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Comparing clocks by using pulses of light

Emily Caldwell and Laura Sinclair

Microwave atomic clocks can easily be synchronized across long distances using RF methods.
Their more precise optical cousins require a subtler approach.

ook carefully, and you will see clocks all around you:
The plant wilting on your desk tells you that a week has
passed since you watered it; the setting Sun tells you
that another day has gone by; your smartphone tells
time with its GPS-calibrated clock set by pinging satel-
lites in space. Although we tend to experience time on
the scale of seconds to years, scientists have developed ways
to measure time at the level of 1 part in 10" by using optical
atomic clocks, which determine time by probing atomic reso-
nances with lasers. That’s equivalent to measuring the distance
from Earth to the Moon with an uncertainty of less than half a
nanometer. Such extremely precise clocks offer new ways for
physicists to, for example, test general relativity, search for
dark matter, and probe variations in fundamental constants.

To do many of those experiments, researchers look for
unexplained variations between two physically separated
clocks—an ideal future testbed would be one in space and
one on Earth. The ability to compare time across such dis-
tances is the domain of what’s known as time transfer. Time
transfer is the basis for GPS, which operates at the submicro-
second level and uses RFs. Although it can synchronize
communications networks and power grids, GPS is not
precise enough for fundamental physics tests. Instead, opti-
cal clocks supported by optical time-transfer methods are
needed for those experiments.

Free-space optical time transfer is a technique that uses fre-
quency combs—trains of equally spaced ultrashort pulses—to
compare time between optical clocks at the femtosecond level
across hundreds of kilometers of air. Until recently, the tech-
nique was limited to tens of kilometers, due to diffractive and
turbulence-induced losses. But with the invention of the
time-programmable frequency comb (TPFC), that range was
pushed to 300 km with margin to spare. Because a laser beam
traveling through 300 km of turbulent air experiences the same
loss expected for one traveling from the ground to a geosynchro-
nous satellite, the door is now open to future ground-to-space
time transfer.

Time-programmable frequency comb

Lasers abound in the metrology world, but perhaps the most
useful is the optical frequency comb (see Prysics Topay, June
2000, page 19). It is a pulsed laser made of many discrete colors
that in the frequency domain look like a series of equally spaced
lines, much like teeth in a comb. The utility of the frequency
comb comes from the ability to lock the location of those lines
and generate an ultrastable pulse train. Two numbers control the
location of every frequency line: the offset of the first line from

54 PHYSICS TODAY | JUNE 2024

zero frequency and the spacing between lines. If you can control
the location of two frequency lines, you can stabilize the comb.
The work of John Hall and Theodor Hénsch in fixing the comb
lines led in part to their receiving half of the 2005 Nobel Prize in
Physics (see Puysics Topay, December 2005, page 19).
Physicists usually think of comb stabilization in the fre-
quency domain, but it also fixes the two degrees of freedom in
the time domain: pulse-to-pulse spacing and the pulse
phase—the relative phase between the carrier wave and the
pulse envelope. In a conventional frequency comb, these two
degrees of freedom are stable but rigid. The TPFC combines an
optical fiber frequency comb with digital electronics running
new firmware that maintains the underlying stability but lets the
user select the pulse timing and phase, as shown in figure 1a. A
user’s command to delay the pulse-output time by 5 fs, for ex-
ample, is converted to a phase shift and applied to the comb’s
two phase locks. That phase shift, in turn, alters the pulse timing.
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FIGURE 1. A TIME-PROGRAMMABLE FREQUENCY COMB (TPFC),
which is based around a conventional frequency-comb laser, (a)
converts a user-input timing command, At, to a timing shift in output
pulses. (b) Two schemes measure the timing. In both, the timing of the
comb under test (blue) is measured by mixing it with a second
frequency comb (red) to generate interference signals on a
photodiode (gray). In a conventional dual-comb timing measurement
(left), the combs run at different rates, and timing shifts of the
interference peaks directly map onto timing shifts in the comb under
test. In tracking-style detection (right), interference in the signal
amplitude is used as feedback to force the TPFC measurement to track
the comb under test. Tracking-style detection requires 1/10 000 as
much light as the conventional measurement technique.
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FIGURE 2. THE MAUNA LOA OBSERVATORY (foreground) on the island of Hawaii sends a laser pulse as part of an optical time-transfer
demonstration over the 300 km round-trip distance between it and a cat’s-eye retroreflector (inset) on Maui. (a) A frequency comb
referenced to a stable laser sends its pulses to the other clock’s site over a bidirectional free-space link. Combining the pulses at each site
yields the timing offset between the two clocks. (b) Time-programmable frequency combs enable quantum-limited timing detection,
which reduces the power required for time transfer by 10 000. (Adapted from E. D. Caldwell et al., Nature 618, 721, 2023.)

Tests of the TPFC have demonstrated that pulses can be moved
over a 5 ns gap between pulses to within a 2 as accuracy.

Although the ability to move light around is striking, the
real power of the TPFC comes from how it changes one’s ability
to measure other comb pulses. Generally, the best way to mea-
sure the timing of a comb pulse is with another frequency
comb. In a conventional dual-comb timing measurement, one
offsets the spacing of pulses between the comb being tested
and a measurement comb. When the mixed light from the two
lasers hits a photodiode, it generates a peak in the interference
signal when the pulses overlap in time, as shown in figure 1b.

The problem with that technique is the long dead time be-
tween the interference signal peaks. With the TPFC, however,
there no longer is any dead time. Instead, it tracks the pulses
of the comb under test in time with the control signal because
the tracking also acts as the timing measurement.

With no dead-time penalty, the tracking-style detection
operates at the quantum limit—also called the photon-shot-noise
limit. The noise in the measurement is then dominated by
the quantized nature of light, and the signal-to-noise ratio of
the measurement is set by the number of received photons. The
quantum limit represents the best measurement possible in a
classical system for a given optical power.

Quantum-limited time transfer

The advantage of quantum-limited detection becomes clear
when you consider it in an application such as free-space op-
tical time transfer. In the system shown in figure 2a, for in-
stance, frequency-comb lasers are locked to a clock laser at each
site. The clock laser, which is ultrastable, has been steered in
frequency to resonate with the clock’s atomic transition. After
locking, the timing of the frequency-comb pulses follows the
frequency of the clock laser light. Think of the comb pulses as
ticks of a clock that speed up or slow down with changes to
the reference-laser frequency.

To compare two clocks, then, one needs to compare the tim-
ing of the pulses in the two frequency combs. That’s done by
sending comb light bidirectionally through the atmosphere and
detecting when the incoming pulses reach both sides. The bidi-
rectional link is critical because combining the measured time
signals on both sides cancels the time-of-flight noise that comes
from atmospheric optical turbulence or slow platform motion.

Substituting TPFCs for conventional combs and using the
tracking-style detection scheme yields striking results for time
transfer. Making those changes reduces the required received
power by 10000 and increases the working distance from tens
to hundreds of kilometers for the same amount of launched
laser light.

Figure 2b illustrates a demonstration of TPFCs that can trans-
fer time at the femtosecond level across 300 km of air. Although
it represents the longest terrestrial experiment performed to
date, it was perhaps more exciting because the tolerable power
loss shown was close to that expected for sending light from
the ground to a satellite in geosynchronous orbit 35786 km
away. Putting optical atomic clocks in space remains a work in
progress, but the results discussed here prove the ability of
future ground-to-space time-transfer missions to push the
bounds of fundamental and applied physics.
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