
 

Study compares three top atomic clocks with
record accuracy over both fiber and air
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NIST researchers precisely compared the signals from three optical atomic
clocks over air and optical fiber, with two of the clocks (indicated by Yb and
Al+/Mg+) located in different NIST-Boulder laboratories, and a third (Sr)
located 1.5 kilometers away at JILA. Credit: Hanacek/NIST
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In a significant advance toward the future redefinition of the
international unit of time, the second, a research team led by the
National Institute of Standards and Technology (NIST) has compared
three of the world's leading atomic clocks with record accuracy over
both air and optical fiber links.

Described in the March 25 issue of Nature, the NIST-led work is the
first to compare three clocks, based on different atoms, and the first to
link the most advanced atomic clocks in different locations over the air.
These atomic clock comparisons place the scientific community one step
closer to meeting the guidelines for redefinition of the second.

"These comparisons are really defining the state of the art for both fiber-
based and free-space measurements—they are all close to 10 times more
accurate than any clock comparisons using different atoms performed so
far," NIST physicist David Hume said.

The new measurements were challenging because the three types of
atoms involved "tick" at vastly different frequencies, because all the
many network components had to operate with extreme accuracy, and
because the wireless link required cutting-edge laser technology and
design.

The study compared the aluminum-ion clock and ytterbium lattice clock,
located in different laboratories at NIST Boulder, with the strontium
lattice clock located 1.5 kilometers away at JILA, a joint institute of
NIST and the University of Colorado Boulder. The team's measurements
were so accurate that uncertainties were only 6 to 8 parts in 1018—that
is, errors never exceeded 0.000000000000000008—for both fiber and
wireless links.

NIST researchers previously described how they transferred time signals
over the air link between two of the clocks, the NIST ytterbium and
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JILA strontium clocks, and found the process worked as well as the fiber-
based method and 1,000 times more precisely than conventional wireless
transfer schemes. This work shows how the best atomic clocks might be
synchronized across remote sites on Earth and, as time signals are
transferred over longer distances, even between spacecraft.

The key to the air link was the use of optical frequency combs, which
enable accurate comparisons of widely different frequencies. NIST
researchers developed two-way transfer methods to precisely compare
optical clocks over the air, even in conditions of atmospheric turbulence
and laboratory vibrations. The comb-based signal transfer technique had
been demonstrated previously but the latest work was the first to
compare state-of-the-art atomic clocks.

Since 1967, the second has been defined based on the cesium atom,
which ticks at a microwave frequency. The atomic clocks used in the
new comparisons tick at much higher optical frequencies, which divide
time into smaller units and thus offer greater precision. Comparisons are
crucial to the international community's selection of one or more atoms
as the next time standard.

The new NIST results reported in Nature also set other important
records. Frequency is the most accurately measured single quantity in
science. The NIST team measured frequency ratios, the quantitative
relationships between the frequencies of the atoms as measured in three
pairs (ytterbium-strontium, ytterbium-aluminum, aluminum-strontium).
The results are the three most accurate measurements ever made of
natural constants. Frequency ratios are considered constants and are used
in some international standards and tests of fundamental physics
theories.

Frequency ratios offer an important advantage as a metric for evaluating
optical atomic clocks. A direct measurement of an optical clock
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frequency in the usual units of Hertz is limited by the accuracy of the
current international standard, the cesium microwave clock. Frequency
ratios overcome this limitation because they are not expressed in any
units.

Frequency ratios are usually measured over long distances by use of
fiber networks, which are few and far between, or in some cases with
microwave data transferred over satellite links, which tend to be
unstable.

Guidelines for redefinition of the second recommend the demonstration
and verification of multiple frequency ratio measurements with
uncertainties approaching the best optical clock performance. All three
types of clocks in the new study offer superlative performance now and
promise further improvements. NIST's ytterbium clocks, for example,
represent the natural frequency of the atoms (a value known as
systematic uncertainty) to within a possible error of just 1.4 parts in
1018—about one billionth of a billionth.

NIST's new frequency ratio measurements, while record-setting, are not
quite that good yet. But the research team is working on improving
measurement stability and clock performance, Hume said.

Beyond their role in the next generation of international standards,
optical atomic clocks can be used as sensitive probes for new physics,
such as the "dark matter" believed to constitute most of the stuff in the
universe. Technological applications for optical clocks include improved
timing and navigation systems and measuring Earth's gravitational shape
(geodesy).

  More information: Frequency ratio measurements at 18-digit
accuracy using an optical clock network, Nature (2021). DOI:
10.1038/s41586-021-03253-4
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