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Preface

Cooling or refrigeration is based on heat removal and dates
back thousands of years to when people tried to preserve
their food using ice and snow. The laser—a groundbreaking
scientific achievement of the 20" century— has revolu-
tionized the cooling process. The advent of lasers brought
laser cooling, also known as optical refrigeration, into
existence. Today, laser cooling and its applications repre-
sent one of the major subfields of atomic, molecular, and
solid state physics.

This Field Guide provides an overview of the basic
principles of laser cooling of atoms, ions, nanoparticles,
and solids, including Doppler cooling, polarization gradient
cooling, different sub-recoil schemes of laser cooling, forced
evaporation, laser cooling with anti-Stokes fluorescence,
hybrid laser cooling, and Raman and Brillouin cooling. It
also covers radiation-balanced lasers and Raman lasers
with heat mitigation, and considers the basic principles of
optical dipole traps, magnetic traps, and magneto-optical
traps. This Field Guide will serve both to introduce
students, scientists, and engineers to this exciting field,
and to provide a quick reference guide for the essential math
and science.

I would like to thank SPIE Press Manager Timothy
Lamkins and Series Editor John Greivenkamp for the
opportunity to write a Field Guide for one of the most
interesting areas of photonics, as well as SPIE Press
Sr. Editor Dara Burrows for her help.

This book is dedicated to my mom, Albina.

Galina Nemova
September 2019
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Introduction 1

Brief History of Laser Cooling

Cooling (or refrigeration) is a physical process in which a
substance is maintained at a temperature below that of its
surroundings. It uses controlled heat removal and dates back
thousands of years to when people first tried to preserve food.
Ice and snow placed in holes in the ground or cold cellars were
the only cooling techniques available. In the 19 century, sci-
entists liquefied permanent gases and developed cryogenics.

In 1960, the first laser was built, revolutionizing cryogenics
such that laser cooling (or optical refrigeration) and
trapping were developed.

* In late 1950 and the early 1960s, ion traps were
introduced.

* In 1962, Gurgen Askar’yan showed that intensity
gradients could exert substantial forces on atoms due
to the induced dipole moment.

+ In 1968, Vladilen Letokhov proposed using the dipole
force to trap atoms.

- In 1975, it was realized that atoms and ions can be laser
cooled using a Doppler mechanism (Doppler cooling).

+ In 1980, laser cooling with single trapped ions was
achieved.

+ In 1985, a laser-cooled atomic beam was trapped by a
magnetic field. Soon after, forced evaporation was
developed.

* In 1987, a much deeper trap, known as a magneto-
optical trap (MOT), was demonstrated.

+ In 1988, it was realized that, using the multilevel
character of atoms and the spatial variation of light
polarization, sub-Doppler (polarization gradient
or Sisyphus) cooling and a mean velocity as low as
3—5 Ve (Uyee 18 the recoil velocity) can be achieved.

+ Between 1988 and 1992, different sub-recoil schemes
of laser cooling were proposed.

¢+ In 1995, Bose-Einstein condensate (BEC) was real-
ized in a dilute atomic vapor, and laser cooling of

solids with anti-Stokes fluorescence (ASF) was
achieved with a Yb*":ZBLAN sample.
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2 Introduction

Laser Cooling and Trapping of Atoms and Ions

Laser cooling describes the cooling of a physical system
(atoms, 1ons, or solids) upon interaction with laser light. In
gases, thermal energy is primarily contained in transla-
tional degrees of freedom. In solids, thermal energy is
contained in lattice vibrations (phonons). Although differ-
ent approaches are required to cool atoms, ions, and solids,
the general goal of cooling these systems is the same: to
reduce the kinetic energy with laser light. Laser cooling
and laser trapping are two different but closely related
concepts of light—matter interaction.

Laser cooling is the deceleration of neutral atoms or ions
by a velocity-dependent light force. It does not trap
particles since they can diffuse out of the laser beam.

Laser trapping is the confinement of neutral atoms or ions
within a small region by a spatially dependent light force.
The optical Earnshaw theorem states that stable trap-
ping cannot be achieved with radiation pressure force for
particles with scalar polarizabilities. For example, for an
atom with a J, =0 — J, =1 transition, a ground state with
total angular momentum quantum number J, and an excited
state with o, = J,+ 1 are involved in the trapping process.
An optical molasses alone cannot trap atoms. A static
magnetic field can lead to nonscalar polarizabilities and,
therefore, generate a stable radiation pressure trap.

For a magnetic field B« 1T (tesla), the depth of a
magnetic trap (MT) is much less than 1 K (kelvin). Unlike
a purely MT, a MOT, which uses the same principle, not
only traps but also cools atoms, producing a trapped optical
molasses. According to the Earnshaw theorem, ion traps
cannot be constructed with purely electrostatic fields alone.
This principle is applied in the design of Paul and Penning
traps, which are widely used for trapping ions. Unlike traps
for neutral atoms, which depend on the electronic state of
the atom, the confining mechanism of ion traps does not rely
on the internal structure of the ion. The electrical charge of
ions allows them to be cooled and trapped with static electric
and magnetic fields. The repulsive forces between ions make
it difficult to realize BEC.
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Introduction 3

Methods of Laser Cooling

Laser cooling methods can be divided into three groups:
Doppler laser cooling, sub-Doppler laser cooling, and sub-
recoil laser cooling. The most widely used is Doppler laser
cooling, which is based on the Doppler effect and can be
applied to neutral atoms and ions. Although most atoms
and ions have complicated hyperfine structures, in Doppler
laser cooling, they are considered as simple two-level
systems. The minimum temperature achievable 1s the
Doppler temperature (Tp = 100 nK).

Sub-Doppler laser cooling (below Tp) is based on the
hyperfine structures of atoms and two counter-propagating
laser beams with orthogonal polarization, and can be
realized with various laser-cooling techniques. For exam-
ple, Sisyphus cooling, commonly used for neutral atoms,
can serve as a bridge between Doppler cooling and ground-
state laser cooling of ions. The lowest temperature that can
be reached with Sisyphus cooling is the recoil limit
(Tsis =~ 0.1-1 pnK). The recoil limit is reached when the
thermal energy equals the energy of an atom with a
momentum equal to the photon momentum.

Temperatures below the recoil limit can be reached with
sub-recoil laser cooling, which includes techniques for
neutral atoms and ions. The two most successful sub-recoil
schemes for atoms are velocity-selective coherent popu-
lation trapping (VSCPT), where atoms with velocity v~ 0
are decoupled from the light as a result of destructive
interference between the two terms contributing to the
excitation rate, and Raman cooling, which uses Raman
scattering of laser light by the atoms. Raman cooling can be
applied to both optical molasses (free-space Raman
cooling) and to optical molasses where an optical lattice
has been superimposed (Raman sideband cooling).
Resolved-sideband cooling allows for cooling of strongly
trapped atoms and ions (usually precooled with Doppler
cooling) to the quantum ground state of their motion.
Ground-state electromagnetically induced transpar-
ency (EIT) cooling, which uses EIT on two coupled dipole
transitions, can be applied to trapped ions and atoms.

Field Guide to Laser Cooling Methods



4 Introduction

Potential and Kinetic Energy

Energy is a measure of a system’s ability to do work. It
exists in two forms:

Potential energy 1is the stored energy of position
possessed by an object. For example, gravitational
potential energy is the energy stored in an object as a
result of its vertical position or height. Elastic potential
energy is the energy stored in elastic materials as a result
of their stretching or compressing.

Kinetic energy is the energy of motion and is associated
with the velocity of a body. The kinetic energy Ej,;, of an
object of mass m that is moving with velocity v can be
calculated from the amount of work required to accelerate

the body from rest to its current velocity:

1
Eyin = B} mu*
Kinetic energy can be transferred between objects and

transformed into other kinds of energy.
There are many forms of kinetic energy:

* Rotational—the energy due to rotational motion:
Rotational motion

s

\
.

Sea N
* Translational—the energy due to motion from one
location to another:

&
i .
- \
l"-~“
/ -
@ Translational motion

* Vibrational—the energy due to vibrational motion:
Vibrational motion

D wwWwAe
In the International System of Units (SI), the units of
energy are given in joules (J).
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Introduction 5

Conservation Laws

The total energy of an isolated system remains constant
over time (the law of conservation of energy). The
energy can neither be created nor destroyed; it can only be
transformed from one form to another.

For example, in a linear harmonic Displacement (x)
oscillator, the total energy E shifts back « ,
and forth between Kkinetic energy

(mv?/2) and potential energy (kx?/2), —
where m is the mass, x is the displace- x=0

ment, v is the velocity, and % is the
spring constant:

1 1

E== 2 Zk 2

5 muv® + B X

The momentum p of a body is the product of its v @
1
v3

mass m and its velocity vector v:

V2 v4
o “@
The total moment of the system of particles is é’s
Py =3V, mv,;.

Conservation of linear momentum:
If no net external force acts on a system of particles, its
total linear momentum Ps remains constant.

p =mv

The angular momentum L. of a mass m at @V
displacement r and moving with velocity v
from origin S is defined as

Ly=rXmv=rXp
with respect to a reference frame with origin S.

The total angular momentum of a system of particles is
N
L= r
i=1

Conservation of angular momentum:

If the net moment due to external forces acting on a
system of particles is zero, the total angular momentum
Ls of the system remains constant.
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6 Introduction

Gases, Liquids, Solids, and Plasma

Gases, liquids, solids, and plasma are all made up of atoms,
molecules, and/or ions, but the behavior of these particles
depends on the phase of the material.

In solids, intermolecular forces are strongly o9
attractive and bind particles together. Particles
are tightly packed, usually in a regular pattern
by strong interatomic and weak intermolecular
bounds. In structural terms, all solids can be
classified as crystals or amorphous solids.
Particles in a solid vibrate but generally do not move from
place to place.

Particles in a liquid are close together with no
regular arrangement. They vibrate, move
about, and slide past each other. Liquids fall
somewhere between gases and solids. Some
disordered materials (e.g., glass) have proper-
ties between those of liquids and solids.

Particles in a gas are well separated with no 6® 0%
regular arrangement. They vibrate, rotate, [ ° ®
and move freely at high speeds, and interact | ® @
with each other only when they collide. %o

 For a monatomic gas, the translational kinetic
energy is also the total internal energy. Monatomic
gases cannot have vibrational energy because a
vibrational mode involves changing the distance or
angle between atoms in a single molecule. Rotational
kinetic energy can be ignored because the atoms are so
small that the moment of inertia is negligible.

* For gases made up of molecules with more than one
atom per molecule, the internal energy includes trans-
lational kinetic energy as well as energy associated with
the bonds and the vibration of the molecules.

A medium in which all atoms are fully S 00 .S
lonized is called a plasma. The number of [g=.~&
free electrons in a plasma is approximately |- @ . @
the same as the number of positive ions. 0"0: 0
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The Zeroth Law of Thermodynamics

The portion of the universe that is of interest in thermody-
namics is called a system. A system may be a container filled
with gas, a block of ice, a collection of objects, a human body,
etc. The rest of the universe is called the surroundings. The
surroundings i1s where we start to make observation on the
system. The system is defined by its boundary:

+ If matter can be added to or removed from the system,
it is said to be an open system.

+ A system with a boundary that is impervious to matter
is called a closed system.

+ A system with a boundary that allows it to remain
unchanged regardless of any occurrence in the
surroundings is called an isolated system.

The random motions of the atoms or molecules in a system
A can be transferred to a system B via collisions in a
conduction process called thermally transferred energy.
Referring to the figure, A, B, and C are systems that can be
brought into contact (top row). The zeroth law of
thermodynamics states that if system A is in thermal
equilibrium with system B (middle left), and system B is in
thermal equilibrium with system C (middle right), then
system C is in thermal equilibrium with system A (bottom
row). The three systems have the same temperature.

A [z
=

72 Y — 74

=
.

The zeroth law of thermodynamics is the basis of the

working principle of a thermometer, a device for measur-
ing temperature.
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8 Introduction

Temperature and Thermometers

Any object with a thermometric property—a physical
property that changes in a measurable way as the object is
heated or cooled—can be used for building a thermometer.

Three conventions define a temperature scale:
* selection of a suitable thermometric property,
* selection of a temperature dependence on this property,
and

+ selection of an appropriate number of calibration points.

The Celsius (°C) and the Fahrenheit (°F) temperature
scales are empirical scales based on the use of fixed points. On
the Celsius scale, 0°C and 100 °C correspond to the freezing
and boiling points of water, respectively. On the Fahrenheit
scale, 0°F 1is the lowest temperature attainable with a
mixture of salt, ice, and water. 100 °F is the temperature of
the human body. The Kelvin (K) temperature scale is based
on absolute zero and is the official International Practical
Temperature Scale (IPTS) unit of temperature.

Absolute zero is the lowest theoretically attainable
temperature at which particles stop moving. The kinetic
energy of atoms and molecules at absolute zero is minimal.

In quantum mechanics, atoms have only discrete values of
energy. Temperature is a parameter that expresses the
equilibrium distribution of the molecules (or the atoms) of a
system over their energy levels. At a given temperature T, a
collection of atoms includes some atoms in their lowest
(ground) state, some in the first excited state, etc. This distri-
bution is called the Boltzmann (or Gibbs) distribution.

The ratio of the population f(E;) of the energy state
E; to the population f(E;)
of the energy state E; is
F(Es) /f(Ey) = expl(E; — Es) /Ry T,
where kp 1s the Boltzmann
constant. If T=0K, only the
lowest state is occupied; if T
=00, all states are equally
populated.

Population ———
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Maxwell-Boltzmann Distribution

Gas molecules (ideal gas) in a container
have different speeds that correspond
to certain kinetic energies. The Boltz-
mann distribution can be used to
express the distribution of molecules
over their possible translational energy
states or their distribution of speeds, and to relate their dis-
tribution of speeds to the temperature. The resulting expres-
sion is the Maxwell-Boltzmann distribution of speeds:

_ 4 m \%2, g
0= 75 (ghr)

where T is the temperature of the gas, and m and v are the
particle mass and speed, respectively.

The most probable speed v,,, (or peak speed) corre-
sponds to the maximum of the speed distribution. The
largest number of particles travel at this speed. Indeed,

df(v 2kpT
RO g 5, =2
The average speed v,, of a molecule is slightly higher
than the most probable speed because the distribution is
not symmetrical. The longer “tail” on the right side of the
Maxwell-Boltzmann distribution pulls the average speed
slightly to the right of the peak in the graph:

oo 2

The root-mean-square (rms) speed is the square root of the
mean (average) of the squares of the velocities. We use the
rms speed v,,,; when dealing with the kinetic energy of
molecules:

¥ 3kyT
2 B
oms = [ f(0)do= /22
0
In gases made of molecules, rotational energy can be
converted to translational energy, and vice versa, due to
molecular collisions that result in vibrations along the lines
joining the atoms in the molecules.
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10 Introduction

Thermal Physics

Thermal equilibrium occurs when all masses within a
closed system have the same temperature because the total
energy is equally divided among all particles of the
combined system. It can be achieved by one or more heat
transfer processes: conduction, convection, and radiation.

Heat conduction is a microscopic heat

transfer process. More-energetic particles, A
including molecules, atoms, and electrons, |
transfer their kinetic and potential energy
toless-energetic particles through collisions. If one end of a solid
baris kept at a fixed temperature T and the other end is kept at
Ty(Ty > T), the rate of heat energy flow through the bar is
Q=C(Ty —T,), where C=kA/L is thermal conductance (a
property of the object), k is the thermal conductivity (a property
of the material), A is the surface area, and L is the length.

A hot solid object suspended in heated fluid rises,

and the fluid is replaced by cooler fluid. Heat
energy leaves the object, thus cooling it (natural
convection). This process can be accelerated with N
mechanical assistance, e.g., a fan (forced convec-
tion). In this case, @ = hA(Ty — T), where h is the heat
transfer coefficient, and A is the surface area.

Any body at a temperature above absolute zero emits radiant
energy, le., electromagnetic (EM) waves in the thermal
range (0.1-100 pm), according to the Stefan-Boltzmann
law, @ = ecAT*, where o is the Stefan—Boltzmann constant,
and ¢ is the surface emissivity. This law indicates the ability of
a body to emit or absorb radiation, which varies between
0 and 1, and depends on the nature and the temperature of
the surface. The emissivity depends on the wavelength of the
radiation being emitted or absorbed. The most efficient
radiators are surfaces with € — 1, which absorb radiation with
equal efficiency. If ¢ = 1, all radiation is absorbed (a black-
body). The radiation emitted by a blackbody surface does not
depend on its composition but only on its temperature, and is
called the Planck spectrum. A body in vacuum can lose heat
by radiation only.
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