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1 PHz of Coherent Bandwidth from a Compact Fiber Device

Sarah R. Hutter, Philipp Sterk, Sarah Haller, Moritz Cimander, and Alfred Leitenstorfer*

Femtosecond frequency combs uniquely combine high frequency resolution,
wide spectral coverage, and the ability to generate single-cycle pulses,
rendering them essential for fundamental research and applied photonics.
However, effective dispersion management across vast bandwidths remains a
major challenge, often requiring complex setups that compromise stability
and efficiency. Here, a coherent comb spectrum is presented with an
unprecedented bandwidth of 1 PHz, spanning from the deep ultraviolet (280
nm) to the mid-infrared (2700 nm). This output is generated by a compact
fiber device pumped by an ultrastable Er:fiber system. By integrating two
highly nonlinear fibers with distinct germanium doping and waveguide
design, a flat dispersion profile is achieved across the entire mid- and
near-infrared spectral region. This pulse purification technology facilitates
efficient third-harmonic generation within the same nonlinear device enabling
the synthesis of ultrashort pulses with an exceptionally clean temporal

fast, reliable data transmission.l’] In
this context, optical frequency combs!”*!
are uniquely capable of generating

broadband electromagnetic radiation
across the visible,*!% near-infrared
(NIR),!"!21 and mid-infrared (MIR)

spectral regions,'**]  while simulta-
neously ranking amongst the most
precise measurement tools available.
Such instruments are indispensable
for high-precision timekeeping and
frequency metrology, > pushing the
limits in optical clock technology!’®! to
redefine fundamental constants with
unprecedented precision.'”] Femtosec-
ond mode-locked lasers form the heart
of these systems, typically operating

envelope. Using a novel spectral filter and customized chirped mirrors,
single-cycle near-infrared pulses with a duration of 3.56 fs are obtained. Beat
signals between the fundamental dispersive wave and its third harmonic
exhibit exceptional long-term passive stability, underpinning the reliability of
this concept. This compact and versatile approach marks a significant leap
forward in the generation and control of coherent supercontinua.

1. Introduction

Broadband coherent light sources represent powerful tools in
modern physics, driving significant advances in both scientific
and industrial settings. Supercontinuum-based spectroscopy,!!!
for example, offers unmatched precision and sensitivity, en-
abling detailed analysis of molecular structures!?! and chemical
bonds.®l In biomedicine, emitters with a high spectral band-
width are vital for non-invasive imaging techniques,*! and in cli-
mate science, they allow real-time monitoring of environmen-
tal conditions.l’! Additionally, these sources are essential for
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in the NIR.*?l To significantly expand
their spectral coverage, methods re-
lying on nonlinear optical processes
have been established which are gen-
erally classified into two categories:
frequency upconversion via high-order
harmonics!'®¥!  and supercontinuum
generation in waveguides!®?*-23] or spe-
cial fibers,?* including liquid-core,?]
photonic crystal,[?°! and highly nonlinear
fibers.I?”] Accessing the high-frequency part of the electromag-
netic spectrum is crucial, e.g. for advanced concepts in quantum
computing and simulation(?#%°] — a rapidly evolving field that de-
mands reliable and precise light sources in the visible and ul-
traviolet (UV) for effective manipulation and detection of atomic
or molecular quantum states. Motivated by this need, significant
progress has been made to extend comb coverage even into the
UV[‘),IO,l‘)]

Still, methods to broaden the output spectrum of a femtosec-
ond laser often rely on complex systems, which are inherently
prone to noise and lack long-term stability. Furthermore, most
approaches target one frequency region and cannot provide
smooth spectral coverage across several hundreds of THz. Here,
we present a femtosecond frequency comb with a bandwidth of
1 Petahertz (1 PHz = 10" Hz) providing equidistant, coherent
spectral lines in the ultraviolet, visible, near-infrared, and mid-
infrared regions. This extreme supercontinuum is generated via
1) processes in a nonlinear fiber assembly seeded by a compact
femtosecond Er:fiber laser. By combining two tailored types of
solid-core germanosilicate fibers, we achieve a flat dispersion
profile across the entire mid- and near-infrared parts of the ultra-
broadband spectrum. The resulting single-cycle pulses feature
an exceptionally clean temporal envelope and high intensities.
These characteristics enable efficient third harmonic genera-
tion (THG) directly within the fiber device, thereby extending
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Figure 1. Overview of experimental setup for hyperbroadband continuum generation. a) Sketch of low-noise Er:fiber laser system with dual branches

(yellow box) and subsequent setup for extreme spectral broadening (blue bo

X). The pulses emitted from the mode-locked Er:fiber oscillator are stretched

to 100 ps via a chirped fiber Bragg grating (FBG) and then split into two paths. Both arms are designed similarly, with branch 1 including a fiber-coupled
electro-optic modulator (EOM) to reduce the repetition rate to 20 MHz. A femtosecond Er:fiber amplifier (fs:EDFA) boosts the pulse energies, followed
by temporal compression using a single transmission grating (TG). The hyperbroadband continuum is generated in a highly nonlinear fiber (HNF)
assembly and spectrally filtered using a UV-grade fused silica (UVFS) prism and three spherical mirrors (SM1-SM3). Their focal lengths are f; = 250

mm and f, = f; =100 mm. Two customized chirped mirrors (CMs) compe

nsate the dispersion introduced by the prism. RR: retroreflector; RB: razor

blade; OAP: off-axis parabola; Si: silicon wafer. b) Temporal and c) spectral intensity (black) and corresponding phase (red) of the pulses after the grating
compressor. d) Timing jitter power spectral density (black) and integrated rms timing jitter (red).

the spectral comb coverage smoothly and continuously across
the entire visible and significantly into the UV. In contrast to
approaches based on lithium niobate waveguides!®1%3l which
are limited by a direct bandgap at 4 eV, corresponding to a
frequency of 967 THz, our concept demonstrates generation of
coherent radiation up to 1070 THz (wavelength of 280 nm). The
emergence of beat signals between the fundamental dispersive
wave and the third harmonic verifies the optical coherence and
serves to demonstrate the excellent long-term stability of our
concept. This unparalleled bandwidth provided by a compact
approach, combined with the resulting clean, ultrashort pulses
unlocks new opportunities for high-precision applications in
both the frequency and time domains.

2. Results and Discussion

2.1. Experimental Setup

The key aspects of our experiment are illustrated in Figure 1a.
The setup consists of two main parts: an ultrastable Er:fiber front
end with dual branches (yellow box) and two modules for gen-
erating a hyperbroadband continuum, followed by spectral fil-
tering (blue box). The core of our low-noise laser system is a
femtosecond Er:fiber oscillator based on a nonlinear amplifying
loop mirror.?134 Through additive-pulse mode-locking, 35371 it
produces a frequency comb with a repetition rate of 40 MHz.
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By precisely engineering the intracavity dispersion, we achieve
linewidths below 3 kHz across the entire spectrum from the
carrier-envelope offset (CEO) frequency up to 300 THz.3*l After
the oscillator, the output pulses are temporally stretched from 100
fs to 100 ps using a chirped fiber Bragg grating (FBG) and sub-
sequently divided into two separate branches. While one is kept
at 40 MHz, an electro-optic modulator (EOM) reduces the repeti-
tion rate to 20 MHz in the other branch, enabling ultra-sensitive
pump-probe experiments with high-frequency lock-in detection.
This compact, fully fiber-integrated pulse picking scheme facili-
tates the generation of any subharmonic of the oscillator repeti-
tion rate without introducing additional intensity or phase noise
to the pulse train.

Both branches 1 and 2 feature core-pumped Erbium-doped
fiber amplifiers (EDFAs), boosting pulse energies to 46 and 25
n]J, respectively. Up to this point, the entire system is constructed
using only polarization-maintaining fiber components, which
are readily available from telecom industry, cost-effective, and
enhance stability as well as compactness. Only now, the am-
plified pulses are coupled into free space, where they undergo
temporal compression in a grating compressor composed of a
single transmission grating (TG) and a horizontal (RR1) and
vertical retroreflector (RR2). The dielectric grating (Gitterwerk
GmbH) on a 3 mm thick ultra-pure fused silica substrate has a
line density of 800 1/mm and a transmission efficiency of >99%
across a 100-nm bandwidth centered at 1550 nm. Together with
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the dielectrically coated mirrors, this design achieves over 94%
overall transmission efficiency while minimizing alignment er-
rors. By placing RR1 on a linear translation stage, we can fine-
tune the total dispersion. The recompressed pulses are char-
acterized using second-harmonic generation frequency-resolved
optical gating!*®! and an optical spectrum analyzer. Figure 1b,c
presents the resulting temporal and spectral intensity (black)
along with the corresponding phase (red). Since the dispersion of
the FBG and the grating compressor are carefully aligned up to
fourth order, nearly flat phase characteristics are achieved, result-
ing in a clean temporal pulse shape. The chirped-pulse amplifica-
tion concept!3>*% enables high gain while avoiding the challenges
posed by nonlinear effects. Moreover, the amplifier reduces the
spectral bandwidth due to gain narrowing, effectively suppress-
ing sidebands that are highly susceptible to pump noise.[*!]

To emphasize the extraordinary stability of our system, we
characterize the timing jitter of the pulse train after the grat-
ing compressor with a method based on interferometric cross-
correlation between subsequent pulses (see Section S1, Support-
ing Information). Figure 1d shows the respective noise spectral
density, which is primarily influenced by acoustic resonances up
to 2 kHz. Beyond this range, the signal is merely above the dark
noise of the photodetector. The root-mean-square (rms) timing
jitter (red) indicates an upper limit of 1 attosecond when inte-
grated from 2 kHz up to the Nyquist frequency f, = 20 MHz. To
the best of our knowledge, this represents the lowest value ever
measured for a fiber-based femtosecond laser. Even with 100 Hz
as the lower integration limit, the rms timing jitter approaches
merely 20 as.

These intense, low-noise 280-fs-pulses are an ideal starting
point for significantly extending the spectral comb coverage. The
innovative setup for supercontinuum generation and spectral fil-
tering is identical in both branches and displayed in the blue box
in Figure 1a. First, an ultrabroadband spectrum is generated via
extreme third-order processes in a highly nonlinear fiber (HNF)
assembly. Next, a dispersive Fourier filter based on a UV fused
silica (UVFS) Brewster prism and three spherical mirrors (SM1-
SM3) spatially separates the wavelengths. Two razor blades (RB)
in the Fourier plane of SM1 enable precise selection of the high-
frequency dispersive wave (blue), which is reflected back with a
slight vertical offset by SM2. To compensate for the dispersion in-
troduced by the prism, we employ a pair of customized chirped
mirrors (CMs, Laseroptik GmbH). The combined reflection from
both mirrors accurately cancels out the material dispersion of 3
mm UVFS between 700 and 1400 nm while providing a reflec-
tion efficiency of more than 99%. Moving the prism in and out
of the beam path provides a degree of freedom for fine-tuning
the overall dispersion. By increasing the number of bounces on
the CMs, the impact of additional UVFS transmissive optical ele-
ments, such as cryostat windows, may also be balanced out. Due
to their strong temporal distortion, the fundamental components
~1550 nm are discarded. The low-frequency soliton (brown) is
isolated by a pickoff mirror placed in front of the razor blades
and sent back by an additional spherical mirror (SM3) with a
slightly different vertical offset. Long focal lengths of the spheri-
cal mirrors allow very small vertical beam angles, ensuring that
spatial chirp remains negligible. In the solitonic beam path, two
500-um-thick silicon (Si) wafers inserted under Brewster’s angle
compensate for the anomalous dispersion of the UVFS prism.
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2.2. Nonlinear Fiber Device with Ultrabroadband Dispersion
Engineering

Building on the general overview of our experimental setup, this
section delves into the highly nonlinear fiber assembly enabling
generation of an extreme supercontinuum. To overcome the chal-
lenges of achieving a flat phase after spectral broadening, we
developed a compact and robust device that directly incorpo-
rates ultrabroadband dispersion engineering. To this end, mature
Er:fiber technology offers two significant advantages: first, full
compatibility with standard telecom components such as free-
space couplers (FSCs), which provide a coupling efficiency above
80% along with excellent long-term stability. More importantly,
light emission at 1550 nm (193 THz) supports extreme four-wave
mixing processes in germanosilicate fibers, which exhibit a zero-
crossing of the group velocity dispersion around a wavelength of
1400 nm (214 THz). Commercially available solid-core fibers dif-
fer in Ge doping and waveguide dispersion, which are the key
parameters that determine their dispersion characteristics and
optical nonlinearity. Figure 2a presents the group delay disper-
sion (GDD) of two germanosilicate fibers as obtained by white-
light interferometry. HNF1 (cyan line, HNLF 072649860005 from
OFS) has a core diameter of 4 pm and a nonlinearity of 9 kW™
whereas HNF2 (pink graph, GF3 from Nufern) features a core di-
ameter of 7 um and a nonlinearity of 2.7 kW~!. The combination
of these carefully selected pieces yields an exceptionally flat over-
all dispersion profile (black line), representing the cornerstone of
our innovative pulse purification technology. Using standard fu-
sion splicing, the two HNFs can be easily integrated with an FSC
and a short segment of coreless fiber. The latter acts as an endcap
(EC) to adiabatically increase the mode field diameter, ensuring
long-term stability. The inset in Figure 2b provides an overview
of the entire fiber assembly.

Propagation within the first section is predominantly governed
by self-phase modulation. As a result, the pulses undergo spectral
broadening and split up into two components: a high-frequency
dispersive wave and a soliton at longer wavelengths. Both parts
maintain temporal overlap in the subsequent germanosilicate
fibers due to the zero-crossing of the GDD around a wavelength
of 1400 nm. This feature facilitates efficient four-wave mixing
processes, substantially enhancing the optical bandwidth. As dis-
cussed later, the integrated pulse purification technique produces
ultraclean pulses with optimum peak intensities. Owing to the
large phase mismatch in the visible and UV, this fact is crucial
for efficient generation of the third harmonic within the very last
section of the highly nonlinear device before emission into the
coreless endcap. As a consequence, a hyperbroadband spectrum
results spanning seamlessly over more than three octaves with a
total bandwidth of 1 PHz (Figure 2b). Without additional conver-
sion steps, we achieve frequency comb coverage in the ultravio-
let, visible, near-infrared, and mid-infrared spectral region. The
soliton contains an average power of 200 mW, corresponding to
an average of 50 nW per comb tooth assuming a flat spectrum.
The dispersive wave reaches 55 mW (5 nW per comb tooth) and
1 mW (0.1 nW per mode) is delivered in the visible. 4 pW (0.25
pW per mode) are transferred to the UV below 400 nm. This ex-
tensive bandwidth establishes our device as an efficient and ver-
satile white-light source (see photograph in Figure 2b), suitable
for a wide variety of applications.
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Figure 2. 1 PHz coherent spectrum and resulting facilities. a) Ultrabroadband dispersion profiles of two highly nonlinear germanosilicate fibers (HNF1
and HNF2), as measured via white-light interferometry. The cyan, pink, and black lines represent the group delay dispersion (GDD) of 1.35 mm HNFT,
0.15 mm HNF2, and the combination of both, respectively. The resulting GDD remains minimum and within a margin as narrow as 60 fs? from 100
to 420 THz (gray band and arrows). b) Hyperbroadband supercontinuum generated by the customized nonlinear fiber device featuring ultrabroadband
dispersion control. The fiber assembly (inset) includes a free-space coupler (FSC), a polarization-maintaining telecom fiber (PMF), two highly nonlinear
germanosilicate fibers (HNF1 and HNF2), and an endcap (EC). The resulting spectrum spans from 110 THz (2700 nm) to 1.07 PHz (280 nm). The
photograph captures the resulting white light. ¢) RF spectrum showing the beat signals emerging due to the interference between the fundamental
dispersive wave and the third harmonic (500 Hz resolution bandwidth, 20 Hz video bandwidth). d) Spectral width of the beat signal centered at 2f-¢q.
e) Long-term stability of the free-running carrier-envelope offset frequency fcgo.

Since the fundamental dispersive wave and the third harmonic
overlap spectrally, they can interfere and provide access to the
carrier-envelope offset frequency of the comb. By measuring the
light emerging from the fiber device with a standard photode-
tector, we observe beat notes at 2fzz, and f,-2fczo. This finding
confirms the optical coherence of the supercontinuum and at-
tributes the high-frequency spectral components to THG. While
the characteristic peaks are readily observable on top of the entire
optical bandwidth, we enhance the signal-to-noise ratio to 34 dB
by employing the dispersive Fourier filter presented in Figure 1a.
The two razor blades are used to precisely select the spectral re-
gion from 550 to 700 nm, which contains the beat signals. The
resulting RF spectrum is depicted in Figure 2c. It is exception-
ally clean with the emerging signals exhibiting a full width at
half maximum (FWHM) as small as 2.6 kHz (Figure 2d, mea-
surement time: 95 ms). To demonstrate the long-term stability of
our concept, we track the intensity and position of the beat notes
for over 3.5 h. As shown in Figure 2e, the CEO frequency drifts
only by 20 kHz during this period without active feedback. This
finding underlines the excellent thermal stability of our compact
oscillator, which is easily stabilized to 296 K + 2 mK even under
standard laboratory conditions. In addition, the signal-to-noise
ratio remains constant throughout the measurement, emphasiz-
ing the stability of the spectral parts that generate the beat signals.
Combined with its high coupling efficiency and robustness, our
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nonlinear fiber device is ideally suited for carrier-envelope phase
stabilization.

Our pulse purification approach significantly extends the spec-
tral comb coverage and refines the temporal shape of the result-
ing pulses. To illustrate the benefits in the frequency and time
domain, we perform numerical simulations. The pulse propaga-
tion within the fiber assembly is modeled using a generalized
nonlinear Schrédinger equation that is solved via a symmetric
split-step Fourier scheme. Figure 3a shows the simulated output
spectra of the dispersive wave after propagation through 10.70 cm
of polarization-maintaining telecom fiber (PMF) and 1.35 mm
of HNF1 (blue graph), compared to the scenario with an addi-
tional 0.15 mm of HNF2 (red curve). While the spectral energy
distribution of the dispersive wave changes only slightly, the spec-
tral phase (red-dashed line) exhibits notable flattening. This re-
duction of higher-order dispersion is also evident in the experi-
mental data. The gray area represents the measured output spec-
trum, accompanied by the corresponding phase (black-dashed
line), as obtained by 2D spectral shearing interferometry (2DSI;
see Section S2, Supporting Information).*?) Figure 3b presents
the temporal intensity derived from simulations (red and blue
lines) alongside the experimental data (black graph). The combi-
nation of two tailor-selected HNFs significantly suppresses satel-
lite pulses, concentrating the energy into a single peak. Our
broadband dispersion control boosts the intensity by 25%, result-
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Figure 3. Pulse Purification Technology based on ultrabroadband dispersion control. a) Infrared output spectrum of the nonlinear fiber device and
corresponding spectral phase (dashed) versus frequency. The blue and red lines represent the spectral characteristics obtained via simulations for a
fiber assembly comprising a polarization-maintaining fiber (PMF) with one or two highly nonlinear germanosilicate fibers (HNFs), respectively. The black
graph indicates the measured output spectrum emerging from the nonlinear fiber device introduced in Figure 2, while the dashed line highlights the
reconstructed phase. b) Temporal intensity profiles derived from simulations (blue and red curve) and the Fourier transform of the 2DSI data (black
graph), as measured after the dispersive Fourier filter and the chirped mirrors. The experimental data is scaled with a factor of 1.2 to account for additional

losses.

ing in 4.5-fs-pulses with over 80% of the total energy confined to
the main peak. These high peak intensities drive efficient third
harmonic generation in the final section of the fiber device, sig-
nificantly extending the frequency comb spectrum into the ultra-
violet. The strong agreement between measurement and simu-
lation underscores the accuracy and versatility of our model. In
addition to accurately predicting the temporal shape, the model
reliably estimates the absolute power of the dispersive wave. The
remaining 20% discrepancy can be attributed to additional losses
occurring at the splices and output facet. Our ultrabroadband dis-
persion control refines the temporal pulse shape, thereby improv-
ing the excitation efficiency and increasing the signal brightness,
which enhances performance in applications such as two-photon
microscopy.[**]

2.3. Single-Cycle Near-Infrared Pulse

Using solely the dispersive wave, we achieve pulse durations as
short as 4.5 fs, corresponding to less than 1.5 optical cycles at a
center frequency of 315 THz. However, the synthesis of single-
cycle pulses becomes feasible by additionally leveraging the low-
frequency soliton. To recombine the two spatially separated com-
ponents, both are focused into the nonlinear crystal of the 2DSI
setup. A delay stage in the beam path of the soliton ensures tem-
poral overlap between the two arms (see Section S2, Supporting
Information for details). Figure 4a depicts the measured spectra
of the dispersive wave (cyan) and the solitonic part (brown), along
with the spectral phase (red). Our pulse purification technology
ensures an exceptionally flat dispersion across a bandwidth ex-
ceeding 300 THz. Only the soliton exhibits residual third-order
dispersion from propagation through the UVFS prism, which
is not fully compensated by the two silicon wafers. Neverthe-
less, a Fourier transform of the complete spectrum and phase
yields a pulse with a FWHM duration of 3.56 fs (Figure 4b), cor-
responding to a single optical cycle at the center frequency of
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280 THz. Temporal side maxima remain below 20% of the peak
pulse intensity. The high efficiency of our setup allows for a total
pulse energy of 3.8 nJ, with 49% concentrated in the main peak.
Figure 4c shows the normalized electric field of the pulse assum-
ing a cosine-like carrier-envelope phase. A significant asymme-
try is observed between the central positive and adjacent nega-
tive field extrema, with the negative ones reaching only 70% of
the maximum field strength, rendering our system ideal for ad-
vanced applications like e.g., petahertz electronics!*!! as well as
integrated and nonperturbative nonlinear optics.[*>4°]

3. Summary and Conclusion

Ultrabroadband frequency combs are powerful instruments, of-
fering equidistant spectral lines across wide optical bandwidths.
Nevertheless, achieving smooth spectra and dispersion over sev-
eral octaves remains a challenge, often requiring complex and
bulky systems that are prone to pick-up noise. This work ad-
dresses these issues presenting a compact and robust nonlinear
fiber device with integrated high-order dispersion management.
We show that by combining two germanosilicate fibers, it is pos-
sible to obtain a flat spectral phase over more than 300 THz. This
innovation produces pulses with high peak intensities, enabling
efficient third-harmonic generation directly within the fiber as-
sembly. Our pulse purification technology delivers a smooth 1-
PHz continuum spanning from 280 to 2700 nm, offering sharp
comb lines in the ultraviolet, visible, near- and mid-infrared re-
gions. Emerging f-3f beat notes confirm the optical coherence
and demonstrate the excellent long-term stability of our concept.
A compact spectral filtering setup offers precise tailoring of the
ultrabroadband spectrum without introducing dispersion.

Our approach combines an unprecedented bandwidth with
long-term reliability and low noise, establishing new standards
for the spectral coverage femtosecond frequency combs can
directly provide. Owing to the versatility of the concept, it is com-
patible with systems operating at a wide range of repetition rates,
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Figure 4. Spectral and temporal characterization of single-cycle pulses. a)
Spectral intensity of the soliton (brown) and dispersive wave (cyan, scaled
by a factor of 3), as measured by two optical spectrum analyzers. The com-
plete spectral phase (red) is obtained via 2D spectral shearing interferom-
etry. b) Temporal intensity (blue) and corresponding phase (red), derived
from the Fourier transform of the spectrum and phase information in (a).
The full width at half maximum (FWHM) pulse duration is 3.56 fs. c) Nor-
malized electric field of the single-cycle pulses for a cosine-like phase. The
pink-dashed line highlights the asymmetry between the center positive and
the adjacent negative half-cycles.

including the GHz regime, provided that the front-end source
delivers sufficient pulse energy. Its vast applicability ranges
from ultrabroadband pump-probe-experiments and atomic clock
technology to the precise control of quantum systems. The new
pulse purification technology refines the temporal envelope of
the resulting single-cycle pulses, significantly enhancing their
potential for ambitious tasks in ultrafast physics.[**°! Supported
by simulations, our findings may be reproduced easily. There-
fore, they are compatible with a wide range of femtosecond laser
systems, offering a versatile platform for advanced applications
in the frequency and time domains.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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