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Dual-comb spectroscopy in the ultraviolet (UV) and visi-
ble would enable broad bandwidth electronic spectroscopy
with unprecedented frequency resolution. However, there
are significant challenges in generation, detection, and pro-
cessing of dual-comb data that have restricted its progress
in this spectral region. In this work, we leverage robust
1550 nm few-cycle pulses to generate frequency combs in
the UV-visible. We combine these combs with a wavelength
multiplexed dual-comb spectrometer and simultaneously
retrieve 100 MHz comb-mode-resolved spectra over three
distinct harmonics at 386, 500, and 760 nm. The experi-
ments highlight the path to continuous dual-comb coverage
spanning 200-750 nm, offering extensive access to electronic
transitions in atoms, molecules, and solids. © 2024 Optica
Publishing Group
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Ultraviolet (UV) and visible spectroscopy of electronic transi-
tions is an essential tool in chemistry, biology, and materials
science [1,2]. Grating-based spectrometers are typically used to
measure absorption spectra in the UV-visible from 200 to 750
nm (400 to 1500 THz). Broadband measurements are crucial for
fully characterizing electronic spectra, which often span hun-
dreds of THz. Conventional spectrometers commonly employ
multiple incoherent lamps to cover the UV—visible range (Fig. 1).
However, these instruments are generally limited to >100 GHz
resolution, hindering accurate spectral analyses required for
applications from fundamental spectroscopy to remote sensing
[1,3].

Dual-comb spectroscopy (DCS) is an emerging technique
with intrinsic advantages in resolution and precision over exist-
ing spectroscopy modalities [4—6]. However, DCS in the visible
and UV across comparable bandwidths to conventional spec-
trometers requires (i) the challenging nonlinear generation of
frequency combs across multiple harmonic orders [7-9] and (ii)
methods for detecting and processing DCS signals over a wide
spectral range. Due to inadequate optical powers and challeng-
ing phase control, UV DCS itself remains largely unexplored,
with only a few recent examples [10-12].
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This work addresses these challenges and achieves multi-
harmonic DCS in the UV, visible, and near-infrared (NIR)
simultaneously, filling a crucial gap in broad bandwidth
and high-resolution (100 MHz) UV-visible spectroscopy. We
employ intense few-cycle pulses from erbium:fiber (Er:fiber)
lasers to generate NIR to UV frequency combs from 380 to 800
nm in a single bulk crystal. The high peak intensities enable
the cascaded generation of several bright harmonics, as shown
in Fig. 1. A spectral multiplexing DCS setup yields simulta-
neous multi-octave detection over these harmonics with high
signal-to-noise ratio (SNR) and comb-mode resolution. The
same few-cycle Er:fiber setup has been previously used for
high-harmonic generation (HHG) in solids to produce frequency
combs spanning the entire UV-visible down to 200 nm [7], illus-
trating a direct path to DCS with broader bandwidth coverage
at shorter wavelengths. In linking few-cycle harmonic genera-
tion to multi-wavelength DCS with over 160,000 resolved comb
modes at 100 MHz, our work establishes a foundation for spec-
troscopy with unparalleled resolution over the full UV-visible
range to enable the complete mapping of electronic bands in
numerous species.

The DCS setup shown in Fig. 2(a) is based on a pair of repeti-
tion rate and phase-stabilized Er:fiber frequency combs at 1550
nm (193 THz) and ~100 MHz repetition rate. A description of
the stabilization scheme is included in Supplement 1. We employ
the amplification and compression procedure of Ref. [15] to
generate near transform-limited 20 fs pulses at ~10 nJ/pulse.
NIR-UV combs are generated by focusing the few-cycle pulses
in a magnesium oxide-doped periodically poled lithium niobate
(PPLN) crystal (L = 0.5 mm, A = 20.9 um) with 0.9 TW/cm?
peak intensities. Supplement 1 includes simulations confirming
that y® processes dominate the mechanism of harmonic gener-
ation through Type-0 phase matching. Cascaded x'® generation
produces 2w (760 nm, 395 THz), 3w (500 nm, 601 THz), and
4w (386 nm, 776 THz) harmonics in discrete regions of the NIR,
visible, and UV, respectively. The harmonic spectrum is plotted
in Fig. 1, and an image of the spectrally dispersed harmonics is
shown in Fig. 2(a).

Improvements in spectral overlap between the pair of combs
lead to favorable increases in the SNR of DCS. In the optical
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Fig. 1. Lightsources for spectroscopy in the UV (750-1500 THz), visible (400-750 THz), and NIR (<400 THz), shaded in red, orange-blue,

and purple, respectively. Lamp spectra (blue, orange, green curves) are adapted from Ref. [2]. A NIR-UV frequency comb (solid purple curve)
is generated by perturbative y(2) harmonic generation in periodically poled lithium niobate (PPLN) with few-cycle pulses. The few-cycle
setup also extends to non-perturbative high-harmonic generation (HHG) in zinc oxide [7], providing complete UV-visible coverage (dashed
purple curve). The relative scaling of the comb spectra reflects their intensities.
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Fig. 2. NIR-UV dual-comb spectrometer and results. (a) Multi-harmonic spectrometer setup. (b) Interferogram streams obtained from
visible-NIR (blue curve) and UV (purple curve) dual-comb channels. (c) Comb-mode-resolved spectra in the NIR (red plot), visible (blue
plot), and UV (purple plot) obtained from 20 s interferogram streams. The orange traces are dual-comb spectra resulting from a coherent
average of 500 self-corrected interferograms over a 100 s measurement time.

setup, the center frequency and structure of each harmonic can
be tuned by adjusting the position of the PPLN in the focus of the
beam and the spectrum of the few-cycle pulse. Ultimately, exper-
imental parameters are tuned to maximize the spectral overlap
of the 4w UV harmonics of each comb at the sacrifice of opti-
mal spectral overlap at the 2w NIR and 3w visible harmonics.
A comparison of the two comb spectra and the optical powers
of each harmonic is included in Supplement 1.

As shown in Fig. 2(a), NIR-UV DCS is performed by het-
erodyning two combs that are combined using a 50/50 beam
splitter. DCS detection employs a wavelength-multiplexed setup
with distinct channels for different wavelength ranges. The beam
splitter generates parallel channels focused into visible and UV
single-mode fibers, creating dedicated NIR—visible and UV DCS

channels. Subsequently, streams of NIR-visible and UV DCS
interferograms are simultaneously measured through fast silicon
photodetectors and digitized at 100 MHz using a high-speed
16-bit analog-to-digital card.

The combination of single-mode fibers and the wavelength-
multiplexed detection scheme provides several advantages.
Firstly, the use of a single-mode fiber enhances DCS SNR
by ensuring high-quality spatial mode overlap between het-
erodyning combs. We have observed that this increases the
signal-to-noise ratios of our DCS measurements by a factor
of ~5. Secondly, exploiting the chromatic focal shift from
the aspheric lens enables flexible tuning of frequency cou-
pling efficiency by adjusting the distance from the lens to the
fiber entrance. This selective frequency coupling facilitates the
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removal of the residual fundamental laser w and ensures specific
coupling of 2w—3w into the NIR-visible DCS channel and 4w
into the UV DCS channel. Additionally, varying the distance
between the aspheric lens and the entrance of the visible single-
mode fiber tunes the coupling efficiency and transmission of 2w
and 3w. This allows the transmitted power of the 2w harmonic
to be attenuated relative to the 3w harmonic and reduces the
risk of detector saturation with the bright 2w harmonic. Finally,
the multiplexing scheme enabled by single-mode fiber coupling
allows for parallel acquisition on separate detectors. Since the
experimental SNR is expected to decrease with increasing opti-
cal bandwidth (see Supplement 1), the use of multiple detectors
is anticipated to increase the SNR by reducing the bandwidth on
each detector [4,16].

Figure 2(b) shows a continuous stream of recorded interfer-
ograms from NIR-visible and UV DCS. To prevent aliasing in
both channels, a small repetition rate difference Af;, of 5 Hz is
used, corresponding to sampling in the first Nyquist window
and resulting in an interferogram spacing of 1/Af, = 200 ms
in the time domain. Continuous streams of interferograms are
recorded for 100 s (500 interferograms) and subsequently post-
processed to correct for phase and repetition rate drifts using a
self-correction algorithm [17,18]. Finally, we note that UV DCS
interferograms were also collected at Af, = 171 Hz, the largest
repetition rate difference that could be adopted without aliasing,
but resulted in no substantial difference in SNR for the same
measurement time.

Spectra demonstrating NIR-UV DCS at the 2w to 4w har-
monics are plotted in Fig. 2(c). The spectra result from a Fourier
transform of 500 coherently averaged interferograms and a 20 s,
100 interferogram stream. Zooming into the center of the DCS
spectra from 20 s streams reveals individual comb beatnotes
spaced by the 100 MHz laser repetition rate. The beatnotes are
transform-limited (<0.5 MHz optical width, <25 mHz radio fre-
quency width), illustrating the combined effectiveness of comb
stabilization and post-processing for comb-mode resolution. In
addition, this demonstration confirms that the mutual coherence
of the combs is maintained after multiple nonlinear processes
including few-cycle pulse generation and cascaded harmonic
generation at high peak intensities.

Table 1 summarizes dual-comb bandwidths and frequency
domain SNR for a 100 s measurement. The reduction in DCS
bandwidth at higher frequencies aligns with the decreased band-
width observed for higher multiplicity harmonic orders, as
illustrated in Fig. 1. Notably, the SNR in the UV surpasses that in
the NIR—visible. The disparity is attributed to the broader band-
width of the NIR—visible channel measured on a single detector
[16], reducing its SNR. Additionally, a spectral shape mismatch
between the two combs in the NIR—visible contributes to dimin-
ished SNR in this region (see Supplement 1). In the future, the
SNR in the NIR and visible can be enhanced by measuring

Table 1. Dual-Comb Spectrometer Performance?

Harmonic Bandwidth SNR Quality Factor
2w (NIR) 9 THz 259 2.3 x 10°VHz
3w (visible) 4 THz 117 4.7 x 10°VHz
4w (UV) 3 THz 757 2.3 x 10°VHz

“Bandwidth values derived from the full spectral range above the noise
floor in each wavelength region. SNR values represent frequency domain
signal-to-noise ratios for a 100 s measurement.
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Fig. 3. Frequency domain signal-to-noise ratio (SNR) as a
function of the square root of the measurement time (7'/?).

NIR and visible DCS on separate detectors. Nevertheless, SNR
levels exceeding 100 for a 100 s measurement are compara-
ble or greater than those recently achieved by UV and visible
DCS [8,10,11] and suggest that the spectrometer is suited for
simultaneous NIR-UV DCS on gas samples.

In Fig. 3, we illustrate the frequency domain SNR scaling
with the square root of the measurement time T'/> up to T = 100
s. Linear fits in each spectral regions yield R* > 0.99. These
results confirm the linear scaling of SNR with T'/2, affirming the
preservation of mutual coherence between the two combs over
T =100 s [4,16]. The continued linearity of SNR scaling up to
100 s also implies that longer measurement times could enable
even higher SNR.

Figure 4 provides an overview of all known visible and
UV DCS demonstrations to date. In Fig. 4(a), we compare
the spectral resolutions and frequency ranges achieved in pre-
vious studies with those in this work. Six studies, including
three in the UV [10-12] and three in the visible [8,14], are
considered. Among these, only one conducted DCS over a multi-
wavelength range, though not simultaneously [8]. Specifically,
Ref. [8] demonstrated 108.4 MHz comb-mode-resolved DCS
in the mid-infrared (MIR), NIR, and visible using discrete har-
monics from 450 to 3750 nm generated in a PPLN waveguide
with a MIR pump. While a UV harmonic at 395 nm was gener-
ated, its power was insufficient for spectroscopy. In contrast, this
work showcases DCS at shorter wavelengths by leveraging the
generation of optically bright UV harmonics, enabling simulta-
neous access to the UV and visible with 100 MHz resolution.
Notably, among the three previous UV DCS demonstrations
[10-12], one achieved comb-mode resolution at 500 MHz over
less than 1 THz of bandwidth. Here, we measure 16 THz of
simultaneously resolved bandwidth, corresponding to 160,000
individually resolved comb modes.

Figure 4(b) compares the quality factors of DCS examples for
which estimates were possible. Quality factors are a metric for
comparing the performance of spectrometers and are defined in
analogy to the commonly used DCS figure of merit [1,4,11]:
SNR x M [ T'*. SNR is the frequency domain signal-to-noise
ratio, and M = Aw/w,,;, where Aw is the spectral bandwidth,
W, 18 the resolution, and T is the measurement time. Values
used to calculate quality factors are summarized in Table 1.
The quality factors fall between 4 X 10° and 3 x 10° in each
spectral region, approaching those of more established MIR and
NIR DCS experiments from 10°-10’VHz [4,19-21]. The quality
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Fig. 4. Literature comparisons. (a) Overview of resolution and
(b) quality factors for UV and visible dual-comb studies [8,10—14].
UV, visible, and NIR regions are shaded in red, orange-blue, and
purple, respectively. Typical MIR and NIR dual-comb quality factor
ranges are denoted in red. A quality factor estimate for future dual-
comb from 200 to 600 nm [7] is shown in a dashed purple box.
* indicates comb-mode resolved studies.

factors of this visible and UV DCS experiments exceed those of
recent experiments in the same spectral range [8,10,11].

Here, DCS at discrete UV—-visible harmonics from PPLN is
enabled by few-cycle Er:fiber laser. As previously shown, this
laser also provides continuous, shorter-wavelength UV-visible
combs, albeit at lower powers, when applied to high-harmonic
generation (HHG) in a solid (Fig. 1) [7]. Whereas PPLN
harmonic generation is limited to >330 nm due to the low trans-
parency of PPLN in the UV [9], HHG generates 2w through 7w
harmonics, extending the UV coverage to 200 nm, which could
enable deep-UV DCS for the first time. A predicted quality fac-
tor of 2.5 x 10°VHz over the 200-600 nm span of the comb
(see Supplement 1) is shown in Fig. 4(b). This quality factor is
equivalent to the results of this work and recent UV and visible
DCS studies, indicating the potential of HHG combs for future
UV-visible DCS.
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In summary, this work demonstrates a DCS spectrometer
with simultaneous multi-wavelength coverage from NIR-UV
and with high-quality factors and SNR. To the best of our knowl-
edge, this is the first DCS demonstration to access both the
visible and UV regions. A future extension of the optical setup
presented in this work to few-cycle HHG should enable high-
resolution, 100 MHz spectroscopy across the entire UV—visible
for the first time, representing a key advance in instrumentation
for both fundamental and applied spectroscopy.
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