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A 920-Kilometer Optical Fiber Link for
Frequency Metrology at the 19th

Decimal Place

K. Predehl,>* G. Grosche, %>t S. M. F. Raupach,?t S. Droste,* O. Terra,?t J. Alnis,* Th. Legero,?
T. W. Hansch,>* Th. Udem,* R. Holzwarth,%® H. Schnatz?*3

Optical clocks show unprecedented accuracy, surpassing that of previously available clock
systems by more than one order of magnitude. Precise intercomparisons will enable a variety
of experiments, including tests of fundamental quantum physics and cosmology and applications
in geodesy and navigation. Well-established, satellite-based techniques for microwave
dissemination are not adequate to compare optical clocks. Here, we present phase-stabilized
distribution of an optical frequency over 920 kilometers of telecommunication fiber. We used
two antiparallel fiber links to determine their fractional frequency instability (modified Allan
deviation) to 5 x 107*° in a 1-second integration time, reaching 10728 in less than 1000
seconds. For long integration times t, the deviation from the expected frequency value has been
constrained to within 4 x 107*°. The link may serve as part of a Europe-wide optical frequency

dissemination network.

ith residual fractional uncertainties

s " / at the 107'8 level (/), modern atomic
frequency standards constitute ex-

tremely precise measurement devices. Besides
frequency and time metrology, these standards
provide valuable tools to investigate the validity

of Einstein’s theory of general relativity, to test
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the constancy of fundamental constants, and to
verify predictions of quantum electrodynamics
(2-5). Furthermore, geodesy, satellite navigation,
and very long baseline interferometry may benefit
from steadily improving precision of both micro-
wave and optical atomic clocks (6).

Clocks ticking at optical frequencies slice
time into much finer intervals than do micro-
wave clocks and thus provide increased resolu-
tion. Eventually, this will result in a redefinition
of the second in the International System of
Units (SI) (7).

Characterizing a clock requires its compari-
son with one or more (ideally more) precise
clocks. Unfortunately, the most precise optical
clocks cannot be readily transported for com-
parison with one another.

Hence, to link the increasing number of
worldwide precision laboratories, a suitable in-

REPC

frastructure is of crucial importance. The sta-
bilities of current satellite-based dissemination
techniques that use global satellite navigation
systems [such as Global Positioning System,
Global Navigation Satellite System (GLONASS),
and GALILEO] or two-way satellite time and
frequency transfer reach a fractional uncertain-
ty level of the frequency of 10™'° after 1 day of
comparison (8). Whereas this is sufficient for
the comparison of most microwave clock sys-
tems, the exploitation of the full potential of
optical clocks requires more advanced tech-
niques (fig. S1).

We demonstrate that optical fiber networks
can provide highly accurate means for long-
distance clock comparisons. Frequency dissem-
ination via fiber networks has so far been
investigated over regional distances with the use
of three different methods for transmission: (i)
stable microwave frequency transfer by means
of an amplitude-modulated laser (9), (ii) com-
bined transfer of radio frequency and optical
signals derived from an optical frequency comb
(10), and (iii) transmission of an optical carrier
wave of a stable continuous wave (cw) laser
system (//—13). The transmission of an optical
carrier wave provides the femtosecond resolu-
tion adapted to the accuracy of optical clocks. A
cw laser signal is best suited to be transmitted
over large distances, as it does not require dis-
persion compensation and is less sensitive to
polarization mode dispersion. The transmission
of optical carrier frequencies via stabilized urban
fiber links of up to 172 km has been shown to
have residual instabilities of a few parts in 10"
after 1-s linear decreasing with the inverse inte-
gration time t (/4-16). The longest fiber link in-
vestigated thus far had a total length of 480 km
(17). The lowest fractional uncertainty of an op-
tical signal transmitted over 146 km has been
reported to be 1 x 107" (/5). Real-time com-
parison of two strontium optical clocks has been
demonstrated over a distance of 120 km with the
use of optical telecommunication links (/8).

Fig. 1. Map of Germany with geo-
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We used two 920-km-long fibers, F1 and F2, to
connect the Max-Planck-Institut fiir Quantenoptik
(MPQ) in Garching, Germany, and Physikalisch-
Technische Bundesanstalt (PTB) in Braunschweig,
Germany, which are separated by a geographical
distance of 600 km (see Fig. 1). The fibers runin a
cable conduit next to an underground gas pipeline.

Random changes of the optical path length
due to acoustic noise and temperature fluctua-
tions limit the stability and accuracy of the
transmitted frequency. In our case, this results in
fractional frequency excursions of ~5 x 107",
Active noise compensation is thus a prerequisite
for stable and accurate transmission. This com-
pensation is based on actively controlling the
optical frequency entering the fiber link with an
acousto-optic frequency shifter (/9), where the
link forms the long arm of a Michelson inter-
ferometer. Details and fundamental limitations
are discussed in (11, 20).

Over short distances, signal regeneration is
not a critical issue and may be achieved without
further in-line amplification (72, 14). In our
case, the inherent attenuation of 0.23 dB/km
adds to a total one-way attenuation of more than
200 dB. Hence, nine pairs of carefully adjusted
Erbium-doped fiber amplifier (EDFA) systems
with low noise are distributed in repeater stations
over the entire link length (Fig. 1). As the phase
stabilization requires identical optical paths in

ULE Cavity
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both directions, all amplifiers are operated bi-
directionally. In addition, we have implemented
fiber Brillouin amplifiers (FBAs) with distrib-
uted gain (/7) at both ends of the link, allowing
coherent and fully transparent transmission.
More details are given in (20).

Fiber links with the sender and receiver lo-
cated in the same laboratory characterize the per-
formance of the looped link but do not transfer
a frequency between two remote users (/1, 13).
In this work, we used two largely identical, but
independent setups in an antiparallel configura-
tion to comprehensively characterize the frequen-
cy transfer between the two institutes (Fig. 2).
From each institute, we transmit a highly stable
optical frequency (194 THz) fprp and fupq to
the other institute via two fibers F1 and F2. We
measure frz = fprB — /MPQ + OfLaser — OfLinkF2 at
PTB, and fr1 = fers — fmpQ + Hfiasert OfLinkr1
at MPQ and calculate Af'= frr — f1.

With this antiparallel link configuration
that is equivalent to a virtual loop, the noise
OfLaser Of both lasers cancels in the difference
of the two beat notes, whereas the noise 8ff i
of both fibers adds. Hence, we derive an upper
limit for the residual instability and uncertain-
ty of the transmitted frequency.

Due to slow drifts of the stable lasers used
on both sides, any timing offset between the
frequency counters at PTB and MPQ resulting

Local Freuerg Standard

Local Frequency Standard

- ’\@
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Carrier Phase Measurement
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from imperfect synchronization leads to a fre-
quency shift between the two signals fg1(¢) and
Jr2(8). Without correction, this shift would con-
tribute with a systematic fractional uncertainty
of ~1.5 x 10", We determined the timing offset
before each measurement by modulating one of
the lasers (20). After correction, this timing offset
contributes with less than three parts in 10'°.
We used dead-time free, high-resolution fre-
quency counters operating in a nonaveraging
(TI-type) or an averaging (A-type) mode (21)
with a 1-s gate time to record fi(f) and feo(?).
Fully redundant counting (22) allows us to de-
tect possible loss of phase coherence (cycle slip)
arising from a deteriorated signal-to-noise ratio.
We evaluated data only for periods with no cy-
cle slips. Under optimized conditions, the rate
of cycle slips is as low as a few per day, and the
signal phase can be continuously tracked for
several hours. Routine operation over several days
requires regular adjustment of the polarization.
In Figure 3, we show the overlapping Allan de-
viation (ADEV) (23) for the unstabilized and sta-
bilized link when measured with I1-type counters.
The fractional instability of 3.8 x 107'* s 1! of
the stabilized link shown in Fig. 3 for a 35000-s-
long data set is due to the residual broadband fiber
noise. The ADEV drops off as 7!, as expected
for a phase-stabilized fiber link. The observed
instability agrees superbly with the theoretical

N
MPQ

Fig. 2. Experimental setup for the characterization of two 920-km fiber
links (for clarity, only one fiber is shown). Fiber F1 is used to transmit an
optical frequency fprg of a distributed feedback (DFB) fiber laser (NIRprg)
to MPQ. The laser operates at a frequency of 194 THz (~1542 nm). It
shows a linewidth of a few hertz and a residual drift of ~100 mHz/s when
locked to a high-finesse cavity made out of ultralow-expansion glass
(ULE). Thus, short-term laser noise becomes negligible compared with the
phase noise of the free-running fiber link (29). By means of a femto-

second comb (25), the laser’s frequency is measured against the local
microwave standard. F1 is actively stabilized in a single step and further
equipped with 11 optical amplifier systems (remotely controlled EDFAs
and FBAs) to preserve the signal power and coherence. To avoid stim-
ulated Brillouin scattering, we limit the power launched into the fibers to
6 mW. At MPQ, a heterodyne beat note fr; between fypq and ferg is mea-
sured. Likewise, we transmit fypq via fiber F2 from MPQ to PTB and generate
a beat note f,.
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prediction in (/5), thus providing strong confir-
mation of the L>? scaling law derived in (/7), for
distances up to 1000 km.

To demonstrate the link’s instability floor and
illustrate the potential of adapting the type of av-
eraging to the dominant noise type, we addition-
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Fig. 3. Fractional instability of two 920-km telecom fiber links F1 and F2 connecting PTB and MPQ. We
show the overlapping ADEV of the unstabilized link (solid circles) and stabilized link (squares) derived
from a nonaveraging counter for a 35000-s-long data set. We also show the modified ADEV (open
circles) for a 18000-s-long data set from data taken with averaging (A-type) counters, which allows us
to distinguish white phase noise from flicker phase noise (21). The ADEV for state-of-the-art optical
clock performances is depicted for comparison. The dashed lines indicate the expected stability curves
for a signal dominated by white phase noise.
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Fig. 4. Four-day frequency comparison between MPQ and PTB. Data are taken with high-resolution
A-type frequency counters (overlapping triangle weighting, no dead time) with 1-s gate time (green data
points, left frequency axis). Cycle slip (CS) rates per 1000 s are shown in the upper plot. Phase-coherent
intervals have been binned into 1000-s-long sequences and averaged. From the 135 resulting data points
(dark blue, right frequency axis, enlarged scale), we calculated a fractional deviation from the expected
frequency of (0.7 + 3.7) x 107°.
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ally show data, where the counters were operated
in A mode (overlapping weighted average). As
shown in Fig. 3 for a 18000-s-long data set, we
achieve a residual instability (modified ADEV) of
5x10 in1s. Itaverages as >~ forupto 100 s
and reaches 10™'® in less than 15 min. The de-
viation of the fractional instability from the 7>
slope for > 300 s is mainly due to a few tens of
centimeters of uncompensated fiber in the MPQ
laboratory that have not been temperature-
stabilized. We estimated the corresponding un-
certainty for the MPQ interferometer to be <3 x
107" (20).

Figure 3 demonstrates that the fiber-link in-
stability does not contribute substantially to the
uncertainty budget of a frequency comparison
when comparing even the world’s most stable
optical clocks (/) over a distance of 920 km.

The accuracy of the transmitted signal might
be compromised by systematic offsets that would
not be observed in the instability analysis. From
data taken with a A-type counter over a period of
4 days, we selected all continuous data subsets
with a length of 1000 s, as shown in Fig. 4. The
arithmetic mean of each subset is calculated to
benefit from the strong suppression of white
phase noise for longer integration times. The
resulting 135 data points have a mean of 13 uHz
and a SD ¢ = 823 pHz; more than 80% of the
values are within 1o (fig. S2). The statistical frac-
tional uncertainty of the mean is 3.7 x 10",
Thus, we can constrain the deviations from the
expected frequency value to be less than 4 x 107",
This value exceeds the requirements posed by
the most accurate atomic clocks to date by more
than one order of magnitude.

As a first application, we have used the fiber
link to measure the 1S5-2S two-photon transition
frequency in atomic hydrogen at MPQ, using
PTB’s primary Cs-fountain clock (CSF1) as a ref-
erence (24). The hydrogen experiment constitutes
a very accurate test bed for quantum electro-
dynamics and has been performed at MPQ with
ever increasing accuracy. The latest measure-
ment (3) has reached a level of precision at which
satellite-based referencing to a remote primary
clock would limit the experiment. As the trans-
mission over fiber is up to three orders of magni-
tude more stable, a frequency measurement can
be carried out straightforwardly without the need
for transporting a frequency standard to the
experiment.

The link now permanently connects MPQ and
PTB and is operated routinely. Going beyond a
proof-of-principle experiment conducted under
optimized laboratory conditions, it constitutes a
solution for the topical issue of remote optical-
clock comparison, opening a variety of appli-
cations in fundamental physics, such as tests of
general and special relativity as well as quantum
electrodynamics. Furthermore, such a link will
enable clock-based, relativistic geodesy at the
subdecimeter level. Applications in navigation,
geology, dynamic ocean topography, and seis-
mology are currently being discussed. Some of
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the future applications of optical clocks will be
space-based, and their operation will require
ground stations with access to ultrastable fre-
quency references linked to the best available
clocks. In this respect, optical links will be-
come of central importance.
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Revealing the Angular Symmetry of
Chemical Bonds by Atomic

Force Microscopy

Joachim Welker and Franz ]. Giessibl*

We have measured the angular dependence of chemical bonding forces between a carbon monoxide
molecule that is adsorbed to a copper surface and the terminal atom of the metallic tip of a combined
scanning tunneling microscope and atomic force microscope. We provide tomographic maps of force and
current as a function of distance that revealed the emergence of strongly directional chemical bonds
as tip and sample approach. The force maps show pronounced single, dual, or triple minima depending
on the orientation of the tip atom, whereas tunneling current maps showed a single minimum for all
three tip conditions. We introduce an angular dependent model for the bonding energy that maps the
observed experimental data for all observed orientations and distances.

hen more than two atoms are in-
s ’s / volved, the forces that act between
atoms generally depend not only on

their distance but also on the angles between
the atoms. Chemical bonds establish an equi-
librium between attractive and repulsive inter-
actions for atoms that is described by the Morse
potential (/). When more than two atoms are
involved, the bonding energy generally depends
on the bonding angle as well as distance, and
model potentials with an angular dependence,
such as the Stillinger-Weber potential (2), are
needed. The directional character of the atomic
bonds is reflected in the crystal structure. Most
metals condense in a face-centered cubic (fcc),
hexagonal close-packed (hcp), or body-centered
cubic (bee) lattice (3). In particular, metals with
unfilled p or d shells can show strong directional
bonding [chapters 1.4 and 2.5 in (3)]. Although
fcc and hep lattices have the largest possible

Experimental and Applied Physics, University of Regensburg,
93053 Regensburg, Germany.

*To whom correspondence should be addressed. E-mail:
franz.giessibl@ur.de

number of nearest neighbors, the angular depen-
dence of atomic forces leads to slight energetic
differences between fcc and hep lattice struc-
tures. Atomic manipulation of cobalt atoms on
a copper surface by scanning tunneling micros-
copy (STM) has shown that a Co adatom on a
Cu(111) surface prefers to occupy an fcc site
over an hcp site, although the adatom is in both
cases sitting directly in a dip between three Cu
atoms (4).

Atomic force microscopy (AFM) (5) can
measure forces between individual atoms with
great precision, and recent progress in three-
dimensional force spectroscopy (6-—8) helps to
investigate the angular dependence of atomic
bonding forces. Initial manifestations of an an-
gular dependence of bonding forces led to the
observation of subatomic features on the surface
of Si (9). The data were explained by the di-
rectional dependence of covalent bonds between
a Si tip with a Si adatom on the sample [figure 4
in (9)] as predicted by calculating the tip-sample
interaction using the Stillinger-Weber potential
(2), a classic model potential for diamond struc-
ture materials. Density functional theory (DFT)

calculations by two groups (/0, /1) supported
the covalent-bonding theory, but other authors
(12) proposed that the data could have been the
result of a feedback artifact, and there has been a
recent theoretical proposal that the angular de-
pendence could be caused by multiple-atom tips
(13). Simultaneous STM and AFM experiments
of a W tip imaging a graphite sample showed a
single current maximum and multiple force max-
ima in the image of the W tip atom (/4); hence,
AFM can address electronic states that are spa-
tially more confined than electronic states that are
accessible to STM. In that experiment, the light
and small carbon atoms have produced repeated
images of the electronic valence states in tungsten
atoms [see figures B and C in (/5)]. Recent DFT
calculations confirmed that the electronic struc-
ture of W should show these small features (/6).
However, the softness and close atomic packing
of graphite make it difficult to calculate the ex-
perimental observables, and distance-dependent
data were not available in the first experiments.

Precise measurements of the interaction of
two single and clearly defined atomic bonding
partners as a function of distance and angle
would allow us to study the evolution of the
atomic angular dependencies and provide well-
defined experimental data that can serve as a
reference for theoretical calculations. Here, we
present an experimental study of the interaction
of two well-defined bonding partners: a single
CO molecule that is bonded to a Cu(111) sur-
face and the metallic front atom of a tip. We
analyzed tunneling current and frequency shift
in three dimensions and were therefore able to
recover the force and potential energy between
two atomic bonding partners as a function of
angle and distance.

We used STM (/7) combined with frequen-
cy modulation AFM (/8), where a quartz canti-
lever (qPlus sensor) (19) with a stiffhess of £ =
1800 N/m, an eigenfrequency of fy = 27275.20
Hz, a quality factor of Q = 195870, and a W tip
oscillated with a constant amplitude A (here, we
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