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Quantum physics is often con-
sidered weird, counterintuitive, 
and irrelevant at macroscopic 
scales. And yet, more and more 
people talk about it publicly, in-
cluding politicians like Canadian 
Prime Minister Justin Trudeau. 
What has happened? Why is a 
theory that is about a century old 
suddenly in vogue when it is com-
bined with the word technology? 
And what is meant by the second 
quantum revolution?

The short answer: it is because of 
the wealth of potentially revo­

lutionary applications of quantum 
technologies. But let’s step back and 
start from what has happened over 
the past decades. Undoubtedly, com­
puters have revolutionized the way 

we live and work. This was enabled 
by groundbreaking achievements in 
several scientific and technological 
disciplines. The most fundamental 
one of them is quantum physics, 
where a better understanding of 
the laws at an atomic scale laid the 
ground for semiconductor devices. 
The laser is another prominent exa­
mple of a device based on quantum 
mechanical effects. The processes 
underlying the laser are inherently 
interconnected with wave­particle 
duality – a central concept in quan­
tum mechanics. The behavior of 
quantum objects is in some cases 
well described by treating them as 
waves, whereas sometimes a particle 
description delivers the potentially 
more intuitive explanation. Neit­
her of them is sufficient and taking 

both too literally will lead to con­
tradictions that hinder a complete 
understanding. This was obviously 
no obstacle to the laser quickly be­
coming a versatile tool: to transmit 
information, for material processing 
and inspection, for ranging and 
other metrological applications or 
for lighting and imaging.

The properties of light
But researchers not only explored 
applications. In fundamental sci­
ence, they looked for answers to 
questions independently of imme­
diate applications. They wanted to 
understand the nature of quantum 
systems better. Quantum optics, for 
example, deals with the properties 
of light from a quantum­mecha­
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A tapered amplifier and servo-controlled 
mirror mounts that are part of the Auto-
Align feature in Toptica‘s DLC TA-SHG pro 
frequency-doubled, amplified diode laser 
system.
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nical perspective and in particular 
with its interaction with matter. 
One of the many questions is: in 
which aspects is the light emitted 
by a laser fundamentally different 
from the light emitted by a lamp? 
Obviously, light from a laser is well 
collimated, propagating in a single 
transverse electromagnetic mode. 
But light from a bulb can be spati­
ally filtered as well. Laser beams are 
typically more intense than classical 
light beams, but that is not a qualita­
tively distinctive feature either. La­
sers are typically coherent, and emit 
in a very narrow wavelength range. 
But the same applies to light from 
a thermal lamp that is spectral­
ly filtered to an extremely narrow 
bandwidth. Was there not a more 
fundamental property, reflecting 
the quantum process of the light 
generation itself?

How to tell a laser from a lamp
An idea put forward and investiga­
ted by Hanbury Brown and Twiss 
in the 1950s was that intensity fluc­
tuations reveal information about 
the coherence and the quantum 
statistics of light [1]. This principle 

has found application in many fields 
of physics, such as astronomy, high­
energy physics, atomic physics and 
condensed matter physics. It was 
theoretically predicted that a laser 
should be characterized by reduced 
intensity fluctuations compared to 
any thermal light source, no matter 
how narrow­band or intense. 

For an explanation, it is instruc­
tive to look at the particle proper­
ties of light: photons from a thermal 
source bunch. In other words, if a 
beam is analyzed with a single­pho­
ton detector, and the detector just 
clicked, the detection of the next 
photon will most likely be directly 
thereafter. In a laser beam, however, 
the probability for a second photon 
detection in a beam of a given power 
is independent of the time elapsed 
since detection of the first photon. 
In an extremely elegant way, the 
stream of photons shows the lowest 
possible fluctuations because, if the 
photons were emitted one after the 
other like a stream of tennis balls 
thrown by one of these machines 
used in training, there would be 
times when the probability to detect 
the next ball is zero, namely directly 
following a given ball. This would 

be more regular, but at the same 
time less homogeneous.

Can such a tennis­ball­like 
stream of photons be created? Of 
course! The phenomenon is called 
antibunching and can be observed 
in resonance fluorescence of single 
atoms. Kimble already excited sodi­
um atoms with a laser in 1977 and 
observed antibunching of the emit­
ted photons [2]. The phenomenon 
is easily understood intuitively, as 
a single atom has to be re­excited 
after emission of a photon before it 
can emit another one. There is a ge­
neral principle here: take one quan­
tum system that you have decent 
control over; here atoms to tailor 
the properties of another quantum 
system; here a stream of photons. If 
there is only one very short excita­
tion pulse, you will get at most one 
photon and have created a single­
photon source.

Lasers cool atoms 
So if there is a general principle, 
which quantum objects can be 
controlled with laser light (Fig. 1)? 
Lasers are used to cool and trap 
atoms, the prototypical particles. 

Fig. 1 Four pillars of quantum technologies (top) and a potential application result (below each image). There is a great variety of 
quantum systems used to implement different applications of quantum technologies. Species of atoms, ions and other quantum 
systems are shown in the square boxes. The more commonly used elements are at the top, the more exotic ones at the bottom. 

Quantum Computing Quantum Sensing Quantum Communication Quantum Metrology

New Drugs

Ca+

Ca+ Ca+

Al+

Mg+

Yb+

Yb+

Yb+

Yb+

Sr+

Hg
H

In+

Th3+

Hg

Cd

Hg+

Xe

Rb

Rb Rb

Ca

He
Er3+

Nd3+
Tm3+

Eu3+
Pr3+

K

K

Cs Cs

SiV

QD
QD

h ν

h ν

Cs
Li

Li
Yb Yb

Yb

Na

NV NV
Sr

Sr

Sr

Ba+

Sr+

JJ

Map Earth and Brain Secure Cryptography Navigation Accuracy

To
pt

ic
a 

Ph
ot

on
ic

s



10 Physics’ Best, April 2022 © 2022 Wiley-VCH GmbH

L a s e r

The momentum of the photon is 
used to slow the atoms down. This 
research was awarded with the No­
bel Prize in Physics in 1997, but it 
was just the beginning of the quest 
for the wave character of atoms. On­
ly four years later, the Nobel Prize 
went to another trio of laser coolers 
and trappers. They had cooled an 
ensemble of atoms to the absolute 
ground state of motion, thereby cre­
ating a Bose­Einstein condensate. 
And suddenly the wave character 
of the atoms dominated their beha­
vior. A source of atoms identical in 
all quantum states was available. 

But we had that before, right? 
A coherent beam of particles with 
wave properties? The laser. So if 
one takes a beam of atoms from 
a Bose­Einstein condensate, one 
has an atom laser! Atom lasers 
can interfere, just like optical laser 
beams. But what about the minimal 
intensity fluctuations and the lack 
of bunching that was observed in 
laser beams? Of course, scientists 
performed these experiments and 
found bunching in a thermal beam 
of atoms [3] and the lack thereof in 
an atom laser [4]. In this respect 
there are no differences between 
optical and atom lasers. In the ex­
periments with atoms, the laser 
light had turned from an object of 
investigation to a tool for the study 
of the quantum properties of atoms.

Another central phenomenon 
for two single, identical photons 

is their behavior on a beamsplitter. 
As Hong, Ou and Mandel showed 
in 1987, if two photons impinge on 
a 50 : 50 beamsplitter, one on each 
input port, they will always leave the 
beamsplitter together in one of the 
two output ports [5]: at which of it 
is random. Fast forward about two 
decades – and this effect of inter­
ference of probability amplitudes 
of photons at a beam splitter is the 
basis of quantum computation with 
linear optics and detectors [6]. In 
2002 Jonathan Dowling and Gerard 
Milburn said: “The first quantum 
revolution gave us new rules that 
govern physical reality. The second 
quantum revolution will take these 
rules and use them to develop new 
technologies.” [7] 

The quantum systems toolbox
The quantum systems at hand for 
quantum technologies are manifold 
(Fig. 1). There are atomic quantum 
systems, like optically and magneti­
cally trapped atoms or trapped ions. 
Single photons and coherent states 
of light were mentioned before. 
Electron spins in quantum dots, va­
cancy centers in diamond and rare­
earth ions in crystals are quantum 
systems in solid­state materials. The 
list is by no means complete, and 
new quantum systems continuous­
ly emerge. Laser systems represent 
an important tool to control these 
quantum systems. Diode lasers and 

tapered amplifiers are particularly 
energy efficient and available over a 
large range of wavelengths. Current 
trends are more power and automa­
tion for 24/7 hands­off operation 
and remote control of all relevant 
parameters. Beyond lasers, the 
quantum systems toolbox is extre­
mely diverse and includes ultralow­
noise stabilization, high­finesse ca­
vities, optical frequency combs and 
wavelength converters (Fig. 2). 

Quantum random numbers
One of the peculiarities of quantum 
mechanics is the measurement pro­
cess. Measurement of a quantum 
system will project it into an eigen­
state of the measurement basis. If 
the initial state was not one of these 
eigenstates, the measurement alters 
the state of the quantum system. A 
photon with circular polarization, 
sent onto a polarizing beamsplitter, 
will leave it with linear polarization. 
But whether it will be transmitted 
with horizontal polarization or re­
flected with vertical polarization 
is random. In fact, given perfect 
conditions, there is no process that 
could be more random. This pro­
perty of quantum systems is put 
to good use in quantum random 
number generators. They are argu­
ably the first application of quantum 
technologies in a mass market, as 
they found their way into a smart­
phone.

IQ
O

Q
I, 

M
. R

. K
na

bl

U.
 o

f S
ci

en
ce

 a
nd

 Te
ch

no
lo

gy
 o

f C
hi

na
, J

.-W
. P

an



L a s e r

© 2022 Wiley-VCH GmbH Physics’ Best, April 2022 11

Quantum cryptography
There is another application targe­
ting a very old problem that is more 
relevant than ever: cryptography. 
Imagine two parties exchanging 
quantum states. If an eavesdrop­
per wants to learn anything about 
a quantum state, at least a partial 
measurement is indispensable. This 
will alter the state as long as the ei­
genbasis is unknown. Sender and 
receiver can therefore detect this 
interception if they compare the 
states that have been sent and recei­
ved. Obviously, they cannot prevent 
the eavesdropper from interfering 
with their communication. 

But it is possible to ensure that 
the eavesdropper does not learn 
anything useful in the interception 
if they restrict their communication 
to attempting to establish a secret 
key. As they can determine the 
maximum amount of information 
the eavesdropper can have gained 
about the key, they can use classical 
methods of privacy amplification to 
reduce the amount of information 
the eavesdropper will have about 
the final key to almost zero. 

While quantum key distribu­
tion does not provide a means for 
authentication, its conceptual secu­
rity is based on fundamental laws 
of physics. Practically, this happens 
via the exchange of photons. They 
can be transmitted through an op­
tical fiber, through the atmosphere, 
or even between a ground station 

and a satellite in space, with each of 
these transmission paths having its 
own optimal wavelength. Quantum 
networks for the purpose of quan­
tum key distribution will typically 
not be restricted to two network 
nodes and might be a heterogene­
ous combination of the different 
transmission paths. Technological 
prerequisites are a quantum chan­
nel that does not alter the quantum 
state too much, a sender producing 
single photons or weak coherent 
pulses of light in well­defined quan­
tum states, and a receiver that can 
resolve, i.e. measure, these states.

The polarization is by no me­
ans the only physical property of 
a photon that can be employed for 
quantum key distribution. Resear­
chers have shown that the photon’s 
emission time (time bin qubit), its 
wavelength (frequency qubit) and 
its orbital angular momentum can 
be employed as well. Even mixed re­
alizations are possible because these 
encodings of a quantum bit can be 
converted into each other.

Quantum networks
Establishing a quantum link bet­
ween two quantum computers is 
another application. This is much 
more powerful than linking clas­
sical computers because the state 
space that quantum computers can 
explore scales exponentially with 
the number of qubits. An obvious 

quantum­link protocol maps the 
state of one of the qubits in quan­
tum computer A onto a photon and 
sends the latter over to quantum 
computer B, where it is mapped 
back onto one of the qubits of the 
computer. But the attenuation of 
the photon in an optical fiber and 
related problems in free­space com­
munication will put a limit on how 
far the two computers can be apart. 
For large distances, the photon will 
just not make it to the other end. 
Amplification of the photon, as in 
optical repeaters in classical optical 
communication, is not an option, 
because the amplification process 
will alter the state of the photon. 
This is a consequence of the no­
cloning theorem of quantum me­
chanics and makes quantum key 
distribution tap­proof.

Quantum repeaters
The solution are quantum repeaters. 
While the first experimental de­
monstration of a scalable quantum 
repeater link is still outstanding, the 
task is much more tractable than 
the fully error­corrected scheme. 
It boils down to the distribution of 
entanglement between parties in 
the network that are close enough 
to allow for direct transmission. 
Entanglement is a non­classical and 
therefore non­trivial correlation 
between the states of two or more 
quantum systems. A concatenation 

Fig. 2 Examples of optics tables in mo-
dern quantum technology experiments. 
Rainer Blatt puts his hand on one of the 
laser systems in his lab at the University of 
Innsbruck, Austria (far left). Jian-Wei Pan 
aligns laser optics (center); and parts of 
the laser system in the research group of 
Ulrich Schneider, Cavendish Laboratory, 
University of Cambridge.
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of such entangled links can be used 
to achieve entanglement between 
the two outmost stations. There 
are theoretical concepts of how two 
parallel links of entangled quantum 
systems can be turned into a single 
one with higher entanglement fi­
delity.

Quantum teleportation
If you have entanglement between 
two quantum systems in remote 
locations, you can exchange any 
quantum state between them with­
out physically transferring it. So 
there is a proven alternative to en­
coding the quantum state in a pho­
ton or any other physical object and 
transferring that object from one to 
the other location. This quantum 
teleportation requires entanglement 
and classical communication bet­
ween the two locations plus the abi­
lity to perform suitable local quan­

tum state measurements. Quan­
tum teleportation enables lossless 
transfer of qubits, quantum logic 
gates between qubits in two remote 
locations, and quantum key dis­
tribution. Basically, remote entan­
glement is a resource for quantum 
information processing between 
remote locations. A quantum net­
work that allows for entanglement 
between any of its network nodes is 
often called a quantum internet [8]. 

Wealthy quantum technologies
The above examples illustrate how 
an understanding of the physics 
of quantum systems has led to in­
triguing quantum protocols. In 
combination with experimental 
mastery of quantum systems, they 
can be turned into applications. It 
is a natural consequence of the im­
portance of photonics for quantum 
technologies that a laser company 
like Toptica Photonics is a partner 
in four different European Quan­
tum Flagship Projects.

In the European Quantum 
Flagship Project Quantum Inter­
net Alliance (QIA), Toptica is one 
of the partners that is working 
towards a quantum internet. Be­
sides, Toptica solves technological 
challenges for quantum simulation 
in the PASQuanS project, and de­
velops and provides laser systems 
tailored for gate­based quantum 
computing (Quantum Flagship 
project AQTION) and for optical 
clocks (Quantum Flagship project 
iqClock). In all four projects, laser 
systems with extreme specifications 
are the tools that allow for the pre­
paration, manipulation and read­
out of matter­based quantum sys­
tems with surgical precision (Fig. 3). 
Over the last decades, we have ap­
plied our understanding of the un­
derlying physics and have gained 
sufficient technological control of 
quantum systems to turn them in­
to practical tools. This is quantum 
technology 2.0!

Fig  . 3 Laser rack systems are essential to bring 
quantum technologies out of the lab and into appli-
cations. Because the required laser systems are as 
diverse as the quantum technologies themselves, 
Toptica provides a modular toolbox of laser systems 
with maximum wavelength coverage, control electro-
nics and frequency references. The system shown can 
be used to build a strontium optical lattice clock. 

The power of quantum tech­
nologies is based on three pillars: 
first, fundamental research, where 
the properties of quantum systems 
were discovered; second, clever 
people conceived protocols, turning 
these properties into applications; 
and third, groundbreaking tech­
nological achievements constantly 
shift the boundary between what 
can only be imagined and what can 
actually be implemented. I believe 
that the short­term expectations 
placed on quantum technologies 
disregard many of the technologi­
cal and conceptual challenges that 
lie ahead. But I am convinced that 
we have only started to understand 
what quantum technologies hold 
in store for us. The fascination for 
the subject is well­grounded. The 
open questions are which quantum 
technologies will make a difference 
to our everyday life – and when. I 
could not be more curious to find 
out.

              *
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