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Measuring the density of ultra-pure water
For oceanography – and there in particular for the
description of ocean currents – accurate measurements of the density of sea water are of great importance. For this purpose, measuring instruments
are needed which reach an uncertainty of approx.
0.001 kg/m3 (relative 1 · 10 –6). To be able to calibrate
these measuring instruments, ultra-pure water is
required as a reference fluid – the density of which
can now be measured with the required accuracy
over a large temperature range by means of the
Magnetic Flotation Method which has been further
developed at PTB.
Normally, the hydrostatic weighing method is
used for measuring the density of liquids. Thereby,
the density of the liquid is determined by means of
Archimedes‘ principle from the buoyancy which is
experienced by a sinker that plunges into the fluid.
This method has several disadvantages which become apparent especially when water is to be measured. For this method, an open fluid tank is required
into which the sinker – hanging on a wire – plunges.
At the point where the wire passes through the surface of the liquid into the water, a meniscus forms
which, in the case of water, is extremely difficult to
be reproduced and therefore contributes significantly
to the measurement uncertainty. Along the wire, a
temperature gradient occurs which, too, increases the
measurement uncertainty. Due to the open system,
the gas content of the water is difficult to control, but
it alters the density.
In order to eliminate these sources of uncertainty,
an apparatus has been developed in which the wire
has been replaced by a magnetic coupling. In this
magnetic flotation system, a small magnet is mounted
at the holder of the sinker. By means of this magnet,
and with the aid of a controllable magnetic field produced by an electromagnet, the sinker is kept in a
fixed position. The current needed for this purpose is
a measure for the buoyancy that is experienced by the
sinker. The fluid tank can almost be shut as the liquid
is linked with the outside world only via a thin pipe

by means of which the pressure can be regulated. In
this way, it is possible to measure also with fully degassed water.
Thanks to the fact that the above-mentioned sources of uncertainty are avoided, measurements can be
carried out with a repeatability standard deviation of
approx. 2 · 10 –7. The total measurement uncertainty
of the water density measurement therefore reaches
a value below 1 · 10 –6. The measurements carried
out with this new apparatus could confirm to a large
extent the values delivered by foreign colleagues.
However, there are still discrepancies in the temperature range around 4 °C, which is of great importance
especially in oceanography. Therefore, there is still a
great need for further research in this field.
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View of the magnetic flotation equipment. The sinker lies on a
holder whose weight is compensated by the buoyancy of a hollow sphere and of an adjusting weight.

Faster X-ray interferometers due to
single-photon interference
By means of X-ray interferometers, lengths
down to the mm range can be measured with a
resolution of less than one nm. The low translation velocity of the interferometers, which made
their use in practice more difficult, could now
be increased by a factor of 100 by exploiting the
temporal correlation of singly interfering X-ray
photons.

X-ray interferometers can measure lengths in the
mm range with sub-nm resolution, whereby the
almost perfect crystal grid of high-purity silicon is
used as a length scale. The dimensions of any subμm-structured samples are thereby compared with
the lattice parameter of silicon (α0 ≈ 0.543... nm)
which has been determined very precisely within
Continued on page 2
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the scope of the project for the new definition of the
Avogadro constant. For metrological applications in
connection with scanning probe microscopes, such
measurements are of great importance.
Up to now, a further spreading of this method
had, however, been impeded by the low translation velocities of only 1 nm/s to 10 nm/s. They are
due to the limited intensity of typical laboratory
X-ray sources: the necessary filtering of the periodic
interference signal leads to a reduction in contrast
which, in a classic measurement, requires a slow
translation of the interferometer.
In a quantum-mechanical sense, however, interference occurs also in a strongly “diluted” stream
of X-ray photons: Regarded as a wave packet, even
single photons follow in their temporal impact on
the detector the same probability which, in the
case of sufficiently intense X-ray light, leads to the
continuous signal whose period one wants to determine. This well-known quantum-mechanical fact
is now exploited for a specific purpose: if one protocols the times at which the single photons hit the
detector, one can, by means of a subsequent Fourier
transform of this time series, determine very precisely the frequency at which the lattice periods
were passed. At constant velocity, it is then possible
to reconstruct the path information, and one obtains the same information as with the classic mea-

surement, but in a much shorter amount of time.
Thus, translation velocities of up to 1000 nm/s
could be realised. This method will in future not
only be used in further improved measuring arrangements for the determination of the lattice
parameter of silicon, but also for other length measurements in nanotechnology.
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The core piece of the X-ray interferometer, made from a silicon
single crystal, furnishes the lattice parameter of silicon as an
utmost precisely determined length scale.

Fizeau interferometers for surfaces with
different reflectivity
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Due to their stable design, Fizeau interferometers are used to determine the topography of surfaces such as, e.g., plane surfaces. PTB has now
developed a method which makes it possible to
analyse surfaces with different reflectivities in a
simple way. This method can also be extended to
dynamic measurements.
Fizeau interferometers generate an interference
between the surface of a test sample and a reference
surface that is brought close to the test sample. The
interference image is recorded and analysed by an
imaging optics system. The contrast and the shape
of the interference signals depend, however, on the
reflectivity of the test samples. The time and effort
required for measuring and analysing the topographies of differently reflecting test pieces is therefore
significantly increased.
The method of separating the wavefronts of the
reference surface and the test sample surface in the
plane of the reference surface – for which a patent
has been applied for – uses a new generation of
commercially available beam splitters, also called
“on-axis beam splitters”, which cause a separation
of the polarisation directions of the incident light
along the optical axis. In comparison with common
Fizeau interferometers, this has various advantages.

On the one hand, through the generation of polarised light, the measurement can be traced back
to a pure two-beam interference. The analysis of
the signal is thus significantly facilitated and improved. Classic Fizeau interferometers, however,
are based on the analysis of the multiple-beam interference.
On the other hand, by varying the direction of
polarisation, a maximum contrast can be set, independent of the reflectivity of the test sample. In contrast to this, in conventional Fizeau interferometers,
different reference surfaces with adapted reflectivity must be held available in case the reflectivity of
the test samples varies strongly.
In order to increase the accuracy of analysis of
common Fizeau interferometers, a variable phase
is generated by varying mechanically the distance
between the test sample and the reference surface
(phase-shifter interferometry). Another advantage
of the new method is that such a phase shifting
becomes possible through the use of electro-optical components and thus without using mobile
parts. Thanks to the increased measuring dynamics
achieved in this way, it is, for example, possible to
carry out topographical measurements in environ(Continued on page 3)
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ments which are subjected to vibrational strain.
The new method allows a facilitated and improved analysis of the measurement data, requires
only one calibrated reference surface instead of
several, and opens up new possibilities of application in the field of dynamic interferometry. It is
particularly suited for measurements on structured
or unstructured surfaces with different reflectivities – especially in the optical and semiconductor
industry.

Intensities of the interferences of
common Fizeau interferometers, in
this example calculated for a reference surface with a reflectivity of 0.5
and test sample surfaces with varying
reflectivity between 0 and 100% and
a variation of the distance d between
test sample and reference piece over
a wavelength (λ = 633 nm). The new
method avoids the strong dependence of the intensity profile and the
contrast on the reflectivity of the test
sample‘s surface.

Fountain atomic clocks become even more
precise
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Thanks to experiments carried out on PTB‘s
CSF1 fountain atomic clock, a new possibility of
compensating a perturbing effect has been found.
This leads to a significant improvement of caesium fountain clocks.
In the International System of Units (SI), the second is defined on the basis of a specific microwave
transition between two internal energy states of
the caesium atom. In a caesium fountain clock (the
best type of primary atomic clock presently available), laser beams help to trap the caesium atoms in
a small cloud and to cool them down; after that, the
atomic cloud is thrown approx. one meter upwards
and then falls down again. During this free-flight
phase, the transition frequency can be determined
very accurately. Modern fountain clocks realise the
length of the SI second with a relative uncertainty
of better than 1 · 10 –15.
Crucial for the operation of any primary atomic
clock is that all effects which might alter the resonance frequency of the atoms are understood in detail so as to avoid or correct the frequency shifts resulting from them. An essential correction becomes
necessary for the caesium fountain clock due to the
mutual collisions of the cold atoms in the cloud.
In general, the limited accuracy with which this
correction can be carried out contributes substantially to the uncertainty of the duration of a second
which is derived from a fountain clock.
Now, a new method has been developed by
which the collision-induced frequency shift can be
avoided altogether. This method is the result of a
cooperation between scientists from PTB, the National Physical Laboratory (NPL) in Great Britain
and the National Institute of Standards and Technology (NIST) in the USA. By a slight adjustment
of the power of the microwave radiation exciting
the transition in the caesium atom, the cumulative
collisional shift can be tuned from negative to positive values – or be made precisely zero. The physi-

cal principle exploited here depends on the way in
which the characteristics of the collisions between
the cold atoms change qualitatively and quantitatively while the atomic cloud is flying through the
apparatus. This physical model has been developed
and tested on PTB‘s CSF1 and NPL‘s CsF1 fountain
clocks and could be confirmed by NPL scientists by
means of numerical simulations using the collision
physics data calculated by the NIST researchers.
This opens up the fascinating prospect of operating caesium fountain clocks with an exactly
compensated collisional shift so that an explicit
correction is no longer necessary. Currently, further
investigations are being made to determine the
practical limits of such zero-collisional shift. But
already now one can anticipate caesium fountain
clocks with much better performance than previously thought possible.

The two caesium fountain clocks in the clock hall at PTB
currently rank among the most precise clocks in the world.

Profile waviness artifact for toothed
gear flanks
The precise measurement of periodic surface
textures on the flanks of toothed gears is becoming
increasingly important since it allows conclusions
to be drawn with regard to their functional properties (such as wear, efficiency and operating noise)
within drive assemblies. Therefore, PTB has developed a method by means of which wavy structures
on the flank surfaces of involute cylinder gears can
be modelled, represented and, especially, traceably
measured for the first time.
The traceable detection of wavy surface textures on
involute tooth flanks can be best ensured by means
of suitable artifacts. Recent investigations at PTB,
however, show that the Fast Fourier Transform (FFT)
which is usually used for determining wavy shape
deviations on open structures can only be applied
in a limited way. For the exact spectral analysis by
means of FFT, the ratio measuring length to largest
existing wavelength should be comparatively high
(> 20) – a requirement which cannot always be metrologically fulfilled. Therefore, a profile waviness
artifact as well as a new analytical method have been
developed.
For the production of the standard, first the modelling of the surface texture was important. The transition kinematics of meshing cylinder gear pairs had
to be taken into account in order to derive the direct
relations between the surface texture of the involute

flank of a driving gear and the running behaviour of
a driven gear. Since several teeth can be meshing at
the same time, also the wavy structures of adjacent
teeth are modelled to obtain a complete description
of a gear. The patented profile waviness artifact is
called „Involute Waviness Artifact“ (IWA). As it is
quite a handy artifact, it is suitable for the acceptance
test of gear measuring instruments with the corresponding analysis.
The newly developed analytical system is based on
Bayes‘ statistics. As has been proved metrologically
and numerically, it is able to analyse waves on open
structures reliably, compared to other methods. Together with the profile waviness artifact, it represents
from now on the basis of a reliable and traceable
analysis of gear drive properties which are caused by
wavy surface textures on toothed gear flanks.
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Tooth flank of the profile waviness artifact and analysed spectrum.
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The magnetisation dynamics of magnetic thin
films on time scales below one nanosecond is of
great importance for numerous applications. It
is usually characterised by inductive methods
which, however, come up against their limits already when the single structures are of micrometer size. A method that has been developed at PTB
now allows the ultra-fast magnetisation dynamics of single magnetic micro- and nanostructures
to be measured by way of a simple measurement
of the electrical resistance.
Magnetic memories and sensors are present in
the most diverse areas of our everyday life. On hard
disks, for instance, digital information is stored
in a magnetic film that is only a few nanometers
thick. Since such magnetic memories and sensors
will have to work ever faster in the future, the requirements for metrology, e.g. in investigating the
writing speed of magnetic memories or the reaction
time of magnetic sensors, are also increasing.
Now, a method has been developed at PTB by
means of which the fast magnetisation dynamics
of single magnetic nanostructures can be detected
by way of a simple measurement of the electrical
resistance. The magnetisation of a ferromagnetic
material reacts to a short magnetic field pulse with
the so-called ferromagnetic precession. Thereby,

the magnetisation circles around the applied magnetic field with frequencies in the GHz range. The
characteristic parameters of this precession are, on
the one hand, the frequency and, on the other hand,
the decay behaviour, i.e. the magnetic damping.
The new measurement procedure makes use of a
universal physical effect of ferromagnetic materials
– the so-called anisotropic magnetio-resistance – to
determine these technically relevant parameters.
If the direction of the magnetisation of the ferromagnet changes, this also causes a small change in
the electrical resistance. In a temporally resolved
measurement of this change in the resistance, the
precession motion could now be observed for the
first time in this way. Thereby, the precession with
a certain frequency has led to a periodical change
in the resistance with the same frequency as the
one that had been determined by means of an oscilloscope.
Besides simplicity, the method also has the advantage of being universally applicable. As practically all magnetic materials show a sufficiently
strong anisotropic magnetio-resistance, most magnetic thin films and nanostructures can be characterised with the aid of this method.

