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Preface

Measurement is the foundation of physical science. No other discipline in
physics can illustrate this point more convincingly than the field of Atomic,
Molecular, and Optical Physics. Precision measurement is one of the key
branches in AMO physics: It provides important tests of and deep insights
into fundamental laws of physics, stimulates the development of new
frontiers in science and technology, and connects to a wide range of
revolutionary applications that bring important benefits to our society.

In this book dedicated to the frontiers of research in precision laser
spectroscopy, readers will be treated to a delicious course of lectures covering
ultracold atoms and molecules, laser spectroscopy, trapped atoms and ions,
frequency metrology and laser science, tests of basic physical principles as
well as the determination of fundamental constants and development of
quantum sensors. As one samples this smorgasbord of ideas, one may wonder
why the specific title of “precision laser spectroscopy” was chosen for this
book or even question whether an aged topic such as spectroscopy still
represents a cutting-edge frontier of science. The answer is a resounding yes.

The relentless pursuit of spectroscopy resolution has been a driving force
for many scientific and technological breakthroughs, including the
foundations for relativity and quantum physics, over the course of the
development of modern physics. A key motivation for the invention of the
laser was spectroscopy. Indeed, laser spectroscopy completely revolutionized
the field of spectroscopy, and it continues to drive present-day research on
quantum matter and laser science. Spectroscopy now boasts many different
subfields including ultraprecise measurement, ultracold matter, ultrastable
lasers, and time-resolved ultrafast dynamics. Today, spectroscopy is at the

heart of a powerful renaissance in AMO physics.
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The laser allows us to produce and manipulate coherent optical fields for
demanding measurement needs. In the early days of lasers, nonlinear optical
physics advanced rapidly, providing new experimental techniques for
spectroscopy and further improving the resolution of spectroscopy and its
versatile applications. Laser stabilization was also relentlessly pursued,
leading to the present state-of-the-art laser frequency control that achieves
optical phase coherence over multiple seconds. In addition, the recent
invention and development of optical frequency combs has allowed this
optical phase coherence to be precisely transferred to other optical or
microwave spectral domains.

The optical frequency comb was a result of the merger of continuous-
wave— laser-based precision optical frequency metrology and mode-locked —
laser-based ultrafast optical science. Since this merger in 2000, wide-
bandwidth optical frequency combs have produced many unexpected and
remarkable developments in precision spectroscopy, frequency metrology,
and ultrafast science. A phase-stabilized optical frequency comb spanning an
entire optical octave establishes millions of regularly spaced, precise
frequency marks that are as stable and accurate as the best CW lasers. We
have already implemented coherent phase connections among different parts
of the electromagnetic spectrum, spanning the optical to radio frequencies.

The frequency comb has profoundly changed the optical frequency
metrology, resulting in recent demonstrations of absolute optical frequency
measurement, optical atomic clocks, and optical frequency synthesis. By
combining these capabilities with the use of ultracold atoms and molecules,
we can now perform optical spectroscopy, frequency metrology, and
quantum control at the highest level of precision and resolution.

Parallel developments in the time-domain applications have been equally
revolutionary, yielding simultaneous, precise control of the pulse repetition
rate and the carrier-envelope phase. These developments have led to recent
demonstrations of isolated attosecond pulse generation, coherent synthesis of
optical pulses from independent lasers, coherent control in nonlinear
spectroscopy, coherent pulse addition, and the generation of frequency

combs in the extreme ultraviolet and mid-infrared spectral regions. Indeed,



Preface 3

we now have the ability to perform completely arbitrary optical waveform
synthesis that complements and rivals similar technologies developed in the
radio frequency domain. This unified thrust in time- and frequency-domain
control has made it possible to simultaneously pursue coherent control of
quantum dynamics in the time domain and high-precision measurements of
global atomic and molecular structure in the frequency domain.

The desire for better control of atomic motions for spectroscopy in the
laboratory, together with the gradual mastery of laser-based control of
matter, led to the development of laser cooling of atoms in the early 1980s.
Today, we have the goal of preserving the longest possible coherence times
between atomic states and an optical field. To accomplish this, we need to
understand and control the atomic center-of-mass motion at the scale of an
optical wavelength. Another challenge stems from the fact that the optical
probing of internal atomic states creates an inevitable back-action on the
atomic center-of-mass motion. Such back-action limits measurement precision
and control. Meeting these challenges requires preparing atoms at ultralow
temperatures and confining them in specially engineered optical, radio
frequency, electric, or magnetic traps that decouple the atomic internal and
external degrees of freedom for spectroscopy. Such a separation of internal
and external dynamics is critical for precision measurement, frequency
metrology, the coherent manipulation of quantum systems, and quantum
information science.

Fortunately for the future prospects of precision measurement, there has
been tremendous progress in research on ultracold atomic gases. Atoms can
now be brought to a standstill in such a way that the gas exhibits striking
quantum behaviors. Coherent matter waves in the form of quantum
degenerate gases can now be routinely prepared, manipulated, and measured
in laboratory. With important tools, such as the control of atomic
interactions via Feshbach resonances and the introduction of optical lattices
to regulate atomic motions, atomic physics and quantum gas experiments are
now ready to take on challenging and outstanding problems from condensed
matter physics via a powerful laboratory platform for studying strongly

correlated quantum many-body systems and their dynamics.
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With this development, we have come full circle. The birth of quantum
information science was triggered by advances in the control of laser and
atoms. These advances, in turn, have further stimulated developments in the
AMO field. This is the beauty of AMO physics: Measurement science gives
birth to new physical insights, and, in return, the new scientific frontier lays
the foundation for further development in measurement technology. We are
already dreaming about entangling a large number of quantum particles,
engineering novel quantum states, establishing quantum networks for
communication, advancing measurement precision beyond the standard
quantum limit, and revealing deeper secrets of Nature.

One example is the development of atomic clocks. Atomic clock
transitions are no longer confined to the microwave domain because the
optical frequency comb provides a coherent bridge between optical and radio
frequency spectral domains. This coherent bridge allows us to explore optical
transitions that have orders-of-magnitude-higher line quality. The new
capability in the control of light has also made it possible to create and probe
novel quantum matter via the manipulation of dilute atomic and molecular
gases at ultralow temperatures. Because we can localize atoms within a
fraction of an optical wavelength inside a deeply bound trap, we can remove
atomic motional effects from optical spectroscopy and state control. In
addition, the quantized atomic motion and long interrogation times inside the
trap permit high-resolution and precise investigations. Such capabilities have
long been used in trapped-ion systems where charged ions are deeply bound
with minimal perturbations to their electronic states. Optical atomic clocks
based on single-trapped ions have achieved remarkably low uncertainties.

More recently, protocols for precision measurement and quantum
information science have required large ensembles of neutral atoms to boost
the measurement signal-to-noise ratio, explore the atomic collective effects,
or create a massively entangled system. For neutral atoms, external-trapping
potentials are created from spatially inhomogeneous energy shifts of the
electronic states produced by an applied magnetic, electric, or optical field.
It is thus crucial that we have recently constructed atom traps that do not

perturb the in-situ precision spectroscopy of atomic transitions. For the first
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time, we can control the quantum states of more than 1,000 atoms so
precisely that we achieve a more accurate and more precise atomic clock than
any existing atomic clocks. With the clock accuracy and stability both
reaching the 107 level, we have realized a single atomic clock with the top
performance in both key ingredients necessary for a primary standard. This
incredible measurement precision has also enabled researchers to study
complex quantum many-body systems and integrate them into the frontiers of
precision metrology, where we seek to advance measurement beyond the
standard quantum limit. Such advanced clocks will allow us to test the
fundamental laws of nature and find applications among a wide range of
technological frontiers.

A second example is that molecules at ultralow temperatures represent an
exciting new frontier for AMO physics The strong interdisciplinary character
of this new topic facilitates powerful connections to other scientific fields,
including chemistry, quantum information, condensed-matter physics, and
astrophysics. These connections, and the many possibilities for technological
advances, arise naturally as molecules constitute the ubiquitous building
blocks of materials and embody common drives for everyday energy flow and
dynamics. Control of molecular interactions has thus been an outstanding
scientific quest for generations. For example, reaching the ultracold regime
for molecules has been hindered by the presence of many internal degrees of
freedom such as vibrational and rotational levels and fine or hyperfine states.
Fortunately, we have recently witnessed rapid advances in producing
molecules (mostly diatomic molecules) at low and ultralow temperatures. We
have already performed the first set of experiments that demonstrate
ultracold molecular collisions and chemical reactions in a regime where the
collision must be described in terms of quantum wave functions. These efforts
are serving as a staging ground for exploring collective quantum effects in an
ultracold gas of molecules.

There are three key reasons for studying ultracold molecules. First,
molecules represent a natural extension of precision experimental control and
the on-going revolution of quantum-based measurement. The rich internal

structure of molecules provides a unique experimental testing ground for
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fundamental laws of nature such as fundamental constants, symmetry and
parity, as well as extensions of the Standard model. For example, at low
temperatures, we can carefully control molecular motional effects, making it
possible to perform high-resolution spectroscopy of molecular structure at an
unprecedented level of precision; Such experiments are crucial in the search
for symmetry violations.

Second, molecules provide new opportunities for the study of novel
many-body quantum systems. It is the interactions between the particles that
make the behavior of a many-body quantum system intriguing, and cold
molecules, like cold atoms, will have the feature of tunable interparticle
interactions. Molecules allow us to explore the long-range and anisotropic
interparticle interactions between molecular dipoles—in contrast to the forces
between atoms that are typically characterized by short-range potentials and
contact interactions. The scientific opportunities available with quantum
gases of ultracold molecules include (1) the creation of novel molecular
superfluids that rely on the dipole-dipole interaction between ultracold
fermionic molecules, (2) the study of quantum magnetism using the many
internal degrees of freedom in molecules to engineer effective spin-spin
interactions, and (3) the implementation of novel quantum matter with
molecules confined in optical lattices.

Finally, molecular quantum gases provide us with an unprecedented
opportunity to study chemical reactions in the ultralow energy domain. The
recent discovery of bimolecular chemical reactions at ultralow temperatures
already demonstrates that a molecular gas in the quantum regime can have a
surprisingly large rate of chemical reaction, showing us that the ultracold
reaction rate is dictated by the quantum statistics of the molecule and its long-
range interactions. Interesting areas for future study include electric field-
controlled collisions, resonance-mediated reactions, and collective many-
body effects in chemistry.

We now stand on a broad scientific frontier where atoms, molecules,
and their interactions are controlled at the quantum level. This control is
allowing us to understand and probe many-body quantum systems. Such

efforts have important consequences on the intellectual front for unraveling
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complexity and on the applied side for advancing quantum technology-based
sensors. Quantum mechanics sets the ultimate limit in our ability to
manipulate and measure matter. The cold atom and molecule-based
measurement approach will allow us to push the quantum limits of precision
measurement towards both fundamental tests of physical principles and
advanced measurement tools and sensors for a range of practical applications.

We are living in the golden age of AMO physics and precision measurement!

=

JILA, National Institute of Standards and Technology and
University of Colorado
September, 2014
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