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Introduction
”There is nothing that I can see in the physical laws that says the computer
elements can not be made enormously smaller than they are now”, predicted
Richard Feynman on the evolution of microprocessor devices in 1959 [1].
At around the same time, Intel co-founder Gordon Moore forecasted the
rapid pace of technological innovation with his popular prediction known as
”Moore’s Law”, which states that the transistor density on integrated circuits
doubles about every two years. As an example, at year 2000, Intel’s Pentium 4 processor had 42,000,000 transistors and at year 2003, Intel’s Itanium
2 processor had 410,000,000 transistors [2]. To scale down microprocessor
chips, several lithography processes are being explored to achieve feature
sizes between hundreds to tens of nanometers.
Conventional optical lithography can create feature sizes of 200 nm, but this
feature size is diﬀraction-limited. One way of raising the bar in this ﬁeld
is by using extreme ultra-violet (EUV) light sources, with wavelengths of
13 nm. The feature size that was achieved so far is around 80 nm. With
EUV lithography, a new set of optical coatings in this regime has to be
custom-built and surface roughness becomes critical. Another lithography
method which can produce even smaller structures, at tens of nanometer
range, is electron beam or ion beam lithography. One drawback for this
type of lithography is that it is a serial writing process and is, therefore,
slow. Another disadvantage is that it can be destructive to the masks and
the substrates due to the high-energy of the electron or ion beam. Scanning
probe patterning can make structures of single atom dimension, but the
process is extremely slow as the atoms have to be deposited one at a time.
Another lithography process which is our interest in this research endeavor
is atom lithography. In atom lithography, an atomic beam is manipulated
to create the desired structure as it interacts with the substrate. Contrary
to optical lithography, atom lithography is not diﬀraction-limited. Thus,
smaller structures can be produced because the de-Broglie wavelength is in
the nanometer range and below. Unlike e-beam or ion beam lithography,
there is no restriction due to Coulomb repulsion because neutral atoms are
1
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used, and the low energy of an atomic beam does not damage the substrate.
Light masks can be used to create atomic patterns onto a substrate, which
allows parallel writing to be achieved. In atom lithography, a laser standing
wave focuses the atoms in its nodes during deposition onto a substrate [3].
If only a single standing wave is used as a light mask, the smallest structure
that can be attained is half the wavelength of the standing wave, which is on
the order of hundred nanometers, but a combination of standing wave light
masks can be used to create smaller and more complex structures [4]. Atom
lithography has been demonstrated in sodium [5], cesium [6], chromium [7, 8],
aluminum [9], and recently, ytterbium [10].
There are two stages in atom lithography. The ﬁrst stage is the atomic beam
collimation in order to have a signiﬁcant level of atomic ﬂux for deposition.
The second stage is the deposition, wherein the atomic beam interacts with a
standing wave light mask to create the desired pattern onto the substrate. In
this thesis, we are concerned only with the ﬁrst stage, that is, atomic beam
collimation via laser cooling. Laser cooling of an atomic beam allows one to
control the atomic velocity distribution using lasers, whose frequencies are
nearly in resonance with the atomic transitions. By controlling the atomic
velocity, the overall ﬂux of atoms at the deposition region can be increased.
One-dimensional transverse laser cooling of an indium atomic beam has been
experimentally realized in this work. Indium is a technologically signiﬁcant
element as it is used in electronic and opto-electronic devices, when combined
with other elements, for instance, Phosphorus to form InP, or combined with
Gallium and Arsenic to form InGaAs. Thus, the ability to manipulate indium
with optical ﬁelds and, eventually, deposit it on a substrate with minimum
feature size has great engineering implications.
One challenge in laser cooling of indium is that there is no closed atomic
transition with a reasonably populated initial state. Thus, a ﬁve-frequency
Lambda-scheme was employed to achieve transverse laser cooling of an atomic
beam. In the ﬁrst chapter of this thesis, the indium atom with its multilevel
atomic structure is discussed and its interaction with the light ﬁeld is treated
in a semiclassical approach. The light sources used in the laser cooling experiment will be presented in chapter 2. The method of frequency stabilization
of the light sources and atomic spectroscopy of indium will be discussed in
chapter 3. The laser cooling schemes and experimental results will be discussed in the last chapter. The cooling eﬀect for diﬀerent detuning, intensity
and polarization of the light ﬁelds at the cooling region will be presented.

Chapter 1
Theory
1.1

Light ﬁeld Interaction with an Indium
Atom

In this chapter, the interaction between an indium atom and the optical ﬁelds
used in laser cooling is elaborated. The motion of an atom traversing a light
ﬁeld can be described mathematically by deﬁning the Hamiltonian of the
system and the atomic wavefunction. At this point, we limit our discussion
to an atom, with no collisions to other atoms and its internal and external
states are inﬂuenced by one or more monochromatic light ﬁelds. The total
Hamiltonian can be written as:

Ĥ = ĤA − d̂ · E

(1.1)

where the ﬁrst term, ĤA , is the Hamiltonian operator describing the complex
internal atomic structure in terms of the energy levels and the relaxation rates
and the second term describes the interaction of the atom with the light ﬁeld.
The dipole moment operator of an atom is denoted by d̂ and the electric ﬁeld
 The ﬁeld E
 can be written as
by E.

 r, t) = 1
ε̂Eλ (r, t)e−iωλ t−iφλ + ε̂E∗λ (r, t)eiωλ t+iφλ
E(
2 λ

(1.2)

where the summation is taken over the diﬀerent radiation modes of a laser,
labelled by λ to specify the wavelength and ε̂ is the unit polarization vector. The electric ﬁeld is a time-dependent vector ﬁeld in the semiclassical
approach, while in the full quantum-mechanical approach, the electric ﬁeld
is treated as an operator. The interaction of the atom with the light ﬁeld
 term, which is related to a ubiquitous quantity
is incorporated in the d̂ · E
3
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in atomic physics, the Rabi frequency Ω. The relation between the dipole
matrix element of the atomic transition and the Rabi frequency is given by:
 = − 1 ψn |d · ε̂|ψm 
h̄Ωnm = −dnm · E
2



(E∗λ eiωt+iφ + Eλ e−iωt−iφ )

(1.3)

λ

The wavefunction of the atom can be constructed as a superposition of the
available atomic states,
Ψ(x, t) =



Cn (t)ψn (x)e−iζn

(1.4)

n

where ψn is an eigenstate of the free atom Hamiltonian, Cn is the probability
amplitude, and ζn is the phase, which is a function of time, t, and this will
be determined when the rotating wave approximation is used.
If relaxation mechanisms are considered, it is more appropriate to employ
a density-matrix approach, with its evolution being governed by the Liouville equation. The density-matrix approach is related to the wavefunction
description. The probability amplitude Ci (t) is related to the density matrix
elements ρ(i)
mn (t) by the following equation:
(i)
(i)
∗
ρ(i)
mn (t) = Cm (t)Cn (t)

(1.5)

The population is represented by ρmm (t) and the degree of coherence by
ρmn (t). Instead of the Schrödinger equation describing the evolution of the
wavefunction, the evolution of the atomic density matrix ρ(t) is governed by
the Liouville equation, given by
1
dρ(t)
= [Ĥ, ρ(t)] + L̂loss ρ
dt
ih̄

(1.6)

where L̂loss is the relaxation operator. If the only relaxation mechanism is
spontaneous emission, L̂loss can be written in Lindblad form as [14]:
L̂loss ρ =


ij

Γij (Sij ρ Sij† ) −

1
Γij (Sij† Sij ρ + ρ Sij† Sij )
2

(1.7)

where Γij is the rate of spontaneous emission from level |j to |i and Sij =
|ij|.

1.1.1

Indium as a Three-Level Lambda System

The indium atomic structure (ﬁgure 1.1) can be considered as a three-level
Lambda-structure (ﬁgure 1.2), if the hyperﬁne sublevels are neglected. The

1.1. Light field Interaction with an Indium Atom
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Figure 1.1: The Indium Level Scheme. The wavelengths indicated are
wavelengths in vacuum.

Figure 1.2: A three-level Lambda system

evolution of the probability amplitudes, Ci , is as follows [11]:
d
C(t) = −iHC(t)
dt

(1.8)

6
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where





2∆1 0 Ω1
1
H =  0 2∆2 Ω2 
(1.9)

2
Ω1 Ω2 0
The diagonal elements of H are related to the detunings ∆i and the oﬀdiagonal elements are related to the Rabi frequencies Ωi . The Rabi frequencies of indium for the relevant J→ J transitions and F→ F transitions are
tabulated in appendix A.
For a 3-level Lambda system, the relaxation matrix can be written as:




2Γ1 ρ33
0
−Γρ13
1
0
2Γ2 ρ33 −Γρ23 
L̂loss ρ = 

2
−Γρ31 −Γρ32 −2Γρ33

(1.10)

where the relaxation rate Γ is the sum of the two transitions, Γ = Γ1 + Γ2 .
The relaxation rate of the 6S1/2 state of indium is Γ = 2π · 25.1 MHz. The
lifetime of this state is 6.89 ns. On the other hand, the relaxation rate of the
two J→ J transitions are as follows [12]:
6S1/2 → 5P1/2 : Γ1 = Γ410 = 0.56 · 108 s−1 = 2π · 8.9 MHz
6S1/2 → 5P3/2 : Γ2 = Γ451 = 1.02 · 108 s−1 = 2π · 16.2 MHz
The relaxation rate Γi is a spectroscopic quantity, that can be experimentally
determined. This is directly related to the dipole matrix elements through
the following equation [11, 13]:
3e2 Γi λ3
(2J  + 1)
(1.11)
32π 3 cα
where e is the electron charge, α is the ﬁne structure constant, J  and J are
the angular momenta of the upper and lower states, respectively.
Since the interaction Hamiltonian (eqn 1.6) and the relaxation matrix (eqn
1.8) are known, the Liouvillian equation for a 3-level Lambda system can be
constructed as follows:
1 1
d
(1.12)
ρ11 =
[ Ω1 ( ρ31 − ρ13 )] + Γ1 ρ33
dt
ih̄ 2
1 1
d
(1.13)
ρ22 =
[ Ω2 ( ρ32 − ρ23 )] + Γ2 ρ33
dt
ih̄ 2
1 1
1
d
(1.14)
ρ33 =
[− Ω1 ( ρ31 − ρ13 ) − Ω2 (ρ32 − ρ23 )] − Γ ρ33
dt
ih̄ 2
2
1
1
1
1
d
ρ13 =
[∆1 ρ13 + Ω1 (ρ33 − ρ11 ) + Ω2 ρ12 ] − Γ ρ13 (1.15)
dt
ih̄
2
2
2
1
1
1
d
(1.16)
ρ12 =
[(∆1 − ∆2 ) ρ12 + Ω1 ρ32 + Ω2 ρ13 ]
dt
ih̄
2
2
1
1
1
1
d
ρ23 =
[2∆2 ρ23 + Ω2 ( ρ33 − ρ22 ) + Ω1 ρ21 ] − Γ ρ23 (1.17)
dt
ih̄
2
2
2
[JdJ  ]2 =

1.1. Light field Interaction with an Indium Atom
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If a standing wave is used to drive the atomic transition, the Rabi frequency
term has a factor of cos(ki z) while for a traveling wave, there is a factor of
eiki z .

1.1.2

Indium as a Six-Level System
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Figure 1.3: The coupled hyperﬁne levels for the Indium laser cooling
scheme.

Despite the simplicity of the three-level system, the coupled indium transitions in this experiment are more complicated. The atom and light ﬁeld are
coupled by hyperﬁne dipole transitions from the ﬁve lower states |5P1/2 , F =
4, 5 and |5P3/2 , F = 4, 5, 6 to the upper |6S1/2 , F = 5 state, as shown in
ﬁgure 1.3. The interaction Hamiltonian for such atomic level transitions is
given by:


2∆1 0
0
0
0 Ω1

2∆2 0
0
0 Ω2 
 0



1
0
0 2∆3 0
0 Ω3 

H= 
(1.18)
0
0 2∆4 0 Ω4 
2
 0



 0
0
0
0 2∆5 Ω5 
Ω1 Ω2 Ω3 Ω4 Ω5 0
and the relaxation operator L̂loss acting on the density matrix ρ can be

8
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constructed from equation 1.9 and can be written as follows:




1
L̂loss ρ = 
2




2Γ1 ρ66
0
0
0
0
−Γρ16
0
2Γ2 ρ66
0
0
0
−Γρ26
0
0
2Γ3 ρ66
0
0
−Γρ36
0
0
0
2Γ4 ρ66
0
−Γρ46
0
0
0
0
2Γ5 ρ66 −Γρ56
−Γρ61 −Γρ62 −Γρ63 −Γρ64 −Γρ65 −2Γρ66












(1.19)

The Liouvillian equation in this case gives rise to 36 diﬀerential equations,
given in appendix B. In our case, we solved this set of equations by numerical
integration. The well-known method of continued fractions is not applicable
in this case because of the relatively large wavelength diﬀerence associated
with the two ground states, that is, ∆λ/λ = 0.10.

1.1.3

Force on a Moving Atom

The force experienced by the atom due the presence of a light ﬁeld is related
to the ground-state population and coherences, which is obtained by solving
the Liouvillian equation. The semiclassical force is given by:
F (r, t) = −∇H(r, t)

(1.20)

where   denotes the expectation value of the force. The interaction Hamiltonian H is given in equation(1.3). The spatial average of the force can be
written as:

(1.21)
F (r, t) = − T r(ρ∇H)dz
F (r, t) = T r (



λ

ρ0n exp(inωt) d · ε̂ ∇[Eλ (r)e−iωt−iφ(r) + Eλ∗ (r)eiωt+iφ(r) ])

n

(1.22)
The integration over z can be replaced by an integration over time by using
z = vt, for moving atoms. The imaginary part of the force is the radiation
pressure force, which is due to the gradient of the phase of the electric ﬁeld
∇ φ(r). This force is responsible for a type of cooling mechanism known as
Doppler cooling, which will be explained in the next section. The real part
of the force is the dipole force, which is due to the gradient of the intensity
of the electric ﬁeld ∇ I(r). This force can cause stimulated emission in the
high-intensity regime, which leads to a sub-Doppler cooling mechanism [15].
The semi-classical picture of a force on a moving atom is justiﬁed when the
atomic velocity is much larger than the recoil velocity vrec = h̄k/m, where k
is the wavenumber of the light wave and m is the atomic mass. This holds

1.2. Doppler cooling
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for the case of our indium atomic beam conﬁguration, wherein the transverse
velocity is 73 cm/s and the recoil velocity is 8 mm/s.
Using the 6-level atomic structure, the density matrix for each hyperﬁne
level is solved by numerically integrating the Liouvillian equation over the
interaction time between the light ﬁeld and the atom. The initial population
is determined by the thermal distribution of the atomic beam. The force
can, then, be calculated using equation(1.21). A numerical simulation of the
force as a function of velocity will be presented in the last chapter of this
thesis, wherein the laser cooling experimental results will be compared with
the theoretical simulation.

1.2

Doppler cooling

The simplest mechanism for laser cooling of free atoms uses the Doppler
eﬀect. This was proposed by Hänsch and Schawlow [16] in 1975. Threedimensional laser cooling using radiation pressure was later experimentally
demonstrated by S. Chu [17] in 1985.
An atom moving opposite to the propagation direction of a red-detuned laser
beam will experience a force due to radiation pressure. In the atom’s rest
frame, the red-detuned beam appears Doppler-shifted towards higher frequency and is therefore close to resonance. Thus, it will absorb the photon
and will undergo subsequent spontaneous emission. However, the net momentum transfer due to spontaneous emission is zero because it occurs in
random directions. Only the momentum change due to absorption determines the direction of the radiation force. The atom will then be decelerated
in the direction of the laser beam. The spontaneous emission rate limits the
maximum deceleration of the atom because it determines the eﬃciency of
the photon absorption process.
When a laser beam interacts with a moving atom, the photon momentum is
transferred to the atom. When a red-detuned laser beam propagates in the
same direction as the atomic motion, the laser frequency is shifted away from
resonance in the reference frame of a moving atom. On the other hand, for
a laser beam propagating opposite the direction of atomic motion, the laser
frequency is shifted close to resonance. Thus, the atom will absorb more
photons from the counter-propagating beam. The counter-propagating laser
beam gives more momentum kick to the atom than the beam propagating
in the same direction as the atom. This leads to a damping of the atomic
velocity. The net force on the atom is given by[19]:
F = h̄kγr

(1.23)

10
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Figure 1.4: Doppler Cooling. Within the range −Γ/(2k) ≤ v ≤ Γ/(2k),
the Doppler force has opposite sign to the velocity, implying that it is a
damping force.

where γr is the scattering rate of the incident photons. In a two-level atom
excited by a low intensity light ﬁeld I, such that the saturation parameter in
resonance, S0 = I/I0 , is less than 1, the scattering rate is given by:
γr =

S0 Γ/2
1 + S0 + 4((∆ + ωD )/Γ)2

(1.24)

where ωD = −k · v is the Doppler shift and I0 is the saturation intensity for
a particular atomic transition. In the presence of two counter-propagating
red-detuned laser beams, the average force an atom experiences is given by
[20]:
8h̄k 2 S0 (|∆|/Γ)
v = −βv
(1.25)
FOM = −
(1 + S0 + (2∆/Γ)2 )2
β

This is the sum of the force due to each laser beam with all higher orders
of (kv/Γ)4 are neglected. Note that the damping force in equation (1.25) is
valid only for S0  1.
There must be suﬃcient scattering events for the atoms to experience a
reasonable radiation pressure force. Thus, the atoms must interact with the
light ﬁeld for a long period of time. For moving atoms, the interaction time
is related to the interaction length. If we consider Indium as a two-level
atom, we can calculate the interaction length which is suﬃcient to realize
Doppler cooling from the saturation parameter S0 , the decay rate Γ, and the
number of pumping cycles Npump . If Npump is estimated to be 1000, and S0

1.3. Stimulated Emission Cooling from the Dipole Force
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= 1, then the required interaction length, l, is 6 mm for laser cooling with
the 5P3/2 → 6S1/2 transition.
The atoms can not reach zero temperature (v = 0) by Doppler cooling
because of the random nature of the momentum ’kicks’ the atom experiences. These recoil events cause heating which can be described as a diﬀusion process, or a random walk around p = 0 in momentum space. There
are two competing processes, cooling due to the scattering and heating due
to recoil. Eventually, these two processes will reach a steady-state condition
[19]:
(1.26)
FOM · v = 4h̄ωr γr
where ωr is the recoil frequency and γr is the scattering rate. At steady-state,
the kinetic energy is found to have a minimum at |∆| = Γ/2, which leads to
an equilibrium temperature known as the Doppler temperature or Doppler
limit, TD . The Doppler temperature and recoil temperature for indium is
tabulated in Appendix C.
There are other cooling mechanisms which lead to temperatures two orders
of magnitude lower than the Doppler limit. These mechanisms are based on
optical transitions in multilevel atoms, which gives rise to multiple interaction
strengths (Rabi frequencies), depending on the atomic dipole orientation
relative to the light polarization. In this thesis, two of these sub-Doppler
cooling mechanisms will be discussed in the succeeding sections, one is dipole
force cooling by stimulated emission and the other is polarization-gradient
cooling.

1.3

Stimulated Emission Cooling from the Dipole Force

The dipole force arises from the interaction of a spatially-varying electric ﬁeld
of a laser beam and the induced dipole moment of the atom. The electric
ﬁeld shifts the energy level of the atom in proportion to the ﬁeld intensity.
This is known as the AC Stark eﬀect. In the low intensity regime, Ω  |∆|,
and for a red-detuned laser beam, the light shift creates a potential well
for the ground state. The atoms are attracted to the node of the potential
well or the region with relatively high intensity as shown in ﬁgure 1.5. This
attractive force, however, is conservative and it does not cool the atoms.
In the high-intensity regime (S  1) and for a blue-detuned laser beam, the
dipole force can lead to a phenomenon called stimulated emission cooling.
Stimulated emission leads to the coherent redistribution of photons between
the two counterpropagating waves [21]. Atomic momentum is transferred

12
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Figure 1.5: AC Stark shift

to laser photons by stimulated emission processes. This phenomenon can
be best described in the dressed-atom picture. The eigenstates of the atom
plus laser periodically oscillate in space, as shown in ﬁgure 1.6. The dressedstates coincide with the unperturbed states only at the nodes of the standing
wave. At any point in the standing wave, not at the node, the dressed
states are linear combinations of the unperturbed excited state |e,n, and the
ground state with a higher energy due to photon absorption |g,n+1. The
energy splitting between the dressed-states is maximum at the antinodes of
the standing wave.
It is important to note that the spontaneous emission rates vary in space.
The atoms has a preferred position in the standing wave where it undergoes
spontaneous emission. Consider the dressed-states as shown in ﬁgure 1.6, an
atom at energy level |2,n, with its position at the node of the standing wave,
where |2,n = |e,n, it has maximum probability to decay. If the atom is at
the antinode, where |2,n is mixed with |g,n+1, it has a minimum probability
to decay. The atom starting at a node of the standing wave at |1, n+1, will
climb the potential hill, and then undergo spontaneous emission to |2,n, from
where it will again undergo another cycle of climbing a potential hill or it will
decay to |1,n, where it will experience a slight velocity change due to recoil,
but it will not have, on average, a kinetic energy change. For an atom which
decays to |2,n, its kinetic energy is transformed into potential energy as it
climbs a potential hill, and successive cycles of stimulated emission will cause
a decrease in its kinetic energy. This is a Sisyphus-type cooling mechanism,

1.4. Polarization-gradient Cooling
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in which the atomic velocity is decreased due to stimulated emission cycles.
1,n+1
g, n+2
e, n+1
2,n+1

1,n
g, n+1
e, n
2,n

1,n-1
g, n
e, n-1

Figure 1.6: Laser cooling by stimulated emission, adapted from reference
[21]. The dressed-states energy levels are shown. The atomic trajectory is
illustrated by the solid line. As the atom undergoes a series of spontaneous
emission at a preferred position in the standing wave, its kinetic energy
decreases.

1.4

Polarization-gradient Cooling

When the electric ﬁeld polarization varies spatially along the trajectory of
the atom, this leads to a diﬀerent type of cooling mechanism, which is known
as polarization-gradient cooling. A spatially-varying polarization along the
direction of motion of the atom leads to a change in its steady-state population due to optical pumping. This gives rise to an anisotropy in the ground
state Zeeman sublevels. The change in population takes a ﬁnite time, which
is the optical pumping time, to occur. This is a non-adiabatic eﬀect, which
leads to a momentum change in the atomic motion. The laser ﬁeld not only
produces optical pumping, but it also induces a light shift, which is diﬀerent
for each Zeeman sublevel. This light-shifted energy is also spatially-varying
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and this leads to a gradient of the interaction potential, or a force that slows
down a moving atom.
Lin ⊥ Lin Conﬁguration
In a lin ⊥ lin conﬁguration, the polarization directions of two counterpropagating linearly-polarized light ﬁelds are orthogonal to each other and
the polarization varies along the propagation direction z, depending on its
wavelength λ. The polarization varies in space as shown in ﬁgure 1.7. At
z=λ/8, the polarization is σ- and at z= λ/4, the polarization is linear. Due
to this polarization gradient, there is a cooling force which slows down the
atom. This can be intuitively explained as a Sisyphus eﬀect, as shown in
ﬁgure 1.7.
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Figure 1.7: Light-shifted energies for the J=1/2 ground state in a lin
⊥ lin conﬁguration and for red-detuned light ﬁeld. The polarization as a
function of position in a lin ⊥ lin conﬁguration is as well indicated.

If the light ﬁeld is red-detuned, the light-shifted energy of the Zeeman ground
state sublevels is lower than the unperturbed energy, as shown in ﬁgure 1.7.
The light-shifted energy is spatially-varying due to the polarization-gradient.
An atom, initially at a position z=λ/8, will climb the potential hill until
it is optically pumped to the next Zeeman sublevel, which in this case, the
g+1/2 sublevel. The time it takes for the atom to move through this distance
is given by the optical pumping time, τp . When the atom is at the g+1/2
sublevel, it will again climb another potential hill. Thus, the atom loses
kinetic energy most of the time.

1.4. Polarization-gradient Cooling
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For the indium cooling scheme, there are 60 Zeeman sublevels for all allowed
hyperﬁne transitions of 5P1/2 → 6S1/2 and 5P3/2 → 6S1/2 . If all these F → F 
transitions are excited by counter-propagating light ﬁelds with polarizationgradient, then the populations and coherences for all 60 Zeeman sublevels,
should be solved in order to estimate the damping force.
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Chapter 2
Experimental Set-up
Several optical-frequency sources are necessary to manipulate the indium
atomic beam using a Lambda-cooling scheme. Five hyperﬁne transitions
should be driven by ﬁve optical frequencies, in order to avoid optical pumping
in a non-coupled state. These frequencies are provided by two GaN diode
lasers and a frequency-doubled Ti:Sapphire laser which serves as a carrier
beam, modulated by an electro-optic modulator (EOM) and an acousto-optic
modulator (AOM) to excite the diﬀerent hyperﬁne transitions, as shown in
ﬁgure 2.1.

Figure 2.1: The indium level scheme and the corresponding laser sources
for exciting the transitions of interest.

To achieve one-dimensional transverse laser cooling, the atomic beam is
always perpendicular to the laser beams at the cooling region. The atomic
17
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beam has a full divergence of 2.7 mrad. Diﬀerent light-ﬁeld conﬁgurations
and diﬀerent combinations of light sources were employed to understand
which driven atomic transition contributes to the cooling eﬀect. One of the
laser cooling conﬁgurations is shown in ﬁgure 2.2, wherein the 410 nm and
451 nm light sources are overlapped using a dichroic mirror. Details of the
light sources used in our experiment and the atomic beam source will be
discussed in this chapter.

CCD camera
Probe Laser
(l =410nm)

Atomic
Beam

632mm

Cooling Lasers
(l =451nm, 410nm)

Mirror
94mm

Aperture
(f =0.5mm)

170mm

Indium Oven

Figure 2.2: One conﬁguration we investigated in order to observe laser
cooling of an indium atomic beam.

2.1
2.1.1

Lasers
GaN diode laser

The 410 nm transition of the Indium atomic level is excited by a singlefrequency GaN diode laser [22], with an external grating in a Littrow conﬁguration. For our applications, we need both a narrow linewidth, on the
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order of 10MHz, and a large mode-hop free tuning range of 20 GHz. This
can be realized by placing the diode laser in an extended cavity (Extended
Cavity Diode Laser, ECDL). In this conﬁguration, a diﬀraction grating is
placed after the out-coupling facet of the diode laser. The ﬁrst-order beam
is reﬂected by the grating into the diode laser, while the zeroth order is used
for the experiment. To tune the ECDL over diﬀerent output wavelengths,
one should change either the current, or the temperature of the diode laser
or both, or tilt the diﬀraction grating. To scan the ECDL over a large wavelength range, one needs to move the piezo, which is attached to the grating,
over a certain distance. This can be done by scanning the voltage applied
to the piezo. A mode-hop free large tuning range of 12GHz can be realized
by applying an additional feed-forward current proportional to the scanning
voltage. The linewidth of the diode laser in our experiment is 10 MHz. In
our experiment, we use a DL100 system, supplied by Toptica. The laser has
an output power of 12mW after the grating and an elliptical cross-sectional
area of 1.5 × 3 mm2 .

2.1.2

The Ti:Sapphire laser

In this experiment, we use a frequency-doubled Ti:Sapphire laser to generate
the 451nm light. The Ti:Sapphire laser is an MBR-110 model, produced
by Microlase Optical Systems. It is a bow-tie ring laser, embedded in a
monolithic aluminum block, which makes the whole system mechanically
stable. One remarkable feature of this laser is its relatively large tuning
range while operating in single frequency. A tuning range of 3 GHz, covering
the three hyperﬁne indium transitions at 5P3/2 → 6S1/2 , can be achieved.
To have single-direction operation, the Ti:Sapphire laser employs an optical
diode while running in a ring conﬁguration to eliminate any spatial-holeburning eﬀects in the gain medium.
To set the laser at the right wavelength (902 nm), a birefringent ﬁlter inside
the Ti:Sapphire laser is used to coarsely control the wavelength. For singlemode operation, a thin etalon inside the laser cavity is used to select the
laser-mode. The etalon angular position is locked to the laser frequency using
a locking scheme, employing phase-sensitive detection and a lock-in ampliﬁer,
included in the Microlase electronic circuitry. This locking scheme ensures a
modehop-free operation while the laser wavelength is being scanned. Longterm laser stability is obtained by using an external Fabry-Perot reference
cavity, with a side-fringe locking scheme. The external reference cavity actively controls the laser cavity length by controlling the piezo attached to
one of the laser mirrors and the galvo-plates inside the laser cavity. A laser
linewidth of 100 kHz is the best attainable linewidth for this model. During
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our experiment, an external voltage ramp is used to scan the reference cavity
of the Ti:Sapphire in order to ﬁne-tune its output frequency. However, we do
not actively stabilize the laser to an atomic transition as we could not ﬁnd a
suitable transition line in a spectroscopic cell at the 451 nm wavelength.
The typical operating power of the Ti:Sapphire laser at 902 nm wavelength
is 800 mW for a pump power of 10 W. The pump laser of the Ti:Sapphire is
a Millenia X, frequency-doubled Nd:YAG diode-pumped laser. The output
beam of the Ti:Sapphire laser has a Gaussian proﬁle.

2.1.3

Frequency-doubling cavity

In this section, we explain the principle behind second harmonic generation
and apply this concept to frequency-doubling in a LiB3 O5 (LBO) crystal and
in a periodically-poled KTiOPO4 (ppKTP) crystal. During the ﬁrst phase of
this experiment, a second-harmonic generation cavity with an LBO crystal
is used, and in the second phase, a ppKTP crystal is used. The reason
for changing the crystal is that the LBO conversion eﬃciency degrades over
time, which is due to the strong tendency of LBO to absorb water. This
water absorption changes its crystal structure and thus, is detrimental to its
performance.
Second harmonic generation can be achieved when an intense laser beam is
incident into an anisotropic, birefringent crystal. The nonlinear response of
the crystal can cause its polarization to develop new frequency components
of the electromagnetic ﬁeld. Theoretical analysis of second-order nonlinear
eﬀects has been discussed by Armstrong et al. [23] in 1962. The nonlinear
polarization in the presence of an intense electromagnetic ﬁeld is given by:
Pi (ω3 ) = ε0

 (2)

χi,j,k (ω3 , ω1 , ω1 )Ej (ω1 )Ek∗ (ω1 )

(2.1)

j,k

where the i,j,k refer to the cartesian components of the ﬁeld. Now, if we
deﬁne the electric ﬁeld of the laser beam and the nonlinear polarization to
be:
Ẽj (z, t) =



Ej (z, ωn )e−iwn t + c.c.

(2.2)

n

= Ej (z, ω1 )−iω1 t + Ej∗ (z, ω1 )eiω1 t
P̃i (z, t) =



−iωn t

Pi (z, ωn )e

for n=1

+ c.c.

(2.3)
(2.4)

n

Expanding the summation in equation 2.1, one of the terms yields the secondorder polarization, which can be written as
P̃ (2) (t) = ε0 χ(2) [E 2 e−2iωt + (E ∗ )2 e2iωt + 2EE ∗ ]
2ω−term

DC−term

(2.5)
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where ε0 is the dielectric constant in vacuum and χ(2) is the second-order
nonlinear susceptibility. The 2ω-terms show that there is an electromagnetic
ﬁeld created, with a frequency twice that of the incident radiation ﬁeld, which
is known as the second harmonic beam. On the other hand, the DC-term is
known as optical rectiﬁcation.
Phase Matching
Inside the nonlinear crystal, the fundamental wave and the second-harmonic
wave propagate with diﬀerent phase velocities due to dispersion. Phase
matching occurs when the fundamental wave and the second harmonic wave
oscillate in phase with each other. The intensity of the second-harmonic
beam depends on how well the phase matching condition is fulﬁlled. The
phase mismatch parameter, ∆k, is given by:
∆k = k2ω − 2kω =

2ω
(n2ω − nω )
c

(2.6)

where k2ω , kω are the wavenumbers of the second harmonic beam and fundamental beam, respectively, n2ω , nω are the refractive indices of the second
harmonic and fundamental beams, respectively. The intensity of the secondharmonic beam I2ω is related to the phase mismatch by the equation [24]:
I2ω = κ2 l2 Iω2

sin2 (∆kl/2)
(∆kl/2)2

(2.7)

where κ2 is a constant related to the eﬀective dielectric constant of the crystal and the indices of refraction for both fundamental and second-harmonic
beams, l is the crystal length, and Iω is the intensity of the fundamental
beam. The conversion coeﬃcient κ2 is related to the nonlinear coupling coeﬃcient, def f , by:
4d2 ω 2
κ2 = 3 ef 2f
.
(2.8)
c 0 nω n2ω
When there is a phase diﬀerence between two second-harmonic beams generated at diﬀerent planes, say plane z1 and plane z2 , the two beams interfere.
The separation between two adjacent peaks of this spatial interference pattern is known as the coherence length, lc [25]. The coherence length is a
function of the refractive indices of the fundamental beam and the secondharmonic beam, nω and n2ω , respectively.
There are two methods to achieve phase-matching, one is by angle-tuning
and another by temperature-tuning. Phase-matching using angle-tuning can
be achieved by aligning the angle between the fundamental beam and the

22

2. Experimental Set-up

optical axis of the crystal such that the power of the second harmonic beam is
maximized. When one uses only angle-tuning for phase matching, there is a
walk-oﬀ due to the diﬀerent group velocities of the fundamental and secondharmonic beams, which leads to a decrease in the conversion eﬃciency. The
propagation vectors of the ordinary and extra-ordinary rays diverge from
each other while propagating inside the crystal. Thus, one can ﬁx the angle
between the propagation vector and the optical axis of the crystal at 90◦
and vary the crystal temperature until phase-matching is achieved. This is
known as temperature-tuning. Temperature-tuning is used to obtain phase
matching for crystals whose degree of birefringence is strongly dependent on
temperature [27]. Phase matching in the LBO crystal used in our experiment
is achieved by angle-tuning.
Quasi-Phase Matching (QPM)
Another way to realize phase matching without using angle-tuning is by
periodically varying the nonlinear susceptibility of the crystal. For some materials, the birefringence is not suﬃcient to compensate for dispersion, which
causes a large phase mismatch. To solve this issue, quasi-phase matching
was introduced, wherein the sign of the nonlinear coupling coeﬃcient, def f ,
of the material is changed periodically along the crystal length.
When there is a phase mismatch between the fundamental and the secondharmonic beams, the power is coupled alternately from one beam to the
other, as shown in curve C of ﬁgure 2.3. In order for the second-harmonic
power to grow monotonically, the phase must be changed back to its original
value periodically to satisfy proper phase-matching. As the second-harmonic
power decreases due to phase mismatch, the sign of def f is inverted. The
relative phase is, thereby, inverted and the power ﬂow is reversed, leading
to a monotonic increase of the second-harmonic power, as shown in curve B
of ﬁgure 2.3. The geometrical period length of def f in the crystal, denoted
by Λ, is related to the quasi-phase matching condition, ∆k = 2πm/Λ. For
the ppKTP crystal we have in our experiment, the grating period is 5.15µm,
corresponding to our pump beam wavelength of 902nm, and this can be
calculated using the Sellmeier equation [31]. Creation of a grating structure
in ppKTP can be realized by applying electric ﬁeld pulses through periodic
electrodes on the crystal surface [32].
The second harmonic power can be increased by focusing a Gaussian fundamental beam into the crystal, with the right beam waist at the center
of the crystal such that no large divergence occurs. The Boyd-Kleinmann
reduction factor describes the decrease in second harmonic output power
caused by walk-oﬀ due to focusing. From Boyd-Kleinman reduction factor,
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Figure 2.3: Comparison of the spatial dependence of the intensity of the
second-harmonic beam for the diﬀerent phase matching conditions. The
label PS denotes spontaneous polarization of the crystal. (A)Phase matching is perfectly satisﬁed. (B)Quasi-phase matching is achieved with the
c-axis of the crystal modulated with a period equal to twice the coherence
buildup length, lc.(C) Non-phase matched interaction.

one generally obtains the optimum value of the Rayleigh length, zR , of the
fundamental beam relative to the crystal length, l, and this is found to be
l = 3zR .
Second Harmonic Cavity for Power Enhancement
Another way to achieve power enhancement of the second harmonic beam is
by ’recycling’ the light through the crystal and this can be realized by placing
the crystal in a resonator. The maximum second harmonic power that can
obtained in a cavity is given by the implicit equation[29]:
P2ω =

(2 −

√

16T 2 ηsp Pω
1 − T (2 − A −

ηsp P2ω ))4

,

(2.9)

where ηsp = P2ω /Pω2 is the single-pass conversion eﬃciency, T is the transmission of the in-coupling mirror, and A is the absorption of the resonator.
In our experiment, two diﬀerent resonators are built for each crystal, as shown
in ﬁgure 2.4. For the LBO crystal, the cavity was designed by J. Wang [26].
It has a ﬁnesse of 136. Its typical second-harmonic power is 60 mW at 451 nm
for a pump power of 1W and the maximum power is 100 mW. For the ppKTP
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Figure 2.4: Diagram of the bow-tie ring resonator for the LBO crystal
and for the ppKTP crystal. M1 and M2 are plane mirrors, whereas, M3
and M4 are curved mirrors, with a radius of curvature, r. The parameter
d2 indicated in the ﬁgure is the total distance of the circulating beam from
M4 to M1 to M2 and, lastly, to M3.

crystal, the parameters of the cavity were calculated by S. Metz [30]. The
ﬁnesse of this cavity is 89 (refer to ﬁgure 2.5). Due to quasi-phase matching,
the ppKTP crystal has a higher conversion eﬃciency. In a ring-cavity, it
has maximum transmission of 81.4% and it delivers a maximum power of
160 mW at 451 nm for a pump power of 700 mW. The relevant parameters of
the crystals and the frequency-doubling cavities are tabulated in table 2.1.
Hänsch-Couillaud Stabilization
In order to obtain the maximum power of the cavity, it has to be stabilized
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Points of Comparison

LBO crystal

ppKTP crystal

Crystal Dimensions
Type of Phase Matching

3 × 3 × 10mm3
Angle-tuning

6 × 1 × 10mm3
QPM,
Temperature Tuning

Nonlinear Coupling
Coeﬃcient, def f

-0.905pm/V

10pm/V

Single-Pass Conversion
Eﬃciency

2.5 × 10−5 W −1

3W −1

Maximum Conversion
Eﬃciency in a Ring
Conﬁguration, η = P2ω /Pω
Advantage

10%

23%

Less sensitive
to temperature

Higher conversion
eﬃciency,
Less sensitive
to moisture

Table 2.1: Comparison between the LBO crystal and the ppKTP crystal.

Figure 2.5: Reﬂectance fringes from the ppKTP frequency-doubling cavity.

26

2. Experimental Set-up

such that the cavity is in resonance with the fundamental wavelength. We
use the Hänsch-Couillaud scheme [28] for stabilizing the cavity, as shown
in ﬁgure 2.6. The linear polarization of the reﬂected beam from the cavity
becomes elliptically polarized when the cavity is not in resonance with the
fundamental beam. A linearly-polarized fundamental beam, incident to a
birefringent crystal at some angle θ, can be decomposed into two components,
one ﬁeld parallel and another perpendicular to the resonator plane, as follows:
E,in = Ein cosθ
E⊥,in = Ein sinθ.

(2.10)
(2.11)

The parallel component experiences low loss and has a phase shift when it is
reﬂected from the cavity. The perpendicular component serves as a reference.
The complex amplitude of the parallel component of the reﬂected beam is
[28]:
cos ϑ − R + i sin ϑ
T1 R
]
(2.12)
E,r = E,in [ R1 − √
R1 (1 − R)2 + 4Rsin2 (ϑ/2)
where R1 and T1 are the reﬂectivity and the transmission of the in-coupling
mirror M1 , ϑ is the phase shift between the parallel and perpendicular components, and R accounts for all cavity losses, such as reﬂection from the
crystal facets and the input and output coupling mirrors. The perpendicular
component of the reﬂected beam is given by:
E⊥,r = E⊥,in R1 .

(2.13)

When the cavity is not in resonance, the parallel component has a phase
shift relative to the perpendicular component, due to the presence of an
imaginary part of E,r as seen from eqn. (2.10). The reﬂected beam has
an elliptical polarization, which is decomposed into two orthogonal linearlypolarized beams by the λ/4 plate and the polarizing beamsplitter. These two
linearly-polarized beams are detected by the photodiodes. The signals from
the photodiodes are, then, subtracted using a diﬀerential ampliﬁer circuit
to obtain a dispersive-shaped signal. The diﬀerence signal depends on the
magnitude and handedness of the ellipticity. The slope of the dispersive signal
with a zero-crossing is used as an error signal for locking the cavity. The error
signal for the ppKTP cavity is shown in ﬁgure 2.7. This is obtained while
scanning the piezo connected to one of the cavity mirrors and the diﬀerence
signal between the two polarization components is monitored.

2.2. Optical multi-frequency sources
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Figure 2.6: Hänsch-Couillaud stabilization scheme and a sketch of the
frequency-doubling cavity. The polarization of the two components of the
reﬂected beam are indicated in the ﬁgure. The intensities of the two orthogonal components of the reﬂected beam are subtracted using a diﬀerential
ampliﬁer. The diﬀerence signal is used as an input to a servo-loop circuit,
which is used for locking the cavity.

Temperature Stability of the ppKTP cavity
One technical challenge we have encountered is the temperature stability
of our ppKTP cavity. Since the birefringence of the crystal depends on the
temperature, any temperature drift changes the optical output of the crystal.
The crystal is placed inside an oven with peltier element to actively control
the temperature by a feedback circuit. Furthermore, a water-cooling slab is
placed above the crystal oven to fully-dissipate the heat.

2.2

Optical multi-frequency sources

The frequency-doubled Ti:Sapphire laser beam is incident to an electrooptic modulator (EOM) and an acousto-optic modulator (AOM) in order
to optically-excite the three hyperﬁne transitions, |5P3/2 , F = 6, 5, 4 →
|6S1/2 , F = 5. The two sidebands of the EOM are tuned to the F =
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Figure 2.7: Error signal for locking the ppKTP cavity. This is the output signal of the diﬀerential ampliﬁer circuit when the inputs are the two
polarization components of the reﬂected beam from the cavity.

6 → F  = 5 and F = 4 → F  = 5 hyperﬁne transitions. The AOM shifts
the carrier frequency higher, so that the ﬁrst-order beam is tuned to the
F = 5 → F  = 5 hyperﬁne transition, as shown in ﬁgure 2.8. The experimental setup is shown in ﬁgure 2.9. The carrier beam is split into two, using
a polarizing beamsplitter, and their relative intensities are adjusted using a
λ/2 plate. The output beams from the EOM and AOM are combined using
a polarizing beamsplitter. The combined beam has two diﬀerent polarizations. The polarization of the EOM output beam is orthogonal to that of the
AOM. For polarization-gradient cooling with all hyperﬁne transitions, this
factor should be considered.
The EOM (New Focus model 4421) produces two sidebands with a frequency
of 1435 MHz away from the incident carrier frequency. The RF source is supplied by Marconi Instruments model-2032 signal generator. The RF power
is set at 33.5 dBm after the ampliﬁer, and directly supplied to the EOM.
To determine the appropriate RF power, the output beam from the EOM
is incident into a Fabry-Perot cavity with a free-spectral range of 1.5 GHz.
The carrier beam, the ﬁrst and second-order sidebands are resolved by the
Fabry-Perot cavity. The relative amplitudes of the carrier and sidebands are
monitored while changing the RF power. The RF power is set such that the
power of each ﬁrst-order sideband is 33% of the incident optical power.

2.2. Optical multi-frequency sources
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Figure 2.8: The diﬀerent hyperﬁne transitions are excited using an EOM
and an AOM. The EOM sidebands are tuned to the 6→5 and 4→5 transitions, while the AOM ﬁrst-order beam is tuned to the 5→5 transition.
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Figure 2.9: Experimental set-up of the 451nm light source, from the
second-harmonic generation (SHG) cavity, to the EOM and AOM modulators, which are used to generate the three frequency components. A
polarizing beamsplitter (PBS) is used to separate and to recombine the
beams of the EOM and the AOM. The lenses are used to change the beam
size so that the beam passes through both apertures of the EOM and the
AOM without any clipping.

The AOM (AA Optoelectronics, model AA.ST.318) frequency is set at
318 MHz. To set the AOM frequency, the input voltage of the AOM driver is
adjusted while monitoring the frequency of the RF signal to the AOM with
a spectrum analyzer. The ﬁrst-order beam from the AOM, which shifts the
carrier beam higher in frequency is spatially-selected using an aperture. The
AOM output beam has a maximum transmission of 87%.
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Fluorescence Signal (Arb. Units)

To check if the EOM and AOM frequencies are on resonance with the three
hyperﬁne transitions, the combined output beam from the EOM and AOM
is incident perpendicular to the atomic beam. The ﬂuorescence signal is
detected using a photomultiplier, using ﬂuorescence spectroscopy which will
be described in chapter 3. The carrier beam (451 nm light source) is scanned
over a minimum range of 3 GHz. With both EOM and AOM turned-oﬀ,
a ﬂuorescence signal is detected as shown in ﬁgure 2.10. When the EOM
and AOM are turned-on, additional ﬂuorescence peaks are seen, as shown
in ﬁgure 2.11, because there are more optical frequencies in resonance with
the atomic hyperﬁne transitions. The large ﬂuorescence peak in ﬁgure 2.11
corresponds to the event when the EOM and AOM outputs simultaneously
excite the three hyperﬁne transitions. As one changes the EOM or AOM
frequency, this ﬂuorescence peak changes in amplitude and linewidth. When
its amplitude is maximum and its linewidth is minimum, the EOM and
AOM frequencies are properly set. This corresponds to a condition when the
combined output beam from the EOM and AOM excites the |F = 6, 5, 4 →
|F  = 5 transitions simultaneously.
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Figure 2.10: Fluorescence signal of the atomic beam when it interacts
with the 451nm laser. Only the carrier beam is scanned across all three
hyperﬁne transitions.

2.3

Vacuum system and the atomic beam

The atomic beam is produced by an eﬀusive oven with an aperture of 1mm
in diameter. The operating temperature of the oven is 1200◦ C, provided by

2.3. Vacuum system and the atomic beam
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Figure 2.11: Fluorescence signal of the atomic beam when it interacts
with the 451nm laser, carrier plus EOM sidebands and ﬁrst-order AOM
output beam. The carrier beam (C) is scanned across all three hyperﬁne transitions. The two sidebands (S1 and S2) from the EOM and
the frequency-shifted beam from the AOM produces additional ﬂuorescence
peaks.

tungsten heating wires, with a current of 8 A, and controlled by an automated temperature controller. The oven is placed in a cylindrical shielding
with water-cooling to dissipate the heat. To prevent indium from condensing at its rim, when the temperature is being lowered, there is an additional
heating wire at the rim, called the hotlip, with a current of 2.5 A. The vacuum chamber for housing the atomic beam is pumped by a turbo-molecular
pump (Turbo-V 250, Varian), to give a pressure of 10−8 Torr, which is suﬃcient for laser cooling experiments.
Molten indium easily adheres to the steel surface of the vacuum chamber
and to the windows of the vacuum chamber. Thus, a water-cooled copper
shield, with an opening of 5 mm, is placed above the oven to minimize the
amount of indium deposited everywhere in the chamber, refer to Figure 2.12.
A 1 × 5 mm2 slit is attached to the copper shield to partly deﬁne the atomic
beam trajectory. Another aperture with a diameter of 0.5 mm is placed below
the chamber for the laser cooling experiments. The oven aperture size and
the 0.5 mm-aperture deﬁnes the atomic beam trajectory.
The collimation ratio, κ, due to the two apertures is 4.4 mrad and it can
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be obtained from the relation:
κ=

φ1 + φ2
2·d

(2.14)

where φ1 is the oven aperture size of 1 mm, φ2 is the 0.5 mm aperture and d is
the distance between the two apertures, which is 170 mm. We measured the
atomic beam size at the laser cooling region and at the probe region using
ﬂuorescence techniques. From the ﬂuorescence image, the FWHM of the
atomic beam at the cooling region is 0.52 mm, and at the probe region, the
FWHM is 2.2 mm. Taking into account that the distance between the cooling
region and the probe region is 620 mm, the full divergence of the atomic beam
is θ=2.7 mrad. The discrepancy between the calculated collimation ratio κ
and the measured full divergence θ of the atomic beam could be due to the
clogging of the apertures such that the eﬀective aperture size is smaller.
The atomic beam has a Maxwell-Boltzmann velocity distribution given
by [33]:
f (vz ) =

vz3
−vz2
exp
[
]
2ṽ 4
2ṽ 2

(2.15)

BT
where vz is the longitudinal velocity of the atomic beam, and ṽ = kM
.
The calculated most probable velocity for a typical operating temperature of
1200◦ C is 565 m/s. The longitudinal velocity distribution was measured with
a time-of-ﬂight method. The measured value of the most probable velocity
is 530m/s. The Doppler width, ∆νD , of the atomic beam at the probe region
for the 5P1/2 → 6S1/2 transition is ±5.5 M Hz, which is obtained using the
relation:
kvt
vz,mp κ
∆νD = ±
=
(2.16)
2π
λ

where vt is the most probable transverse velocity at the probe region, vz,mp
is the most probable longitudinal velocity, λ is the excitation wavelength for
the 5P1/2 → 6S1/2 transition.
The atomic beam is made accessible to the laser beams through 4 ARcoated(at 410 nm, 451 nm) vacuum windows, mounted in a six-way cross(CF63).
All optical components are mounted on an optical breadboard, outside the
vacuum chamber. The detection region is 620 mm away from the cooling
region. The vacuum chamber for the detection region consists of a smaller
six-way cross (CF35) with 4 AR-coated viewports for detecting the atomic
ﬂuorescence.

2.4. Detection system
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Figure 2.12: The vacuum system with all dimensions speciﬁed.

2.4

Detection system

The atomic beam proﬁle at the probe region is obtained using ﬂuorescence
imaging. A CCD-camera is used to image the ﬂuorescence emission of the
atomic beam irradiated by either a 410 nm or a 451 nm light source at a
resonant transition. The laser beam passes through a slit with a height of
1mm to remove the eﬀect of optical pumping by the probe beam. The laser
beam is locked to a resonant transition using current modulation and lock-in
technique. Details of the locking scheme will be discussed in the next chapter
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on laser spectroscopy and stabilization. A typical ﬂuorescence image of the
410 nm light source at the F = 4 → F  = 5 resonant transition is shown in
ﬁgure 2.13. From the geometry of the atomic beam, the transverse velocity vt
of the atoms at the probe region is deduced to be 73 cm/s. This is calculated
from the atomic beam divergence θ and the longitudinal velocity vlong of the
atoms:
(2.17)
vt = vlong · tan(θ/2) ≈ vlong · θ/2 = 73 cm/s
where the atomic beam full divergence is θ = 2.7 mrad.
The measured beam size is compared with a theoretical beam size using
ballistic trajectory calculation, wherein the oven conﬁguration and aperture
geometry are used as input parameters. To obtain the theoretical plot, a
simulation involving 40,000 atoms, in which the initial transverse velocity has
a Gaussian distribution and the initial longitudinal velocity has a MaxwellBoltzmann distribution with the most probable velocity vmp = 530 m/s. In
this simulation, the initial width of the transverse velocity distribution is
∆vx = 0.5 m/s. The simulation result is shown in ﬁgure 2.14.

2.4. Detection system
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Figure 2.13: Atomic beam integrated ﬂuorescence proﬁle.
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Figure 2.14: Initial atomic distribution at the probe region. The y-axis
corresponds to the number of atoms. The x-axis corresponds to the transverse position in units of meter.
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Chapter 3
Spectroscopy of Indium and
Frequency-Stabilization

It is essential in laser cooling experiments that an atomic transition frequency
is used as a reference for setting the laser frequency. Unlike alkali elements,
such as cesium and rubidium, there is no vapor cell developed for indium.
This is due to the fact that indium has a low vapor pressure at room temperature (Pv at T = 27◦ C ≈ 10−33 Torr). A commercial hollow cathode cell
was ﬁrst used for obtaining an absorption spectrum. In this hollow cathode cell, the absorption of the strongest 410 nm transition is only 20% and
no sub-Doppler feature was observed. The Doppler width of indium vapor
at a temperature of 630◦ C is 1.5 GHz. This linewidth is too broad to be
used for laser stabilization, which requires us to have sub-Doppler features
as frequency reference. A vapor cell, which can be heated up to temperatures on the order of 600-800◦ C, is therefore necessary for performing indium
spectroscopy. An all-sapphire cell (ASC) was custom-built for our laboratory from the Armenian Academy of Science, as shown in ﬁgure 3.2. With
an all-sapphire cell, the maximum absorption for the strongest transition of
the 410nm line is 75%. With this cell, sub-Doppler features were observed
with saturated absorption and polarization spectroscopy, which allows us to
stabilize the laser frequency relative to the atomic transition. Results of our
spectroscopy studies on an indium all-sapphire cell are elaborated in reference [37]. The spectroscopy schemes for frequency stabilization of the lasers
in our cooling experiments are outlined in ﬁgure 3.1.
37
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Figure 3.1: Spectroscopy and frequency stabilization scheme for the light
sources used in the laser cooling experiment.
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Figure 3.2: Schematic view of the all-sapphire cell. A current of 5A
passes through the NiCr heating wires to reach a temperature of 630◦ C. The
temperature of the cell is monitored with a thermocouple during heating
up and cooling down. When the sapphire cell is cooled down too fast,
condensation of indium occurs at its end facets.
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Saturation Spectroscopy

Doppler-free saturation spectroscopy at the 5P1/2 → 6S1/2 transition was
performed using the experimental setup shown in ﬁgure 3.3. A strong pump
beam is incident to the ASC and is propagating in opposite direction to a
weak probe beam. The pump beam saturates the velocity group perpendicular to the pump beam. This saturation process is exhibited as a dip in
the Doppler absorption proﬁle, which is known as a Lamb-dip. In our experiment, the saturation parameter of the pump beam for the F=4→ F =5
(410 nm line) is 0.5S0 , while that for the probe beam is 0.2S0 . The saturated
absorption spectrum for the 410nm transition of indium when the laser is
scanned across the four hyperﬁne transitions is shown in in ﬁgure 3.4. The
Doppler proﬁles for the hyperﬁne transitions of the 410 nm line are wellresolved due to the large hyperﬁne splittings, on the order of 10 GHz. The
large hyperﬁne splittings in this transition also leads to a single Lamb-dip
for every Doppler-broadened absorption line, as can be seen in ﬁgure 3.4.
Diode
Laser
Main
beam

Oscilloscope
PD

BS
Probe
beam

M

ASC
BS

Pump
beam

M

Figure 3.3: Experimental set-up of saturated-absorption spectroscopy. A
lock-in technique is employed to remove the Doppler-background from the
spectrum. Only the Lamb-dip signal is used for laser stabilization.

3.2

Laser Frequency Stabilization

Two locking schemes were employed for stabilizing the diode laser frequencies
using the saturation spectroscopy signal.

3.2.1

Side-fringe locking

In the side-fringe locking scheme, the Doppler background is removed by
amplitude modulation and lock-in technique. The pump beam is amplitudemodulated by a mechanical chopper at 1.8 kHz and the signal is used as
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Figure 3.4: Doppler proﬁle and Lamb-dip feature of the 4 hyperﬁne transitions of the 410nm line.
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Figure 3.5: Experimental set-up of saturated-absorption spectroscopy. A
lock-in technique is employed to remove the Doppler-background from the
spectrum. Only the Lamb-dip signal is used for laser stabilization.

an input to a lock-in ampliﬁer, as shown in ﬁgure 3.5. The demodulated
signal is the pure Lamb-dip spectrum, which has a full-width half-maximum
(FWHM) of 50 MHz, as shown in ﬁgure 3.6. The spectral resolution is narrow
enough for frequency stabilization. The slope of the Lamb-dip fringe is used
as an input to a servo-ampliﬁer circuit. The servo-ampliﬁer actively controls
the input voltage of the piezo in the laser cavity, thus, controlling the laser
frequency. The zero-level crossing along the slope of the Lamb-dip signal

3.2. Laser Frequency Stabilization
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corresponds to the frequency on which the laser is stabilized. By changing the
input oﬀset of the servo-ampliﬁer, the laser frequency can be swept across the
frequency range of the Lamb-dip, which is 50 MHz in the case of indium. This
method is applied to the cooling lasers, whose frequencies are detuned from
resonance by several MHz. This method can not be employed for frequencystabilization at the resonance frequency (∆=0) because at resonance, there is
no corresponding slope of the Lamb-dip signal. Thus, for applications which
require stabilizing the laser onto resonance, the current modulation method
is employed.

Figure 3.6: Lamb-dip spectrum of the 4 hyperﬁne transitions of the
410nm line, after the Doppler background is removed by demodulating the
photodiode signal with a lock-in ampliﬁer.

3.2.2

Current Modulation

Another stabilization scheme involves locking the laser frequency on the zerocrossing of a dispersive-shaped signal. The experimental scheme for this
frequency stabilization method is shown in ﬁgure 3.7. The ﬁrst-derivative of
the saturated-absorption spectrum has a dispersive proﬁle, as shown in ﬁgure
3.8. When the laser frequency is modulated, the demodulated spectroscopy
signal from the lock-in ampliﬁer is simply the ﬁrst-derivative of the absorption
spectrum. Modulation of the laser frequency can be achieved by modulating
the input current to the laser. The typical current modulation frequency
in our experiment is 14 kHz and the laser current source has a modulation
amplitude of 2 mV. Since current modulation locking allows us to set the
laser frequency to zero detuning, this technique is applied to diode lasers
used as a probe beam and as ’repumpers’ in our laser cooling experiment.
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Figure 3.7: Experimental set-up for frequency stabilization using currentmodulation technique.

During the laser cooling experiment, the detuning of the 410 nm cooling laser
is determined from the beat frequency of the reference laser and the detuned,
cooling laser. The reference laser is normally locked in resonance with the
current modulation scheme. On the other hand, the detuned laser is locked
with the side-fringe technique. The beat signal is obtained when the two
lasers are overlapped and is incident to a fast photodiode, whose signal is
monitored with a spectrum analyzer. From the frequency read-out of the
spectrum analyzer, the amount of detuning is determined.
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Figure 3.8: First-derivative of the absorption signal of the 410 nm-indium
transitions. The dispersive-shaped signal is used for frequency stabilization.
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Allan Variance

The frequency stability can be characterized in the time-domain by the IEEE
standard method, known as the ’Allan variance’. The Allan variance can be
obtained from the average value of the discrete frequency ﬂuctuations ȳi and
is given by [34]:
σy2 (τ ) =

N
−1

1
(ȳi+1 (t + τ ) − ȳi (t))2
(N − 1) i=1
2

(3.1)

The Allan variance does not depend on the number of samples for obtaining
the power law spectral density, in contrast to the classical variance. The type
of noise can be characterized by a parameter α from the dependence of the
Allan variance on the time interval τ , given by:
σy2 (τ ) ∝ τ −α−1

(3.2)

Noise type
α
White noise due to phase
2
Flicker noise due to phase
1
White noise due to frequency 0
Flicker due to frequency
-1
Random walk (frequency)
-2
The square-root of the Allan variances σy (τ ) for the two locking techniques,
side-fringe locking and current-modulation scheme, are plotted in ﬁgure 3.9.
The frequency stability of the laser locked at the Lamb-dip fringe is 260 kHz
for an integration time of 1 sec while that locked using current modulation
technique is 340 kHz for the same integration time. For the laser locked to the
Lamb-dip fringe, white noise due to frequency (σy (τ ) ∝ τ −1/2 ) is a dominant
noise type as seen in the slope of its Allan variance. On the other hand,
for the laser locked to the dispersive-shaped signal with current modulation,
ﬂicker noise due to phase (σy (τ ) ∝ τ −1 ) is a dominant noise type as can be
inferred from the slope of its Allan variance.

3.3

Two-color Absorption Spectroscopy

Absorption spectroscopy was performed for indium at the 451 nm (5P3/2 →
6S1/2 ) transition. However, due to the low thermal population of the 5P3/2
ground state at 630◦ C, the absorption is relatively weak. The maximum absorption is only 6%. In our experiment, optical pumping from 5P1/2 to 5P3/2

44

3. Spectroscopy of Indium and Frequency-Stabilization

100

t

free-running laser

-1/2

1

locked laser

Allan variance (MHz)

Allan variance (MHz)

free-running laser

10

1

1/

locked laser
0,1
0,1

0,1

1

t (sec)

10

100

0,1

1

10

 (sec)

Figure 3.9: The square-root of the Allan variance of the error signal
of the free-running laser and for the same laser locked on resonance of
the F=4 → F=5 transition using (left) Lamb-dip side-fringe locking and
(right) using current modulation scheme.

ground state using the 410 nm light source was done to obtain a larger absorption signal. The experimental setup is shown in ﬁgure 3.10. The 410 nm light
source is locked in resonance at the |F=4 → |F=5 transition and amplitudemodulated to remove the Doppler background. The transmission signal of
the 451 nm laser is detected with a photodiode and is demodulated with
a lock-in ampliﬁer. With this scheme, the absorption is increased to more
than 10%. Since we are only interested in the absorption spectrum from the
451 nm light, an interference ﬁlter is placed before the photodiode to prevent
the 410 nm light from being detected by the photodiode. The 451 nm laser
scans across two sets of hyperﬁne transitions, (set 1) |F = 4, 5, 6 → |F = 5
and (set 2) |F = 3, 4, 5 → |F = 4. The background-free transmission signal
is recorded in ﬁgures 3.11 for set 1 transitions and ﬁgure 3.12 for set 2.
The transmission signal for each transition is unexpectedly broad with a
FWHM between 300-500 MHz. Power broadening for this case is negligible.
We can phenomenologically approximate the observed proﬁles of the resonance lines of the F  = 4, 5 → F = 4 with a combination of Lorentzian
and Gaussian proﬁles with a FWHM of 170 MHz and 600 MHz, respectively.
Both linewidths are broad compared to the expected linewidth of 30-50 MHz
for a small velocity class probed in linear absorption spectroscopy. This
broad linewidth is due to velocity-changing collisions [35, 36]. A numerical simulation was carried out wherein an initial velocity group with v=0 is
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Figure 3.10: Experimental set-up for two-color absorption spectroscopy
in an all-sapphire cell. A dichroic mirror (DM) is used to combine the
451 nm light with the 410 nm laser beam. An interference ﬁlter (IF) blocks
the 410 nm laser so it will not be detected by the photodiode.

Figure 3.11: Lock-in signal for the transmission of 451 nm light in an
all-sapphire cell, scanned at F =6,5,5→ F =5. The amplitude-modulated
410 nm light is set in resonance at F=4→ F =5 transition.

redistributed by a single collision with thermal atoms with an rms velocity
vσ in a hard sphere model [37]. The result of this simulation is a velocity
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distribution with a narrow Lorentzian and a wider Gaussian proﬁle with a
FWHM which is 41% larger than the initial thermal distribution.

Figure 3.12: Lock-in signal for the transmission of 451 nm light in an
all-sapphire cell, scanned at F =5,4,3→ F =4. The amplitude-modulated
410 nm light is set in resonance at F=4→ F =5 transition.

There is a narrow dip at the center of each transition peak when the 410 nm
and 451 nm lasers excite the same upper hyperﬁne level, as shown in ﬁgure
3.11. Increased transmission of the 451 nm laser is manifested as a dip in
the absorption spectrum. This can be explained as a coherent two-photon
process, as shown by its exclusive presence when the two lasers are coupled
to the same upper level.
The presence of the F = 3 → F  = 4 transition line, in ﬁgure 3.12, is
unexpected since the F=3 state can not be populated by radiative decay
from the |6S1/2 , F = 5 state. The F=3 state is populated by atom-atom
collisions. The ﬁt of the F = 3 → F  = 4 gives a narrower Gaussian curve of
460 MHz compared to the F = 4, 5 → F  = 4 transition and a Lorentzian of
95 MHz, which supports this argument.

3.4

Fluorescence Spectroscopy with an Atomic
Beam

In ﬂuorescence spectroscopy, the absorption of laser photons of an atomic
sample is observed by monitoring the laser-induced ﬂuorescence. When the

3.4. Fluorescence Spectroscopy with an Atomic Beam
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Figure 3.13: (Left) Fluorescence spectroscopy set-up for indium. A photomultiplier tube (PMT) is used to detect the laser-induced ﬂuorescence.
(Right) A set of lenses is used to increase the ﬂuorescence collection eﬃciency. The lens conﬁguration is applicable to our particular atomic beam
set-up. An interference ﬁlter IF is used to remove any ﬂuorescence emission of another wavelength from being detected.

laser wavelength is scanned across the atomic absorption lines, the ﬂuorescence intensity as a function of laser wavelength is recorded, which is simply
the excitation spectrum. The number of ﬂuorescence photons being detected
per second is given by [38]:
nf luo = na ηk ηph ς

(3.3)

where na is the number of absorbed photons per second, ηk is the quantum
eﬃciency of the excited state deﬁned as the ratio of the spontaneous transition rate Ak to the total deactivation rate, ηk = Ak /(Ak + Rk ) where Rk
is the rate of collision-induced transitions or other transitions not related to
spontaneous emission, ηph is the quantum eﬃciency of the detector, and ς is
the fraction of ﬂuorescence photons collected by the detection optics. The
relative peak heights of the excitation spectrum reﬂect the relative decay
probabilities of the atomic transitions, only if (1) the atoms radiate before
they undergo collisions with other atoms or with the background gas, and
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(2) the quantum eﬃciency of the detector is constant for all excited states,
which is satisﬁed by existing photomultiplier tubes (PMT). Even if the above
conditions are not fulﬁlled, ﬂuorescence spectroscopy is still a good frequency
marker.
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Figure 3.14: Fluorescence spectrum of the indium atomic beam when the
451 nm laser frequency is scanned across the six hyperﬁne transitions.

The ﬂuorescence spectroscopy set-up with an indium atomic beam is shown
in ﬁgure 3.13. The applications of ﬂuorescence spectroscopy for indium laser
cooling are as follows:
1. Frequency reference for 451 nm laser
On top of the two-color absorption spectroscopy, the ﬂuorescence spectrum
of the 451 nm laser is also used as a frequency marker. A typical ﬂuorescence
spectrum of the atomic beam excited by a 451 nm laser is shown in ﬁgure
3.14. The ﬂuorescence signal provides a narrow linewidth of 60 MHz, when
the laser beam is perfectly orthogonal to the atomic beam. Unlike the twocolor spectroscopy for 451nm-indium transitions, the absorption line of the
ﬂuorescence spectrum is stable in frequency because it is independent of the
overlap of the pump and probe beams (410 nm and 451 nm lasers) and any
frequency instability of the 410 nm pump laser. Fluorescence spectroscopy
can not be used, however, for in-situ frequency measurement because it uses
the same atomic beam as that for laser cooling experiments. In practice, the
frequency calibration with this scheme is done before and after a measurement interval during the laser cooling experiment.
2. Optimizing the frequency sources for the EOM and AOM
In chapter 2, it was discussed how the frequencies of the EOM microwave
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generator and the AOM RF source are set using the ﬂuorescence signal of
the atomic beam.
3. Alignment of the laser beams relative to the atomic beam
To ensure that the laser beams are orthogonal to the atomic beam, the
ﬂuorescence spectrum of the atomic beam is compared with the saturatedabsorption spectrum in the All-Sapphire Cell (ASC). This can be applied for
indium because the Lamb-dips are well-resolved. The Lamb-dip is a suﬃcient
measure of laser-beam-to-atomic-beam orthogonality because it occurs only
when the laser beam selects an atomic velocity group perpendicular to the
propagation direction. Thus, when the absorption lines in the ﬂuorescence
spectrum is at the same frequency location as the Lamb-dip in the ASC, then
the atomic beam is perpendicular to the laser beam.
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Chapter 4
Laser Cooling of an Indium
Atomic Beam
Laser cooling of indium can be caused by several mechanisms because of its
rich multilevel structure. Thus, several experimental schemes were investigated. To determine the eﬀect of the cooling lasers on the transverse velocity
distribution of the atomic beam, the ﬂuorescence signal at the probe region
is imaged by a CCD camera. The width of the transverse velocity distribution can be calculated from the FWHM (full-width half-maximum) of the
Gaussian ﬁt of the ﬂuorescence signal. The number of atoms in the state
being probed is proportional to the area under the curve of the ﬂuorescence
signal.

4.1
4.1.1

Laser Cooling with 410 nm Lasers
Five-Frequency Laser Cooling

One-dimensional Doppler cooling is expected when the cooling lasers are reddetuned relative to the atomic resonance and when the interaction time tint
of the lasers with the atomic beam is greater than the damping time τdamp .
The damping time τdamp , during which the atomic velocities are decreased
to a minimum attainable velocity, is τdamp = m/β = 15.4 µs, where m is the
atomic mass. For Doppler cooling, the damping coeﬃcient β is given by
equation (1.25). It should be noted that this value of the damping time
is based on a two-level atom. For a cooling mechanism which is based on
a multi-level atom, in particular polarization-gradient cooling in a lin⊥lin
conﬁguration, the damping time is shorter due to optical pumping eﬀects
[39]. The interaction time in this ﬁve-frequency cooling experiment is ∼ 8 µs.
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Figure 4.1: Experimental scheme to achieve ﬁve-frequency transverse
laser cooling of an indium atomic beam.

The experimental conﬁguration implemented to investigate laser cooling is
shown in ﬁgure 4.1. The 410 nm and 451 nm lasers have the same propagation
direction and are overlapped at the interaction region. A dichroic mirror is
used to combine the 410 nm and 451 nm lasers. To ensure that the laser
beams are well-overlapped at the cooling region, a CCD camera is used to
detect the position of the ﬂuorescence signal of the atomic beam with all laser
frequencies tuned to the atomic resonance. The overlap of the laser beams
at the dichroic mirror is adjusted until only one ﬂuorescence spot due to all
the lasers is detected. All lasers are linearly-polarized and in a standingwave conﬁguration. The polarizations of the two 410 nm lasers are oriented
perpendicular to each other, and the polarizations of the 451 nm lasers from
the EOM are oriented perpendicular to that from the AOM.
In the initial laser cooling experiment, the laser frequencies are set such that
both 410nm lasers are red-detuned by ∆ = −1.5Γ (Γ = 2π·25MHz) and
the 451nm laser is on resonance. The intensities of the 410nm lasers are
I=310mW/cm2 at the F=4 → F =5 transition, I=280mW/cm2 at the F=5
→ F =5 transition. For the 451nm laser, the intensity for each transition is
I=50mW/cm2 . The probe laser frequency is resonant to the F = 4 → F  = 5
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(410nm) transition. Contrary to what is expected for Doppler cooling, a
dip in the middle of the ﬂuorescence signal is observed, as shown in ﬁgure
4.2. This suggests that the atoms are pushed away from the center of the
atomic beam, and is referred to as a ‘heating’ signal. A narrowing of the
transverse velocity distribution, or a ‘cooling’ signal, is what we intend to
achieve. To observe a cooling signal, the detunings of the 410 nm lasers
were changed from red to blue-detuning. When the 410 nm laser frequencies
were blue-detuned by ∆ = +2.5Γ, and the 451 nm laser frequency was kept
on resonance, a narrow peak at the center of the atomic beam ﬂuorescence
was observed, as shown in ﬁgure 4.3. With the cooling lasers, the width of
the narrow ﬂuorescence peak is 0.6 mm, 20% larger than the last deﬁning
aperture (φ=0.5 mm) of our atomic beam set-up, and 15% larger than the
width of the atomic beam (0.52 mm) at the cooling region. This translates
into a transverse velocity distribution with a FWHM of vT = 12 cm/s for the
cold atoms. The transverse velocity distribution of the uncooled atoms has a
width of vT = 73 cm/s. The broad background suggests that not all atomic
velocity groups experience a damping force.
Furthermore, when the 451 nm laser is switched oﬀ, the cooling eﬀect was
still observed, as shown in ﬁgure 4.4. The 451nm laser in this conﬁguration
does not aﬀect the transverse velocity distribution of the atoms, but it only
optically-pumps the atoms from the 5P3/2 to the 5P1/2 state.
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Figure 4.2: Fluorescence signal of the atomic beam with red-detuned cooling lasers, for the experimental scheme in ﬁgure 4.1.

Simulation
The damping force for a ﬁve-frequency optical excitation was calculated by

3
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Figure 4.4: Fluorescence signal of the atomic beam with blue-detuned
cooling lasers with only 410 nm in the cooling region.

using the semi-classical approach, in which the interaction Hamiltonian is
given by:
H(x, t) = h̄∆i |gg|e−iωt +

h̄Ωi
cos(ki x)(|eg| + |ge|)e−iωt + c.c.
2

(4.1)
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Figure 4.5: Time evolution of the population when all ﬁve-hyperﬁne
transitions are coupled, for time t=0→t=10/Γ (left) and for longer time
t→t=100/Γ (right). The Rabi frequencies are as follows: 410nm transitions Ω4→5 = 1.6Γ, Ω5→5 = 0.6Γ, and for the 451nm transitions:
Ω6→5 = 0.2Γ, Ω5→5 = 0.07Γ, Ω4→5 = 0.02Γ. The 410nm light is bluedetuned by 2.5 Γ while the 451nm is set on resonance. The x-axis is in
units of 1/Γ where Γ=2π25MHz.

where ki is the wavenumber of the light ﬁeld, ∆i is the detuning for the
particular transition, and Ωi is the Rabi frequency. The matrix form of the
interaction Hamiltonian for the ﬁve-frequency excitation is given in equation
(1.18). In this case, only standing wave conﬁgurations with linearly-polarized
ﬁelds were considered. The factor cos(ki x) is due to the interaction of the
atom with a standing wave ﬁeld. It should be noted that x = vT t, where

100
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vT is the transverse velocity of the atom. Furthermore, since there are only
linearly-polarized ﬁelds in a standing wave conﬁguration, coupling between
the Zeeman sublevels is not considered in this case.
The average force is calculated from the product of the density matrix and
the gradient of the interaction Hamiltonian, as expressed in equation (1.21).
The average force is:
F =

h̄
[ k1 Ω1 cos(k1 x) ρ̃ (g4 , e5 (410) ) + k1 Ω2 cos(k1 x + ϕ2 ) ρ̃ (g5 , e5 (410) )
2
+ k2 Ω3 cos(k2 x + ϕ3 ) ρ̃ (g6 , e5 (451) ) + k2 Ω4 cos(k2 x + ϕ4 ) ρ̃ (g5 , e5 (451) )
+k2 Ω5 cos(k2 x + ϕ5 ) ρ̃ (g4 , e5 (451) ) ] + c.c.

where k1 and k2 are the wavenumbers for the 410nm and 451nm light ﬁelds,
respectively, ϕi are the phase diﬀerences between each light ﬁeld, and ρ̃(gn , em )
is given by
(4.2)
ρ̃(gn , em ) = gn |ρ|em  e−iωL t
where ρ is the steady-state density operator, the subscripts n and m denote
the hyperﬁne level, the subscripts 410 and 451 denote the J → J  transition,
and ωL is the laser frequency. The set of diﬀerential equations to solve the
density matrix elements ρ̃(gn , em ) is given in appendix B.
In the simulation, the laser intensities and detunings are set similar to the
experimental conditions. The initial population is the thermal distribution
at T=1200◦ C, such that, at the 5P1/2 ground state, the population is 80% of
the total population (44% for the F=5 hyperﬁne state and 36% for the F=4
state) and at 5P3/2 state, the population is 20% (6.5% for the F=6 state,
5.5% for F=5, 4.5% for F=4, 3.5% for F=3).
The evolution of the population for a given set of Rabi frequencies and detunings, when all ﬁve hyperﬁne transitions are coupled, is shown in ﬁgure
4.5. When there is a relative detuning between the 5P1/2 → 6S1/2 and the
5P3/2 → 6S1/2 transitions, two prominent features in the evolution of the
population can be seen. (1) There is an inversion of the population of the
|5P3/2 , F = 6 state after a time t = 3/Γ. (2) The steady-state population of
the |5P3/2 , F = 5 state is higher compared to the |5P3/2 , F = 6 state. These
features are not present for zero detuning. On the contrary, with zero detuning, the steady-state population of the |5P3/2 , F = 5 state is lower than that
of the |5P3/2 , F = 6. Furthermore, the population of the |5P3/2 , F = 6 state
increases monotonically without inversion before reaching a steady-state condition. Here, we gain some insight into how the atomic population evolves
in a Lambda-system. The population evolution was also calculated for the
opposite sign of the detuning, for ∆ = −2.5Γ, and the result is the same for
both positive and negative detunings.
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Figure 4.6: Force as a function of velocity for the six-level indium atomic
structure, in the case of blue-detuned 410nm lasers. The detunings for
the 410 nm lasers are ∆4→5 = 2.5 Γ, ∆5→5 = 2.5 Γ, and the 451nm laser
is in resonance, ∆=0. The Rabi frequencies are: (410nm transitions)
Ω4→5 = 1.6Γ, Ω5→5 = 0.6Γ, (451 nm transitions): Ω6→5 = 0.2Γ, Ω5→5 =
0.07Γ, Ω4→5 = 0.02Γ. The spontaneous emission rates for the 410 nm
lasers are Γ4→5 = 0.213Γ, Γ5→5 = 0.142Γ; for the 451 nm laser: Γ6→5 =
0.381Γ, Γ5→5 = 0.194Γ, Γ4→5 = 0.070Γ.

After obtaining the atomic population and coherences, the spatial average of
the force can be calculated. A plot of the force as a function of velocity is
shown in ﬁgure 4.6. To include the eﬀect of the phase diﬀerence between each
laser, the force is averaged over diﬀerent phase shifts. It can be seen that
there is a damping force for blue-detuned 410 nm cooling lasers and resonant
451 nm laser. The force vs. velocity curve has a steep slope for −0.03Γ/k≤
v ≤ 0.03Γ/k, corresponding to a velocity capture range of 30cm/s. The
damping coeﬃcient is dF/dv=−0.5h̄k 2 at v=0. This amount of damping
force could produce a narrow velocity distribution within the velocity capture
range. From this calculation, it is diﬃcult to estimate the amount of heating
due to the Doppler force. In the plot of force vs. velocity, the structure at
high velocities could be due to multiphoton resonances or Dopplerons [41, 42].
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Figure 4.7: Fluorescence signal of the atomic beam with blue-detuned
cooling lasers for ∆ = 1.1Γ410 , S=2.8. The scale of the ﬂuorescence signal is normalized relative to that without cooling lasers. The ﬂuorescence
signal with cooling laser is rescaled by 10x for better visibility.

4.1.2

Single-Frequency Laser Cooling at 410 nm Transition

The simplest conﬁguration to investigate is when only one 410 nm hyperﬁne transition is excited. The cooling laser frequency is set at |5P1/2 , F =
4 → |6S1/2 , F = 5 transition. The interaction time is 5.7 µs. The probe
laser is set in resonance at the same hyperﬁne transition as the cooling laser.
Since the cooling laser and the probe laser excites the same transition, optical pumping eﬀects are observed. The amplitude of the ﬂuorescence signal
decreases dramatically due to optical pumping. Only ∼ 1.5% of the atoms
remain in the |5P1/2 , F=4 ground state when the cooling laser is detuned by
∆ = 1.1Γ410 , as shown in ﬁgure 4.7. Such depopulation of the |5P1/2 , F=4
ground state is estimated to occur after a time t = 4/Γ or 4 pumping cycles. This estimate of the number of pumping cycles was obtained from the
population evolution, as shown in ﬁgure 4.8, with only one hyperﬁne transition coupled to the light ﬁeld. The ﬂuorescence signal observed with a
blue-detuned, single-frequency cooling laser has a narrow central peak, and
a broad Doppler background, as shown in ﬁgure 4.7.
For the single-frequency cooling, the eﬀect of the cooling laser intensity, detuning and polarization were investigated.
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Figure 4.8: Time evolution of the population when only one hyperﬁne
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0.32Γ410 and the detuning is ∆ = 1.1Γ410
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Intensity
In most cooling mechanisms, the damping force depends on the intensity of
the cooling laser. The FWHM of the ﬂuorescence signal becomes narrower
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as the intensity of the cooling laser increases, as plotted in ﬁgure 4.9. There
is a drop in the width of the ﬂuorescence signal as the cooling laser intensity
reaches a value S=1.5. For intensities greater than S=1.75, the width of
the ﬂuorescence signal does not vary signiﬁcantly as the laser intensity is
increased. This suggests that the cooling eﬀect reaches a saturation level,
depending on the laser intensity.
Detuning
The damping force depends on the detuning of the cooling laser, as can be
seen from the equation of the force (eq. 1.25). Both blue and red-detunings
of the cooling laser were studied. The shape of the ﬂuorescence signal (ﬁgure
4.10) is diﬀerent for red and blue-detuning, implying that optical pumping is
not the cause of the narrowing of the ﬂuorescence signal. Optical pumping
is symmetric with respect to laser detuning.
For a red-detuned cooling laser, the ﬂuorescence signal has only one Gaussian
proﬁle, without a narrow central peak. For a detuning of ∆ = −1.1Γ410 , its
FWHM is narrower by 8% less than that of the probe beam. The FWHM
of the probe beam ﬂuorescence signal is 2.2mm. The ﬂuorescence signal
becomes less equivalent to a Gaussian curve as the detuning decreases, which
inﬂuences the value of the FWHM and its variation with respect to the
detuning.
For a blue-detuned cooling laser, there is a narrow peak at the center of the
ﬂuorescence signal (ﬁgure 4.10), which is not observed for the case of reddetuning (∆ < 0). The width of the narrow ﬂuorescence peak only slightly
varies with detuning (ﬁgure 4.10). The amplitude of the ﬂuorescence signal
is higher for a smaller values of the detuning. This is due to optical pumping.
As the frequency of the cooling laser is further away from resonance, it pumps
out less and less atoms from the |5P1/2 , F = 4 ground state, which is the
state being probed.
Polarization
A spatially-varying polarization of the cooling laser along the atomic trajectory can lead to a cooling eﬀect, depending on the atomic transitions which
are optically-excited. For single-frequency cooling at 410 nm, a linlin conﬁguration exhibits a more pronounced cooling eﬀect than the lin⊥lin and
σ + − σ − conﬁgurations. The amplitude of the narrow peak of the ﬂuorescence signal is highest for the linlin case, as shown in ﬁgure 4.11. In these
measurements, the quantization axis was deﬁned along the propagation axis
k by applying a small magnetic ﬁeld of 2 Gauss. The propagation vector k
 In this linlin conﬁguration, a linearlyis parallel to the magnetic ﬁeld B.
polarized light couples all mF → m transitions. No polarization-gradient is
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Figure 4.10: Detuning-dependence of the FWHM of the ﬂuorescence
signal with a single-frequency cooling laser, for red-detuning (left) and
blue-detuning (right). The cooling laser excites the |5P1/2 , F = 4 →
|6S1/2 , F = 5 transition and has a saturation parameter of S = 2.5S0 .

present in a linlin conﬁguration.
From ﬁgure 4.11, the narrowing of the ﬂuorescence signal is still present in a
lin⊥lin conﬁguration,, but not as pronounced as for the linlin case.
Cooling with Diﬀerent Transitions
Diﬀerent cooling transitions were investigated to understand if the angular
momentum scheme, Fg → Fe , inﬂuences the cooling eﬀect. In this experiment, only one cooling transition at a time was excited by the 410 nm laser.
The probe beam excites all ﬁve hyperﬁne transitions, such that both the
410 nm and 451 nm lasers are orthogonal to the atomic beam at the probe
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Figure 4.11: Polarization dependence of the single-frequency cooling
mechanism at 410 nm indium transition. The scaling factor between the
curves, with and without cooling laser, is ×90.

region. With all ﬁve-frequencies in the probe region, the velocity distribution
of the atoms in the |5P1/2 , F = 4, 5 and |5P3/2 , F = 6, 5, 4 ground states
is detected. The number of atoms which are cooled in each ground state is
diﬃcult to determine as this depends on the relative intensities of each probe
laser, their detunings and the area of overlap of the ﬁve probe lasers. This
probing scheme was implemented to minimize the eﬀect of optical pumping
when the probe and cooling lasers excite the same transition. It can be seen
from ﬁgure 4.12 that there is a narrowing of the ﬂuorescence signal for all
three transitions, F = 5 → F  = 4, F = 5 → F  = 5 and F = 4 → F  = 5,
which implies that the cooling eﬀect is observed for diﬀerent angular momentum schemes.
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Figure 4.13: Single-frequency cooling with the 410nm laser can be modelled as a lossy two-level system, with a Rabi frequency Ω characterizing
the coupling of the atom to the driving ﬁeld tuned to the F=4 → F  =5
transition.

For the single-frequency 410 nm cooling, the phenomenon can be summarized
as follows:
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Figure 4.14: Force as a function of velocity for single-frequency 410 nm
cooling. The Rabi frequency Ω is varied. The detuning is set at ∆1 =
1.1Γ410 .

(1) The cooling eﬀect is always observed for blue-detuned laser frequency
regardless of the angular momentum scheme, Fg → Fe transition.
(2) The cooling eﬀect occurs even with lots of loss channels or uncoupled
states. The F=4→ F =5 (410 nm) transition, driven by a linearly-polarized
ﬁeld (no polarization-gradient), can be considered as a lossy two-level system,
as shown in ﬁgure 4.13.
(3) The cooling eﬀect is observed even with low intensity.
Simulation
To understand the mechanism, the force was calculated using the same procedure as that for the ﬁve-frequency cooling scheme, except that all the
coupling terms Ωi are zero except for the Rabi frequency corresponding to
the F=4→ F =5 (410 nm) hyperﬁne transition. A plot of the force as a
function of velocity for a moving atom in the presence of single-frequency,
blue-detuned cooling laser is shown in ﬁgure 4.14. The Rabi frequency is varied from Ω = 1.2Γ to Ω = 10Γ. Experimentally, the intensity of the 410nm
cooling laser corresponds to Ω = 1.1Γ. From the plot of the force as a function of velocity, there is a damping force only for high intensities, Ω > 5.2Γ,
but this value is higher than the laser intensities in our experiment.
This leads us to consider another model that can encompass the three phenomena summarized above: low intensity, blue-detuned laser frequency, and
several loss channels. All of which are satisﬁed by the condition in which
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transient laser cooling was observed. This mechanism was ﬁrst proposed by
Padua, Metcalf, et.al. [43] from experiments on laser cooling of Rubidium.
Transient Laser Cooling
Transient laser cooling can be observed for blue-detuned laser frequencies
regardless of the angular momentum scheme. The steady-state condition for
solving the damping force is no longer applicable in such transient cooling
eﬀect. In this cooling mechanism, an atom experiences a force due to a
light shift potential, U (z) = U0 sin2 (kz), until it is optically-pumped to an
uncoupled state. For indium, the uncoupled states are all the hyperﬁne
ground states of the 5P3/2 state and one of the 5P1/2 hyperﬁne ground states.
This cooling mechanism relies on the variation of the optical pumping rate,
depending on the atom’s position as it enters the standing wave. When an
atom is near the node of the standing wave, the optical pumping rate γp is
slower than at an antinode. The optical pumping rate is zero at the nodes.
For blue-detuning, an atom moving away from a node loses more kinetic
energy (ﬁgure 4.15a) than it gains as it moves away from an antinode (ﬁgure
4.15b). The atom climbs the potential hill over a longer time before it is
optically-pumped than when it goes down the hill. The opposite happens
for the case of red-detuning, wherein the atom gains more kinetic energy as
it moves away from a node (ﬁgures 4.15c) compared to the kinetic energy it
loses when it moves away from an antinode (ﬁgure 4.15d).
As calculated by Padua, et.al., when the kinetic energy KE of the atom is
greater than 2U0 , the atom gets optically-pumped when its potential energy
is UP ∼ 5/6 · U0 , where U0 = 2h̄SC∆/[1 + (2∆/Γ410 )2 ]. In the indium
experiments where the cooling laser excites the F = 4 → F  = 5 (410 nm)
transition, the potential energy is U0 = 0.22h̄Γ410 . In this calculation, the
saturation parameter is taken to be S = 3, a transition strength C = 1, and
a detuning of ∆ = 1.1Γ410 . The optical pumping rate γp is given by [43]:
γp (t) = γ̃p sin2 (kz(t)),

(4.3)

where

2SCBΓ410
(4.4)
1 + (2∆/Γ410 )2 + SC
For the cooling scheme involving one cooling laser exciting the F = 4 →
F  = 5 (410nm) transition, γ̃p = 0.6Γ410 , where the branching ratio to the
uncoupled states B is 0.84, with all the hyperﬁne ground states of 5P3/2 and
the |5P1/2 , F = 5 states as uncoupled states. The probability of optical
pumping P(t) between a time interval, t and t+dt is given by [43]:
γ̃p =

 t

P (t) = Γ(t)exp[−

0

Γ(t )dt ]

(4.5)
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Figure 4.15: Transient laser cooling mechanism, for blue-detuned cooling
laser (a) and (b) and for red-detuned cooling lasers (c) and (d).

Figure 4.16 shows the optical pumping probability for the experimental conditions of indium single-frequency cooling. It can be seen that for times
greater that 1.0µs, there is almost zero probability for optical pumping. In
this mechanism, even with less than four pumping cycles, the atom already
loses kinetic energy.
The amount of energy loss by the atom ∆KE is equal to the diﬀerence between the ﬁnal energy of the atom before it is optically-pumped, Uf = 5/6·U0 ,
and the initial average potential energy which is Ui = U0 /2. Thus, the kinetic energy loss is ∆KE=−U0 /3. For our experimental parameters, S=3 and
∆ = 1.1Γ410 , the energy loss is ∆KE= −0.07h̄Γ410 . The loss in kinetic energy
is directly proportional to the change in velocity ∆v and can be written as
∆v = v·(∆KE/2KE). In our experiment, for an initial velocity of v=73 cm/s,
the change in velocity ∆v is only 0.05 cm/s. This value of ∆v is only for one
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initial velocity. To have good estimate of the velocity distribution in the
presence of a cooling laser, a quantum Monte Carlo simulation of the atomic
trajectories is needed. Such simulations require a lot of computational time
and were not executed within the scope of this thesis.
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Figure 4.16: Optical pumping probability as a function of time for S=1,
∆ = +1.1Γ and B=0.84.

4.2

Laser Cooling with 451 nm Lasers

Laser cooling with a 451nm laser provides us a diﬀerent set of conditions to
experimentally realize laser cooling:
(1) The optical pumping dynamics is diﬀerent for the 451nm transition compared to the 410 nm line because the spontaneous emission rate Γ451 of the
6S1/2 → 5P3/2 transition is higher than that of the 6S1/2 → 5P1/2 transition,
which could lead to a diﬀerent cooling mechanism.
(2) Laser cooling with 451 nm light allows us to investigate high-intensity
conditions without sacriﬁcing interaction length, because the 451 nm laser
power can be further enhanced. The laser power of the 451 nm light source
was increased by changing the frequency-doubling nonlinear crystal from an
LBO to a ppKTP crystal.
(3) The 451 nm indium transition has a relatively high transition strength
at an F → F − 1 transition (F=6 → F =5). Optical pumping behavior of
F→F-1 transition diﬀers from that of F→F+1 transition, and this leads to
cooling mechanisms, such as blue-detuned polarization-gradient cooling [46],
grey molasses [48, 49] and velocity-selective coherent population trapping
[51].
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(4) Optical pumping eﬀects, when the probe and cooling lasers excite the
same transition, are avoided. The probe laser is set at the (410nm) F=4→
F =5 transition, while the cooling laser is at the 451nm transition. Only the
atoms at the 5P1/2 F=4 state are being detected.
Probe Laser
(l =410nm)

Cooling Lasers
(l =451nm)

Aperture

z

x

CCD camera

Repump Lasers
(l =410nm)
Mirror

Indium Oven
y

Figure 4.17: Laser cooling conﬁguration investigated with the 451 nm
laser in a standing wave conﬁguration. The role of the 410nm lasers are
to repump the atoms to the 5P3/2 state.

The experimental conﬁguration to achieve laser cooling with 451 nm lasers
is shown in ﬁgure 4.17. The 451nm lasers are orthogonal to the 410 nm
lasers at the cooling region. The probe laser is parallel to the 451 nm laser,
such that only the eﬀect of the 451 nm laser on the atomic beam is being
detected. The role of the 410 nm laser is to optically pump the atoms to
the 5P3/2 , because the thermal population of the 5P3/2 state is only 20%
at a temperature of 1200◦ C. The 410 nm lasers excite the two ground-state
hyperﬁne transitions at 5P1/2 , as shown in ﬁgure 4.18. One of the repumping 410 nm lasers operates at the same transition as the probe laser, the
|5P1/2 , F = 4 → |6S1/2 , F = 5 transition. This laser partially pumps out
the atoms in the state being probed. Without the 451 nm laser, only ∼ 1%
of the initial population remain in the |5P1/2 , F = 4 state, as shown in in
ﬁgure 4.19 labelled as repumpers only.
The 451 nm lasers act as cooling lasers while the 410nm lasers act as repumpers, as shown in the scheme in ﬁgure 4.18. The power of the 451 nm
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laser is 50 mW at the cooling region. The intensity for each transition is
200 mW/cm2 . The interaction length is initially set at 3 mm. This translates
into an interaction time of tint = 5.7 µs. The detuning of the 451 nm laser is
changed by varying the carrier frequency.

Figure 4.18: Laser cooling scheme with 451nm cooling lasers. The
410 nm lasers act as repumpers to increase the population of the 5P3/2
state.
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Figure 4.19: A narrowing of the ﬂuorescence signal for the red-detuned
case and a dip at the center of the ﬂuorescence signal for the blue-detuned
was observed when a 451 nm cooling laser excites the three hyperﬁne transitions (F=6,5,4 → F =5 transition). The ﬂuorescence signals with cooling
lasers are rescaled by ×2 and those for ’repumpers only’ are rescaled by
×10 for better visibility. The 451 nm lasers are in a lin⊥lin conﬁguration.
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Multi-frequency Laser Cooling

Experimental Observations for Multi-frequency 451nm Cooling
(1). When the 451 nm laser excites the three-hyperﬁne transitions (|F =
6, 5, 4 → |F = 5), a narrowing of the ﬂuorescence signal was observed
for red-detuning with ∆ = −1 Γ451 , as shown in ﬁgure 4.19. On the other
hand, a dip in the ﬂuorescence signal was observed for blue-detuning at
∆=+1 Γ451 , as shown in ﬁgure 4.19 (right ﬁgure). This holds for linlin
and lin⊥lin conﬁguration of the cooling lasers. This is what is expected for
Doppler cooling mechanism, in which a cooling eﬀect is observed for reddetuning, and a heating eﬀect for blue-detuning. The FWHM of the narrow
ﬂuorescence peak without the Gaussian background is 1.2 mm. An estimate
of the FWHM of the velocity distribution with cooling laser gives 39 cm/s,
for a FWHM without cooling lasers of 72 cm/s. This value is higher than the
Doppler velocity limit of 20.8 cm/s.
(2). Without the 410 nm repumping lasers, no cooling signal was observed.
The atoms at the 5P3/2 state have to undergo several optical pumping cycles
before they are cooled.
(3). The 451 nm laser not only slows the atoms in the transverse direction,
but it also increases the atomic population at the 5P1/2 |F=4 state. From the
amplitude of the ﬂuorescence signal, 18% of the atoms are pumped back to
the 5P1/2 F=4 state by the 451nm lasers, when all three hyperﬁne transitions
|F = 6, 5, 4 → |F  = 5 are coupled, for a detuning of ∆ = +1 Γ451 , as shown
in ﬁgure 4.19. The 451 nm lasers optically pump the atoms to the state being
probe.
(4). In a lin⊥lin conﬁguration of the cooling lasers, an interesting phenomenon was observed. In this experiment, the 451 nm laser excites two hyperﬁne
transitions, |F = 6, 4 → |F = 5 (refer to ﬁgure 4.20). When the laser power
is high (P=50 mW for both transitions or S=2.5 [6 → 5]), a narrowing of the
ﬂuorescence signal is seen for red-detuning. As the laser power is decreased
to 14 mW (S=0.7) and to 5 mW (S=0.25), a dip in the ﬂuorescence signal is
observed for red-detuning, as shown in ﬁgure 4.20. The cooling signal turns
into a heating signal for the same detuning (∆ = −1 Γ451 ) as the laser power
is decreased.
This can be explained as follows, when the 451 nm cooling lasers are bluedetuned, radiation pressure heating and polarization-gradient cooling at the
F=6→ F =5 transition are the two competing processes. When the cooling
transition is an F → F − 1 transition, polarization-gradient cooling occurs
for blue-detuned cooling lasers [46, 47]. As the laser power is decreased,
polarization-gradient cooling becomes a more dominant eﬀect. Thus, the
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Figure 4.20: The 451 nm lasers are in a lin⊥lin conﬁguration. As the
laser power decreases, the cooling signal turns into a heating signal for the
same detuning (∆ = −1Γ451 ). Figures (a) and (b) correspond to a laser
power of 50 mW, (c) and (d) to 14 mW, and (e) and (f ) to 5mW. The
ﬂuorescence signals, for the case with cooling lasers, are rescaled by ×2
for better visibility.
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cooling signal occurs at blue-detuning. It should be noted that the transition probability for the F=6→ F =5 transition is 65% of the total decay
probability from the 6S1/2 excited state, while that for the F=4→ F =5 is
only 12%.
Laser cooling experiments involving one cooling transition were pursued to
understand the cooling mechanism. The laser intensity, detuning and polarization were varied one at at time to understand the dependence of the
cooling eﬀect on these parameters. This will be presented in the next section.

4.2.2

Single-frequency Laser Cooling

Figure 4.21: Laser cooling scheme with 451 nm cooling laser, exciting one
hyperﬁne transition (F=6 → F =5). The 410 nm lasers act as repumpers
to increase the population of the 5P3/2 state.

The simplest conﬁguration to investigate is one-transition cooling at F=6→
F =5 (451nm) transition. The 410 nm repumping lasers are present to increase the population at the 5P3/2 state, but their propagation directions
are orthogonal to the 451 nm cooling laser and to the probe laser. Only the
eﬀect of the 451 nm laser on the transverse atomic velocity is being detected.
The interaction length is 5mm, which corresponds to an interaction time of
9.4µs. The maximum power of the cooling laser is 50 mW, corresponding to
a saturation parameter S0 =6. Since only one hyperﬁne transition is excited,
there are two loss channels which are not coupled by the light ﬁeld.
The cooling laser is in a linlin conﬁguration and it excites the F=6→ F =5
(451 nm) transition, as shown in ﬁgure 4.21. With only one cooling transition, a diﬀerent eﬀect is observed compared to that for three cooling transitions described earlier. A cooling eﬀect is observed for blue-detuned laser
frequency and a heating eﬀect for the red-detuned case, as shown in ﬁgure
4.22. The FWHM of the narrow ﬂuorescence signal is approximately 0.3 mm.
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It is diﬃcult to explain such small width of the narrow ﬂuorescence peak.
Nonetheless, an estimate of the FWHM of the transverse velocity distribution
vT of the atoms can be obtained, that is vT = 10 cm/s.
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Figure 4.22: A single-frequency cooling laser, at F=6 → F =5 (451nm)
transition, causes a narrowing of the ﬂuorescence signal for the bluedetuned case (∆ = 1.1 Γ451 ) and a dip at the center of the ﬂuorescence
signal for the red-detuned case(∆ = −1.1 Γ451 ). The ﬂuorescence signals
in the presence of the 410nm repumpers and with cooling laser are rescaled
by ×6 for better visibility. The power of the 451nm laser is 50mW.

Intensity
For these measurements, the cooling laser excites the F=6→ F =5 transition,
and is blue-detuned by ∆ = +1Γ451 . The laser intensity is varied by changing
the laser power, while the interaction area is kept constant. In ﬁgure 4.23, the
FWHM of the ﬂuorescence signal of the cold atoms is plotted as a function
of cooling laser intensity, which is obtained from a Gaussian ﬁt of the narrow
ﬂuorescence peak. It can be seen that the FWHM of the narrow ﬂuorescence
signal or ﬁnal atomic velocity distribution does not vary when the laser power
is changed. The fraction of cold atoms, on the other hand, varies as a function
of the laser intensity, as can be seen in ﬁgure 4.24.
The fraction of cold atoms Ncold is given by:
Ncold = A1 /A2

(4.6)

where A1 is the area of the narrow peak of the ﬂuorescence signal and A2 is
the area of the Gaussian background. As the laser intensity increases, the
number of cold atoms in the state being probed also increases. The FWHM
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Figure 4.23: Variation of the FWHM of the ﬂuorescence signal of cold
atoms as a function of saturation parameter. The cooling laser excites the
F=6→ F = 5 (451nm) transition, and is blue-detuned by ∆ = 1.1 Γ451 .

of the narrow ﬂuorescence peak does not change, however, which means that
the transverse velocity distribution of the atomic beam did not become lower
with higher laser power.
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Figure 4.24: Variation of the fraction of cold atoms as a function of
the saturation parameter. The cooling laser excites the F=6→ F = 5
(451 nm) transition, and is blue-detuned by ∆ = 1.1 Γ451 .
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Detuning
In these measurements, a single-frequency 451 nm cooling laser excites the
F=6→ F  =5 transition. Despite the technical diﬃculty in determining the
exact resonance frequency, the cooling signal consistently occurs at a higher
frequency (blue-detuned) relative to that of a heating signal.
The technical diﬃculty in determining the resonance frequency is due to the
instability of the frequency markers and their consistency when compared to
each other. One frequency marker is the two-color absorption signal, which
depends on the frequency stability of the pump laser (410 nm laser). The
other frequency marker is the ﬂuorescence spectrum from the atomic beam,
which can not be done in-situ during the laser cooling experiments because
it utilizes the same atomic beam. The values of detuning, given in ﬁgure
4.25, is obtained by using the ﬂuorescence spectrum of the atomic beam
to determine the resonance frequency. Throughout the measurements, the
power of the laser is kept constant at 47 mW.
It was observed that the fraction of cold atoms and the shape of the ﬂuorescence signal are sensitive to the detuning, as shown in ﬁgure 4.25. From
the shape of the ﬂuorescence signal in ﬁgure 4.25(left), it can be seen that
the atomic velocity distribution is inﬂuenced by the laser detuning. It was
also observed that there is an optimum detuning, wherein the fraction of cold
atoms is maximum and the narrow ﬂuorescence peak has a minimum width
and maximum amplitude, which in this case is ∆ = +1.2Γ. In polarizationgradient cooling, transient cooling and other cooling mechanisms which relies
on optical pumping, the amount of light shift energy, which depends on the
detuning, is important in determining the ﬁnal atomic velocity distribution.
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Figure 4.25: A single-frequency 451nm cooling laser excites the F=6→
F  =5 transition. The fraction of cold atoms as a function of detuning is
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Polarization
A comparison of the two ﬂuorescence signals between a linlin cooling conﬁguration and a lin⊥lin conﬁguration is shown in ﬁgure 4.26. It can be seen that
with polarization-gradient, the narrow ﬂuorescence peak is still present, and
the width of the broad background becomes slightly narrower. For lin⊥lin
conﬁguration, the broad background is due to the fact that not all velocity
groups satisfy the condition kvT  ωLS , where h̄ωLS is the light shift energy.
For the lin⊥lin conﬁguration, the damping force is calculated for the F=6→
F=5 transition and this will be presented in the next section.
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Figure 4.26: A narrowing of the ﬂuorescence signal for both standing
wave and lin⊥lin conﬁguration was observed. The 451 nm cooling laser
excites one hyperﬁne transition (F=6 → F =5). The ﬂuorescence signals
with cooling lasers are rescaled by ×4 for better visibility. The power of
the 451nm laser is 21mW and the detuning is ∆ = 1.1 Γ451 .

Discussion
From the intensity measurements, the FWHM of the ﬂuorescence signal does
not change with laser power. This implies that Doppler force is not the dominant force in this experiment since it varies with intensity. For polarizationgradient cooling, the damping coeﬃcient does not depend on laser power, but
the width of the velocity distribution does, if momentum diﬀusion is taken
into account [46]. In transient laser cooling, the amount of kinetic energy loss
or the change in the velocity distribution also depends on the laser intensity.
This almost non-varying behavior of the FWHM of the ﬂuorescence signal
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Figure 4.27: Optical pumping for the F=6→ F  =5 transition when excited by a σ+, σ− circularly-polarized and linearly-polarized light. The
number between the ground and excited states should be multiplied by 1/66
to give the transition strength for each coupled mf → mf transition.

with laser power should be investigated further in the two extreme ends, the
low (S  1) and the high-intensity regimes.
The cooling eﬀect is observed for blue-detuning, when the F = 6 → F  = 5
transition is the cooling transition in the lin⊥lin and linlin conﬁgurations.
It is known that if an F → F − 1 transition is excited, polarization-gradient
cooling occurs for blue-detuning[47].
Simulation for Polarization-Gradient Cooling
To estimate the amount of damping force for polarization-gradient cooling
for the F = 6 → F = 5 transition, the transition strengths are calculated for
diﬀerent polarization conﬁgurations and is shown in ﬁgure 4.27. The energy
light shifts for the mf ground states of the F = 6 → F = 5 transition are
calculated for our experimental parameters, and tabulated in appendix E.
The average damping force for a lin⊥lin conﬁguration has been calculated
by diﬀerent groups working on laser cooling [46, 50, 47]. The indium atomic
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scheme is more complicated than the (5+3)-level scheme, which was rigorously calculated by Chang, et al. Nonetheless, the previous methods can be
extended to a (13+11)-level scheme, which is the F=6→ F =5 transitions of
indium. The force due to a one-dimensional optical ﬁeld with polarizationgradient is given by :
F (y, t) = −

−
d + +
dH
 − (y)eiωt )
(y)e−iωt + d · E
 = − (d · E
dy
dy

(4.7)

where d is the electric dipole operator, the (+) and (-) superscripts indicate
 is the electric ﬁeld at any
the raising and lowering parts, respectively, and E
point along the y-axis, the (+) and (-) superscripts indicate the positive and
 + in a lin⊥lin
negative frequency components of the ﬁeld. The electric ﬁeld E
conﬁguration can be written as follows:
 + (y, t) = E0 [cos(k1 y)(ˆx + ˆz ) − i sin(k1 y)(ˆx − ˆz )]e−iωL t + c.c.
E

(4.8)

where k1 is the wavenumber for the 451nm lasers, and the propagation direction is along y-axis. For the F=6→ F =5 transition, the average force can
be written as:
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where ρ(gn , em ) is related to the steady-state population, as described in
equation 4.2, and the factors before each term are the Clebsch-Gordan coeﬃcients for each mF → mF transition (refer to ﬁgure 4.27). Equation(4.9)
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can be interpreted as the force when an atom interacts with a σ + polarized
light and a σ − polarized light, shifted by λ/4 relative to each other.
To obtain the damping force, the density matrix elements are calculated by
numerically integrating the Liouvillian equation. In this calculation, only
one hyperﬁne transition at 451nm is considered, that is, the F = 6 → F  = 5
transition. Excitation in the 410 nm transition is not incorporated into the
equation. This transition has an eﬀect on the population of the 5P3/2 state.
However, in our experimental scheme, the 410 nm lasers are linearly-polarized
and are in a traveling wave conﬁguation. This means that all Zeeman sublevels of the 5P1/2 to 6S1/2 are coupled. The coupling of the Zeeman sublevels in the Lambda-system of 5P1/2 ↔ 6S1/2 ↔ 5P3/2 is not critical. What
is signiﬁcant is the coupling between the 5P3/2 and 6S1/2 Zeeman sublevels
because only the 451nm laser is in a lin⊥ lin conﬁguration. Furthermore,
since the propagation directions of the 410 nm lasers are orthogonal to the
451 nm laser (ﬁgure 4.17), the directions of the force due to the 410 nm and
451 nm lasers are also orthogonal to each other. Only the damping force due
to the 451 nm laser, which is in the direction parallel to the probe beam, is
of interest in this experiment.
Figure 4.28 shows the force as a function of velocity with the assumptions
mentioned above. It can be seen that there is a damping force for bluedetuned laser frequency in a lin⊥lin conﬁguration. The damping coeﬃcient
is dF/dv= −2h̄k 2 at v=0. The velocity capture range, as seen in ﬁgure 4.28,
is -0.01Γ451 /k ≤ v ≤ 0.01Γ451 /k, which is vT  7cm/s. The damping coefﬁcient in this calculation is larger than that obtained for the ﬁve-frequency
cooling scheme with 410nm cooling lasers, such that, the expected velocity
distribution is narrower compared to the latter case. It is also observed experimentally that the width of the velocity distribution is smaller for the
single-frequency (451nm) lin⊥lin conﬁguration, than with the ﬁve-frequency
(410nm) cooling scheme. In the plot of the force as a function of velocity
(ﬁgure 4.28), the slope is positive for velocities outside the velocity capture
range, which accounts for Doppler heating.

4.3

Summary

There is an observed narrowing of the atomic velocity distribution for a ﬁvefrequency cooling scheme. This eﬀect occurs for blue-detuned 410 nm laser
frequencies and resonant 451 nm laser. A damping force for such scheme
was calculated by using a semi-classical approach, in which the Liouvillian
equation for a moving atom is solved by numerical integration.
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Figure 4.28: Force as a function of velocity for a lin⊥lin conﬁguration
for the F=6→ F =5 transition. The detuning is ∆ = 0.5 Γ451 and the
saturation parameter is Ω = 2Γ451 .

Experiments with a single-hyperﬁne cooling transition at 410 nm show that
the cooling eﬀect still occurs with blue-detuned cooling laser, despite of several loss channels. In the calculation, there is no damping force for a singlefrequency 410nm cooling scheme with our set of experimental parameters.
This can be phenomenologically explained as a transient cooling eﬀect, in
which the steady-state condition for solving the damping force is no longer
applicable.
For 451 nm laser cooling experiments, a narrowing of the atomic velocity distribution was observed for red-detuned 451 nm lasers when all three hyperﬁne transitions were optically-excited. This eﬀect was seen for both standing
wave conﬁguration and lin⊥lin conﬁguration. Experiments with a single hyperﬁne cooling transition show that a cooling eﬀect occurs for blue-detuned
laser frequency. The possible mechanisms are polarization-gradient cooling
and transient laser cooling. Further systematic studies need to be conducted
to understand the mechanism behind the 451 nm laser cooling.

Chapter 5
Conclusion and Outlook
This thesis presents experiments on one-dimensional transverse laser cooling of an indium atomic beam. It was demonstrated that the width of the
atomic velocity distribution decreases when the optical ﬁelds interact with
the indium atomic beam. The extent of narrowing of the atomic velocity
distribution depends on the laser cooling conﬁguration.
The critical path towards the realization of laser cooling of indium lies on
the experimental set-up of the laser sources and the atomic beam. The
laser sources consist of two 410 nm diode lasers and a frequency-doubled
Ti:Sapphire laser at 451 nm. Additional frequency components at the 451nm
wavelength are necessary to simultaneously excite the hyperﬁne transitions,
thus, an electro-optic modulator (EOM) and an acousto-optic modulator
(AOM) are utilized. Aside from the optical set-up, the atomic beam source,
which consists of the vacuum chamber and the indium oven, was built.
A signiﬁcant part of this thesis was dedicated to developing methods for
laser frequency-stabilization and spectroscopy of indium in an all-sapphire
spectroscopy cell, to ensure that the laser frequencies excite the relevant
atomic transition. The 410nm lasers were stabilized by locking the laser
frequency to the side-fringe of the Lamb-dip signal and to the slope of the
dispersive-shaped signal of the saturated absorption spectrum with currentmodulation method. From the Allan variance curve, the frequency stability
of the laser locked to the side-fringe of the Lamb-dip signal is 260kHz for an
integration time of 1 sec, which is stable enough for laser cooling experiments.
For the 451nm laser, two-color absorption spectroscopy in an all-sapphire
cell was studied. However, there is no suitable transition line in an allsapphire cell that can be utilized to actively lock the 451nm laser frequency
to an atomic transition frequency. The 451nm laser is locked to an external
Fabry-Perot cavity to minimize the frequency drift. To address the issue
of frequency-stabilization of the 451nm laser to an atomic transition, two81
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color polarization spectroscopy could be employed. A dispersive signal can
be obtained from the two-color absorption lines of indium, when pumped by
a circularly-polarized 451nm laser. This spectroscopy method is, however,
complicated when applied to an indium atomic sample due to the number
of Zeeman sublevels involved. Nonetheless, this method is promising for
frequency stabilization of the 451 nm laser.
Laser cooling of an indium atomic beam was investigated for diﬀerent experimental conﬁgurations and laser parameters. Conventional Doppler cooling
was not observed for ﬁve-frequency cooling scheme in which the 410nm transitions are optically-excited. A cooling eﬀect is observed for blue-detuned
laser frequency, which is contrary to the necessary frequency condition in
Doppler cooling. Despite several loss channels, the blue-detuned cooling effect persists in a single-hyperﬁne cooling transition at 410nm. To understand
this mechanism, the Liouvillian equation for a moving atom using a semiclassical approach was solved by numerical integration, and a damping force
was obtained for the case of ﬁve-frequency cooling scheme. For the 410nm
single-frequency cooling, a phenomenological interpretation of the experiment result is given in terms of a transient cooling eﬀect. The expected
Doppler-type cooling was observed with red-detuned, 451nm laser cooling
scheme involving all three hyperﬁne transitions. Single-frequency laser cooling experiments at 451nm show that the narrowing of the atomic velocity
distribution occurs when the laser frequency is blue-detuned.

Outlook
The aim of laser cooling in atom lithography is to obtain a signiﬁcant enhancement of the atomic ﬂux. To achieve this, the velocity capture range of
the cooling force should be increased and for this, a Doppler cooling scheme
is proposed. The interaction area between the laser beams and the atomic
beam has to be increased, such that the interaction time is much larger than
the damping time. The 451nm laser should be the cooling laser because of
its relatively high power and the 410nm lasers should be used as repumping
lasers. Laser cooling conﬁgurations, as shown ﬁgure 5.1, wherein the laser
beams pass through the atomic beam several times can lead to a large interaction length, not at the cost of laser power. The scheme in ﬁgure 5.1 (b)
was realized by Hoogerland et. al. for atomic beam brightening experiment
[52].
The long-term goal of this experiment is to deposit indium atoms on a substrate using a standing wave light mask, as shown in ﬁgure 5.2. Once the
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Appendix A
Saturation Intensity
The Rabi frequency Ω for each J → J  transition, driven by a ﬁeld E, can
be expressed in terms of the reduced dipole matrix element JdJ   using
the equation [53]:
J−m

h̄Ω = (−1)






(−1) Eq JdJ 
q

q

J 1 J
−m q m



(A.1)

where q signiﬁes the polarization of the electric ﬁeld (q=0 (linearly-polarized),
1 (σ + circularly-polarized), −1(σ − circularly-polarized)).
The value of the Rabi frequency is related to an experimentally measurable
parameter, the spontaneous emission rate Γ by the following [11, 13]:
3e2 Γλ3
[JdJ ] =
(2J  + 1)
3
32π cα


2

(A.2)

where e is the electron charge, α is the ﬁne structure constant, J  and J are
the angular momenta of the upper and lower states, respectively.
The saturation parameter on resonance S0 is related to the Rabi frequency
by:
Ω2
2Ω2
= 2
Γ 1 · Γ2
Γ
I
=
Isat

S0 =

(A.3)

S0

(A.4)

where Γ1 is the longitudinal relaxation rate, Γ2 is the transverse relaxation
rate, Γ is the spontaneous emission rate, I is the intensity of the driving ﬁeld
and Isat is the saturation intensity. The intensity I is related to the electric
ﬁeld E by:
c0 E 2
(A.5)
I=
2
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where 0 is the permittivity of free space.
For 5P1/2 → 6S1/2 and 5P3/2 → 6S1/2 transitions in indium, the Rabi frequencies and the saturation parameters can be obtained from equation (A.2)
and is shown in table 1.1.
Atomic Transition Rabi Frequency
5P1/2 → 6S1/2
2π · 0.19MHz · S0
5P3/2 → 6S1/2
2π · 0.28MHz · S0

Saturation Intensity
16.8mW/cm2
20.1mW/cm2

Table 1.1. The Rabi frequencies of Indium for the relevant J→J’ transitions
are expressed in units of the saturation parameter, S0 , to account for the
strength of the electric ﬁeld.
Since in our experiment, the hyperﬁne transitions are signiﬁcant, the saturation intensities of the relevant F → F  transitions of indium are calculated.
Using the 6-j symbol, the dipole matrix elements for the F → F  transitions can be obtained from the reduced dipole matrix element of the J → J 
transition [18]:



F dF  =

J+I+F  +1

(2F + 1)(2F  + 1)(−1)

J F I
F  J 1



JdJ  

(A.6)
Manipulating equation (A.6) and summing over all possible hyperﬁne ground
states F , we obtain the following equation:

F


1
(2F + 1)
|F dF  |2 =

2F + 1
F

=



J F I
F  J 1

|JdJ  |2
2J  + 1

2

2
|JdJ  |(A.7)

reference [53]

(A.8)

From equations (A.2), (A.7) and (A.8), the spontaneous emission rate for
the hyperﬁne transitions are related to the reduced matrix element for the
F → F  transitions as follows:

ΓF  →F

ω3 
= ΓJ→J  F3 →F (2J  + 1)(2F + 1)
ωJ→J 



J F I
F  J 1

2

(A.9)

From equations (A.1) and (A.2), the Rabi frequency ΩF →F  for the hyperﬁne
transition is given by:
Ω2F →F  =

1 |JdJ  |2 2F + 1 ΓF →F  2
E
h̄2 (2J  + 1) 2F  + 1 ΓJ→J 

(A.10)
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From equations (A.3) and (A.5), the saturation intensity Isat for the hyperﬁne
transition is given by:
Isat

Γ2
Γ2 c0 2
E
=
I=
2 Ω2F →F 
2 Ω2F →F  2

(A.11)

where Γ=2π·25MHz and Ω2F →F  is given in equation(A.10). Note that the
electric ﬁeld factor E 2 will cancel out in equation(A.11).
The Rabi frequencies and the saturation intensities for each hyperﬁne transition is shown in Table 1.2.
J → J
F → F
Saturation Intensity
Transition
Transition
(mW/cm2 )
5P3/2 → 6S1/2
6→5
110.2
5P3/2 → 6S1/2
5→5
183.7
5P3/2 → 6S1/2
4→5
413.2
5P1/2 → 6S1/2
5→5
334.1
5P1/2 → 6S1/2
4→5
272.2
Table 1.2. Rabi frequencies and saturation intensities of indium for the relevant F→ F’transitions
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Appendix B
Liouvillian for the Six-level
Indium System
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Figure B.1: The coupled hyperﬁne levels for the Indium laser cooling
scheme.

The density matrix for a six-level atomic structure is deﬁned as:





ρ=





ρ11
ρ21
ρ31
ρ41
ρ51
ρ61

ρ12
ρ22
ρ32
ρ42
ρ52
ρ62

ρ13
ρ23
ρ33
ρ43
ρ53
ρ63
89

ρ14
ρ24
ρ34
ρ44
ρ54
ρ64

ρ15
ρ25
ρ35
ρ45
ρ55
ρ65

ρ16
ρ26
ρ36
ρ46
ρ56
ρ66












(B.1)
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The Liouvillian equation:
dρ(t)
1
(B.2)
= [Ĥ, ρ(t)] + L̂loss ρ
dt
ih̄
This can be written as a set of diﬀerential equations:
h̄
d
ρ11 = −i (Ω1 (ρ61 − ρ16 )) + Γ1 ρ66
dt
2
h̄
d
ρ22 = −i (Ω2 (ρ62 − ρ26 )) + Γ2 ρ66
dt
2
h̄
d
ρ33 = −i (Ω3 (ρ63 − ρ36 )) + Γ3 ρ66
dt
2
d
h̄
ρ44 = −i (Ω4 (ρ64 − ρ46 )) + Γ4 ρ66
dt
2
d
h̄
ρ55 = −i (Ω5 (ρ65 − ρ56 )) + Γ5 ρ66
dt
2
d
h̄
ρ66 = −i (Ω1 (ρ16 − ρ61 ) + Ω2 (ρ26 − ρ62 ) + Ω3 (ρ36 − ρ63 ) + (ρ46 − Ω4 ρ64 )
dt
2
+Ω5 (ρ56 − ρ65 )) − iΓρ66
h̄
d
ρ12 = −i (2(∆1 − ∆2 )ρ12 + Ω1 ρ62 − Ω2 ρ16 )
dt
2
h̄
d
ρ13 = −i (2(∆1 − ∆3 )ρ13 + Ω1 ρ63 − Ω3 ρ16 )
dt
2
d
h̄
ρ14 = −i (2(∆1 − ∆4 )ρ14 + Ω1 ρ64 − Ω4 ρ16 )
dt
2
h̄
d
ρ15 = −i (2(∆1 − ∆5 )ρ15 + Ω1 ρ65 − Ω5 ρ16 )
dt
2
h̄
d
ρ16 = −i (2∆1 ρ16 + Ω1 (ρ11 − ρ66 ) − ρ12 Ω2 − ρ13 Ω3 − ρ14 Ω4 − ρ15 Ω5 ) − 0.5Γρ16
dt
2
h̄
d
ρ21 = −i (2(∆2 − ∆1 )ρ21 − Ω1 ρ26 + Ω2 ρ61 )
dt
2
h̄
d
ρ23 = −i (2(∆2 − ∆3 )ρ23 + Ω2 ρ63 − Ω3 ρ26 )
dt
2
h̄
d
ρ24 = −i (2(∆2 − ∆4 )ρ24 + Ω2 ρ64 − Ω4 ρ26 )
dt
2
h̄
d
ρ25 = −i (2(∆2 − ∆5 )ρ25 + Ω2 ρ65 − Ω5 ρ26 )
dt
2
h̄
d
ρ26 = −i (2∆2 ρ26 − Ω1 ρ21 + Ω2 (ρ66 − ρ22 ) − Ω3 ρ23 − Ω4 ρ24 − Ω5 ρ25 ) − 0.5Γρ26
dt
2
d
h̄
ρ31 = −i (2(∆3 − ∆1 )ρ31 − Ω1 ρ36 + Ω3 ρ61 )
dt
2
h̄
d
ρ32 = −i (2(∆3 − ∆2 )ρ32 − Ω2 ρ36 + Ω3 ρ62 )
dt
2
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d
ρ34
dt
d
ρ35
dt
d
ρ36
dt
d
ρ41
dt
d
ρ42
dt
d
ρ43
dt
d
ρ45
dt
d
ρ46
dt
d
ρ51
dt
d
ρ52
dt
d
ρ53
dt
d
ρ54
dt
d
ρ56
dt
d
ρ61
dt
d
ρ62
dt
d
ρ63
dt
d
ρ64
dt
d
ρ65
dt

h̄
= −i (2(∆3 − ∆4 )ρ34 + Ω3 ρ64 − Ω4 ρ36 )
2
h̄
= −i (2∆3 ρ35 − 2∆5 ρ35 + ρ65 Ω3 − ρ36 Ω5 )
2
h̄
= −i (2∆3 ρ36 − Ω1 ρ31 − Ω2 ρ32 + Ω3 (ρ66 − Ω3 ρ33 ) − Ω4 ρ34 − ρ35 Ω5 ) − 0.5Γρ36
2
h̄
= −i (2(∆4 − ∆1 )ρ41 − Ω1 ρ46 + Ω4 ρ61 )
2
h̄
= −i (2(∆4 − ∆2 )ρ42 − Ω2 ρ46 + Ω4 ρ62 )
2
h̄
= −i (2(∆4 − ∆3 )ρ43 − Ω3 ρ46 + Ω4 ρ63 )
2
h̄
= −i (2(∆4 − ∆5 )ρ45 + Ω4 ρ65 − Ω5 ρ46 )
2
h̄
= −i (2∆4 ρ46 − Ω1 ρ41 − Ω2 ρ42 − Ω3 ρ43 + Ω4 (ρ66 − ρ44 ) − Ω5 ρ45 ) − 0.5Γρ46
2
h̄
= −i (2(∆5 − ∆1 )ρ51 − Ω1 ρ56 + Ω5 ρ61 )
2
h̄
= −i (2(∆5 − ∆2 )ρ52 − Ω2 ρ56 + Ω5 ρ62 )
2
h̄
= −i (2(∆5 − ∆3 )ρ53 − Ω3 ρ56 + Ω5 ρ63 )
2
h̄
= −i (2(∆5 − ∆4 )ρ54 − Ω4 ρ56 + Ω5 ρ64 )
2
h̄
= −i (2∆5 ρ56 − Ω1 ρ51 − Ω2 ρ52 − Ω3 ρ53 − Ω4 ρ54 − Ω5 ρ55 + ρ66 Ω5 ) − 0.5Γρ56
2
h̄
= −i (−2∆1 ρ61 + Ω1 (ρ11 − ρ66 ) + Ω2 ρ21 + Ω3 ρ31 + Ω4 ρ41 + Ω5 ρ51 ) − 0.5Γρ16
2
h̄
= −i (−2∆2 ρ62 + Ω1 ρ12 + Ω2 (ρ22 − ρ66 ) + Ω3 ρ32 + Ω4 ρ42 + Ω5 ρ52 ) − 0.5Γρ26
2
h̄
= −i (−2∆3 ρ63 + Ω1 ρ13 + Ω2 ρ23 + Ω3 (ρ33 − ρ66 ) + Ω4 ρ43 + Ω5 ρ53 ) − 0.5Γρ36
2
h̄
= −i (−2∆4 ρ64 + Ω1 ρ14 + Ω2 ρ24 + Ω3 ρ34 + Ω4 (ρ44 − ρ66 ) + Ω5 ρ54 ) − 0.5Γρ46
2
h̄
= −i (−2∆5 ρ65 + Ω1 ρ15 + Ω2 ρ25 + Ω3 ρ35 + Ω4 ρ45 + Ω5 (ρ55 − ρ66 )) − 0.5Γρ56
2
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Appendix C
Relevant Indium Data
Atomic Mass

m

115×1.66 10−27 kg

Wavelength (5P1/2 ↔ 6S1/2 )

λ1

410nm

Wavelength (5P1/2 ↔ 6S1/2 )

λ2

451nm

Decay Rate (6S1/2 → 5P1/2 )

Γ410

2π·8.9MHz

Decay Rate (6S1/2 → 5P3/2 )

Γ451

2π·16.2MHz

Linewidth of 6S1/2 state

Γ

2π·25.1MHz

Recoil Velocity (5P1/2 → 6S1/2 )

vrec1

8.46 mm/s

Recoil Velocity (5P3/2 → 6S1/2 )

vrec2

7.69 mm/s

Recoil Frequency (5P1/2 → 6S1/2 )

frec1

10.32 kHz

Recoil Frequency (5P3/2 → 6S1/2 )

frec2

9.53 kHz

Doppler Temperature

TDopp

TDopp =600 µK

Doppler Velocity

vDopp

20.8 cm/s
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Appendix D
Cooling Rate Calculation
The velocity change can be estimated in a one-dimensional transverse cooling
experiment from the energy light shift h̄ωLS . This calculation is valid only
in a standing wave
for a two-level atom. The maximum cooling rate dE
dt
conﬁguration by the equation:

where τf luo

h̄ ωLS
dE
=
dt
τf luo
is the inverse of the scattering rate γp :
τf luo =

)2
1 + S0 + ( 2∆
1
Γ
=
γp
S0 Γ/2

(D.1)

(D.2)

and the light shift ωLS is given by:
√
Ω2 + ∆2 − ∆
ωLS =
(D.3)
2
The rate of change of energy is related to the acceleration of the atom, a, the
transverse velocity, vt and the mass m, by the following equation:
dE dv
dE
=
= (m vt )a
(D.4)
dt
dv dt
h̄ ωLS
(D.5)
a=
m vt τf luo
If the acceleration is known, then the change in velocity can be obtained by
the simple kinematic equation:
∆v
vlong
= ∆v
∆t
l
l
h̄ ωLS
∆v =
m vt τf luo vlong
a =

95

(D.6)
(D.7)
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where l is the interaction length and vlong is the longitudinal velocity of atoms
in the atomic beam.
For the 410nm single-frequency cooling, S = 1, ∆ = 1.1Γ410 , the change in
velocity is ∆v= 1.12cm/s.

Appendix E
Energy Light Shift
The energy light shift of the ground state magnetic sublevel is given by [54]:
ELS =

2
h̄∆S0 Cge
1 + (2∆/Γ)2

(E.1)

where ∆ is the detuning, Γ is the natural linewidth and Cge is the ClebschGordan coeﬃcient that describes the coupling between the atom and the
light ﬁeld.
For S0 =1, ∆ = 1.0Γ, the energy light shift, in units of h̄Γ, for the magnetic
ground states of the indium atomic level scheme is tabulated below:
F=6 → F  =5 (451nm) transition driven by σ+ polarized light
mf = −6 mf = −5 mf = −4 mf = −3 mf = −2 mf = −1
0.2 Γ
0.167 Γ
0.136 Γ
0.110 Γ
0.085 Γ
0.064 Γ
mf = 0 mf = +1 mf = +2 mf = +3 mf = +4 mf = +5 mf = +6
0.046 Γ 0.030 Γ
0.018 Γ
0.009 Γ
0.003 Γ
0
0
451nm F=6 → F  =5 transition driven by σ- polarized light
mf = −6 mf = −5 mf = −4 mf = −3 mf = −2 mf = −1
0
0
0.003 Γ
0.009 Γ
0.018 Γ
0.030 Γ
mf = 0 mf = +1 mf = +2 mf = +3 mf = +4 mf = +5 mf = +6
0.046 Γ 0.064 Γ
0.085 Γ
0.110 Γ
0.136 Γ
0.167 Γ
0.2 Γ

451nm F=6 → F  =5 transition driven by linearly-polarized light
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mf = −6 mf = −5 mf = −4 mf = −3 mf = −2 mf = −1
0
0.033 Γ
0.061 Γ
0.082 Γ
0.097 Γ
0.106 Γ
mf = 0 mf = +1 mf = +2 mf = +3 mf = +4 mf = +5 mf = +6
0.109 Γ 0.106 Γ
0.097 Γ
0.082 Γ
0.061 Γ
0.033 Γ
0
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