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BACKGROUND: The generation and control of
coherent electromagnetic waves, such as those
provided by electronic oscillators in the radio
frequency domain or lasers in the optical do-
main, have had an unparalleled impact on
human society over the past century. For ex-
ample, precise timing with radio waves ref-
erenced to atomic transitions undergirds
navigation with the Global Positioning Sys-
tem. And modern communication systems
are built around the properties of such waves
to carry data through the air or within op-
tical fibers that circumnavigate the globe.
Such technical advances rely upon an ex-
ceptionally well developed and unified the-
oretical understanding of radio and optical
waves, as well as the devices for their gen-
eration and control. Nonetheless and sur-
prisingly, just 20 years ago, radio and optical
technology realms remained largely distinct
and isolated from one another. Although light
waves could be modulated at radio rates and
likewise electrical currents could be produced
by demodulating optical signals, a simple co-
herent connection between radio and op-
tical fields did not exist. As a result, many
common technologies for the synthesis and
control of radio frequencies, including those
central to navigation, communications, and
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measurement, seemed futuristic for optics.
Conversely, the full potential of optics for time
standards, metrology, and science was not ac-
cessible, despite a decades-long recognition
of the opportunities and attempts to harness
their technological impact. This situation,
which arose as a consequence of the enor-
mously high frequencies of electromagnetic
waves in the optical domain, thereby limited
scientific progress and technical capabilities.

ADVANCES: The invention of the laser in 1960
represented an optical analog to radio oscil-
lators, which were invented much earlier.
This development motivated efforts to cre-
ate a coherent bridge between the radio and
optical realms with multiple oscillators of
successively higher frequencies being chained
together. However, the sheer complexity and
size of such approaches made it clear that
these systems would never be widely avail-
able and that their capability would be lim-
ited. Such efforts were upended after nearly
four decades of work when an unanticipated
breakthrough enabled by combined advances
in femtosecond laser technology, nonlinear
optics, and precision frequency metrology
finally solved this problem. The key to over-
coming these issues was a new approach to
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An optical clockwork. A frequency comb is a type of laser that functions in a manner analogous to a set
of gears, as illustrated here, to link radio frequencies to a vast array of optical frequencies (“the comb™)
with values precisely determined by the expression f, = nf, + fo, where f, and fo are radio frequencies and

n is an integer on the order of 10°,
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generate and control the spectrum of a mode-
locked laser, which was called an optical fre-
quency comb in accordance with the regularly
spaced comb of frequencies it contained. Even
though mode-locked lasers and optical fre-
quency combs had existed previously, in 2000

it was demonstrated how
their spectra could be ex-
Read the full article  Panded over an octave of
at https://dx.doi. optical bandwidth. This
org/10.1126/ critical advance enabled
science.aay3676 the technique of self-
.................................................. referencing, by which the
optical frequencies of the comb are locked in
an absolute sense to a radio frequency refer-
ence. In a simple and elegant way, this pro-
duced an optical clockwork, analogous to a
gearbox (see the figure), that provided the
bidirectional coherent connection between the
optical and radio frequency domains. More-
over, because this connection is simultaneously
established to many thousands of optical
frequencies within the comb, self-referencing
makes the coherent translation of frequen-
cies possible across hundreds of terahertz
of the optical spectrum.

OUTLOOK: In the two decades since the intro-
duction of the frequency comb, entirely new
scientific and technology vistas have been
opened. New applications are leveraging
an unprecedented sharing of the respective
strengths of electronics and photonics, as well
as a new freedom to work seamlessly across the
broad optical frequency expanse. Frequency
combs are used to realize and compare ultra-
precise optical clocks at the 19th decimal place,
which provides powerful approaches to test
relativity and quantum theory as well as the
search for physics beyond our present under-
standing. In addition, combs transfer this
exceptional precision across the spectrum
to perform massively parallel spectroscopy,
generate the lowest-noise microwaves and
few-cycle attosecond waveforms, and even help
astronomers search for Earth-like exoplanets.
Just as applications of frequency combs have
expanded, there are new developments in fre-
quency comb technology. Among these are
combs that do not use mode locking for
comb formation, as well as new approaches
built on integrated photonics and micro-
resonators that enable frequency combs on
a silicon chip. Indeed, it is now clear that
the once-enormous gap between optics and
electronics will be further blurred as the co-
herent electromagnetic spectrum is united
by frequency combs.
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Optical frequency combs: Coherently uniting
the electromagnetic spectrum

Scott A. Diddams®?*, Kerry Vahala®*, Thomas Udem**

Optical frequency combs were introduced around 20 years ago as a laser technology that could
synthesize and count the ultrafast rate of the oscillating cycles of light. Functioning in a manner
analogous to a clockwork of gears, the frequency comb phase-coherently upconverts a radio frequency
signal by a factor of =10° to provide a vast array of evenly spaced optical frequencies, which is the
comb for which the device is named. It also divides an optical frequency down to a radio frequency, or
translates its phase to any other optical frequency across hundreds of terahertz of bandwidth. We
review the historical backdrop against which this powerful tool for coherently uniting the
electromagnetic spectrum developed. Advances in frequency comb functionality, physical

implementation, and application are also described.

lectromagnetic waves, whether microwave

signals transmitted by a cellular phone

or visible light given off by a lamp, are

governed by Maxwell’s equations. How-

ever, this unified physical framework
belies a technological disparity between the
electronic and the optical bands of the elec-
tromagnetic (EM) spectrum: Optical frequen-
cies are far too fast to count, measure, and
phase-coherently control in a manner that has
become routine for the EM signals at elec-
tronic rates (hereafter also called radio or
microwave frequencies). This difference in
frequency of a factor of 10° is more than an
obvious fact; it has led to a scientific and tech-
nological gulf between the radio and optical
realms over the history of human-generated
and -controlled EM oscillators that began
with the revolutionary experiments of Hertz
(1) (Fig. 1).

This gap has limited scientific and technical
capabilities, as there was not a straightforward
means to accurately connect the frequency
and phase of optical oscillators to those in elec-
tronic circuits. Notably, in the field of time-
keeping and frequency standards, this meant
that there was no counting mechanism for
clock oscillators at hundreds of terahertz that
were long predicted to be more accurate and
precise than their microwave counterparts.
Moreover, even though frequency is the most
precisely measured physical quantity, optical
spectroscopy of energy eigenstates in atoms
and molecules had to rely on much less ac-
curate interferometric measurements of wave-
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length. In some cases, this limited tests of
fundamental physics. And although lasers
existed since the 1960s and have proven to
be exceptionally efficient carriers of data in
long-haul fiber telecommunications networks,
the agility with which optical waves can be
synthesized, controlled, and manipulated falls
short of the analog and digital radio frequency
techniques that underlie modern cellular and
computer networks.

This situation was radically changed around
the turn of the century with the introduction
of optical frequency combs that provided an
elegant way to coherently unite the electro-
magnetic spectrum. Frequency combs provide
a coherent and bidirectional link between
radio frequency electronics and optics. The tech-
nologies belonging to these disparate realms
underlie the key technical advancements of
this age, and a sharing of their performance
and other attributes has been enabled by the
frequency comb linkage. Not surprisingly, the
resulting unification of the EM spectrum has,
in the brief 20 years since the introduction of
the frequency comb, unleashed enormous new
capabilities and created unforeseen technolo-
gies, the impact of which was both recognized
and foreshadowed in awarding one-half of the
2005 Nobel Prize in Physics to Theodor Hansch
and John Hall (2, 3).

Beginnings: Connecting the radio
and optical domains

In 1886, Heinrich Hertz succeeded in artifi-
cially generating short bursts of radio waves
and detecting them at a few meters’ distance
by observing sparks in an antenna-like struc-
ture (I, 4). This discovery was inspired by
Maxwell’s equations (5) that had predicted the
existence of electromagnetic waves 13 years
earlier. It took several decades until oscil-
lators based on vacuum-tube feedback were
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introduced for generating continuous and
controllable coherent waves (6). The possi-
bility of generating and receiving radio waves
changed the world and is still evolving, as evi-
denced by the continued advances in wireless
communications.

Until 1960, only incoherent sources were
available at the much higher frequencies of
light. The first important step in gaining co-
herent control over optical frequencies was
a landmark paper by Charles Townes and
Arthur Schawlow in which they pointed out
how to extend the radio frequency technology
of the maser, which Townes and co-workers
had introduced earlier (7), into the optical
realm (8). The first realization of this “optical
maser,” the device that is now called a “laser,”
was made by Theodore Maiman (9). And like
Hertz’s radio source, it emitted pulses of ra-
diation. Shortly thereafter, Ali Javan and co-
workers built the first continuously operating
laser (10) and could demonstrate that it gen-
erated coherent light waves by observing a
beat note between two waves (11). Unfortu-
nately, the beat notes allowed only measure-
ment of the frequency difference between
two lasers. What was then called the “abso-
lute” optical frequency remained orders of
magnitude too large to measure directly, as
was possible for radio frequencies. As a re-
sult, the radio and optical frequency realms
remained separated, as sketched in the left
part of Fig. 1.

At the same time, it was realized that con-
trol of the laser light waves would open up
many possibilities in science and technology.
An important example would be the optical
version of radio frequency atomic clocks that
were in those early days built in the form of a
maser. Using the much higher frequencies of
optical transitions in atoms held promise for
a substantial boost in clock accuracy because
the faster rate slices time into finer intervals.
However, available electronic counting devices
were orders of magnitude too slow, and they
remain so even today. Therefore, the idea
emerged to connect the optical and radio fre-
quency realms by inching through the vast
gap separating them by successive multipli-
cation of a radio frequency reference, such as
one derived from a radio frequency atomic
clock. Early efforts to measure the frequency
of laser light reached the CN laser at 964, 312.3
MHz in 1967 (12). Through this and other work,
the harmonic frequency chain was born (13, 14)
as a complex radio-optical system that fore-
shadowed the introduction of the vastly simpler
optical frequency comb nearly four decades
later. Figure 2A explains the concept of the
harmonic frequency chain, and Fig. 2B shows
its most refined implementation that phase-
coherently connected a radio frequency input
with a visible laser output (5). Other ap-
proaches have been proposed to count optical
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Fig. 1. The coherent electromagnetic spectrum and its development. In
about 1887, Heinrich Hertz generated and detected artificial radio waves, which
triggered a technological revolution that eventually gave birth to a plethora of
systems for communications, navigation, and ranging (radar). Radio frequency
(RF) masers and atomic clocks introduced in the 1950s were a technological
game changer. The cesium atomic clock defines not only the second, but undergirds
the International System of Units (SI) (20). With the introduction of the laser in
1960, the first source of coherent optical electromagnetic waves became available.

frequencies (16, 17) but thus far have not been
realized.

Among the early applications of these ef-
forts was an experiment to refine the value
for the speed of light (78). This was possible
using ¢ = fA where f, the optical frequency,
was measured by using a harmonic frequency
chain and A, the wavelength, was determined
by precision interferometry through compar-
ison with the wavelength of a specific krypton
transition (1960 definition of the meter). Ulti-
mately, however, an improved realization of
length was possible by defining the value of
the speed of light to be exactly 299,792,458 m/s
in the 1983 revision of the International System
of Units (SI) (79, 20). Because frequency is, and
always has been, the most accurately measured
quantity in all of physics, this definition im-
plies that, in theory, frequency-like accuracy
could be obtained for length. In practice, a laser
stabilized to a frequency-calibrated optical tran-
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sition (21, 22) serves conclusively as a realization
of the meter. Harmonic frequency chains were
also used to determine transition frequencies
in atomic hydrogen. These measurements tested
quantum electrodynamics and determined the
values of physical constants (23, 24). Not much
more could be done with the harmonic fre-
quency chains because they were large and
very complicated systems containing many
microwave and laser subsystems that needed
to operate in a highly coordinated fashion.
Their sheer complexity made it clear that these
systems would never be widely available and
that their capability would be limited.
Nonetheless, harmonic frequency chains in-
spired new approaches aimed at simplifica-
tion. A key initial step in this direction was the
optical interval divider, as proposed by Hansch
in 1989 (25) (Fig. 2, C to E). This device works
in a way analogous to a differential gear ex-
cept for optical frequencies, precisely bisect-

17 July 2020

This big leap in technology, as well as in frequency, introduced a gap of about 10°
relative to the highly controllable radio frequency domain. Harmonic frequency
chains bridged this gap, but the resulting systems were impractical. The frequency
comb, which was introduced in its fully functioning form in 2000, coherently
united the radio and optical realms in a simple and practical way. It has opened
many new possibilities such as optical atomic clocks, ultralow-noise microwaves,
carrier-envelope phase control of ultrashort pulses, and the coherent synthesis
of radiation reaching from terahertz to extreme ultraviolet.

ing an arbitrarily large frequency interval
(see Fig. 2D). The optical interval divider
could be concatenated to successively bisect
the interval between an optical frequency f
and its own second harmonic 2f that can
easily be obtained with nonlinear crystals.
As described below, this idea was used later in
a slightly different fashion in the operation
of the modern optical frequency comb. An in-
terval divider chain would have used roughly
the same number of stabilized oscillators as
a frequency chain. However, it offered an im-
portant advantage in that all the oscillators
could have been of the same type, yielding
an enormous reduction in complexity. At least
two groups, at the Max Planck Institute of
Quantum Optics, Germany (26), and the Na-
tional Institute of Advanced Industrial Science
and Technology, Japan (27), had started to
construct such an interval divider chain, but
these efforts were never completed.
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Fig. 2. Historical approaches to connect optical and microwave domains. (A) Successive nonlinear
frequency multiplication with a harmonic frequency chain connecting radio and optical frequencies.

For illustration, a factor of 2 in frequency separates each step. (B) Harmonic frequency chain imple-
mentation that existed at the Physikalisch Technische Bundesanstalt (PTB) at Braunschweig, Germany,
and filled two large laboratories located in two different buildings [adapted from (15)]. Nonlinear

devices generate harmonics in each step to which an intermediate oscillator is phase locked (PLL,
phase-locked loop) to provide enough power for the next multiplication step. In this way one walks through
the spectrum, from the microwave frequency of a cesium atomic clock all the way to the visible
frequency of a calcium standard at 456 THz. The multiplicative factor between lower-frequency stages
could be substantially larger than 2x. (C) As an alternative, one could converge to a radio frequency
by successively bisecting the interval spanned by an optical frequency f and its own second harmonic 2f.

(D) An optical interval divider phase locks the second harmonic (SHG) of a laser at f3 to the sum frequency
(SUM) of two input lasers at f; and f, bisecting the frequency difference between the latter: f3 = (f; +1,) /2.
(E) A proposed (25) but never realized implementation of an interval divider chain that would have been
designed for application to atomic hydrogen. In agreement with the Rydberg formula, the transition
frequencies are at small integer ratios, several of which (at the right hand side) agree with the frequencies in
this interval divider chain. [(D) and (E) are adapted from (25).]
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An optical clockwork

Around the turn of the millennium, the rapid
advance in mode-locked lasers as optical fre-
quency comb generators eliminated the need
for harmonic frequency chains and optical
frequency interval dividers. In a spectacular
simplification, the frequency comb collapsed
a dozen stages into a single direct link be-
tween an input radio frequency signal and a
vast array of optically synthesized frequencies
that are spaced on a perfectly even frequency
grid extending over an octave of spectrum.
Moreover, the comb phase coherently converts
aradio frequency into an optical frequency with
frequency multiplication by ~10°, or in reverse,
it divides by the same factor. In fact, in such a
radio-to-optical conversion, both division and
multiplication happen simultaneously. With
the long-standing goal of frequency conversion
readily at hand, one can now select the domain,
radio or optical, in which the best oscillators
exist and convert it to the other domain. And
whereas the harmonic chains easily filled a few
large laboratories and operated only occasion-
ally, current frequency combs now fit in a shoe
box and run continuously, thus finally realizing
a straightforward means to unite the electro-
magnetic spectrum.

In a simple picture, the frequency comb can
be associated with the longitudinal modes of a
laser cavity that are separated by a frequency
f»- Comb formation relies on a nonlinear optical
process, called mode-locking, to enforce equal
frequency spacing and establish phase syn-
chronization between the modes such that a
short optical pulse is formed (Fig. 3A). This
pulse propagates at its group velocity back and
forth between the end mirrors of the laser
resonator with a round trip time of f,'. At
each round trip, a copy of the pulse is trans-
mitted through one of these mirrors that is
partially transparent. The well-known Fourier
transformation between time and frequency
domain implies that the spectrum of the pe-
riodic pulse train generated in this way is in
fact a discrete comb of frequencies. Moreover,
the spectral width of the comb would approach
the optical carrier frequency as the pulse du-
ration is reduced to a single optical cycle.

Further technical details about the opera-
tion and generation of the frequency comb are
provided in subsequent sections, but the range
of ways that a frequency comb coherently con-
nects the EM spectrum, whether from micro-
wave to optical, optical to microwave, or optical
to optical, is captured intuitively through the
optical clockwork analogy illustrated in Fig. 3B.
At its center is the frequency comb represented
as a large gray gear that is enmeshed with a
microwave source symbolized by the black
gear. The frequency comb connects the micro-
wave gear in a phase-coherent way, i.e., with-
out slippage, to the smaller fast-spinning gears,
each of them associated with a single optical
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Fig. 3. The frequency comb as an optical clockwork. (A) An optical frequency
comb, here illustrated as waves of different colors that are spatially separated
for clarity, is composed of the longitudinal modes of an optical cavity made

by two mirrors. The comb frequencies are given by f, = nf, + fo. In reality the
waves are spatially overlapped and phase synchronized such that their super-
position produces a pulse circulating inside the cavity. The output of the cavity
consists of a periodic train of replicas of the intracavity pulse separated by

the round-trip time f-1. (B) Mechanical analogy of the optical frequency comb.
The frequency comb has three modalities in which it can operate to phase

frequency of the comb. Even though this clock-
work shows only seven fast-spinning gears, an
actual frequency comb would feature =10° of
them covering a full octave. Also, the actual
frequency ratios spanned by a comb are much
larger than can be easily displayed in Fig. 3B.
However, the clockwork illustrates the three
major ways that the frequency comb enables
coherence to be transferred or shared across the
radio and optical spectra. Each of these opera-
tional modes has led to a broad application cat-
egory of comb technology, as described below.

Optical frequency synthesis

The precise synthesis of new frequencies
was required for the harmonic frequency

Diddams et al., Science 369, eaay3676 (2020)

and simultaneous.

chain (Fig. 2B) and more broadly for the
advancement of radio communications. In
a radio frequency synthesizer, new frequen-
cies are generated through various processes,
including electronic multiplication and divi-
sion, phase-locked loops, and direct digital
synthesis. Optical frequency combs operating
in mode 1 (red arrows in Fig. 3B) can be viewed
as a pronounced extension of the concept of
frequency synthesis from the radio to optical
realms. Here, the frequency comb transfers
the radio frequency coherence (black sinusoid)
to a very broad spectrum of equally spaced
optical frequencies f}, represented by the small
gears. These frequencies are given by the ex-
pression (28-30)

17 July 2020

(multiplier or divider)

Microwave to Optical
(multiplier)

coherently connect electronic (microwave) and the optical realms of the EM
spectrum: 1. An input microwave frequency is multiplied by a factor of ~10° to
the optical domain, where it is output as an array of equally spaced light
waves. 2. In the inverse of the first modality, an input high-frequency optical
wave can be divided down to the microwave domain. 3. Spectral translation
between the array of optical waves occurs when an input optical field controls
the comb and is phase-coherently connected to the other frequencies in the
optical domain. As shown, all modalities of operation are bidirectional

fn=nfr + 1o (1)

As noted, f; is the pulse repetition rate, or
equivalently, the frequency separation of the
comb modes, whereas f; is an offset frequency
that is common to all the modes and whose
origin and measurement will be discussed in
greater detail below. For many frequency combs,
both f, and f are typically in the range of 0.1
to 10 GHz, such that n = 10*...10° is the re-
quired multiplier for f, being in the near-
infrared frequency band. As a result, if £, and
fo are stabilized to a known radio frequency
reference, such as that provided by a cesium
clock, then one obtains 100,000 stabilized
lasers superimposed in one beam.
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subharmonic of f would enable simple frequency division by an integer n. Here
the modulation is shown at f/10. In reality, if f = 500 THz, the modulation at
1‘/105 would yield a countable f, =5 GHz. (C) In general, the modulation

The first demonstrations of synthesis with
laser frequency combs were published around
the turn of the 21st century (31-34). These
works showed the power of measuring and
controlling f, and fj, as well as the ability to
generate a comb of optical frequencies trace-
able to the microwave SI second. Moreover,
they opened the gates to a flood of optical
frequency measurements that served to val-
idate the painstaking efforts from previous
decades with the frequency chain technol-
ogy; see, for example, (33, 35, 36). Although
this was important for the metrology commu-
nity and the development of optical frequency
and length standards, new opportunities of a
more fundamental nature also emerged. For
example, a comparison of microwave (cesium)
and optical frequency standards by means of
the laser frequency comb can be interpreted
as a test of the constancy of fundamental con-
stants, such as the electron-to-proton mass

Diddams et al., Science 369, eaay3676 (2020)

of the divisor exactly.

ratio and the fine-structure constant, either
in space or time (37-39).

The ease with which any optical frequency
could be measured has been extended to spec-
troscopy across the EM spectrum (40-42). Many
such spectroscopy experiments use continuous-
wave lasers that are simultaneously calibrated
by a heterodyne measurement with the sta-
bilized comb. But powerful approaches have
also arisen in which the comb itself serves as
an array of hundreds of thousands of individ-
ual lasers that simultaneously act as a spectro-
scopic probe (43-46). Coupling the frequency
comb to another optical cavity is sometimes
used to enhance the power of the relatively
weak comb modes (often <100 nW in a single
comb mode), thus improving the spectroscopic
sensitivity (47, 48). To read out the individual
comb modes, clever detection schemes have
been realized, including the use of a highly dis-
persive spectrometer (49) or a swept Vernier
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35 f=nf+fA¢ 21
L=nf+ 1,

frequency is not an exact subharmonic of f, but rather the modulation envelope
“slips” with respect to the fixed carrier f from pulse to pulse. Here, for example,
the slip is 1/4 of a cycle, so the modulation f, = f/(10 + 1/4). It is this noninteger
portion of the denominator that causes the pulse-to-pulse carrier-envelope phase
shift. In the frequency domain, the pulse-to-pulse phase shift results in a comb
shifted by fo = f A,/ (2r). By measuring fo, one can determine the noninteger part

cavity filter (50). Alternatively, the addition of
a second frequency comb, offset slightly in rep-
etition rate, forms a dual-comb spectrometer in
which the amplitude and phase of individual
optical modes are uniquely mapped to a radio
frequency beat recorded on a single photo-
detector (51-57). Frequency comb spectros-
copy (58, 59) is a rapidly growing subfield
that is being applied to a wide range of basic
and applied research topics. A noteworthy
variation is the use of frequency combs to
calibrate high-precision astronomical spec-
trographs aimed at identifying habitable exo-
planets through the measurement of minute
Doppler shifts in the stellar spectra (60-62).

Clocks and optical frequency division

A clock consists of an oscillator and a counting
mechanism. This basic concept has been im-
plemented throughout history with technology
operating at ever-higher frequencies: beginning
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Fig. 5. Methods for optical frequency comb generation. (A) Mode-locked
lasers. A pulse is stored within a cavity formed by an optical fiber loop. During
each round trip, a fraction of the circulating pulse is coupled out, forming a pulse
train with a typical period of 10 ns. Cavity losses are compensated by a gain
medium, and an optical isolator ensures unidirectional operation. At right are
typical spectra from such an Er:fiber laser, as well as a Ti:sapphire laser, both
before and after spectral broadening to octave span in a nonlinear fiber. Comb
modes are not resolved in these spectra. (B) Electro-optic comb generator.
Microwave modulation creates an optical comb by adding sidebands to an
injected carrier wave from a continuous-wave laser. The modulator is placed
inside an optical cavity with free spectral range matched to the modulation
frequency. The output pulse period is twice the modulation period, or 50 ps in
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this typical example. The spectrum shown at right has a 10-GHz mode spacing.
(C) Microresonator frequency comb. A frequency comb is generated by the
nonlinear Kerr effect in a passive microfabricated waveguide cavity. The balance
of dispersion and nonlinearity yields a stable soliton that circulates in the ring
cavity with a typical period in the range of 1 to 100 ps. At right is the spectrum of
the associated frequency comb with a spacing of 1 THz (172). (D to G) The
images in the lower panels show key nonlinear optical technologies used to
generate octave-spanning frequency combs. (D) Nonlinear microstructure fiber
(97), and (E) the visible-light spectrum such fiber can produce (101). (F) A
millimeter-sized silicon chip with 15 nonlinear silicon-nitride waveguides (173).
(G) A silicon-nitride ring resonator on a silicon chip for generating the comb with
1-THz mode spacing (142, 172).
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with the motion of Earth itself and progress-
ing through pendulum clocks, quartz oscilla-
tors, and the microwave cesium clock. Along
this historical path, a clear guiding principle
in timekeeping has been to use the highest
frequency possible for the clock oscillator, as
this provides the opportunity to most pre-
cisely divide time into the smallest intervals.
With amazing foresight, an optical time stan-
dard was already anticipated by Maxwell (5),
even though he lived 100 years before the in-
vention of the laser. And though a laser ref-
erenced to an atomic transition provides the
pendulum of such an optical clock, until the
frequency comb, there was no practical way to
count the ultrafast cycles of optical light.

In the mechanical analogy of Fig. 3B, build-
ing an optical clock involves using the clock-
work as indicated by the green arrows. In the
actual laser frequency comb, the frequency of
one of the comb modes f;, is controlled rela-
tive to the optical frequency reference, fop: (€.2.,
a laser steered to an optical transition), such
that Eq. 1 can be rewritten as

Jr = (Jopt —Jo)/n (2)

Here, the readout of the optical clock is the
repetition rate of the pulse train of the fre-
quency comb laser, which is essentially a very
large subharmonic of f,,; because fo< fopt.
Within a year of the introduction of the self-
referenced frequency comb, such optical clocks
had been implemented (63, 64), and their un-
certainty was soon competitive with that of
the best Cs microwave clocks. In addition to
the frequency comb, there were two impor-
tant scientific and technological advances at
the end of the 1990s that accelerated the de-
velopment of optical clocks and have elevated
them to the peak of metrologic precision.
The first was the maturation of laser cooling
and trapping techniques proposed decades
prior (65, 66) that now hold atoms essentially
motionless to eliminate Doppler effects and
allow the realization of atomic-transition qual-
ity factors exceeding 10%; see, for example,
(67). The second was the development of a
new class of hertz-linewidth lasers based on
vibration-insensitive mounting of the refer-
ence resonator (68, 69) that enabled opera-
tion at the fundamental thermodynamic limit
(68, 70, 71).

The continued advancement of these tech-
nologies over the past 20 years has led to sta-
bilized lasers with a linewidth of just a few
tens of millihertz (77) and optical frequency
standards and clocks with fractional fre-
quency uncertainty pushing into the 10~
range (72-76). Beyond counting the cycles of
such ultraprecise optical frequency references,
optical frequency division of a cavity-stabilized
laser with the comb now provides microwave
signals with short-term stability and phase
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noise that surpasses that of the lowest-noise
microwave oscillators (77, 78). Indeed, opti-
cally generated microwaves with a frequency
comb leverage the ultrahigh optical quality
factors and narrow-linewidth lasers mentioned
above, the equivalent of which are unavailable
directly in the microwave realm. Finally, com-
binations of optical clocks and free-running
ultrastable optical oscillators together with
the frequency comb clockwork have recently
been applied to the generation of optical time
scales (79-82), which are beginning to play a
role in coordinated universal time (UTC) and
will someday realize a new definition of the
SI second (83, 84).

Optical-to-optical coherence transfer

The superior performance of optical clocks
and frequency standards has created a situa-
tion in which the SI definition of the second is
now realized with a 100-times larger fractional
uncertainty (1 x 10’16) than the agreement
found among the best optical clocks (1 x 107%)
(73). This will ultimately be rectified with a
future redefinition of the second in terms of
an optical transition, but the present opera-
tional advantage for frequency synthesis is
regularly realized by using an optical fre-
quency to reference the comb. Not only does
this provide optically stable microwaves, as
just discussed, but it provides a means to
synthesize other optical frequencies across
hundreds of terahertz, or even petahertz, of
bandwidth. This enormous range of synthe-
sis bandwidth is displayed in Fig. 1, where it
should be noted that the optical domain en-
compasses a bandwidth greater than the gap
between radio frequency and optical realms.
Previously, smaller gaps of a few terahertz in
the optical realm could be bridged (85), but
low-noise frequency comb sources have now
connected the entire optical spectrum, with
phase coherence being transferred between
the multitude of comb modes (Fig. 3B, blue
arrows).

One of the uses of optical coherence transfer
is to compare the ratio of widely separated
optical clock frequencies. Indeed, the most
accurate and fastest means to evaluate un-
certainty in the best optical clocks is to com-
pare them, one against the other, by using
the frequency comb. This process essentially
amounts to measuring the ratio of optical
frequencies (86). It was first demonstrated
with the comparison of Hg" and Ca optical
clocks (63) but has since been extended to
practically all high-performance clocks. As
with the microwave-to-optical mode of opera-
tion, the ratio of optical frequencies can also
been interpreted to constrain physical models
in which the fine-structure constant o is not
in fact constant (87, 88). In addition, the same
ratios of optical frequencies are being used
in searches for dark matter and other new
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physics (89, 90). From a more practical stand-
point, the coherent control of the frequen-
cy comb spectrum has enabled optical time
transfer between remote clocks with femto-
second precision (91), and absolute ranging
with nanometer-level precision over kilome-
ter distances (92).

The carrier-envelope offset frequency

The mechanical analogy of the frequency comb
presented in Fig. 3B is useful to understand
its basic function and modes of operation, but
it does not capture the physical origin and
understanding of f, which is more generally
called the carrier-envelope offset frequency.
Indeed, if not for f, the synthesis from micro-
wave to optical realms, and vice versa, would
have been completed as depicted in Fig. 3 with
the first mode-locked lasers in the 1960s. And
though the origins of f;, were understood as
early as the mid-1970s (28), it took until the
1990s to realize how to measure and control it
in the context of an optical frequency comb.

To understand the implications of f, for a
frequency comb, it is helpful to first describe
optical frequency division without it. Imagine
the continuous light wave at a frequency f
sketched in Fig. 4A to be amplitude modulated
with a frequency f,, as shown in Fig. 4B. In
particular, the amplitude function is thought
to produce a pulse of light exactly every n
cycles of the continuous light wave. In this
case, the lower (electronically countable) fre-
quency f; is an exact subharmonic such that
fir = f/n, and the associated optical frequency
comb, would be f;, = nf,. This time-frequency
description of a modulated light wave was anal-
ogously depicted as the frequency-dividing
clockwork in Fig. 3B.

However, the situation just described is not
typically realized in frequency comb gener-
ators where dispersion in the optical cavity
producing the comb gives rise to differing group
and phase velocities. This causes the pulse en-
velope to be delayed relative to the carrier from
pulse to pulse by the carrier-envelope phase
slip A@... This phenomenon has an intuitive
geometrical interpretation for well-behaved
pulse shapes, as shown in Fig. 4C, and was
experimentally verified in 1996 (93). The con-
sequence of the pulse-to-pulse carrier-envelope
phase slip in the frequency domain is to off-
set the entire frequency comb by an amount
Jo = f1A9../(21) (28). Here we recognize that
Ag../(2m) is the fraction of the optical cycle
by which the envelope slips from pulse to
pulse, making it possible to realize division of
the optical frequency to the modulated envel-
opeas f, = f/(n + Apg/(2n)), which is equiv-
alent to Eq. 2.

Because f; is the round-trip rate of pulses in
the laser cavity, its measurement is straight-
forward by photo detection of the emitted
laser pulses. A practical way to measure f; is,
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however, more challenging. Eventually this
so called “self-referencing” is achieved with a
nonlinear interferometer that heterodynes
the second harmonic of a set of modes with
indices near n;, from the low-frequency side
of the comb spectrum with another set of modes
near index ny = 2n;, to generate the beat
frequency 2f,, — fn, =Jfo. This “f — 2f” method
is seen to be a variation of the optical interval
divider (Fig. 2, C to E) and could be imple-
mented with a combination of a frequency
comb and interval dividers (27). However,
the most simple and efficient implementa-
tion (26, 94) requires an octave-spanning fre-
quency comb that was not readily available in
the 1990s. The solution to this issue was first
presented by a new type of nonlinear optical
fiber, commonly called microstructure or pho-
tonic crystal fiber (95, 96), that could be used
to generate octave-spanning frequency combs
using nanojoule-level pulses from the exist-
ing narrowband mode-locked lasers (97). This
provided the key missing technology for the
measurement of f; and the closing of the
clockwork that could then readily connect
optical and microwave realms (32-34).

Frequency comb technologies

The history of frequency comb technologies
involves a rich combination of laser physics,
ultrashort optical pulse generation, nonlinear
optics, and electro-optics. In most cases, the
core technologies that are now central to fre-
quency combs were developed for indepen-
dent and unrelated reasons, which highlights
the importance of cross-disciplinary research
in the growth of the frequency comb field. Some
of the most common techniques for generat-
ing optical frequency combs and extending
their spectral bandwidth are shown in Fig. 5.

Mode-locked laser frequency combs

The mode-locked laser was introduced just a
few years after the 1960 invention of the laser
itself (98). By the early 1980s, progress in the
field had led to techniques for the generation
of femtosecond time-scale pulses (99) that
were primarily used for measuring ultrafast
dynamics in material systems. A key element
of a mode-locked laser is a means to favor the
generation of short pulses of light inside the
laser cavity. Initially, active amplitude modu-
lation was used, but in most mode-locked lasers,
pulses are now generated passively with a sat-
urable absorber or another nonlinear element
that provides a net increase in gain for pulsed
operation. Once generated, pulses are stored
on a repetitive path, either within a cavity
formed by mirrors or an optical fiber loop, as
shown in Fig. 5A. In steady state, the circu-
lating pulse is approximated by a soliton that
maintains its shape indefinitely through a
balance of nonlinearity and dispersion. This
produces a train of pulses with identical en-
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velope at the laser output and results in the
perfectly regular comb structure.

The first self-referenced frequency combs
used Kerr-lens mode-locked Ti:sapphire lasers
that had been introduced in 1990 (Z00) and ma-
tured over the subsequent decade. Example
spectra are shown in Fig. 5A. Typical Ti:sapphire
lasers have peak emission around 800 nm and
emit pulses with duration <100 fs. This corre-
sponds to a Fourier-limited spectral band-
width >5 THz, which falls considerably short of
the octave spectrum required for self-referencing
and detection of f. Broadening to octave span
uses the previously mentioned microstructure
fiber. This fiber has air channels running along
its length that increase optical confinement
and hence optical nonlinearity. Moreover, the
channels allow for new freedom in dispersion
design to substantially enhance the spectral
broadening of the low-energy (nanojoule)
pulses (95, 96, 101) (Fig. 5D). Such fibers im-
mediately enabled the generation of octave-
spanning frequency combs from the existing
Ti:sapphire lasers (see spectra of Fig. 5A), as
required for self-referencing. With improved
engineering, Ti:sapphire lasers were also de-
veloped that could directly emit few-cycle pulses
and octave-spanning spectra (102-104).

Although Ti:sapphire has proven to be a re-
liable approach in some frequency comb sys-
tems (104), the most widespread and mature
frequency comb technology is now realized
with mode-locked lasers using erbium-doped
fiber as a gain medium (705). These leverage
the robustness and fiber-integrated compo-
nents provided by the telecommunications
industry in the 1550-nm region of the spec-
trum (106-111). Er:fiber frequency combs em-
ploy solid-core nonlinear fibers to generate
octave-span spectra; these comb systems, in-
cluding gain fiber, pump lasers, amplifiers,
and nonlinear fibers, can be entirely spliced
together, making them extremely robust (712).
Such frequency combs are commercially avail-
able from several companies, run autonomously
in spectroscopy and metrology applications,
and have even been operated on board a sound-
ing rocket (713). Lasers using Yb- and Tm-doped
fibers, as well as other solid state materials,
have led to an expanding palette of frequency
comb spectra (114, 115). Additionally, nonlinear
optical processes have pushed the extent of
frequency combs across the terahertz (THz)
(116, 117) and mid-infrared (MIR) (118-122)
domains and all the way into the extreme
ultraviolet (XUV) (123-126) for a wide range of
sensing, clock, and spectroscopic applications.

Electro-optic frequency combs

An early approach to generate a frequency comb
employed an electro-optical (EO) modulator
driven by a microwave signal to impose a grid
of sidebands on a continuous-wave laser (127).
Building on this core EO technological piece,
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in 1993 Motonobu Kourogi and co-workers
introduced a very efficient modulator-based
comb generator (85). The idea was to place
the modulator inside an optical resonator and
drive it with a microwave signal that matched
the optical resonator mode spacing. As a re-
sult, the generated sidebands are resonantly
enhanced and generate sidebands themselves
(Fig. 5B). Although the input seed laser fre-
quency might not be absolutely stable, these
modulator-based comb generators could be
used like a ruler to measure optical intervals
of a few THz, limited ultimately by dispersion
inside the resonant optical cavity (128). EO
combs became an attractive part of the Hiansch
interval division technique (Fig. 2, C to E) once
the gap between successive subharmonics was
reduced down a value on the order of the EO
comb bandwidth (27). Efforts to increase the
bandwidth of EO combs included spectral
broadening in an optical fiber outside the EO
cavity (129), or the introduction of parametric
gain inside the EO cavity (130), and recent ad-
vances in integrated lithium-niobate wave-
guides promise still broader bandwidths (731)
along the lines of Kourogi’s original modulator-
in-a-cavity design.

Although mode-locked laser combs and their
octave-spanning frequency spectra supplanted
EO combs, the simplicity and deterministic na-
ture of the EO comb remained attractive. And
thanks to improved lithium niobate waveguide
modulators coming from the telecommuni-
cations industry, a different approach to EO
combs reemerged around 2010 (132-134). In-
stead of placing the EO comb inside an optical
cavity, modulators can be cascaded one after
another, and with appropriately phased micro-
wave drive, each modulator adds additional
comb lines. This results in a broad bandwidth
and spectrally flat frequency comb that can be
compressed into a short pulse for additional
nonlinear spectral broadening. However, ow-
ing to the multiplicative nature of this comb
generator, the microwave phase noise can ul-
timately grow to overwhelm the comb teeth
themselves. Recently, this problem was re-
solved with the introduction of an optical
cavity filter, which resulted in an octave-span
EO comb for which f; could be measured (135).
Efficient spectral broadening using nanopho-
tonic silicon nitride waveguides, such as shown
in Fig. 5F, combined with techniques to further
reduce the noise of the microwave source have
now resulted in an EO comb with noise that
is comparable to that of mode-locked laser
combs (136).

Microresonator frequency combs

A third approach to the formation of frequency
combs has attracted interest because it offers
the prospect of miniature comb systems in-
tegrated on a semiconductor chip (137). Often
called microcombs, these devices rely on access
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to the Kerr nonlinearity at milliwatt power
levels through resonant enhancement of light
in whispering-gallery microresonators (138-140)
or in ring-like resonators as shown in Fig. 5C
(141, 142). Key to their operation is the con-
finement of the input single-frequency laser
light in a resonator mode with a cross-section
of ~1 um? that has very low propagation loss,
with material and dielectric-interface-dependent
quality factors ranging from Q =~ 10° up to nearly
10" being achieved. Under these conditions,
milliwatts (or less) of input power are reso-
nantly enhanced to as high as kilowatt levels,
so that two sidebands are spontaneously gen-
erated with equal spacing about the pump
frequency through parametric oscillation me-
diated by the Kerr nonlinearity (143, 144).
This process can cascade through four-wave
mixing such that additional sidebands are
generated (143), and in 2007 it was shown to
lead to a frequency comb (145). Developments
related to solitons in optical fiber cavities
(146, 147) combined with a deeper understand-
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Phase Control

ing of cascaded combs eventually led to opera-
tional modes where isolated solitons could
be generated in microresonators (148-152).
As with mode-locked lasers described above,
a soliton pulse that propagates with unchang-
ing shape around the cavity is the basis of a
frequency comb.

Critical to the generation of solitons in micro-
resonators is the control of the dispersion that
the pulse experiences while traveling around
the cavity. Here the lithographic control offered
by modern fabrication techniques permits
adjustment of geometric dispersion through
nanometer-scale dimensional changes to the
waveguide cross section (153, 154). Most no-
tably, this has led to microresonator designs
that directly generate solitons with octave-
spanning spectra (142, 155). An example of
such a resonator made from silicon nitride is
shown in Fig. 5G, and its resulting comb spec-
trum with 1-THz mode spacing is shown in
Fig. 5C. Other microresonator materials, such
as aluminum nitride (756), lithium niobate
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(157), and III-V semiconductors (158), offer
both third- and second-order nonlinearities
that could potentially be used to both gener-
ate octave-span combs and then double the
frequency of the long-wavelength parts for
self-referencing.

There has been tremendous progress with
microcomb system demonstrations, including
optical frequency synthesis (159) and optical
clocks (160, 161). But there is still much work
to be done before the full integration potential
of microcombs is realized, as most still require
off-chip lasers, amplifiers, or other optical fiber
components. Nonetheless, repetition rates in
the 10- to 100-GHz range make microcombs
attractive for applications, including astro-
nomical spectrograph calibration (162, 163)
and optical communications (164). Moreover,
the high repetition rates can be advantageous
in dual-comb measurements where high-speed
acquisition is desirable, as shown in recent
spectroscopy (165, 166) and light detection and
ranging (LIDAR) (167, 168) demonstrations.
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Fig. 6. The frequency comb evolutionary tree reenvisioned. Technology drives new applications, and applications feed the growth of new technologies.
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The continuously evolving optical

frequency comb

Optical frequency combs were originally de-
veloped to solve the problem of measuring
and counting optical frequencies in terms
of the SI cesium definition. As we have de-
scribed, this was of critical importance for
applications in precision spectroscopy and
time and frequency metrology. And though
spectacularly successful in that role, 20 years
ago it was impossible to foresee the range of
applications beyond metrology, spectroscopy,
and clocks for which frequency combs are
now being used. Indeed, one of the most sur-
prising developments of optical frequency
combs has been the diversity of applications
that they have found and opened, as well as
the intertwined technologies they have em-
ployed (Fig. 6). The symbiotic relationship
between applications and technologies can
be depicted as a kind of living and evolving
tree (114), where new applications sprout up-
ward as technological roots spread down-
ward. The branches and roots find at their
center the key aspect of self-referencing, which
is the distinguishing feature of a frequency
comb that coherently connects the optical and
electrical realms.

The scientific depth and range of the tech-
nological roots that produce frequency combs
have also evolved substantially, with several
surprising innovations that rapidly advanced
frequency comb capabilities. Far before the
first self-referenced Ti:sapphire mode-locked
lasers, nascent frequency comb spectroscopy
was performed with a synchronously pumped
dye laser that contained just six to eight fre-
quency modes and a bandwidth that could
only enable difference frequency measure-
ments across a 1-GHz gap (169). This was
expanded to the THz range with the intro-
duction of EO comb technology in the 1990s.
However, that did not forecast the serendip-
itous meeting of the Ti:sapphire laser with
nonlinear fibers that led to the immediate
expansion of frequency combs to hundreds
of terahertz and the octave span required for
self-referencing (32-34). Twenty years later,
this self-referencing is now a routine part of
the clockwork of the Er:fiber frequency combs
that run autonomously as the most robust and
widely used comb technology (111).

Nanoscale waveguide technology and non-
linear optics, that first appeared in the micro-
structure fiber, is another technology with
significant evolutionary impact on frequency
comb generation. Microresonator frequency
combs (137, 145, 152) not only provide a
comb-generating mechanism different from
that of mode-locked lasers, but they can be
built at wafer scale in a manner analogous to
the fabrication of integrated electronic cir-
cuits. This is a first step along the path toward
future self-referenced frequency combs that
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could be fully integrated on a chip in a robust
package, perhaps along with other capabil-
ities of advanced photonic integrated cir-
cuits (170). The same nanoscale waveguide
fabrication also opens new opportunities by
providing ultra-efficient nonlinear spectral
broadening. For Er:fiber combs, this appears
to be critical for applications such as space
flight that would demand low electrical power
(171). And for the older EO comb technology,
this has made octave-span spectra at 10-GHz
rates possible with a factor of 10 less power
(136), which drives applications such as exo-
planet astrophysics with a continuously running
calibration comb (6I). Thus, the connection
between technology, applications, and science
continues to grow.

In hindsight, perhaps the spread and in-
terlacing of applications and technologies of
Fig. 6 are a natural outcome, given the core
synthesis and connectivity function of the
frequency comb. And looking forward to the
coming decades, we can only speculate on
the new applications and technological roots
that might emerge. It seems likely that as the
technology becomes more integrated and tight-
ly interfaced with applications, the boundary
between electronics and optics will be further
blurred, and the uniting aspects of the fre-
quency comb on the electromagnetic spec-
trum will be more fully realized for advancing
science.
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Optical frequency combs: Coherently uniting the electromagnetic spectrum
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An optical timekeeper

Optical clocks, based on optical transitions of atoms, operate at much higher frequency than the microwave
atomic clocks currently used as our timing standards. They have been shown to exhibit better stability and are poised to
redefine the second. The development of stable, self-referenced optical frequency combs that span the microwave to
optical wavelengths has been key to these efforts. Diddams et al. reviewed developments and refinements of these
optical combs over the past 20 years and provide an overview of where they are finding application, from precision timing
to high-resolution spectroscopy and imaging, ranging, and navigation.
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