a low input power of less than 300 mW.

To stabilize the frequency of the 555.8-nm laser, some part of the laser output is sent

to an atom beam machine. The laser output propagates the double pass AOM system to

tune the frequency of the laser from the resonance signal. The fluorescence signal of the
1S0−3P1 transition is obtained from the PMT. The 555.8 nm laser frequency is stabilized

by side-locking the fluorescence signal. The error signal of the side lock is fed back to the

PZT at the cavity mirror. The PZT adjusts the cavity length, and the frequency of the

resonant cavity mode is locked to the fluorescence signal.
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Figure 4.19: A schematic description of 555.8 nm (1S0-
3P1 transition) laser system. The

laser output of 1111.6 nm ECDL is separated into two parts. One of part is used for

narrowing the linewidth with PDH setup and the other is used to make second harmonic

generation with the ridge waveguide-PPLN. λ/2: Half-wave plate, λ/4: Quarter-wave

plate, WG-PPLN: Waveguided periodically-polled lithium niobate, EOM: Electro-optic

modulator, AOM: Acousto-optic modulator, PZT: Piezo translator.
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Figure 4.20: A picture for the whole system of 1111.6-nm laser. The output of DL100

(ECDL system of 1111.6-nm laser) is separated two parts : 1) To fiber amplifier, and 2)

Pre-stabilization cavity system.
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Figure 4.21: The linewidth is narrowed and the frequency of 1111.6-nm diode laser is

locked to high finesse cavity mode. The PDH(Pound Drever Hall) locking method is

used.
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is scanned. The carrier frequency of 1111.6-nm laser and phase modulated signals at π
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Figure 4.23: The error signal for the PDH locking system.
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4.2.3 Repumping lasers

The next step was to investigate the population of the metastable state, 3P0, and
3P2.

To do this, we introduce a locking method for the repump lasers. Figure 4.26 shows the

optical pumping scheme for the repump laser spectroscopy. To lock the laser frequency

of repump lasers, we used the generated fluorescence signals of transition between the
3S1 state and the triple P states (3P0,1,2). To generate the fluorescence signal, the atoms

should exist in the triplet P state. The atoms in the ground state of 1S0 are excited to

the 3P1 state with the 555.8 nm green laser, and the atoms in 3P1 are excited to the 3S1

state with the 680 nm pump laser . The atoms in 3S1 are spontaneously decay to the
3P2,

3P1, and
3P0, after a lifetime of 13.5 ns. Atoms in 3P2 are excited to the 3S1 state

by a 770 nm repump laser and spontaneously decay to the triplet P states. The atoms

in 3P0 are excited to the 3S1 state by a 649 nm repump laser and spontaneously decay

to the triplet P states. The atoms that decay to the state of 3P2 or 3P0 have a relatively

long lifetime. Theses are, 3P2 with a lifetime of 14.5 s and 3P0 with a lifetime of 24 s. At

this point, atoms exist in all triplet P states, and atomic spectroscopy for repump lasers

thus becomes possible. For Doppler-free spectroscopy, we created another atom beam

3S
1

3P
2

1S
0

3P
0

3P
1

770 nm680 nm

556 nm

649 nm

Figure 4.26: A schematic description of the repump laser transition.

system. This atom beam machine includes spectroscopy windows for the laser input and

fluorescence signal detection. The atom oven is heated to 540◦C and the collimator is

heated slightly higher than the oven region.
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Figure 4.27: The atomic beam machine apparatus for repump laser frequency stabiliza-

tion.

Figure 4.28: A picture of three repump lasers. From left, 650-nm, 770-nm, 680-nm

repump lasers are shown.
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Figure 4.29: A fluorescence signal collector. To collect the signal effectively, the spherical

mirror is placed at the bottom atomic beam machine.
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The pressure of the atomic beam machine in this case is held below 10−7 torr with

an ion pump for a sufficiently long mean-free path of the atomic beam output region. A

general image of the atomic oven machine is shown in Fig. 4.27. The atomic fluores-

cence signal is observed through the windows of the vacuum chamber. The fluorescence

signal collector includes a PMT module, an interference filter, and a collimation lens.

A schematic description of the fluorescence signal collector is shown in Fig. 4.29. The

fluorescence signal from the atom beam is collected by lens, and an interference filter

reduces the scattering signal inside the vacuum chamber and protects the PMT from

high intensity conditions over the saturation intensity. We also use a spherical mirror to

collect fluorescence signals at the opposite direction. Thus, we could increase double the

value of the fluorescence signal.

Figure 4.30 shows the optical layout of the repump laser setup. The repump lasers

for the experiment were constructed with the ECDL systems (Fig. 4.28). In the atomic

beam, most of the atoms are in the ground state. The first window close to the atomic

oven is used to excite the atoms from the ground state to the 3S1 state with the 555.8-

nm laser and the 680-nm laser. The two lasers (555.8 nm, 680 nm) propagate through

the atomic beam with same path because they overlap with a dichroic mirror. For this

optical pumping scheme, we used the 555.8 nm laser at an intensity of 0.5 mW/cm2

and the 680-nm laser at an intensity of 1 mW/cm2. The second and the third windows

are used to collecting the fluorescence signals of the 770 nm-laser and the 649-nm laser,

respectively. The atomic transition spectrum is measured via the frequency scanning of

the ECDL with the PZT. The fluorescence signals are shown in Fig. 4.31, Fig. 4.32,

and Fig. 4.33. To lock the laser frequency at the peak point of fluorescence signal, we

used a lock-in amplifier (SR 830) and the current modulation of the laser diode controller

(Thorlab ITC 502). We added the current modulation signal to the modulation input

port of laser diode controller. The modulation frequency was tens of kHz which is limited

by the PMT bandwidth. The fluorescence signal from the PMT and the reference signal

from the lock-in amplifier were mixed and filtered by a low-pass filter. The error signal

is then generated and sent to the PI-servo. The PZT offsets the amount of error from

fluorescence peak signal. The error signals for the experiment are shown in Fig. 4.31,

Fig. 4.32, and Fig. 4.33. For the experiment with the repump laser, the output of the

repump lasers was fiber-coupled. The coupling efficiency is 30%. and the output power

is 2.5 mW (770 nm) and 2.0 mW (650 nm). The fiber-coupled output is sent to the main

trap chamber.
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Figure 4.30: A schematic description of repump lasers and atom beam system.
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a) b)

Figure 4.31: a) The fluorescence signal for 680-nm laser. b) The error signal.

a) b)

Figure 4.32: a) The fluorescence signal for 770-nm laser. b) The error signal.

a) b)

Figure 4.33: a) The fluorescence signal for 650-nm laser. b) The error signal.
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4.2.4 Optical layout

Figure 4.34 describes the optical layout for the experiment. To increase the stability

of the lasers, all laser systems are placed on another optical table. The output of the

Zeeman laser is 30 mW of power, and the spatial profile is expanded to a diameter of 1

cm. The laser passes through the bottom windows of the trap chamber and is reflected

in the direction of atomic oven by the mirror inside the vacuum chamber. The mirror

inside chamber is placed at the upper position of the vacuum chamber and fixed at an

angle of 90◦ between the bottom window and the atomic beam direction. To control the

laser action, a mechanical shutter is used.

The output power of the trap laser is 40 mW and the spatial profile is expanded to

a diameter of 1.5 cm. A mechanical shutter is also used here for laser shutting. First, the

trap laser output power is split at 2:1 with a polarizing beam splitter. The output power,

with a relative intensity of 1, passes parallel to the anti-Helmholtz coil axial direction of

the trap chamber; the other output relative intensity of 2 is divided by the beam splitter

at 1:1. The lasers pass the chamber at an angle of 45◦ and 135◦ in the normal direction to

the ground, relatively. The beams that pass the trap chamber are retro-reflected to make

a six-beam MOT configuration. The polarization of each six beams is circular because a

quarter-wave plate is utilized before the beam is propagate to the chamber.

The fiber-coupled output of the repump lasers (650-nm and 770-nm) is placed in

the main chamber with the cage system. The output of the laser crosses the center of

the main chamber. When the repump laser passes, the diameter of the laser beam is

increased to cover the MOT region at the center of the chamber.
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Figure 4.34: Optical layout for cooling and trapping experiment with the 398.9-nm lasers.

AOM: Acousto-optic modulator, λ/4: Quarter-wave plate, λ/2: Half-wave plate, PBS:

Polarizing beam splitter B/S: Beam splitter.
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Chapter 5. Experiments and results

5.1 Blue magneto-optical trap

5.1.1 Blue MOT

In this section, we describe how to generate the ytterbium blue MOT. An atomic

source was effused from the atomic oven. The atom oven part was heated to 400◦C and

the collimator part was heated to 415◦C. Then the collimated atoms flew into the Zeeman

slower region with the flux of 1010 atoms/s. In the Zeeman slower, the atomic velocity

was slowed down to the capture velocity of MOT with the flux of 109 atoms/s. Trap

lasers were also expanded to a diameter of 1.5 cm. The power of trap laser was measured

as 6 mW for each x-, y-, and z-axis directions and the magnetic field gradient was 30

G/cm. Figure 5.1 shows the picture of trapped ytterbium. Figure 5.2 shows the trapped

number of atoms versus time evolution. The loading time was measured as 0.6 s.

Figure 5.1: A picture of trapped ytterbium atoms.

Figure 5.2: Trapping dynamics of ytterbium atoms.
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5.1.2 Characteristics for blue MOT

Number of atoms in the trap

We have measured the number of atoms by measuring the fluorescence signal of

trapped atoms. Figure 5.3 shows the scheme of measuring the number of atoms. Atoms

were trapped in the center of the chamber with 398.9-nm laser. The fluorescence signal

from the MOT was collected by an imaging lens. At first, the PMT signal was calibrated

with power meter. When the PMT control voltage was 0.3 V, the voltage value of PMT

was 5 V which was corresponding to value 0.3 µW for the power meter. From the

fluorescence signal, the number of atoms is given by

Natom =
P

ρeeΓΩhν
, (5.1)

where P is the power of fluorescence signal, ρee is the population of atoms in the excited

state, Γ is the natural linewidth, Ω is the solid angle, and hν is the photon energy. For

the trap laser power 6 mW, the excited-state number fraction was 0.76. The number of

atom is Natom = 2.4× 107 for the measured optical power(0.3 µW).

oven Zeeman slower

398.9 nm
PMT 5V @ V

col
 =0.3

Power meter 0.3 µW

D = 15 cm
Lens f =7.5 
Diameter 2.54

Top view

D

Z-axis

X-, Y-axis lasers are not shown.

Figure 5.3: Measurement of trapped atom numbers.
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Temperature measurement

We have measured the temperature of MOT by using the releasing and recapture

method. First, one of the trapping laser was removed for a short time (∼ ms). Second,

the trapped atoms were diffused from trap, and third, the trapping laser was on and

again trapped the atoms. We have measured the one-dimensional diffusion process by

blocking the trap laser parallel to the ground. By doing so, we could ignore the effect of

gravitational force on the atom.

Figure 5.4 shows the typical signal of release and recapture. When the shutter was

closed, the atoms were diffusing. When the shutter was open, atoms in possible trap

region were recaptured and determined the initial values for the loading curve. The trap

laser was blocked during the release time T. The recapture ratio was defined by h/H,

where h is the fluorescence signal of recapture process and H is the fluorescence signal

before the diffusing process.

Release 
time T

h

H

Figure 5.4: Typical release and recapture signals.
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At time t = 0, When the atoms are accumulated by the trap laser, the spatial profile

is given by

f(x) = e−x2/α2

, (5.2)

where α is the initial size of the trap. After the trap laser is off, the atoms are diffusing

to +x and -x direction with equal probability. Then the atom’s distribution is given by

f(x, v) =
1

2
n0(e

−(x+v×τ)2/α2

+ e−(x−v×τ)2/α2

), (5.3)

where τ is the evolution time and v is the velocity of atom. To obtain the spatial

distribution profile, we integrate the f(x) with Maxwell-Boltzmann distribution :

f ′(x) =
∫

M(v)× f(x, v)dv. (5.4)

The the ratio R = h/H =

∫

x0

0
f ′(x)dx

∫

∞

0
f ′(x)dx

. Figure 5.5 shows the theoretical recapture ratio as

a function of the temperature of the Yb cloud. Figure 5.6 shows the theoretical recapture

ratio values as a function of diffusing time at different temperature conditions of 1 mK,

1.5 mK, and 2 mK, respectively.

In Fig. 5.7, we show the measurement of the ratio as a function of the release time.

We have measured the fluorescence signal by controlling the trap laser with a mechanical

shutter. So the value below the 5 ms is not meaningful due to the slow response of

the mechanical shutter. Because the spatial distribution atom affects the theoretical

calculation, the simulation result does not follow the measured result. When the Zeeman

slower was utilized, the temperature of trapped atoms was decreased. For the 174Yb,

temperature of atoms is 1.2 mK. For 171Yb, temperature of atoms was 1.4 mK.
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Figure 5.5: Theoretical recapture ratio versus the temperature of the trapped Yb cloud.
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Figure 5.6: Theoretical recapture ratio versus release time. Curves were calculated at

three different temperatures, 1 mK(red), 1.5 (blue), and 2 mK (green), respectively.

Figure 5.7: Measured recapture ratio versus release time.
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5.2 Trap loss investigation of ytterbium MOT

With a 398.9-nm diode laser system for the transition 1S0-
1P1, we have slowed down

the velocity of thermal ytterbium atoms and trapped them at the center of the main

chamber[33]. As shown in Fig. 5.8, however, the transition between 1S0-
1P1 is not a

closed transition. Some of the atoms in 1P1 state decay into the metastable states, 3P2,0,

and are shelved in a metastable state, which has a relatively long life time on the order

of tens of seconds. The lifetime of trap and the number of atoms in the MOT depend

on the the 1P1 state number fraction [34]. If the atoms in metastable states are optically

pumped into the ground state, the number of atoms is increased and the lifetime of MOT

is enhanced. In our experiment, we have measured the number of trapped atoms versus

time, by detecting the fluorescence signal of 1P1 state. With optical repump lasers, we

can obtain the values of the decay rate of 1P1 state to the metastable state with trap-laser

power dependence. As a result, the number of atoms have increased and the lifetime of

ytterbium MOT is also increased.

5.2.1 Trapped atom’s loss model and rate equations

The rate equations for the loading dynamics for the Yb MOT are given by

d

dt
(Ng +Ne) = η − (a0 + a1 + a2)Ne

+ γ1N1 − γc(Ng +Ne), (5.5)

dN0

dt
= a0Ne − γcN0, (5.6)

dN1

dt
= a1Ne − γcN1 − γ1N1, (5.7)

dN2

dt
= a2Ne − γcN2, (5.8)

where η is a loading rate of MOT, Ng is the number of atoms in the ground state (1S0),

Ne is the number of atoms in the excited state (1P1), N0,1,2 are the number of atoms in,

respectively, 3P0,1,2 states, the decay rates ai(=0,1,2) are from the excited state 1P1 to the
3Pi states, γ1 is the spontaneous decay rate of

3P1, and γc is the coefficient of the collisional

loss, which is the loss due to trapped atoms and background gases. Considering the Yb-

Yb collision term(βN2) which is originated from interaction between ground and excited

state depends on the density of the trapped gas. The value β = β′/(
√
2πa)3, where a is

related to the size of the trapped region. The density of the trap is n = n0e
−(r/a)2 , where

r is the distance from center and n0 is the peak density of the atomic cloud.
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Figure 5.8: Lowest energy level diagram of an Yb atom is shown with the 1S0-
1P1 MOT

transition level and decay channels. Because the lifetimes of 3P2,
3P0 are long, they act

like loss channels of the MOT.
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Then we can summarize the equation for the trapped atoms (N = Ng +Ne).

dN

dt
= η − [a0,2f(PT ,∆) + γc]N − β(f)N2 . (5.9)

In Eq. (5.9), the fraction number f is defined by

f =
s/2

1 + s+ (2∆/Γ)2
, (5.10)

where Γ/2π = 28 MHz is the natural linewidth of 1S0-
1P1 transition, and s is the sat-

uration parameter for given laser intensity condition s = I
Is
, where Is is the saturation

intensity, 59 mW/cm2.
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Γ
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Γ
ed1

Γ
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3D
1

Γ
d10

Γ
d11

Γ
d20

Γ
d21

Figure 5.9: Schematic enrgy level diagram of showing the decay channels to triplet-P

states of an Yb atom.

In theory, the decay rates of 1P1 state are given by a0 = 6.18 s−1, a1 = 5.25, and

a2 = 0.37 [35]. To obtain the values of a0,1,2, the decay rate diagram shown in Fig. 5.9,is

used as The values for a0,1,2 are

a0 = Γed2 ×
Γd20

Γd22 + Γd21 + Γd20

+ Γed1 ×
Γd10

Γd11 + Γd10

,

a1 = Γed2 ×
Γd21

Γd22 + Γd21 + Γd20

+ Γed1 ×
Γd11

Γd11 + Γd10

,

a2 = Γed2 ×
Γd22

Γd22 + Γd21 + Γd20

(5.11)

When the atoms in the either 3P0 or 3P2 are optically repumped to the 3S1 state, they

spontaneously decay to the triplet state, 3P0,1,2, with the decay rates of λ0,1,2 respectively
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and the atoms in 3P1 decay immediately to the ground state. And we can consider the

following four different repumping cases: (NR) no repumping lasers, (A) repumping 3P2

state only, (B) repumping 3P0 state only, and (A+B) repumping both 3P0,2 states. In

the case (NR), the net loss rate of the trapped atom is given as aNR = a0+a2 = 6.55 s−1,

simply from Eqs 5.6. In the case (A), the atoms in 3P2 are distributed to 3P0 and 3P1

and a0 in Eq. (5.6) becomes a′0 = a0 +
λ1

λ1+λ0

a2 = 6.28, considering the branching ratios,

which are given as λ0 : λ1 : λ2 = 1 : 3 : 5, from the 3S1 state to the 3P0,1,2 states. So, the

net loss rate of the trapped atoms for the case (A) is aA = 6.28 s−1. Likewise, in case

(B), a2 in Eq. (5.8) becomes a′2 = a2+
λ2

λ2+λ1
a0 = 3.94 and, therefore, the total decay rate

for the case (B) is obtained as aB = 3.94 s−1. In the case (A+B), when the both 3P0,2

are repumped, the net loss rate to the triplet P states becomes zero, (i.e., aA+B = 0).

We simulate the above result : We assume that the decay rate is so slow that the

input of atom is zero and that one of metastable state is shelved at the initial time. We

ignore the background collisional loss. First the rate equations for the repump laser of

770 nm wavelength are given by

dNP0

dt
= Γsp0NS1 ,

dNP1

dt
= Γsp1NS1 − Γp1sNP1

,

dNP2

dt
= −RexNP2

+ Γsp2NS1 ,

dNS1

dt
= +RexNP2

− (Γsp0 + Γsp1 + Γsp2)NS1 , (5.12)

where NP0
, NP1

, NP2
, NS1 are the number of atoms in each state, Γsp2 = 3.7 × 107,

Γsp1 = 2.7 × 107, Γsp0 = 0.97 × 107, Γp1s = 1.1 × 106 are the decay rate and the optical

excitation rate Rex = 5 × 104 for the simulation. The simulated result is shown in Fig.

5.10. The atoms in 3P2 state are removed and some atoms are shelved in 3P0. The ratio

of the shelved atoms is λ0(Γsp0)

λ0(Γsp0)+λ1(Γsp1)
≈ 1/4.

For optical excitation in the 650-nm laser case, we set

dNP0

dt
= −RexNP0

+ Γsp0NS1 ,

dNP1

dt
= Γsp1NS1 − Γp1sNP1

,

dNP2

dt
= Γsp2NS1 ,

dNS1

dt
= +RexNP0

− (Γsp0 + Γsp1 + Γsp2)NS1 . (5.13)

The simulated result is shown in Fig. 5.11. The atoms in 3P0 state are removed and

some atoms are shelved in 3P2. The ratio of shelved atom is λ2(Γsp2)

λ2(Γsp2)+λ1(Γsp1)
≈ 5/8.
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Figure 5.10: Simulated result for the case when optical 770-nm repump laser is on. The

atoms in the 3P2 state is removed and some part of atoms shelved in 3P0.
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Figure 5.11: Simulated result for the case when optical 649-nm repump laser is on. The

atoms in the 3P0 state is removed and some part of atoms shelved in 3P2.
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5.2.2 Measurement of the radiative decay rate

We have studied the decay dynamics by closing the atom shutter, which is placed at

the Zeeman slower entrance. Generally, the MOT is performed in vapor atomic states.

Ytterbium is, however, performed in atomic beam with Zeeman slower. If the atom

shutter is closed, the atomic source is not supplied. Then we could measure the decay

dynamics of ytterbium MOT and by removing the effect of the atom beam flux. And

the loss rate related to shelving of atoms in the metastable state is controlled by repump

lasers. As mentioned before, we have measured the four different experiment conditions.

If the loading rate (η = 0) is zero, the solution of the master equation (5.9) for the decay

of atoms, is given by

N(t) = N(0)e−Γt

[

1 +
βN(0)

Γ

(

1− e−Γt
)

]−1

, (5.14)

where N(0) is the initial number of atoms in steady states, and Γ is the loss rate of the

MOT defined as in Eq. (5.9)

Γ = aXf + γc, (5.15)

where the index X in aX indicates a particular experimental condition among the four

repumping cases, i.e. X ∈ {(NR), (A), (B), (A+B)} : (NR) No repump laser is on, (A)

Only 770 nm laser is on, (B) Only 650 nm laser is on, and (A+B) Both repump lasers are

on. Figure 5.12 shows the result of four different experiments. The steady-state number

of trapped atoms N(0) and the lifetime τ of the MOT is increased by the repumping of

the metastable states. For (A+B) case, the number of atom is increased by 30% and the

lifetime τ is increased by 100%. But this result is not consistent with the fact that the

change of the number of atoms N(0) is proportional to the change of τ , or N(0) = ητ ,

as τ = 1/Γ. However, the collision loss term γc consists of two major parts: (1) collision

with the background residual gas and (2) Yb flux from the Zeeman slower. Therefore,

the collisional loss term is a function of loading rate η and, as a result, shutting off the

atomic beam suddenly reduced the loss rate Γ.

Figure 5.13 shows the logarithmic plot of the fluorescence signal N(t) of, the total

number of trap, that is the normalized by N(0), the initial number of atoms. In this

graph, the ratio βN(0)/Γ varies from 0 to 1, so the second term in the parenthesis in

Eq. (5.14). β is related with the number density. The Yb-Yb collision loss dominant

behavior is significant for the case of (A+B) which is different from the a linear line in

the logarithmic plot.

To determine the decay rate, we measured Γ for the four different repumping case

with varying the trapping laser power. Figure 5.14 shows the fitted number Γ versus
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the fraction number f . Linear regression analysis predict that all the four lines can be

extrapolated to converge at 0.43 ± 0.03 as f approaches zero. As a result of linear fitting

of graph, the slope of line gives the decay rate value aNR = 6.48, aA = 6.27, aB = 4.14,

and aA+B ≤ 6.3× 10−3.

We can estimate the decay rate a0, a2, a0,2 from the obtained loss rate, and the result

is summarized in Table 5.1. The measured values for the individual decay rate a0 and

a2 show a good agreement with the theoretical values. The uncertainty of the measured

values mainly comes from the uncertainty of the fraction number f . The uncertainty of

f comes from the the power fluctuation and spatial beam profile, and the measurement

error of the trap laser. And the uncertainty of ∆/Γ is caused by the magnetic field in the

trap, laser frequency detuning,etc, and its uncertainty is estimated by 30%. Including

the uncertainty in fitting error, the resulting uncertainty of the decay rate is estimated

33%.

This work Previous Work Theory

a2,0 6.48 (2.11) s−1 23 (11) s−1 6.6 (4.6) s−1

a0 5.96 (1.97) 6.18

a2 0.42(0.14) 0.37

a1 21.3 (6.9) s−1 5.2 (2.6) s−1

Table 5.1: Summary of the results obtained by fitting of Γ as a funtion of f .
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Chapter 6. Conclusion

Optically cooled and trapped ytterbium atoms are useful in basic science research.

For example, the narrow linewidth of the spin-forbidden transition due to the state mix-

ing was applied to assess the optical frequency standards. In addition, many types of

isotopes of similar natural abundance levels have been researched in terms of the the cold

and ultracold collisional properties of their isotope mixtures, such as the Fermion-Boson

mixture, and the Boson-Boson mixture. In this dissertation, we trapped ytterbium atoms

in a magneto-optical trap with a 398.9 nm diode laser and investigated the properties

of the trapped atoms. We trapped atoms on the order of 107 in a magneto-optical trap.

The trap loading time was 0.6 s, and the temperature of the trapped atoms was 1.2 mK.

Next, we investigated the trapped atom loss characteristics in the 1S0-
1P1 transition. We

measured the decay dynamics of the MOT by closing an atomic shutter. There are three

major causes of trapped atomic loss in an ytterbium MOT: collision loss with background

gases, radiative loss due to metastable states, and collisions between trapped ytterbium

atoms. Radiative loss occurs in the 1P1 state to the metastable states 3P0,2 via the 3D1,2

states. We optically repumped the atoms in the metastable states with repump lasers.

The atoms in the metastable states decay to the ground states. When the repump lasers

are on, the number of trapped atoms increased by more than 30%, and the lifetime of

the trap was increased to double the original amount.

By controlling the repump lasers, we determined the loss rates via the fitting of decay

curves. We also measured the loss rates while controlling the repump lasers as a function

of the power of the trapping laser. Thus, we achieved the decay rate values of the 1P1

state to the metastable states 3P0,2. The experimental results are in good agreement

with the theoretical values. We obtained decay rates that were different from those of an

earlier method.
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Chapter A. PI-servo circuit

Figure A.1: A PI-servo circuit diagram
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Chapter B. PMT signal circuit
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Figure B.1: A circuit for PMT output voltage signal processor. It consists of offset

adjuster, low-pass filter adjuster, gain adjuster.
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Summary

Enhancement of Magneto-Optical Trap of Ytterbium
Atom via Optical Repumping of Triplet P-states

저온 상태의 이터븀 (Yb, Z=70) 원자는 많은 기초적인 연구와 응용에 대한 가능성을

가지고 있다. 예를 들어 광 주파수 표준, 패리티 비보존 실험. 초저온 상태의 충돌과

산란에 관한 연구들이 있다. 포획된 이터븀 원자들을 만들기 위해서 두 가지의 자기

광포획(MOT)을 이용하고 있다. 첫 번째로 강한 에너지를 가진 398.9-nm 레이저로

자기광포획을 하는 방법, 두 번째로 약한 에너지를 가진 555.8-nm 레이저로 자기광포

획을 하는 방법이 있다. 이 학위논문에서는 도플러 냉각, 제만 에너지 차이를 이용한

냉각, 자기광포획에 관한 이론적인 배경에 대한 내용을 설명 하고 실제적으로 이터

븀 자기광포획이 어떻게 만들어지고 포획된 원자의 특성을 설명한 후 자기광포획의

효율이 증가됨을 보이고 있다.
1S0-

1P1전이선을이용한자기광포획에서여기상태인
1P1에서빛을내면서준안정

상태로 손실되는 원자는 광포획되는 원자의 갯수를 낮추고 광포획된 원자의 포획 수

명을 제한하게 된다. 이 때 (6s6p)3P2,0 로 손실되는 원자를 리펌핑 레이저를 이용하여

제거함으로써 이터븀 자기광포획의 효과가 증대함을 볼 수 있다. 이 때 포획된 원자의

갯수는 1S0-
1P1 전이에서 발생되는 자발방출된 형광신호를 광수집장치를 통하여 광자

의갯수를측정하고이를통해포획된원자의갯수를알수있게된다. 포획광의세기를

변화시키면 여기 상태의 원자 갯수가 변화게 되고 여기 상태의 원자 갯수에 비례하는

준안정 상태로의 손실양을 알 수 있게 된다.

여기서 3P0-
3S1 전이선의리펌핑광인 650-nm레이저와 3P2-

3S1 전이선의리펌핑광

인 770-nm 레이저는 준안정 상태의 원자를 여기시켜 3S1 상태로 올라가게 되고 자발

방출 과정을 통해 3P 상태로 이동하게 된다. 이 중 3P1 상태의 원자는 다시 자발 광

출 과정을 통해 기저 상태인 1S0 상태로 이동하게 된다. 이 과정을 이용해서 리펌핑

레이저들의 유무에 따라서 빛을 내면서 준안정상태로 손실되는 양을 조절할 수 있

다. 실험결과에서는 레이저의 세기를 포화 여기 상태보다 낮은 영역에서 실험을 하여

포획광의 세기가 여기 상태의 원자의 갯수와 선형적으로 비례하는 조건을 만족하는

영역에서 실험을 수 행하였다.

자기광포획된 원자가 정상 상태에서 리펌핑 레이저 두 개를 모두 사용하여 30%

정도 증가됨을 보이고 원자의 공급을 차단하여 측정한 포획된 원자의 수명은 2배정도

증가됨을 확인하였다. 이는 기존에 잘 알려진 결과인 원자의 포획된 양과 수명이 비례

하는 관계와 어긋남이 있고 이는 원자의 포획과정에서 원자빔과 포획된 원자 사이의

– 71 –



충돌에 의한 영향으로 확인된다.

그리고 원자의 손실되는 원리를 원자의 형광신호가 포획된 원자가 손실되면서 발

생되는 형광신호를 시간의 변화에 따라서 측정하여 확인하였다. 이 때 손실되는 양은

주변기체와의 충돌, 포획된 원자간의 충돌, 준안정 상태로 전이되어 발생되는 손실로

나눠 볼 수 있다. 이 때 준안정 상태로 떨어지는 원자의 갯수를 포획광의 세기를 통해

조절하고이를리펌핑레이저의유무를조절하여준안정상태로떨어지는비율을구할

수 있었다.

이런 결과는 리펌핑 레이저를 통해 포획 효율이 증가된 원자는 좀 더 많은 양을

단시간에 포획이 가능하므로 일반적인 원자실험이 밀리초 영역에서 일어나는 현상을

좀 더 효율적으로 관측할 수 있다. 그리고 원자빔을 이용한 자기광포획에 대한 이해를

높일 수 있게 되었다.
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