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Energetic Electrons

Atoms comprise a compact, positively-
charged nucleus, surrounded by one 
or more negatively-charged electrons, 
which are bound to the nucleus by 
electrostatic forces. The size of the atom 
is determined by the volume occupied 
by the electrons. Under normal 
conditions, the electrons are held close 
to the nucleus, and a billion atoms 
placed side-by-side would extend only a 
few centimetres.  

If an electron in the atom is given 
additional energy, it can jump into one 
of a series of allowed ‘excited states’, 
whose energies and orbital motions 
are defined by the principal quantum 
number, n. As the energy transfer and 
n increase, the electron is able to travel 
farther from the nucleus – the distance 
scaling as n2. Indeed, if the energy 
transfer is sufficient, the electron can 
escape, causing the atom to become 
ionised. 

The largest atoms observed to date 
have n values of over 1200 and 
diameters greater than the width of a 
human hair. However, since the majority 
of the atomic volume is only occupied 
by a single electron, these so-called 
Rydberg atoms are transparent and not 
visible to the naked eye. 

As n increases, the extra energy required 
to remove the electron from the atom, 
termed its binding energy, decreases 
rapidly, scaling as 1/n2. As a result, 
high-n atoms are not only very large 
but are also very fragile. Even a perfect 
vacuum can be a hostile environment 
for such atoms, because they can be 
destroyed by interactions with thermal 
radiation emitted by the walls of 
their enclosure at room temperature. 
However, their natural lifetimes are 
long. Whereas the lifetimes of low-lying 
excited states are typically measured 
in nanoseconds, those of very-high-n 
states can be milliseconds or longer, 
allowing plenty of time for their study.

Growth of Rydberg atom size with 
principal quantum number n.
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The creation of giant atoms whose size is comparable to that of 
a grain of sand might sound like the stuff of science fiction, but 
in fact such species exist in nature and can now be created in the 
laboratory using advanced laser systems. Such exotic atoms, in 
which one electron is placed in a highly-energetic state, are termed 
Rydberg atoms, after the Swedish spectroscopist J. R. Rydberg 
who first characterised their properties. As might be expected, 
such extreme atoms possess very unusual physical and chemical 
properties. Their study has provided many new insights into the 
properties of Rydberg atoms themselves, their interactions with 
other atoms and molecules, and phenomena that arise from their 
collective interactions. The extreme properties of Rydberg atoms 
now enable emerging technological applications in sensing and 
quantum computation.

WWW.SCIENTIA.GLOBAL



Controlling Electron Motion

In very-high-n Rydberg atoms, the 
excited electron is so far from the rest 
of the atom (the ‘core ion’), that the 
electrostatic attraction it experiences 
from the nucleus is very weak, and 
its motion can be strongly perturbed 
or even dominated by weak external 
electric (and magnetic) fields. 

Because the orbital period of the excited 
electron can approach a few tens of 
nanoseconds, the electron motion can 
be controlled with remarkable precision 
by applying external forces, or ‘kicks’, in 
the form of short-duration electric field 
pulses. Applying a carefully-tailored 
series of such pulses can be used to 
engineer the electron orbit and create 
‘designer’ atoms. 

This approach has been employed, for 
example, to localise the electron in a 
near-circular orbit about the nucleus, 
creating an atom that mimics the 
original Bohr model of the hydrogen 
atom, which pictured an electron in 
a classical circular orbit about the 
nucleus. Whereas this model has now 
been supplanted by more modern 
quantum theories, it still provides a 

convenient basis for discussing many 
Rydberg atom properties. 

Similar control techniques have been 
used to create a model of the solar 
system within an atom by placing the 
electron in an orbit that mirrors the 
behaviour of Jupiter’s Trojan asteroids. 
These asteroids, named after figures 
in the Trojan Wars, orbit the sun at a 
similar radius some 60 degrees ahead 
of, and behind, the planet. In the future 
it appears possible to create a ‘planetary 
atom’ with two highly-excited orbiting 
electrons.

Sensing Applications

Their sensitivity to external electric 
fields makes Rydberg atoms natural 
electric field sensors, especially for 
oscillating fields extending from 
radio-frequencies to the far infrared. 
Central to such applications is an 
effect termed electromagnetically-
induced transparency, which involves 
a collection of atoms through which 
is directed a ‘probe’ laser beam tuned 
to a frequency that the atoms would 
normally strongly absorb, and a 
superposed ‘control’ laser beam tuned 
to a Rydberg state. 

Under appropriate conditions, the 
presence of the control beam can result 
in the transmission of the probe beam 
through the otherwise opaque medium. 
Given that Rydberg atoms are extremely 
sensitive to external electric fields, such 
fields can cause marked changes in the 
probe beam transmission. 

These changes have been exploited 
to detect radio-frequency fields 
over a wide frequency range that 
encompasses AM, FM, bluetooth, and 
Wi-Fi signals. Because atomic properties 
are intrinsically stable and are well 
characterised, the measurement 
technique is self-calibrating, permitting 
accurate measurements of absolute 
field strengths with widespread 
applications in, for example, 
communications, radar, and healthcare. 

The ability to control the propagation 
of light through the medium afforded 
by electromagnetically-induced 
transparency has also been exploited to 
slow the speed of light in the medium 
and create ‘slow light’ with group 
velocities as low as a few kilometres per 
second.

The image on the left shows Jupiter’s Trojan asteroids in their orbit, and the image on the right shows the electron probability density 
distribution in a Rydberg atom that mimics their behaviour.
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Collisions and Molecule Formation

Because of their large physical size, in collisions with other 
atoms or molecules, Rydberg atoms behave not as a single 
atom, but rather as a pair of independent particles, namely 
the orbiting electron and the core ion. This behaviour is very 
different from that of atoms in the ground state or low-
lying excited states, and results in a broad range of possible 
reactions, many unique to Rydberg atoms.  

In collisions that are dominated by electron-target interactions, 
the electron behaves like a free particle, except that its average 
kinetic energy is determined by n and is very low. Indeed, 
Rydberg atoms provide a remarkable microscale laboratory in 
which to study a broad range of electron collision processes at 
effective collision temperatures under 1 Kelvin (−272°C), well 
below those accessible using any alternate techniques. 

One novel outcome of collisions with targets that attach 
low-energy electrons to form negative ions is the creation of 
molecules that comprise an electrostatically-bound positive-
negative ion pair that orbit at large separations. These giant 
neutral molecules, termed ‘heavy Rydberg’ molecules, possess 
many of the characteristics of Rydberg atoms, except that the 
electron is replaced by a much heavier negative ion. 

A different giant molecular species is formed in Rydberg 
collisions with molecules that have large permanent electric 
dipole moments. The Rydberg electron is captured by the 
target molecule, becoming weakly bound in its dipole field and 
creating a ‘dipole-bound’ negative ion. The electron orbits at a 
large radius near the positive end of the dipole and much of its 
behaviour again parallels that of a Rydberg electron.

The scattering of the Rydberg electron from a neighbouring 
ground-state atom creates a novel chemical bond and allows 
the creation of ultralong-range Rydberg molecules with an 
internuclear separation comparable to the size of the Rydberg 
atom itself. The bond is very weak and such molecules are not 
stable at room temperature. Nevertheless, with the advent of 
laser cooling and trapping techniques, it is possible to create 
atomic gases with temperatures of 1 microkelvin or less, which 
permits the creation and study of such molecular species in the 
laboratory. 

Initial work produced rubidium dimer molecules consisting of 
one Rydberg atom and one bound ground-state atom. Several 
different Rydberg dimer species have now been produced and 
their rich vibrational structure examined. So-called trilobite 
Rydberg dimers have also been realised that possess giant 
(permanent) electric dipole moments. 

A Rydberg receiver and spectrum analyser above a microwave circuit can detect a wide range of radio signals,  
including AM, FM, Wi-Fi and Bluetooth. CREDIT: US Army
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Since the size of a Rydberg molecule 
is determined by the size of the 
parent Rydberg atom, their formation 
depends on having atom pairs with 
the appropriate initial separation. 
Measurements of dimer formation 
as a function of n therefore provide a 
valuable probe of spatial correlations in 
quantum gases, allowing effects such 
as particle bunching in a gas of bosons 
and antibunching in a gas of fermions 
due to Pauli exclusion to be seen. The 
formation of more complex molecules 
with a Rydberg atom bound to two or 
three ground-state atoms has also been 
observed. 

Rydberg Atoms in Dense Gases

Measurements have been extended to 
Bose-Einstein condensates, in which 
the atom densities are so high that a 
Rydberg electron orbit can enclose 
tens to even hundreds of ground-
state atoms. Those atoms within the 
Rydberg orbit form weak bonds and 
create a molecule composed of many 
‘atoms within an atom’, the atoms being 
corralled by the orbiting electron which 
serves the role of a shepherd.  

The many atoms contained within the 
molecule constitute a novel form of 
‘quantum matter’ and their interactions 
can lead to novel collective responses 
including the formation of ‘quasi-
particles’ similar to those that play 
important roles in determining the 

properties of many materials. Indeed, 
Rydberg molecules provide a valuable 
window into many of the important 
phenomena that emerge from many-
body interactions in condensed-matter 
settings.

Quantum Research

Rydberg atoms interact strongly with 
each other even at large separations. 
The strength of their interactions is 
millions of times larger than those 
between ground-state atoms and 
is tuneable through the choice of 
the Rydberg states excited and their 
physical separations. 

Rydberg-Rydberg interactions form 
the basis of many ongoing studies of 
quantum simulation and of quantum 
logic devices. Central to this work is the 
phenomenon of ‘dipole-blockade’, in 
which resonant excitation of one atom 
to a Rydberg state can shift the energy 
of neighbouring atoms within some 
critical ‘blockade’ radius preventing 
their subsequent excitation. 

The use of focused laser beams, 
termed ‘optical tweezers’, to trap and 
hold atoms now permits atoms to be 
positioned with remarkable precision. 
This has enabled the realisation of fast 
and robust quantum gates using pairs of 
atoms positioned within the blockade 
radius. Such gates utilise conditional 
logic where the excitation of the second 

atom is governed by excitation of the 
first one. Quantum gates, or ‘qbits’, are 
critical to the operation of a quantum 
computer. 

Tweezer arrays, as well as ‘optical 
lattices’ formed by intersecting laser 
beams, provide the opportunity 
to assemble one-, two-, and even 
three-dimensional ordered arrays of 
Rydberg atoms with precise control of 
their separations and geometry. Such 
arrays can be engineered to mimic the 
arrangement of atoms within a solid. 
They therefore provide a powerful 
quantum simulator with which to probe 
the physical processes that underpin 
quantum effects that give rise to high 
temperature superconductivity and 
magnetism. 

Furthermore, by varying the atomic 
arrangements and interactions, a 
wide variety of ‘artificial’ structures 
not normally found in nature can be 
simulated and their properties explored. 
The effects of defects introduced by 
removing one, or more, atoms from 
the array at selected points can also 
be examined. Such studies promise 
an improved understanding of the 
behaviour of many condensed matter 
systems and will enable the design of 
new materials with enhanced electronic 
and magnetic properties.

A Future of Discovery

As is evident from the above examples, 
to study Rydberg atoms is to wander in 
a land of giants with exciting research 
opportunities appearing around 
every corner. They form a valuable 
bridge between the microscopic world 
described by quantum mechanics 
and the macroscopic world governed 
by Newton’s laws, and illuminate the 
transition from one realm to the other 
as the length scale increases.  

New experimental capabilities continue 
to drive new avenues of research that 
exploit their novel characteristics, and 
going forward it is certain that they will 
remain the focus of much activity and 
provide many exciting discoveries.

Theoretical electron density pattern of a weakly bound Rydberg molecule, resembling a 
trilobite. CREDIT: Chris Greene, Purdue University.
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