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The National Physical Laboratory (NPL) is
one of the UK’s leading science and research
facilities. It is a world‑leading centre of
excellence in developing and applying
the most accurate standards, science and
technology available. NPL occupies a unique
position as the UK’s National Measurement
Institute and sits at the intersection between
scientific discovery and real world application.
Its expertise and original research have
underpinned quality of life, innovation and
competitiveness for UK citizens and business
for more than a century.

This is a three-day conference to discover state-of-the-art technologies in measurement, explore
industrial challenges and uncover the latest innovations for increased performance through a varied
programme and round tables sessions, an exhibition showcasing solutions and technical site visits.
The conference aims to explore the most recent developments in measurement techniques and their
application for industry; and realise the added value of measurement as a quality assurance function for
products and processes.
The themes of the conference are:
• Control of measurement, analysis and testing processes
• Physical and chemical measurements
• Regulation, legal metrology, international recognition
• New metrology and new sectors
www.metrologie2015.com
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Foreword

Foreword
Beth Taylor, Chair, UK National Committee for International Year of Light 2015

2015 has been
designated by the
General Assembly of
the United Nations
as the International
Year of Light (IYL).
2015 marks a
number of significant
anniversaries, from the publication
of early works on optics by Arabic
scholar Ibn Al-Haytham in 1015, to
the transmission of light in optical
fibres by Charles Kao in 1965.
IYL brings together a uniquely wide range
of different communities, from almost every
branch of science to art, culture and design,
reflecting the fundamental importance of light
in almost every aspect of our daily lives. For
each of these communities, light has a different
– but vitally important – meaning.

Light means prosperity and growth for
the photonics sector, which is already strong
in the UK, worth £10.5 billion to the economy,
employing over 70,000 people and growing at
almost 10% per year. IYL aims to highlight the
sector’s potential and the career opportunities
it offers.
Light means healing, as modern medicine

depends increasingly on light-based techniques
for diagnosis and therapy. IYL aims to engage
the public with advances in healthcare which
have been enabled by the use of light.

Light means power, whether in terms of

high-power lasers like Orion and Vulcan here
in the UK, or in terms of the power used – and
often wasted – in lighting our homes, streets
and workplaces. IYL aims to raise awareness
of laser-based research, and to encourage the
uptake of low-energy lighting and responsible
lighting design.

Light means a better future for over
one billion people in the developing world with
no access to grid electricity, for whom sunset
means darkness or the dim light of a kerosene
lamp. IYL aims to champion the distribution
of solar lanterns to widen access to light after
sunset, and transform millions of lives.
Of course, light also means metrology, offering
precision and practicality that are core to the
mission of NPL, and a perfect theme for this
issue during IYL 2015.

Light means beauty for those working
in the arts. IYL aims to support their efforts
through commissioning artworks, promoting
the light festivals network and publicising
artists working in light.
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NPL and the International
Year of Light
Sir Peter Knight FRS, Chair of the NPL Quantum Metrology Institute
The United Nations
has designated 2015
as the International
Year of Light (IYL),
and the National
Physical Laboratory
(NPL), where light
is a core part of
its activities in measurement
science, is participating in events
throughout the year. The proposal
to so designate 2015 came from the
President of the European Physical
Society, John Dudley, and the UK
(through the Institute of Physics) has
been an active participant from the
outset. The UK launch in January at
St James’s Palace brought together a
very broad range of supporters from
industry, the arts, academia and of
course NPL, a member of the UK IYL
planning group.
Light plays a central role in so many human
activities that it is often taken very much for
granted. Yet light is necessary for the existence
of life itself through the fundamental process
of photosynthesis. The way that organisms
harvest solar energy is a sophisticated process
that involves complex molecular and quantum
phenomena, ones that we are only beginning
to understand and emulate in photovoltaic
devices (an active area of NPL science). The
many applications of light have revolutionised
society through manufacturing (from
lithography through to laser-driven additive
manufacturing), medicine, communications,
entertainment and culture. Industries based on
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light are major economic drivers, and lightbased technologies directly address the needs
of mankind by providing access to information,
promoting sustainable development, and
improving health and wellbeing. Light is the
enabler of much of science and engineering
in the 21st century. Getting this article from
my study to NPL Teddington, for example, has
involved optical technologies pioneered in
the UK; using fibre optics, light emitting
diodes and lasers, fibre amplifiers and
detectors, all of which are key ingredients
of the modern internet.
The late 19th and early 20th centuries saw the
birth of the modern theory of light through the
work of Lord Rayleigh (an early proponent of
NPL), Planck and Einstein. Einstein’s discovery
of stimulated emission led eventually to the
invention and application of lasers from the
1950s to the present day. When I was a postdoc
in Stanford in the early 1970s, the office door
of Art Schawlow, the doyen of laser physics,
featured a science fiction cartoon entitled “The
Incredible Laser” but with an annotation from
Art saying “for Credible Lasers, See Inside!” NPL
has been investigating and exploiting credible
lasers since their first inception: from early work
on the speed of light with a complex frequency
chain taking measurements down from visible
lasers, through infrared devices down to the
microwave atomic frequency standard, through
to pioneering work on studying atmospheric
pollution with vehicle-borne lasers, and the
current large scale effort to use laser-cooled
atoms and ions for time standards and
quantum technology.
The widespread deployment of photonic
devices led to transformations in everyday life
with applications from driving the internet
and delivering entertainment on demand,
right through to opthalmic surgery. Repairing

NPL and the International Year of Light

detached retinas used to be a complex
process involving lengthy stays in hospital;
pulsed green lasers now enable ophthalmic
surgeons to reattach retinas and stitch tears in
minutes in out-patient clinics. The spectrum
of light from X-rays to infrared lasers provides
technologies that underpin our lives, and
optical technologies have revolutionised
medical diagnostics and treatment. And in the
broader spectrum of electromagnetic radiation
it is worth noting that Robert Watson Watt
pioneered his work on radar at NPL’s Ditton
Park station in Slough, where he was Director
of the NPL Radio Department. And currently
the new NPL Quantum Metrology Institute
brings together about 100 scientists to use light
for new quantum enabled sensors, clocks and
secure communication devices.
Theories of light and its interaction with
matter underpin much of our understanding

of the physical world. At the atomic level,
the manipulation of atomic states by
electromagnetic radiation enabled Essen and
Parry at NPL to realise the first atomic clock
and led to the redefinition of the second. The
Caesium Fountain Clock at NPL, one of the most
accurate time standards in the world, uses lasercooled atoms to achieve its current precision.
Light has proven to be a wonderful precision
probe for sensing and measurement, and
interferometry is a key enabler for precision
manufacturing, an area that NPL pioneered
for many years. During this year, NPL will
be celebrating light in all its aspects. Light
continues to fascinate scientists at the
fundamental level and is responsible for
one of the fastest growing sectors of our
manufacturing base. In all of these areas
light is the key enabler for precision
measurement at NPL.

Louis Essen (right) with the original caesium atomic clock in situ in the NPL Standards Division (1962)

Insights Beyond measurement

05

Metrology for light and light for metrology

Metrology for light
and light for metrology
Martin Milton, Director of the Bureau International des Poids et Mesures (BIPM)
The theme of World
Metrology Day this
year is ‘Measurements
and Light’. This is
aligned with the
International Year
of Light and Lightbased Technologies
proclaimed by the General Assembly
of the UN and organised by UNESCO.
Events in 2015 will celebrate the
central role of light to life, whether
as a source of energy, as the basis for
photonic technologies, or as a source
of wonder and excitement.
To metrologists light is also a tool we use
to make measurements, forming a critical
component of our universal system of units
(SI units) used in measurement. The speed of
light in vacuum is a universal physical constant
that is important in many areas of physics. Its
defined value is exactly 299 792 458 m/s, as the
SI metre is defined from this constant. Similarly,
distance, speed, temperature, the composition
and contaminants in our food and environment,
common measurements to legal metrology, can
all be measured using various forms of light.
Light is also something that is measured by
metrologists, and the measurement community
has a central role in enabling the application of
light-based technologies, for example:
– as new forms of efficient lighting are
developed, new measurements are needed
to quantify their efficiency and the influence
they have on the appearance of objects
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– decisions to invest in solar photovoltaic
technologies are based on accurate data for
their efficiency and lifetime
– direct measurements of the sun made from
satellites are essential to underpin our
understanding of solar irradiance and its
contribution to climate change
In turn, light is at the heart of many of the
most important new elements of leading-edge
measurement technologies. For many decades,
the most accurate length measurements have
depended on highly stable lasers and many
highly sensitive chemical measurements
use tunable lasers that can sense individual
transitions in target molecules. The capabilities
of stable lasers now extend to providing the
most accurate ‘optical clocks’ which depend on
the light emitted from single atoms, which have
been slowed down and trapped by laser beams.
I hope that the celebration of World Metrology
Day on 20th May 2015 will trigger new liaisons
between the metrology community and those
who work to develop and exploit light-based
technologies. It is an opportunity to show
that just as life depends on light, so the safe,
efficient and effective supply of light depends
on measurement.

Darkness on the edge of night

Darkness on the
edge of night
Teresa Goodman from NPL on a research consortium that examined how we
perceive objects at twilight to improve road safety
In 2005, NPL
scientists and a
multidisciplinary
consortium of
international
organisations
completed research
into how the eye
performs in low-light conditions.
The project was called the Mesopic
Optimisation of Visual Efficiency
(MOVE) and aimed to understand
how the colour of light affects our
ability to drive safely at twilight.
There is a good understanding of human eye
performance – the ability to see shapes and
colours clearly – at high light levels (photopic)
and low light levels (scotopic). But before the
results of the MOVE project (and similar studies
in the USA) there were no agreed definitions at
mesopic light (twilight) conditions.
The MOVE consortium examined how the
eye performs specific tasks. It looked at how
quickly objects could be seen and identified, if
at all, to gauge a driver’s ability to respond to
a potential hazard. Tests included a simulated
drive along a deserted and bending road, with
targets appearing to the left and right. In the
simulator, participants steered through a variety
of lighting conditions and were challenged to
press a button as soon as they saw a target.
The MOVE project team used the results of
their experiments to develop a practical model
for human vision at twilight light levels. This
‘twilight zone’ is important for drivers and
pedestrians because these are the lighting
levels found on roads at night.

Although some decisions are still to be made
relating to its practical implementation,
our research, coupled with that of other
teams in the USA, has successfully led to an
internationally-accepted measurement system
for ‘twilight’ lighting, which was published by
the international Commission on Illumination
(CIE) in 2010. The CIE, a technical and scientific
body that develops lighting standards, is now
preparing recommendations regarding use of
the new measurement system.
Ultimately, the new system for measuring light
at twilight levels is expected to lead to new
lighting standards being adopted by highways
agencies, road lighting designers, lighting
manufacturers, legislators and regulators all
around the world. The UK is taking a lead in this
respect: the BS Code of practice for the design
of road lighting, which relates to lighting of
roads and public amenity areas, has already
been updated to take account of the system.
Another outcome from the project is the
gradual change in the types of light being used
on streets in the UK. The golden yellow light
emitted by more traditional street lighting is
based on sodium lamps. But at twilight lighting
levels, the human eye responds better to light
at shorter wavelengths, such as from modern
LEDs, and many local authorities are now
introducing these.
This change to LEDs will also lead to significant
energy savings. The potential economic
and environmental impacts of a move to
more effective, higher efficiency lighting are
significant. Street lighting in the UK currently
consumes around 640,000 kW each hour,
equating to around 1.3 million tonnes of CO2
emissions each year.
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Colour and light

Colour and light
Andrew Hanson, NPL
Our ability as
human beings to
distinguish between
colours has long
underpinned the way
in which we encode
and disseminate
information. From
product branding and map design
to the construction of safety critical
equipment such as warning lights
and signs, today’s society is heavily
reliant on the accurate definition
of colour.

At first sight, you might think that colorimetrists
have missed a trick by not making the green
even greener. The reason for the more subdued
choice is that the most common form of colour
blindness, known as ‘protonopia’, makes it
difficult to distinguish between shades of
red and green, as indicated by the lines of
‘colour confusion’ above (Figure 2). This was
particularly noticeable after the introduction
of LED technology into traffic light systems at
low temperatures, when certain colours found
themselves pushed into illegal areas.

Current methods for formally referring to colour
date back to the 1931 Standard Observer, which
was ratified by the International Commission
on Illumination (CIE) in response to a rising
demand for warning lamps in traffic lights.
If we look at contemporary British Standard
1376:1974 (Figure 1) we can see a plot of the
colour ranges traffic lights are legally required
to emit.

Figure 2: Some of the colour confusion lines for protanopia
plotted on a chromaticity chart

Figure 1: Areas plotted on a chromaticity chart
designating legal traffic light colours as defined in British
Standard 1376:1974
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The method used above for describing colour is
based on experimental tests carried out with
17 human observers at NPL and Imperial
College London in the late 1920s. The tests
involved asking observers to tweak the
amounts of three additive primary colours
(red, green and blue) required to match the
colour of points along the visible spectrum. As
primary red had to be added to the spectral
test colour for some wavelengths to enable a
match, a number of negative values had to be
introduced (seen in Figure 3a). After a fortnight
of discussions between members of the CIE,
some simple mathematics helped rejig the
functions to include only positive values as
shown in Figure 3b.

Colour and light
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Figure 3a: Average spectral matching data for
17 observers

Figure 3b: CIE 1931 Colour Matching Functions
[Credit: User:Acdx]

In order to evaluate the colour specification
using this method, we have to work out
roughly how much red, green and blue light is
coming from a particular object. This is done
by integrating the spectral power distribution
of light with respect to the three colour
matching functions, a process which yields
three approximate values. The chromaticity
chart above (Figure 1) plots the proportion of
red against proportion of green, on the basis
that 1/3 red mixed with 1/3 green represents
a neutral colour. To complete the description
of colour, the ‘total’ amount of light is also
quoted as a third figure – which in the case of
a light source might be luminance (measured
in candela), or, in the case of a reflector, the
percentage reflectance.
The colour described by this method is
constrained by a very narrow set of viewing
conditions. For example, the system described
by the CIE depends on the judgement of
only the most colour sensitive part of human
field of view – which corresponds to a cone
of about 2 degrees on the retina. Light from
large areas therefore maps onto parts of the
retina with considerably fewer cells capable
of discriminating between colours (known as
‘cone cells’) and rather more cells that are only
sensitive to the presence of visible light (known
as ‘rod cells’).

To enable us to perceive flat areas of colour
as uniform over the whole visual field, the
brain does a considerable amount of patching
to even out the visual input it receives.
Nevertheless, we will perceive different sized
areas of the same colour, differently – which
might partly explain why decorated rooms
differ so much from the colour of swatches.
Human vision is an incredibly complex
phenomenon, and one where paradoxes and
optical illusions seem to make a mockery
of the quest for objective truth. Behind our
initial appraisal of light lies some extremely
complicated signal processing, which helps
simplify the flow of incoming information into
the essential data that human beings need to
navigate the world around them.
Warning! As our ability to represent
colours is constrained by the limitations
of our printers and computer displays, the
colours in all images in this article are for
indication only.

‘Dressgate’
Do you see this dress
as white and yellow
or blue and black?
This simple question
generated a storm
of online activity
earlier this year,
with millions of people strongly disagreeing on the
answer. All manner of explanations were proposed,
and it is likely that a combination of several effects
came into play, including:
Chromatic adaptation – If you stare at an image
for one minute under bright light and then look at a
sheet of paper, you will be able to see an after-image
made up of complementary colours.
Colour constancy – the brain ensures that the
perceived colour of objects remains relatively
constant under varying illuminations.
Device dependence – digitally defined colour can
be rendered differently across devices.
Light level – we lose the ability to see colours
entirely at lower light levels as there is insufficient
energy to activate the cones.
Observer metamerism – different genetics can lead
to subtly different spectral response curves – CIE
1931 is an average rather than a universal constant.
Poor photography – our brain relies on its
experience of photography to create a virtual
representation of what the colours actually are.
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Helping ensure a bright
future for solar energy
Jane Burston, Head of the Centre for Carbon Measurement at NPL
As befits the
International Year of
Light, 2015 is already
turning out to be an
exciting year for solar
energy. Starting in
January, the solar
farms of Costa Rica
helped the country run for 75 days
on renewable energy alone, setting
an inspirational new world record.
Only weeks later, the solar energy
industry in Japan was revealed to
have blossomed so rapidly that it no
longer needed government subsidies
to survive.
And the UK is also set to break records. Over the
course of 2014, we installed more solar power
capacity than any other country in Europe,
raising the possibility that we might soon be
able to challenge solar pioneers like France
and Germany. These developments in solar
energy production are exciting, and bring with
them the opportunity – and challenge – of how
to bring forward developments in the next
generation of solar panels.
The Centre for Carbon Measurement at NPL
plays a crucial role in helping to develop next
generation solar, by working with industrial
partners to test the efficiency and effectiveness
of prototypes and provide independent
performance assessment and validation of
products and materials. NPL’s metrology
expertise is already proving particularly useful
in the field of photovoltaics, by helping to
enforce and adapt the current standards to
allow innovative manufacturers to prove
their claims.
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Moving beyond the silicon standard
Photovoltaic cells, commonly referred to as
solar panels, harness the power of incoming
light to generate electricity. Traditionally built
using the unique conductive properties of
silicon, in recent years there has been a boom
in potential alternatives which offer extremely
appealing properties. Perovskites, for example,
are a great deal cheaper and more carbonefficient to produce, while solar cells built out
of organic (carbon-based) materials are more
flexible than silicon, as they can be printed
onto plastic.
If such alternatives are to prove competitive in
the marketplace, however, manufacturers first
need to demonstrate that their efficiency can
rival that of silicon. This is at present surprisingly
hard to accomplish, not least because the
existing standards are heavily weighted in
silicon’s favour.
At present, the industry standard measures how
much electricity a photovoltaic can produce
under certain very clearly defined conditions:
namely, on a sunny afternoon with light
shining directly down onto the panel with air
temperatures of 25 ºC. In reality, of course, such
conditions don’t often happen in the UK! Not
only do we get fewer cloudless, sunny days
than many places, but even when we do, the
Sun’s position in the sky varies dramatically over
the course of the day. And few places in the
world can boast the necessarily intense sunlight
without reaching a temperature substantially in
excess of 25 ºC.
While having standards that represent
such a disconnect from reality made little
difference in the days when silicon cells were
being compared against each other, these
standard test conditions are now holding
back alternatives that could potentially offer

Helping ensure a bright future for solar energy

improved performance under more realistic
conditions.
In order to address this issue, NPL researchers
are currently playing a key role in the European
Metrology Research Programme (EMRP)
project PhotoClass, which aims to replace the
traditional solar power rating system with
average energy yields as calculated over a
standardised year under a variety of different
conditions. This would not only allow different
climatic regions to identify the photovoltaics
best suited to their needs, but will help ensure
a fairer testing process for new companies
seeking to enter this growing market.

Manufacturing photovoltaics
For photovoltaics to be manufactured on an
industrial scale, fast and accurate methods need
to be developed to characterise each individual
panel and search for faults. The traditional
techniques involve linear scanning with a single
laser that moves across the panel, generating
an output current whose variations can then be
measured. Such measurements are extremely
slow and cumbersome, and produce far more
data than manufacturers actually need.

Ensuring industrial impact
The Centre for Carbon Measurement’s position
as a world leader in the field of renewable
energy testing has been cemented by its
role as a Verification Body for the EU’s new
Environmental Technology Verification (ETV)
pilot programme. Our work in this area
allows renewable energy companies to make
accurate claims in an increasingly competitive
marketplace, by having us work out how to put
their innovative technologies to the test.
Such performance validation will facilitate the
manufacture of next-generation solar panels,
and will play a necessary role in ensuring their
mass adoption. Throughout this exciting time,
NPL’s illustrious history in the study of optics
and radiometry will put us in a unique position
to add value throughout the manufacturing
process and help the industry as it continues
to expand.

Motivated by this problem, Simon Hall and
his team at NPL have pioneered an innovative
technique known as compressive sensing,
which is capable of generating an accurate
image of the photovoltaic surface while
substantially cutting down on the number
of measurements required. The procedure is
carried out by projecting a large pattern onto
the photovoltaic panel, generating a signal
which is capable of encapsulating nearly all the
relevant information.
This pattern represents a substantial
compression of data, mirroring the way in
which JPEG or MPEG files are created by
eliminating unnecessary detail. While such a
technique can never match the accuracy of
pixel-by-pixel scanning, it can capture 90 % of
the relevant information while only requiring
20 % of the measurements – a substantial
improvement from the point of view of a
potential manufacturer.
With printed photovoltaics currently rolling off
the production line at a rate of 10 metres every
minute, instant on-line testing like this is crucial
to helping bring down the cost of the process
and improving its efficiency.
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The importance of light
in measurement
NPL’s Jonathan Williams examines the critical role light has in metrology
in more detail
Light is critical to
metrology, both as
a measurement tool
and as something
to be measured.
In this article I will
outline the basics
of how a National
Measurement Institute like NPL has
developed its use of light over time,
and outline the role it plays in some
of our day-to-day work.
Using light for measurement
As metrologists we use both the wavelength
and the speed of light to make measurements.

Wavelength
The basis for using light waves in measurement
is nearly 150 years old. In 1887 Albert Michelson
and Edward Morley published the results of an
experiment designed to understand how light
travels through space. They believed that in
the same way surface water waves and sound
waves require a medium to support them, light
waves must travel through an ‘aether’.
Michelson and Morley made an interferometer
to demonstrate the existence of this aether,
but repeated experiments proved that no such
substance existed. By making use of light’s
ability to interfere with itself, their experiment
laid the foundations for how distance can be
measured through the behaviour of waves, the
basis of modern-day interferometry.
The wavelength of light is quite short on a
human scale – the visible spectrum covers the
range 400–700 nanometres. Measurements of
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distance using interferometry are conducted
by counting individual waves or fringes and a
resolution of better than one wavelength can
be obtained by fringe division.
Most interfometers function thanks to single
colour or monochromatic radiation. Michelson
and Morley used a sodium flame for their
famous experiments – the same yellow colour
that is familiar to us in street lighting.
In the 1960s, the introduction of the laser took
interferometry further forward and ushered in
a new era for the use of light in measurement.
As a laser emits light of a single wavelength, it
delivers the monochromatic radiation much
more easily than a flame. The light it emits is
also more coherent, ensuring that all the waves
are synchronized and locked together.
An additional benefit the laser brings to
measurement is that it provides a very straight
beam. This is critical for measurement as it
can travel quite a distance and still be easily
detected at the other end.
In the 19th and early 20th centuries, the metre
was based on an artefact metre bar carefully
kept at the BIPM near Paris. In 1960, the metre
definition was changed to one based on the
wavelength of light with a particular emission
wavelength of the Krypton atom chosen.

Speed
Light can also be used to measure distance
by using its speed. As an example, light takes
about 1.3 seconds to travel from the Earth to
the Moon, a distance of about 400 000 km.
Distance measurement by time of flight is
more practical for longer distances whereas
interferometry is more accurate for shorter
distances.

The importance of light in measurement

Work in the 1970s, including some undertaken
at NPL, resulted in a new measurement of the
speed of light. This supported a global decision
in 1983 at the 17th meeting of the General
Conference on Weights and Measures (CGPM)
at the BIPM to define the metre in terms of
the speed of light as “the length of the path
travelled by light in a vacuum during a time
interval of 1/299 792 458 of a second”.

How light is measured

Visible light
The eye does not perceive all wavelengths of
light in the visible spectrum equally. We see
most effectively in the green region of the
spectrum, but our vision tails off in the red
and blue.
Photometry is based on the human perception
of light and provides a measurement that
mimics how the eye responds to visible light.

Wavelength and frequency

SI units

A fixed value for the speed of light means that
the wavelength of optical radiation can be
determined from its frequency. The challenge is
then to relate optical frequencies to microwave
frequencies used by atomic clocks, the basis of
the SI second.

The SI units of photometry are the candela and
the lumen.

This is where the work of Theodor Hänsch
and John Hall comes in, which won the 2005
Nobel Prize for its introduction of the concept
of optical combs. The basic principle of an
optical comb is that it allows you to relate many
different wavelengths and frequencies of light
together in a single step. This revolutionary
development provides traceability of optical
frequencies to the SI second across a wide
spectrum.

The candela, like all SI units, exists to enable
industry to measure the effectiveness of
products, and for consumers to have confidence
in what they are buying. For example,
consumers will now see the output of light
bulbs expressed in lumens in addition to the
electrical power the bulbs consume in watts.

Recommended laser wavelengths are now
used for a practical implementation of the
SI unit of length. At NPL this is done using
iodine-stabilised helium-neon lasers that have
a reproducibility of better than three parts in a
hundred thousand million.

Power
Now that we can measure both the wavelength
and frequency of light, we need to work out a
way of establishing how much light there is by
measuring the power of a source.
The fundamental SI unit of optical power is
the watt. Optical power is measured most
effectively with a cryogenic radiometer, a device
first designed and built by NPL in the 1970s.
At its centre is a small component, known as a
black body, that absorbs virtually all the light
incident on it. The basic principle is that the
radiometer compares the temperature change
that occurs when the light is absorbed with the
temperature change caused by an electrical
heater. When they are the same, the absorbed
optical power is equal to the electrical power.

The apparatus used to measure the speed of light
at NPL in the 1970s
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Shining a light on
communications
Leon Lobo, Business Development Manager, Time & Frequency at NPL,
on the role that light plays in helping us to communicate
Light has been used
in communication
since the invention
of semaphore. Its
importance has grown
to the extent that we
now rely on optical
fibre communications,
with more than half a million miles of
subsea cables connecting the world.
Our phone and internet connections work
by sending pulses of light down a fibre,
signals which are backed up by satellite
communications. As such, fibre is not just about
sending messages; you can also use it to send
accurate time and frequency information. This is
how services like NPLTime® are distributed.
NPLTime® is a resilient, traceable and certified
time distribution service for the financial
sector that is completely independent of GPS.
It offers the financial sector a certified precise
time signal, directly traceable to Coordinated
Universal Time (UTC) and compliant to timing
traceability requirements.
The next challenge is to use fibre to deliver a
better service than satellite communications.
NPL is currently working on developing
techniques for the transfer of ultra-accurate time
and frequency information via continuous-wave
and mode-locked lasers over optical fibre links.
This would allow researchers to effectively shine
a laser down a fibre connecting Paris to NPL
to compare frequencies and provide greater
accuracy than would be possible
via satellite.
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NPL has also been involved in the first successful
trial of Quantum Key Distribution (QKD)
over a single fibre. The use of a single fibre is
significant, as both the quantum ‘key’ and the
encrypted data can now use the same pathway
for the first time. Previously, two or three fibres
would have been needed to deliver a secure
connection.
The QKD system works by sending single
particles of light, known as photons, in pulses
across the optical fibre. Knowing the number
of photons sent and received is integral to
maintaining the security of the system. NPL
has developed a series of measurements that
are sensitive enough to detect the individual
particles of light, which we are using to
independently verify the security of the system.
This will allow companies to improve customer
confidence and overcome one of the major
barriers to market.
The successful trials conducted so far pave the
way for more advanced research into QKD, the
next frontier of data encryption technology,
which will deliver unparalleled levels of
network security.

Developing new ways to provide direct SI traceability for sound pressure

Developing new ways to
provide direct SI traceability
for sound pressure
Triantafillos Koukoulas and Ben Piper, Acoustics group at NPL
In April 2015, the
acoustics group at
NPL published a new
method for remotely
measuring sound
pressure inside a fully
anechoic chamber.
The method appeared
in the journal Applied
Physics Letters
and was the first
to provide direct
traceability to the SI
base units.

of sound and the dimensions of the device
being tested.
MEMS microphones are ideal for use as
part of wireless sensor networks in ‘Smart
City’ applications or acoustic measurement
applications. Having a primary standard that
can be used to calibrate and benchmark these
sensors will lead to higher levels of confidence
in the data such networks generate.
At NPL we developed a new optical method for
directly measuring sound pressure. The method
can be used to determine the sensitivity of any
acoustic device with direct traceability to length
standards, and without assumptions regarding
the geometry and sound field characteristics.

To ensure measurements of sound pressure
are reliable, microphones must be regularly
calibrated by measuring their sensitivity over
a certain frequency range. At present the most
accurate way of calibrating microphones is based
on the principle of reciprocity – a theory first
conceived by Lord Rayleigh nearly 150 years ago.

The method is based on an optical technique
known as photon correlation spectroscopy. In
this, two laser beams are crossed to form an
interference fringe volume – the pattern caused
by the interaction of the two waves. Sound
waves are emitted by a source within the test
chamber, causing airborne particles to oscillate.
As the oscillating particles cross the interference
fringes, they scatter photons, which can be
detected by a single photon counter. From this,
the particle velocities can be measured in a direct
and absolute manner and are used to determine
the pressure. By repeating the procedure at a
range of different emitted frequencies, acoustic
devices can be calibrated directly against the
acoustic unit of sound pressure.

The problem with this method is twofold. First, it
can only be used to calibrate a limited number of
microphones of specific types and dimensions,
and second, it cannot be applied to new devices
such as microelectromechanical systems
(MEMS). The unit of sound pressure, the pascal,
is also currently determined indirectly through
assumptions on the propagation characteristics

The optical method can form the basis of a
future primary standard for sound pressure
measurement that is directly traceable to the
SI base units. We hope to be approaching this
point in the next one to two years. It is essential
that we have involvement from other NMIs
and research groups in order to perform intercomparison studies.

The new method is based on an optical
technique using lasers. It could have an impact
anywhere accurate measurements of airborne
sound are needed for regulatory, health and
safety, and commercial applications. This could
range from monitoring environmental noise to
testing the performance of acoustic devices.
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NPL is a world-leading centre for the development and
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