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Summary

The basis of this thesis are frequency comb lasers, either as an essential part
of the experiments or as the experiment themselves. Frequency comb lasers
allow a tight link between optical and rf frequencies. In this way, optical
frequencies can be measured with the accuracy of the best available clocks.
This has enabled a variety of applications, includingprecision spectroscopy of
atoms and molecules for tests of fundamental physics or other purposes, op-
tical atomic clocks, and physics on attosecond time scales. Frequency comb
lasers in our lab allow absolute optical frequency measurements with a re-
lative uncertainty of about 10−12, determined by the precision of the main
frequency standard in the lab, a GPS referenced rubidium atomic clock.

The first three introductory chapters of this thesis describe the theory
needed to understand the later parts of this thesis. This includes theory about
frequency stabilitymeasurements, the principles of optical frequency combs,
high-order harmonic generation and atomic spectroscopy. It also treats the
development and testing of short-termnarrow linewidth diode lasers, optical
fibre amplifiers, optical fibre coupled beat units and direct digital synthesizer
units.

In Ch. 4 is described how hybridly mode-locked quantum dot semicon-
ductor lasers, produced at the TUE, were injected with CW laser light. The
injected light ismodulated in themicrowave-driven saturable absorption sec-
tion of the quantumdot laser, thereby forming a frequency comb that is amp-
lified in the lasermedium. In thismanner aminiature frequency comb gener-
ator was realised. A characterisation of these devices reveals that the quan-
tum dot laser material is suitable for accurate, narrow linewidth (100 kHz)
frequency comb generation.

Chapter 5 forms an introduction to the work in Ch. 6, which describes
high resolution spectroscopy in the XUV performed on transitions from the
ground state of helium. Spectroscopy on helium is of interest because it of-
fers a test of quantum electrodynamic (QED) theory. After hydrogen, helium
is the next more complex atomwhere QED can be tested, including electron–
electron effects. Theoretically bound state QED effects are usually formulated
as a power series of α, the fine structure constant, and Z, the nuclear charge.
Because convergence of this power series is not proven, experimental verific-
ation of the calculations is vital for further developments of theoretical ap-
proaches to many-body QED calculations. The high resolution spectroscopy
on helium was performed with an amplified frequency comb laser, using the
Ramsey excitation scheme. We have determined the ground state energy of
helium, which is most influenced by QED effects, to be h × 5 945 204 212(6)
MHz. The experimental determination of this energy is now six times more
precise than the value provided by theory, which calls for a better theoretical
calculation.



188 Summary

Finally, the components described in Ch. 3 are used in Ch. 7 to perform
experiments on the frequency transfer stability of a 2× 298 km optical fibre
link between Amsterdam and Groningen. Relative frequency deviations ad-
ded by the link to a continuous wave laser frequency, mainly due to temper-
ature fluctuations of the optical fibre, are at the level of 10−13. This enables
a direct comparison of the two rubidium standards at the VU LaserLaB and
the Van Swinderen Institute. An attempt wasmade to improve the frequency
transfer by means of a simple soil temperature model together with the tem-
perature measurements of KNMI at the Cabauw site. Although no improve-
ment was seen, the model can be used to predict the order of magnitude of
the maximum expected frequency deviations on optical fibre links without
active length stabilisation.


