
The traditionally great contribution of PTB 
clocks to Coordinated Universal Time (UTC) has 
again been clearly increased: Since December 
2009, the data of the caesium fountain clock CSF2 
of PTB have been included in the determination 
of UTC. PTB and the French time-keeping insti-
tute are thus the only institutes worldwide which 
operate four primary atomic clocks. 

Coordinated Universal Time UTC is the basis for 
the time zones used in daily life. But also in naviga-
tion (GPS), astronomy, telecommunications, geod-
esy and physical fundamental research, accurate 
timing is of essential importance. For the calcula-
tion of UTC, the International Bureau of Weights 
and Measures (BIPM) in Sèvres near Paris draws 
upon the weighted mean of approx. 300 atomic 
clocks worldwide in more than 60 time institutes. 
Here, particularly accurate, so-called primary cae-
sium atomic clocks have a special control function. 
Now, four PTB clocks are among the comparably 
small number of currently 13 primary caesium 
atomic clocks in seven time institutes: the two cae-
sium beam clocks CS1 and CS2 as well as the cae-
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sium fountain clocks CSF1 and, recently, CSF2.
The caesium fountain clocks are clearly more 

precise than the caesium beam clocks, because 
considerably slower, laser-cooled atoms are used in 
them. Thus, more time is available to measure the 
resonance frequency of the caesium atoms with the 
aid of microwave radiation. If the frequency of the 
microwaves agrees with the resonance frequency, 
exactly one SI second has past after 9 192 631 770 
microwave oscillations.

The second fountain clock, CSF2, had been de-
veloped to reduce the uncertainties even more by 
the performance of comparison measurements 
with the first, already very accurate, fountain clock 
CSF1. Already in the first evaluation, the new clock 
succeeded in advancing into the leading group of 
primary caesium atomic clocks with a relative sys-
tematic uncertainty of 0.8 · 10–15. For the first CSF2 
measurements, which the BIPM took into account 
for the calculation of UTC, the clock could be oper-
ated almost continuously over many days. CSF2 
thus already belongs to the most reliable primary 
caesium fountain clocks worldwide. 

Exact pressure for the new Kelvin
It is to generate an exactly defined helium abso-

lute pressure within the scope of the Boltzmann 
project: a pressure balance which mainly consists 
of a piston-cylinder system. PTB now succeeded 
in measuring the form and the diameter of these 
pistons and cylinders exact to a few nanometres 
and, thus, in remaining below the required ac-
curacies. 

In addition to the “Temperature” Department, 
other PTB Departments are involved in the so-
called Boltzmann project which shall – with the 

aid of a redefinition of the Boltzmann constant k 
– lead to a redefinition of the SI unit “kelvin”. The 
precise determination of k by means of dielectricity 
constant gas thermometry requires, among other 
things, exactly defined absolute helium pressures 
of up to 7 MPa. These pressures shall be realized 
with the aid of a pressure balance, whose most im-
portant components are piston-cylinder systems. 
For the precise calculation of the pressure, the ge-
ometry of the piston and of the cylinder at ambient 
pressure must be known with sufficient accuracy.
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Three piston-cylinder systems with a nominal 
cross-sectional area of 20 cm2, which can be used 
up to 0.7 Mpa and had been specially purchased for 
the Boltzmann project, were characterized in the 
“Coordinate Measuring Technology” Department 
with respect to their geometric properties. For the 
form measurements, a cylinder form measuring in-
strument with very high basic accuracy was used, 
and the diameters were measured with the compar-
ator for measure and form. This high-precision ref-
erence device, which has been operated at PTB for 
more than one decade, represents the world‘s top 
for tactile distance and diameter determinations in 
the measurement range up to 180 mm. 

To combine the independently measured form 
and diameter data of piston and cylinder to a 3D 
configuration, a least-square fit method has been 
developed. A first approach for the calculation of 
the measurement uncertainty of the 3D geometry 
data generated in this way showed that the dimen-
sional 3D standard measurement uncertainties 
amount to only 7 nm (piston) and 15 nm (cylinder). 
From this, a relative measurement uncertainty of 
0.7 . 10–6 is derived for the cross-sectional area. 
Therewith, the objective for this partial tasks of the 
Boltzmann project has been more than achieved.

In the “Material Properties and Pressure” De-
partment, three additional piston-cylinder systems 
with a nominal cross-sectional area of 2 cm2, – with 

the aid of which the required pressures of up to 
7 MPa can be achieved – are at present being linked 
up with the dimensionally measuring 20 cm2 
systems by means of pressure measurements in a 
special double piston manometer. By the pressure 
comparison measurements performed up to 7 MPa, 
proof is finally to be furnished that the cross-sec-
tional areas determined agree in any pair of the six 
piston-cylinder systems within 1 · 10–6.
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The piston of a piston manometer (“pressure standard”) with 
the laser interferometer for the 3D form measurement (on the 
upper right). The curve on the left shows the diameters at dif-
ferent measurement positions. 

A technology developed at PTB will be utilized 
for the KATRIN experiment which is aimed at de-
termining the neutrino mass: after the example of 
PTB‘s standard voltage divider, a new precision 
high-voltage divider for direct voltages has been 
designed which allows a decisive measurand of 
the neutrino experiment to be determined with 
an uncertainty of less than 2 µV/V.

Neutrinos are the lightest elementary particles. 
They are not completely massless as has meanwhile 
been shown by many neutrino oscillation experi-
ments. At the Karlsruhe Institute of Technology 
(KIT), the KATRIN (KArlsruhe TRItium Neutrino) 
experiment will now be conducted to determine the 
neutrino mass – for the first time directly and inde-
pendent of the model – with an uncertainty of up to 
0.2 eV. The technology developed for that purpose 
now allows measurements to be performed with an 
accuracy which is up to 10 times higher than before. 
By this it will for the first time be possible to use 
the determination of the neutrino mass to derive 
a statement regarding the influence of neutrons in 
the development of the universe.

Neutrinos are produced in the β-decay of a neu-
tron into a proton, an electron and a (electronic 
anti-) neutrino. In the case of KATRIN, tritium with 
a half-life of 12.3 years decays into a stable helium 
isotope. The decay energy of 18.6 keV corresponds 
(according to E = mc2) to the known proton and elec-
tron rest masses and to the variable – but measur-
able – kinetic energy of the electrons in particular. 

KATRIN under voltage 

In the KATRIN experiment, the energy of the fast-
est electrons will now be measured for three years 
via the electrostatic analysis potential of the main 
energy filter at the final point of the tritium-β-spec-
trum. If a diminutive amount of energy is missing, 
this would correspond to the mass of the neutrino.

Continued on page 3

In the “heart” of the KATRIN precision voltage divider, the 
internal design (subdivided into four steps by the electrode sys-
tem), the precision resistor chain and the connecting elements 
for voltage graduation of the electrode systems can be seen. 
(Source: T. Thümmler)
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KATRIN under voltage (Continued from page 2)
For the measurement, the potential difference 

between the source and a special electrostatic spec-
trometer is monitored as exactly as possible. At the 
Institute for Nuclear Physics of Münster University, 
a voltage divider for direct voltages up to 35 kV, 
which utilizes the principle of a 100 kV standard 
voltage divider developed at PTB, has been de-
signed in cooperation with PTB. In a shielded and 
temperature-controlled gas-insulated container, 
the load-dependent drift of the divider ratio was 

reduced by selection of the divider resistances. The 
very low temperature coefficients achieved in this 
way then furnished – with an additional tempera-
ture stabilization to ± 0.2 K – an extremely stable 
divider ratio. The behaviour in the case of loading 
also turned out to be excellent so that the uncer-
tainty of the divider ratio at 18 kV is smaller than 
2 µV/V (k = 2) and thus remains below the limiting 
value of 3 µV/V demanded for KATRIN.

How good are high-power LEDs?
A new facility serves to submit modern high-

power LEDs to long-term tests over periods from 
two to three years. The tests are aimed at investi-
gating the spectral aging behaviour of the LEDs 
and, thus, at evaluating their possible use in mod-
ern medical lighting engineering.

Due to their small size, their efficiency, their long-
life cycle and the diversity of their spectral colour, 
high-power LEDs are today an excellent replace-
ment for “classical” light sources in special lighting 
fields. They shall, for example, replace the halogen 
and xenon lamps so far used in the operating de-
partment of hospitals. In addition to their lifetime 
of up to approx. 50 000 hours and efficiencies of 
typically more than 100 lm/W, the stability of the 

adjustable luminous colour is of great interest.
Within the scope of a technology transfer project 

performed in cooperation with the company Zett 
Optics GmbH, Braunschweig, a completely auto-
mated aging measuring system has been developed 
at PTB for the photometric and colorimetric quanti-
ties of high-power LEDs. It can determine both the 
luminous intensity and the chromaticity coordinate 
of the test objects. These test objects are mounted 
on a horizontal rotating table and measured pe-
riodically with four measuring heads of different 
spectral sensitivity arranged in the form of turrets. 
The horizontal rotating table can accommodate up 
to 40 LEDs at the same time, whereupon the tem-
perature and the current of the LEDs are stabilized 
individually. The LEDs are mounted separately 
on special holders which allow a simple change or 
exchange.

After observation series over periods of up to 
13 months it turned out that many specimens fur-
nish – after an individual burn-in time – a very sta-
ble luminous intensity. Their relative degradation 
lies below 10–5/h. However, great differences within 
one delivery batch are possible. Although the chro-
maticity coordinate is in many cases extremely 
stable, it may – due to aging of the implemented 
luminescence converters – slightly drift in the case 
of white high-power LEDs. 

In addition to these performance tests on LEDs, 
the facility also serves to validate existing theoreti-
cal aging models and to select LED transfer stan-
dards.

Facility for long-term tests of LEDs (on the left: revolver table with four colour measuring heads, 
on the right: horizontal rotating table with a capacity of up to 40 LEDs). 
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Luminescent double-strand breaks 
The impacts which low radiation doses have 

on human cells can now be observed “live” with 
PTB‘s microbeam. The double-strand breaks in 
the DNA generated by the particles and the in-
cipient repair mechanisms of each single cell can 
be made visible by a fluorescence process. These 
responses, which are induced within seconds and 
minutes, can be observed in real time under the 
microscope. This “Live Cell Imaging“ is the re-
sult of an interdisciplinary cooperation between 
PTB physicists and molecular biologists from 
Braunschweig and Düsseldorf.

Up to now, only uncertain extrapolations exist for 
the risk caused to health by low radiation doses of 

less than 50 mSv (for example from natural radon 
exposure). For a better assessment of this risk, the 
fundamental radiobiological mechanisms must be 
investigated. For these studies, the microbeam is an 
important instrument. It allows to precisely target 
components of living cells with single or counted 
particles and, thus, to selectively adjust the radia-
tion dose. Along the particle track, double-strand 
breaks and other radiation damages occur which 
trigger reactions and DNA repair processes in the 
cells within seconds and minutes.

These initial responses can now be observed 
“live” as the appearance of fluorescent foci, because 
the cells have been genetically modified by fusing, 
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for example, the green fluorescent protein (GFP) to 
a selected reporter or repair protein, which then ac-
cumulates at the DNA double-strand break. Mean-
while it is even possible to modify different pro-
teins with different fluorescences in one single cell 
and to observe them separately. The partners have 
developed these new and versatile cell systems by 
stable gene transfers at the Deutsche Sammlung 
von Mikroorganismen und Zellkulturen (DSMZ), 
Braunschweig and the Düsseldorf University Hos-
pital. The effects of different radiation qualities 
can also be studied at the microbeam. The effect 
of densely ionizing radiation (e. g. natural radon 
exposure) can, for example, be investigated with 
α-particles. With high-energy protons, the effect of 
loosely ionizing X-radiation can be simulated. 

Whereas in earlier studies, mostly late biological 
effects had been analyzed, the new cell systems 
now allow the initial radiation responses to be ob-
served. Furthermore, it can now, for example, be in-
vestigated how therapeutic agents used in addition 

Luminescent double-strand breaks (Continued from page 3)
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At the microbeam, human cells (here: fibroblasts) were ir-
radiated in α pattern of lines with a distance of 10 µm and 
approx.1 µm between α-particle hits (symbolized by yellow 
dots). Along the particle track, double-strand breaks of the DNA 
occur. In the figure, they appear as bright foci, because fluores-
cence-marked repair proteins accumulate at the damage spots.

to the microbeam irradiation modify the processes 
of DNA repair.

First heart images with the 7 Tesla MRT
At the 7 Tesla research tomograph, which is 

jointly operated by the Max Delbrück Centre for 
Molecular Medicine, the Charité Universitäts-
medizin Berlin and the PTB in Berlin-Buch, first 
successful imaging experiments of the human 
heart were performed. Similarly sensitive mea-
surements have been successfully performed so 
far only by two other research groups. The results 
open up a new horizon for non-invasive tissue 
differentiation and the diagnosis of tissue modifi-
cations of the cardiac muscle.

Magnetic resonance imaging (MRI) offers the 
unique possibility of representing the anatomy and 
the function of the heart with high tissue and blood-
muscle contrast and with good spatial and temporal 
resolution. In the case of the MRI field strengths 
between 1.5 Tesla and maximally 3 Tesla which are 
usual today, the spatial resolution is limited to slice 
thicknesses from 7 mm to 10 mm. Ultra-high field 
systems (e. g. 7 Tesla) allow, however, a new diag-
nostic quality to be achieved. To utilize this poten-
tial, fundamental difficulties of ultra-high field im-
aging have to be overcome: in this way, one would 
like to reduce the heating of the tissue caused by the 
absorbed radio-frequency (RF) power and to gener-
ate, at the same time, as homogeneous a RF field as 
possible which furnishes sharp images.

For this purpose, a 4-channel transceiver coil 
has been developed which allows – in the case of 
an acceptable power deposition – a good illumina-
tion of the thorax. The field inhomogeneity in the 
target volume could be optimized by a procedure 
in which – for each coil element – relative cards of 
the RF excitation field B1

+ are measured, and the re-

spective amplitudes and phases are entered into the 
calculation of RF excitation (so-called B1

+ shimming). 
Finally, triggering to the cardiac cycle, which is re-
quired for imaging of the different phases of a heart 
beat, could be achieved with the aid of an acoustic 
method, as the ECG usually applied at lower field 
strengths is – due to strong signal disturbances 
– unsuitable in the ultra-high field. 

With this measuring technique, sufficiently homo-
geneous heart images with a slice thickness of only 
4 mm can be obtained. This allows a better diagno-
sis of tissue changes of the myocardium to be made, 
for example in the case of scar tissue after a myo-
cardial infarction, of diseases of the cardiac valves 
and irregularities of the blood flow in the cardiac 
muscle. Now, especially the diagnostic imaging of 
the thin-walled right ventricle seems possible. The 
partners of the Siemens AG (4-channel coil), of the 
Charité-Buch (heart imaging), of the MDC (acoustic 
triggerung) and of PTB (B1

+ shimming) made contri-
butions to the jointly achieved result.

Heart images recorded at 7 Tesla (late diastole). In the image on 
the left (without B1

+ shimming), artefacts caused by field inho-
mogeneities can be seen which can be eliminated by optimized 
field homogeneization (on the right).
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