Key Components of Quantum
Technologies

Researchers at the University of Miinster (Germany) have now developed an interface
that couples light sources for single photons with nanophotonic networks. [35]

Researchers led by Delft University of Technology personnel have made two steps in the
conversion of quantum states between signals in the microwave and optical domains.

[34]

A scientist involved in expanding quantum communication to a network of users, is
continuing his work at the University of Bristol. [33]

In recent years, nanofabricated mechanical oscillators have emerged as a promising
platform for quantum information applications. [32]

Quantum communication, which ensures absolute data security, is one of the most
advanced branches of the "second quantum revolution”, [31]

Researchers at the University of Bristol's Quantum Engineering Technology Labs have
demonstrated a new type of silicon chip that can help building and testing quantum
computers and could find their way into your mobile phone to secure information. [30]

Theoretical physicists propose to use negative interference to control heat flow in
quantum devices. [29]

Particle physicists are studying ways to harness the power of the quantum realm to
further their research. [28]

A collaboration between the lab of Judy Cha, the Carol and Douglas Melamed Assistant
Professor of Mechanical Engineering & Materials Science, and IBM's Watson Research
Center could help make a potentially revolutionary technology more viable for
manufacturing. [27]

A fundamental barrier to scaling quantum computing machines is "qubit interference." In
new research published in Science Advances, engineers and physicists from Rigetti
Computing describe a breakthrough that can expand the size of practical quantum
processors by reducing interference. [26]

The search and manipulation of novel properties emerging from the quantum nature of
matter could lead to next-generation electronics and quantum computers. [25]


https://www.rigetti.com/
https://www.rigetti.com/

A research team from the Department of Energy's Lawrence Berkeley National Laboratory (Berkeley
Lab) has found the first evidence that a shaking motion in the structure of an atomically thin

(2-D) material possesses a naturally occurring circular rotation. [24]

Topological effects, such as those found in crystals whose surfaces conduct electricity
while their bulk does not, have been an exciting topic of physics research in recent years
and were the subject of the 2016 Nobel Prize in physics. [23]

A new technique developed by MIT researchers reveals the inner details of photonic
crystals, synthetic materials whose exotic optical properties are the subject of
widespread research. [22]

In experiments at SLAC, intense laser light (red) shining through a magnesium oxide
crystal excited the outermost “valence” electrons of oxygen atoms deep inside it. [21]

LCLS works like an extraordinary strobe light: Its ultrabright X-rays take snapshots of
materials with atomic resolution and capture motions as fast as a few femtoseconds, or
millionths of a billionth of a second. For comparison, one femtosecond is to a second
what seven minutes is to the age of the universe. [20]

A ‘nonlinear’ effect that seemingly turns materials transparent is seen for the first time
in X-rays at SLAC’s LCLS. [19]

Leiden physicists have manipulated light with large artificial atoms, so-called quantum
dots. Before, this has only been accomplished with actual atoms. It is an important step
toward light-based quantum technology. [18]

In a tiny quantum prison, electrons behave quite differently as compared to their
counterparts in free space. They can only occupy discrete energy levels, much like the
electrons in an atom - for this reason, such electron prisons are often called "artificial
atoms”, [17]

When two atoms are placed in a small chamber enclosed by mirrors, they can
simultaneously absorb a single photon. [16]

Optical quantum technologies are based on the interactions of atoms and photons at the
single-particle level, and so require sources of single photons that are highly
indistinguishable - that is, as identical as possible. Current single-photon sources using
semiconductor quantum dots inserted into photonic structures produce photons that are
ultrabright but have limited indistinguishability due to charge noise, which results in a
fluctuating electric field. [14]

A method to produce significant amounts of semiconducting nanoparticles for light-
emitting displays, sensors, solar panels and biomedical applications has gained
momentum with a demonstration by researchers at the Department of

Energy's Oak Ridge National Laboratory. [13]



A source of single photons that meets three important criteria for use in quantum-
information systems has been unveiled in China by an international team of physicists.
Based on a quantum dot, the device is an efficient source of photons that emerge as solo
particles that are indistinguishable from each other. The researchers are now trying to
use the source to create a quantum computer based on "boson sampling”. [11]

With the help of a semiconductor quantum dot, physicists at the University of Basel have
developed a new type of light source that emits single photons. For the first time, the
researchers have managed to create a stream of identical photons. [10]

Optical photons would be ideal carriers to transfer quantum information over large
distances. Researchers envisage a network where information is processed in certain
nodes and transferred between them via photons. [9]

While physicists are continually looking for ways to unify the theory of relativity, which
describes large-scale phenomena, with quantum theory, which describes small-scale
phenomena, computer scientists are searching for technologies to build the quantum
computer using Quantum Information.

In August 2013, the achievement of "fully deterministic” quantum teleportation, using a
hybrid technique, was reported. On 29 May 2014, scientists announced a reliable way of
transferring data by quantum teleportation. Quantum teleportation of data had been
done before but with highly unreliable methods.

The accelerating electrons explain not only the Maxwell Equations and the

Special Relativity, but the Heisenberg Uncertainty Relation, the Wave-Particle Duality
and the electron’s spin also, building the Bridge between the Classical and Quantum
Theories.

The Planck Distribution Law of the electromagnetic oscillators explains the
electron/proton mass rate and the Weak and Strong Interactions by the diffraction
patterns. The Weak Interaction changes the diffraction patterns by moving the electric
charge from one side to the other side of the diffraction pattern, which violates the CP
and Time reversal symmetry.

The diffraction patterns and the locality of the self-maintaining electromagnetic
potential explains also the Quantum Entanglement, giving it as a natural part of the
Relativistic Quantum Theory and making possible to build the Quantum Computer with
the help of Quantum Information.
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Preface
While physicists are continually looking for ways to unify the theory of relativity, which describes
large-scale phenomena, with quantum theory, which describes small-scale phenomena, computer
scientists are searching for technologies to build the quantum computer.

Australian engineers detect in real-time the quantum spin properties of a pair of atoms inside a
silicon chip, and disclose new method to perform quantum logic operations between two atoms.

5]

Quantum entanglement is a physical phenomenon that occurs when pairs or groups of particles are
generated or interact in ways such that the quantum state of each particle cannot be described
independently — instead, a quantum state may be given for the system as a whole. [4]

| think that we have a simple bridge between the classical and quantum mechanics by
understanding the Heisenberg Uncertainty Relations. It makes clear that the particles are not point
like but have a dx and dp uncertainty.

Physicists couple key components of quantum technologies

Quantum effects are genuinely found in the world of nanostructures and allow a wide variety of
new technological applications. For example, a quantum computer could in the future solve
problems, which conventional computers need a lot of time to handle. All over the world,
researchers are engaged in intensive work on the individual components of quantum
technologies—these include circuits that process information using single photons instead of
electricity, as well as light sources producing such individual quanta of light. Coupling these two
components to produce integrated quantum optical circuits on chips presents a particular
challenge.



Researchers at the University of Miinster (Germany) have now developed an interface that couples
light sources for single photons with nanophotonic networks. This interface consists of so-

called DhOtOﬂiC crvstals, i.e. nanostructured dielectric materials that can enhance a certain
wavelength range when light passes through. Such photonic crystals are used in many areas of
research, but they had not previously been optimized for this type of interface. The researchers
took particular care to achieve this feat in a way that allows for replicating the photonic crystals
straightforwardly by using established nanofabrication processes.

"Our work shows that it is not only in highly specialized laboratories and unique experiments that
complex quantum technologies can be produced," says physicist Dr. Carsten Schuck, an assistant
professor at Miinster University who headed the study together with Dr. Doris Reiter, likewise an
assistant professor, who works in the field of solid state theory. The results could help to make
guantum technologies scalable. The study has been published in the journal Advanced Quantum
Technologies.

Background and method:

As single photons obey the laws of quantum physics, researchers talk of quantum emitters with
respect to the light sources involved. For their study, the researchers considered quantum emitters
which are embedded in nanodiamonds and emit photons when they are stimulated by means of
electromagnetic fields. In order to produce the interfaces desired, the researchers' aim was to
develop optical structures tailored to the wavelength of the quantum emitters.

Cavities or holes in photonic crystals are well suited for trapping light in minute volumes and
getting it to interact with matter such as, in this case, nanodiamonds. Jan Olthaus, a Ph.D. student
in physics in Doris Reiter's junior research group, developed theoretical concepts and special
computer-assisted simulation techniques in order to compute the designs for these photonic
crystals.

The theoretically developed designs were produced by physicists in the junior research group
headed by Carsten Schuck at the Center for NanoTechnology and the Center for Soft Nanoscience
at Minster University. Ph.D. student Philipp Schrinner manufactured the crystals from a thin film of
silicon nitride. For this purpose, he used modern electron beam lithography and special etching
methods on the equipment at the Miinster Nanofabrication Facility and succeeded in producing
high-quality crystals directly on the base material of silicon dioxide.

In structuring the crystals, the researchers varied not only the size and the arrangement of the
cavities, but also the width of the waveguide on which the cavities were placed. The results
measured showed that photonic crystals which demonstrated a special variation in hole sizes were
best suited for the interfaces.

"Our collaboration—between theoretical and experimental physicists—is an ideal one for physics
research," says Doris Reiter. "This type of collaboration isn't always easy, as our respective methods
of working are often very different indeed—which is why we are all the more delighted that it
turned out so well in the case of our two junior research groups." "What's special about our work,"
adds Carsten Schuck, "is that our designs don't require any additional processing steps, because
they are compatible with established thin-film technology for integrated photonic circuits." This
cannot be taken for granted in the development of complex quantum technologies, because


https://phys.org/tags/photonic+crystals/

although researchers often succeed in producing an important, high-quality component as a one-
off, they are not able to produce multiple copies of the same component again.

The next steps for the researchers involve trying to position the quantum emitters, embedded in
the nanodiamonds, at certain spots on the photonic crystals—with the aim of putting the results of
the study into practice. To this end, the team headed by Carsten Schuck is already developing a
special nanofabrication technique which is able, for example, to place a diamond just 100-
nanometres in size with an accuracy of less than 50 nanometres. The team of theoretical physicists
led by Doris Reiter wants to extend the studies to other materials systems and more complex
geometries of photonic crystals and, for example, use elliptical holes instead of round ones. [35]

New horizons for connecting future quantum computers into a

quantum network

Researchers led by Delft University of Technology personnel have made two steps in the conversion
of quantum states between signals in the microwave and optical domains. This is of great interest
for connecting future superconducting quantum computers into a global quantum network. This
week they report on their findings in Nature Physics and in Physical Review Letters.

Conversion between signals in the microwave and optical domains is of great interest, particularly
for connecting future superconducting quantum computers into a global quantum network. Many
leading efforts in quantum technologies, including superconducting qubits and quantum dots, share
guantum information through photons in the microwave regime. While this allows for an
impressive degree of quantum control, it also limits the distance the information can realistically
travel before being lost to a mere few centimeters.

At the same time, the field of optical quantum communication has already seen demonstrations
over distance scales capable of providing real-world applications. By transmitting information in the
optical telecom band, fiber-based quantum networks over tens or even hundreds of kilometers can
be envisaged. "In order to connect several quantum computing nodes over large distances into a
guantum internet, it is therefore vital to be able to convert quantum information from the
microwave to the optical domain, and back," says Prof. Simon Groeblacher of Delft University of
Technology. "This will not only be extremely interesting for quantum applications, but also for

highly efficient, low-noise conversion between classical optical and electrical signals."

Ground state
Several promising approaches have been taken to realize a microwave to optics converter, for

instance by trying to couple the signals through a mechanical SYStem (oscillator). But
they have so far all operated with a substantial thermal noise background. "We have overcome this
limitation and demonstrated coherent conversion between GHz microwave signals and the optical
telecom band with minimal thermal background noise," Moritz Forsch, one of the two lead authors
on the publications, explains.
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To achieve this, it was necessary to cool the mechanical oscillator into the quantum ground state of
motion. The low thermal occupation forms the basis for quantum control over mechanical states.
Rob Stockill, the other lead author, continues: "We use an integrated, on-chip electro-opto-
mechanical device that couples surface acoustic waves driven by a resonant microwave signal to an
optomechanical crystal. We initialize the mechanical mode in its quantum ground state, which
allows us to perform the transduction process with minimal added thermal noise, while
maintaining that microwave photons mapped into the mechanical resonator are effectively
upconverted to the optical domain."

Piezoelectric materials

Groeblacher's team has recently made another step forward in this field, by focusing on the use of
novel piezoelectric materials. These materials, in which electrical fields are produced due to
mechanical stress, could be of great interest for the transduction of quantum information between
different carriers. The electromechanical coupling in principle allows for transduction of a quantum
state between the microwave and optical frequency domains in this material. A promising

approach is therefore to build integrated piezoelectric opto-mechanical devices, that
are then coupled to microwave circuits.

"We have designed and characterized such a piezoelectric optomechanical device fabricated from
gallium phosphide, in which a 2.9 GHz mechanical mode is coupled to a high quality factor optical
resonator in the telecom band. The large electronic bandgap and the resulting low optical
absorption of this new material, on par with devices fabricated from silicon, allows us to
demonstrate quantum behavior of the structure," says Prof. Groeblacher.

Next step

The device fabricated from gallium phosphide (GaP) far surpasses current achievements in GaAs or
other piezoelectric materials typically used in similar approaches. The next step for the researchers
is to build upon the successful operation of the GaP device in this parameter regime and further
investigate the use of this exciting material. Given the wide electronic bandgap and piezoelectric
properties of GaP, these research results open the door for novel quantum experiments as well as

the potential for using such devices for miCrowave-to—optics conversion of single photons.

The publication in Nature Physics was a collaboration between Delft University of Technology, the
University of Vienna, Eindhoven University of Technology and NIST.

The publication in Physical Review Letters was a collaboration between Delft University of
Technology, Université Paris-Sud, Université Paris-Saclay and Université de Paris. [34]

Networking goes quantum
A scientist involved in expanding quantum communication to a network of users, is continuing his
work at the University of Bristol.
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The enhanced cyber security offered by guantum communication has been historically limited to
two partner exchanges. Now, for the first time, scientists have connected multiple users
simultaneously on a quantum encrypted network without using trusted nodes.

Researchers from the Institute of Quantum Optics and Quantum Information (1Q0QI) of the
Austrian Academy of Sciences, together with a collaborator from the Austrian Institute of
Technology (AIT), report on the simple, seamless, cheap and secure network in the latest issue of
the journal Nature, published today.

Co-author of the paper Dr. Siddarth Joshi who recently moved to the University of Bristol and is
continuing to develop guantum networks in the Quantum Engineering Technology Labs, said: "We
created a very versatile quantum communication network where every user can talk to every other
user simultaneously.

"We plan to build even bigger networks with many more users, with the goal to create a versatile
foundation for building a quantum internet."

The Viennese team achieved the long-awaited quantum network using a novel architecture based
on a new method of distributing a basic resource of quantum communication-entanglement.

An entangled system is one which is interconnected to such a degree that the individual parts can't
be fully described in isolation.

Entangled light particles, photons, are the fundamental resource used in quantum communication
to distribute a secure encryption key. The Viennese team's key innovation was in producing
photons such that only certain wavelengths entangle with each other.

Like a rainbow, the signal was split into different 'colours' and distributed cleverly between the
users, who then only required basic modules to connect to the single source of entanglement.

Dr. Joshi said: "By using quantum entanglement and standard passive telecommunication
techniques of wavelength-based multiplexing we were able to interconnect four users in a network
architecture that is scalable and requires minimal resources."

Unlike previous efforts to create such a network, this new scheme allows all users to
simultaneously communicate with all other users without using trusted nodes to relay the message.
With no complex steps to route the entanglement to different users, the network is versatile, cheap
and reliable.

The extension of point-to-point connections to networks represents an important step in the
direction of a "quantum internet" and the researchers argue that their four-user network can be
scaled to incorporate more connections.

Dr. Joshi said: "The number of users is limited by available wavelength channels and the desired
fully connected network topology. However, we are working on a new scheme that will allow even
more users to connect to the network.

"To achieve this, we plan on improving the scalability of the network presented in the Nature paper
by changing the way we multiplex to allocate communication channels to each user.
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"We aim to create a network that can support different types of users in different configurations
that can dynamically change depending on current network traffic. The network also requires
optimal routing, redundancy of paths and a degree of anonymity." [33]

Next step towards quantum network based on micromechanical beams
In recent years, nanofabricated mechanical oscillators have emerged as a promising platform for
guantum information applications. Quantum entanglement of engineered optomechanical
resonators would offer a compelling route toward scalable quantum networks. Researchers at the
TU Delft and the University of Vienna have now observed this entanglement and report their
findings in this week's edition of Nature.

Vibrations behave like waves, but quantum mechanics also predicts that wave motion consists of
tiny discrete packages of energy called phonons. In September 2017, the team of researchers at the
TU Delft and the University of Vienna demonstrated a new level of quantum control over these
vibrations using laser pulses. They created individual phonon excitations and confirmed their
fundamental particle aspect. The creation and verification of these single phonons was an
important step toward full optical quantum control of mechanical motion.

Now, they have taken an important next step by creating entanglement between two such
micromechanical resonators mediated by 'telecom' photons. Entanglement is famously known as
the "spooky action at a distance" between two objects that can only be described with quantum
theory.

"Entanglement is a crucial resource for quantum communication networks," says prof. Simon
Groblacher of the Kavli Institute of Nanoscience at TU Delft. "Particularly important is the ability to
distribute entanglement between remote quantum memories. Previous realizations have utilized
systems like atoms embedded in cavities, but here, we introduce a purely nanofabricated solid-
state platform in the form of chip-based microresonators — little silicon beams that simultaneously
confine light and vibrations. By extending the control of single mechanical quanta to multiple
devices, we demonstrate entanglement between such micromechanical devices on two chips that
are separated by 20 cm."

The devices used consist of micrometer-sized silicon beams. They are patterned in such a way that
their vibrations can be 'written' onto laser pulses traveling through them and vice versa. The
vibrating beams consist of 8 billion atoms each, are the size of a cell, and can therefore easily be
seen with a magnifying glass or microscope.

"Nanomachined optomechanical devices are a very promising platform for integrated quantum
information processing with phonons, as the parameters of the system, like optical conversion
wavelength and quantum memory times, can be freely tailored through the design. For example,
we deliberately chose the optical wavelength of the device to be in the telecommunication band,
which is typically used in the distribution of high-bandwidth internet. Thereby, we show that

guantum networks could be constructed using conventional fiber optics in combination with our
devices," says dr. Sungkun Hong from the University of Vienna.
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Another key advantage is that their devices can be integrated on a chip together with other solid-
state quantum systems. The authors, for instance, expect that their devices could potentially be
interfaced with superconducting quantum circuits and used as quantum "ethernet ports" that
transfer guantum information between the circuits and optical signals.

"The next step will be to build a network consisting of more beams and working over hundreds of
meters, maybe even several kilometers, getting us closer to realizing a system than can be used for
real quantum applications," says prof. Gréblacher. "We see no fundamental obstacles in taking
these steps in the next few years." [32]

Forging a quantum leap in quantum communication

Quantum communication, which ensures absolute data security, is one of the most advanced
branches of the "second quantum revolution". In quantum communication, the participating
parties can detect any attempt at eavesdropping by resorting to the fundamental principle of
guantum mechanics - a measurement affects the measured quantity. Thus, the mere existence of
an eavesdropper can be detected by identifying the traces that his measurements of the
communication channel leave behind.

The major drawback of guantum communication today is the slow speed of data transfer, which is
limited by the speed at which the parties can perform quantum measurements.

Researchers at Bar-llan University have devised a method that overcomes this "speed limit", and
enables an increase in the rate of data transfer by more than 5 orders of magnitude! Their findings
were published today in the journal Nature Communications.

Homodyne detection is a cornerstone of quantum optics, acting as a fundamental tool for
processing guantum information. However, the standard homodyne method suffers from a strong
bandwidth limitation. While quantum optical phenomena, exploited for quantum communication,
can easily span a bandwidth of many THz, the standard processing methods of this information are
inherently limited to the electronically accessible MHz-to-GHz range, leaving a dramatic gap
between the relevant optical phenomena that is used for carrying the quantum information, and
the capability to measure it. Thus, the rate at which quantum information can be processed is
strongly limited.

In their work, the researchers replace the electrical nonlinearity that serves as the heart of
homodyne detection, which transforms the optical quantum information into a classical electrical
signal, with a direct optical nonlinearity, transforming the quantum information into a classical
optical signal. Thus, the output signal of the measurement remains in the optical regime, and
preserves the enormous bandwidth optical phenomena offers.

"We offer a direct optical measurement that conserves the information bandwidth, instead of an
electrical measurement that compromises the bandwidth of the quantum optical information,"
says Dr. Yaakov Shaked, who conducted the research during his Ph.D. studies in the lab of Prof. Avi
Pe'er. To demonstrate this idea, the researchers perform a simultaneous measurement of an ultra-
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broadband quantum optical state, spanning 55THz, presenting non-classical behavior across the
entire spectrum. Such a measurement, using standard method, would be practically impossible.

The research was accomplished through a collaboration between the Quantum Optics Labs of Prof.
Avi Pe'er and Prof. Michael Rosenbluh, together with Yoad Michael, Dr. Rafi Z. Vered and Leon Bello
at the Department of Physics and Institute for Nanotechnology and Advanced Materials at Bar-llan
University.

This new form of quantum measurement is relevant also to other branches of the "second quantum
revolution", such as quantum computing with super powers, quantum sensing with super
sensitivity, and quantum imaging with super resolution. [31]

New silicon chip for helping build quantum computers and securing

our information

Researchers at the University of Bristol's Quantum Engineering Technology Labs have
demonstrated a new type of silicon chip that can help building and testing quantum computers and
could find their way into your mobile phone to secure information.

Scientific effort worldwide is focused on attempting to use silicon photonics to

realise quantum technologies, such as super-secure communications, quantum super computers
and new ways build increased sensitivity sensors. Silicon photonic chips process information made
of light using an area millions of times smaller than if you were to try make the equivalent device
using individual lenses, mirrors and other optics.

Now, researchers at the University of Bristol have made a breakthrough for silicon quantum
photonics—they have developed new type of on-chip detector capable of measuring quantum
mechanical behavior within the integrated chip architecture. This is a new tool for making sure
silicon photonic processors work the way they are designed and can themselves be used for other
tasks, such as generating random numbers for cryptography, vital for the security industry, and as
an important part of new types of optical sensor.

PhD student Giacomo Ferranti explained, "The great thing about the detector is that it works at
room temperature. A lot of single photon detection requires cryogenics at ~4 Kelvin" (minus 270
degrees centigrade).

"While those cold detectors have their own amazing benefits, they are currently expensive and
require large cryogenic fridges. Our detector is both small enough to sit on a human hair and can
work in normal room temperature conditions."

One of the key applications that the detector has already been used for by the researchers is to
generate random numbers.

"The ability to generate truly random numbers with a machine, without any bias, is actually a very
difficult task" explains Francesco Raffaelli, another PhD student responsible for the project.
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"Random numbers have all sorts of applications, but the one that interests me the most is its use
for cryptography and quantum cryptography. One day soon, | imagine these devices will be
routinely part of the micro-processor on your desktop PC and in your mobile phone to keep them
secure." [30]

Interference as a new method for cooling quantum devices
Theoretical physicists propose to use negative interference to control heat flow in quantum
devices. Their study has been published in Physical Review Letters.

Quantum computer parts are sensitive and need to be cooled to very low temperatures. Their size
makes them particularly susceptible to temperature increases from the thermal noise in the
surrounding environment and that caused by other components nearby. Dr Shabir Barzanjeh, a
postdoc at the Institute of Science and Technology Austria (IST Austria), together with Dr André
Xuereb from the University of Malta and Matteo Aquilina from the National Aerospace Centre in
Malta has proposed a novel method to keep quantum devices cool. Their theoretical approach
relies on quantum interference.

Normally, if a hotter object is placed next to a cooler one, the heat can only flow from the hotter
object to the cooler one. Therefore, cooling an object that is already cooler than its surroundings
requires energy. A new method for cooling down the elements of quantum devices such as qubits,
the tiny building blocks of quantum computers, was now theoretically proven to work by a group of
physicists.

"Essentially, the device we are proposing works like a fridge. But here, we are using a quantum
mechanical principle to realize it," explains Shabir Barzanjeh, the lead author of the study and
postdoc in the research group of Professor Johannes Fink. In their paper, they studied how thermal
noise flows through quantum devices and they devised a method that can prevent the heat flow
to warm up the sensitive quantum device. They used a heat sink connected to both devices,
showing that it is possible to control its heat flow such that it cancels the heat coming from the

warm object directly to the cool one via special guantum interference.

"So far, researchers have focused on controlling the signal, but here, we study the noise. This is
quite different, because a signal is coherent, and the noise isn't." Concerning the practical
implementation of the mechanism that adds the phase shift to the thermal noise, Shabir Barzanjeh
has some ideas, including a mechanical object that vibrates, or radiation pressure to control the
oscillation. "Now it is the time for experimentalists to verify the theory," he says. [29]

Learning to speak quantum
In a 1981 lecture, the famed physicist Richard Feynman wondered if a computer could ever
simulate the entire universe. The difficulty with this task is that, on the smallest scales, the universe
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operates under strange rules: Particles can be here and there at the same time; objects separated
by immense distances can influence each other instantaneously; the simple act of observing can
change the outcome of reality.

“Nature isn’t classical, dammit,” Feynman told his audience, “and if you want to make a simulation
of nature, you’d better make it quantum mechanical.”

Quantum computers

Feynman was imagining a quantum computer, a computer with bits that acted like the particles of
the quantum world. Today, nearly 40 years later, such computers are starting to become a reality,
and they pose a unique opportunity for particle physicists.

“The systems that we deal with in particle physics are intrinsically guantum mechanical systems,”
says Panagiotis Spentzouris, head of Fermilab’s Scientific Computing Division. “Classical computers
cannot simulate large entangled quantum systems. You have plenty of problems that we would like
to be able to solve accurately without making approximations that we hope we will be able to do
on the quantum computer.”

Quantum computers allow for a more realistic representation of quantum processes. They take
advantage of a phenomenon known as superposition, in which a particle such as an electron exists
in a probabilistic state spread across multiple locations at once.

Unlike a classical computer bit, which can be either on or off, a quantum bit—or qubit—can be on,
off, or a superposition of both on and off, allowing for computations to be performed
simultaneously instead of sequentially.

This not only speeds up computations; it makes currently impossible ones possible. A problem that
could effectively trap a normal computer in an infinite loop, testing possibility after possibility,
could be solved almost instantaneously by a quantum computer. This processing speed could be
key for particle physicists, who wade through enormous amounts of data generated by detectors.

In the first demonstration of this potential, a team at CalTech recently used a type of quantum
computer called a quantum annealer to “rediscover” the Higgs boson, the particle that, according
to the Standard Model of particle physics, gives mass to every other fundamental particle.

Scientists originally discovered the Higgs boson in 2012 using particle detectors at the Large Hadron
Collider at CERN research center in Europe. They created Higgs bosons by converting the energy of
particle collisions temporarily into matter. Those temporary Higgs bosons quickly decayed,
converting their energy into other, more common particles, which the detectors were able to
measure.

Scientists identified the mass of the Higgs boson by adding up the masses of those less massive
particles, the decay products. But to do so, they needed to pick out which of those particles came
from the decay of Higgs bosons, and which ones came from something else. To a detector, a Higgs
boson decay can look remarkably similar to other, much more common decays.



LHC scientists trained a machine learning algorithm to find the Higgs signal against the decay
background—the needle in the haystack. This training process required a huge amount of
simulated data.

Physicist Maria Spiropulu, who was on the team that discovered the Higgs the first time around,
wanted to see if she could improve the process with quantum computing. The group she leads at
CalTech used a quantum computer from a company called D-Wave to train a similar machine
learning algorithm. They found that the quantum computer trained the machine learning algorithm
on a significantly smaller amount of data than the classical method required. In theory, this would
give the algorithm a head start, like giving someone looking for the needle in the haystack expert
training in spotting the glint of metal before turning their eyes to the hay.

“The machine cannot learn easily,” Spiropulu says. “It needs huge, huge data. In the quantum
annealer, we have a hint that it can learn with small data, and if you learn with small data you can
use it as initial conditions later.”

Some scientists say it may take a decade or more to get to the point of using quantum computers
regularly in particle physics, but until then they will continue to make advances to enhance their
research.

Quantum sensors
Quantum mechanics is also disrupting another technology used in particle physics: the sensor, the
part of a particle detector that picks up the energy from a particle interaction.

In the quantum world, energy is discrete. The noun quantum means “a specific amount” and is used
in physics to mean “the smallest quantity of energy.” Classical sensors generally do not make
precise enough measurements to pick up individual quanta of energy, but a new type of quantum
sensor can.

“A quantum sensor is one that is able to sense these individual packets of energy as they arrive,”
says Aaron Chou, a scientist at Fermilab. “A non-quantum sensor would not be able to resolve the
individual arrivals of each of these little packets of energy, but would instead measure a total flow
of the stuff.”

Chou is taking advantage of these quantum sensors to probe the nature of dark matter. Using
technology originally developed for quantum computers, Chou and his team are building
ultrasensitive detectors for a type of theorized dark matter particle known as an axion.

“We're taking one of the qubit designs that was previously created for quantum computing and
we’re trying to use those to sense the presence of photons that came from the dark matter,” Chou