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A coherent, compact and robust light source with cover-
age from the ultraviolet to the infrared is desirable for het-
erodyne super-resolution imaging’, broadband infrared
microscopy?, protein structure determination® and standoff
trace-gas detection®. To address these demanding problems,
frequency combs® combine absolute frequency accuracy with
sub-femtosecond timing and waveform control to enable
high-resolution, high-speed and broadband spectroscopy®-°.
Here we demonstrate a scalable source of near-single-cycle
pulses from robust and low-noise erbium fibre (Er:fibre) tech-
nology. With a peak power of 0.56 MW we generate a comb
spanning six octaves, from the ultraviolet (350nm) to the
mid-infrared (22,500 nm), achieving a resolving power of 10
across 0.86 PHz of bandwidth. Second-order nonlinearities in
LiNbO,, GaSe and CdSiP, provide phase-stable infrared ultra-
short pulses with simultaneous brightness exceeding a syn-
chrotron'®, while cascaded nonlinearities in LINbO; yield four
octaves simultaneously (0.350-5.6 um). We anticipate that
these advances will be enabling for basic and applied spec-
troscopy, microscopy and phase-sensitive nonlinear optics.
Optical spectroscopy from the ultraviolet (UV) to the mid-
infrared (MIR) has proved to be a critical technique for determin-
ing a molecule’s precise structure and function in a non-destructive
manner''. Spectroscopy is generally accomplished using different
light sources for each wavelength regime of interest. However, uti-
lizing a single coherent source that can cover multiple absorption
bands and spectroscopic regimes will enable correlated, high-fidelity
measurements of simultaneous processes that are critical to many
analytical science fields, from how water vibrates'?, to how green-
house gases bond to pollutant particles” and how proteins are struc-
tured'’. The direct generation of broadband coherent sources is
challenging, and therefore nonlinear frequency conversion (that is,
¥ supercontinuum'® and y® parametric'® processes) has proved to
be an indispensable technique for generating coherent light at oth-
erwise inaccessible wavelengths. The molecular fingerprint region
represents one important spectroscopic area in which the direct
generation of a broadband MIR source remains an open problem.
Typically, direct emission from MIR quantum cascade laser combs
can provide simultaneous coverage over 1-2 THz (ref. 7). To achieve
broader bandwidths, a common alternative is to employ nonlinear
frequency conversion to shift the spectra of near-infrared (NIR)
lasers to the MIR fingerprint region'*-**. Leveraged by the global tele-
communications infrastructure, NIR Er:fibre technology in partic-
ular offers commercially available ultralow-noise mode-locked laser
oscillators, versatile dispersion-engineered and nonlinear fibres, as

124X Henry Timmers'4, Sida Xing'3, Abijith Kowligy ©'3, Alexander J. Lind"* and

well as an inexpensive, fibre-integrated off-the-shelf component
catalogue. This technology has demonstrated reliability, robustness
and utility for generating frequency combs in applications including
optical clock comparisons®, optical frequency division?, quantum
vacuum metrology* and high-resolution spectroscopy®.

A particularly simple way of generating ultra-broadband infra-
red radiation is through intra-pulse difference frequency genera-
tion (IP-DFG), where a NIR ultrashort pulse (<10fs) is focused
into a ¥® nonlinear medium and undergoes nonlinear mixing and
down-conversion®2. This process takes advantage of the ¥ sus-
ceptibility of the medium as opposed to the much weaker y® non-
linearity. An IP-DFG comb has a simple and robust architecture (no
delay stage for temporal overlap or cavity for enhancement) while
generating MIR coherent radiation with a simultaneous bandwidth
as large as ~50 THz (ref. 7). Additionally, the down-converted light is
an ultrashort pulse that is passively carrier-envelope stable and can
be further used as a seed for phase-stable MIR optical parametric
chirped-pulse amplification®.

The challenge in generating an IP-DFG comb is twofold: (1)
the requirement of a few-cycle driving pulse at a high repetition
rate (>100 MHz) and (2) the high average power needed for MIR
comb generation. In previous work”*, we presented a few-cycle
Er:fibre comb generated from a core-pumped Er:fibre amplifier.
The few-cycle comb was then used as a driver for IP-DFG to gener-
ate MIR light anywhere from 3 to 27 pm. However, owing to the
limited power scaling of the core-pumped Er:fibre we were limited
to 0.25mW of MIR comb light from the IP-DFG process. In this
Letter, we instead show how to use a cladding-pumped erbium/
ytterbium co-doped fibre amplifier’ (EYDFA), which is not subject
to the same power-scaling limitations as the core-pumped system,
to produce more energetic pulses at 1,550nm whilst maintaining
sub-10-fs pulses. When our 0.56 MW peak power source is used
to drive IP-DFG, we now generate 3.5mW of MIR comb light.
Additionally, with this high-power, near-single-cycle comb source,
we perform ultra-broadband frequency conversion with a single
pass through infrared-transparent y® nonlinear crystals to gen-
erate multi-octave combs spanning from the MIR to the UV. Our
analysis further shows that the amplification and spectral broad-
ening process is scalable from 1 to 100nJ while maintaining 10fs
pulses, substantially expanding the application space of Er:fibre
comb technology.

We describe our experiment in Fig. 1. The pulse first is
amplified in a pre-amplifier and subsequently stretched with a
dispersion-compensating fibre before it seeds a chirped-pulse
EYDFA. The pre-amplifier limits the gain narrowing in the
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Fig. 1| Generation and applications of a six-octave frequency comb. a, An Er:fibre mode-locked laser comb at 1,550 nm seeds the generation of a
few-cycle pulse to drive frequency conversion in second-order (¥?) nonlinear crystals (above). The resulting composite spectrum (below), generated
in three nonlinear crystals, spans six octaves for a wide range of applications, as shown. PSD, power spectral density. FTIR, Fourier transform infrared. b,
Schematic of the fibre amplification and short pulse generation. PM, polarization-maintaining. See text for details.

second stage of amplification. The amplified pulse is subsequently
compressed via a grating compressor to generate a 250fs pump
pulse with an average power of 2.5W, for which the reconstructed
second harmonic generation frequency-resolved optical gating
(SHG-FROG) is shown in Fig. 2a. We then broaden the pump
pulse in normal dispersion highly nonlinear fibre (ND-HNLF) to
a bandwidth that supports a <10fs pulse. Spectral broadening and
compression to <10fs has also been done with anomalous disper-
sion HNLF and prism compressors. However, in such a case the
pulses are typically <1nJ and the spectral centre is shifted from
1,550nm (ref. ). By contrast, the normal dispersion broadening
we employ can be scaled to higher energies, it minimizes noise and
ensures a clean phase accumulation that can be recompressed with
bulk fused silica. Here we employ bulk UV fused silica and a pair of
third-order dispersion-compensating mirrors (Fig. 2b), resulting in
a compressed 9.4 fs pulse of 0.56 MW peak power. The correspond-
ing experimental and retrieved pulses (Fig. 2c,d) show good agree-
ment (1.5% root mean square FROG error). Furthermore, a model
employing the nonlinear Schrodinger equation (NLSE) yields
good agreement with both the spectrum and temporal profile of
our experimental measurements. Details are in the Supplementary
Information. Furthermore, our use of commercial off-the-shelf
components allows for replication and use in a variety of laborato-
ries and environments.

In Fig. 2e, we illustrate the potential of our approach to scale
the pulse energy while maintaining a 10fs pulse. Here we model

the spectral broadening of the ND-HNLF with a simple analytic
solution (Supplementary Information equation (2)) and with
the NLSE for several chirped-pulse amplifier regimes up to 60n]J
(ref. °'). Each contour represents the length of HNLF required to
support a 10fs pulse as the pulse energy is increased. Full details of
the simulations used to generate Fig. 2e, including the realistic pre-
diction of the 10fs pulses at energies from 10n]J to 100nJ, are given
in the Supplementary Information. The divergence of the dashed
line from the solid contour occurs at ND-HNLF lengths for which
the role of dispersion becomes important. The use of non-PM
ND-HNLF results in unequal amounts of self-phase modulation
occurring along orthogonal axes (Fig. 2f) as well as a reduction
in the polarization extinction ratio (from 13 to 6 dB). This results
in a longer HNLF required for the same level of spectral broaden-
ing (73 mm from theory to 110 mm in experiment). However, this
should be corrected with PM ND-HNLE.

Ultra-broadband »*® frequency conversion is performed with
this near-single-cycle pulse in three crystals to generate spectra that
yield coverage over six octaves of bandwidth (Fig. 3). Periodically
poled lithium niobate (LiINbO;, PPLN) yields both 3.5mW of
MIR light (3-5um) as well as harmonic generation and dispersive
wave generation via cascaded y? (350-850nm and 1.75-2.7 pm
respectively). See Methods for more details. To extend the wave-
length further into the infrared, a 560-pm-thick cadmium silicon
phosphide (CdSiP,, CSP) crystal or 1-mm-thick gallium selenide
(GaSe) are used to generate 3 and 1.6 mW respectively. Three times
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Fig. 2 | Data and simulations demonstrating scalable near-single-cycle pulse generation. a, SHG-FROG of the chirped-pulse amplifier output and the
reconstructed 250 fs pulse. b, Retrieved temporal intensity profile of the 9.4 fs pulse and its spectrum (inset) that result from propagation in the ND-HNLF.
¢, Experimental SHG-FROG of the sub-two-cycle pulse. d, Reconstructed SHG-FROG of the sub-two-cycle pulse with a root mean square error of 1.5%.

e, NLSE simulations (solid lines) and analytic solution (dashed lines) for scaling the HNLF length as a function of the pump pulse energy and full-width at
half-maximum bandwidth. Each contour represents the fibre length needed to support 10 fs pulses, given the specified pump pulse. ¢, nonlinear phase;
7, temporal duration; y, fibre nonlinearity; E, pump pulse energy. f, Polarization-dependent spectral broadening occurring in non-PM HNLF. The spectra

measured in horizontal, vertical and both (total) polarizations are shown.

greater power could be achieved with anti-reflection coatings on the

crystals.

We confirm that the resulting six-octave source is a coherent
frequency comb at both extremes. At the high-frequency end, we
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observe the carrier envelope offset frequency (f..,) heterodyne beat
at 445 nm, resulting from interference between the third and fourth
harmonic (3f-4f heterodyne); at the low-frequency end, we directly
resolve individual comb teeth through dual-comb electro-optic
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Fig. 3 | Six octaves of frequency comb coverage. Frequency conversion from the 1,550 nm, 0.56 MW few-cycle pump is achieved via y® nonlinearity in
PPLN, CSP and GaSe crystals. The different colours represent spectra achieved under four unique sets of experimental conditions. One setting of the PPLN
gives simultaneous coverage from 350 to 5,500 nm (shown in green), while a second configuration gives selective coverage in the MIR (orange). Similarly,
single CSP and GaSe spectra are also shown (two shades of red). Here we present the broadest IP-DFG spectra obtained, but different coverage can be
achieved by changing the poling periods or angle tuning the nonlinear crystals. The upper left inset shows f., measurement at 445 nm from harmonic
generation in PPLN. The upper right inset shows comb mode resolution of the infrared light from CSP measured with dual-comb electro-optic sampling.

sampling’” with acquisition out to 22.4pm. To switch between and
optimize the spectral modes of the broadband comb, we tune or
change nonlinear crystals and adjust the dispersion (fused silica
wedges). See Methods.

In Fig. 4a, we compare the MIR output of our compact (~1 m?)
fibre-based coherent frequency comb with the Advanced Light
Source at Lawrence Berkeley National Laboratory, for which we
plot the maximum achievable infrared PSD under the operating
conditions of 500mA (ref. '°). Our table-top experiment realizes
the infrared spectrum of a synchrotron, providing a higher PSD
over two simultaneous octaves of bandwidth than infrared syn-
chrotron sources (Fig. 4a)'>*. These carrier envelope phase (CEP)
stable pulses are few-cycle and transform-limited (measured by
electro-optic sampling, Fig. 4b,d), and will be useful in subcycle
quantum squeezing and quantum-sensing applications*. The resid-
ual phase measured in Fig. 4c,e arises from higher-order disper-
sion from a germanium beam splitter as well as atmospheric water
contamination. This few-cycle and near-transform-limited infra-
red pulse, enabled by extremely broad phase matching and precise
pump dispersion control, has not been achieved with other infrared
comb systems'®?"2%%,

In summary, we present a simple, robust and scalable archi-
tecture for generating megawatt-scale peak power few-cycle
pulses with ultralow-noise Er:fibre comb technology. With these
few-cycle pulses, we are able to generate a coherent ‘light bulb;
spanning six octaves (four simultaneously), utilizing only the
second-order susceptibility of nonlinear crystals. We anticipate that
this ultra-broadband coherent source will enable new modalities
in hyperspectral imaging and nanoscopy, as well as opportunities
to study chemical and biological processes over extreme spectral
bandwidths and timescales.

Finally, these results provide a defined path for scaling the energy
of sub-10-fs pulses produced with Er:fibre frequency comb tech-
nology to the 50 n] regime, where peak intensities of >10 TW cm™
will be accessible. This should enable new physical regimes to be
explored with robust 1,550 nm fibre laser technology, including the

direct generation of extreme UV frequency combs*® and attosecond
pulses in solids and gases*” without the need for enhancement cavity
geometries.
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Methods

Short pulse generation. A 100 MHz ultralow-noise fibre laser (Menlo Systems)
was amplified to 120 mW in an erbium-doped fibre amplifier (980 nm pump, Liekki
Er80-4/125-HD-PM) and then stretched in PM dispersion-compensation fibre
(PMDCE, Thorlabs) and amplified to 2.5W in an EYDFA (980 nm pump, Coractive
CSF-EY-10/128-PM, similar in design to ref. *'). The pulse was compressed via

a grating pair and subsequently broadened in 11 cm of ND-HNLF (dispersion,
D=-1.0psnm~'km™, D,,.=0.006 psnm~>km™"). Coupling into the HNLF was
done with two mirrors and an aspheric lens; the coupling efficiency remained
constant day to day after a brief warm-up period. The output from the ND-HNLF
was collimated with a commercially available FC/APC fibre-coupled f=7 mm
off-axis parabolic mirror (Thorlabs). The beam then passed through a pair of
anti-reflection-coated fused silica wedges (apex angle 14°) along with one pair

of bounces on chirped mirrors that compensate residual third-order dispersion
(—=750fs*, SHG-FROG Fig. 2¢,d). An f=50.8 mm off-axis parabolic mirror

was used to focus the few-cycle pulse into the ¥ nonlinear crystal. The same
collimation, wedges and focusing optics were used for all three crystals, making
interchanging them straightforward. One of the two fused silica wedges was placed
on a translation stage to allow rapid adjustment of the dispersion of the few-cycle
1,550 nm pulse. The entire process of changing crystals and optimizing the output
spectrum for a particular application required only a few minutes.

Spectral generation and measurement. A 2mm fan-out PPLN (26-35 pm) was
used to generate spectra from 350 to 5,000 nm. Longer poling periods yielded
more targeted 3-5pm light, while shorter periods allowed additional cascaded
nonlinearities such as harmonic generation (covering 350-850 nm with 30 mW
total) as well as cascaded y® broadening (1.75-2.7 pm).

A combination of optical spectrum analysers (OSAs; 350-1,200 nm, 700
1,700 nm and 1,200-2,400 nm) was used to measure the visible and NIR spectra.
The 1.8-5.5 um section was measured using a commercial FTIR spectrometer. The
spectra from 5 to 22.4 pm were measured using dual-comb electro-optic sampling’
to retrieve the electric field and spectrum. The 1.8-2.7 um dispersive wave was
measured on both the OSA and FTIR instruments, but owing to the smaller
dynamic range of the FTIR spectrometer and the higher noise floor of the OSA the
FTIR data were scaled to match the calibrated PSD on the OSA.

To verify that the generated light was a comb in the MIR, we performed
dual-comb electro-optic sampling” with 20 MHz resolution. Briefly, we locked
the f,, of the 100 MHz oscillator using a separate f-2f interferometer, while
simultaneously locking one mode of the oscillator to a cavity-stabilized continuous-
wave (CW) laser for repetition rate (f,,,) control. The CW laser linewidth of ~10kHz
was transferred to all modes. This comb system was then amplified to generate
the MIR field, as described above. A second self-referenced frequency comb was
generated and locked to the same CW laser, but with a slightly different repetition
rate. This served as a source of <10fs NIR pulses with which we performed
electro-optic sampling of the MIR electric field with comb-tooth resolution. To
verify the coherence in the UV, we measured an f,, beat using spectral overlap from
the third and fourth harmonics. We observed the same free-running linewidth at
445nm as we did at 1,000 nm using the separate f-2f interferometer.

While the IP-DFG light was inherently CEP-stable with f,.,= 0 from the y®
process, the value of f,, across the rest of the spectrum increased by exact integer

ceo

values depending on the order of the nonlinear process involved. For example, the
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second harmonic comb had a value of 2f,,,, the third harmonic comb had a value
of 3f.., and so on. This did not restrict the application of the comb for spectroscopy
or frequency metrology, since the value of f,, was strictly harmonic and precisely
known. At the same time, it would be straightforward to create the same six-octave
spectrum with constant CEP by servo controlling f..,=0. A recent demonstration
was implemented using balanced detection in the f-2f interferometer. This would
remove any harmonics of f,, in the comb spectrum that arise from cascaded y®
processes.
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