Quantum Detector Sensitivity

One of the open questions in quantum research is how heat and thermodynamics coexist
with quantum physics. [39]

But one lesser-known field is also starting to reap the benefits of the quantum realm—
medicine. [38]

A quantum squeezing and amplification technique has been used to measure the position
of a trapped ion to subatomic precision. [37]

A new theoretical model involves squeezing light to just the right amount to accurately
transmit information using subatomic particles. [36]

The standard approach to building a quantum computer with majoranas as building
blocks is to convert them into qubits. However, a promising application of quantum
computing—quantum chemistry—would require these qubits to be converted again into
so-called fermions. [35]

Scientists have shown how an optical chip can simulate the motion of atoms within
molecules at the quantum level, which could lead to better ways of creating chemicals for
use as pharmaceuticals. [34]

Chinese scientists Xianmin Jin and his colleagues from Shanghai Jiao Tong University
have successfully fabricated the largest-scaled quantum chip and demonstrated the first
two-dimensional quantum walks of single photons in real spatial space, which may
provide a powerful platform to boost analog quantum computing for quantum
supremacy. [33]

To address this technology gap, a team of engineers from the National University of
Singapore (NUS) has developed an innovative microchip, named BATLESS, that can
continue to operate even when the battery runs out of energy. [32]

Stanford researchers have developed a water-based battery that could provide a cheap
way to store wind or solar energy generated when the sun is shining and wind is blowing
so it can be fed back into the electric grid and be redistributed when demand is high. [31]

Researchers at AMOLF and the University of Texas have circumvented this problem with
a vibrating glass ring that interacts with light. They thus created a microscale circulator
that directionally routes light on an optical chip without using magnets. [30]
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Researchers have discovered three distinct variants of magnetic domain walls in the
helimagnet iron germanium (FeGe). [29]

Magnetic materials that form helical structures—coiled shapes comparable to a spiral
staircase or the double helix strands of a DNA molecule—occasionally exhibit exotic
behavior that could improve information processing in hard drives and other digital
devices. [28]

In a new study, researchers have designed "invisible" magnetic sensors—sensors that are
magnetically invisible so that they can still detect but do not distort the surrounding
magnetic fields. [27]

At Carnegie Mellon University, Materials Science and Engineering Professor Mike
McHenry and his research group are developing metal amorphous

nanocomposite materials (MANC), or magnetic materials whose nanocrystals have been
grown out of an amorphous matrix to create a two phase magnetic material that exploits
both the attractive magnetic inductions of the nanocrystals and the large electrical
resistance of a metallic glass. [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]

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]


https://phys.org/tags/materials/

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.

How sensitive can a quantum detector be?

Quantum physics is moving out of the laboratory and into everyday life. Despite headline results
about quantum computers solving problems impossible for classical computers, technical
challenges are standing in the way of getting quantum physics into the real world. New research
published in Nature Communications from teams at Aalto University and Lund University could
provide an important tool in this quest.

One of the open questions in guantum research is how heat and thermodynamics coexist

with guantum DhVSiCS. This research field of quantum thermodynamics is one of the areas
Professor Jukka Pekola, the leader of the QTF Centre of Excellence of the Academy of Finland, has
worked on in his career. "This field has been dominated by theory, and only now are important

experiments are starting to emerge," says Professor Pekola. His research group has set about
creating quantum thermodynamic nanodevices that can solve open questions experimentally.
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Quantum states, like those governing the qubits that power quantum computers, interact with
their surrounding world, and these interactions are what quantum thermodynamics deals with.
Measuring these systems requires the detection of energy changes so exceptionally small they are
hard to pick out from background fluctuations, like attempting to determine if a candle in a room
has been blown out using only a thermometer. Another problem is that quantum states can change
when measured, simply because they have been measured. This is analogous to causing a cup of
water to boil by putting a thermometer in it. The team had to make a thermometer that was able
to measure very small changes without interfering with any of the quantum states they plan to
measure.

Doctoral student Bayan Karimi works in QTF and Marie Curie training network QUESTech. Her
device is a calorimeter, which measures the heat in a system. It uses a strip of copper about 1000
times thinner than a human hair. "Our detector absorbs radiation from the quantum states. It is
expected to determine how much energy they have, and how they interact with their surroundings.
There is a theoretical limit to how accurate a calorimeter can be, and our device is now reaching
that limit," says Karimi. [39]

How quantum technology could revolutionise the detection and
treatment of diseases

When you hear the word 'quantum," you may imagine physicists working on a new ground breaking
theory. Or perhaps you've read about quantum computers and how they might change the world.
But one lesser-known field is also starting to reap the benefits of the quantum realm—medicine.

As part of the EU's Quantum Technologies Flagship program, a number

of guantumtechnologies are being developed in Europe to transform a variety of fields.
Medicine in particular looks set to gain, with several projects now underway to see how we could

improve medical imaging or detect certain diseases more easily.

One of those projects is macQsimaI, which is using small devices known as guantum

SENSOIS to revolutionise several areas—quantum-enabled atomic clocks, gyroscopes,
magnetometers, and more precise electromagnetic radiation and gas concentration
measurements. The project, which began in October 2018, hopes to bring their ideas to market as
some of the first quantum-enabled technologies.

"The goal is to put products as prototypes on the market," said Dr. Jacques Haesler from the Swiss
Centre for Electronics and Microtechnology (CSEM), the project coordinator for macQsimal. "At the
end, (we want to) be able to take further steps then commercialise these devices. But we also have

to think about the next generation of quantum SENSOI'S, which will use more fancy quantum
effects like entanglement or the superposition of states."

Quantum sensors
A quantum sensor is essentially a very small device, perhaps the size of a sugar cube, that can make
very precise measurements using the known strangeness of the quantum world. Here, particles are


https://ec.europa.eu/digital-single-market/en/quantum-technologies
https://phys.org/tags/quantum/
https://phys.org/tags/medical+imaging/
https://cordis.europa.eu/project/rcn/217983/factsheet/en
https://phys.org/tags/quantum+sensors/
https://phys.org/tags/quantum+sensors/
https://phys.org/tags/sensors/

linked as one over great distances, known as entanglement, or even appear in two places at once,
known as superposition.

This could be particularly useful in things like brain imaging. Currently, Magnetoencephalography
(MEG) scanners rely on bulky equipment that must be cooled by liquid nitrogen or Iiguid

helium. As a result, the machines are not only large, but they cannot go near a person's skull to
measure brain activity—instead measuring from afar with the help of sensors.

"The goal is to replace these instruments with a kind of helmet on which you could put all the
sensors, which you can put on the skull, so you can improve the accuracy of the measurement,"
said Dr. Haesler. "You can then make a helmet with hundreds of sensors. So then you can measure
at hundreds of different points on the skull where the magnetic field is coming from."

The macQsimal project hopes to prove this can work using the magnetometers it is developing. By
drastically shrinking the size of the equipment, it could be possible to much more easily detect
diseases in a person's brain. The hope is that within five years, the technology they are developing
could be used commercially.

There may be other benefits as well, such as cardiac imaging—taking images of the heart to check
for diseases—which could benefit greatly from these smaller and more accurate sensors, and drug
discovery too—finding new drugs to address certain diseases. "Most probably there are much more

applications in the medical field," added Dr. Haesler.

New quantum sensors will use more sophisticated quantum effects like entanglement. Credit:

Fraunhofer Institute for Applied Solid State Physics

Hyperpolarisation
By investigating a quantum technique called hyperpolarisation, other researchers want to see if
MRI scanners can be made to be much more sensitive and accurate than they are now. This is the

aim of a project called MetaboIiQS project, also started in October 2018.
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"We are basically trying to make MRI maybe a factor of 10,000 more sensitive," said Dr. Christoph
Nebel from the Fraunhofer Institute for Applied Solid State Physics in Germany, the project
coordinator. "Using the hyperpolarisation of biomolecules, which are injected, these molecules are
tuned to accumulate in certain tissue. And if they accumulate, the MRI can easier detect what's
going on."

Hyperpolarised MRI involves taking images by looking at the minute physics of cells and molecules
to see what's going on inside our body. This is done by using selective biomarker molecules, which
at the moment need to be cooled to -270°C and then warmed up to body temperature. This
process not only takes a long time—at least 30 minutes—it is also extremely costly.

But using quantum sensors made with diamonds, the MetaboliQS team think they can conduct the
whole process with mild cooling or at room temperature with no cooling at all. This could allow MRI
machines to more easily observe time-sensitive effects in the body such as cancerous tissue, and
also take more detailed images.

"When you improve the images you see more details, you can distinguish between early stage
illness or later stage, or dead tissue," said Dr. Nebel. "To have better images means you make your
medical understanding much better."

This could open up new avenues for MRI scanners too, such as research into implants or
understanding how illnesses develop in the human body. And if successful, MRI imaging could be
one of the first health areas to benefit from quantum techniques as early as 2020.
"Hyperpolarisation is definitely something which may be the first real (medical) application of
guantum technology," said Dr. Nebel.

Health conditions

If these projects are successful, the range of conditions they could address are vast. Dr. Haesler
notes that dementia and Alzheimer's could both be diagnosed more easily with the help of more
accurate MRI scanners. And heart and brain imaging would benefit, allowing for other issues to be
seen with finer detail.

"With these quantum sensors we are currently developing, you can detect new neuron activity
quite nicely," said Dr. Nebel. "We can basically investigate very small molecules, biosystems. This is
basically MRI on a nanoscale."

The next steps now will be bringing these products to market, and proving they can be
commercialised. And with the help of the EU's quantum flagship program, it's hoped that
technologies like these could be the start of an exciting new quantum era that has a direct impact
on our lives.

And that's not just within the realms of medicine. The program is also looking at ways to develop

better atomic cloCKS and other devices that could improve, for example, how we use our

mobile phone networks. But it is the medical applications that will likely arrive first, with vital
implications for our health.
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"In five years, we think that the atomic clock and the magnetometer should enter the market," said
Dr. Haesler. "We are also working on the second generation of sensors, which are more sensitive,
and may enter the market in 15 to 20 years." [38]

Tiny motion is measured by quantum squeezing and amplification
A quantum squeezing and amplification technique has been used to measure the position of a

trapped ion to subatomic precision. The method was developed by Shaun Burd and colleagues
at the US’s National Institute of Standards and Technology (NIST) in Boulder, Colorado and could be
used to develop quantum sensors and quantum computers.

Heisenberg’s uncertainty principle puts a fundamental restriction on how precise a measurement
can be made on a quantum object such as a single ion. It requires that the product of the
measurement uncertainties in the position and momentum of the ion must be larger than a specific
value. The only way to decrease the uncertainty in the position of the ion is to boost the
uncertainty in the momentum. This process is called squeezing because much like a balloon,
squeezing along one direction in position-momentum space creates a bulge in the other direction.

Squeezing is not a new idea and squeezed light is currently used by LIGO and Virgo to measure
extremely small changes in length that occur when gravitational waves pass through the detectors.

Caughtin a trap

In the NIST experiment, a magnesium ion is trapped using electric fields and then cooled to its
ground state by applying a sequence of laser and microwave pulses. Even in this ultracold and
confined environment, the uncertainty in the position of the ion (the extent of its “zero-point
oscillation” within the trap) is about 70 times the size of the ion itself.

Making a more precise measurement of the position of the ion requires squeezing, which is done by
oscillating one of the trapping fields at twice the oscillation frequency of the ion. This has the effect
of amplifying the uncertainty in the momentum of the ion whilst shrinking the uncertainty in
position.

The team then apply an oscillating “test” field that displaces the position of the ion within the trap.
Next, a third oscillating field that is 180° out of phase with the initial squeezing field is applied. This
“unsqueezes” the ion and amplifies the displacement caused by the test field. Finally, the amplified
displacement is measured by shining light on the ion and observing its fluorescence.

Repeat for smaller displacements

The result is that the measurement is about 7.3 times more sensitive to small displacements of the
ion compared to when squeezing and amplification are not implemented. This allowed the team to
measure ion displacements of just 50 pm, which is about 10% of the diameter of a hydrogen atom.
Even smaller displacements can be measured by repeating the process several times.


https://www.nist.gov/people/shaun-burd

Monitoring the displacement of a trapped ion provides a very sensitive way of measuring
acceleration and external fields so the technique could find use in quantum sensors. With further
improvements, such sensors could be used to study the effects of gravity on quantum objects.

Squeezed light plays a quantum drum

Trapped ions also function as qubits in quantum computers and the squeezing and amplification
process could be used to transmit quantum information between ions.

Another possible application is photon recoil spectroscopy, which involves measuring the tiny
change in momentum that occurs when an ion absorbs a photon. Such studies could reveal that
fundamental constants vary over space or time — thereby pointing to new physics beyond the
Standard Model.

The research is described in Science. [37]
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The right squeeze for quantum computing

A new theoretical model involves squeezing light to just the right amount to accurately transmit
information using subatomic particles. Scientists at Hokkaido University and Kyoto University report
that this theoretical approach to quantum computing is 10 billion times more tolerant to errors
than current theoretical models. Their method has application in quantum computers that use the
diverse properties of subatomic particles to transmit, process and store extremely large amounts of
complex information, enabling the modeling of complex chemical processes far better and faster
than modern computers.

Computers currently store data by coding it into "bits." A bit can exist in one of two states: zero and
one. Scientists have been investigating ways to employ subatomic particles, called "quantum
bits," which can exist in more than two states, for the storage and processing of much vaster
amounts of information. Quantum bits are the building blocks of quantum computers.

One such approach involves using the inherent properties in photons of light, encoding information
as quantum bits into a light beam by digitizing patterns of the electromagnetic field. But the
encoded information can be lost from light waves during quantum computation, leading to an
accumulation of errors. To reduce information loss, scientists have been experimenting with

"squeezing" light. Squeezing is a process that removes tiny quantum-level fluctuations, referred to
as noise, from an electromagnetic field. Noise introduces a certain level of uncertainty into the
amplitude and phase of the electromagnetic field. Squeezing is thus an efficient tool for the optical
implementation of quantum computers, but the current usage is inadequate.

In a paper published in the journal Physical Review X, Akihisa Tomita, an applied physicist at
Hokkaido University, and his colleagues suggested a novel way to dramatically reduce errors when
using this approach. They developed a theoretical model that uses both the properties of quantum
bits and the modes of the electromagnetic field in which they exist. The approach involves
squeezing light by removing error-prone quantum bits, when quantum bits cluster together.

This model is 10 billion times more tolerant to errors than current experimental methods, meaning
that it tolerates up to one error every 10,000 calculations. "The approach is achievable using
currently available technologies, and could further advance developments in quantum

computing research," says Akihisa Tomita of Hokkaido University. [36]

New quantum computer design to predict molecule properties

The standard approach to building a quantum computer with majoranas as building blocks is to
convert them into qubits. However, a promising application of quantum computing—quantum
chemistry—would require these qubits to be converted again into so-called fermions. Physicists
from Leiden and Delft propose to turn majoranas directly into fermions, making computations
more efficient. Their research was published in Physical Review Letters.
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Everything in the universe is either matter or energy. Energy consists of only one type of particle:
bosons. Matter consists of the other fundamental particle type, fermions. One of the major
guestions in science is how to predict the properties of matter on the molecular level. Because
molecules are governed by guantum mechanics, this field is called quantum chemistry. Efficient
simulation of quantum chemistry is a task beyond the reach of classical computers, with quantum
computers being a promising alternative. However, the standard equivalent for bits in quantum
computing are qubits, which are bosons. Trying to simulate fermions (matter) using bosons (qubits)
is inefficient, because of the differences between these particle types.

An exotic proposal for building qubits relies on using so-called Majorana zero modes. These are
useful for quantum computation because of their intrinsic robustness against noise. Quantum
computation with majoranas previously relied on combining four or six majoranas into a

single qubit. But you don't necessarily have to make majoranas into qubits, as originally they are
neither fermions nor bosons.

Leiden physicist Tom O'Brien and Piotr Rozek and Anton Akhmerov from Delft have now devised a
method to solve guantum chemistry problems by converting majoranas directly into fermions.
This approach is a win-win situation. On the one hand, their new scheme requires using fewer
majoranas to simulate the same molecule, since you only need two majoranas to make a fermion
instead of four or six for a qubit. On the other hand, the proposal avoids the complication of using
bosons (qubits) to simulate fermions (matter), and therefore uses a simpler and more direct
algorithm. [35]

Scientists use a photonic quantum simulator to make virtual movies of
molecules vibrating

Scientists have shown how an optical chip can simulate the motion of atoms within molecules at
the quantum level, which could lead to better ways of creating chemicals for use as
pharmaceuticals.

An optical chip uses light to process information, instead of electricity, and can operate as
a guantum computing circuit when using single particles of light, known as photons. Data from the

chip allows a frame-by-frame reconstruction of atomic motions to create a virtual movie of a
molecule's quantum vibrations, which is what lies at the heart of the research published today
in Nature.

These findings are the result of a collaboration between researchers at the University of Bristol,
MIT, IUPUI, Nokia Bell Labs, and NTT. As well as paving the way for more efficient pharmaceutical
developments, the research could prompt new methods of molecular modelling for industrial
chemists.

When lasers were invented in the 1960s, experimental chemists had the idea of using them to
break apart molecules. However, the vibrations within molecules rapidly redistribute the laser
energy before the intended molecular bond is broken. Controlling the behaviour of molecules
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requires an understanding of how they vibrate at the quantum level. But modelling these dynamics
requires massive computational power, beyond what we can expect from coming generations of
supercomputers.

The Quantum Engineering and Technology Labs at Bristol have pioneered the use of optical chips,
controlling single photons of light, as basic circuitry for guantum computers. Quantum computers
are expected to be exponentially faster than conventional supercomputers at solving certain
problems. Yet constructing a quantum computer is a highly challenging long-term goal.

As reported in Nature, the team demonstrated a new route to molecular modelling that could
become an early application of photonic quantum technologies. The new methods exploit a
similarity between the vibrations of atoms in molecules and photons of light in optical chips.

Bristol physicist Dr. Anthony Laing, who led the project, explained: "We can think of the atoms in
molecules as being connected by springs. Across the whole molecule, the connected atoms will
collectively vibrate, like a complicated dance routine. At a quantum level, the energy of the dance
goes up or down in well-defined levels, as if the beat of the music has moved up or down a notch.
Each notch represents a quantum of vibration.
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Dr Laing's laboratory where the experiments were performed. Single photons of light are generated
using a powerful Ti-Sapphire laser, to pump a series of nonlinear crystals, operated by Ph.D.
student and co-author Nicola Maraviglia (left). ...more

"Light also comes in quantised packets called photons. Mathematically, a quantum of light is like a
guantum of molecular vibration. Using integrated chips, we can control the behaviour of photons
very precisely. We can program a photonic chip to mimic the vibrations of a molecule.

"We program the chip, mapping its components to the structure of a particular molecule, say
ammonia, then simulate how a particular vibrational pattern evolves over some time interval. By
taking many time intervals, we essentially build up a movie of the molecular dynamics."

First author Dr. Chris Sparrow, who was a student on the project, spoke of the simulator's
versatility: "The chip can be reprogrammed in a few seconds to simulate different molecules. In
these experiments we simulated the dynamics of ammonia and a type of formaldehyde, and other
more exotic molecules. We simulated a water molecule reaching thermal equilibrium with its
environment, and energy transport in a protein fragment.

"In this type of simulation, because time is a controllable parameter, we can immediately jump to
the most interesting points of the movie. Or play the simulation in slow motion. We can even
rewind the simulation to understand the origins of a particular vibrational pattern."

Joint first author, Dr. Enrique Martin-Lopéz, now a Senior Researcher with Nokia Bell Labs, added:
"We were also able to show how a machine learning algorithm can identify the type of vibration
that best breaks apart an ammonia molecule. A key feature of the photonic simulator that enables
this is its tracking of energy moving through the molecule, from one localised vibration to another.
Developing these quantum simulation techniques further has clear industrial relevance."

The photonic chip used in the experiments was fabricated by Japanese Telecoms company NTT.

Dr. Laing explained the main directions for the future of the research: "Scaling up the simulators to
a size where they can provide an advantage over conventional computing methods will likely
require error correction or error mitigation techniques. And we want to further develop the
sophistication of molecular model that we use as the program for the simulator. Part of this study
was to demonstrate techniques that go beyond the standard harmonic approximation of molecular
dynamics. We need to push these methods to increase the real-world accuracy of our models.

"This approach to quantum simulation uses analogies between photonics and molecular vibrations
as a starting point. This gives us a head start in being able to implement interesting simulations.
Building on this, we hope that we can realise guantum simulation and modelling tools that provide
a practical advantage in the coming years." [34]
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Largest-ever 3-D quantum chip for boosting analog quantum
computing

Chinese scientists Xianmin Jin and his colleagues from Shanghai Jiao Tong University have
successfully fabricated the largest-scaled quantum chip and demonstrated the first two-
dimensional quantum walks of single photons in real spatial space, which may provide a powerful
platform to boost analog quantum computing for quantum supremacy.

Since early last year, IBM, Google, Intel and rivals have competed to set new records on the
achieved number of qubits in quantum computer development. However, universal quantum
computers are far from feasible until error correction and full connections between the increasing
number of qubits can be realized. In contrast, analog quantum computers, or quantum simulators,
can be built in a straightforward way to solve practical problems directly without error correction,
and potentially beat the computational power of classical computers in the near future.

As a powerful and straightforward approach to analog guantum computing, the quantum walk in a
two-dimensional array maps certain computing tasks into the coupling matrix of the quantum
paths, and provides efficient solutions to even classically intractable problems. Prominent quantum
advantages are achievable as long as the scale of quantum systems goes above a considerably large
level. Xianmin Jin et al are now able to fabricate a three-dimensional photonic chip with a scale up
to 49x49 nodes using a technique called femtosecond direct writing. It is the largest-scaled chip
reported so far that allows for the realization of this two-dimensional quantum walk in real spatial
space, and allows researchers to explore many new quantum computing tasks.

This work demonstrates that the dimension and scale of quantum system can be employed as new
resources for boosting quantum computing power. During the past two decades, increasing the
photon number has posed a challenge, resulting in probabilistic generation of single photons and
multiplicative loss. This ingenious alternative method of increasing the external physics dimension
and complexity of the quantum evolution system may accelerate future

analog quantum computing. [33]

Engineers invent smart microchip that can self-start and operate when

battery runs out

The Internet of Things (loT), while still in its infancy, is shaping the future of many industries and
will also impact daily life in significant ways. One of the key challenges of moving loT devices from
concept to reality is to have long-lasting operation with tightly constrained energy sources, and
thus extreme power efficiency. 10T devices such as sensors are often deployed on a massive scale
and in places that are usually remote and difficult to service regularly, thus making their self-
sufficiency essential.

Currently, batteries in loT devices are much larger and up to three times more expensive than the
single chip they power. Their size is determined by the sensor node lifetime, which directly affects
how often they need to be changed. This has an important bearing on maintenance cost and
impact on the environment when batteries are disposed. To extend the overall lifetime,

the battery is usually recharged slowly by harvesting some limited power from the environment,
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such as using a solar cell. However, existing 10T devices cannot operate without battery, and small
batteries are fully discharged more frequently. Hence, battery miniaturisation often results in highly
discontinuous operation of loT devices, as they stop functioning every time the battery runs out of
energy.

To address this technology gap, a team of engineers from the National University of Singapore
(NUS) has developed an innovative microchip, named BATLESS, that can continue to operate even
when the battery runs out of energy. BATLESS is designed with a novel power management
technique that allows it to self-start and continue to function under dim light without any battery
assistance, using a very small on-chip solar cell. This research breakthrough substantially reduces
the size of batteries required to power loT sensor nodes, making them 10 times smaller and
cheaper to produce. The breakthrough has been presented at the International Solid-State Circuits
Conference (ISSCC) 2018 conference in San Francisco, the premier global forum for presenting
advances in solid-state circuits and systems-on-a-chip.

The leader of the NUS research team, Associate Professor Massimo Alioto at the NUS Faculty of
Engineering, said, "We have demonstrated that batteries used for IoT devices can be shrunk
substantially, as they do not always need to be available to maintain continuous operation. Tackling
this fundamental problem is a major advancement towards the ultimate vision of 10T sensor nodes
without the use of batteries, and will pave the way for a world with a trillion loT devices."

Battery indifference is the ability for lIoT devices to continue operations even when the battery is
exhausted. It is achieved by operating in two modes—minimum energy and minimum power. When
the battery energy is available, the chip runs in minimum-energy mode to maximise the battery
lifetime. However, when the battery is exhausted, the chip switches to the minimum-power mode
and operates with very low power consumption of about half a nano-Watt—this is about a billion
times lower than the power consumption of a smartphone during a phone call. Power can be
provided by a very small on-chip solar cell that is about half a square millimetre in area, or other
forms of energy available from the environment, such as vibration or heat.

The chip's ability to switch between minimum energy and minimum power mode translates into
aggressive miniaturisation of batteries from centimetres down to a few millimetres. The BATLESS
microchip enables the uncommon capability to uninterruptedly sense, process, capture and
timestamp events of interest, and for such valuable data to be wirelessly transmitted to the cloud
when the battery becomes available again. Despite being in minimum-power mode when battery is
not available, the reduced speed of the microchip is still adequate for numerous loT applications
that need to sense parameters that vary slowly in time, including temperature, humidity, light, and
pressure. Among many other applications, BATLESS is very well suited for smart buildings,
environmental monitoring, energy management, and adaptation of living spaces to occupants'
needs.

Assoc Prof Alioto added, "BATLESS is the first example of a new class of chips that are indifferent to
battery charge availability. In minimum-power mode, it uses 1,000 to 100,000 times less power,
compared to the best existing microcontrollers designed for fixed minimum-energy operation. At
the same time, our 16-bit microcontroller can also operate 100,000 times faster than others that
have been recently designed for fixed minimum-power operation. In short, the BATLESS microchip



covers a very wide range of possible energy, power, and speed trade-offs, as allowed by the
flexibility offered through the two different modes."

BATLESS is also equipped with a new power management technique that enables self-starting
operations while powered directly by the tiny on-chip solar cell, with no battery assistance. The
team demonstrated this at 50-lux indoor light intensity, which is equivalent to the dim light
available at twilight, and corresponds to nano-Watts of power. This makes BATLESS indifferent to
battery availability, addressing a previously unsolved challenge in battery-less chips.

The NUS Engineering team is now exploring new solutions to build complete battery-indifferent
systems that cover the entire signal chain from sensor to wireless communications, thus expanding
the current work on microcontrollers and power management. The research team aims to
demonstrate a solution that shrinks the battery to millimetre scale, with the long-term goal of
completely eliminating the need for it. This will be a major step toward the realisation of the loT
vision worldwide, and also make the planet greener and smarter. [32]

Researchers develop water-based battery to store solar and wind

energy

Stanford researchers have developed a water-based battery that could provide a cheap way to
store wind or solar energy generated when the sun is shining and wind is blowing so it can be fed
back into the electric grid and be redistributed when demand is high.

The prototype manganese-hydrogen battery, reported today in Nature Energy, stands just three
inches tall and generates a mere 20 milliwatt hours of electricity, which is on par with the energy
levels of LED flashlights one might hang a key ring.

Despite the prototype's diminutive output, the researchers are confident they can take this table-
top technology up to an industrial-grade system that could charge and recharge up to 10,000 times,
creating a grid-scale battery with a useful lifespan well in excess of a decade.

Yi Cui, a professor of materials science at Stanford and senior author on the paper, said manganese-
hydrogen battery technology could be one of the missing pieces in the nation's energy puzzle - a
way to store unpredictable wind or solar energy so as to lessen the need to burn reliable but
carbon-emitting fossil fuels when the renewable sources aren't available.

"What we've done is thrown a special salt into water, dropped in an electrode, and created a
reversible chemical reaction that stores electrons in the form of hydrogen gas," Cui said.

Clever chemistry

The team that dreamed up the concept and built the prototype was led by Wei Chen, a
postdoctoral scholar in Cui's lab. In essence the researchers coaxed a reversible electron-exchange
between water and manganese sulfate, a cheap, abundant industrial salt used to make dry cell
batteries, fertilizers, paper and other products.



To mimic how a wind or solar source might feed power into the battery, the researchers attached a
power source to the prototype. The electrons flowing in reacted with the manganese sulfate
dissolved in the water to leave particles of manganese dioxide clinging to the electrodes. Excess
electrons bubbled off as hydrogen gas thus storing that energy for future use. Engineers know how
to recreate electricity from the energy stored in hydrogen gas so the important next step was to

prove was that the water-based battery can be recharged.

The researchers did this by re-attaching their power source to the depleted prototype, this time
with the goal of inducing the manganese dioxide particles clinging to the electrode to combine with
water, replenishing the manganese sulfate salt. Once this salt was restored, incoming electrons
became surplus, and excess power could bubble off as hydrogen gas, in a process that can be
repeated again and again and again.

Cui estimated that, given the water-based battery's expected lifespan, it would cost a penny to
store enough electricity to power a 100 watt lightbulb for twelve hours.

"We believe this prototype technology will be able to meet Department of Energy (DOE) goals for
utility-scale electrical storage practical," Cui said.

The DOE has recommended batteries for grid-scale storage should store and then discharge at least
20 kilowatts of power over a period of an hour, be capable of at least 5,000 recharges, and have a
useful lifespan of 10 years or more. To make it practical such a battery system should cost $2,000 or
less, or $100 per kilowatt hour.

Former Department of Energy Secretary and Nobel laureate Steven Chu, now a professor at
Stanford, has a long-standing interest in encouraging technologies to help the nation transition to
renewable energy.

"While the precise materials and design still need development, this prototype demonstrates the
type of science and engineering that suggest new ways to achieve low-cost, long-lasting utility-scale
batteries," said Chu, who was not a member of research team.

Shifting away from carbon

According to DOE estimates, about 70 percent of U.S. electricity is generated by coal or natural gas
plants, which account for 40 percent of carbon dioxide emissions. Shifting to wind and solar
generation is one way to reduce those emissions but it creates new challenge involving the
variability of power supply. Most obviously, the sun only shines by day and, sometimes, the wind
doesn't blow.

But another less-well understood but import form of variability come from surges of demand on
the grid - that network of high-tension wires that distribute electricity over regions and ultimately
to homes. On a hot day, when people come home from work and crank up the air conditioning,
utilities must have load-balancing strategies to meet peak demand: some way to boost power
generation within minutes to avoid brownouts or blackouts that might otherwise bring down the
grid.

Today utilities often accomplish this by firing up on-demand or "dispatchable" power plants that
may lay idle much of the day, but can come online within minutes - producing quick energy but


https://techxplore.com/tags/manganese+dioxide/
https://techxplore.com/tags/hydrogen+gas/

boosting carbon emissions. Some utilities have developed short-term load balancing that does not
rely on fossil-fuel burning plants. The most common and cost effect such strategy is pumped
hydroelectric storage: using excess power to send water uphill, then letting it flow back down to
generate energy during peak demand. However, hydroelectric storage only works in regions with
the water and the space, so to make wind and solar more useful DOE has encouraged high capacity
batteries as an alternative.

High capacity, low cost

Cui said there are several types of rechargeable battery technologies on the market, but it isn't
clear which approaches will meet DOE requirements and prove their practicality to the utilities,
regulators and other stakeholders who maintain the nation's electrical grid.

For instance, Cui said rechargeable lithium ion batteries, which store the small amounts

of energy needed to run phones and laptops, are based on rare materials and are thus too pricey
to store power for a neighborhood or city. Cui said grid-scale storage requires a low-cost, high-
capacity, rechargeable battery and the manganese-hydrogen process seems promising.

"Other rechargeable battery technologies are easily more than 5 times of that cost over the life
time," Cui added.

Chen said novel chemistry, low cost materials and relative simplicity made the manganese-
hydrogen battery ideal for low-cost grid-scale deployment.

"The breakthrough we report in Nature Energy has the potential to meet DOE's grid-scale criteria,"
Chen said.

The prototype needs development work to prove itself. For one thing it uses platinum as a catalyst
to spur the crucial chemical reactions at the electrode that make the recharge process efficient, and
the cost of that component would be prohibitive for large-scale deployment. But Chen said the
team is already working on cheaper ways to coax the manganese sulfate and water to perform the
reversible electron exchange.

"We have identified catalysts that could bring us below the $100 per kilowatt hour DOE target," he
said.

The researchers reported doing 10,000 recharges of the prototypes, which is twice the DOE
requirements, but say it will be necessary to test the manganese-hydrogen battery under actual
electric grid storage conditions in order to truly assess its lifetime performance and cost.

Cui said he has sought to patent process through the Stanford Office of Technology Licensing, and
plans to form a company to commercialize the system.

Yi Cui is also a professor in the Photon Science Directorate at SLAC National Accelerator Laboratory,
and a Senior Fellow of the Precourt Institute for Energy, a member of Stanford Bio-X and the
Stanford Neurosciences Institute. Additional coauthors include Guodong Li, a visiting scholar in
materials science and engineering and now with the Chinese Academy of Sciences; postdoctoral
scholars Hongxia Wang, Jiayu Wan, Lei Liao, Guangxu Chen and Jiangyan Wang; visiting scholar Hao
Zhang; and graduate students Zheng Liang, Yuzhang Li and Allen Pei. [31]
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A microscopic roundabout for light—team develops a magnet-fre