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By measuring the frequencies emitted as atoms transition
between energy levels, atomic clocks are among the most
advanced devices available for keeping time. In his research,
Professor Lijun Wang at Tsinghua University, Beijing, explores how
the stringent requirements for these devices can be met using easily
transportable apparatus. By combining the latest technological
advances in ion trapping, laser cooling, and magnetic shielding, his
team has now achieved a design that far exceeds the performance
of existing transportable clocks – potentially leading to new
capabilities for both high-speed scientific measurements, precision
time-keeping, and applications in satellite-based navigation.

Atomic Clocks
To measure the passage of time, clocks
rely on uniformly oscillating systems
named ‘frequency standards’. Whether
they use the swinging pendulum in
a grandfather clock or the pulsating
quartz in an electrical watch, all
timekeeping devices can only register
that time has passed after their
frequency standards have completed
a full cycle of oscillation. Ultimately,
this means that a clock’s accuracy is
inherently limited by the uniformity in
time between its frequency standard’s
oscillations.
In recent decades, cutting-edge
devices named ‘atomic clocks’ have
allowed many researchers to keep
time far more accurately than ever
before. They operate by measuring
the highly consistent frequencies of
electromagnetic radiation, emitted
when atoms in excited states transition
back into lower-energy states. The
technology typically relies on bulky,
importable apparatus – but Professor

Lijun Wang’s team at Tsinghua
University shows how high-performing
atomic clocks could soon become far
more compact and easier to transport.
Through a series of experiments, his
team proposes alternatives to existing
setups that could make them far easier
to apply in real-world scenarios.
Hyperfine Structures
Because of the laws of quantum
mechanics, all atoms only possess
certain discrete values of energy,
named ‘energy levels’ – and cannot
take on any energies lying between
these points. To transition between
energy levels, atoms emit and absorb
photons of light with energies, and
therefore frequencies, identical to the
difference in energy between them.
There are several different types of
energy levels an atom can possess: with
the largest gaps between values leading
to characteristically different orbital
patterns of an atom’s outer electron.
On the other end, energy levels with the
smallest energy differences between
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Cadmium ion crystal.

them can be described by an effect
named ‘hyperfine structure’.
Within an atom, the interaction between
the atomic nuclear spin, and that
of the orbiting electrons, leads to a
’hyperfine interaction’, which depends
on the spins’ relative orientation.
Since each individual moment has
a tiny yet discrete energy value, an

atom’s larger-scale energy levels can
essentially be ‘split’ into several, very
slightly different energy levels. Crucially,
atoms can transition between these
levels by emitting or absorbing lowenergy photons, whose frequencies
lie in the microwave region of the
electromagnetic spectrum.
Developing Frequency Standards
Since the energy levels associated with
an atom’s hyperfine structure are so
close together and involve only very
weak interaction, the frequencies of the
microwave radiation emitted during
transitions are extremely precise. As a
result, these photons make for a highly
effective frequency standard in atomic
clocks – which would need to keep time
for several months before being out by
just a single nanosecond. To operate,
microwave atomic clocks use lasers to
excite ultra-cold atoms to higher-energy
hyperfine states, then measure the
frequencies of the microwaves they emit
as they transition back to lower energy
levels.
These systems can be highly effective
in principle – but the technology still
faces significant challenges. Because
the microwave signals produced during
hyperfine transitions are so extremely
subtle, they must be measured to
extreme degrees of accuracy, with
virtually no room for error. In recent
years, researchers have achieved this
level of precision by trapping ultracold ionised atoms using applied
external radiation fields. So far, this has
allowed physicists to precisely identify
the transition frequencies of ions
including mercury, barium, beryllium,
and ytterbium. In a series of studies
published between 2015 and 2021,
Professor Wang’s team studied a more
promising, cadmium ion with high
precision for the first time.
Exploiting a Simple Structure
A key advantage of using trapped ions
in atomic clocks stems from the long
lifetimes they afford for interaction.
This allows them to interact with the

applied microwave radiation field over
extended periods of time – making
the ions suitable for tightly controlled
measurements of hyperfine transition
frequencies.
Professor Wang and his colleagues used
this technique on ions of cadmium
isotope 113. They chose this element
and isotope because when a single
electron is removed from its outer
shell, its lowest-energy ‘ground’ state
has an advantageous, relatively simple
hyperfine structure – which isn’t split
between too many different energy
levels and is less susceptible to the
residual external magnetic field.
This feature makes cadmium ions ideal
for the technique of ‘laser cooling’:
which exploits momentum changes
during photon emission and absorption
to cool atoms to close to absolute
zero, minimising any fluctuations
in their positions. At the same time,
the laser can be used to excite ions
to higher energy levels and read out
the frequencies they emit as they
transition back to lower energy levels.
Although the transition frequencies
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of several other ions are also known
to have extremely high degrees of
precision, the simplicity of cadmium’s
ground-state hyperfine structure and
particularly the need for only one laser
presents a unique potential for realising
miniaturised, highly practical atomic
clocks.
Establishing Precision
Despite its clear advantages as a
frequency standard, the hyperfine
structure of the cadmium ion had
not yet been explored in detail. For
their experiments, Professor Wang’s
team made their measurements using
a device named a ‘Paul trap’, which
rigidly confines charged particles using
oscillating electric fields. Combining the
traps with laser cooling, the researchers
investigated two different ionised
isotopes of cadmium: 113Cd+ and 111Cd+.
Through a 2012 study, they used these
combined techniques to assess the
hyperfine transition frequencies of both
ions, producing values several orders of
magnitude more precise than had ever
been achieved previously.

cooling of magnesium ions confined within a Paul trap. Without
the need to prepare the cadmium ions directly, they essentially
cut out the first step of the frequency measurement cycle –
suppressing any dead time and improving the stability of the
resulting frequency standard in turn.
A Transportable Microwave Clock
With this technological adjustment in place, Professor Wang’s
team was finally ready to develop a high-performance,
transportable microwave atomic clock, suitable for realworld applications. In their latest 2021 study, the researchers
confined a system of 100,000 113Cd+ ions within a Paul trap, and
sympathetically cooled them to temperatures just 0.09 degrees
above absolute zero using, calcium ions. In addition, they
addressed problems stemming from two inconvenient shifting
effects – which arise from unpredictable interactions between
ions and magnetic fields and can slightly distort the frequencies
measured by a laser.
Paul trap.
In a series of subsequent studies, the team improved on this
precision even further. By 2015, they had reached a fractional
precision of 10-14 – meaning their measured frequency was
correct to within just several 100 trillionths of its actual
value. Building on these achievements, Professor Wang
and colleagues next aimed to demonstrate the use of these
hyperfine cadmium transitions as a practical frequency
standard. However, they still faced several challenges before
this goal could be realised.
Sympathetic Cooling
Altogether, the process of obtaining a frequency standard from
an atomic clock is composed of three steps: preparing ions
in confined, ultra-cold states; exciting them to higher energy
levels with a laser; and finally, the detection of their transition
frequency.
Ultimately, the need for the first two steps in this cycle limits
the amount of time spent actually measuring the transition
frequency – resulting in a lack of information that limits
the stability of the frequency standard in the short term.
Furthermore, with the improvement of external field shielding
technology, the uncertainty caused by the thermal movement
of the ions has become the main limitation preventing
further improvements in accuracy. To overcome these issues,
Professor Wang and his colleagues turned to the technique of
‘sympathetic cooling’.
Here, ions that are cooled directly by laser cooling are
themselves used to cool other ions indirectly, as they exchange
momentum through mutual Coulomb interactions. In a 2019
study, the researchers showed that when parameters were
optimised, cadmium ions could be cooled to temperatures as
low as 0.2 degrees above absolute zero, through sympathetic

By surrounding their setup with five layers of ‘magnetic shield’
material, the team significantly suppressed the strength of
the magnetic field passing through the system, improving the
precision of its measurements even further. Measuring just 1.4
cubic metres in volume, the apparatus was small enough to fit
on a tabletop. At the same time, it could produce a microwave
frequency with fractional uncertainties on the order of 10−15,
while being easily transportable by ground-based vehicles.
Through the success of their demonstration, Professor Wang
and his colleagues now envisage numerous uses for their clock,
which go beyond the capabilities of existing, far bulkier setups
with similar performances.
Expanding Applications in Timekeeping
Ever since their conception, the unprecedented timekeeping
ability of atomic clocks has opened up numerous new
possibilities for scientific experiments, and even technologies
we use in our everyday lives. With the ability to easily move
the apparatus around, these applications could be extended
further still. For researchers, they could improve the ability
to measure physical processes which play out on extremely
small timescales: including interactions between quantum
particles within complex materials; collisions within particle
accelerators; and energetic astronomical events.
Elsewhere, the technology could prove invaluable to satellitebased navigation. These systems operate by measuring the
exact time taken for light to travel between a target object,
and a number of different satellites at known positions in
Earth’s orbit – allowing them to triangulate the object’s
position to pinpoint precision. Highly precise, portable atomic
clocks will further afford higher precision in satellite position
measurement and tracking. Improvements in the atomic clock
equipment could improve our navigational ability in scenarios
ranging from the daily commute to deep space exploration.
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