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Optics
Optics, optical technologies and photonics provide
indispensable key technologies for solving the great
– present and future – challenges for 21st century
society. PTB‘s Optics Division therefore gears its research and development tasks to enabling an optimum utilization of these key technologies for future
metrological services. PTB’s Optics Division focuses
its research, development and service tasks on metrology in the fields of Length and Dimensional Metrology, Radiometry and Photometry, and Time and
Frequency. The Division realizes the three base units
of the International System of Units (SI) candela,
metre and second – which correspond to these three
fields – and disseminates them, as well as their derived units, to its customers with adequate uncertainty. Since the beginning of 2013, the Division has
organized its work according to the four following
departments: Photometry and Applied Radiometry,
Imaging and Wave Optics, Unit of Length and Quantum Optics, and Time and Frequency. In addition,
the QUEST Institute was established at PTB within
the scope of the Excellence Cluster Centre for Quantum Engineering and Space-Time Research of the
Leibniz Universität Hannover. In the following, we
will present important results obtained – and special
developments made – in the four departments of the
Optics Division and the QUEST Institute at PTB last
year.

Photometry and Applied Radiometry
In addition to the photometric base unit candela, the
Photometry and Applied Radiometry Department
realizes different optical units and measurands of
the most diverse, closely interconnected radiometric and photometric units in the wavelength range
from 200 nm to 2500 nm and disseminates them to
the respective end users with small uncertainty. In
its research activities, the Department focuses on
the great challenges encountered – in particular, in
the fields of energy and the environment; these are
currently: photometry for novel light sources; the
spectroradiometry of radiators in the spectral range
from 200 nm up to 2500 nm; and metrology for solar cells.

where they are replacing less efficient conventional
light sources. Besides energy efficiency, the “light’s
quality” has to be quantified for the different applications (e.g. by means of colorimetric characteristics).
In order to make it easier for the users, and in order
to attain minimum uncertainties using substitution
methods, PTB has developed transfer standards (see
the cover picture) which, with regard to power and
other parameters, are as similar as possible to the
sources to be investigated (see “News from the Division” at the end of this article).
The thriving of photovoltaic facilities – which has
been taking place in Germany due to the energy
transition – requires new, application-related measuring technology that meets the users’ needs. What
is particularly important is determining the efficiency of modules in practical operation over two
or more decades. Hereby, the requirements differ
tremendously – depending on whether the measurements are carried out outside or inside a laboratory – since for outdoor measurements, the environmental influences have to be taken into account
quantitatively. To investigate these influence factors,
a novel measuring set-up for outdoor measurements
has been developed at PTB (see Fig. 1).
The measuring set-up now allows the short-circuit
current of reference solar cells of different types to
be measured under standard test conditions – with
a well-characterized solar spectrum and exactly determined irradiance and temperature. The investigations carried out at the new measuring set-up

As regards the new light sources, light-emitting diodes (LEDs) have increasingly forged ahead into
application fields in which a strong luminous flux
of several thousands of lumens is necessary – and
Cover picture:
Standard for highest-power light-emitting diodes developed
at PTB
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Figure 1: PTB’s newly developed outdoor measuring set-up
with filtered and unfiltered reference solar cells installed. The
measurement plane tracks the sun; and the ambient conditions as well as the irradiance, which fluctuates over time, are
measured simultaneously.

Optics
Figure 2: Organic solar cell

have shown that the procedure that had been used
up to then – where the short-circuit currents were
scaled to a reference value of 1 kW – did not suffice.
In particular in the case where the spectral sensitivity of the reference cells and that of the cells under
test differ from each other – as is the case, e.g., with
the new organic solar cells (see Fig. 2) – simultaneously measuring the solar spectrum yields, in comparison with usual computation methods, more reliable values.

With a surface of 2 cm × 2 cm, the encapsulated
reference solar cells, which were introduced within
the scope of the worldwide Photovoltaic Scale, are
often too small for the new industrial requirements
for solar modules. Within the scope of the project
“PRECISE” – which was funded by the European
Community and involves the Institute for Solar
Energy Research Hamelin (ISFH) – a laser-based
measuring arrangement for the primary calibration
of large-scale solar cells and back-contact solar cells

Figure 3: Handing over the
prototype of a new aspherical measuring instrument
based on a tilted-wave
interferometer, which was
developed and characterized within the scope of a
collaboration between PTB,
a measuring instrument manufacturer and the institute
of a university.
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the University of Stuttgart and a measuring instrument manufacturer. Inside this measuring instrument, wavefronts are generated that have a different
tilt angle to each other; each of them illuminates a
suitable part of the curved surface. The form of the
specimen is then reconstructed by combining the
interferograms of each wavefront. Together with the
Mathematical Modelling and Data Analysis Department of PTB’s Medical Physics and Metrological Information Technology Division, a sensitivity analysis
of the aspherical measurement was carried out in
the tilted-wave interferometer to demonstrate the
instrument’s performance.

Figure 4: Computed distribution of the electric field strength
at vertical incidence of p-polarized radiation at 266 nm onto
a silicon lattice having a ridge width of 300 nm, a height
of 370 nm and a 5 nm thick oxide layer. The field strength
distributions for a simple trapezoidal model without (top) and
with (bottom) an additional edge rounding at the foot of the
structure profile differ considerably from each other.

(see Annual Report 2012) was set up which enables
the primary calibration of the spectral responsivity
of large industrial standard solar cells whose surface
is approx. 50 times larger. This will, in future, also
make it possible to calibrate large-scale reference solar cells for customers.

Due to the limited resolution, the relatively large
wavelength of the optical radiation, which is still
used advantageously to characterize micro- and nanostructures, represents a permanent challenge for
optical metrology. In order to overcome the diffraction-limited resolution, non-imaging scatterometric
procedures are used. These procedures exploit the
light that is scattered by nanostructured objects to
determine geometric and optical properties of the
underlying structures. This, however, requires modelling hypotheses to be made in order to describe the
investigated structures. Specifically the influence of
the structure model used (namely a mono-dimensional silicon lattice structure), as well as the effect
a finite size of the illumination area has on the diffraction orders measured in the scatterometer, have
now been investigated at PTB. The computed distribution of the electric field strength differs clearly,
depending on the rounding of the foot of the edge
structure (Fig. 4). The visible differences of the computed field strength distribution lead to strongly diverging diffraction efficiencies in the scatterometer
which are, in turn, used in the comparison with the
computations made for the quantitative analysis of
the structures.

Imaging and Wave Optics
Modern, high-quality imaging optics are increasingly based on aspherical optical components as these
allow much smaller optical modules to be realized
whilst improving optical imaging at the same time.
The traceable form- and structure measurements
which have to be carried out on optical functional
surfaces with (sub)nanometre precision represent
therefore a new challenge, since a simple plane or
spherical wave is no longer sufficient to measure
a test object. Within the scope of a European metrology project, a so-called “tilted-wave interferometer” was thus developed and characterized in
collaboration with the Institute of Applied Optics of
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Bild 5: The Annual Congress of the German Branch of the
European Optical Society took place at PTB in 2013.
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Figure 6: View into the vacuum chamber of the optical
Sr lattice clock in which the
strontium atoms are trapped
and interrogated by means
of the fluorescent blue atom
cloud which can be seen in
the upper part of the picture
and whose temperature
amounts to a few millikelvins
only.

Last year, the Imaging and Wave Optics Department
organized the Annual Congress of the German
Branch of the European Optical Society (Deutsche
Gesellschaft für angewandte Optik – DGaO) in
Braunschweig which welcomed 270 participants
(Fig. 5). The participants eagerly seized the opportunity to visit some of PTB’s laboratories and to attend
the plenary lectures on the envisaged modifications
to the International System of Units (SI) and on the
challenging measurements regarding fundamental
constants.

Quantum Optics and Unit of Length
This Department supplies selected wavelength and
frequency standards from the optical to the X-rayoptical range which allow traceability to the unit
metre in the International System of Units. It develops novel methods of length measurement via
the dissemination of optical wavelengths and frequencies. Last year, a new measurement method
was investigated for the synchronization of optical frequencies via telecommunication fibres. This
method transmits a frequency which changes over
time and is measured simultaneously at both ends
of the transmission link. On a test link between
Braunschweig and Hannover, the resolution was
approx. 200 ps. The accuracy obtained now allows
satellite-bound time comparisons to be verified by
means of an independent method.
The Department is developing frequency standards
which will soon act as optical clocks and allow the
realization of time and frequency to be improved yet
again. Due to their high optical frequency – which
lies approximately five orders of magnitude above
the frequencies in the microwave range which are

used today for time generation and time distribution
– the stability of optical clocks is superior by several
orders of magnitude to the best microwave clocks.
At present, PTB is pursuing two different ways with
regard to optical atomic clocks: the request of stored
ultracold atomic ensembles, or the request of single
ions in a radiofrequency trap.
Last year, the estimated relative uncertainty in PTB’s
optical lattice clock – in which ultracold strontium
atoms are stored in an optical lattice (see Fig. 6) –
was reduced by a factor of 5 down to 3 × 10-17. The
optical frequency was determined by comparison
with PTB’s two caesium fountain clocks, together
with the Time and Frequency Department, as being
429 228 004 229 873.13(17) Hz. The uncertainty of
this frequency value is now only limited by the realization uncertainty of the two caesium fountain
clocks as primary standards.

Time and Frequency
The optical clock developed at the Time and Frequency Department on the basis of a stored ytterbium ion
was also considerably improved during the period
under report. With an estimated relative uncertainty of 1 × 10-17, PTB now has two different optical
clocks at its disposal with which the frequency ratio
between the Yb+ and the Sr reference transitions is
to be determined with a relative uncertainty of less
than 5 × 10-17. If these measurements are repeated
over a longer period of time, they can shed light, e.g.,
on how constant fundamental constants actually are
over time. For this purpose, the two optical clocks
are interconnected by means of two optical-pathlength-stabilized glass-fibre links of approx. 300 m
in length, which work in different frequency ranges
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Figure 7: Mobile two-path
measuring arrangement
with transportable emitter
and receiver facilities for the
calibration of the delay of
signals in different stations
during a measuring campaign with PTB

(344 THz and 193 THz). It was demonstrated that
these comparisons are not negatively influenced by
the instability of the optical frequency transmission.
Apart from the task of disseminating legal time in
Germany, PTB also significantly contributes to coordinated universal time (UTC). To this end, PTB
carries out time and frequency comparisons of its
primary clocks with clocks from all over the world
via satellites (see Fig. 7). In 2013, PTB used its fountain clocks CSF1 and CSF2 for a coordinated comparison with newly developed clocks at the Chinese,
Indian and Russian national metrology institutes;
this comparison was carried out over a period of
several weeks. The measurements give reason to expect that these clocks will soon be able to contribute
to UTC on a regular basis.

Figure 8: Staff members of
the Institute for Experimental
Quantum Metrology of the
QUEST Institute at PTB,
together with guests from
LUH and from the MaxPlanck-Institut für Kernphysik (Heidelberg) (MPIK
– Max Planck Institute for
Nuclear Physics).
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Today, time and frequency comparisons, especially
of optical clocks via satellite, are hampered by the
instability of the microwave connection and by the
long averaging periods this causes. Within the scope
of a three-month test phase between Japan and Germany, a procedure – which had been developed
at NICT (Japan) – was tested, in which the carrier
phase of the microwave connection was evaluated
via a telecommunications satellite. With this procedure, it was possible to reduce the statistical measurement uncertainty of frequency comparisons (at
an averaging period of 1 hour) by a factor of 20, and
to compare two optical Sr lattice clocks (of NICT
and of PTB) with each other recently.

Optics
QUEST Institute at PTB
The research activities of the QUEST Institute at PTB
focus on the development of spectroscopic methods, of novel technologies for the trapping (Fig. 8)
and manipulation of single ions for precision measurements, and of next-generation atomic clocks.
At the QUEST Institute at PTB, a novel spectroscopy
method for stored ions was developed during the
time under report; this method exploits the coupling
of the ions’ states of motion in a radiofrequency
trap (see “News from the Division”). This so-called
“photon-recoil spectroscopy” is sensitive enough for
less than 10 absorbed photons to suffice to obtain a
signal-to-noise ratio of 1. This high sensitivity can
now be used to make a new class of ions accessible
for novel precision measurements. The coupling of
the states of motion of diverse ions in the ion trap
is also exploited in an optical clock that is currently
being developed. This clock uses a transition in the
aluminium ion.
Also for scalable ion clocks with a higher signal-tonoise ratio, narrow-band lasers must be realized in
order to exploit their full potential. These lasers are
pre-stabilized on optical resonator cavities that have
to be particularly insensitive to vibrations induced
from outside. In the Working Group “Multi-ion
Clocks”, a resonator cavity with a novel suspension
has been set up; its vibration-insensitive design allows a relative instability of 10-16 in less than 100 ms
(Fig. 9). This stability corresponds to the requirements placed on a multi-ion frequency standard.

Figure 10: Numerical simulation of the microwave current
distributions flowing in the structures (top) of the trap structure manufactured at PTB’s Clean Room Centre (bottom).
(Images: M. Carsjens und M. Kohnen)

in Fig. 10), ions are trapped a few 10 µm above a
chip structure. Microwave currents are then coupled
into the surface. The inhomogeneous microwave
near-field occurring above the surface can be used
to control the ions.

In most ion traps, the manipulation of the ions is
effected by complex laser systems. A new strategy, pursued by Prof. Christian Ospelkaus’s (LUH)
Working Group at the QUEST Institute at PTB,
involves controlling the interaction of the ions by
means of microwave fields. In a structure (as shown

Figure 9: Optical resonator cavity of a multi-ion clock
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Headlines: News from the Division
Fundamentals of Metrology
Traceability of the unit of length to the second by
means of optical frequency measurement
(Th. Legero, FB 4.3, thomas.legero@ptb.de)
Delay-time-free synchronization via optical fibre
(S. M. F. Raupach, FB 4.3, sebastian.raupach@ptb.
de)
European project on the development of highly
efficient single-photon sources launched
(S. Kück, FB 4.1, stefan.kueck@ptb.de)
Research Training Group „Fundamentals and
Applications of Ultracold Matter“ successfully
started
(H. Schnatz, FB 4.3, harald.schnatz@ptb.de
Frequency comparisons via satellite with improved stability
(D. Piester, FB 4.4, dirk.piester@ptb.de)
Clocks of the East
(A. Bauch, FB 4.4, andreas.bauch@ptb.de)
Frequency of the strontium lattice clock
measured
(Ch. Lisdat, FB 4.3, christian.lisdat@ptb.de)
Stability of strontium lattice clock improved by
cryogenic silicon resonator
(Th. Legero, FB 4.3, thomas.legero@ptb.de)
Measurement of the stability of the ytterbium-ion
octupole frequency standard
(Chr. Tamm, FB 4.4, christian.tamm@ptb.de)
Reference resonator insensitive to vibrations and
with a thermal noise below 1 × 10–16
(J. Keller, QUEST, jonas.keller@ptb.de)
New ion trap with integrated microwave control
(M. Carsjens, QUEST, martina.carsjens@ptb.de)
Photon-recoil spectroscopy
(F. Gebert, QUEST, florian.gebert@ptb.de)
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Controlled generation and dynamics of kink
solitons
(T. Burgermeister, QUEST, tobias.burgermeister@
ptb.de)
Topological defects in Coulomb crystals
(T. E. Mehlstäubler, QUEST, tanja.mehlstaeubler@
ptb.de)
Development of a portable monitor radiation
source with LEDs emitting in the wavelength
range of solar UV
(S. Nowy, FB 4.1, stefan.nowy@ptb.de)
43 new energy levels of the thorium ion determined
(E. Peik, FB 4.4, ekkehard.peik@ptb.de)

Metrology for the Economy
Development of radiometers and radiator standards for high UV-C irradiances
(P. Sperfeld, FB 4.1, peter.sperfeld@ptb.de)
Outdoor measuring arrangement for solar cell
metrology
(T. Fey, FB 4.1, thomas.fey@ptb.de)
Calibration of large-scale solar cells and backcontact solar cells
(I. Kröger, FB 4.1, ingo.kroeger@ptb.de)
Highest-power LED transfer standard
(M. Lindemann, FB 4.1, matthias.lindemann@ptb.
de)
114th Annual Congress of the German Branch of
the European Optical Society (DGaO) at PTB
(E. Buhr, FB 4.2, egbert.buhr@ptb.de)
Calibration of ceramic standards for the sugar
industry
(A. Höpe, FB 4.2, andreas.hoepe@ptb.de)
Investigations of the influence of approximations
used in scatterometry
(J. Endres, FB 4.2, johannes.endres@ptb.de)
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Highly sensitive angle sensors for deflectometric
topographic measurements with sub-millimetre
apertures
(G. Ehret, FB 4.2, gerd.ehret@ptb.de)
First measurements with the prototype of a new
measuring instrument for aspheres
(M. Schulz, FB 4.2, michael.schulz@ptb.de)
Broadband tunable optical synthesizer with deterministic phase of the output signal
(E. Benkler, FB 4.3, erik.benkler@ptb.de)

Metrology for Society
Traceable measurement of the spectral irradiance
of UV water disinfection systems
(P. Sperfeld, FB 4.1, peter.sperfeld@ptb.de)
Galileo benefits from the accuracy of European
time scales
(A. Bauch, FB 4.4, andreas.bauch@ptb.de)

International Affairs
Luminous intensity comparison EURAMET.PRK3a completed
(A. Sperling, FB 4.1, armin.sperling@ptb.de)
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