
Attosecond-level synchronisation of chip-integrated oscillators

Alexander E. Ulanov1, Bastian Ruhnke1, Thibault Wildi1, Tobias Herr1,2,∗

1Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
2Physics Department, University of Hamburg UHH, Luruper Chaussee 149, 22761 Hamburg, Germany

∗tobias.herr@desy.de

Attosecond science provides a window to the
fastest processes in chemistry, materials science,
and biology. Accessing this time scale requires
precisely synchronised oscillators. In free-electron
X-ray lasers, which also provide sub-atomic res-
olution, synchronisation must be achieved across
hundreds of meters. Current approaches to syn-
chronisation based on mode-locked lasers deliver
this level of performance but complexity, cost and
size hinder their deployment in facility-wide multi-
node networks. Here, we demonstrate attosecond-
level synchronisation of two chip-integrated pho-
tonic oscillators (microcombs) separated by 100 m
of fibre. A pair of continuous-wave lasers estab-
lishes a time reference that is delivered over fi-
bre, and on-chip Kerr-nonlinear synchronisation
results in an integrated relative timing jitter of
the microcombs below 400 as (1 kHz to 1 MHz),
without any active stabilisation. These results un-
lock precision timing at scale for large facilities and
next-generation technologies such as disaggregated
computing and quantum networks, and ultimately
may lead to chip-integrated attosecond photonics.

The fastest processes in chemistry, material science,
and biology are governed by dynamics of bound elec-
trons and occur on an attosecond time scale1–4. Free-
electron X-ray lasers5–8 (XFELs) and high-intensity laser
beam lines9 promise access to this regime, combined with
sub-atomic spatial resolution. To reach this goal, facility-
wide synchronisation on femto- or even attosecond level
must be achieved10–13. Currently, the most advanced syn-
chronisation techniques rely on optical methods, lever-
aging in particular the fact that synchronisation signals
can be distributed over long distances via low-loss opti-
cal fibre. Several methods exist: (i) Intensity modula-
tion of a continuous-wave laser14,15 permits synchronisa-
tion with ∼10 fs relative timing jitter16. (ii) Using ul-
trashort pulse trains from a mode-locked laser as tim-
ing markers17, attosecond-level (< 1 fs) relative timing
jitter over a multi-kilometre fibre link has been demon-
strated18. (iii) Synchronisation of mode-locked laser-
based frequency combs based on distributing one or two
continuous-wave (cw) optical carriers19, locally generating
low-noise radio-/microwave signals via optical frequency

division (OFD)20. With actively stabilised fibre links fre-
quency dissemination is possible15,21, reaching a relative
precision of 10−19 over almost 1000 km22. However, the
complexity of current systems, often requiring actively sta-
bilised table-top frequency combs, makes it challenging
to deploy current synchronisation techniques across large,
multi-node networks.

Microcombs provide a compact, low-cost, and scal-
able frequency comb platform, that can be integrated
on photonic chips and potentially deployed in large net-
works23–25. They are generated via nonlinear optical fre-
quency conversion in a microresonator pumped by a cw
pump laser26, enabling femtosecond pulses27 with repeti-
tion rate from 10 GHz to 1 THz, and low-noise signal syn-
thesis28–31. When a second (usually weaker) cw laser is in-
jected into the microresonator, Kerr-nonlinear synchroni-

sation locks the repetition rate to an integer fraction of the
frequency difference between the cw lasers32–38. Recently
this enabled the generation of ultra-pure microwaves39 and
also underpins synchronisation between microcombs or op-
tical parametric oscillators within a microresonator40–42

and between microresonators43,44, including long-distance
coherence transfer45.

Here, we demonstrate precision synchronisation of two
microcombs on separate photonic chips. We achieve this
via Kerr-nonlinear synchronisation based on two cw lasers
that are delivered to the microcombs via optical fibre
(in our case 2 × 50 m). The frequency difference be-
tween both lasers defines a frequency reference to which
the distributed microcombs synchronise without any ac-
tive feedback loops, enabling precision timing across a fi-
bre network (Fig. 1a). Using a frequency domain tech-
nique, we reveal a remarkably low relative timing jitter on
the attosecond-level between the microcombs, well-below
the microresonators’ fundamental thermorefractive noise
level, opening opportunities for precision synchronisation
in large networks and chip-integrated attosecond science.

Results

The approach for synchronising the microcombs over fibre
is as follows: A main pump laser of frequency νp generates
the microcomb, which in the spectral domain contains dis-
crete and equidistant frequencies νµ = νp+µfrep (µ is line
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ative timing jitter of less than 400 as. While in our case
the lasers were free-running, they could be stabilized to
a low noise reference cavity, or derived from a low-noise
mode-locked laser, enabling precision synchronisation be-
tween complementary laser technologies. Moreover, while
we use sources with frep = 300 GHz, our results ap-
ply equally to systems with lower and directly detectable
repetition rate, as well as normal dispersion switching
wave combs37,52. These results could enable precision
timing across large networks in attosecond experiments,
radio-telescopes, geodesy, or in increasingly demanding
and emerging technological applications such as data cen-
tres and large-scale computing facilities53–55, quantum-
secure communication and quantum-information56–60. Ul-
timately, our results may lead to chip-integrated attosec-
ond photonics.
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