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METROLOGY THROUGHOUT THE AGES

The Triumph of Energy Measurement
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Structure
1
2
3
4
5
6
7
8
9

The Beginnings
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“... I must admit that the decision to accomplish this
work was not an easy one as I have always been
more interested in the present and the future than in
the past...”, so reads the foreword to the memoirs
of Werner von Siemens (1816–1892). Publishing
companies have meanwhile printed this work in
more than 17 editions and, to date, it has been one
of the most important entrepreneur’s biographies
in German economic history. The author wrote
this book in an entertaining manner. The fact that
it was and still is received so positively – both by
technicians and economists – is, however, rather
due to its inspiring effect in everyday development and decision-making practice [1]. This case
confirms that it is well worth dealing with the
history of technology. Also a review of the history
of electrical energy measurement techniques is
worth its while.

1

The Beginnings

Everyone agrees to disagree when it comes to
stating who invented the first electricity meter in
the world. History books, however, unanimously
name Thomas Alva Edison (1847–1931) as the
inventor of the industrial product called the “electricity meter”. It is uncontested that he deserves
this honour, as proven by patent documents and
contemporary specialised literature. Edison began
his technical career as an apprentice telegrapher. Within the scope of this apprenticeship, he

developed a fascination for the use of electricity
for the transmission and processing of information. The first patent he applied for was an electric
vote-recording machine (1868); diverse telegraphic
devices followed until he created his first company
in 1869 [2]. At that time, electricity was considered
mainly as a medium for communications by technicians and scientists on both sides of the Atlantic.
Only with the discovery of the principle of the
electrodynamic motor and its engineering implementation in inventions – especially by Werner
von Siemens – did the era of electric energy supply
begin. Electricity was first generated where it
was needed for lighting and force-transmission
applications. The concept of central generation
and distribution to the consumers via networks
was technically implemented for the first time by
Edison. He realised what advantages – in terms of
efficiency – large and continuously running generators could have, and he especially recognised the
particular advantage of electrical energy compared
to gas – namely that it can be transported over
long distances in a relatively clean and safe way.
Having ideas is particularly attractive when they
can bring you money. Edison was aware of this
from an early stage. The “cover it all” principle was
therefore the strategy he adopted when he had his
inventions patented: he had all elements that could
be thought of patented as his intellectual property
and, thus, made it extremely difficult for other
companies to access this market. As far as the
supply of electrical energy is concerned, Edison
possessed another quality which is still valuable
for today’s entrepreneurs: he could think in terms
of systems. In around 1880, his patent activities
covered the whole value chain from generation
to distribution and consumption, especially with
regard to supplying the population with electric
light. He had generators, wires, fuses, power lines,
electric insulation, motors, the world-famous light
bulb, of course, and other electrical equipment
protected by the US Patent Office. And the electricity meter was part of this other electrical equipment. Such a device was indispensable to be able
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to fairly bill the consumers who were connected to
the supply networks for the electricity which had
been generated and distributed. This mere fact,
however, required no inventiveness. The conceptual approach was copied from the gas meters used
for supplying gas to the public. Edison, together
with his technicians, developed the electricity
meter as an equivalent to gas meters. The device
worked following the electrolytic principle, just
like a voltameter. The current to be measured
was fed through a piston filled with zinc sulphate
via an electrode pair. Depending on the intensity
of the current, more or less material was eroded
from one electrode and deposited onto the other
one. The mass difference between the electrodes
resulted in a time-integrated current measure [3].
The device was read out indirectly. Approximately
every month, the electrodes were taken out and
weighed in a laboratory to determine the quantity
of electricity supplied. In the electricity meter, this
piston arrangement was doubled for reasons of
operational comfort. Both pistons were located in
a wooden box which was thermostated by means
of a light bulb and a bimetal in order to reduce
the influence of temperature on the electrochemical measuring operations. Reports describing
this apparatus were published in New York’s
newspapers as early as 1879. Its first large-scale
application corresponded to the commissioning
of the first commercial, centrally supplied energy
network worldwide around the generator station
of the Edison Electric Light Company in Pearl
Street, New York, back in 1882.
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Meters Appear in Germany

In Germany, the era of electrical energy measurement technology began with the establishment of
the German Edison Company by Emil Rathenau
(1838–1915). Emil Rathenau – whose son, Walter
Rathenau, was later to become Foreign Minister in the Weimar Republic – was initially the
manager of a mechanical engineering company.
The proceeds of the liquidation of his first machine
factory in 1873 together with his wealthy wife’s
fortune would have sufficed for him to lead a quiet
life as a man of leisure. But this was not how he
intended to lead his life. After years spent looking
for new business ideas and models, visiting the
Paris Electrical Exhibition of 1881 changed his life
decisively [4]. There, Edison caused a sensation
with the presentation of his central current generation and distribution system for electric light
bulbs. Rathenau was at once aware of the commercial potential of Edison’s concept. Rathenau got in
touch with Edison and then bought the electricity
distribution technique licences from him in 1882
in order to commercialise electrical energy in the
German Empire. After the acquisition of venture
capitalists – among which was also the Siemens
& Halske company – the Deutsche Edison Gesellschaft (DEG) was established in 1883 and was
renamed the Allgemeine Elektrizitätsgesellschaft
(AEG) in 1887. As early as 1884, DEG was able to
commission the first electricity supply network in
Berlin using Edison’s technique – including the
meters. Apart from the fact that today we Germans
have a foible for Anglicisms, so that DEG would
have been called a “start-up” and its starting capital
from banks and from Siemens & Halske would
have been called “venture capital” in German, it
turns out that the creation of successful companies
was not so very different 130 years ago than it is
today, as DEG’s case shows.

Figure 1:
T. A. Edison (1847–1931) and the electricity meter he
invented – the first in the world (around 1880).

Figure 2:
Emil Rathenau (1838–1915), founder of AEG, and the
electrical energy meter produced by his company after acquiring the licence for Edison’s patents (around 1885).
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The Origins of Legal Metrology in the
Field of Electricity Measurement

We have only just mentioned Anglicisms. Here
we have another one: “new economy”. Given the
meaning this expression has today, it could have
been applied to the late 19th century’s electrical
industry. The exponential economic growth which
was achieved by the electrotechnical industry and
the electricity utilities from the 1880s on, but also
the cyclical setbacks due to oversupply and stock
exchange speculation, remind us of the events we
experienced some 10 years ago in connection with
the dotcom bubble. The evolution of the turnover of the two largest electrotechnical companies
of the German Empire (AEG and Siemens) over
time shows how the electrotechnical bubble burst
towards the end of the 19th century [5].
Due to the vertiginously growing economic
importance of the electricity supply in the 1890s,
the imperial government increasingly felt itself
prompted to regulate these proceedings by means
of legislative measures which laid down that electricity quantities had to be determined uniformly
by means of scientific methods and in a reproducible way by all economic stakeholders within
the scope of commercial exchanges. The result of
these legislative activities, the “Law concerning the
electrical units of measurement” (abbreviation in
German: G. e. M.), was submitted for signature to
the German Emperor, Wilhelm II, by the imperial
magistrates in 1898 [6]. This law aimed to establish
a reliable measurement infrastructure for electrical
energy within the German Empire as it had been
available for a long time for mechanical quantities,
i. e. weights and measures, within the scope of a
state-supervised metrological system. In its first
paragraphs, the G. e. M. lays down the ohm, the
ampere and the volt as the legal units for electrical
measurements. The Association of German Electrical Engineers’ proposal of including also the watt
as the unit for electrical power in the law was not
adopted by the legislator – with the support of the
former president of the Physikalisch-Technische
Reichsanstalt, F. Kohlrausch (1840–1910). Kohlrausch was of the opinion that mathematical
formulas had no business being stated in legal
texts [7]. If the watt had been included, it would,
however, have been necessary to specify them.
With regard to laying down the units of electrical energy, as well as for capacitance and inductance, Article 5 of the law empowered the Federal
Council (at that time, in German, the “Bundesrath”
– whereby the “h” at the end of the word was
removed only after the spelling reform of 1903) to
adopt a corresponding ordinance. The provisions
for the enforcement of the G. e. M. which were
published in the Imperial Law Gazette in 1901 [8]
laid down the watt as the unit for electrical power

Figure 3:
Evolution of the turnover of the two largest electrotechnical companies of the German
Empire, AEG and Siemens.

and the watt-hour as the unit for electrical work.
Furthermore, the ordinance defines the units
coulomb and ampere-hour for a quantity which
has now ceased being of any importance in legal
metrology, namely the amount of electricity. The
introduction of the amount of electricity can be
explained by the design of the electrical energy
meters which were, at that time, widespread and
which did not register electrical work in DC networks but merely integrated current over time.
In principle, it was accurate and appropriate to
finally lay down harmonised units around the turn
of the century – after 20 years of trade with electricity. The variety of existing units until then was
prejudicial to the creation of functioning markets.
For example, Edison first started billing electricity
to the customers of Edison Electric Light in “cubic
foot gas” for the sake of giving them the possibility of comparing their bills for gas and those for
electric light. This was because the supply of electrical energy was initially mainly dedicated to the
operation of electric lighting. Later, both Edison
and Rathenau used the unit “lamp burning hours”
or Carcel-hours [9]. The aim was, again, to make
the relation between the electricity which customers consumed and the effects of electricity which
they knew about understandable. Other units used
to express electrical power in the 19th century were
the horsepower (suggested by James Watt), as well
as the “Neupferd” (“new horse”) and the “Großpferd” (“large horse”). Electrical work was therefore correctly billed in “horsepower-hours” by
certain utilities.
We will not deal with the details of the G. e. M.
but for two essential points. Firstly, there are the
regulations concerning the official mandatory verification of measuring instruments. The second one
has to do with the downright visionary concept
which is implemented in the G. e. M. and consists
in entrusting the verification of electricity measuring instruments to private bodies. Although the
legislator was of the opinion that official manda5
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tory verification for electricity measuring instruments made sense economically, 1898’s G. e. M.
did, however, not lay it down yet. Article 6 rather
stipulates a very modern rule – even from a
present-day perspective. This article is so important that we will quote it here in full:
“For the commercial distribution of electrical
work, only measuring instruments based on the legal
units shall be used for billing purposes according to
the terms of supply. The use of incorrect measuring
instruments is prohibited. After consulting the PTR
(Imperial Physical Technical Institute), the Bundesrat has to lay down the highest admissible errors.
The Bundesrat is empowered to adopt provisions as
to whether the measuring instruments mentioned
in Art. 1 are officially certified or whether they are
to be subjected to recurring official surveillance.”
Article 6, G. e. M.
Instead of obligatory testing – today we would
say “mandatory verification” – or certification, it
was merely prohibited to use “incorrect measuring
instruments”. It was industry’s own responsibility
to ensure that the technique used complied with
this proscription. Having the instruments officially
tested and certified, as defined in the G. e. M., was
only one option. Forgoing mandatory verification was officially justified by the lack of technically reliable and harmonised meter designs. The
PTR therefore thought it more sensible to favour
individual and spontaneous measures to ensure
the measurement trueness of the instruments
instead of relying on institutionalised procedures.
The more stringent mandatory verification was to
be implemented by way of an ordinance as soon as
a more sophisticated measurement technology was
available. The electrotechnical industry and its lobbyists at the Imperial Diet were, however, not too
worried about the mandatory testing and certification which was feared, but finally did not make it
into the legal text [10]. In retrospect, the G. e. M.
was actually an efficient regulatory measure.
This provided a basic regulatory framework for
metrological consumer protection with regard
to the power supply industry as well as guiding
lines for utilities’ business planning and for that of
the measuring instruments industry. At the same
time, the legislator avoided impeding the innovative dynamics by over-regulating the power supply
industry. At the beginning of the 20th century,
there were, after all, already around 20 companies
which developed and sold electrical energy meters
in Germany. The German Empire thus belonged
to the leaders in this technological field in Europe.
Another 60 years would pass before the next regulatory step was taken – the introduction of mandatory verification by way of an ordinance planned
for Article 6. How did it come about? Now as then,
6
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legislation often takes years in complex cases –
especially when unexpected political events force
governments to review their priorities. Thus, there
were indeed attempts to introduce mandatory
verification both during the years before and after
WW I and WW II by reviewing and modernising the legislation on measurements. However,
due to the preparations for war, due to the wars
themselves, as well as due to their consequences
– including the world economic crisis between
WW I and WW II – the introduction of mandatory verification was delayed.

Figure 4:
Ludwig Erhard and the ordinance concerning the introduction of mandatory verification which was elaborated during
his mandate as Minister of Economics.
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Introducing Mandatory Verification

Mandatory verification only entered into force
in 1959 for electricity measuring instruments in
West Germany. The fact that it was at last introduced was due to the economic revival which took
place then. The decisive regulations came into
force under the responsibility of Ludwig Erhard
[11]. In the German Democratic Republic (GDR),
however, things looked quite different. The socialist theory considered regulatory measures against
market failure as irrelevant. The existence of such
a thing as “profit seeking” – which economic law
would have had to repress methodically – was
denied. In the initial euphoria prevailing in the
new social experiment “socialism”, it was first
assumed that electricity measuring techniques for
billing purposes would never be needed, since a
good socialist would make the most economical
use of electricity in accordance with his socially
responsible behaviour [12]. The consequence of
this waiving of electricity measurements was,
against all theoretical expectations, a wasteful use
of energy. Also in socialism, it soon became clear
that this technology made sense only if the costs
for it were distributed according to the costs-bycause principle. Contrary to West Germany, public
institutions in the GDR – namely the Deutsches
Amt für Maß und Gewicht (DAMG, German Office
of Weights and Measures) and its successors, which
started their activities in this field together with a
few selected energy utilities – were directly responsible also for the operational supply of accurately
indicating measuring instruments. Due to the
paramount role the State plays in socialism, it is
but very difficult to compare the regulatory concepts used in the GDR’s metrological system with
those in force in the Federal Republic of Germany
(FRG).
After going into the subject of mandatory verification in depth pertaining to the G. e. M., we will
now look into the second core subject – which is
still topical today: entrusting metrological tasks to
private testing laboratories. Also in this context,
it is important to quote the corresponding paragraphs of the G. e. M.:
“The official testing and certification of electrical
measuring instruments is ensured by the PTR (Imperial Physical Technical Institute). The Chancellor
may, however, confer this competence also on other
bodies. All measurement standards and standard
instruments used to perform the tasks of official
verification have to be certified.” Article 9 G. e. M.
The decisive rule was contained in Article 9(2),
though. Although only about 90,000 meters were
in use in the German Empire at around the turn
of the 19th century (today there are 42,000,000!),
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it was to be expected that with the expansion of
electricity and increasing trade with it, also the
need for the corresponding measurement technology, i. e. the number of verified electricity meters
required, would grow very significantly. In view
of this, the legislator had the idea of delegating, in
part or in full, the official testing and certification
to other authorities instead of leaving it in PTR’s
responsibility alone. The task of tracing back the
standard measuring instruments of these testing
bodies to more accurate standards was still incumbent on the PTR. This traceability or the link-up
to superior standards was also called “certification”
in the law. Today, it is called “verification” and we
can expect it to be called “calibration” in the future;
the actual activity has, however, not changed much.
The G. e. M. provided the organisational structures
which still exist today. Over the last 100 years or
more, they have outlasted the German Empire,
the Weimar Republic, the Nazi disaster, two world
wars, as well as the division and the reunification
of Germany up until today with only very few
modifications. Since 1969, the test authorities have
become officially recognised test centres which
no longer offer their services as public offices
but as private laboratories entrusted with official
tasks. This is basically simply a modernisation of
the judicial apparatus. In addition, the surveillance responsibility for the operational business
of the test centres is no longer incumbent on the
Physikalisch-Technische Bundesanstalt but on the
supervising verification authorities of the Federal
States. This is the logical and sensible consequence
of having a federal constitution. The durability of
this test centre concept is the proof of its efficiency.
It is worth taking a look back at how it has developed since the beginning of the 20th century.
Until 1905, only 7 certification offices had been
created to whom the Chancellor could delegate the
certification competence. The offices in Munich,
Frankfurt and Bremen were created in the direct
vicinity of electricity utilities. The other four were
trading supervision departments or similar independent facilities. The utilities were very hesitant
to make use of the testing and certification service
offers as laid down in Article 6 of the G. e. M. and
which were required to prove measurement trueness; the PTR deplored this situation in several
publications [13]. It was not until the beginning
of the 1930s – when it slowly became clear that
the world economic crisis was nearly overcome –
that the idea of mandatory verification seemed
to become increasingly acceptable and its forthcoming introduction became apparent through
the drawing-up of initial drafts for a new law on
weights and measures [14]. As a consequence, the
number of certification offices started growing
exponentially. The diagram from C. Körfer’s presentation which he held at the first congress of the
7
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“Electricity Supply Economic Group” in February
1939 is an impressive illustration of this development [15].

Figure 5:
The exponentially growing number of certification offices for electricity at the
beginning of the 1930s, when it became clear that mandatory verification
was coming

5

The Pioneers

As mentioned earlier, the history of electrical
energy meters started with one of Edison’s developments. His measuring instruments already
worked with a – comparatively – high accuracy
of approx. 10 %. They, however, had the disadvantage of not allowing the customers to read out
the measured values themselves. They had to rely
on the electric utility’s ability to correctly convert
the measured values – which were determined by
weighing the electrodes – into energy consumption values for the purposes of billing. This led
to endless discussions and debates with the end
customers, so that the utilities quickly reckoned
that electrical energy meters had to be readable
both by their own employees and by the customers
themselves by direct read-out on the meter. The
resulting developments were consequently meters
with an internal registering display. The first proposals with regard to this came both from Wilhelm
Siemens and from Werner Siemens on the occasion of public trade fairs. These instruments were,
to a certain extent, “measuring motors” in which
the currents to be measured were fed into a rotor
turning between the poles of a vellum magnet;
the number of revolutions was counted by an
index [16]. The Siemens brothers’ meters worked,
however, relatively inaccurately. More accurate
motor meters were developed and manufactured
industrially especially in the United Kingdom.
At this stage, it is important to note that in the
earlier second half of the 19th century, both France
8
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and the United Kingdom were industrially more
advanced than the German Empire. This explains
why the most important developments in the
sector of meters in the 19th century were achieved
by French or English companies. The German
Empire, however, caught up with this development, and at the end of the 19th century, Germany,
too, came up with successful meter designs.
Among these, the so-called “pendulum meters”,
developed by the Berlin designer Herrmann Aron
(1845–1913) – who was later to become a professor – are worth mentioning.
Aron’s concept was based on a common pendulum clock which was converted into an amperehour meter. He based his development on the
fact that the gear speed frequency of a pendulum
clock only depends on few parameters, namely the
length of the pendulum and the gravitational force
of the earth at the place of installation. The effect
of the length of the pendulum on the measurement
result was ruled out by Aron by using materials
having a very low temperature strain modulus
[17]. The influence of force on the pendulum
was used by Aron for his meter principle in so
far as the actual pendulum bob was replaced by
a vellum magnet; a coil was placed under this
magnet through which the current to be measured
flowed. When current flowed, an additional force
acted on the pendulum which resulted in a virtual
increase in the gravitational force of the earth. The
stronger this additional force – which depended

Figure 6:
Herrmann Aron
(1845–1913) and the
double-pendulum meter
which was developed by
him and his engineers.
This type of instrument
was the first to receive
a PTR type approval
based on the G.e.M.
The type approval was
published in 1903 in
the notification No. 1 of
the PTR-Mitteilungen.
These notifications
of type approvals are
still published but
meanwhile, they bear
numbers in the order of
5200.
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on the current flow – acting on the pendulum
became, the faster the clock ran. The progression of the clockwork resulted in an integration
of the measured ampere-hours. The extent to
which the measuring clock runs fast compared
to the actual time, was used as a measure for the
conversion into ampere-hours. Within just a few
years, this basic principle was further developed
by the engineers working for Aron’s company to
become the so-called double-pendulum meter. The
developers of this meter had managed to rule out
the influence of the pendulum’s length by modifying the design. These improved meters were
equipped with two measuring clockworks which
ran in cyclically reverse directions. The differences
of gear speed between these two clockworks were
transmitted to an index via a well-thought-out differential gear mechanism. Meters designed in this
way worked so accurately and reliably that the first
type approval for certification issued by the PTR
on the basis of the G. e. M. and its regulations was
granted to this instrument design. The essential
disadvantage of double-pendulum meters was that
the production was very expensive; these high
costs were mainly due to the fact that only qualified and experienced clockmakers could manufacture these artworks of fine-mechanics. Thus, at
the turn of the 19th century, the double-pendulum
technique was soon abandoned in favour of the
induction motor or the Ferraris techniques which
were easier to manufacture.

6

The Ferraris Meter

In the 1880s, Galileo Ferraris (1847–1897), a
professor from Turin, had shown theoretically
how eddy currents could be used in metallic discs
or cylinders to multiply two electric alternating signals by each other [18]. Ferraris, however,
had only made theoretical investigations, he did
not concretely suggest applying this technique
to electrical energy meters. At the end of the 19th
century, the question as to who had invented this
motor principle caused a large turmoil. Especially
Nikola Tesla (1856–1943), who by then already
lived in the USA, asserted that he had been the first
to describe the principle of operation in question.
Ferraris finally prevailed in the history books. A
first electrical energy meter suitable for industrial
production and based on the multiplier principle
which had theoretically been suggested by Ferraris
was, however, developed neither by an Italian nor
by an American, but by a Hungarian [16].
This man was called Otto Titus Blathy (1860–
1939) and was an engineer with the Hungarian
company Ganz. The meter he developed can
be considered as the ancestor of the 40 million
meters which are still in use in Germany today.
Since the beginning of the 20th century, the basic
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Figure 7:
Galileo Ferraris (1847–1897) and the representation of the principle
of action of his multiplier motor based on the generation of a travelling magnetic field.

design of Blathy’s meter has been continuously
improved and the measuring range of the meter
as well as its accuracy have been increased. The
most significant step was taken in the 1960s as
the long-lasting alloy aluminium-nickel-cobalt
(AlNiCo) started being used for the realisation
of the vellum magnets which have an indispensable function in these meters. Another essential
improvement was the introduction of so-called
double-jewel bearings for the rotor disc [19].
Due to the introduction of these innovations and
to the experience gathered over the years about
the durability of electromechanical meters, the
German legislator decided in the 1960s to lay
down a period of validity of verification of 16
years for these types of meters and to enable the
use of stochastic sampling procedures to prolong
the period of validity of verification for operating
meters further [20]. The motor meters reached
their highest stage of development in the 1970s
and 1980s. At that time, utilities attached great
importance to a long operational life of the meters
which had to be guaranteed by the manufacturers.
The meters of the quality provided in the 1970s
and 1980s could remain in service inside the
networks for up to 30 or 40 years. When they were
removed from the network, they were not necessarily scrapped. It was – and still is – worth selling
them on to so-called reconditioning plants where
the components which are critical for the service
life of the meter (e. g. the bearing or the counters)
are replaced; after that, the meters are sold to be
put back into use.
At the beginning of the 1990s, the purchasing
philosophy of the utilities changed. The deregulation of the energy markets loomed. Short-term
cost-cutting and asset value increasing were given
priority. Purchasing communities were built by
utilities, thereby leading to another intensification of the competition and price pressure for
9
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Figure 8:
Otto Titus Blathy
(1860–1939), employee of the then
Ganz company in
Gödöllö, Hungary,
which still exists (but
now under different ownership), and
the induction motor
meter he developed
– the ancestor of
the design we know
today.

the meter manufacturers. The developers reacted
to their marketing colleagues’ call for cheaper
meters by reducing the wire cross-section. Insulating varnish was done away with. The rotor discs
became thinner. Costs were cut by reducing the
number of clamping bolts, the remaining ones
having to do without a nickel coating. Due to
these and numerous other cost-cutting measures,
the meter designs ended up being very different
to their precursors from the 1970s and 1980s, not
only from the point of view of their price, but they
also looked quite different. The measuring instruments produced today, however, still have a long
service life and measuring stability.

7

The Arrival of Electronics

Turning away from the well-proven motor meter
technology and towards the use of electronic
meters is envisaged only for the next few years.
This is due to the European Directive on Energy
Services [21] and the third internal market
package [22] which prescribes that the Member
States of the European Community have, until
2020, to equip most households with electronic
meters enabling remote read-out. The idea behind
this is to inform the customers about their consumption behaviour at much shorter intervals than
is currently possible with the usual annual readout. This informative measure is meant to help
customers save energy. Other European countries
such as Italy, Sweden, France or the Netherlands
10
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are already much further in the introduction of
electronic, remote readout meters than is the case
in Germany. In this context, the political class and
the technical specialised press have repeatedly
reproached the German industry with missing the
introduction of electronic meters. Such statements
can often be excused by the (relative) youth of
their authors; “old timers”, however, know that this
criticism is inappropriate. In Germany, the development of electronic meters started as far back as
in the mid-1960s. The first electronic meters – at
that time, they were called “static meters”, since
contrary to motor meters, they contained no
movable components – were developed to equip
electric locomotives. The idea behind this was the
privatisation of the railways planned by Ludwig
Erhard: it would have made it necessary for the
railway energy suppliers to bill the electrical
energy supplied by means of the contact lines to
the railway companies. Motor meters were out of
the question due to their sensitivity to shocks and
vibrations. At the time, it seemed logical to analyse
the – then – still young and booming transistor
technology as to its suitability for electronic metering units. The first concepts of meters for locomotives based on transistor technology were strongly
influenced by the inventions of the Head of PTB’s
Electricity Division, Hans-Jürgen Schrader (1920–
1984) – who later became PTB’s Vice-president.
He suggested employing multipliers based on the
fundamentals of thermal effective value measurements which worked – using sophisticated error
compensation circuits – with accuracies better
than 1 % [23].
Thermal multiplication to build the product of
current and voltage and obtain power measured
values was, at the time, one of PTB’s domains. Also
at the Berlin site, where there was still a laboratory
working on electrical energy meters (parallel to the
one based in Braunschweig), measuring devices
equipped with thermal multipliers were developed.
The former laboratory head, who was later to
become the Verification Director of Lower Saxony,
W. Albach, has to be mentioned as a pioneer who
published his work on multiplier circuits with
thermal converters [24]. His successor, G. Schuster, made decisive inventions helping to surmount
the metrological weak spots of thermal converters [25]. His so-called “Schuster comparator” was
produced by the measuring instrument industry;
at PTB, it was – in a particularly sophisticated
version – the national measurement standard for
electrical power until the mid-1990s; only then
was it replaced by a digital facility developed by
G. Ramm/H. Moser/A. Braun. But let us get back
to H.-J. Schrader. The principle of thermal multiplication he suggested did not manage to establish
itself in billing meters. The reason for this was
the upcoming technology of integrated circuits
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by means of which multiplier circuits for billing
meters could be implemented much more easily
than with thermoelectric components. It was used
in the first electronic meters which were granted a
type approval by PTB at the beginning of the 1970s
[26]. These meters were not expected to have as
long a service-life as motor meters, but with 0.2 %,
they exhibited an accuracy which was ten times
higher. They were therefore used where accuracy
was more important than a long service-life inside
the network, i. e. for selling electricity to major
industrial customers, such as steel or chemical works, and for energy trade between diverse
utilities.
The next step in the introduction of modern
electronics in the metering field towards the end
of the 1970s/beginning of the 1980s was the use of
micro-computing systems to implement additional
functions for processing the measured values; in
motor meters, in the past these functions could
only be implemented with a very large precisionengineering effort by means of analogue computations. It was the Heliowatt company from Berlin,
which followed on from the company founded
by H. Aron and succeeded in developing the first
small microprocessor system that could be (successfully) integrated into a motor meter to count
and process the revolutions of the rotor disc [27].
The intention was to combine the long service-life
of the motor meter with the enhanced functionality
of the micro-computer. The identification system
which was then invented by Heliowatt for these
“hybrid meters” for the indication and the digital
read-out of the measured values has survived until
this day. The OBIS [28] ratio system, which is now
standardised worldwide, is based on it.
At the end of the 1980s, the first fully electronic
multifunction meters became commercially
available. These instruments were, similar to the
hybrid meters, mainly dedicated to industrial use.
But incentives to develop this technology further
were also given by politicians. It was, for instance,
made mandatory to offer modern rates such as,
e. g., the 96-hour load tariff which was prescribed
to utilities by the new Federal Tariff Ordinance
[29] which came into force in 1989; this enticed
engineers in the meter industry to try and develop
fully electronic meters which were efficient and
competitive. Profitability analysis, field trials and
other discussions on the introduction of electronic
meters also for domestic users, however, always
led to the same result: the introduction of complex
electronic meters with a remote read-out function was too expensive. Ultimately, the end users
were also not particularly interested in the new
tariff possibilities and their technical implementation proceedings. The situation then was the same
as now – with the exception that no one had yet
thought up the term “smart meter”.
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Figure 9:
H.-J. Schrader (1920–1984), Vice-president of the Physikalisch-Technische
Bundesanstalt, and the simplified diagram of the first electrical energy meter
without mobile parts he invented.

Figure 10:
Combining long service-life and functionality – the hybrid meter of the innovative
Heliowatt company and its functional diagram (around 1980).

8

Electronic Domestic Supply Meters
Appear

The first electronic meters designed for domestic
use were granted approval by PTB in 1991. Their
particular advantage vis-à-vis motor meters was
their capacity of measuring energy in two directions in a simple way – i. e. acquisition and supply.
The need for such a function was due to the
so-called “1000 roofs” funding programme which
was then launched to give private users incentives to invest in solar technology for the roofs of
11
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their own home. This was the precursor of today’s
Renewable Energy Sources Act [30]. In France, the
public utilities sector was already more advanced.
In Germany’s south-western neighbour France,
which had a much smaller industry for induction
motor meters than Germany, during the same
period, state-controlled, large-scale trials were
started to introduce electronic meters in private
households. Remote read-out, modular meter concepts were developed following the call for tenders
from the major French utility EDF [31]. The
project was called “Tarif bleu”. Manufacturers who
wanted to be involved as suppliers had to provide
meters with blue housings.
In Germany, utilities remained conservative.
Also the demand from the domestic customers
was never particularly high. They did not see any
advantage in the additional functions provided
by this type of meter. Only in 1998, following the
first large-scale reform of energy legislation with
its deregulation approaches, were the discussions with regard to the introduction of electronic
domestic supply meters resumed. Among others,
the markets were very optimistic concerning the
possibilities of so-called prepayment meters. In the
case of this type of meter, the approach is that the
electricity users have to buy a type of prepayment
support (e. g. chip cards) to be able to obtain electricity; the energy supply could then be activated
by the meter which was equipped with a payment
and switch-off device. The energy used was measured and the corresponding amount was debited
from the prepayment credit. The energy sector
hoped to introduce energy supply concepts such as
those already established in the domain of mobile
telecommunications. Optimistic prognostics of
market researchers predicted that more than 50 %
of all domestic supply meters would be such prepayment meters by the end of 2005 [32]. Things,
however, developed differently. The costs of these
meters were too high. Besides this, the lack of
compatibility between the prepayment supports
and the metering systems, which were as numerous as they were diverse, caused problems. Prepayment meters were – and still are – used basically
only where it is particularly difficult for the utilities
to claim outstanding energy bills. But applications
also extended to public points of sale for energy,
for instance when mooring at inland harbours
where electricity must be supplied to anchored
ships. Today, this type of meter has become topical
again, since it would be suitable to sell electricity
for electric cars at public points of sale.
The advantages and disadvantages of electronic
meters were, however, discussed over and over
again in the energy supply sector in Germany
in the 1990s, although there was no economic
or politic pressure. Ultimately, it was decided
to address the topic proactively. Even though
12
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Figure 11:
The Swiss company Sauter based in Basel took part
successfully in EDF’s call for tenders with a modular
meter design where the contact was not ensured by screw
terminals, but by a contact plug (around 1990).

it would, from an economic point of view, not
be regarded as reasonable to replace the motor
meters with electronic meters at present, it was
considered positive to be prepared in case lower
prices and an increased reliability made electronic
meters an interesting alternative. While on the
lookout for additional advantages of electronic
meters, the experts examined the so-called
“process costs” carefully, i. e. the costs of mounting, dismounting, transporting and storing as well
as administrating the meters. The most important
sectoral meeting in this context was organised
by one of the numerous initiators of electronic
domestic metering in Germany, L. Enning, on
6–7 June 2000 in Dortmund at the site of the then
Vereinigte Elektrizitätswerke (VEW). This was
the hour of birth of a simple plug-in electronic
meter. During further meetings, experts from the
utilities, the meter industry and meter cabinet
manufacturers developed a solution which is now
known under the name of “eHZ” (for “elektronischer Haushaltszähler” – electronic domestic supply
meter). Due to the activities within the former
lobby of energy supply utilities VDEW and its
successor associations VDN and FNN, a specification sheet was elaborated for this electronic
domestic supply meter. The first calls for tenders
of the major German utilities for meters of this
particular type caused numerous manufacturers
to take the risk to invest, develop and to serially
produce these instruments – which were quite different to those used in Europe and the rest of the
world. This technology is, meanwhile, widespread
– at least at the level of the four largest utilities in
Germany.
In the meantime, the energy sector has,
however, learned that the original approach,
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which does not provide a remote read-out interface but acts as a mere replacement product of
the former motor meters, was not trendsetting.
The specification sheet was amended to eliminate
this flaw [33]. Furthermore, derived forms of the
electronic domestic energy meters were developed with which it was also possible to acquire
time-stamped kWh hourly measured values and,
thus, to record real load profiles. Meters working
according to this concept were given the name
“EDL” meters [34] – this is the abbreviation for
“Energiedienstleistung” (energy service). This name
is a reference to the directive on energy efficiency and energy services mentioned above. By
transposing this directive in drafts of a reformed
German Energy Law, the Federal Ministry of
Economics, however, cleared a totally new path in
electric measurement techniques in 2011. In a – to
date – last step towards the triumph of electricity
metering, a concept was elaborated together with
the Federal Office for Information Security in
which a major part of the meter’s functions is no
longer implemented inside the meter itself, but in
a communication element which is connected as a
gateway of the meter and via which the electrical
energy meter can establish a secured connection
to the Internet, if required. From there, measured
data can be further processed and used for energy
management purposes [35].

9

Conclusions

Looking back at the history of electricity metering,
it becomes clear that many trendsetting concepts
and ideas have been triggered over the last 130
years. Especially the close relationship between
electricity metering and social and economic
development has determined innovating activities in this metrological field since the 1880s and
T. A. Edison’s triumphal inventions, and it is still
doing so today. The fact that electricity metering is
connected with social development will ensure its
future, since as long as man exists, there will be no
social standstill.
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1

Chemistry at the PhysikalischTechnische Reichsanstalt (PTR)

At the time of the founding of the PhysikalischTechnische Reichsanstalt (Imperial Physical
Technical Institute – PTR) in 1887, there was – at
first – no intention of integrating chemical work
into PTR’s field of work. It was, however, already
foreseeable at that time that working on the
multitude of physical problems would also raise
chemical questions. For that reason, a chemical
laboratory was set up already at the beginning
whose task it was to assist the physical laboratories
when dealing with chemical and physico-chemical
problems. This chemical laboratory was part of the
presidential department and, thus, was directly
responsible to the president of the PTR. From the
task of just assisting the other laboratories of the
PTR, systematic scientific investigations evolved.
These included, e. g., the hydrolytic investigation
of glasses which became necessary due to specific
physical and technical problems. Later on, this
resulted in large-scale testing services for the glass
industry which – also later on at PTB – belonged
to the tasks of the chemical laboratory.
One of the major tasks of the chemical laboratory – and of the physico-chemical laboratory
which emanated from it – was the preparation of
pure metals and their purity analysis. Pure metals
were required in manifold ways for the tasks of
the PTR; however, they were nowhere available in
the high purity that was required for the purposes

of the PTR. Examples of this are cadmium for
standard cells, antimony (whose melting point was
a fixed point of the temperature scale), platinum
and platinum metals for resistance thermometers.
For the purity determination of gold – a task the
PTR dealt with for the purposes of the “Imperial
Bank” (“Reichsbank”) – an analytical procedure
was developed which could be used to determine
the gold content accurately to 0.01 %. This was
high-accuracy analytical chemistry, which could
well come under the term “Metrology in Chemistry” which was introduced much later, because for
such a level of accuracy, metrological traceability
and any kind of measurement uncertainty determination whatsoever must be presupposed, even if
those metrological concepts had – at that time, and
particularly in chemistry – not yet been defined
and formulated in the way we know today. Iron,
cobalt and nickel were prepared in pure form for
the work of the magnetic laboratory. As conductor
for high-tension currents, pure aluminium played
an important role and, thus, was also part of the
working programme of the chemical laboratory.
In addition to the chemical work which resulted
from the specific requirements of the PTR, also
pure scientific research (e. g. for the further development of analytical chemistry) was conducted.
An outstanding success achieved by the research
work was the discovery of the element rhenium
by Ida and Walter Noddack in 1925. Following
the chemical enrichment of the sought – and still
unknown – element with the atomic number 75
in sources gained from columbite and gadolinite, it was detected for the first time by means of
the X-ray spectrum. X-ray spectrography was
preferred to the more sensitive optical spectral
analysis, as the position of the spectral lines in
the X-ray spectra can be precalculated at least
approximately. Finally, in 1928 it became possible
to gain 1.042 g of the element – which was named
“rhenium” – from 660 kg of molybdenite, and to
characterise it also chemically [1]. This helped to
exclude any remaining doubt about the correctness
of the interpretation of the X-ray spectrum.
This comprehensive and elaborate research
project, which had begun under the chairmanship
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Figure 1:
Walter Noddack

of the Nobel Prize winner Walter Nernst, was not
part of the actual tasks of the PTR. It was, however,
compatible with the aims of Werner von Siemens
who played an outstanding role in the founding
history of the PTR, as an “institute which does not
serve teaching but which serves scientific research
exclusively”.
Based on the successful detection of the element
rhenium, use of X-ray spectroscopy was continued as a versatile method of analytical investigation on a large scale at the PTR. It served Ida
Noddack, for example, to prove on the test samples
made available to her that the “discovery” of the
element 93 (i. e. a transuranic element), which had
been reported several times, was an error. In this
context, it is interesting to note that Ida Noddack –

Figure 3:
X-ray spectroscopic instrument which was used also for chemical analysis.
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Figure 2:
Ida Noddack (née Tacke)

following the assertion made by Enrico Fermi that
he had generated a transuranic element by means
of neutron bombardment of uranium – suggested,
for the first time, that thereby, also a nuclear
fission could occur. It was only much later that this
assumption proved to be true.
Initially, the work in the field of photochemistry,
too, had purely scientific objectives, e. g. the clarification of the procedures that occur during the
photographic process. For this purpose, a special
photochemical laboratory had been established.
After 1934, one of the tasks of this laboratory
was providing extensive testing services, i.e. the
measurement of the sensitivity of photographic
negative materials according to DIN 4512 as well
as the determination of further photographic
characteristic numbers for external customers.
Another chemical testing service of the PTR was
chemical resistance testing of plastics, which was
later continued at PTB with respect to the usability of electrical insulants in explosion-protected
electrical equipment.
After instructions had been given by political requirements to increase the production of
liquid fuels from raw materials of German origin
– such as coal and peat – a special smouldering
laboratory was set up whose task it was to test the
already known smouldering techniques for their
efficiency and to develop new procedures. This
was a task which, from today’s point of view, did
not really fit in with the tasks of a national metrology institute.
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2

Chemistry at PTB

Also PTB, the successor of the PTR, operated a
chemical laboratory that was mainly responsible
for in-house services. From the large technical
spectrum of tasks of the PTB laboratories many
chemical problems arose which required analytical
and preparative work as well as manifold chemical advice and assistance. For the maintenance of
the unit of voltage, the laboratory manufactured
Weston standard cells (cadmium-mercury elements) which were characterised by a high temporal voltage constancy, until this chemical realisation of the unit of voltage was replaced by the
Josephson voltage standards. Other selected examples taken from a broad spectrum of chemical
tasks are purity checks on metals as temperature
fixed point materials as well as of mercury in order
to realise the pressure scale, dust analyses in connection with the measurement of the radioactive
fallout during the time of the world-wide nuclear
tests and the determination of the composition of
hydrocarbon mixtures for safety-related concerns.
For the monitoring of the light-water content
(which is critical for the operation of the nuclear
reactor) in the heavy-water tank of PTB’s research
and measurement reactor, a special procedure was
developed by means of infrared spectrometry. In
this way, the mass fraction of light water, which
generally amounted to approximately 0.3 %, could
be determined with an uncertainty of 0.02 % [2].
Infrared spectrometry has already been used at
PTB as a versatile, efficient analytical measurement method since the emergence of commercial
instruments in the 1950s. The valuable technical
equipment which – according to the available possibilities – was kept up to the state of the art and
was later supplemented by Raman spectrometry,
was also used for scientific research work, e. g. for
molecular structure investigations [3] [4].
With the introduction of the Fourier technology
of infrared spectrometry in the 1970s, completely
new measuring possibilities opened up – both in
analytical chemistry and for the molecular structure investigations [5] and later on in the research
of solids – which are based on the so-called multiplex advantage of Fourier spectrometry which
becomes obvious in a considerably improved
signal-to-noise ratio and/or in considerably
reduced measuring times. At the chemical laboratory of PTB, one of the first commercially available
state-of-the-art infrared Fourier spectrometers
has been available since 1973. PTB was able to
keep pace with the rapid development of infrared
Fourier spectrometry and, later on, of Fourier
Raman spectrometry by continuously adapting the
technical equipment during the next two decades,
which was partly made possible by the participation in interesting research projects financed by

third-party funds, e. g. in high-temperature superconductor research [6] [7].
In the 1970s, analytical metrological tasks in
legal metrology were assigned to the chemical
laboratory. Due to the increasing environmental
awareness and the introduction of environmental
protection measures, mandatory verification for
the exhaust meters used was introduced to guarantee correct measurements when monitoring the
polluting emissions of vehicles. The chemical laboratory was given the task of approving measuring
instruments for the toxic components carbon
monoxide, hydrocarbons and nitrous oxides for
verification following a type examination. To this
end, at first, the elaboration of the scientific fundamentals of the various measurement methods
used was required. Later on, the type examination
and type approval of the infrared alcohol breath
analysers for the supervision of road traffic were
added as further tasks.
An important task in connection with the analytical measurement technology in legal metrology
was the development and supply of measurement
standards for the testing and verification of the
measurement instruments in the form of calibration gas mixtures. For the alcohol breath analysers,
a calibration gas generator was developed.

3

Metrology in Chemistry

3.1 International development
The work at these chemical measurement standards can be considered as the beginning of the
– later so-called – metrology in chemistry at PTB
– a new working area which, at the beginning of
the 1990s, resulted from the worldwide increasing need for reliable chemical measurements and
which has, since then, been significantly shaped
by PTB. The progressing globalisation of trade
and commerce and the increasing cross-border
exchange of goods and services associated with
this globalisation required, and still requires, reliable and trustworthy measurement results – e. g. for
assuring the quality of products or for controlling
the compliance with legal or agreed limiting values
– which are accepted by the trading partners or
the contracting parties without extensive control
measurements. Important decisions, e. g. in the
field of environmental protection, health care and
food safety, are often taken on the basis of chemical measurement results which must, therefore, be
reliable.
An important prerequisite for the trustworthiness of measurement results and, thus, their
acceptance is the knowledge of the measurement
uncertainty, based on metrological traceability of
the measurement results to the units of the international system of units (Système International
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d’Unités, SI) in which they are expressed. For most
of the fields of metrology, the traceability – and,
thus, also the international comparability of measurement results – has long since been established.
The international reference framework required
for this purpose – consisting of national standards
– was, at first, however, not available for chemical measurements. The effort made to remedy this
shortcoming and to create an internationally recognised metrological reference framework also for
analytical chemistry led to the field of metrology
in chemistry, i.e. the application of metrological
principles in chemical analytics.
In the following, we will outline some details
from the history of the origins of metrology in
chemistry: In a note by the International Bureau of
Weights and Measures (BIPM) to the International
Committee for Weights and Measures (CIPM), the
director of the BIPM, T. J. Quinn, gave a report, in
June 1990, on a visit to the British Laboratory of
the Government Chemist (LGC) in Teddington to
which he had been invited by its director, A. Williams. The latter considered an improvement of the
international comparability of economically and
socially relevant chemical and physico-chemical
measurement results to be necessary and suggested
that the CIPM should establish a Consultative
Committee (Comité Consultatif, CC) for the mole,
similar to the CC for the physical working fields.
The new committee was supposed to organise
international comparison measurements, to select
several key reference materials, and to make
recommendations for their use at the highest level
of accuracy. Quinn promised to deal with this
subject at the CIPM. Finally, this proposal resulted
in the founding of the CCQM, a special Consultative Committee for the base quantity amount of
substance (QM: Quantité de Matière). This was the
beginning of the setting up of the required international metrological reference framework as it had
long since already existed for physical metrology.
Shortly before that, EUROMET, the European
cooperation for the development of measurement
standards, had introduced the new subject field
“Amount of Substance”. The objective of this was
the international harmonisation of the chemical
measurement standards and their link-up with the
SI units.
Prior to the founding of the CCQM, initial
reservations had to be overcome. Doubts as to the
transferability of the traceability concept to chemical measurements delayed the progress. Following intensive discussions between representatives
of the leading metrology institutes in an ad hoc
working group, the new consultative committee
was established by the CIPM in 1993. In addition
to the initiators Quinn and Williams mentioned
already above, the director of the National Institute of Standards and Technology, USA (NIST),
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J. Lyons, and, in particular, the president of PTB,
D. Kind, who, at that time, was also the president
of the CIPM, were the founding fathers of the
CCQM. With R. Kaarls, the former director of
the metrology institute of the Netherlands and
member of the CIPM, an outstanding president
could be won over for the new committee whose
complete designation today is “Consultative Committee for Amount of Substance – Metrology in
Chemistry”.
The central task of the CCQM was, and still is,
to implement the international reference framework already mentioned above for the traceability
of chemical measurement results to the SI units
which consists of mutually acknowledged equivalent national measurement standards in the form
of reference materials and reference measurement
methods. Measurement standards are required as
most of the chemical measurement procedures
must be calibrated, i.e. they must be related to
standards (as is also the case in other fields of
metrology). In a country, the national standards
represent the highest level of the traceability chain
via which – mostly by means of intermediate
levels – traceability is established at the working
level. The link-up of the national standards with
the SI units is ideally realised with primary
methods. These are methods which provide results
with a high accuracy directly in SI units, so that
reference to a standard of the same quantity, i. e.
a calibration, is not necessary [8]. Examples of
primary methods to measure amounts of substance of unambiguously identified and separated
substances are gravimetry, titrimetry and coulometry. Mostly, combinations from procedures
with a high precision, selectivity and sensitivity,
which have to be calibrated, are used together with
primary methods, e. g. gravimetry, and thus also
receive the rank of primary methods. An example
of this is isotope dilution mass spectrometry. Due
to their high sophistication, such methods are
usually reserved to the national metrology institutes (NMIs) or other highly qualified laboratories.
The equivalence of the national measurement
standards is an important precondition for the
measurement results of the test laboratories to be
internationally comparable and trustworthy at
the working level (user level). Quality assurance
also plays an important role in the laboratories.
Here, an accreditation according to international
standards can increase the trustworthiness of the
measurements.
The large variety and complexity of chemical
measurement tasks is a big challenge when selecting the required measurement standards. A particularity of the traceability of chemical measurement results is that – in addition to the traceability
to the SI unit used, e. g. to that of the mass concentration – traceability to the chemical identity is
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also required. The consequence of this qualitative
aspect of chemical analysis is that the number of
the required reference materials as measurement
standards is at least as large as the number of analytes. As concentration measurements of one and
the same analyte in different matrices represent
various measurement tasks due to the dependence
of the measurement signal on the remaining components of the test sample (“matrix effect”), the
number of the required measurement standards
still increases, as reference materials are required
for the minimisation of the matrix effect whose
composition comes as close as possible to the test
sample. In order to keep the scope of work within
manageable limits, the CCQM initially concentrated on those areas of analytical chemistry where
reliable results were required the most urgently.
These were, above all, health care, food safety and
environmental protection.
The work of the CCQM, as well as the work of
the other CCs, gained additionally in importance
due to an agreement made by the CIPM in 1999
for the mutual recognition of the national measurement standards and the calibration certificates
issued by the national metrology institutes (Mutual
Recognition Arrangement, MRA). In a certain
way, the MRA supplements the Metre Convention
and specifies that the countries which have agreed
on the use of a joint system of units additionally
agree to acknowledge the national measurement
standards and the calibration certificates of other
countries as being equivalent to their own measurement standards and calibration certificates. In
contrast to the Metre Convention, the MRA was
not signed by the governments but by the metrology institutes of the respective countries. The aim
of the MRA is to establish a technical basis for
international agreements for which measurement
results play an important role. The MRA serves the
purpose of increasing the confidence in the reliability of measurement results quite generally and
world-wide and, thus, to eliminate, for example,
technical barriers to trade which are due to the
non-acceptance of measurement results. Whereas
the MRA had, in most fields of metrology, brought
about an improvement and strengthening of the
already existing acceptance of measurement standards and calibration certificates, it was the first
approach ever to establish a globally recognised
reference system for chemical measurements. The
practical shaping of this approach is the task of the
CCQM.
In the areas having highest priority, the CCQM
carries out the international comparison measurements (the so-called “key comparisons”, KC)
– required by the MRA – on selected measurement standards/measurement tasks and thus also
tests the calibration and measurement capabilities
(CMCs) of the NMIs involved. The comparison
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measurements establish the basis of mutual trust
for the mutual recognition of the national measurement standards and calibration certificates.
Here, too, the task is to make a selection of key
comparisons which is as representative as possible,
and to limit their number to a manageable degree.
The KC results and the CMCs are the metrological
basis of the MRA and are available in a database
at the BIPM. This allows all interested parties, e. g.
accreditation authorities, regulatory authorities
and trade partners, to assess the trustworthiness
of measurement results which are related to the
national standards.
The practical work of the CCQM is done in specialist working groups, i. e. in the Working Group
on Gas Analysis (GAWG), the Working Group on
Inorganic Analysis (IAWG), the Working Group
on Organic Analysis (OAWG), the Working
Group on Electrochemical Analysis (EAWG), the
Working Group on Bioanalysis (BAWG) and the
Working Group on Surface Analysis (SAWG). The
Working Group on Key Comparisons and CMC
Quality (KCWG) has a cross-sectional function.
The working groups select the analytical measurement tasks which require key comparisons.
Selection criteria include the international demand
for traceability and the possible benefit for similar
measuring problems. The aim is to select the KCs
in such a way that they are representative of as
large areas of analysis as possible. The KCWG
coordinates the KCs and controls the international
evaluation process of the CMCs submitted by the
NMIs which are derived from the KC results. To
assess the correctness of the CMC claims, also
peer reviews are used. The CMCs characterise the
quality of the services rendered by the NMI to
establish traceability or to disseminate the SI units
to the working level. That is why they are verified with great diligence and effort before they are
entered into the database at the BIPM.
Since the beginning of this work in 1994, the
number of the KC and CMC entries has strongly
increased. Currently (2011), it amounts to 150 KCs
and 4800 CMCs in the category “chemistry”. The
CMCs can be reference materials which the NMIs
provide for link-up measurements, and also reference measurement procedures which are used to
carry out link-up measurements and calibrations.
Valuable contributions to the development of
metrology in chemistry were also made by the
international initiative “Cooperation on International Traceability in Analytical Chemistry
(CITAC)”. What is well worth mentioning here
are the guides issued by CITAC on measurement
uncertainty and traceability in chemical analysis
[www.citac.cc].
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3.2 Development in Germany
Of great advantage for the development of metrology in chemistry in Germany was that PTB was
able to take on employees of the dissolved Academy
of Sciences of the former GDR after the reunification of Germany. The personnel growth enabled
the establishment of a new laboratory “Metrology
in Chemistry” at PTB in 1992. An internationally
recognised expert for mass spectrometry could be
recruited from the Academy as head of this laboratory [9]. Since then, mass spectrometry has been the
most important measurement method of metrology
in chemistry at PTB [10]. Here, isotope dilution
technology plays an important role as potential
primary method. Also electrochemical topics, such
as coulometry, pH measurement and measurement
of the electrical conductivity could be tackled due
to the increase in personnel from the Academy. The
purchase of the expensive measuring equipment,
especially that for mass spectrometry, required a
certain time due to the given budgetary situation
and – thanks to the high priority which metrology
in chemistry has always had at PTB – could be kept
at the state of the art.
The aim to achieve international comparability
on the basis of traceability to the SI units requires
two facilities at the national level which should be
similar to the well-proven traceability structures
which already exist in physical metrology: a system
of reference points in the form of national measurement standards – preferably primary standards
– which forms the national reference level, and
a dissemination system which links the working
level with the reference level. Both systems had to
be set up. Due to the scope and multitude of these
tasks, it was clear from the outset that PTB would
not be able to cope with them alone, but that they
could be solved only in a joint effort with partners which are competent in the field of analytical

Figure 4:
Structure of the network at the
national reference level for
chemical analysis.
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chemistry. The result of the successful cooperation
with other institutes today is a network for metrology in chemistry which represents the national
reference level for the most important chemical
measurement tasks. Figure 4 shows the structure
of this network. On the basis of its own competence in analytical chemistry, PTB coordinates
the contributions of the four partner institutes:
the Federal Institute for Materials Research and
Testing (Bundesanstalt für Materialforschung und
-prüfung – BAM), the Federal Environment Agency
(Umweltbundesamt – UBA), the German United
Society for Clinical Chemistry and Laboratory
Medicine (Deutsche Vereinte Gesellschaft für klinische Chemie und Laboratoriumsmedizin – DGKL)
and the Federal Office for Consumer Protection and
Food Safety (Bundesamt für Verbraucherschutz und
Lebensmittelsicherheit -BVL). The network partners notified vis-à-vis the CIPM take part on their
own responsibility in the key comparisons and
thus ensure the link to the international reference
framework.
Figure 5 shows the overall traceability structure. The link-up of the user level is carried out
via chemical calibration laboratories accredited in accordance with ISO/IEC 17025 and
ISO Guide 34, which play an important role as
intermediator or multiplier between the two levels.
With this traceability structure, the traceability
of particularly important measurements to the
SI units was established in the following fields of
application of analytical chemistry:
•• clinical chemistry and laboratory medicine
•• analysis for environmental protection
•• food analysis
At the reference level, methods are used which
allow traceability to the SI units with the lowest
possible measurement uncertainty. Thereby, the
highly pure substances of the BAM as primary
standards are of special importance.
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Figure 5:
Entire traceability structure for
chemical analysis.

4

Contributions of PTB at the reference
level of the traceability structure

The research and development work for metrology
in chemistry is mainly carried out in the Working
Groups “Inorganic Analysis” (3.11), “Organic
Analysis” (3.12) and “Electrochemistry” (3.13).
The focus lies on the development, improvement
and application of analytical measurement procedures which allow traceability to the SI units with
the lowest possible measurement uncertainty. At
PTB, this includes isotope dilution mass spectrometry (IDMS), the procedure of standard addition,
gravimetry, titrimetry and the electrochemical
methods of coulometry, pH measurement and
conductometry of electrolyte solutions for special
analytical questions. In inorganic and organic
analysis, mainly IDMS is used. Furthermore,
other procedures are being developed and tested:
surface-enhanced Raman spectroscopy in connection with isotope dilution, as well as gas analysis by
means of laser spectrometry.
As regards the development of analytical procedures at the reference level, considerable progress
has been made at PTB which mainly consists of an
increase in the measurement accuracy (reduction
of the measurement uncertainty). The improvements are mainly due to the reduction of systematic deviations and, thus, to the reduction of the
contribution to the measurement uncertainty
which is generally difficult to estimate and which
is due to an insufficient knowledge of systematic
deviations. In the following, the most important
developments will be briefly described.

other than the natural one, in known amount. The
abundance ratio (amount-of-substance ratio) of
two selected isotopes is measured by mass spectrometry in the original sample, in the addition
(called “spike”) and in the blend after the entire
sample preparation process has been passed
through. The evaluation is carried out by means of
the following measurement equation, which has
been written down here in case the analyte consists
of only two isotopes:
na =

( Rs − Rm ) (1 + Ra ) n .
( Rm − Ra ) (1 + Rs ) s

(1)

Hereby, na is the amount of substance of the
analyte, ns is the amount of substance of the
analyte added as spike, R is the abundance ratio of
the two isotopes in the spike (index s), in the blend
(index m) and in the sample (index a).
As, during the sample preparation, the abundance ratios can be assumed to be invariable due
to the identical chemical behaviour of the isotopes,
even if the analyte is not completely taken along
(recovery < 1), the measurement always remains

Isotope dilution mass spectrometry (IDMS)
IDMS can be applied to elements which exist in
the form of several isotopes – as well as to compounds which contain atoms with several isotopes
[11] – and allows the measurement of amounts of
substance and, thus, of analyte contents, also in
complex matrices, with a very high accuracy. The
analyte is added to the – still unchanged – original
sample in the form of an isotopic composition

Figure 6:
Mass spectrometer with thermal ion source, mainly used by PTB for the measurement of the abundance ratios of isotopes and, thus, also for element analysis with
isotope dilution mass spectrometry (IDMS).
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coupled to the initial sample and, thus, remains
traceable. At PTB (Working Group 3.12), an iterative variant of the combination of the IDMS with
the “reverse” IDMS has been developed which does
without the usual limiting assumptions and is, in
turn, characterised by a better control of systematic
deviations [12]. The procedure is also referred to
as “exact matching”. The designation results from
the fact that the IDMS experiment is supposed to
be carried out not only on the sample in which the
unknown amount of substance of the analyte is
to be determined, but also on a reference sample
with a known analyte amount of substance. The
sample and the reference sample are doped with the
same amount of substance of spike. The amount of
substance of the analyte in the reference sample is
varied – with the aim of adjusting the abundance
ratios of the two isotopes in the sample and in the
reference sample. In case of parity, the composition
of the sample is identical to that of the reference
sample and, thus, known. In practice, a gap remains
which is bridged by interpolation. A multi-isotopic
variant of equation (1) serves to find an initial value
for the comparison experiment. With this procedure, the measurement uncertainty can be reduced
as the result is based on a standard – the reference
sample – which is known with high accuracy.
PTB uses the IDMS both in inorganic and organic
analysis. In the field of clinical chemistry, so-called
“biomarkers for diagnostic purposes” are gaining in
importance. Often, these are macromolecules like
proteins. Since such molecules can be decomposed
in an unambiguous way into smaller fragments
by means of enzymatic cleavage, those substances
– which are important for health care – are also
accessible to IDMS, so that rapid test methods can
be calibrated by means of IDMS. PTB is the first
national metrology institute which offers such a
calibration, i. e. for the concentration measurement of the growth hormone somatotropine in
blood serum, which also plays an important role for
doping tests. The novel measurement procedure by
means of IDMS was developed together with physicians from the Medizinische Klinik (Innenstadt)
of the Ludwig-Maximilians-Universität (LMU) in
Munich [13].
In the section “Special chemical contributions of
PTB for the redetermination of the Avogadro constant” in this publication, another interesting novel
concept of IDMS will be described.
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Standard addition
In the case of monoisotopic analytes, IDMS cannot
be applied. Here, and also in the case of a more
complex matrix and of low concentration, a similar
effect, which reduces systematic deviations, can
be achieved by means of the so-called “standard
addition”, whose original form is described in the
German norm DIN 32633. The standard addition
allows the calibration of an analytical procedure
by using the sample to be analysed. In this way, the
effect of the matrix, which influences the signal,
is taken into account (internal calibration). The
analyte is added as calibration standard, usually in
dissolved form, to several identical sub-samples in
an increasing amount of substance. After measuring solutions (solutions to be measured) have been
prepared by filling the doped sub-samples up to an
identical total volume and by homogenisation, the
signal – which is generated by the analyte already
in the test sample and by the added analyte – is
measured. In the range of linear dependence of
the signal on the analyte content, a straight line is
obtained by plotting the signal against the analyte
contents calculated from the additions, from
which the analyte content in the sample can be
determined by linear regression. If the sample and
the calibration standard are handled volumetrically, the mass concentration of the analyte in the
sample results as follows:

γp =

a0 V
,
a1 Vp

(2)

Hereby, a0 is the ordinate intercept (signal axis),
a1 the slope of the regression line, V the volume of
the measuring solution, and Vp the volume of the
sub-sample.
If it is not the volume of the sub-samples that is
measured, but rather their mass mp, an equation
corresponding to equation (2) can be given for the
mass fraction:
wp =

a0 V
.
a1 mp

(3)

The use of equations (2) and (3) presupposes
that not only all the sample portions, but also the
volumes of the measuring solutions are exactly
equal. The approach chosen by DIN 32633 does
not take the actually occurring individual values
into account. As variations are unavoidable, the
result is modified in an uncontrollable manner and
the measurement uncertainty is increased.
For that reason, PTB’s Working Group 3.11
has reformulated the procedure for the standard
addition, so that all individual values can be taken
into account arithmetically, and has developed it
further and perfected in several steps. A decisive
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improvement (reduction of the measurement
uncertainty) is achieved by implementing all
preparation steps in a completely gravimetric way.
Also for this “gravimetric approach” [14], a linear
relation can be set up by a suitable choice of the
signal and content variables and be optimised by
the least squares adjustment. The mass fraction of
the analyte in the sample is given by the regression line parameters and the mass fraction wz of
the analyte in the increasingly added calibration
solution:
a 
w p = wz  0 
 a1 grav.Ansatz

(4)

The regression line parameters have the same
meaning as in equation (2) and equation (3) (i. e.
a0: ordinate intercept, a1: slope); they are, however,
not identical with these, but have other values and
dimensions. In contrast to DIN 32633, all individual masses of the solutions of the sub-samples,
the solutions of the standard additions and the
measuring solutions are taken into account in the
values of the regression line parameters. With this
variant of the standard addition procedure, the
measurement uncertainty is considerably reduced
compared to DIN 32633. The determination of the
measurement uncertainty of the analyte content of
the sample also takes into account the uncertainty
of the analyte content of the calibration standard,
which is not possible with the DIN procedure.
A further accuracy improvement was achieved
by using an internal reference standard and
measuring the ratio of the signals of this additional
standard and of the analyte. Potential variations
and drifts – which can be caused by the measuring equipment – are largely compensated by the
ratio measurement. The density of the measuring
solutions, which is contained in the deduction of

equation (4), cancels during quotient formation.
Thus, also the low temperature dependence which
had remained in spite of the gravimetric realisation of all preparation steps is eliminated.
The efficiency of the standard addition procedure has been impressively demonstrated [14]
by the mass-spectrometric determination of the
content of the mono-isotopic element rhodium in
an automobile catalyst. Indium served as internal reference standard. The measurements were
carried out both by means of a high-resolution
ICP mass spectrometer and of a multi-collector
ICP mass spectrometer (ICP: Inductively Coupled
Plasma). DIN 32633 is just being revised under the
leadership of PTB.
Raman spectrometry
The surface-enhanced variant of Raman scattering (surface-enhanced Raman scattering, SERS)
combines the high information content of the
vibration spectra with a high sensitivity and is thus
of great benefit for chemical analysis. Here, too,
the principle of isotope dilution can be applied. A
special advantage is that the high amplification of
the Raman scattering of molecules that have been
absorbed at specific nanostructured metal surfaces
is accompanied by the suppression of the disturbing fluorescence and that Raman spectrometry can
also distinguish between various structure variants
of an analyte molecule.
By means of Raman spectrometry with surface
enhancement, a novel analysis procedure was
developed at PTB (Working Group 3.11) for
clinical chemistry [15]. It uses SERS in connection with isotope dilution for the measurement of
the creatinine concentration in blood serum. As
spike (internal standard), creatinine marked with
13
C and 15N is added which can be distinguished
from the unmarked analyte in some vibrational
frequencies. Silver colloid is used as the metallic
substrate. Also nanostructured (< 10 nm) gold
surfaces which have been manufactured by means
of electron-beam lithography are well suited.
Similar to IDMS, the procedure has the potential
of a primary method.
Gas analysis with laser spectrometry

Figure 7:
Schematic representation of the working steps of the
standard addition procedure: preparation of the measuring solutions and evaluation of the measurements.

An interesting, novel analytical measurement
method is gas analysis by means of laser spectrometry. In this method, the absorption of the radiation
of a frequency-tuneable laser in the range of a spectral line of a rovibrational transition of the analyte
molecule is measured with high spectral resolution. Thanks to the availability of quantum cascade
lasers, such measurements can also be carried out
in the mid-infrared now, which – compared to
the near-infrared diode laser technology used so
23
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far – considerably extends the measurement capabilities. The amount-of-substance fraction of the
analyte can be calculated in the validity range of the
Beer-Lambert absorption law on the basis of the
measured spectral absorbance if the line strength
of the rovibrational transition is known. Under this
condition, the measurement procedure does not
require any calibration and, thus, has the potential
of a primary method.
For line strengths which are available in data
bases, there is usually no uncertainty information
available. Thus, to obtain reliable results, it is necessary to determine the line strengths of analytically
relevant gas molecules on the basis of gravimetrically prepared gas mixtures. The contributions
made by PTB will mainly deal with this issue. The
results which have so far been presented by PTB
(Working Group 3.22) have given convincing proof
of the efficiency of gas analysis by means of laser
spectrometry. Amount-of-substance fraction measurements of CO and CO2 in nitrogen by using line
strength data from the HITRAN data base show a
good agreement with the gravimetrically prepared
composition within the scope of the estimated
uncertainties of the HITRAN values [16, 17].
Electrochemistry
Also in the field of electrochemistry, PTB’s Working
Group 3.13 makes valuable contributions to the
further development of such measurement technology which is required for the traceability of
measurement results to the SI units. In view of the
demand for traceable measurement results in those
areas which are rated as urgent, especially pH measurement, ion analysis, coulometry and the measurement of the electrical conductivity of electrolyte
solutions are to be mentioned.
In a pH standard measuring facility developed at
PTB, the pH value of reference solutions is measured by means of an internationally agreed electrochemical measurement procedure which allows
a good approximation of the definition of the pH
value. The central element of the facility is a set of
electrochemical measuring cells with platinum/
hydrogen electrodes and silver/silver chloride electrodes in a highly constant thermostat. The measuring facility of PTB is considered to be one of the
most accurate pH measuring set-ups internationally and has the status of a primary standard. The
buffer solutions calibrated with this facility are the
highest reference points in the traceability chain for
pH measurements in Germany. The measurement
uncertainty of these solutions amounts to U = 0.003
(coverage factor k = 2, coverage probability 0.95) in
the pH range from 1.6 to 10.1 at 25 °C [18].
Another important electrochemical measurand
is the activity of ions. The measurement of the
activity of free ions with ion-selective electrodes
24

Figure 8:
Primary standard of PTB for the measurement of the
pH value: schematic view of the measurement set-up.

is a standard method in intensive medical care.
Within the scope of a European research project
with the participation of PTB, the uncertainty of
such measurements could be considerably reduced
and the reliability of diagnoses could, thus, be
improved.
By means of coulometry, amounts of substance
are measured traceable to the SI with high accuracy via the converted amount of charge. Thus,
coulometry is suitable for the purity investigation
of substances which play the role of primary standards in analysis – e. g. primary titre substances.
Compared to the purity investigations where the
sum of the impurities is measured – as far as these
are known – coulometry directly measures the
content of the main component in the test sample,
without potential impurities having to be known.
A precondition for this is that secondary reactions can be avoided or corrections for these are
possible. In Working Group 3.13, a measurement
procedure for high-accuracy current-controlled
coulometry has been set up which meets the criteria of a primary method [19].
In many areas of technology and science, the
electrical conductivity of electrolyte solutions is
a useful and frequently used measurand. It is a
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measure of the concentration of ions in aqueous
media. Being a non-specific sum parameter to
which all existing ions contribute, it can be used,
e. g., for the characterisation of the quality of
drinking water and water for domestic and technical use and can, in many applications, replace
laborious analytical measurement procedures.
From this, the great need for reliable calibration
solutions for conductivity measurement instruments results.
PTB operates a measuring set-up which measures the conductivity via the solution resistance
in a measuring cell traceable to the SI units. The
required value of the cell constant is determined
from the measured geometry of the measuring
cell. With this measuring equipment, the electrical conductivity of electrolyte solutions in the
range from 0.5 mS/m to 20 S/m can be measured
with a relative standard measurement uncertainty
of 0.2 % to 0.02 %. The main application is the
calibration of electrolyte solutions which are used
as reference solutions for the dissemination of the
conductivity unit. At the working level, calibration
solutions derived from these serve for the calibration of conductivity measuring cells and, thus,
for ensuring traceability of conductivity measurements in laboratory practice. Conductivity measurements also serve to determine the salinity of
the oceans. PTB coordinates a European research
project for the improvement of the traceability of
such measurements [20].
A measuring station for the conductivity range
of ultra-pure water was also developed within the
scope of a European research program. The special
measuring cell with concentrically arranged
cylinder electrodes has a particularly small cell
constant. Also for this cell geometry, it can be
precisely determined from geometric measurements. The measuring cell is located in a closed
circuit in order to eliminate the disturbing influence of atmospheric carbon dioxide. The circuit is
fed from an ultra-pure water preparation facility
and can be doped with electrolytes in a targeted
way. Thereby, the electrical conductivity in this
extreme range between 5.5 μS/m and 15 mS/m can
be adjusted and can, for the first time, be measured
traceable to the SI units [21].

5

Special chemical contributions of PTB
to the redetermination of the
Avogadro constant

For several years now, Working Group 3.11
(Inorganic Analysis) has been taking part in the
international Avogadro project (International
Avogadro Coordination, IAC). In this project, the
measurement of the Avogadro constant is carried
out on two almost perfect spheres made of highly
enriched 28Si single crystal material – called “Si28”
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Figure 9:
Measurement and dosing equipment for measurements and calibrations in the
range of very low electrical conductivity (5.5 μS/m to 15 mS/m).

– with a mass of about 1 kg, and is based on the
relation
(5)
N A = z M / ( ρ a3 ) .
Hereby, z = 8 is the number of silicon atoms in
the unit cell, M is the molar mass of the highly
enriched 28Si (amount-of-substance fraction x(28Si)
> 0.9999), ρ is its density, and a is the lattice parameter of the crystal. The density is calculated from
the geometrically determined sphere volume and
the mass of the spheres. The objective of the contribution of Working Group 3.11 is the measurement
of the molar mass of “Si28” with the highest possible accuracy from the abundances of the isotopes
28
Si, 29Si and 30Si, the last two being contained only
in small fractions. So far, the insufficient accuracy
of the measurement of this molar mass has been
the weak point of the project. For this measurement project, a new approach was used which is
based on innovative concepts.
Instead of in the gas phase on SiF4 – as has been
the case so far [22] – the measurements at PTB
were carried out in solution (sodium hydroxide
solution) with a multi-collector ICP mass spectrometer. For the measurement of the isotopic
abundances, a novel IDMS concept was developed.
For this purpose, a virtual element silicon was
defined that only consists of 29Si and 30Si. The mass
fraction of this virtual element in its matrix, i. e. in
the complete element silicon composed of all three
isotopes, was measured by means of IDMS using
highly enriched 30Si as a spike. From the mass fraction of the virtual silicon and a set of newly set-up
measurement equations, all three isotopic abun25

■ Metrology Throughout the Ages
dances can be calculated. The new IDMS concept
is of particular advantage in the case of the highly
enriched 28Si material, as it avoids the measurement
of the extremely small abundance ratios of the
silicon isotopes 29 and 28 as well as 30 and 28. It is
also suitable for natural silicon and was tested on
it. Thus, IDMS has been used for the first time to
determine a molar mass [23].
For the determination of the factors of proportionality K between the ratios of the ion currents
I and the abundance ratios R of isotope pairs,
e. g. R(30Si/29Si) = K I(30Si)/I(29Si), which deviate
from 1 due to mass discrimination effects, a novel,
improved method has been developed. Thus, for
the first time, the K-values were calculated by
means of exact analytical equations on the basis of
the measurement data obtained from the spectrometer calibration [24].
The advantage of the multi-collector procedure
as compared to the sequential technology – which
has mainly been used so far – is that all isotopes
are detected at the same time. This allows considerably more precise measurements of the abundance
ratios due to the lower influence of drifts and
instabilities of the measuring device. Compared
to a sequentially working ICP mass spectrometer,
the measurement uncertainty is reduced by three
orders of magnitude. What is more, the procedure
developed at PTB is also better suited to correct
errors due to the contamination of the highly
enriched silicon with natural silicon.
After the new method had been successfully
tested by determining the molar mass of natural
silicon, it was applied to samples of the crystal made
from highly enriched 28Si (“Si28”). At the beginning
of 2011, the result of PTB was published [25].
In accordance with this result, the molar mass of
“Si28” amounts to:
M(“Si28”) = 27.976 970 27 (23) g mol−1, with
a relative standard measurement uncertainty
urel = 8.2 · 10−9.
So far, this has been the most accurate measurement of this quantity. As the overall result of the
international Avogadro project, the new value of
the Avogadro constant was obtained according to
equation (5) as follows:
NA = 6.02214082(18) · 1023 mol−1,
with a relative measurement uncertainty of
3.0 · 10−8. Thus, the objective of a relative uncertainty below 2 · 10−8 which would have been attainable with the accuracy of the molar mass measured
at PTB, has not quite been achieved. This is due
to impurities of the sphere surfaces with metal
silicides from the polishing procedure.
To determine the exact value of the lattice
parameter of the silicon crystal, the residual
impurities due to oxygen, carbon and boron,
26
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which are located in the crystal lattice, had to be
known. These investigations were also carried out
by PTB’s Working Group 3.11. Infrared absorption
measurement served as the measurement method.
Although the measured concentrations are very
low and the purity objective for the manufacture of
the Si-material has thus been achieved, corrections
to the lattice parameter become necessary.
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1

Introduction

“A picture is worth a thousand words” says a
known proverb and indicates that a picture can
detect, store and disseminate a large quantity of
information about objects and facts within the
shortest period of time. Pictures do not only show
what can be perceived with the eye – today they
can also visualise properties which are hidden for
the human eye: they show details from the atomic
level up to space, provide views into the human
body to allow illnesses to be diagnosed, furnish
locus-dependent information about the most
different material properties, are used in industry for fast process control and, last but not least,
they are used in metrology. In this contribution,
we will present some of these developments and
explain which questions have been dealt with at
the Physikalisch-Technische Reichsanstalt (“Imperial Physical Technical Institute” – PTR) and at the
Physikalisch-Technische Bundesanstalt (PTB) in
the field of optical imaging and which important
results have been contributed to this subject by
the PTR and PTB. As we will restrict ourselves to
optical imaging, we will not go into other research
fields of PTB which concern, for example, imaging

by means of electron methods, nuclear resonance
methods or tactile methods.
Optical imaging uses electromagnetic radiation
for the imaging of objects. Whereas – until the end
of the 19th century – almost exclusively visible light
was applied, today practically the whole accessible
electromagnetic spectral range can be used for
imaging. Without this extension of the wavelength
range, many applications of today’s imaging would
not be possible. An example is modern lithography
for the manufacturing of computer chips, in the
case of which ultraprecise optical images of very
small structures are of central importance. At first,
visible light was used; this was later complemented
by radiation in the UV range and – partly still in
the stage of development – in the DUV and EUV
range1. Lithography is also an example from the
field of high technology, by which PTB supports
– with its metrological activities – industry in
the further development of the procedures and
of quality assurance and, thus, contributes to its
competitiveness.
At least of equal importance to the development of optical imaging was the transition from
photographic film to the digital image sensor, as
well as the “digital revolution” with its possibilities of storing and analyzing images without loss
of information and of transporting them over
large distances without any noticeable delay.
Today, our daily life is hardly imaginable without
digital image sensors such as CCD chips or active
CMOS chips: they are incorporated in every digital
camera, are used to monitor, control and automate
many technical processes and, last but not least,
they allow – incorporated in miniature video
cameras – the particularly gentle “keyhole” surgery
in medicine. It is just because of this great and
worldwide importance that the inventors of the
CCD chip were granted the Nobel Prize in physics
in 2009. Also the developments and applications of
“image detectors” – from film to the digital chip –
have been supported by the PTR and PTB with
research activities of their own.
Another very important aspect, which helped to
get modern optical imaging accepted and which
finally also led to routine business, is the still
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continuing, rapid price decline which we have
been experiencing for more than 40 years in the
case of all digital products and which is originally
related to the progressing miniaturisation of the
structures on the chips. This correlation, which
is known as “Moore’s law”, says that the number
of the components on a chip reduplicates every
one and a half or two years. This tendency has
continued until today and will – according to the
predictions of semi-conductor industry – still continue at least until the year 2020. Only due to this
miniaturisation and the favourable prices associated with it, have many of today’s applications of
optical imaging become affordable and accessible
to quasi everyone: In the early 1990s, the costs of
a 1.5 mega pixel digital camera, which was at that
time used at PTB as a test camera for investigations, amounted – when converted – to approx. ten
thousand euros and had – without lens system – a
weight of more than one kilogram. Today, digital
cameras – with improved quality – are on sale as
webcams for thirty euros or they are incorporated
in mobile phones having a weight of eighty grams.
The enormous progress made in the field of
digital imaging also opens up new fields of application and new possibilities for metrology and this
subject is – as a matter of course – of great interest
to PTB. In particular, in the case of metrological
applications, optics can make use of its advantages
to the fullest extent: The interaction with light is
free from contact, usually non-destructive and fast.
In addition, optical images allow two-dimensional
measurements to be performed simultaneously
and in parallel.
The examples of the PTR’s and PTB’s work
presented in this article reflect many general
tendencies and developments in the field of optical
metrology: the requirement of a reproduction of
the imaged object as true to detail and scale as
possible, an increasingly improved optical resolution and sensitivity, the expansion to other spectral
ranges for the development of new applications
and the general requirements for increasingly
exact and faster optical measuring techniques. The
examples selected show how quantitative aerial
image photography with its popular applications
such as, for example, Google Earth™, are due to
the improvements in the imaging properties of
objective lenses (Section 2.1). They also show how
important the progress of optical microscopy is
for the measurement of smallest structure dimensions for the manufacture of increasingly small
lithographic structures (Section 2.2), how the
investigation and characterisation of photographic
films – in particular of X-ray films – has essentially
improved medical diagnosis (Section 3) and how
the new, increasingly inexpensive digital image
recording systems conquer completely new fields
for quantitative metrology (Section 4).
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2

Optical Imaging

Modern optical imaging follows the same simple
principles as the eye, as a natural imaging instrument: A lens or an objective is required to project
an image onto a light-sensitive detector which
then processes and stores the image signals. A
good imaging lens should be free from lens errors,
should resolve smallest structures and, in addition,
should be compact, light and manufacturable at
low cost. Even today, the requirement for as perfect
an image formation as possible is being dealt with
intensively – in spite of great progress in science
and technology. Current research and development
objects are, for example, aspheric imaging elements
which allow, among other things, photography with
acceptable results in mobile phones.
Due to the wave character of optical radiation,
the requirement for imaging ever smaller structures can be met only within certain limits. This
knowledge dates back to Ernst Abbe, who was
a member of the PTR’s “Kuratorium” (Advisory
Board) from its foundation until his death in 1905
[1]. His investigations show [2] that the resolving
power – defined as the distance d between two
just resolvable details in the image – is determined
by the wavelength λ of the optical radiation used,
the aperture angle ϑ of the lens and the refractive
index n of the surrounding medium:
d=

λ
.
2n sinϑ

Even today, the improvement of the microscopic
resolving power or the “overcoming” of Abbe’s
resolution limit is one of the greatest challenges of
modern optical microscopy. Within the scope of
Abbe’s theory, only the three parameters mentioned
are available, i. e. increase of the aperture or the
refractive index and use of a radiation with a short
wavelength. If additional a priori knowledge about
the structures to be imaged is available (e. g. that
the structures are periodic or that they are single
structures with a simple geometry), this limit
can, however, be overcome. Much greater success
can be achieved with modern, non-linear optical
approaches, as is shown by the impressive results
of the so-called STED microscopy (Stimulated
Emission Depletion Microscopy) [3] based on an
improvement of confocal microscopy on biological
samples.
To support science and industry, the PTR and
PTB have assisted approaches for the improvement
of the resolving power in many ways in particular
by the use of ever shorter wavelengths down to
the DUV and X-ray range which is, for example,
accessible with the “Metrology Light Source”, a
synchrotron radiation source of PTB (Division
“Temperature and Synchrotron Radiation”) [4].
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2.1 Characterisation of imaging lenses
As far back as at the end of the 19th century, the
lacking quality of optical components, which
were incorporated in telescopes for geodesy, was
deplored. The reason for this was that great errors
occurred in the case of land surveys. This problem
was regarded as a very important one – actually, it
was one of the several arguments for the founding of the PTR at that time [5]. As the need for
objective lenses with increased luminosity and
improved imaging properties increased rapidly
due to the fast propagation of photography, the
investigation of objective lenses was a subject
PTB dealt with right from its start. At the PTR’s
“Chemical Laboratory”, for example, the chemical resistance of a series of optical glass types was
investigated as well as the dependence of the focal
length of objective lenses on temperature [6].
After the Second World War, work in the field of
lens investigations was resumed at the Laboratory
for Optics of the PTR in Berlin-Charlottenburg
and, later, also at the “Optics” Division of PTB in
Braunschweig. In the early 1950s, a method for
the determination of the aperture of photographic
lenses under different field angles was developed
and a measuring device for the determination of
the brightness decrease in the image field of photographic lenses established [7].
In the second half of the 20th century, the quantitative determination of the resolving power of
photographic lenses was one of the focal points
of PTB’s work in the field of optics. A new procedure was developed which is – basically – still
used today and in the case of which the so-called
contrast transfer function is measured [8]. In the
procedure, lattice structures – different in fineness – are imaged with the lens and the resulting
image contrasts are, displayed as a function of
the lattice frequency. An important aspect of this
concept is that the components which contribute
to the image formation can be measured separately
and that the total effect can be determined by multiplication of the individual results. This facilitates
the optimisation of a complex imaging system
considerably. Decades later, this concept is being
adapted to digital imaging systems and used to
take the influences of the objective lens and of the
digital image detector into account separately.
The procedure for measuring the contrast
transfer function of objective lenses was extended
at PTB by the measurement of the lateral phase [9]
and is called the “Optical Transfer Function”
(OTF) [10]. The activities at PTB have decisively
contributed to the international implementation
of the OTF instead of older procedures. The new
procedure was used at PTB to measure the transfer
functions, for example, of miniature objectives,
telescopes, microobjectives or also endoscopes
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within the scope of an intensive testing activity.
Important parameters thereby were different field
angles and image regions, but also the focussing
and investigation of scattered light influences.
As the evaluation of the OTF measurements
requires, among other things, computationally
very intensive numerical Fourier analyses, electronic computer systems (which were a novelty in
the 1960s) were used. For that purpose, PTB had
bought, in 1965, a programmable ZUSE Z23 computer – a fully transistorised, digital computer with
4700 transistors and a clock frequency of 3.5 kHz.
This computer was also used for optical model
calculations and operated until the 1980s.
In the 1980s, interest in the characterisation of
camera lenses for aerial photography increased.
This was, among other things, related to new
applications, as – in addition to classical aerial
photogrammetry for measuring purposes – remote
sensing was performed to an ever increasing extent
for agriculture and forestry, landscape planning
and environmental monitoring. Later on, this
procedure was complemented by the – at that time
new – possibility of digitising aerial photographs
with suitable scanners and by making them, thus,
more easily accessible for further processing. As
very high quality requirements are to be met by
aerial camera lenses (largely free from distortions, equally high image quality also in the case of
large field angles, usable in a wide spectral range,
relatively large aperture, imaging from the infinity), the exact characterisation of these camera
lenses under metrological aspects was a special
challenge. For that purpose, PTB developed a new
OTF measuring system (Fig. 1). At PTB, measurements on aerial camera lenses and other reference
lenses have been carried out until the recent past.
Figure 2 shows what is possible today in aerial
photography with modern camera lenses combined with high-resolution CCD image sensors:

Figure 1:
Set-up for the measurement of the optical transfer function (OTF) of objective
lenses developed at PTB.
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it shows a photograph of Vaihingen/Enz realised
within the scope of camera evaluation tests of the
Deutsche Gesellschaft für Photogrammetrie, Fernerkundung und Geoinformation (German Society
for Photogrammetry, Remote Sensing and Geoinformation – DGPF).
Aspherical lenses (“aspheres”) are increasingly
used in modern optics because they allow much
smaller optical systems to be realised and, at the
same time, the optical imaging performance to be
improved. These elements are, for example, incorporated in compact digital cameras and are used
in high-technology products such as laser optics
and lithography optics, projectors or microscopes.
For highest imaging qualities, the aspheres must
be manufactured very exactly. Although modern
processing procedures allow material of optical
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surfaces to be removed in the nanometre range,
this potential cannot be used for a corresponding
accuracy of the whole lens surface because the
measuring technique required for this purpose is
at present still not accurate enough. Therefore, a
current research field of PTB is the accurate and
absolute measurement of such aspherical surfaces.
This measurement represents a special challenge
– in particular because conventional procedures
(such as surface interferometry) fail in the case of
strongly curved surfaces. This is why PTB participates – within the scope of the “European Metrology Research Programs” [11] and in cooperation
with European partners – in the development of
measurement procedures and measuring systems
for the accurate and traceable measurement of
aspherical optical surfaces.

Figure 2:
Aerial photography of Vaihingen/Enz, flight altitude approx. 1 km, resolution on the ground approx. 10 cm, camera: Intergraph/ZI DMC
(13 800 x 7700 pixels, 12 bit resolution per colour channel and pixel). Courtesy of the Institute for Photogrammetry of University of Stuttgart.
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2.2 Quantitative optical microscopy
The manufacture of microelectronic circuits –
with their ever decreasing structures – requires
suitable measuring techniques for process and
quality control. There is, in particular, a need
for measurements with a high repeatability and
accuracy, to guarantee, for example, the comparability and the possibility of interchanging wafers
and mask blanks between different manufacturing plants. The transfer of the measurement result
requires suitable standards which, in turn, must
be calibrated. At the end of the 1970s, the smallest linewidths on wafers still lay in the range of a
few micrometres and could still be measured with
moderate effort with the methods usually applied
at that time. For quantitative measurements,
optical microscopes were mostly used, whereby
simple ocular micrometers, but also a more
complex video measuring system were applied.
Soon, however, the increasing miniaturisation
required greater effort and the limits of optical
microscopy were reached.
This is why PTB has addressed this subject
and, in 1980, started its research activities for the
development of suitable measuring techniques
and standards. In PTB’s “Optics” Division, the
Working Group “Quantitative Microscopy” [12]
was established with the aim of deriving as accurate measurement values as possible of the imaged
lateral structural dimensions from micrographs.
Even today, quantitative microscopy is a subject of
current research and development at PTB in which
the semiconductor industry still is the driving
force. Exact optical microscope measurements and
calibrated standards in the micro- and nanometre
range are, however, also required to an increasing extent in industrial metrology, for example
for optical coordinate measuring machines. PTB
often carries out its research work in cooperation
with the industrial partners involved and with the
support of additional third-party funds.
As far as experiments are concerned, PTB’s
activities in the field of optical microscopy have,
up to now, been concentrated on the improvement
of the reproducibility, the reduction in the measurement uncertainty and the increase in the lateral
resolution – also beyond Abbe’s classical resolution limit [13]. Under theoretical aspects, the aim
is to improve the quantitative understanding and
to achieve as accurate a modelling of the microscopic image as possible. Important milestones
of PTB’s work are the extension of quantitative
microscopy into the ultraviolet spectral range [14],
the development of modulated dark-field procedures to extend the measuring range also below
Abbe’s limit [15], the investigation of non-imaging
methods [16], and the development and use of
so-called rigorous models for as exact a simulation
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of the optical measurements as possible [17, 18].
In the following, a survey of some highlights of
PTB’s activities in the field of quantitative optical
microscopy will be presented.
Initially, commercial light microscopes were
used at PTB for quantitative microscopy, using still
at first photographic film for image recording [19].
To reduce systematic measurement deviations and
image distortions due to unavoidable lens aberrations and to achieve traceability to the SI unit
“metre”, the microscopes at PTB were extended
and modified. In this way, the “object scanning
method” was developed, in the case of which the
object is displaced vertically to the optical axis
with the aid of piezoelectric actuators and the
image signal is recorded at the same time with a
photoelectric detector [20]. The object displacement can be measured and traced back to the SI
unit “metre” with a calibrated length measuring
system, e. g. with a laser interferometer.
In classical light microscopy, the resolving power
is limited to approximately 0.4 µm at best. For
that reason, investigation was made already at a
very early stage as to how microscopes with UV
illumination can be used to improve the resolution. Actually, such UV microscopes had already
been manufactured until series production at the
beginning of the 20th century by Carl Zeiss in Jena
[21]. As a disadvantage, however, it soon became
evident that – in particular – biological objects
fluoresce after excitation with UV radiation and
can, in addition, be modified or damaged, resulting in a waning interest in UV microscopy at the
beginning. UV microscopy was “rediscovered”
only in connection with the progressing miniaturisation of the structures of semiconductor chips,
in order to make use of the advantage offered by a

Figure 3:
Cross-section
through a modern
high-performance
UV microobjective
for applications in
semiconductor industry (developed by
Leica Microsystems,
presented in 2000).
The microobjective
consists of 17 quartz
glass and calcium fluoride lenses.
Working wavelength:
248 nm, numerical
aperture: 0.9. Courtesy of KLA-Tencor.
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Figure 4:
193 nm UV microscope under construction at PTB.

short wavelength to improve the spatial resolution
when investigating the small structures. For that
reason, industry developed UV microobjectives
with a high numerical aperture (see Fig. 3). It was
possible to achieve a further increase in the resolving power by using a water immersion between the
objective lens and the sample.
At PTB, a microscope of the Carl Zeiss company
– which has been refined by PTB – is currently
being used for optical linewidth measurements.
The microscope works with UV light at a wavelength of 365 nm. The device allows linewidths
in the range from 0.3 µm to approx. 100 µm to be
measured with an achievable measurement uncertainty of approx. 20 nm. Currently, a new optical
microscope, which is operated at a wavelength
of 193 nm, is being developed at PTB [14]. Fig. 4
shows the system which is – due to the freedom
from dust required for the measurement on photomasks – installed at PTB’s Clean Room Centre.
The aim is to reduce the measurement uncertainty
by 50 % to below 10 nm, thanks to the shorter
wavelength and an arrangement which is mechanically very stable and optically as ideal as possible.
To further increase the optical resolution, an
“imaging without a lens” approach is pursued
by collecting the light waves diffracted by the
object directly and to calculate the desired object
parameters from these [16]. As no lens system is
required here, this method is particularly suited for
wavelengths, e. g. in the EUV range [22] for which
no suitable objective lenses are available. This
approach requires, however, the solution of the socalled “inverse diffraction problem” which is – due
to the lacking optical phase information – difficult
to solve and requires relatively sophisticated evaluation procedures [23]. This technique is still in the
34
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development phase and at present applicable only
to periodic lattice structures. It offers, however, the
potential to carry out measurements with uncertainties of clearly below 10 nm.
In the 1980s, the recorded image profiles were
still evaluated on the basis of the so-called “scalar
approximation” [24], in the case of which the
spatial coherence properties of the light used
during microscope imaging were taken into
account. This scalar approximation already represents an essential improvement of Abbe’s theory
of the microscope; it, shows, however, that higher
accuracy is only possible if the light properties –
in particular also of the polarisation state – are
completely taken into account [17]. However, the
practical implementation of this knowledge into
manageable evaluation procedures succeeded
only after sufficiently powerful computers and fast
software implementations of the algorithms were
available [18]. Even to this very day, the development has not yet been concluded: Future important
improvements in the modelling and evaluation of
microscopic images aim at achieving a more exact
consideration of object details, the evaluation of
the complete image information by adaptation of
the geometric and optical object parameters, taking
a-priori information into account. In additions the
evaluation of focus series allows in-situ assessments
of the microscope properties and more exact measurements to be carried out.

3

The Photographic Film
as a Recording Medium

The discovery of photography in the first half of
the 19th century has strongly influenced almost all
areas of life: It has found its way into science and
technology, art, medicine, media and entertainment, and practically everyone uses photography
in everyday life by taking pictures to remember.
For more than 150 years, light-sensitive layers on
glass or film have served as imaging detectors,
and only for approximately 20 years have digital
electronic systems replaced the film.
Due to the enormous importance of photography, already the PTR had included the subject
“photographic film” in its spectrum of tasks. The
“Photochemical Laboratory”, which had been
founded especially for photography in 1927, and the
laboratories for “Scientific Photography” and “Photographic Information Processing” which followed
later, led to investigations regarding the understanding and characterisation of the photographic
processes – from exposure to developing. While the
aim was – at first – to improve the understanding of
the photographic elementary process, research was
later focussed on the development of measurement
procedures for the exact characterisation of the
imaging properties. An essential concern was the
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elaboration of widely applicable, standardised procedures. These activities were of great importance
for both the film industry and the photo industry
and also for the users of photographic materials. An
important field of application was PTB’s research on
medical X-ray films.
3.1 Scientific basic investigations
Since the 1920s, scientific fundamental investigations of the subject “light-sensitive photographic
layers” have been carried out at the PTR and PTB.
In a paper from 1937 which offered a survey of the
respective activities, the objectives of this work are
outlined in a concise form [25]: “The objective of
photographic research is the interpretation of the
characteristic curve2 of the photographic layers
with respect to their form (S form, solarisation)3
and position in the coordinate system (sensitivity)4. The problem can be formulated as follows:
How does the light act on the photographic layer
(latent image)5, and then: How does the development process utilise the primary actinism for
the composition of the visible, negative photo?
The amplification factor from the latent image to
the developed negative amounts to approx. 8–10
orders of magnitude”.
The results of these research activities have been
published in numerous publications and partly
also in comprehensive monographs [26, 27].
Experiments dealing with the quantum yield of
the photographic elementary process improved,
for example, the understanding of the latent image
[28, 29]. Extensive research of the structure of the
photographic emulsion and the sensitisation and
development process resulted in, among other
things, an improved physical understanding of
the characteristic curve and its essential influence
quantities. Remarkable are, in addition, the inves-
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tigations for an extension of the spectral range
into the X-ray range [30] and the infrared range
[31]. Since the early 1960s, investigation procedures for colour films have been developed and
even until the 1970s, fundamental investigations
on silver halogenide layers have been carried out
at PTB, in the course of which the quantum yield
for sensitisation processes has, among others, been
determined as a function of different influence
parameters (Fig. 5).
3.2 Characterisation of imaging systems
As the most important characteristic of a lightsensitive film – its characteristic curve – depends
on a great many experimental parameters, standardised conditions had to be agreed upon already
at an early stage to be able to compare results, but
also to determine, for example, exposure parameters for cameras. This is why the PTR and, later,
PTB became very intensively involved in the field
of standardisation – the great number of standards
of the DIN 4512 series for photographic materials were elaborated, among other things, with the
essential participation of PTR/PTB. As early as in
the 1930s, the PTR had contributed to the establishment of such testing methods in accordance
with standards – among other things, regarding
the sensitivity, the graininess, but also the grade of
contrast of photographic papers – in an intensive cooperation with the Deutsche Gesellschaft
für photographische Forschung. Later, PTB also
collaborated actively in comparable international
standardisation projects. When the importance of
photochemical film materials decreased at the end
of the 1990s and the relevant standardisation projects were completed, PTB turned its standardisation activities to the new digital imaging systems
(see Sections 4.1 and 4.2).

Figure 5:
Measurements of the properties
of silver halogenide layers at low
temperatures (from the 1970s).

2

Characteristic curve:
(non-linear) relation
between the amount
of the incident
radiation and the film
density caused after
the development

3

S form: typical
appearance of
a characteristic
curve; solarisation:
decrease in the film
density in the case
of a very strong exposure

4

"Position in the coordinate system": The
sensitivity is often
coupled to a specific
value of the film density, the exposure
required for that
purpose (plotted on
the abscissa) defines
the sensitivity.

5

Latent image: The
image which exists
after the exposure,
but prior to the
development. It is not
visible and consists
of very small silver
nuclei.
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Within the scope of these activities, corresponding metrological devices such as “sensitometers”
(to expose the film to a specific quantity of light
in a specific period of time), “densitometers”
(to measure the film density), but also chemical
development procedures have been developed
and realised at the PTR and PTB. For precision
measurements of the optical density, a photometer
bank system based on the photometric inverse
square law has been developed [32] and – especially for colour films – a so-called “colour densitometer”. In addition, procedures for determining
the transfer function and/or the spatial resolution
of photographic layers have been developed and
implemented in corresponding measuring instruments [33].
Since 1934, PTR and, later, PTB have offered
services in the field of the characterisation of photographic materials. In particular, measurements
and tests in accordance with DIN 4512 were
carried out, i. e. measurements of the characteristic curve and determination of parameters resulting from it – such as, for example, the sensitivity.
After the war, PTB had concluded an agreement
with the Verband der Deutschen Photographischen
Industrie (Association of the German Photographic
Industry) about a resumption of the control of the
sensitivity characteristics of photographic films
and plates in accordance with DIN 4512. During
the ensuing period, a great number of such tests
(up to more than 300) were performed annually
at PTB. Density measurements on test films as
well as measurements of the density distribution – among others of X-ray films – had also
been carried out by PTB at regular intervals. Due
to the great demand for such investigations on
the part of the film industry and of the consumer
(the German Materials Test Foundation “Stiftung
Warentest” had checked colour films at regular
intervals at PTB), these services, among other
things, were offered and carried out until the
1990s because other independent test laboratories
did not exist.
3.3 Medical X-ray films

6

From 1897 to 1920,
Wilhelm Conrad
Röntgen was a
member of PTR’s
“Kuratorium” (Advisory Board).
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Already immediately after the discovery by
Wilhelm Conrad Röntgen6 in 1895, X-rays were
used for medical diagnosis. A prerequisite for a
convincing X-ray diagnosis is the quality of the
radiograph on which it is based and which is
to reflect all relevant anatomic details in a well
visible way: The quality of the image recording
system is of great, possibly decisive, importance
for the diagnosis. Also important is a second
aspect which was introduced by the legislator with
the “X-ray Ordinance” (adopted in 1987) [34]: the
radiation exposure can be significant compared
to the natural exposure. According to the X-ray
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Ordinance, the radiation exposure of the patient
is, therefore, to be “limited as far as this is compatible with the requirements of medical science”
and it is to be checked “whether the required
image quality is achieved with radiation exposure
as low as possible”. This is why the determination of objective image quality parameters and of
the associated X-ray dose is of enormous – quasi
legal – relevance and is important for the whole of
society.
Due to this great importance, PTB has – as
before the PTR – dealt with this subject metrologically and has developed methods for the metrological characterisation of the imaging properties
of X-ray systems. In the following, some of these
developments from the field of X-ray films will be
presented; in Section 4.2, the respective activities
performed for the new digital X-ray systems will
be presented.
From the outset, radiographs had been manufactured with photographic materials which have,
however, only a low sensitivity in the X-ray range
(the film is comparably thin, the X-rays are hardly
absorbed). This is why, immediately after the
foundation of the Photochemical Laboratory, the
PTR had started to investigate the quantum detection efficiency of X-rays using photographic silver
layers [35]. To improve the sensitivity, X-ray phosphors – e. g. calcium tungsten oxide which fluoresces in the blue spectral range – were also used
already at an early stage as “amplifying screens”, by
which the sensitivity could be increased by a factor
of 5 to 40 [30].
After the Second World War, PTB resumed its
work related to the image quality of X-ray films.
Whereas initially the task was to develop an exact
measurement technique for the determination
of the characteristic curve of X-ray films and the
characteristics derived from it [36, 37], later the
important image quality parameters “spatial resolution” [38, 39], “image noise” [40] and “quantum
efficiency” [41] were added.
At PTB, the coming into force of the X-ray
Ordinance led to an increase in the development
of measurement techniques which not only had
to be accurate but which also were to be accepted
by and applicable for a wide majority of those
involved (manufacturers of X-ray equipment, film
industry, medical scientists, consumers, test laboratories). This is why PTB has been active to an
ever increasing extent in national – and later also
in international – standardisation committees for
the standardisation of measurement procedures.
It has collaborated decisively in the drawing up of
standards in this field (e. g. DIN 6867, DIN 6868,
ISO 5, ISO 9236), and it has organised corresponding international comparison measurements for
the validation of the procedures in which it also
participated [42, 43, 44].
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At the beginning of the new millennium, the
widespread replacement of film-based X-ray
technology by digital systems was started – at least
in the high-technology countries7. After that, the
medical engineering industry largely discontinued
the further development of the analog systems so
that there was no need for further research work.
PTB therefore concentrated its investigations
on the characterisation of digital X-ray imaging
systems (see Section 4.2).

4

From the Film to the Chip

Compared to traditional photographic film, digital
image sensors have a great many and convincing
advantages which have led – in the past 20 years –
to a fast and now almost complete replacement
of film: they do not need sophisticated chemical
development procedures, they have a high sensitivity to light, they are immediately available,
the recorded images do not exhibit any ageing
effects, the preparation of image copies succeeds
without any quality loss, they are compatible with
the digital data world and thus allow fast electronic processing and propagation. In addition to
photography, digital image sensors have conquered
other applications – from infrared cameras to X-ray
imaging systems – and are meanwhile also used in
metrology, for example for spatially resolved photometry and radiometry. And there are still a great
many of other new applications of digital image
sensors in metrology, as the systems are in widespread use and have become reasonably priced.
4.1 Digital photography
The most frequent application of digital image
sensors for the citizen today is digital photography. When the first digital camera systems were
presented in 1992, PTB – which had already anticipated that digital systems would find a market
– had started activities for the investigation and
characterisation of digital image sensors.
In the 1990s, the work of PTB was focussed on
the development of measurement procedures for
determining the most important image quality
parameters such as sensitivity, characteristic curve,
spatial resolution and image noise. Due to the
enormous progress in this field – which had already
become visible at that time – and the rapid growth
of the sales figures, the time pressure was great to
find procedures which allow digital cameras to be
compared and to facilitate the transition from the
analog to the digital systems for the user. For digital
cameras, speed numbers, for example, had to be
defined which were compatible with conventional
ISO speed numbers for films to ensure that it will
be possible to use empirical values for adjustments of the f-number, exposure time, etc. – which

have been known to the photographers for many
decades – also in future. In this connection, PTB
cooperated in an international team within the
scope of the ISO Technical Committee 42 “Photography” which was mainly composed of staff
members from the photographic industry and from
photographic associations. Within the scope of this
work, some fundamental international standards
(among others, ISO 12232 “Speed”, ISO 12233
“Spatial Frequency Response", ISO 14524 “Optoelectronic Conversion Function” and ISO 15739
“Image Noise”) and corresponding measurement
arrangements have been developed at PTB [45, 46].
Due to the strongly differing techniques, a direct
transfer of the measurement procedures developed
for analog photography was not possible. The
differences between the chemical development
process in the case of films and of processing of the
electronic image raw data and the finished digital
colour photo could not be greater. And in digital
photography, there are clearly more parameters
and possibilities of influencing the photo.
Thus, for example, the definition of a “speed”
(analog to that of film) is not possible due to the
– as a matter of principle – unlimited “amplifications” of the digital image signals. The solution to
this problem was the definition of a speed which
is coupled to the image noise or to the signal
saturation (“noise-based” and “saturation-based”
speed). Another difficulty was the definition of
suitable parameters for the description of the
spatial resolution of digital systems in accordance
with the known procedures based on the theory of
linear response: In digital photography, non-linear
digital filters are used for image improvement,
and digital systems exhibit the “aliasing” phenomenon8, which makes a quantitative description of
the lateral resolution of digital systems difficult.
The procedure for the determination of the spatial
resolution which, in the end, was also incorporated in the ISO standardisation, is based on an
edge image analysis in the case of which slightly
inclined black-white edges are imaged to reduce
aliasing artefacts. The respective ISO test chart is
shown in Fig. 6; it contains – in addition to these
inclined edges – also a number of other patterns,
for example for the investigation of scattered light
influences, for the quantification of aliasing effects,
or also for a purely visual assessment.

7

In countries of the
Third World and in
countries in transition, X-ray films still
play an important
role. In India, for
example, the majority
of all radiographs are
still being carried out
with X-ray films, and
for quality assurance,
the measurement
and test procedures
developed with the
aid of PTB are still
used – or are even
implemented for the
very first time (57).

8

Aliasing: Undesired and disturbing
patterns in the image
which do not exist on
the imaged object,
but are caused by
the superposition of
object structure and
spatial sampling.

4.2 Digital X-ray imaging
As in photography, digital image detectors have
meanwhile gained acceptance also in modern
medical X-ray diagnosis and are used for both
conventional radiography and in computer tomography. The detectors consist, for example, of a scintillation layer sensitive to X-rays with photoelectric
receivers arranged behind.
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Figure 6:
Standardised test
chart (ISO) for characterisation of the
spatial resolution of
digital cameras.

In the metrological characterisation of the
image properties, similar difficulties are encountered as in the case of digital CCD image sensors.
Therefore, the methods developed for CCD image
sensors could be used very efficiently for the
development of methods for the investigation of
digital X-ray detectors. As the dose aspect plays a
special role in medical X-ray imaging (“required
image quality at as low an X-ray dose as possible”),
the most important concern was the definition
of a parameter which interconnects the image
quality and the X-ray dose. As can be seen, the socalled “Detective Quantum Efficiency” (DQE) is a
parameter which provides this and which allows
the different imaging systems to be compared
quantitatively [41].
The DQE couples spatial resolution, image
noise, characteristic curve and X-ray dose with one
another. It indicates how well an image detector
converts the X-radiation image directly in front of
the detector into the respective digital image. For
the measurement of the DQE, the four mentioned
parameters are determined, and the so-called
“modulation transfer function” is used to describe
the spatial resolution [47]. In cooperation with
European project partners from universities and
the medical engineering industry, PTB has realised
a corresponding set-up for the measurement of the
DQE [48]. The results of these PTB activities have
been incorporated in the international standard
IEC 62220 “Characteristics of digital x-ray imaging
devices – Determination of the detective quantum
efficiency” and PTB has carried out the respective
measurements on digital X-ray image detectors [49].
Thus, the essential bases for the characterisation
of digital X-ray image detectors have been elabo38

rated at PTB. With the successful completion of
this work in 2005, PTB discontinued its activities
in the field of medical X-ray imaging and focussed
its work more strongly on the metrological use of
optical imaging systems (see below).
4.3 Medical fluorescence imaging
In medical imaging, optical procedures are gaining
in importance – e. g. near infrared (NIR) fluorescence imaging, which is methodically under
development at PTB (Division “Medical Physics
and Metrological Information Technology”) and
is, e. g., applied for the diagnosis and early recognition of rheumatic diseases [50] in collaboration
with clinical partners. The procedure utilises the
light in the near infrared spectral range (wavelength: 750 nm) for the differentiated imaging
of human tissue. The penetration depth of the
NIR light is typically up to several centimetres,
depending on the kind of tissue. The irradiances
used are harmless for the human organism. For
improved discrimination between the diseased and
the healthy tissue, approved fluorescence contrast
agents are applied which are accumulated to a different extent in healthy and inflammatory human
tissue or pass through it at different velocities.
After administration of the contrast agent, the
emitted fluorescence radiation is imaged with a
highly sensitive CCD camera (Fig. 7).
From the metrological point of view, the comparability of the measurements on different patients
as well as with the same patient at different times
must be guaranteed and is of particular interest.
This is achieved with the help of reference measurements and the use of different standardisation
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Figure 7:
NIR fluorescence imaging for early detection of rheumatoid arthritis (on the left: proband, on the right: patient).
Blue colour indicates low fluorescence intensity, red to
white: high fluorescence intensity.

procedures. The selection and determination of
adequate measurands which are suitable for the
differentiation between healthy and diseased joints
and for an objective diagnosis and therapy control,
is the metrological challenge PTB is facing up to.
4.4 Digital imaging systems in metrology
In optical metrology, a general tendency can be
observed: Conventional single detectors are gradually replaced by ever more matrix receivers which
allow time-resolved measurements to be carried
out in addition to spatially resolved measurements.
For many of these modern imaging systems, direct
traceability to the SI units and recognised test
procedures do not, however, at present exist. These
will first have to be developed worldwide, and PTB
is participating in this. In this article, three examples from PTB’s recent work will be presented:
spatially resolved temperature measurements with
infrared cameras, the measurement of photometric
and radiometric quantity distributions, and the
two-dimensional measurement of the reflection
properties of optical surfaces.
When digital optical imaging systems are used
in metrology, three advantages are, in particular,
exploited: the high dimensional accuracy and/or
the geometric accuracy of the manufactured
structures on the CMOS or CCD sensors, the noncontact measurement which is possible over wide
distances, and the possibility of having the image
and measurement data available immediately
and – basically – worldwide. The high geometric
accuracy is due to the manufacturing process,
in which procedures similar to those used in the
manufacture of computer chips are applied and
which allows – as is known – accuracies in the
range of a few nanometres to be achieved: Digital
image sensors represent a good two-dimensional
measure which is suited for any kind of geometry
measurements and which is successfully used, for
example, in photogrammetry, microscopy and in
industrial image processing (“machine vision”).
Non-contact probing is important for a great many
of metrological applications in industrial manufacturing for quality and process control. And the
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possibility of performing measurements over wide
distances and the immediate and worldwide availability of the data are prerequisites for metrological
applications in the field of remote sensing, e. g. for
satellite-based weather and environmental monitoring. As camera-supported imaging systems
are today available in a wide spectral range from
190 nm to 15 µm, many types of applications and
measurements are possible.
In the non-contact measurement of temperatures, the availability of inexpensive and efficient
digital infrared sensor arrays has caused a clear
increase in imaging thermometry (thermography)
in important fields of application such as building diagnostics (Fig. 8), the maintenance of – for
example electrical and mechanical – modules and
in industrial production monitoring and control.
A thermography camera is an electrooptical
system which detects the temperature radiation
emitted by any object in a limited infrared spectral range and represents it as a field of radiation
temperatures. Important for the quality of such
cameras is the heat radiation detector. In the case
of high-quality cameras and, in particular, in
remote sensing of the Earth, cooled semi-conductor photodetectors are often used, as they allow as
small a temperature resolution and spatial resolution as possible. Another field of application has
become accessible to thermography by the development of comparably inexpensive microbolometer arrays as spatially resolving uncooled thermal
receivers. Today, microbolometer arrays contain
several 100 000 single bolometer receivers with a
typical size of 25 µm × 25 µm and a temperature
resolution of a few 10 mK. At present, PTB takes
these new developments in non-contact temperature measurement into account by investigating
and characterising large-area temperature radiators which allow a complete and defined illumination of the visual field of thermography cameras
with exactly known temperature radiation for the
testing and calibration of cameras. To meet the
very high requirements with regard to the temperature resolution and the calibration uncertainty in
the imaging infrared remote sensing of the Earth, a
measuring set-up was developed at PTB (Division
“Temperature and Synchrotron Radiation”) which
allows instruments for remote sensing of the Earth
to be calibrated on the basis of temperature radiation under vacuum and in a cooled environment,
i. e. under application-oriented conditions [51].
Digital cameras are particularly well suited for
the spatially resolved measurement of photometric and radiometric quantities. Such systems are
already used for the product characterisation of
lamps and luminaires (determination of the ray
files), for the evaluation of illuminance distributions (e. g. automobile headlights) or in process
control. For the investigation of these systems, new
39
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manufacturing process from the pigment to the
finished product. This new measuring set-up will
be used, above all, for modern industrial surfaces,
colours and varnishes.
5

Figure 8:
Example of a thermography record of the
Werner von Siemens
Building of PTB.

traceable measuring and evaluation procedures for
camera-supported measuring systems are developed at PTB (“Optics” Division). For that purpose,
measuring set-ups – which had initially been
developed for the calibration of single photometers
and radiometers – were equipped with reference cameras and with luminance and radiance
standards adapted to the measuring technique of
the camera. The metrological difficulties lie in the
problems of the physically transparent assessment
of the radiation transfer between source and CCD
sensor, in the particularities of the pixelised semiconductor structure with wavelength-dependent,
location-dependent, and time-related correlations between the pixels and in the hardware- and
software-dependent evaluations.
Digital CCD image receivers are also well suited
to measure the optical reflection properties of
surfaces under arbitrary, but defined, illumination conditions, as here, metrological data can
be acquired rapidly and on a large scale. For this
measurement task, a gonioreflectometer [52]
with a photometric camera system was developed
at PTB (“Optics” Division). With this device,
two-dimensional luminance distributions can be
measured automatically, rapidly and with high
reproducibility, with a spatial resolution of approx.
30 µm under almost any irradiation and reflection direction (Fig. 9). An additional CCD camera
allows a wide spectral range to be covered and
thus a high-precision measurement of the colour
coordinates to be performed in any measurement geometries within a few minutes. Examples
of use are “effect” pigment coatings which show
different colours under different angles of view.
These pigments are used increasingly in the most
diverse industrial fields such as, for example, in
the automotive industry, in the plastics industry,
in the paper industry and in the printing industry.
In this connection, it is particularly difficult, costly
and time-consuming for industry to guarantee
reproducibility to be as good as possible within the
40

Retrospective View and Outlook

In this article we have shown how the PTR and
PTB have accompanied the “Metrology of Optical
Imaging” in the past 125 years in research, application and standardisation. The focal points of work
dealt with were subjected to continuous change.
Whereas in the beginning of the PTR, mainly the
image formation process in photographic film and
the characterisation of imaging lenses came to the
fore, the widespread availability of inexpensive
CCD chips and aspherical optics makes at present,
for example, completely new metrological applications possible. By means of examples we have
demonstrated in which way the PTR and PTB
have assumed new tasks and – after the respective scientific and standardisation work had been
completed – have also withdrawn again from these
fields in order to meet new challenges. In optical
imaging – and also in other fields – PTB had to
assess and anticipate future developments and possibilities in order to develop metrology and make
it available to users from science and industry in a
timely manner. In the discussed example of digital
photography this meant, for instance, that there
was a time when it had to deal with the unmanageable and extremely expensive electronic cameras
of the first generation, where business secrets and
parallel technological developments made the
development of adapted and suitable measurement
procedures difficult.
In today’s information society, the fast visualisation of information is an important element. For
this, the rapid technical progresses in the acquisition, processing, transmission and presentation of
image information are essential prerequisites. Also
in future, it is to be expected that the technological
tendencies towards compact, inexpensive, mobile
and energy-efficient imaging systems will continue. In addition, more and more functions, hardware-oriented applications and additional sensor
data will be implemented which will not only

Figure 9:
Luminance of the hologram of a € 50 bank note in false
colour representation, measured in directed-directed
geometry (illumination incident angle: – 6°, angle of reflection: 15° – to the respective surface normal).
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allow visualisations to be realised, but decisions
for automated processes to be prepared and taken.
Opto-electronic imaging systems are, therefore,
used in many new applications in the most diverse
fields, e. g. in health care, production, traffic and
safety, energy and environmental protection, information and communications technology and in
the entertainment industry [53].
In this connection, many challenges are to be
met which partly exceed classical imaging by far
and which also require metrology as a support.
Examples of this [53] are achromatic microoptics,
hybrid optics as a combination of refractive and
diffractive elements, free-form optics, multispectral image recordings, image improvements for an
increased information gain, 3D imaging, fast and
intelligent image data evaluation for feature detection and for “measuring tools”, combination of
different sensors, and many things more: material
enough for many future fields of work for PTB in
optical imaging!
Also in the field of fundamental research, optical
imaging will, in future, probably remain a promising metrological field of PTB’s work: Although
in many fields, the classical Abbe resolution limit
has – in the case of most of the available optical
systems – been reached technologically long ago, it
is at present being investigated in which fields and
with which means this limit can be reduced or even
overcome. The recently developed 4π microscopy
[54] or the STED microscopy [3] have, for example,
opened up new possibilities for investigating
details and processes in living cells. From specially
tailored light fields [55] and the excitation from
as large a solid angle as possible [56], resolutions
clearly below the Abbe limit can be expected. This
opens up new application possibilities for optics in
nanometrology, e. g. for nanoparticle metrology. ■
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1

Origin and tasks

1.1 The workshop at the time of the founding of
PTR in 1887 in Berlin
The fact that PTB today holds a leading position in
the field of measurement technology worldwide is
only possible because the Department of Scientific Instrumentation, in collaboration with the
other departments, continually develops, designs
and produces novel, highly accurate measuring
instruments and testing equipment. Already at the
founding of the Physikalisch-Technische Reichsanstalt (PTR) (Imperial Institute) it became apparent how important the availability of mechanical
instrumentation is for scientific work: The technical equipment of a workshop of one’s own could be
tailored to the tasks and special fields of PTR and
made it possible to draw, at any time, on the needed
mechanical expertise available in-house. Thus,
quite early on, there was already a specialization in
precision engineering and precision manufacturing. In 1890, the head of the Technical Division, Dr.
Leo Loewenherz, described the tasks thusly:
“The purpose of the workshop is, first and foremost, to carry out mechanical work for the own
needs of the Reichsanstalt (Imperial Institute),
insofar as their procurement elsewhere would cause
problems. Its main task thus is the fabrication of
auxiliary devices as they are continuously needed for
the experiments of the various working groups.” [1]
This task description could, in principle, still be
valid today. Furthermore, according to Loewenherz it should

“… produce instrument parts for German trading
companies and enterprises or authorities, or provide
other mechanical work whose production in private
workshops would require extraordinary resources.
Accordingly, it assumes the fabrication of reference
circular graduations of circular dividing machines
and also, in a limited scope, the production of standard gauges and standard measures. And last but
not least, the workshop should also carry out tests on
the various materials in use in precision engineering,
their appropriate processing and other treatment.” [1]
"Scientific Instrumentation” received its first
technical equipment essentially by taking over the
workshop equipment of its head, Franc von Liechtenstein (1887–1908). It was well-equipped for its
time and contained – besides eight small precision
turning lathes – a large milling machine, a screwcutting lathe, a lathe for cutting the most accurate
screw threads, a planing machine, a grinding
machine, and a drilling machine. Furthermore, the
workshop had a tensile testing machine for forces
up to 10 kN and a linear dividing machine. There
were also a plumbing shop, a forge with three furnaces, and a carpenter’s workshop.
In the workshop of the former PTR, tests were
also carried out on the various materials in use
in precision engineering, such as experimental
smelting for electrical and optical purposes, or
the production of tension bars made of various
metals and alloys. Furthermore, its staff members
investigated the behaviour of different stains and
lacquers, as well as the annealing colours of metals.
It was soon apparent that alone with the supporting work listed above, the workshop was already
working to full capacity, so that the continuative
work had to be increasingly taken over by the
precision engineering laboratories.
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1.2 The workshop at the time of the re-founding of PTR in 1947 in Braunschweig
At the same time of the re-founding of the Physikalisch-Technische Reichsanstalt in Braunschweig,
a new workshop was set up for the realization
of scientific experiments. A workshop building
– completed in January 1938 on the grounds of
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Figure 1:
The Scientific Instrumentation Workshop
in 1956.
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the former aeronautical research institute, with
single test facilities for aircraft engines – was made
available as the new Main Workshop. On 27 June
1947, Dr. Rickmann1 wrote a letter to Max von
Laue who, as chairman of the presidential committee, was involved with the reconstruction of
a metrological institute in West Germany. The
correspondence illustrates the requirements made
regarding the tasks and the equipment of the Main
Workshop at that time:
"The task of the Main Workshop of the Reichsanstalt is to build the instruments and devices necessary for its operation, insofar as this is not possible
in the specific laboratory workshops. (…)
It has recently been proposed that – due to the
circumstances present in Völkenrode – the Main
Workshop should be operated on a somewhat larger
scale than a GmbH (“limited company”). Various
reasons can be given here. Examples: Greater utilization of machines and personnel; payment of equal
wages and salaries as is usual in industry – thus
having better opportunities to employ highly qualified specialists; good economic management to make
a profit, which would contribute to the financing of
the Reichsanstalt. Therefore, a very fundamental
decision must be made, which – in view of its farreaching consequences – must be carefully considered and may not be made hastily.
In my own view, with which I here preface the
details still to be given, the Main Workshop forms

a part of the experimental facilities of the Reichsanstalt and must be available for the purpose of
same without restrictions. In my estimation, this
would scarcely be possible if external orders were to
be taken in which – after all – would then have to
be completed by certain dates. ... The idea that the
machinery would have to be utilized to its production capacity seems to me to be just as absurd as the
view that with each amperemeter, current would
have to be measured continuously. What really must
be utilized is the labour of highly qualified scientists
and technicians, and to this end, besides test equipment and test facilities, also high-quality machines
must be available. …”[2]
In this “Draft for a PTR Main Workshop”, Rickmann also mentions the necessary working groups
– such as the design and drawing office, work
preparation, purchasing and storage, as well as
the workshop and an apprentice workshop. In his
further remarks he describes the necessary technical equipment. In this connection, he refers to
the required production processes and specifically
mentions the requirement for more than 30 different machine tools. Furthermore, he mentions the
urgent need to have sufficient measuring equipment available – also directly in the proximity of
production.
In November 1947, Prof. Karl Willy Wagner,
physicist and former curator of PTR, pointed out
– in his essay on “Gesichtspunkte und Vorausset-
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zungen für den Wiederaufbau der PTR” (Aspects of
and preconditions for the re-founding of PTR) – the
freedom a research institute must have to accomplish its tasks.
“Such freedom is absolutely necessary also for
PTR. Fortunately, it has a large and relatively
well-equipped workshop in Völkenrode. Thanks to
its extension to precision mechanics, PTR can now
produce almost all equipment necessary for research
work. In the workshop, it can also produce test
equipment for industry. There is a great demand for
such instrumentation. The companies that need this
instrumentation cannot build it themselves; also,
having it produced by specialist companies is only
economical in large quantities, not, however, in the
case of single pieces which, in addition, have to be
tailored to fit the respective special conditions. By
assuming such work, PTR can contribute a great
deal to improving the quality of industrial production.” [3]
These remarks illustrate that already in 1887,
at the time of the founding of PTR in Berlin,
there were many ideas about the establishment
of the main workshop in 1947 that still continue
to have validity. Thus, to this day, the design and
development of novel measuring instruments
and test facilities which fulfil the highest requirements for precision and long-term stability are
tasks of “Scientific Instrumentation”. Then as now,
the restriction applies that only such equipment
is manufactured that can neither be obtained
from the preparation workshops (these are small,
decentralized workshops at PTB) nor – with a justifiable expenditure – from companies. To enable
the workshop to fulfil the highest requirements,
the technical equipment always had to be – and
must still be – of highest quality. This was also
recognized within the scope of a budget audit in
September of 1948, in which the Auditor General’s
Office of the German Empire, which at that time
was assigned to the British Zone, requested more
and improved machine tools, as well as the equipment for an electroplating shop. [4] Then in the
next year, PTR did actually receive new machine
tools and could start operation of an electroplating
shop with nickel, copper, zinc, black-finishing,
bonderizing and degreasing baths, as well as
several etching baths, a paint spray booth and a
polishing apparatus.[5]
In order to be able to meet – over a period of
125 years – the high demands placed on precision,
workshop diversity and complexity, the most innovative technologies had to be established. Thus, the
workshop was able to introduce, in the course of
years, the most precise machine tools, computercontrolled machines, electrical discharge machining processes (EDM), ultra-precision machining
and plasma arc welding processes – to mention
just some of the methods.

Since the necessary technical progress in measuring instrumentation could no longer be secured
by just taking over the latest technologies of others,
the Department of Scientific Instrumentation has,
since 1998, intensified its own research activities.
Thus, in the following years, novel manufacturing
technologies were intensively investigated and
enhanced for the purposes of PTB. This applies
particularly to micromachining – including microassembly – as well as to thin-film technology, with
the focus on sensor technology.

2

Organizational connection and
personnel development

From the founding of PTR in 1887 until his death
in 1908, Franc von Liechtenstein was in charge
of the workshop. In 1890, in addition to himself,
there were a technical assistant, five machinist
assistants, a machinist, a plumber and a carpenter
employed. In 1908, the mechanical engineer Dr. A.
Baumann became the new head. He had, however,
rather purely constructive interests and worked
additionally for the Verein Deutscher Ingenieure
(Association of German Engineers). Already a year
later, he was replaced by Prof. Dr. Friedrich Göpel,
who had already worked for PTR from 1890–1900
and who was recalled from the Precision Engineering School in Schwenningen in 1909. Göpel
produced a wide variety of precision-mechanical
and technological work and constructions, and in
1914, in addition to the workshop, he took over
the Precision Mechanical Laboratory which he was
in charge of until his retirement in 1930. Thus, the
workshop was connected to this laboratory in the
Technical Division of PTR. During this time, the
main work of the workshop consisted of gear pitch
testers, comparators for thickness measurements
and interference comparators for gauge blocks.
The workshop’s products were mainly used in the
precision-mechanical laboratory.
In 1920, in addition to the above-mentioned
tasks, the workshop was assigned the procurement of all materials and tools for all laboratories.
However, already in 1928, the Materials Management Section was separated from the workshop to
form an independent department.
To relieve Göpel of part of his workload – as he
was in charge of both the workshop and a laboratory – Dr. Walter Block was employed in 1923.
Already in 1925, however, he went to Königsberg
as director of the Verification Office. His successor
was Dr. Wilhelm Keil, and the workshop received the designation “Main Workshop”. Following
Göpel’s retirement in 1930, Keil was the sole head
of the Main Workshop, which in 1937 employed
nine mechanics, a carpenter and a plumber.
Ever since PTR had been in existence, small
workshop rooms were housed in the immediate
47
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vicinity of the physical-technical laboratories in
Berlin-Charlottenburg. These preparation workshops served – and today still serve – to adapt
equipment and components directly to the experimental constructional systems.
At the beginning of the reconstruction of PTR
in Braunschweig, the Main Workshop was at first
independent, and then later, together with the
Technical Service, directly assigned to the Presidential Board. In 1985, with the establishment of
Division 5 “Precision Engineering”, Group 5.3 “Scientific Instrumentation” was set up as an integral
part of Division 5.
Parallel to the reconstruction of the Main
Workshop in Braunschweig, the workshop in
Berlin-Charlottenburg was set up again, and a
suitable workshop was established in the bodies
which remained in East Germany and later merged
to form the Amt für Standardisierung, Messwesen
und Warenprüfung (ASMW) (Agency for Standardization, Metrology and Commodities Testing).
They were last located in Berlin-Friedrichshagen
and – with the closure of the site in 2000 – were
integrated into “Scientific Instrumentation” in
Charlottenburg.
The personnel development in “Scientific Instrumentation” at first increased proportionally to the
increase in the number of employees at PTB. Thus,
in 1948, the Main Workshop in Braunschweig
had more than 24 permanent posts, in addition
to 5 apprentices, and in 1971 achieved the hitherto highest number of posts, with 70 permanent
posts and 30 apprentices. In 1967, Dr. Karl Steiner
wrote in his article in the PTB-Mitteilungen, that
for every three scientists, one mechanic is to be
provided. 75 % of the mechanics are to work in the
“Central Workshop”. This percentage distribution
was consistent with the recommendations of the
Deutsche Forschungsgemeinschaft (DFG) (German
Research Foundation) as “standard for university
institutes of natural sciences”[6].
With the increasing significance of electronics it
was not possible, however, to continue to adhere
to this proportion. Contrary to the central activity
of mechanical design and production, electronic
engineering construction was established decentrally. The electronic controls at first required a great
amount of supervision during operation, which was
easier to implement with their own staff members
in the respective working groups. In order to be
able to also take into account – at least in the case
of large instrumentation projects – the electronic
systems already at the beginning of the planning,
“Electronic Instrumentation” was established in
1997 with three employees, and was integrated
into “Scientific Instrumentation” in 2000. Thus,
from then on it was possible to view electronic and
mechanical aspects in parallel, and to provide a
device complete with all of its control tasks.
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Regarding the significance of apprenticeship
training – also with a view to the procurement
of qualified employees – Rickmann had already
pointed out in 1947:
“By establishing an apprenticeship workshop it is
possible, however, to introduce young staff members
to the tradition of PTR and to induce the most competent of them to remain either in the Main Workshop or in the laboratories of the Reichsanstalt.” [2]
Therefore, on 1 December 1947, Herbert Breite
began his 3-year apprenticeship in the precision
mechanics trade as the first apprentice in the Main
Workshop and later remained at PTB, as did many
apprentices who followed. Thus, of the 304 apprentices who completed their apprenticeship training in the Main Workshop from 1947 until 1991,
25 remained as permanent staff members in the
Main Workshop, and another 53 in other permanent posts at PTB.

3

Rooms and construction planning

In the founding era, the first staff members of
the Physics Division of PTR initially moved into
rented rooms in a private laboratory before they
moved into the – actually already overcrowded –
rooms of the Technical Department at the Technische Hochschule Charlottenburg (Technical University of Charlottenburg) in April 1888. The cramped
working conditions scarcely allowed work to be
carried out; experiments were performed even in
the corridors. Therefore, it was not surprising that
there was scarcely room for a designated workshop
area. In 1895, the workshop moved to rooms above
the Technical Division’s machinery hall in the
machinery house on the premises of PTR.
In spite of the cramped conditions and the difficulty in setting up machine tools on the upper
floor, the workshop remained in the machinery
house in Berlin-Charlottenburg for many years.
It was not until 2003 that the Department of
Scientific Instrumentation received – within the
scope of merging with the East Berlin sites – a new
building which was built on a 2-meter thick reinforced concrete foundation, so as not to disturb the
surrounding measurement laboratories through
the transmission of vibrations.
Along with the increase in the number of posts
and the new machines which – due to the machine
housing and the increasingly extensive periphery, e. g. for the cooling lubricants – required an
increasing amount of utility space, the space had to
be continually expanded and machines relocated
in other buildings. Thus, for the Main Workshop
building completed in 1938 in Braunschweig,
there were several extensions and, in addition, also
the need to move into rooms at the Kohlrausch
Building for design and at the Bessel Building for
production. Consequently, there were several plans
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for a new building in Braunschweig, which were
all discarded again, however. This also included
the design from 1992 by the architect Hellmut
Göbel, whose rotunda was supposed to allow the
production steps to be carried out effectively and
the customer entry to the various areas to be made
possible from a central entrance [7].
With the shutdown of the research and measurement reactor in Braunschweig, a suitable building
complex was found which could be used for “Scientific Instrumentation”. Thus, room has now been
found for production in the old experimenting
hall, whereas design as well as additional laboratory and office rooms have been housed in the
laboratory building in the east part of the former
reactor. The former machinery house situated on
the other side now houses the electroplating shop
and the semi-finished product store.

4

Work results

The design and production of complex measuring
devices and test equipment constitute a main task
for the Department of Scientific Instrumentation.
The constructional systems are needed for the core
work at PTB and can neither be manufactured
externally nor in the preparation workshops. For
this work, special emphasis is placed on a very
close cooperation between design, electronics,
production, commissioning scientists and companies that supply the high-quality parts. Only with
such a close exchange is it possible to effectively
use the expertise of all participants to achieve the
frequently required extraordinary degree of precision and long-term stability of the instruments.
In addition to these large apparatuses, numerous
single parts are also produced. These parts are such
parts, on the one hand, which require production
techniques that are not available in the preparation
workshops. These include, in particular, grinding,
wire and sink eroding, as well as the coating processes of electroplating and thin-film techniques.
On the other hand, these also include components for the production of which a production
process first has to be developed, optimized or – at
least – tested.
In 1949, the Braunschweig site already received
27 large orders, amounting to more than 200
hours. Currently, in “Scientific Instrumentation”,
each year approx. 40 large orders – amounting
from 200 up to 10,000 hours – are completed.

Scientific Instrumentation’s orders selected
from 125 years
Circular dividing machine 1890
The first tasks carried out for the laboratory for
precision mechanics included the production of
standard tuning forks and of devices for testing
screw threads and gauge blocks. Furthermore, in
the initial years of the Main Workshop, numerous
apparatuses were produced, which included a gear
pitch tester, a comparator for thickness measurements, and an interference comparator for gauge
blocks [8]. In 1890, Julius Wanschaff produced
a circular dividing machine for PTR, having a
circular diameter of 80 cm. It is utilized for the
concerned industry by allowing the mechanics
requesting this to divide circles on this PTR circular dividing machine themselves – for their own
use and for a corresponding usage fee – in order
to use them later for the fabrication of secondary
circular graduations [9].
Standard barometer 1948
One of the first constructions at the newly established site in Braunschweig was the standard
barometer (Fig. 2), the design of which was already
completed in 1948. This device was, in comparison to other constructions, indeed more simple
in design and in handling, however the achievable uncertainty when measuring the difference
in height was 0.005 mm higher than for other
constructions [10].
Gold foils for dose measurement of neutron
radiation 1958
In 1958, several circular gold foils – having a
thickness of 20 µm – were required for the dose
measurement of neutron radiation. Due to the
exacting requirements concerning edge formation, and uniformity of size and mass, a suitable
process had to be derived on the basis of pressing
technique[11].
Polishing technique 1961
In 1961, it was possible to achieve distinct
improvements in polishing technology by the
application of pastes containing diamond powder.
A correspondingly improved press yielded smooth
surfaces on the blanks [12].
Piston gauge 1972
In order to be able to measure small pressures
between 0 mbar and 70 mbar, two piston gauges
were combined with each other. Figure 3 shows the
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construction of the piston gauge from 1972, which
is driven with a piston which can be loaded in 70
steps[13].
Plate camera 1976
A plate camera was developed in 1976 for the
quality testing of lenses with focal lengths from
50 mm to 300 mm [14].
Wire-tension spark test apparatus 1977
For determining the ignition behaviour of intrinsically safe ohmic and inductive circuits in gas/air
mixtures, a wire-tension spark test apparatus
having an ignition chamber 70 cm³ in size was
designed and subsequently produced in 1977 [15].
Capacity standard 1979
Two years later, the construction of a cross capacitor according to Thompson and Lampard was
completed. Here, a calculable standard for the
realization of the SI unit of electrical capacity was
established. Particularly challenging was the production of electrodes whose diameter deviation,
produced by precision grinding, was approx. 1 µm.
The smallest deviation from the generatrix for all
four electrodes in the working area of 650 mm was
between 0.4 µm and 0.6 µm. The construction had
a total height of 3.2 m [16].
Figure 2:
Standard barometer
from 1948.

Figure 3:
Piston gauge from
1972.
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Voltage balance 1985
Following a working time of about 15 person
years, it was possible in 1985 to provide the
voltage balance (Fig. 4) for the Electricity Division. To realize the SI unit volt, a weight is
replaced by an electrostatic force. The productionengineering effort involved for the two coaxial
cylindrical electrodes was extensive [17]. Thus,
the inner measurement electrode having a length
of 169 mm and a diameter of 126 mm with a
roundness deviation of less than 5 µm and a
roughness of less than Ra = 6 nm was fabricated
from an aluminium alloy, whereby the wall thickness was only 1 mm and a subsequent gold plating
was necessary [18].
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Figure 5:
Low-temperaturecapable sensor
holder.

Figure 4:
Voltage balance from 1985.

Low-temperature-capable sensor holder 1990s
Since 1993, the possibilities of computer-aided
design have also been used for the transfer of
geometry data to manufacturing machines.
Therefore, in the following years it was possible to
produce complex 3D component parts at “Scientific Instrumentation” in Berlin. Figure 5 shows a
low-temperature-capable sensor holder made of
polyimide which was fabricated using the volume
model from the design [19].
Monolithic X-ray interferometer today
An air-conditioned workshop for precision and
ultra-precision processing was commissioned in
1993 for the fabrication of highly precise work-

pieces. By using monocrystal diamonds as a tool,
components made of non-ferrous metals and
synthetic materials, but also silicon surfaces with
a roughness of less than Ra = 1 nm can be fabricated. Thus, apertures and mirrors in nearly any
form can be produced in optical quality. Furthermore, roughness standards and depth-setting
gauges are realized here with the highest accuracy
(Fig. 6). A further area of work in this workshop
is the precision grinding technique of glasses,
ceramics and single crystals, such as silicon. Thus,
monolithic X-ray interferometers with various
types of thin lamella, among other things, were
ground (Fig. 7). [20, 21, 22].
Microelements today
Due to the increasing demand for small component parts, small structures and the handling
of small components, a Microelements Working
Group was established in 2003 whose work was
incorporated into Working Group “Manufacturing
Technology” in 2009. Since that time, components
of 100 µm can be assembled with different processes, and structures of some 10 µm can be produced. In order to be able to live up to the various
requirements at PTB, the processes used are very
flexible in terms of the use of different materials,
geometries and structures. Thus, a micro-assembly
facility was developed which can be used both in

Figure 6:
(photo on the left)
“Super-fine roughness standard”;
(diagram on the
right) examples of
nominal values and
measuring values of
the tactile roughness measurement
superimposed.
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Figure 7:
Monolithic structures
with lamella made of
single crystal silicon,
at the far right with a
silicon blank.

Figure 8:
Left: Micro-assembly
robot in the LC-SEM
Right: Example of an
assembly: Tetrahedron made of ruby
spheres, diameter:
110 µm.

Figure 9:
SEM photographs
of a diamond tool
with turnings during
front lathe turning
of a titanium alloy in
high vacuum (feed:
1.5 mm/min, infeed:
1 µm).
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a clean room environment and also in a largechamber scanning electron microscope (LC-SEM).
In this way, different assembly processes can be
realized (Fig. 8) or processing can be conducted
also in a modified set-up (Fig. 9)[23–25]. The
option of viewing in the LC-SEM thereby enables
both an individual application and also the optimization of the assembly or production processes.
In cooperation with the Working Group “Surface
Technology”, novel thin-film sensors are developed
for various applications. Figure 10 shows several
examples here [26–28].
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4-axis machining: Laser robot

Space project AIDA:
Absorber element

Force sensor

SEM photograph of a
laser cutting in gold absorber foil

Constantan structure after laser lighting

Structured gold foil,
cutting width approx. 17 µm

QUEST: Laser cutting
in sintered aluminium nitride

Figure 10:
Laser system with handling system for the structuring of surfaces, with some examples.

Avogadro Project today
Since the founding of PTR, the Department of
Scientific Instrumentation has participated in
nearly all large research projects such as, e. g., in
the Avogadro Project for the precise determination
of the Avogadro constant within the scope of the
redefinition of the kilogram aimed at. Thus, for the
production of silicon spheres which – among other
Figure 11:
Sphere-polishing machine.

things – were used for oxidation testing, a spherepolishing machine was developed on the basis of
a tetrahedral configuration (Fig. 11) [29]. Furthermore, a sphere interferometer was developed
and built in close cooperation with the scientists
participating in the project which is supposed
to characterize the sphere with a measurement
uncertainty of better than 1 nm (Fig. 12). An extraordinary temperature constancy of a few mK/h
is required here. ■

Figure 12:
Measuring chamber
of the sphere interferometer; centre:
silicon sphere.
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Introduction
“In a time where everyone is so afraid of irradiated food, why don’t you develop a Geiger-Müller
counter in the form of a wristband so that people
can make sure for themselves whether the food
is still edible or not?”[1] – this is how the daily
newspaper “Die Welt” quoted Herbert Henzler,
Chairman of McKinsey Germany, back in 1995.
And actually – why not? Among the public, there
is indeed an interest in such devices: in 1986, after
the nuclear accident at Chernobyl, the manufacturers of radiation measurement devices recorded
a run on Geiger-Müller counters, and also in 2011,
after the disaster in Fukushima, Geiger-Müller
counters were practically sold out in Germany. On
the other hand, why should everyone deal with the
complex problems of radioactive risks to health if
scientific experts bear this responsibility anyway?
Regardless of whether they are used by laymen
or experts, measuring instruments are there to
detect radiation whose risk potential could not be
perceived without these devices. Safety is therefore

not conceivable without measuring instruments.
The setting up of the Radioactivity Laboratory at
the PTR back in 1912 solidified research, instrument development, economy and culture which
contributed to developing new, scientific-based
technologies.
Even though a wide variety of radiation-detecting devices are dedicated to protection against
radioactivity, there is hardly any other measuring instrument which is associated so much with
radiation safety as the Geiger-Müller counter. As
early as at the beginning of the 1950s, it had been
given the name “Watchdog of the Atomic Age” [2].
Since then, it has been seemingly taken for granted
that these instruments have been associated with
ensuring safety. Geiger-Müller counters seem to be
able to protect against radioactive hazard. Hence,
the history of radiation measurement technology
illustrates the complex path of the Geiger-Müller
counting methods, from the laboratory experiment
to a popular consumer item of the Atomic Age.
In the first decade of the 20th century, the impacts
of radioactivity were already known. The detectors
we know today were developed on the basis of this
knowledge, stating that radiation blackens a photographic plate, they generate ions in gases, and they
provoke lightning phenomena, so-called “scintillation”, when impinging on certain materials.
The historical development of the Geiger-Müller
counting methods not only consisted in inventing
various detectors (1908: Rutherford and Geiger’s
counting chamber in the proportional range with
longitudinally incident radiation; 1912: Rutherford and Geiger’s spherical counter; 1913: Geiger’s
counting tube; 1928: the Geiger-Müller counter;
1936: Adolf Trost’s self-quenching counting tube),
but also in developing registering and amplifying devices. The invention of the Geiger-Müller
counter in 1928 took place during the development of a new detector for ionizing radiation.
However, it was Geiger’s students from the
working groups of Walther Bothe and his coworkers in Germany, but also at various institutes in
Italy, France, the USA and England, who furthered
the construction of electronic amplifiers for the
Geiger-Müller counter.
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To detect a possible radiation hazard, different
measurement tasks are carried out in radiation
protection: On the one hand, the personal dose
equivalents and incorporations have to be measured, on the other hand, the local dose rates at
work and in the environment have to be measured
and the activity of radioactive substances has to
be determined. To this end, the whole spectrum
of radiation-detection possibilities is used. Gasionization detectors became the most widespread
device, so that the term “Geiger-Müller counter”
has ultimately become a synonym for radiationdetection devices in everyday language.

2

The Radioactivity Laboratory
of the PTR

Hans Geiger was assigned the post of head of the
newly founded laboratory for radioactivity of the
PTR in Berlin, back in 1912. Prior to this, he had
spent five years in Manchester as Ernest Rutherford’s scientific coworker, gathering experience in
this (then) new discipline of science. In Berlin, his
duty consisted – corresponding to PTR’s tasks – in
measuring the activity of radioactive sources, in
maintaining radioactive measurement standards,
and in developing new methods of measurement.
Geiger built up the laboratory to become the
central testing authority for radioactive sources. As
Geiger left the PTR to join the University of Kiel
to become a professor of experimental physics, his
coworkers determined the activity of 85 radium

Figure 1:
Hans Geiger
(Photo: PTB)
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sources, 6 ore samples, 5 radium pads, 2 radioactive salves, 1 radioactive bread additive and 1
radioactive cat skin [3].
Radioactivity belonged to the new discoveries
and was received with great interest not only on
the part of the scientific community, but also by
the press and the broad public. Henri Becquerel
had detected a radiation emanating from uranium
in Paris for the first time in 1896. By the outbreak
of WW I, its basic properties were known, even
though they were still controversial and thoroughly debated in the scientific community. The
α-, β- und γ-types of radiation were already differentiated, first radioactive decay series had been set
up, the law of radioactive decay had been formulated and radioactive decay had been recognized
as a random process. Significant scientific discoveries were based on investigations carried out with
radioactive sources: the atomic nucleus, isotopes,
and, in the 1930s, neutrons and nuclear fission.
Many new fields of research originated from the
radioactivity research of the early 20th century:
atomic, nuclear and neutron physics, radiochemistry, radiobiology, radiology – to mention only the
most important ones.
Some very illustrious names from the history
of science are associated with research on radioactivity. Nobel prizes were awarded for numerous
instances of research work in this field. However,
the acclaim for the scientific achievement tends to
take place at the expense of the practical relevance
of the research for the utilization of radioactivity, for medical and technical applications. Before
WW I, Marie Curie, Friedrich Giesel, Frederick
Soddy and Otto Hahn worked in close collaboration with industrial companies which produced
radioactive sources [4]. Also the foundation for the
establishment of the first institute for research on
radioactivity in Germany, at the University of Heidelberg, in 1909 was bound with the obligation for
research to be oriented to practical needs – namely
medicine and technology [5].
Soon after the turn of the century, scientists had
observed that the radiation of radium, similar to
X-rays, caused burns; a short time later, radium
sources started being used in medical therapy.
They were mainly used to cure skin diseases and
tumours. The demand for radioactive sources on
the part of doctors, hospitals and the pharmaceutical industry increased accordingly. Radium
applications represented a growing field of both
traditional and alternative medicine. Back in 1930,
approx. 100,000 patients were treated with radium
sources[6].
Not only clinical medicine made increasing
use of the radioactive element, but radium was
also advertised as a household remedy against
rheumatic diseases and neuralgia. Alluding to the
presence of radioactive gases in the atmosphere,
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in the soil and in mineral sources, popular writings declared radioactivity to be an exhaustive
and promising cure and source of vitality, similar
to electricity or X-rays. After the turn of the
century, manufacturers of radioactive consumer
goods started competing for customers who were
in search of medical healing power. They advertised radioactive toothpaste, radioactive insoles,
radioactive hair tonics; they promised you better
health by the consumption of radioactive biscuits
or drinks. [7] Radioactive products made radiation
a commercially available good.
Besides medical applications, radium spread also
in the technical field – first in utopias on the part
of scientists and authors such as Frederic Soddy,
Ernest Rutherford or Herbert George Wells. Their
visions of powerful new energy sources and scenarios of radioactive disintegration consolidated
the expectations of the late 19th century: the hope
for a scientific golden age as well as the fear of the
apocalypse to come [8]. There were, however, also
practical applications of radioactive sources: due to
their luminescence, radioactive luminescent paints
were in high demand, especially during the world
wars. Dials, compasses and aeronautic instruments were treated with such paints. In order to
manufacture 1 million luminescent sets of equipment for weapons during WW I, 1 gram of radium
was needed [9]. It was possible to colour gems by
irradiating them with radium. Finally, since the
beginning of the 1930s, materials had been radiographed to detect possible defects [10].
Regardless of the intentions behind research
on radioactivity, the same question always came
up, namely how to detect radiation. For science,
medicine and the economy, radiation measurements were indispensable. The establishment of
the Radioactivity Lab at the PTR as a laboratory
specialized in radiation measurements characterized the beginnings of the regulation of radioactivity research and technology by the State.
Hans Geiger’s main task at the PTR was first to
regulate the purchase and selling of radioactive
sources through radioactivity measurements at the
national laboratory.
Especially prior to WW I, the few scientists who
dealt with radioactivity and the industrial companies that manufactured radioactive sources worked
in close collaboration. One of the most important
manufacturers of radium sources in Germany was
Chininfabrik Buchler & Co. in Braunschweig. Friedrich Giesel, who had been the leading chemist in
this company since 1878, was one of the first scientists to deal with radioactive elements in Germany.
He improved the methods for the enrichment of
radium and observed flashes of α-rays on coated
screens. The Buchler & Co. company was also the
first one to market radioactive luminescent paints
back in 1906.
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Other notable manufacturers of radioactive
sources in Germany were Radium Chemie A. G. in
Frankfurt and Allgemeine Radium A. G. in Berlin.
The latter took a share in the newly created South
African Radium Co. and also processed ores. But
normally, the companies bought radium from producing companies, for example from the Belgian
company Radium Belge which treated Katanga
ores. The material was then transferred and sealed
in capsules of the desired size for the customer.
Besides radium-processing companies, there was
also a large number of enterprises which manufactured and commercialized weakly radioactive
sources and products.
Apart from radium, also the radium isotope
mesothorium I (radium-228) was used as a
radiation source. Given the price of radium – and
also due to the fear the radium reserves could be
used up by being wasted on applications such as
luminescent dials for wristwatches, or the like – it
was not surprising that alternatives to radium
were sought after. Mesothorium I was discovered by Otto Hahn back in 1907. It is thorium’s
first progeny and is consequently contained in
all thorium minerals. Thorium production was
advanced – it was one of the raw materials needed
to manufacture gas mantles. The Auer-Gesellschaft
in Berlin manufactured gas mantles and therefore
also produced radioactive sources.
The production of mesothorium, however,
remained much lower than that of radium. In the
1930s, the annual production amounted to 2.5 g to
3 g worldwide. Hereby, one has to take the fact into
account that 1/400 g of mesothorium corresponds
to the activity of 1 g of radium. The short half-life
of mesothorium – compared to that of radium –
made it even more difficult to fix its price, since the
activity was constantly changing; whereas radium
sources had a more or less constant radiation
intensity due to its relatively long half-life (1600
years), the activity of mesothorium sources first
increased for 4 to 5 years before decreasing slowly.
Mesothorium has a half-life of 5.7 years. Due to
its long half-life, radium was practically never
“burned up” and kept its radiation power.
Through its activity measurements, the PTR
determined the value of radioactive sources.
Institutions such as geological offices or banks
frequently contacted the PTR to order the investigation of ore samples or residues from uranium
paint production. These requests actually represented the mere interest in knowing whether
ores were worth being exploited. But also in trade
with strongly radioactive sources, the first activity measurements of the PTR determined the
exact value of individual sources. Radium was on
the market almost exclusively as radium salt. The
radiation effect – and thus the value – of a source,
however, depended on the content of radium, and
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the latter could not be determined on the basis
of the absolute weight of a radium salt. The value
of radium-charged sources was therefore determined by means of radioactivity measurements
from which the content of pure radium could be
derived [11].
Thanks to its measurements, the PTR, as an
independent scientific institute, ensured fair trade
with radioactive sources and, thus, soon started
fulfilling a vital task. In 1913, only a year after the
Radioactivity Laboratory had been set up, Otto
Hahn already referred Buchler & Co. to the PTR to
obtain certified measurement values for requests
from abroad. On the request of their customers,
manufacturers of radioactive sources had their
products tested by the PTR. At times, the customers or intermediaries (often banks) sent the
products straight to the PTR to have the activity
declaration of the manufacturers checked. Especially municipal councils which bought radium for
their hospitals demanded independent testing.
The determination of the activity by an independent institution was particularly important
because the actual measurements were prone to
numerous uncertainties due to the fact that the
activity considerably depended on the chemical
composition of the commercialized products.
The credibility of radioactive measurement
values was questioned not only due to scientific and technical uncertainties, but also due
to downright fraud. Various manufacturers of
radioactive sources mutually reproached each
other for using “dirty” and “illegal” tricks [12].
For example, radium sources could be mixed with
the cheaper mesothorium. Since the quantity of
radium was determined by means of the sources’
activity, customers often suspected that they were
not delivered the quantity of radium they had paid
for. Prior to WW I, the only possibility of proving
fraud took five years’ measurements and involved
the opening of the tube of radium – and thus
loss of radium. Based on in-plant measurements
and on certificates issued by the University of
Chicago, the Radium Chemical Company, Pittsburgh, already guaranteed back in 1914 that its
products were free of mesothorium, but it refused
any control measurement, which would have taken
years. When Otto Hahn published a method for
the mesothorium testing of closed tubes in 1914,
companies and customers urged the PTR to apply
this new method to the sources they had submitted for testing. However, it took some more time
for the PTR to develop this method as far as to
be able to use it for testing purposes. Yet Geiger
guaranteed: “At any rate, the PTR will soon be able
to find out by means of tests whether the value of
the source to be delivered has been significantly
reduced by admixing mesothorium or radiothorium.” [13] Through its testing, the PTR ensured
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a security in trade with radium which, in the customers’ opinion, was not provided by guarantees of
the radium-producing companies themselves.
Ruling out uncertainties in measurement procedures and the protection against fraud through
testing by the PTR laboratory were not only in the
interest of the customers. Also the major radium
producers endeavoured to trade with radium on
a correct and exact basis in Europe [14]. They
therefore also sent their sources voluntarily to the
PTR for testing. In 1914, one could assume that
all radium sources used in Germany had gone
through the hands of a PTR employee at some
point. It was self-evident that even well-known
laboratories such as Otto Hahn’s institute, which
had contributed to developing PTR’s measurement
methods, only used state-approved sources.
In Germany, the state laboratory was, thus,
firmly involved in trade with radium even before
WW I. Due to numerous requests for radioactivity
measurements, the PTR harmonized the measurement units and then developed standardized
procedures for the testing of the sources. Until the
beginning of the 1920s, Walther Bothe performed
routine measurements at PTR’s Radioactivity
Laboratory. He had started working at the PTR
shortly before receiving his doctoral degree under
his mentor Max Planck in 1913. His first laboratory books are filled with the measurement series
of radioactivity tests. Until WW II, the measurement procedures were laid down in increasingly
complex instructions. After WW II, the market for
radioactive sources changed radically: large-scale
nuclear devices and nuclear reactors produced
a large quantity of radioactive isotopes which
were then available to the scientific, medical and
technical communities. Furthermore, due to the
production of nuclear weapons and the use of
nuclear energy, uranium ores came into the focus
of international trade [15].

3 Optical and Electric Counting Methods –
Ways towards the Geiger-Müller Counter
Since its foundation, the PTR had been fulfilling two tasks: performing measurements for the
regulation of technical and economic issues, and
scientific research. The same applied to the Radioactivity Laboratory. One of the most significant
scientific fields of activity of Geiger and Bothe at
the Radioactivity Laboratory was radiation measurement technology. Even after they had left the
laboratory to become professors of experimental
physics at Kiel and Goettingen, respectively, they
still had a decisive influence on the development
of this field of science. The work of Geiger and
Bothe reflects the changes that took place in the
detection of radioactivity; they will be described in
more detail in the following section. The counting
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of α-particles constantly remained a central field of
research throughout time and led to debates about
the efficiency of the different counting techniques.
Especially the question as to the number N of
α-particles emitted by 1 g of radium per second
kept the leading radioactivity laboratories in
Manchester and Cambridge, in Berlin and Vienna
busy for more than two decades. According to the
concept that was commonly valid at that time, this
number was a basic radioactive constant. It was
used to investigate α-particles and to determine
the lifetime and the heat generation power of
radium. The results yielded by diverse measurements lay far apart from each other; some were
even in disagreement with other experiments [16].
Geiger published several essays dedicated to this
subject in 1908 and 1924. Even in 1931, he still
considered it his duty to initiate new research in
this field.

4

Scintillation Counting

When Hans Geiger started his scientific work in
Berlin in 1911, he pursued the research on the
counting of α-particles which he had already
begun together with Ernest Rutherford in Manchester. In 1908, Geiger and Rutherford had
determined the number of α-particles emitted by
1 g of radium by means of various experiments.
These trials were to solve the most urgent issue
of radioactivity research at that time, namely the
question as to whether the α-particles carried only
one elementary charge e or the double charge 2e.
At the same time, the experiments were designed
to re-determine the size of the elementary charge.
For their countings, Geiger and Rutherford used
an optical counting method, the so-called “scintillation method”. Willam Crookes had found out
back in 1903 that α-particles produced a weak
light flash, a so-called “scintillation”, when colliding with a phosphorescent zinc sulphide screen.
After Crookes’ discovery, diverse experiments
carried out by Erich Regener in Berlin and by
Rutherford and Geiger in Manchester had made
the hypothesis sound plausible according to which
each α-particle colliding with the screen causes a
light flash. This represented a possibility of carrying out exact quantitative measurements by counting the particles.
Regener’s work contributed considerably to
making a quantitative measurement method out of
the admiring observation of the particles. Scintillation countings remained the most important
method for the counting of α-particles until the
end of the 1920s. Rutherford used it to investigate
the properties of α-rays; scintillation experiments
carried out by Hans Geiger and Ernest Marsden
between 1911 and 1912 confirmed the model of a
compact nucleus which had been established by

Rutherford. Also the atomic fragmentation tests
of the 1920s were based on this optical counting
method. The scintillation experiments may have
been based on a simple principle, nevertheless,
they required sophisticated measurement procedures, and the observers had to be disciplined and
focused for the counting. Observation errors were
to be avoided by means of numerous rules and
precautions. Scintillation countings were therefore
often called a “laborious” measurement method
which was considered “tricky” and “tiring”. Due to
the development of automatic counting techniques
at the beginning of the 1930s, it lost its paramount
status as a counting method [17].

5

Geiger’s Counting Tube

In their α-particle emission experiments, Ernest
Rutherford and Hans Geiger used also an electric counting method in 1908 to detect single
α-particles [18]. As long as it was not completely
certain that in the case of scintillation counting,
each α-particle actually generated a light flash,
the result had to be verified by means of other,
independent measurement methods. Rutherford
and Geiger therefore developed a new counting method based on the electric impacts of
α-particles. It was already known that the ionizing
effect of a single α-particle could be detected by
most sensitive electrometers – what was visible
was a deviation of the pointer by 0.3 mm. For
these measurements, it was, however, important
to rule out all external disturbances. Also, the
sensitive measuring instruments used reacted only
slowly, so that their temporal resolving power was
rather low. For this reason, Rutherford and Geiger
resorted to amplification by means of collision
ionization in gases – a method which had already
been investigated in Oxford at the beginning of the
century. They let α-particles enter a tube longitudinally to the axis; the tube was filled with a gas
of relatively low pressure. In this tube, a wire was
stretched. Rutherford and Geiger applied a voltage
shortly below the sparking potential. In this way,
they achieved an amplification of the primary
ionization which enabled convenient measurement. The signals were recorded by means of an
electrometer. To stabilize the pointer after each
displacement, there were to be no more than about
4 particles colliding per minute.
Geiger and Rutherford detected a high degree of
agreement between the results of the optical and
of the electric measurement methods. Thus, two
independent methods were available for the counting of α-particles. Both measurement methods,
however, exhibited serious flaws. The deflectors
and the observers were constant sources of error
which had to be controlled with great effort. When
using scintillation screens, there was a risk that
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not each particle generated a light flash. On the
contrary, the problem with the electric counting method was rather that the detectors generated too many impulses. Geiger and Rutherford
already observed that their new method generated
signals even when no radioactive source was in the
vicinity, but they attributed the effects observed to
an intrinsic radioactivity of the tube. Since these
deflections were, however, much smaller than the
signals caused by α-particles, it did not occur to
them that their results could be biased [19].
After moving to Berlin, Hans Geiger resumed
his work on the electric counting of α-particles.
He replaced the counting wire of the counting
chamber from Manchester with a needle. The
reliability of the new counting chamber (Geiger’s
counting tube), however, remained contested
among Geiger’s colleagues. The “natural disturbances” of the counting device – as the spontaneous impulses were also called – provided
enough reason to question the credibility of
this measurement method. Spontaneous deflections of the counting devices seemed to bias the
results. Experimenters therefore tried to reduce
the number of these deflections as much as possible. Often enough, it sufficed, as Geiger stated
in a letter to Rutherford, to prove the consistency
of the natural disturbances and to subtract the
corresponding number from the result. However,
it remained unclear whether there really existed
a quantitative relation between the occurrence of
radioactive decay particles and the impulses of
the apparatus. Through new experiments, Geiger
proved that nearly all deflections of his apparatus
were external disturbances and were not caused
by the apparatus itself. The “natural disturbances”,
however, remained a problem of electric counting
methods. It remained impossible to eliminate the
uncertainty as to whether the deflections were an
instrumental artefact or a signal caused by a radioactive particle [20].

6

The Geiger-Müller Counter

From WW I on and until 1925, Geiger remained at
the PTR without interruption. In 1924, he became
a professor at the University of Berlin, and in 1925
he accepted a chair in experimental physics at the
University of Kiel. Walther Bothe was his successor as the head of the Radioactivity Laboratory
of the PTR. In the 1920s, Geiger’s metrological
research served to optimize the counting tube for
measuring α-particles. Until well into the 1920s,
α-particles remained the focus of his research.
When he moved to Kiel in 1925, he had published
around 45 essays – nearly two thirds of which dealt
directly with the properties of α-particles [21].
Investigations of α-particles represented for Geiger
and his colleagues the impulse for developing the
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counting chamber further. Thus, it is not surprising that they tried to reduce disturbing impulses
from ß- or γ-rays.
For this purpose, already in Berlin, Geiger
began systematic investigations into the operating
principle of the counting tube, which he pursued
further in Kiel, together with Otto Klemperer
and Walter Müller. In 1928, these investigations
confirmed research from Cambridge which proved
that, depending on the electric potential difference, two working areas of the counter have to be
differentiated: the multiplication area, in which
the primary ionization is amplified by a certain
factor, and the triggering area, where the size of
the electric impulse is independent of the number
of ions which have been originally generated.
Furthermore, Geiger and Klemperer determined
the size of the effective counting volume of the
counting tube where ions are amplified by means
of collision ionization. The electrical and geometrical conditions, the gas and the gas pressure, as well
as the direction of the radiation were the decisive
factors for the mode of operation of a counter. This
finding made it possible to build a counter which
responded exclusively to α-rays, but not to ß-rays.
Geiger and Klemperer considered that, after long
years of research, they had finally attained their
goal. They expected this pure α-counter to solve
numerous problems with regard to the “scattering
of α-rays and the fragmentation of atoms” [22].
As Geiger and Klemperer published their results
on the mode of operation of the counting tube in
June 1928, Müller and Geiger were already performing the first systematic tests with the electron
counting tube. Walter Müller had started studying
at the University of Kiel in 1923 and graduated in
1928 with a doctoral degree in the field of gas discharge physics under Hans Geiger. He later continued working at Geiger’s institute and had a scholarship from the Notgemeinschaft der Deutschen
Wissenschaft. Hereby, he used the apparatus he
had conceived for his doctoral thesis: a brass tube
inside which a wire was stretched coaxially, so that
an electric potential difference could be applied
between the wire and the housing; the pressure
inside the tube could be adjusted. At a certain pressure and a certain electric potential difference, he
observed irregular signals which became drastically
more numerous when a radioactive source was
brought closer to the apparatus. In further experiments carried out by Geiger and Müller, it seemed
plausible that the “natural disturbances” of electric
counters, which had until then been mostly attributed to radioactive impurities within the counting
chamber, were in fact signals caused by a penetrating radiation from outside. In 1928, the two
scientists realized that their apparatus was actually
a sensitive measuring instrument which detected
what had been discovered recently, namely hard
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In 1934, he became the director of the Institute of
Physics of the Kaiser Wilhelm Institute for Medical
Research in Heidelberg.

7

Figure 2:
Walther Müller and the Geiger-Müller counter,
ca. 1949 (Photo: Deutsches Museum München)

components of cosmic radiation. At the beginning
of August 1928, the first public announcement concerning the “electron counting tube” was published
in the journal Die Naturwissenschaften [23].
The electron counting tube opened up new
detection capacities for the flourishing field of
research which was, at the time, cosmic radiation. In addition, towards the end of the 1920s,
physicists in Cambridge and Vienna were becoming more and more wary of the optical counting
method – until then the standard method to detect
individual α-particles – due to its inconsistent
measurement results. After the counting tube
had been invented, Geiger and Bothe dedicated
themselves increasingly to the issue of cosmic
radiation. This new orientation of their research
opened up a wide field of application for the new
counting method where older methods had failed.
Geiger accepted a post at the University of Tübingen in 1929. In 1936, he accepted a professorship
of physics at the Technical University of Berlin.
There, he continued his research on cosmic radiation. Bothe used the counting tube successfully
in coincidence experiments for research on the
nature of cosmic radiation in 1928 [24]. He left
Berlin in 1930 and accepted a post at the University of Giessen. In 1932, he succeeded to Philipp
Lenard and was granted a professorship in experimental physics at the University of Heidelberg. In
1933, he resigned from office for political reasons.

The Radioactivity Laboratory of the PTB

After WW II, a new state metrological laboratory
was founded in Braunschweig – the PhysikalischTechnische Anstalt (PTA). It was later renamed the
Physikalisch-Technische Bundesanstalt (PTB). As
for its precursor (the PTR in Berlin), a laboratory
for radioactivity was set up after WW II. The previous head of the PTR laboratory, Hans Fränz, was
entrusted with setting it up and leading it. In 1949,
the PTA was restituted 13 confiscated radium
standards of the PTR. With the aid of the resident
company Buchler & Co, Fränz was able to start the
first tests that very same year. Furthermore, he was
keen to provide his laboratory with the appropriate equipment. He made enquiries about radiation
measuring instruments at American manufacturers, and he ordered the first custom amplification
devices from Maier-Leibnitz at the Max Planck
Institute for Medical Research in Heidelberg [25].
At the beginning, requests for the testing of
radioactive sources first came, as was the case
prior to WW II, from doctors and hospitals, from
scientific institutes and manufacturers of radioactive sources, such as the Chininfabrik Buchler
& Co., the Auer-Gesellschaft or Radium-Chemie
Dr. v. Gorup KG. From the mid-1950s on, tests for
industrial companies, especially for manufacturers
of radiation measuring instruments such as, e. g.,
the companies Frieseke & Hoepfner, Erlangen, or
Siemens & Halske, Karlsruhe, were routine measurements for the Radioactivity Laboratory [26].
In the first few years, the testing services of the
new laboratory were fully in line with the tradition
of the predecessor institute, the PTR. Enquiries on
the radium contents of pre-war radioactive consumer items arrived at the PTA, for example when
the Auer-Gesellschaft asked for continuous checks
of their radioactive toothpaste DORAMAD. Just as
prior to WW II, the PTA openly disapproved of its
testings being used solely for the purpose of advertising. The head of the Radioactivity Laboratory
consequently refused expressly to carry out routine
measurements and continuous in-plant inspections. He also clearly formulated that the state
laboratory saw itself as continuing the same claim
to leadership in metrological matters as the PTR
had done before: “In my opinion, the PTR should
not strive for a great number of tests, but for
always being the ultimate entity when it comes to
the most reliable and decisive measurements.” [27]
Here, Fränz meant the Radioactivity Laboratory
of the PTR in Berlin-Charlottenburg (which had
then not yet been officially merged with the PTB in
Braunschweig).
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The orders for the testing of radioactive consumer items decreased constantly after WW II.
Radioactivity was no longer considered to be a
miracle cure, but more a health risk. Also the
Auer-Gesellschaft reconsidered the benefits of their
radioactive toothpaste and, in 1951, no longer
asked the PTB to confirm its radium content,
but how much radiothorium (thorium-228) may
be admixed to the toothpaste without having
to expect health risks [28]. This reflects, at the
microscopic level, a change in the perception of
radioactivity. If ionizing radiation was considered
to have healing powers until 1945, it appeared to
be a physical and vital threat after WW II. Until
1945, the public regulation of radiation measurements was mainly economy- and demandoriented, whereas the issue of radiation safety and
radiation protection required new forms of state
commitment after 1945. Also in the field of radiation protection, the State relied on the competence
of experts in radiation measurement for regulation and surveillance. Also in this case, routine
measurements led to a formalization of scientific
statements; in particular, the legitimizing power of
scientific measurements characterized the relations
between the State, the scientific community and
the broad public.

8 “Volksgeigerzähler” (“Geiger Counters
for Everybody”): The Trivialization and
Popularization of Radiation Measurements
Hans Geiger died in 1945. Up till then, he had
accompanied the applications of the counting tube
in physical research. He did not, however, live to
see the instrument that bears his name – and keeps
it present in the memory of the broad public –
become popular. Walter Müller left Geiger’s laboratory in Kiel half a year after the electron counting
tube had been invented and therefore no longer
influenced the development of the instrument in
science. Nevertheless, he decisively contributed to
popularizing it after WW II. It is therefore worth
taking a closer look at his biography.
After leaving Geiger’s institute back in 1928,
Müller became an employee at the Physical Laboratory of the Phönix-Röntgenröhrenfabrik (Phönix
X-ray tube factory) in Rudolstadt. He stayed in
Rudolstadt until 1939; after that, he worked in
Berlin for a short period until he obtained a job
at the Röntgenfabrik C. H. F. Müller in 1940. After
WW II, Müller eked out a living with occasional
academic activities: he developed Geiger-Müller
counting tube devices, theft protection systems,
photocell devices; he took on contract work
with different scientific institutes and worked as
a consultant with fluorescent tube manufacturers. Müller was also one of the first persons in
Germany who obtained radioactive isotopes from
62

Special Issue / PTB-Mitteilungen 122 (2012), No. 3

the British Harwell Atomic Energy Research Establishment for their research after WW II.
The isotope deliveries from Harwell to Germany
were mainly intended for medical purposes. Such
isotope applications became popular under the
name “Bikini Cocktail” [29] – named after the
Bikini atoll where 66 American atomic bombs
were tested between 1946 and 1958. This name
combined lively exoticism and the expectation of
resounding success in therapy. A librarian from
Hamburg who was just about 30 was one of the
first lucky persons to be healthy again thanks to
the new drink – she suffered from hyperthyroidism. Four weeks later, the doctors announced
the first achievements of the treatment. Medical
representations of isotope applications always
depicted a patient with a counting tube which was
used to track the transport of the isotopes inside
the human body [30]. Similarly, Ernest Lawrence,
director of the Berkeley Radiation Laboratory, had,
in the 1930s, taken a drink enriched with isotopes
in public and then tracked the evolutions to be
observed inside his body by means of a GeigerMüller counter in an audience-grabbing way [31].
The picture of a patient during the examination
with a radiation-measuring instrument remained
an integral part of the brochures on the application
of radioactive isotopes throughout the 1950s.
Walter Müller left Germany in 1951 to become
a consultant for electronics and radioactivity with
the Australian Government. It seems the decisive
factor to move to Australia was due to a refusal to
his application for a post at the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig. The
PTB had been looking for a physicist specialized in
radiation protection and counting tube measurements. As the inventor of the counting tube and
having exhibited a politically correct behaviour,
Müller felt he was predestined for the post – which
was finally assigned to someone else. After this
defeat, he believed he did not have any professional perspectives left in Germany [32].
When Walter Müller moved to Australia in 1951,
“uranium fever” was starting there. Attracted by
bonuses, thousands of people started looking for
the valuable ore. Handy, easy-to-use radiation
detection devices fulfilled the expectations of the
uranium prospectors; equipped with these instruments, they went hunting for wealth. Already at
the beginning of WW II, scientists had prospected
for ores with Geiger-Müller counters. But it is
only with the beginning of the Atomic Age, which
brought with it a growing need for uranium, that
ore prospecting became a mass movement.
In Germany, at most the Federal Government
and the governments of the federal states were
“infected” with this uranium fever. They began
searching for uranium with great zeal. A newspaper announced that uranium had been found in
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Hesse. Towards the end of the 1950s, the competent Working Committee III/3 “Exploitation
and Processing of Uranium Ores” of the Atomic
Commission coordinated uranium prospecting in
practically all territorial federal area states of the
Federal Republic (with the exception of BadenWürttemberg, whose local geological institute
had submitted a report of its own). At that time,
however, uranium was not prospected by means
of counting tube devices but with scintillation
instruments. Uranium exploitation, however,
turned out to be unprofitable. In Menzenschwand,
in the upper Black Forest, it failed due to the local
population’s opposition [33].
In the 1950s, newspapers and journals depicted a
marvellous image of the future in the Atomic Age.
It is also at that time that the term “Geiger counter”
got coined as the common term to designate
devices for radiation detection. No matter whether
for uranium prospecting, or food examination,
or a manhunt, or the smuggling of watches, the
Geiger counter was omnipresent. What is notable
about it is that the police, disaster management
teams, the food surveillance institutes and the
scientific community were equipped with a broad
range of various radiation-measuring devices. The
only thing that managed to come to the attention
of the broad public was, however, the ticking of
the Geiger counter. In the vernacular, the Geiger
counter became the embodiment of the radiationmeasuring instrument. This term suppressed the
differentiation between different types of radiation
detectors and measuring instruments and brought
together various connotations, such as: vigilance,
safety, order, welfare. The Geiger counter became
the almighty cult object of the Atomic Age. In 1958,
a news agency announced: “The ‘Magic Wand’ of
Nuclear Science for 30 Years – The Geiger Counting Tube Came from Kiel” [34]. The counting tube
became a downright fetish of the Atomic Age, an
object seemingly charged with supernatural powers,
in short: a magic wand!
Popular representations of radiation detectors not only showed up in the press and in films,
but also found expression in the production of
measuring instruments – the so-called “Volksgeigerzähler” (the “Geiger counters for everybody”).
Geiger counters were at the acme of their popularity in the late 1950s. And even in science kits for
children, the Geiger counter was a must!
In 1959, the Siemens-Reiniger Werke registered
excellent prospects for a pocket-sized radiation
detector. In dealing with the threat of nuclear
warfare, the contamination of foodstuffs due to
radioactive fallout or with the danger of having a
nuclear power station in the neighbourhood, in
the 1960s, 19 “Volksgeigerzähler” had to ward off
the diverse forms of radioactive threats. In 1960,
members of the staff of the Siemens-Reiniger Werke
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Figure 3:
Advertisement brochure for the
“Volksgeigerzähler”
Atomat WR 54
of the Reichert company, ca. 1959.
(Photo: Deutsches
Museum München)

went on a business trip to the southern part of
Germany to check out the market conditions for
Geiger-Müller counters there. Particular attention was paid to “pocket-sized” counting devices.
Until then, approximately 15 types of pocket-sized
radiation measuring devices had been available
on the German market. The Federal Ministry of
Defence and the Federal Air Defence promised huge
orders. It seemed future developments would be
unlimited.
In 1961, also employees of the Federal Ministry
of the Interior picked up the idea of a “Volksgeigerzähler”. The issue as to whether the civil population should be equipped with a mass dosemeter,
such as the IDOS film plate, had been debated
since 1956. This, however, required a specialized
film industry and a dense network of experts for
the analysis of the films to be set up. Other suitable devices were not available yet. Regardless of
this, back in 1961, the staff of the Ministry of the
Interior considered simple dose-rate measuring
instruments necessary for the population. The
citizens were to be more strongly involved in civil
air protection again. What the government officials
had in mind were devices the size of a cigarette
packet, if possible combined with a micro-radio
receiver [35]. In 1964, the Federal Ministry of the
Interior required the population to be equipped
with “Volksgeigerzähler”[36]. The ministry officials picked up the idea of individual radiation
monitoring again. In contrast to previous plans of
civil air protection, this would, however, be in the
responsibility of the citizens themselves. A safety
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concept stood behind these devices according to
which the citizens would collect data concerning
the radioactive contamination of the environment
and of foodstuffs, and should then be able to react
responsibly. The responsible persons at the competent authorities emphasized explicitly that the
“Volksgeigerzähler” were designed for private use
and not for use by relief units of disaster management services. As opposed to the officials of the
Ministry of the Interior in charge, the Bundesamt
für zivilen Luftschutz (Federal Office for Civil Air
Protection) also considered the general spreading
of radiation detectors to be a risk. In the directives
on Geiger counters for air protection, the Office
stipulated: “Reading out the measured values from
the device must be unequivocal, free of subjective
influences and interpretations.” [37]
All manufacturers of so-called “Volksgeigerzähler” therefore paid particular attention
to making their devices easy to operate. Willi
Reichert, instrument producer from Treves, advertised the device “Atomat WR 54” in a brochure as
follows: “Particular advantages: 1. The device has
only one button and is thus absolutely foolproof.”
[38] The maximum admissible dose was indicated
by a red cross on the scale. The “Volksgeigerzähler”
of the Total Ladenburg company differentiated
different levels of possible danger by means of the
colours red, yellow and green. The manufacturers
recommended that users should leave the site as
soon as possible if the pointer showed in the red
range of the scale, and they should avoid staying
too long in the irradiated zone if the pointer
showed in the yellow range of the scale [39].
Also the respective governments of the Federal
States started to equip certain authorities with
“Volksgeigerzähler”: by 1965, the Bavarian State’s
government, 120 authorities in Baden-Württemberg, and 126 local courts in North Rhine-Westphalia had received instruments from the measuring instruments manufacturer Ernst Georg Miller
from Pforzheim for self-protection.
The Ministry of the Interior followed the development of the “Volksgeigerzähler” with great interest.
As the competent consultant heard of “Geiger
counters for the breast pocket” in the USA, he
asked the German NATO representative to enquire
about this device. He certainly must have been
disappointed reading the reply from his American counterpart at the American Office of Civil
Defense who informed him that this instrument
was not suitable for civil defence [40]. Whereas
the German Federal Ministry of the Interior thus
approved the self-dependent civil population
protection until the mid-1960s, the French policy
pursued a different concept. After a demonstration
of the French-made radiation detector “DOM 410”
for military and civil authorities, the final report
stated: “High requirements have been placed on
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this instrument. It complies with all of them. The
development of a simplified version for civil use
has, however, deliberately not been planned.” [41]
Also the press reported on the latest developments with great enthusiasm. Whereas the Ministry of the Interior intended the instruments for
civil protection, in the press articles, the borders
between different threats due to ionizing radiation
vanished.
“Volksgeigerzähler” were based on safety concepts which reduced the whole topic of radiation
safety to the issue of radiation detection. It seemed
possible to anyone, even without any technical
knowledge in this field, to handle the risks of radioactivity. The scientific experts from the radiation
protection departments were clearly against the
concept of the “Volksgeigerzähler”. The physicists
specialized in radiation protection were very much
aware of the complexity and ambiguity of radiation
measurements. For them, this was clearly a technicistic idea to believe that radiation protection
could be achieved simply by means of a measuring
instrument. They opposed the technical means and
the institutionalized decision criteria of experts’
hopes for a simple technical control of risks [42].
The precision of measurements performed with
the popular Geiger counters suggested – as a sign
of incorruptibility and a scientific approach –
safety standards which were based on facts that
research had grasped only partly at that time. ■
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Low Temperatures and Superconducting Sensors

Thomas Schurig1

1

Introduction

In many fields, modern physical basic research
and, of course, also metrology have to rely on
the generation and utilisation of low temperatures. After Heike Kamerlingh-Onnes, Head of
the Low-temperature Laboratory of the University
of Leiden (NL), had succeeded in liquefying the
noble gas helium in 1908, he immediately started
investigations of the temperature dependence of
the electrical resistance of metals. Together with
his colleague Gilles Holst, he found out that the
resistivity value dropped when measured on pure
mercury samples down to an immeasurably small
value. This value was not reached continuously,
as expected, but abruptly at a temperature slightly
below 4.2 K. It soon became clear that this was a
new state of matter which received the name of
“superconductivity” [1, 2]. This important discovery – for which Kamerlingh-Onnes was awarded
the Nobel Prize in physics in 1913 – celebrated its
100th anniversary in 2011. It is a good example to
prove that not only modern experimental technology and a good technical infrastructure, but
also the availability of appropriate materials and
samples are essential for successful research in the
field of low-temperature physics – and certainly
not only in this field.
After giving a brief historical overview of the
work of the Low-temperature Laboratory of the
PTR (Physikalisch-Technische Reichsanstalt – Imperial Physical Technical Institute), this article will
present the current low-temperature infrastructure of PTB’s working group “Technical Services”
and of the working groups active in the field of
superconducting sensors. The focus is placed on
the work at PTB’s Berlin Institute. The development and application of measuring systems using
Superconducting QUantum Interference Devices,
so-called SQUIDs, will be dealt with thoroughly.
Whereas from the end of the 1980s until the mid1990s, PTB’s focus in the use of SQUIDs lay on
the investigation of biomagnetic phenomena to be
used later for medical diagnostics, the following
years saw the development of very specific SQUID
sensors for a broader field of metrological applications such as, e. g., the realisation and dissemina-

tion of the electric units [3, 4]. As new cooling
technologies emerged for low and ultra-low temperatures which were based on small mechanical
cryocoolers as are increasingly used also at PTB,
new challenges arose also for the field of superconducting sensors. To make PTB’s SQUID development accessible to a broader community and to
enable a larger number of cooperations, some
developments in the field of electronics and chips
were commercialised within the scope of technology transfer. Work on cooling techniques with
liquid nitrogen in connection with the utilisation
of high-temperature superconducting sensors will
be mentioned only briefly since these no longer
play an important role at PTB.

2

Early Work on Low Temperatures and
Superconductivity at the PTR

The milestones achieved in the field of superconductivity are closely linked with PTB’s history. It
was Carl von Linde who thoroughly investigated
the generation of low temperatures by liquefying
gases with a low boiling point; as a member of
the PTR’s Kuratorium (Advisory Board), he also
initiated the establishment of a low-temperature
laboratory at the PTR. The history of this lowtemperature laboratory is described in detail in
a monograph which was published by Huebener
und Lübbig in English in 2008 and in German
in 2010 [5, 6]. In this laboratory, gas liquefaction
for the generation of very low temperatures was
furthered and, at the same time, the low temperatures generated were used to investigate the
properties of various materials. Walther Meissner,
who started his career at the PTR back in 1908,
had, since 1913, committed himself to setting up a
liquefier for hydrogen. Sir James Dewar succeeded
in liquefying hydrogen in 1898, for the first time;
with liquid hydrogen, experiments at temperatures
of 21 K at normal pressure became possible and,
by pumping off the vapour phase above the liquid,
temperatures of down to 14 K could be achieved.
After the First World War, Meissner worked on
extending the hydrogen liquefaction facility, but
also the liquefaction of helium which was achieved
in Leiden was a worthwhile goal for the colleagues
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at the PTR in order to achieve much lower temperatures. Meissner, who had already initiated the
construction of a helium liquefier back in 1920,
had to go his own way, however, since the budget
he had at his disposal was limited. Also, helium
had to be separated in a cumbersome procedure
from a side condensate of the air liquefaction
at the Linde oxygen plant because purchasing it
from the USA failed. Compared to the quantities of liquid helium dealt with on a daily basis in
PTB’s laboratories today, the mere 700 l of helium
gas – a quantity which corresponds to 1 l of liquid
helium – which were available at the PTR back in
1925 seem unimaginably small. Meissner eventually succeeded in commissioning the third helium
liquefier worldwide at the PTR in 1925. Thanks to
the process he developed, helium could even be
condensed in one single step without a pre-cooling
stage using other liquefied gases. In an article
published in the journal “Die Naturwissenschaften”
in 1925 [7], Meissner wrote that he had succeeded
in obtaining 200 cm3 of liquid helium for the first
time on 7 March 1925. When pre-cooled with 10 l
of liquid hydrogen, it was later even possible to
experiment for a few hours with the liquid coolant
in the vessel of the liquefier, which had a capacity
of approx. 400 cm3. Under such circumstances, it
did not make sense to try and transfer the liquid
into another vessel.
In 1927, Meissner was able to move into a new
building which he had planned himself and which
comprised two storeys and a basement; besides the
machine room for the liquefiers and laboratories,
the building also accommodated a workshop and

Figure 1:
Helium liquefaction
plant at the PTR’s
low-temperature
lab (PTB Archives).
The glass cryostats
which were used as
containers for the
liquefied gases are
clearly visible.
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rooms for guest researchers. Whereas the PTR’s
large buildings are still standing on the Berlin site,
the low-temperature lab was destroyed during the
war.
At the PTR’s low-temperature lab, besides
liquefying gases, Meissner mainly measured the
electric resistance on various materials and thereby
discovered new superconducting elements, such as
niobium which has a critical temperature of 9.2 K.
This element is still used at PTB today as a basic
material for superconducting sensors, as described
in more detail below.
Further experiments carried out at the PTR’s
low-temperature lab eventually led to the important discovery of the Meissner effect in 1933,
which consists of the expulsion of the magnetic
flux from the inside of a superconductor and
which did not only play a decisive role in the
development of the theory of superconductivity
but also and especially in the technical applications
of superconductors.
Meissner left the PTR in 1934 to join the Technical University of Munich.

3

Low-temperature Infrastructure
at PTB Today

Liquid helium supply
For the experimental work at low temperatures,
increasing quantities of liquid helium were needed,
so that PTB’s Berlin Institute decided in the mid1960s to buy a used helium liquefaction plant from
the Fritz Haber Institute in Berlin after a nitrogen
liquefier from the same institute had already been
installed some years before. This helium liquefaction plant was installed and operated by Reinhard
Dittman. In 1967, these machines produced, e. g.,
14,000 l of liquid nitrogen and 320 l of liquid
helium for the Berlin Institute. However, another
130 l of liquid helium had to be purchased to cover
the needs of the laboratories [8]. When the plant
was fully worn down, a new plant was purchased
from Linde in 1970; it had a condensing capacity
of 12 l of liquid helium per hour and was installed
in the Siemens Building under Dittmann’s supervision. The liquefier was then operated by KlausPeter Matthies and Helmut Kuhfeld, members of
the technical staff of PTB. In 1970, approx. 25,000 l
of liquid nitrogen and 1,500 l of liquid helium
were needed. Also PTB’s Braunschweig-based
laboratories were supplied by means of on-site
liquefying facilities which were installed in the
Nernst Building. The needs in Braunschweig were
roughly the same as in Berlin [9]. In 1978, the
liquefaction laboratory in Berlin moved to the
Warburg Building, in which a new Linde liquefier had been installed. At that time, the liquid
nitrogen was already supplied from outside PTB.
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At the beginning of the 1980s, the need for liquid
helium amounted to about 15,000 l at both sites,
Braunschweig and Berlin. By the end of the 1990s,
the capacity of the Berlin compressor plant could
no longer cover the need of the Berlin Institute
for liquid helium so that a new Linde liquefier of
the type TCF 10 was installed under the technical supervision of Götz Klaukin in 2000. At the
same time, the liquefaction lab moved out of the
Warburg Building of the Berlin Institute into
premises which had been specially adapted inside
the so-called “Machine Hall”. This new plant,
which is currently operated by members of the
staff of the Technical Service Götz Klaukin, Uwe
Weichelt and Frank Engel, has a condensing capacity of 20 l/h. The liquid helium is condensed in a
reservoir vessel with a storage capacity of 2,000 l,
from which the helium transport vessels are
then filled. Around 25 transport vessels having a
capacity of 100 l each are in constant use on the
premises. Meanwhile, the annual need for liquid
helium exceeds 50,000 l in Berlin alone – however
with strong fluctuations over time. The helium
gas is led back to the liquefaction laboratory via a
pipeline system; there, it is condensed and stored
in a high-pressure storage vessel. Gas balloons are
used as a buffer for the intermediate storage before
the liquefaction process.
PTB in Braunschweig no longer operates a liquefaction plant of its own. The liquid helium delivered is distributed to the users by the co-workers
of the Department “Electrical Quantum Metrology” Michael Busse and Gerhard Muchow and the
gas is also recovered. On average, the Braunschweig laboratories, similar to those in Berlin, need
approx. 50,000 l of liquid helium per year. Fig. 3
gives an overview of the consumption of liquid
helium at PTB in Berlin over the last 5 decades.
Small mechanical cryocoolers
Fifteen years ago, small mechanical cryocoolers
for low temperatures in the range from 2.5 K to
77 K were still very expensive; they were mostly
used for military applications. With the development of high-temperature superconductivity – but
also of medical MRTs – the interest in cheaper and
long-lived cryocoolers for sensors, communications and computer technologies, for the cooling
of radiation shields in cryostats and for the reliquefaction of helium in large-scale cryostats grew.
Cheaper systems thus appeared on the market
which were mostly based on the Stirling principle,
but also on the Giffort-McMahon (GM) principle.
For highly sensitive laboratory measuring technology and especially for superconducting electronic
components, these coolers are usually not very well
suited, since they have moving parts in the coldhead
which can cause both mechanical and magnetic
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Figure 2:
The cryogenic hall at PTB in Berlin with the reservoir vessel (left).

Figure 3:
Development of the consumption of liquid helium at the Berlin Institute of PTB.

interferences. For such applications, so-called
pulse-tube coolers (PTCs), whose development has
been strongly promoted both by industry and by
academic institutes in the past few years, are clearly
more appropriate. These coolers operate without
moving parts in the coldhead, which has the
advantage – besides lower mechanical and magnetic
disturbances – of reducing mechanical strain in the
area of the coldhead and, thus, of enabling a longer
lifetime of these parts. PTCs, just like Stirling or
GM coolers, however, require a compressor which,
combined with a rotation valve, produces pressure
oscillations of the working gas (e. g. helium) at a
typical maximum pressure of approx. 15 bar. The
pulse tube itself consists of a thin-walled tube which
is filled with a regenerator used as a heat reservoir.
It has a warm and a cold end, each one equipped
with a heat exchanger, whereby the cold end is used
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as the cold platform. The working principle is based
on the displacement of the volumes of working gas
inside the pulse tube due to the periodic pressure
oscillations; the gas is cooled down in a similar
manner as in the case of the Stirling process.
Cooling in the range down to 50 K, which is
usually carried out using liquid nitrogen (boiling
point: 77 K at normal pressure), can be realised
with single-stage PTC arrangements. For the temperature range from 2.5 K to 5 K, however, i. e. the
range in which helium has, to date, been used as
a coolant, two-stage PTCs are necessary. Whereas
input powers in the range of approx. 50 W are
sufficient for small cooling powers of, e. g., 1 W at
a temperature of 80 K, for the same cooling power
at 4 K with a two-stage PTC, compressors with
7 kW electric power input are necessary. Since
sensor technology and superconducting electronic
components usually require only relatively small
cooling powers, industry is trying to develop also
smaller PTCs. Thus, coolers providing a cooling
power of 100 mW with a 1.5 kW compressor are
now available as well. Even smaller PTCs are,
however, difficult to realise since the thermal
losses in the cooler become increasingly noticeable
when the cooling power decreases. The minimum
temperature of commercial PTCs is approx. 2.5 K.
Although PTCs have no moving parts inside
the coldhead, there are yet strong vibrations at
the coldhead which are caused by periodic pressure variations. The amplitudes of the mechanical
oscillations are in the range of a few µm. Another
difficulty comes from the temperature oscillations
of the coldhead, which can reach values of approx.
10 % of the coldhead’s base temperature. Both the
vibrations and the temperature oscillations can be
appropriately attenuated, but they still represent a
significant problem for superconducting sensors.
Also the electromagnetic and mechanical interferences due to the rotation valve and the compressor have to be damped by assembling the system
suitably, e. g., by utilising flexible pressure pipes
between the components. Günter Tummes’ working
group at the University of Gießen, in cooperation
with IPHT Jena, succeeded in demonstrating that
superconducting Josephson voltage standards can
be combined with such a cryocooler [10].
Based on the working temperature of two-stage
PTCs, other cooling methods can be used, similar
to pre-cooling with liquid helium, in order to
achieve much lower temperatures. Thus, closed
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cycle 3He evaporation units or 3He/4He dilution
refrigerators can be pre-cooled and operated by
means of a PTC to smoothly achieve temperatures
of down to approx. 300 mK or 10 mK, respectively.
Also cryostats for the temperature range down to
approx. 50 mK which are based on the adiabatic
demagnetisation of paramagnetic salts (ADR) are
relatively easy to realise and are meanwhile commercially available. These ADR units, which are
equipped with a superconducting magnet, offer the
great advantage of adjusting the desired temperature electronically via the magnet current without
the need for a gas handling system.
It is known that temperatures down to the
range of a few microkelvin can be achieved if
nuclear spins (e. g. in copper nuclear stages) are
used instead of electron spins for the adiabatic
demagnetisation. In this case, the cold stage of a
3
He/4He dilution refrigerator is used as a base temperature [11]. Such a system with “conventional”
liquid helium pre-cooling, which is conceived for
minimum temperatures below 10 µK, is operated
by Peter Strehlow at PTB in Berlin and used to
develop novel methods of temperature measurement for this temperature range and for materials
research. Currently, some groups – among others
within the framework of the EU-funded network
“European Microkelvin Collaboration”, in which
also the low-temperature labs of PTB in Berlin
are involved – have been trying to use PTC-based
3
He/4He dilution refrigerators as a basis for a
nuclear demagnetisation stage in order to achieve
temperatures in the µK range. The problem here
is, among other things, that the superconducting magnet has to be cooled reliably and that
mechanical vibrations limit the minimum temperature that can be achieved with such a system
[12]. Minimum temperatures in the range of 100
times the end temperature of Strehlow’s system are
realistic.
Such a plant is also being set up in PTB’s Working
Group 7.44 “Low-temperature Scale”, whereby
an already existing copper nuclear demagnetisation stage is to be mounted into a commercial
3
He/4He dilution refrigerator. With this nuclear
stage, which was developed in the 1980s under the
supervision of Wolfgang Buck and commissioned
in 1987, a minimum temperature of 65 µK could
already be reached at that time. With the new apparatus, it is planned to realise the temperature scale
PLTS 2000 below 1 K.
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Figure 4:
3
He/4He dilution refrigerator with pulse tube pre-cooling for
the characterisation of superconducting sensor circuits at
the Department “Cryophysics and Spectrometry”.
Left: full view of the refrigerator; right: open cryostat with
each temperature stage being indicated.

Figure 5:
Measuring set-up with helium vessel in the high-frequency
shielded room.

Cryostats with low magnetic noise

with the sensitive electronic measurement equipment, in measurement rooms that are shielded
against high-frequency electromagnetic irradiation. The magnetic shielding is obtained by means
of cup-shaped Cryoperm shields combined with
superconducting shielding capsules.
For the biomagnetic measurements themselves,
however, low-noise cryostats with very specific
dimensions were required which were not commercially available. Therefore, PTB started to
fabricate cryostats of its own. These are made
of fibre-glass-reinforced plastic, and they are
equipped with a thermal insulation of superinsulation foil. The great challenge consisted in achieving
the thinnest possible cryostat bottom to realise a
small distance between the magnetometer and the
object to be measured. The SQUID magnetometers
must be brought as close as possible to the bottom
of the cryostat. The extremely high sensitivity
of the magnetometers with an inherent noise of
sometimes less than 1 fT/√Hz therefore makes
the use of extremely low-noise plastics necessary
and requires the greatest care when processing the
materials. The smallest metallic impurities due to
machining tools can already make a cryostat unusable. The metal-coated superinsulation foils used
in the insulation vacuum of the cryostat must have
a slotted structure in order to avoid eddy currents
and related magnetic stray fields.
Meanwhile, new methods for biomedical diagnostics are being developed which – in contrast
to purely passive biomagnetic measurements
– require the application of magnetic auxiliary
fields to magnetise the samples and to perform the
measurement itself. Such methods are, e. g., the
measurement of the nuclear magnetic resonance
(NMR) at low magnetic fields (low-field NMR)
and a type of imaging based on this (low-field
MRI) or magnetorelaxometry using magnetic

Liquid helium enables experiments at temperatures of 4.2 K and below. One important precondition is, however, that suitable cryostats are
available to carry out the experiments in. Whereas
in the past, experiments with liquid helium used
to be carried out using, in particular, vacuuminsulated, mirror-coated glass cryostats which
were cooled outside with liquid nitrogen, later
metallic cryostats made of stainless steel became
more popular. Such steel cryostats are still used
today, but pre-cooling with liquid nitrogen can be
dispensed with if superinsulation consisting of a
set of metal-coated plastic foils is used as a radiation shielding.
Work on superconducting sensor circuits which
are extremely sensitive to magnetic interferences –
the above-mentioned SQUIDs – is a peculiarity (see also Section 4). Towards the end of the
1980s, PTB started developing – with great effort
– SQUID magnetometers for biomagnetic investigations and creating the corresponding infrastructure. Besides thin-film laboratories, the Berlin site
of PTB also accommodates several heavily magnetically shielded rooms in which the capability
of the low-noise SQUID systems can be exploited.
Among these rooms is the magnetically quietest
room worldwide, which is a magnetically shielded
room equipped with an active field compensation
in order to achieve high shielding factors, especially in the low-frequency range, which is particularly important for biomagnetic investigations.
To characterise superconducting sensors before
they are used in the experiments in which they are
needed, one only needs relatively small magnetically shielded probes which are immersed into
liquid helium. To this end, the helium transport
vessels can be used which are then placed, together
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Figure 6:
Fabrication of low-noise cryostats. The picture shows Götz
Klaukin and Klaus-Peter Matthies
in 1995 whilst wrapping the
superinsulation foils around the
internal vessel of a cryostat.

Figure 7:
Noise spectrum of a SQUID magnetometer in liquid helium. The peaks are due to
vibrations.

nano particles. Thereby, the cryostat is, if necessary, exposed to a high magnetic field of up to
100 mT, which can lead to a magnetisation of
the components that can possibly cause strong
magnetic noise in the sensors even after the fields
have been switched off. New designs and materials
are being sought for at the moment. PTB is currently involved, e. g., in a project of the Institut für
Luft- und Kältetechnik (Institute of Air Handling
and Refrigeration – ILK) in Dresden which, in
cooperation with European companies, is working
on the development of novel cryostats for such
applications. In the “Biosignals” department, a
cryostat has meanwhile been developed for an
IfNMR system in which the cryostat only has a
negligible influence on the signal quality due to its
low intrinsic noise.
72

Figure 8:
PTB’s IfNMR SQUID measuring set-up with a coil system
in a magnetically shielded room.

Figure 9 shows a special cryostat which was
developed for such experiments in cooperation
with the Kanazawa Institute of Technology, Japan.
This cryostat contains a horizontal tube which is
accessible from the outside and in which a test
object (e. g. a small animal) can be introduced. In
the centre of the cryostat, this tube is surrounded
by SQUID magnetometers which can detect the
magnetic field of the object under investigation.
Shielding against magnetic interferences is ensured
by a superconducting shield made of niobium
sheet which is integrated in the cryostat and which
surrounds the tube in the liquid helium. With such
a measuring arrangement, very sensitive biomagnetic investigations, but also other SQUID experiments, can be performed outside a magnetically
shielded room.
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Figure 10:
Schematic circuit diagram of a SQUID system of sensors.
The SQUID with the two Josephson junctions is symbolised by a circle with two crosses. It is directly coupled
to an amplifier in a so-called flux-locked loop (FLL). The
amplified output signal of the SQUID is fed back via an
integrator and a resistor Rf as a magnetic flux Φf in such
a way that the working point is kept stable on the periodic
flux-to-voltage characteristics of the SQUID even though
the external magnetic field changes.

Figure 9:
Cryostat for biomedical measurements with integrated
superconducting magnetic shielding. The samples to be
measured (for example, small animals) are introduced
into the tube.

4

Superconducting Sensors –
From the Mechanical Tunnel Contact
to Nano-SQUIDs

SQUID – Basics
SQUIDs are the most sensitive sensors for magnetic flux changes to date. They can be used where
magnetic flux – or other physical quantities which
can be transformed into magnetic flux – have to
be measured with high sensitivity. Since SQUIDs
require cooling down to an operating temperature
below the critical temperature Tc of the superconductor used (as far as possible to – at least – 0.5 Tc),
these cryoelectronic sensors should be used only
for special applications in which the focus lies on
maximum sensitivity.
A SQUID consists of a superconducting ring
which is interrupted – in the case of rf SQUIDs
at one point and in the case of dc SQUIDs at two
points – by a weak link (the so-called “Josephson
junction”) which has a clearly reduced superconducting ampacity. Reading out a SQUID that is
operated in a flux-locked loop generally requires
SQUID electronics which is operated at ambient
temperature and consists of a low-noise amplifier

and an integrator. The output signal of the integrator is fed back into the SQUID as a magnetic flux
in order to linearise the periodic flux-to-voltage
characteristics of the sensor.
As mentioned above, not only magnetic flux
changes, but all physical quantities which can
be converted into magnetic flux (e. g. magnetic
induction or electric current) can be measured
sensitively by means of a SQUID. Thus, besides
sensitive magnetometers, also sensitive current
sensors can be manufactured, which are very
useful, especially if the application itself requires
low temperatures. These current sensors can be
made relatively insensitive to magnetic interferences by means of appropriate designing such as,
e. g., a gradiometric sensor design. Unfortunately,
the diverse applications cannot be addressed by
one single sensor design. Thus, e. g. to read out
superconducting radiation sensors in astrophysics,
series arrays of several SQUIDs (SQUID arrays)
are used, whereas for the extremely low-noise
detection of small currents (e. g. in NMR), twostage set-ups are necessary, in which the signal of
the input SQUID is amplified by a SQUID array. In
addition, these – sometimes – very complex arrays
are equipped with ancillary components, such
as input current limiters which make them very
user-friendly.
SQUID technology
The first SQUIDs used at PTB for metrological purposes were made of massive niobium. The Josephson contact was realised by means of a mechanically
adjustable niobium pressure pin which formed a
mechanical point contact. Gerhard Schuster and his
team used such SQUIDs to perform noise temperature measurements at PTB. A low-ohmic resistor
was integrated into the loop of the SQUID (the
so-called “resistive SQUID” or “RSQUID”), and
the RSQUID was used as a primary thermometer.
This device, which is shown in Fig. 11, represents a
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Figure 11:
Resistive SQUID
of PTB, equipped
with a mechanical
Josephson contact.
This SQUID was
used as a noise thermometer to measure
low temperatures.

voltage-to-frequency converter by means of which
the Nyquist noise of a resistor – which is a function of the temperature – is measured [13]. Similar
measurements with such a noise thermometer were
also performed at NIST. The provisional temperature scale PLTS 2000 as it is used today in the lowtemperature field is based on these measurements,
among other things [14, 15].
Modern SQUIDs are manufactured using thinfilm technology, mostly on silicon wafers (Fig. 12).
Today, the Josephson junctions are usually manufactured based on a Nb/AlOx/Nb tri-layer process.
Additional layers are required for resistors and
auxiliary superconducting elements such as coils
or transformers. For biomagnetic measurements,
PTB has used multi-loop SQUIDs in thin-film
technique successfully for nearly two decades now;
these were developed at PTB by Dietmar Drung.
Figure 13 shows such a SQUID magnetometer
and PTB’s 304-channel SQUID system which is
equipped with this type of SQUID.
Figure 13:
PTB’s 304-channel SQUID system. The type of SQUID
used in this system is depicted at the right. Chip dimensions: 7.2 mm × 7.2 mm.

High-temperature superconducting SQUIDs
and technology transfer

Figure 12:
Silicon wafer with
400 SQUID chips in
Nb/AlOx/Nb technology.

74

As mentioned above, PTB’s Berlin Institute has
been equipped with a unique infrastructure for
these novel biomedical diagnostic techniques
since the 1980s. The SQUID sensor system which
was developed for this purpose was, apart from
very few exceptions, first limited to covering
the own needs of the “Biomagnetism” Working
Group located in Berlin. In the 1990s, the Working
Group “Cryoelectronics” increasingly took part
in national and EU-wide research projects for
developing and applying SQUIDs, based on the
new high-temperature superconductors which
were discovered towards the end of the 1980s. The
aim was not solely to develop integrated SQUID
sensors which only require liquid nitrogen for
their cooling, but also new read-out electronic
units which are necessary to operate the SQUIDs
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and which determine their parameters very significantly. These read-out electronic units require,
among other things, very low-noise amplifiers
which were not available on the market at that
time. Project partners of PTB often wished they
could use PTB’s SQUID electronic units and also
its SQUIDs for their own applications. This wish
was mostly satisfied by familiarising the project
partners with our measurement technology at
PTB and allowing them to solder together and
characterise their own electronic units – under the
supervision of PTB experts.
Towards the end of the 1990s, besides the
development of high-temperature superconducting SQUID magnetometers and the utilisation of
SQUID magnetometers based on conventional Nb
technology, external project partners increasingly
desired to use SQUIDs as fast amplifiers to read
out cryogenic radiation detectors for astro-physics
or for sensitive low-temperature experiments (e. g.
nuclear magnetic resonance, NMR). This led to
the development of complex SQUID arrays and
completely new, computer-controlled SQUID
electronic units which could only be manufactured
in SMD technology. Parallel to this, new SQUID
electronic units manufactured in SMD technology were needed to set up the above-mentioned
large-scale SQUID multichannel system for the
“Biomagnetism” Working Group in Berlin. This
work quickly brought the Working Group “Cryosensors”, as it is now called, to sounding out the
possibilities of marketing its SQUID measurement technology. We were acquainted with two
young colleagues specialised in the field of hightemperature superconducting SQUIDs – Colmar
Hinnrichs and Henry-J. Barthelmeß – from
cooperations with the University of Hamburg who
had established the company “Magnicon” whilst
working on their doctoral thesis in 2001; they
mainly dealt with the maintenance of a SQUID
multichannel system at the University Hospital
of Hamburg and wished to use PTB’s SQUIDs for
this purpose. As these colleagues also wished to
develop magnetic field measurement techniques
(flux gates) and SQUID measurement techniques, and as they had the specialised knowledge required for this, the idea soon emerged of
implementing PTB’s SQUID development for
the manufacturing of products which could then
be marketed by “Magnicon”. A small “backyard”
company was just the right approach for such
a niche market; all this led to the first licensing
agreement concerning the fabrication and marketing of PTB’s SQUID electronic unit SEL-1 back in
2002 and, soon afterwards, for a laboratory amplifier which can be advantageously used to characterise SQUIDs. These electronic units, which were
particularly well suited to operate high-temperature superconducting SQUIDs, aroused interest all
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Figure 14:
High-temperature
superconducting
SQUID manufactured at PTB.

Figure 15:
High-temperature superconducting SQUID measuring
system developed in cooperation with the Technical University of Berlin within the scope of a third-party project
for geophysical sounding. This system was used to test
a so-called radiomagnetic sounding method in order to
measure the conductivity of the subsoil in depths of up to
several decametres. The photograph shows the staff filling in liquid nitrogen during on-site measurements.

over the world. To this day, PTB’s SQUID developments, which are sometimes born from a joint
participation in third-party projects, have been
marketed via this company [16].
The interest in high-temperature superconductor
SQUIDs, however, decreased considerably already
in the first years after the turn of the millennium
due to the persistent lack of a flexible technique
to manufacture these devices on a larger scale. In
the meantime, the availability of alternative optical
magnetometers has emerged, which can achieve
the sensitivity of high-temperature superconducting SQUID magnetometers and operate at ambient
temperature.
The demand for fast SQUID amplifiers based
on conventional superconducting techniques
has been the milestone to develop fast SQUID
electronics in cooperation with Magnicon. This
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new electronic unit, XXF-1, has been available on
the market since 2005 and has been increasingly
accepted by the users – all the more as it is not
limited to being combined with PTB’s SQUIDs
but can also be operated with SQUIDs of other
manufacturers. With this electronic unit, SQUID
amplifiers achieving bandwidths of up to 20 MHz
can be set up. The bandwidth limitation is due
to the signal’s runtime between the SQUID chip,
which is located inside the cryostat at low temperature, and the electronic unit which is operated
outside the cryostat – generally on the lid flange.
Diverse types of SQUIDs are now available at PTB
for diverse applications. The range extends from
magnetometers, to SQUID current sensors consisting of single SQUIDs and two-stage devices as
well as serial SQUID arrays, to SQUID multiplexers to read out radiation detector arrays. The latest
developments are SQUID chips where the fluxlocked loop is already closed at low temperatures
on chip by using a SQUID amplifier consisting of
up to 640 SQUIDs in series. Since these set-ups are
no longer limited by runtime effects of the wiring
between the electronic unit on the cryostat and the
SQUID chip at low temperature, very high bandwidths of more than 100 MHz can be achieved.
Not only pure SQUID sensor units consisting
of an electronic unit and a sensor have resulted
from this cooperation with PTB and are now part
of Magnicon’s portfolio, but also more complex
products containing SQUID sensors. Thus, a
joint invention of Christian Enss’s group from the
University of Heidelberg and the Working Groups
“Cryosensors” and “Low-temperature Scale” of
PTB has been successfully commercialised: a socalled magnetic-field-fluctuation thermometer for
the range of low and ultra-low temperatures. This
noise thermometer is particularly interesting for
the operators of millikelvin cryostats and is, thus,
continuously being improved. Currently, it is being
investigated whether this thermometer can also
be used for temperatures below approx. 10 mK –
which is the minimum temperature reached typically by 3He/4He dilution refrigerators.
This cooperation was, however, also fruitful in
the field of another typically metrological development: an electronic unit for cryogenic current

Figure 16:
Sensor unit of the magnetic-field-fluctuation thermometer. This unit was developed at PTB and is part of a
Magnicon commercial noise thermometer. The SQUID
chip which is glued to the copper sensor has dimensions
of 3 mm × 3 mm. The sensor unit is surrounded by a
niobium capsule when in operation.
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comparators in resistance metrology was developed in cooperation with the colleagues from the
Departments “Cryophysics and Spectrometry”
in Berlin and “Electrical Quantum Metrology” in
Braunschweig and has meanwhile been marketed.
Small magnetic moment detection
Measuring small magnetic fields – such as in, e. g.,
biomagnetic research – is a sensitive task; for this
purpose, SQUID magnetometers are used which
have a sufficiently large field-sensitive area in the
order of a few mm2. Since SQUIDs are sensitive to
magnetic flux, it is necessary to “gather” enough flux
in order to measure weak magnetic fields – or rather
the magnetic induction B – with low noise. (The
magnetic flux results from the integral of B over the
field-sensitive area of the SQUID magnetometer).
If the source of the magnetic field is clearly smaller
than the dimensions of the SQUID magnetometer,
the magnetometer no longer contributes effectively
to the output signal with its total surface. In this
case, it makes sense to reduce the dimensions of
the SQUID and to adapt them to the source, e. g.
to characterise magnetic nanoparticles. A reduction of the SQUID ring itself, however, also enables
a reduction of the thermally excited magnetic flux
noise of the SQUID so that it seems possible to
measure extremely small magnetic moments down
to the detection of single spins.
Micro-susceptometers were set up with PTB
SQUIDs in cooperation with a group from the
University of Zaragoza. Small magnetic particles
up to clusters of magnetic nanoparticles were
deposited on the devices by means of nanolithographic patterning methods, and the magnetic
properties were investigated as a function of the
frequency at low and ultra-low temperatures [17].
Within the scope of the European Metrology
Research Programme iMeRA+, joint investigations were carried out in cooperation with an NPL
group to develop nano-SQUIDs whose signals are
read out by means of PTB SQUID amplifiers [18].
This work is trend-setting for the application
of SQUIDs in the field of nanometrology. And
although it is in the fledgling stages, it is very
promising for the future (Fig. 17). ■
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Figure 17:
Scanning electron microscope (SEM) images of a PTB micro-SQUID with a magnetic nanoparticle (particles above the centre of the
image) and a complete PTB SQUID micro-susceptometer with integrated excitation coil (picture on the right).
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ECG and EEG Then and Now –
Looking Back from a Metrological Perspective
Lutz Trahms*

The first measurements and their
standardisation
The first measurements of the electrical activity of
a living organism took place as long ago as in the
nineteenth century. It was about 1840 when Carlo
Matteucci used a freshly prepared frog’s muscle
as a measuring instrument (Fig. 1) to prove the
existence of “electrical phenomena” in a living
organism [1]. Building on these observations, Emil
Heinrich du Bois-Reymond developed a highly
sensitive galvanometer at the University of Berlin
to carry out detailed measurements of electric
currents in animal muscles [2]. These activities
established electrophysiology as a new branch of
science. Also Hermann Helmholtz, who knew du
Bois-Reymond well from the time of the founding of the Physikalische Gesellschaft zu Berlin, was
intensively involved with the problems of bioelectricity at that time [3].
Initially, static time-independent phenomena of
bioelectricity were in the foreground. The British
physician Richard Caton from Liverpool observed,
however, during galvanometric measurements on
rabbits that the currents generated by the brain
varied with time: “Feeble currents of varying
direction pass through the multiplier when the
electrodes are placed on two points of the external surface … of the skull,” [4] he reported on
4 August 1875 at the 43rd Annual Meeting of the
British Medical Association in Edinburgh. Obviously the editors of the British Medical Journal
did not find this information particularly worth
mentioning. At least his paper was not published
in the journal as a complete article, it was kept to a
few lines in the conference proceedings.
In 1887, the year in which the Physikalisch-Technische Reichsanstalt (Imperial Physical Technical
Institute – PTR) was founded, the time dependence of the potentials which appear on the body
surface due to the electrical activity of the human
heart, was recorded for the first time by Augustus
Waller with a mercury capillary electrometer at
University College London [5]. By introducing
time as a second dimension in an electrophysi-

Figure 1:
Matteucci’s frog’s leg
as a galvanoscope.

ological measurement, signals with characteristic
patterns are created which are used by physicians
today for the diagnostic application of the electrocardiogram (ECG) or the electroencephalogram
(EEG). From this starting point the bioelectrical
measurement technology has developed to a diagnostic tool that is indispensable in today’s clinical
practice and physiological fundamental research.
Mercury capillary electrometers were, however,
much too slow to follow the time-dependent
changes of the ECG without delays. The ECG registered in this way was strongly distorted, looking
like a recording that is made with an ill-designed
low-pass filter today. For the scientific and
diagnostic use of the procedure it was, therefore,
above all necessary to improve the time resolution
and sensitivity of this measurement technology.
This pioneering work was undertaken by Willem
Einthoven at the University of Leiden at the turn
of the last century.
First Einthoven developed a method by which he
could reconstruct the undistorted ECG from the
distorted ECG of the capillary electroscope measurements [6]. To this end, he initially recorded the
frequency behaviour of the measuring instrument
in order to calculate with mathematical procedures
the “correct” ECG from the “transfer function”.
Thus, through Einthoven for the first time signal
processing methods came into use for the analysis
of an ECG. Today, in the age of digitised computer
science, signal processing is, of course, a routinely
used tool in ECG and EEG analysis.
Even more important were the metrological
innovations which Einthoven introduced. He
replaced the mercury capillary electrometer with
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the string galvanometer which had just been
invented by Clément Ader (Fig. 2) [7]. By doing
this, he succeeded in recording the first high-quality ECG measurements [8], whose time resolution
was sufficient to reflect the essential structures of
electric heart activity. Figure 3 shows ECGs which
were recorded in this manner. The agreement with
corrected capillary electroscope measurements
also shows how successful Einthoven was with his
ECG reconstructions.

Figure 2:
Einthoven’s string
galvanometer.

A further step which was necessary for the
establishment of the ECG in clinical diagnostics
was the setting of a standardised measurement
protocol which prescribed where the electrodes
were to be placed on the body. Only in this way
could the measurements of the biopotentials be
made comparable to enable the identification of
pathological deviations in the signal patterns and
the diagnosis of diseases. Einthoven was also a
pioneer in this area. The measurement protocols
he suggested – with the ECG leads on the arm and
leg joints named after him – are still used today in
medical practice [9].
In the following decades other measurement
protocols were introduced, in particular leads
on the chest, which could provide more specific
diagnostic information. The current final point
of this development is “Body Surface Potential
Mapping”, where the thorax is covered with a finemeshed network of 64 or more electrodes enabling
an extensive measurement of the ECG potentials
[10]. This method is, however, seen as so complicated that it is only rarely used for diagnosis, and is
mainly applied in research.
It took half a century till Caton's observations
on the brain were taken up by a psychiatrist from
Jena, Hans Berger, and the electroencephalography
(EEG) – the equivalent of the electrocardiography – was invented [11]. Berger discovered that
time-dependent potentials with amplitudes of up
to 50 µV could be recorded from the human scalp
(Fig. 3). These potentials exhibit characteristic
frequencies: frequencies of around 10 Hz appear
in a state of low brain activity, for instance, in a
relaxed state with closed eyes, whereas during
mental activity or while the eyes are open, irregular, higher-frequency rhythms were observed.
Berger described these two signal types as alpha or
beta waves.
With the EEG, Berger was able to make brain
functions objectively observable by means of a
physical correlate. While in Germany, this groundbreaking discovery was initially ignored to a

Figure 3:
One of the first EEG recordings by Berger:
(top): spontaneously occurring alpha rhythms,
(bottom): 10 Hz sinusoidal oscillation for reference
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large extent, psychologists in the USA started to
reproduce Berger’s work in the 1930s. They opened
a new field of research in this way. Other rhythms
with characteristic frequencies were discovered in
the EEG and various states of brain activity were
assigned to them (gamma, delta, theta waves).
It was only after the Second World War that a
standardisation of the EEG leads was carried out
when an international committee of neurologists
and psychologists made a recommendation on
which 19 anatomically defined positions of the
scalp electrodes were to be placed, the so-called
10-20 system [12]. There have also been extensions to this method in which up to 128 electrodes
are attached to the scalp with the aim of attaining
a recording of the spatial variations of the head
potentials that is as complete as possible.

Signal recording
The brief abstract by Caton contained another
path-breaking observation: “The electric currents
of the grey matter appear to have a relation to its
function. When any part of the grey matter is in
a state of functional activity, its electric current
usually exhibits negative variation.” [4] This statement was the motivation for G. D. Dawson to
search for a direct relation between a local brain
function and the EEG signal. He found out that –
after a period of a few ten or hundred milliseconds
– a stimulation (e. g. an excitation of the arm, a
sound, or a visual signal) was associated with a
correlated voltage on the head surface (Fig. 4) [13].
This so-called “event-related potential” is, however,
weaker by one order of magnitude than the spontaneously occurring signals of different frequencies
which have been known since Berger.
To make these potentials visible, the EEG
measurement technique – which had so far only
recorded passively – had to be developed further.
Such measurements had to be carried out in a
controlled way at defined time points which were
related to the stimulus. By metrological improvements alone, it was not possible to increase the
signal-to-noise ratio of the weak, evoked potentials
in the order of 1 µV because the “noise” was generated by the measurement object (i. e. the brain)
itself. The problem could be solved by carrying
out signal processing after the measurement: the
recorded signals were added up, so that the “brain
noise” was averaged out, whereas the brain signals
of interest which were correlated with the stimuli
were added up.
This signal averaging procedure, which today
seems completely natural and obvious, was not
easy to realise with the technology of the 50s of
the last century [14]. It was not until the 1960s and
1970s – when the digitisation of metrology gradually made its way into all fields – that the signal

Figure 4:
First measurements of event-related potentials with which Dawson
demonstrates the effect of signal averaging.
Right tracks (a): 20 strongly noisy measurements of single stimulus
responses
Top left track (b): averaging of 5 single measurements
Bottom left track (c): averaging of 20 single measurements

averaging procedure and, thus, the measurement
of event-related potentials could be used routinely.
After that, the investigation of evoked excitation
reactions of the brain became a routine tool of
neuro-scientific and psychological research which
soon also found its way into routine diagnosis.
Interestingly enough, from the very beginning,
not only the causal chain – from the excitation
to the reaction of the brain – was in the focus
of research, but also the inverse view – from the
action which had taken place to the triggering
control impulse of the brain. As early as in the
mid-60s, it was shown that a deliberate movement
is preceded by characteristic brain activity [15].
This so-called “readiness potential” reveals – in a
way – the intention to perform a movement before
this movement actually takes place. Already at that
time, such investigations had led to philosophical disputes about the free will of man which are
still nourished today, by current studies of eventrelated potentials.
A prerequisite for the signal averaging procedure
is that the evoked signal is time-phase-locked to
the trigger of the stimulant. This prerequisite could
not always be proved for evoked activities of the
brain, and later investigations have shown that this
is, in fact, often not the case. Especially late stimulus responses which reflect cognitive processes
such as, for example, speech or face recognition,
often exhibit a considerable variance. Nevertheless, the signal averaging procedure definitively
makes sense for event-related potentials as it often
offers the only possible way of obtaining measurement data with an acceptable signal-to-noise
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ratio. When these data are interpreted, it must
only be kept in mind that only the phase-locked,
time-stable fractions of the event-related signal
are obtained as the result of averaging, whereas
a possible variance of the responses remains
unrevealed.
When analysing the electrocardiogram, a similar
problem is encountered. In the case of a healthy
person, the excitation of the heart is triggered by
an internal clock, the sinus-atrial node, with a frequency between approx. one to several hertz. The
heart frequency, which is usually indicated in beats
per minute, varies depending on different factors,
e. g. physical stress. Although the morphology of
the signal (the signal form) has a basic structure
which reflects the time course of the excitation of
the atria and the subsequent depolarisation and
repolarisation of the ventricles of the heart, its fine
structure varies from heartbeat to heartbeat.
If one wants to improve the signal-to-noise
ratio of such a quasi-periodic signal by signal
averaging, one has to be aware of the fact that the
averaged ECG is subject to the same limitations
as averaged event-related potentials. In addition,
one must be aware that there is no clearly defined
trigger moment in the ECG to which each single
beat can be related. Although there are significant
structures in the time series of the ECG that may
serve as fiducial points – such as, for example,
the R peak (the relatively sharp maximum in the
depolarisation phase of the ventricles) or the steep
increase immediately before – the time-dependent
distance of the R peak to the two other structures
of the ECG – i. e. the so-called P wave (depolarisation of the atria) and the T wave (re-polarisation
of the ventricles) – may vary so that here, another
artificial broadening and diminishing of the averaged ECG signal may occur.
All in all, the signal-averaged ECG is a problematic measurand, all the more so as it is – under
metrological aspects – not always necessary to
further increase the signal-to-noise ratio of the
ECG. For an electrode on the chest wall, the
background noise generated by the body is so low
that – in a careful measurement – a signal-tonoise ratio related to the R wave of up to 200 can
be achieved. This situation is completely different
from the case of the event-related potentials which
are by one order of magnitude weaker than the
cerebral noise. For a high-quality ECG measurement, it can often make more sense to improve the
measurement technique than to reduce the noise
afterwards via signal processing procedures. Here,
in particular low-noise amplifiers should be used
and as low a contact resistance as possible should
be achieved when the electrodes are applied. In
addition, it is often very efficient to perform the
measurements in an electromagnetic shielding to
reduce external disturbances.
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New metrological developments
With regard to the EEG, it has – for a long time –
been believed that no really high demands have to
be met by metrology because the cerebral noise – as
the main source of disturbance – cannot be influenced anyway. This also becomes evident in the
recommendations of the American Electroencephalographic Society, in which amplifiers with a noise
level of 2 µV are indicated as being sufficient for a
bandwidth of 5 kHz [16]. This opinion is already
problematic insofar as the cerebral noise reflects
spontaneous brain activity and is an interfering
signal only from the view of an observer who wants
to focus on another signal source.
But also with regard to evoked brain signals, it is
not always advisable to follow these recommendations of the American Electroencephalographic
Society. These directives relate to a time in which
the frequency range of interest in the EEG lay
between approx. 0.3 Hz and 150 Hz. In the 1980s,
however, evidence was given of signal components
of frequencies in the range between 600 Hz and
1200 Hz in the evoked stimulus responses [17].
These become visible when a somatosensorically (by a stimulus of a peripheral nerve) evoked
response is recorded with a high sampling rate and
when the low-frequency fractions are suppressed in
the subsequent processing of the averaged signals
by an adequate high-pass filter.
In a recently published PTB investigation dealing
with the factors which have an influence on the
noise in an EEG measurement, it was shown that
in this range of higher frequency, the spontaneous cerebral noise is clearly lower than the noise
level of conventional EEG amplifiers. It, therefore,
makes sense to try to achieve an improvement of
the measurement technique, and the results show,
in fact, that low-noise amplifiers clearly increase
the signal-to-noise ratio when signals of 600 Hz are
measured [18].

Modern signal processing procedures
But even if the best possible measurement technique has been applied, it will remain necessary
or desirable to enhance the quality of the recorded
ECG or EEG measurement data. After the metrological potential has been exploited for data
acquisition, the measurement data can be postprocessed by using information-technological
procedures, which have been developed for digital
signal processing. To this end, for example, frequency filters, which remove interfering signals of
known frequency, are routinely used. The so-called
wavelet analysis enables the identification of
defined signal patterns, in a time series, which are,
for example, characterised by a small frequency
band [19].
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These are just a few examples from the rich
spectrum of procedures that are available for the
processing of time-dependent signals. Such procedures require, however, a priori knowledge of the
wanted and the interfering signal (for example of
their frequency content). In some situations it may
be unavoidable to accept that also contributions of
the wanted signal are attenuated when the interfering signal is suppressed.
In the case of multi-channel recordings, a new
approach for signal processing can be found if
the relation between the signals of the individual
channels is included in the analysis. In the case of
EEG and ECG, this relation results from the concrete electrophysiological conditions, i. e. from the
place and the orientation of the generators and the
conductivities of the surrounding tissue. Although
this relation is physically well understood, there
is usually only insufficient information available
about the actual physiological conditions so that
even by using today’s computer technology only
rather rough and inexact models can be set up. An
elegant alternative is multivariate signal processing, which performs a “blind” source separation,
without using a physical or physiological model.
A few years ago, such a very efficient procedure for the analysis of multi-channel ECGs and
EEGs was suggested – the so-called “Independent
Component Analysis” (ICA) [20]. ICA is based on
the assumption that the signals measured by the
sensors are generated by a large number of generators or sources which are independently active.
If these sources are stationary at different locations, they project a distribution pattern onto the
sensors. The amplitude of the pattern varies with
the time-dependent intensity of the source, while
the relative distribution over the sensor channels
remains unchanged. This relative distribution with
which the source is projected onto the single channels is determined by the concrete electrophysiological conditions whose physical relation to the
measurement signals need not be known a priori
for the application of the ICA.
Mathematically, this unknown relation can,
however, be described by the multiplication of a
time-independent transformation matrix A with
the time-dependent vector s(t) whose components
represent the individual time-dependent sources:
x(t) = A s(t),
where x(t) describes the measurement data as a
vector with the measurement channels as components. Provided that the number of measurement channels is not smaller than the number of
sources, the ICA procedure can be applied to estimate s(t) and A which represent the time dependence of the individual sources and their distribution over the individual measurement channels.
In the past few years, this procedure was shown
to be very useful for the analysis of ECG and EEG.
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As a result, a list of time series data is obtained
whose signal pattern often already enables an
unambiguous statement about their origin. With
the ICA it is, for example, easy to identify the
interference of the line frequency as a separate
source (which should have been better eliminated
prior to the measurement, of course). Strong physiological interfering signals such as, for example,
the ECG which interferes with the EEG, or alpha
waves which superimpose an evoked potential, can
be identified as independent sources [21].
By subtracting the interference that has been
identified by the ICA from the measurement
signal, the signal-to-noise ratio in the residual
signal can be improved. The advantage of this
procedure is that – other than, for example, in the
case of filtering – the decision as to which signal
components are regarded as interference is made
only at the end of the evaluation.
The ICA, however, also enables – or facilitates
– the identification of sources of interest. Here,
in addition to the time-dependent development
of the determined source function s(t), also the
spatial distribution of the signals over the sensor
positions can be of help. If the signal distribution reflects a structure which is easy to interpret
in physical terms (such as, for example, a bipolar
potential distribution), this can indicate a locally
defined current distribution as a generator of the
EEG signal.

Physical modelling of ECG and EEG
For the further analysis of the potential distribution processed in this way, it is advantageous to use
physical models. As has already been mentioned
before, it is extremely difficult to cope with the
complexity of the electrophysiological conditions,
so that these models are usually rather incomplete.
The first approaches described the generators as
so-called “current dipoles”. These are idealised
sources where the complete current density is
concentrated on one point. The surrounding tissue
was approximated as a semi-infinite space for the
ECG and as a sphere for the EEG with homogeneous isotropic electric conductivity. Later on, the
models became increasingly complex. To improve
the description of the volume currents in the
surrounding tissue, the semi-infinite space was
provided with compartments of different conductivities, e. g. for the lungs or the bones of the
thorax. Modelling of the head was improved with
the introduction of a multi-layered model.
For a long time, these so-called “boundary-layer
models” have been very popular, as they can be
calculated without great effort by using an elegant
procedure which describes the influence of the
boundary layers between the compartments on
the volume currents in a simple way. Valid results
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could, on the other hand, rarely be expected with
these rather rough simplifications. In the past few
years, the advancement of computer technology
has made possible the implementation of more
complex models of the volume conductor with
differentiated conductivity structures, which even
include the anisotropy of the electric conductivity.
Today, the problem is rather to obtain information about the conductivity distribution in the
living tissue that can be implemented into the
sophisticated computer technology. To this end,
magnetic resonance images of the patient are
normally used which reflect the individual spatial
structure of the patient’s head or thorax. These
images must generally be recorded in a separate
session, as the strong magnetic fields of the tomograph feed in considerable interference potentials
via the electrode cables of the bioelectric measuring instrument. Only recently have technologies
for the recording of potentials in strong magnetic
fields been developed which reduce these disturbances to a tolerable degree.
In the next step, estimates of the conductivity are
assigned to the different tissue volumes identified
in this way and included in the calculation. With
this – however rather great – effort, an approximately valid image of the electrophysiological
conditions can be composed (Fig. 5) [22].
Thus, the so-called “forward problem” – the
calculation of a potential distribution on the body
surface generated by given sources and a volume
conductor – has been solved. This is a prerequisite
for the analysis of ECG or EEG measurement data,
where the inverse problem has to be solved, i. e.
the determination of the local distribution of one
or several sources from the measured potential
distribution. To this end, approximation procedures are used which iteratively vary solutions of
the forward problem until sufficient agreement
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between forward simulation and measurement
data has been achieved.
In his early years, Hermann Helmholtz had
already dealt with this inverse problem – of course
without even anticipating the power of today’s
computer technology [3]. On the basis of theoretical considerations, he already concluded, however,
that a unique solution of this inverse problem does
not exist. This limitation is still valid today, in spite
of the metrological and information-technological
progress made in the 160 years which have passed
since Helmholtz’s time.

Outlook
Since the first pioneering measurements in the
19th century, ECG and EEG have developed into
– largely standardised – routine procedures for
medical diagnostics and into efficient tools of
medical and physiological research. As becomes
apparent in particular from the preceding section,
the effort to be spent in order to fully exploit the
potential of this technology can be considerable.
This is also – and all the more – valid for the
younger “sisters” of ECG and EEG: magnetocardiography (MCG) and magnetoencephalography
(MEG). Instead of the surface potential, these
techniques use the magnetic field generated at the
body surface by the bioelectric currents to obtain
information about the electrophysiological processes in the interior of the body. The magnetic field
is generally measured by so-called SQUIDs (which
is the abbreviation for “Superconducting Quantum
Interference Device”) – highly sensitive magnetic
field sensors which are functional only at low temperatures of a few kelvin above absolute zero [23].
The operation of MCG or MEG devices thus
requires cooling of the sensors with liquid helium
and a sophisticated thermal insulation from the
room temperature of the environment. For this
purpose, the SQUIDs are mounted in so-called
Dewar vessels which allow the sensors to be operated at a distance of a few millimetres from the
body surface. For MCG and MEG it is, in addition,
necessary to shield disturbances from the environment to a considerably higher extent than is
required for measurements of ECG or EEG.
For these reasons, the MCG and MEG devices
are considerably more expensive than the corresponding ECG or EEG devices. On the other hand,
a multi-channel SQUID system can carry out a
well-reproducible measurement contact-free and
without great effort. The measurement and evaluation procedures for bioelectrical signals described
Figure 5:
Representation of the current density distribution generated in the brain by a dipolar generator, as it was simulated with a finite-element model, on the basis of MRT
data.
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in this publication can be applied without any
difficulties to biomagnetic measurement data. As
the magnetic field is distorted only slightly by the
magnetic susceptibility of the body tissue, modelling of the magnetic measurement data is even
somewhat easier than the simulation of the potentials – which facilitates the inverse reconstruction
of the current field.
The reconstruction of the current field in the
body can be regarded as the ultimate objective of
a bioelectrical or biomagnetic measurement. For
this purpose, an anatomic image of the conductivities of the tissue should be available. In the ideal
case, this image should be recorded at the same
time. The strong magnetic fields of conventional
magnetic resonance tomography are not, however,
compatible with the highly sensitive bioelectric or
biomagnetic measuring technique.
This problem might become solvable by a new
approach. Recently, it has been shown that it is also
possible to generate magnetic resonance images in
very small magnetic fields [24]. The sensors, which
record the signals for the magnetic resonance images
in such low fields, are SQUIDs – the same SQUIDs
by which also an MCG or an MEG can be recorded.
Today, scientists in North America, Asia and Europe
(also at PTB) are working on the task of combining
the two measurement procedures in one device. ■
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The Black Body
At a temperature above the absolute zero point
(0 K) each body emits electromagnetic radiation
which is referred to as “thermal radiation”. For
an arbitrary body, the emitted radiant power can
be indicated as a function of the direction, the
wavelength and the temperature only if the form
and the material properties of the body are known.
However, already in 1860, Gustav Kirchhoff
realised by means of fundamental thermodynamic
considerations that for a body which completely
absorbs all incident radiation (absorptivity α = 1),
the spectrum of the emitted thermal radiation is
independent of the form and the material of the
body, and is only a function of the wavelength and
of the temperature [1]. Since the time of Kirchhoff,
such a body is called a “black body”.

Figure 1:
Historic radiation standard “Hefner lamp” for the realisation of the unit of light. “If you provide the lamp with amyl
acetate (by C. A. F. Kahlbaum in Berlin) and make the
flame equal to 40 mm, you obtain the German “standard
for luminosity”, a “Hefner light” or a “Hefner candle (HK)”
(Journal für Gas- und Wasserfach, 1889)” [3].

On the basis of the second law of thermodynamics, Kirchhoff concluded that – in thermal equilibrium – for the same temperature, wavelength
and direction the directional spectral absorptivity
is equal to the directional spectral emissivity. The
spectral emissivity describes a body’s capability to emit thermal radiation. For a black body,
the spectral emissivity is thus equal to one for all
wavelengths, and no body of the same temperature
can emit more thermal radiation than a black body.
Due to the fundamental discoveries of Gustav
Kirchhoff, the search for an analytical description
of the thermal radiation spectrum of the black
body became the most prominent challenge of
theoretical physics towards the end of the 19th
century. Although in the following years, general
equations describing the radiation characteristics
of the black body in the form of the Stefan-Boltzmann law (1879/1884) and Wien’s displacement
law (1893) could be derived, the attempts to derive
its exact spectral energy distribution from thermodynamics or conventional statistics remained
without success.
Not only for theoretical physics had the black
body become the centre of interest. An essential
motivation for the understanding of the black body
radiator was also the scientific and technical need
of the German lighting, thermal and gas industry
to strive for an increasingly precise temperature
and radiation measurement and to create an
absolute temperature scale and a unit of light [2].
In connection with the transition from gas lamps
to electrical lighting in the big cities, the aim was to
improve the absolute base in order to compare the
cost effectiveness of various light sources. The aim
was to replace the Hefner lamp which had been
used so far but which was – technically – no longer
a sufficient realisation of the luminous intensity
(Figure 1).

Radiation thermometry at PTR
Soon after the founding of the PhysikalischTechnische Reichsanstalt (PTR) in 1887 as the first
national metrological research institute worldwide,
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the exact measurement of the radiation of black
bodies became an important task of the laboratory for optics. The scientists of PTR who were
essentially involved in this task were Ferdinand
Kurlbaum, Otto Lummer, Werner Pringsheim and
Wilhelm Wien. Heinrich Rubens, who worked at
the neighbouring Technische Hochschule Charlottenburg (Technical University of Charlottenburg),
supported this work as a guest of the PTR.
In 1892, Kurlbaum and Lummer developed the
electrical substitution radiometer for the quantitative measurement of electromagnetic radiation [4].
For the measurement of thermal radiation, its
measurement principle – where the incident radiation is completely absorbed and converted into
heat in order to then substitute it by an equivalent
electrical heating power – was an absolute prerequisite. Independent of this work at the PTR, it was
– almost simultaneously – also invented by Knut
Angström, the son of Anders Jonas Angström.
Electrical substitution radiometers are still being
used as thermal detectors for absolute radiation
measurement with smallest measurement uncertainty. At temperatures of liquid helium (4 K),
substitution radiometers at PTB nowadays attain
relative measurement uncertainties of 1 · 10–4 as
primary standards for the measurement of the
optical radiant power.
Also for the practical generation of the thermal
radiation of a black body, the PTR physicists Wien
and Lummer broke new ground by proposing
isothermal cavities as radiation sources in 1895
[5]. Thus, they acted on an idea which Kirchhoff
had already put forward but which had fallen into
oblivion. According to Kirchhoff, the thermal
radiation inside an isothermal cavity should
exactly correspond to the radiation of a black
body. However, to observe the radiation, a small
aperture has to be introduced into the cavity. As
long as the aperture is very small compared to the
surface of the cavity, a light beam falling in the
cavity can pass through many reflections on the
walls of the cavity and will finally be completely
absorbed. Thus, the only radiation that leaves the
cavity is the thermal radiation of a black body that
has been generated in the cavity (Figure 2).
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The first cavity radiators at PTR were operated
by means of liquid air, ice, vapour of boiling water
and nitrous baths over a temperature range from
–180 °C to 700 °C. Investigations on these radiators led Wien to the formulation of a radiation law
in 1896 which was named after him and which led
to the belief for a few years that it would correctly
describe thermal radiation [6]. In the following
three years, Lummer and Kurlbaum developed
an electrically heated cavity radiator which
could generate thermal radiation up to 1600 °C
(Figure 3) [7]. Exact measurements carried out by
Lummer and Pringsheim on the absolute spectral
energy distribution at this radiator showed deviations from Wien’s radiation law at higher temperatures and greater wavelengths than those which
had so far been measured (Figure 4) [8]. Therefore later on, they extended the measurements,
which were at first carried out up to wavelengths
of 6 µm, to 18 µm. In this way, they were able to
observe deviations of Wien’s radiation law from
the measurement results of up to 50 % [9]. In
1900, Rubens and Kurlbaum used the “Reststrahlenmethode” (residual ray method) to demonstrate
unambiguously at even greater wavelengths that
with rising temperature, deviations from Wien’s
radiation law became more and more obvious
[10]. Rubens reported the result personally to Max
Planck who had become Kirchhoff ’s successor and
was dealing with the theory of black bodies as the
professor for theoretical physics at the FriedrichWilhelms-Universität (Friedrich Wilhelms University) in Berlin. On the very same day, 7 October
1900, Planck empirically discovered a formulation
of the radiation law for the black body which
agreed with all measurements carried out by
PTR. On 19 October, he presented this result at a
meeting of the Deutsche Physikalische Gesellschaft
following a lecture held by Kurlbaum [11]. At this
point in time, the equation presented by Planck
for the correct description of the thermal radiation still contained two indeterminate constants.

Figure 2:
Schematic view of the realisation of a black body by
means of a cavity with isothermal walls and a small
aperture. “If a volume is enclosed by bodies of the same
temperature and rays cannot penetrate those bodies,
then each bundle of rays inside this volume has the same
quality and intensity it would have had if it had come from
a completely black body of the same temperature and is
therefore independent of the constitution and the shape of
these bodies and is determined by the temperature alone."
(Kirchhoff, 1860).
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Figure 3:
Left: The “electrically glown” black body of Lummer and Kurlbaum which could attain temperatures of about 1600 °C.
The cavity consisted of a heating jacket made from platinum sheet with an enclosed tube made of “a mass which is
hard to melt” of the Royal Porcelain Manufactory in Charlottenburg. The temperature was measured by means of a
thermal element [3]. Right: A modern high-temperature cavity radiator of PTB which can attain temperatures of 3000 °C.
The cavity consists of pyrolytic graphite. The temperature is measured optically by means of absolutely calibrated
radiation detectors [12].

Figure 4:
Absolute measurements for the spectral energy distribution carried out by Lummer and Pringsheim on the electrically heated black body over a spectral range of 1 µm to
6 µm. The broken line was calculated according to Wien's
radiation law. The continuous line represents the result
of the measurements which increasingly deviate from
Wien's radiation law at high temperatures and increasing
wavelengths, but were in good agreement with Planck’s
radiation law [according to 3].

In the following two months, Planck succeeded
in a theoretical deduction of his equation. For
that purpose, he used the atomistic-probabilistic
description of entropy, which had been introduced by Ludwig Boltzmann and which he had
so far rejected. As had already been the case with
his strict deduction of Wien's radiation law, he
transferred the concept of the harmonic oscillator,
which had been introduced by Heinrich Hertz in
1889 to describe the emission and absorption of
electromagnetic radiation to the thermal radiation of the black body. In an “act of desperation”,

Planck only allowed certain (discrete) states of
energy. On 14 December 1900, Planck presented
his deduction of the radiation law at the meeting
of the Deutsche Physikalische Gesellschaft in Berlin
[13]. Today, this meeting is regarded as the “hour
of birth of quantum mechanics” although – at that
time – neither Planck himself nor his audience
were aware of the consequences of his discovery
of the constant. Very quickly however, in the following years – due to the work of Albert Einstein
and Paul Ehrenfest – it would become evident
that Planck had introduced a new physics which
89
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fundamentally changed natural sciences and
philosophy.
Besides the dependence on temperature and
wavelength, the thus derived Planck’s radiation law
named after him contains also three fundamental constants: the speed of light c, the Boltzmann
constant k and Planck's constant h.
Lλ =

2hc 2
⋅
λ5

1
 hc 
exp 
 −1
 kλT 

In the formulation of Planck’s radiation law represented above, Lλ describes the spectral radiance
of the black body in vacuum. The spectral radiance with the unit W nm–1 m–2 sr–1 is the emitted
spectral radiant power standardised to the surface
of the radiating body and the solid angle to which
the radiation is emitted.
After a comprehensive theoretical understanding of thermal radiation had been achieved, it
remained – for many years – an important task
of PTR to practically profit from the radiation of
the black body for the measurement of temperature and radiation. Around 1900, the temperature measurement based on black bodies already
reached temperatures of more than 2000 °C and
thus went far beyond the temperature measurement which so far had been exclusively based
on the thermodynamics of gases [14]. Optical
pyrometry, which today is referred to as “radiation
thermometry”, became a precise method of noncontact temperature measurement in science and
technology.

Radiation thermometry at PTB
For nearly one century, the high-temperature cavity
radiator – on the basis of the trendsetting work of
Lummer and Kurlbaum – was the only primary
radiation standard for the realisation and dissemination of temperature and radiation, until a novel
second primary radiation standard – the electron
storage ring – was developed in the 80s of the 20th
century [15]. Even today, the cavity radiator is still
used for the realisation and dissemination of the
high-temperature scale, the radiometric quantities

Figure 5:
Heat-pipe cavity radiators at PTB as temperature standards
for infrared radiation
thermometry.
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from the ultraviolet up to the infrared spectral range
and the photometric quantities. Only recently, a
cavity radiator has been developed at PTB which
even permits radiation measurements to be carried
out in the very long-wave spectral range of THz
radiation (30 µm up to 1500 µm) [16]. This work
also stands in the tradition of PTR; thus, already
Rubens and Kurlbaum had generated narrow-band
radiation at the wavelength 51.2 µm (5.86 THz) by
means of residual ray reflection on sodium chloride
crystals, in order to provide evidence of the deviations of Wien’s radiation law and the correctness of
Planck’s radiation law [10].
In the “Detector Radiometry and Radiation
Thermometry” Department, black-body radiation can be generated by means of precision cavity
radiators at any temperature in a temperature
range from –170 °C up to 3000 °C [12]. For the
calibration of radiation thermometers, standard
measurement uncertainties of 70 mK are achieved
at the freezing point of silver (approx. 962 °C) and
700 mK at 3000 °C. Thus, PTB can meet all measurement uncertainty requirements which are made
on radiation thermometry as a quick, non-contact
method of temperature measurement for modern
production monitoring and control, e. g. in the
metal, glass and plastics processing industries. Due
to the further development of infrared radiation
thermometry, it is possible to measure ever lower
temperatures contact-free so that – e. g. also in
medicine and in food storage – temperatures can
be increasingly measured by means of thermal
radiation. Also for this field of application, PTB
has special cavity radiators to trace back the measurements to the International Temperature Scale
with small measurement uncertainty (Figure 5).
Today, temperature measurements from outer
space with a very high resolution at the Earth’s
surface and the Earth’s atmosphere over long
periods of time and over great surfaces represent
a new challenge for temperature measurement
on the basis of the black body. They are intended
for the precise monitoring of possible climate
changes and are also important input data for
climate model calculations. Therefore, a measuring facility was developed at PTB that permits the
calibration of instruments for remote sensing of
the Earth on the basis of cavity radiation under
vacuum and in a cooled environment, i. e. under
application-oriented conditions [17]. This measuring facility allows thermometric and radiometric
measurements of remote sensing of the Earth to
be traced back to the International System of Units
and – thus – sufficiently exact long-term stable
measurements for climate-relevant investigations
to be carried out.
Not only for remote sensing of the Earth, but
also for industrial process engineering, imaging
temperature measurement is becoming more

Special Issue / PTB-Mitteilungen 122 (2012), No. 3

and more important. The bolometer, which was
still used by Kurlbaum as a single element detector, is now manufactured lithographically as a
sensor array with typically 12,000 to 310,000
single bolometers with a single sensor size of
25 µm x 25 µm, and is integrated as a key component in thermography cameras which are getting
cheaper and cheaper. Those cameras are used
more and more frequently in process monitoring, maintenance and safety engineering. PTB
allows for these new developments in non-contact
temperature measurement by currently investigating and characterising large-surface temperature
radiators, which no longer work as cavity radiators
but as radiators with a structured and blackened
surface, with regard to their suitability for thermography camera calibration. Measuring facilities
at PTB, which allow the emissivity of surfaces to be
measured [18], are used to characterise – besides
the cavity radiator as the almost perfect black body
– also large surface radiators for thermographic
metrology. Thus, the Physikalisch-Technische
Bundesanstalt stands for 125 years of continuous
work on and with the radiation of the black body. ■
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