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Up-conversion of IR frequency combs from compact erbium fiber mode-locked lasers (MLLs) around
1550 nm is enabling the development of small-footprint visible combs for ultralow-power spectroscopy and
quantum optics. Limited tunability of the IR MLLs, due to the small gain bandwidth (~30 nm) of erbium fiber
amplifiers, and difficulty in achieving broadband phase matching for up-conversion in a nonlinear crystal or
waveguide restricts the visible comb wavelengths to second- and third-harmonic wavelengths. Here, we harness
the soliton self-frequency shift (SSFS) of sub-nJ energy mode-locked IR pulses in a standard single-mode
silica fiber and combine it with the up-conversion, through cascading of optical nonlinearities, in a dispersion-
engineered silica nanowire to achieve wideband tuning of the second-, third-, fourth-, and sixth-harmonic
generated (SHG, THG, FHG, SiHG) signals. By varying the fiber length and the IR pump power, we Raman
shift the pump wavelength from 1560 to ~1750 nm using the SSFS and use it to tune the wavelengths of the
THG and SHG signals in a 10-mm-long silica nanowire from 520 to 578 nm and 780 to ~850 nm, respectively.
Four-wave mixing between the THG and SHG signals creates a tunable signal close to the fourth-harmonic
(390 nm), and SHG of THG creates a tunable SiHG in the deep UV (260 nm). The generation and tuning of
deep UV (~260 nm) to near-IR combs (~780 nm) using redshifted IR solitons demonstrate that the cascading of
optical nonlinearities in a silica nanowire enables spectral translation between wavelength regimes that are more

than five octaves apart.

DOI: 10.1103/PhysRevResearch.5..022020

Small-footprint visible comb sources will benefit applica-
tions, e.g., photon-level spectroscopy, quantum interference,
and astrocombs [1-8]. Creating a microresonator Kerr comb
in the visible region is challenging due to the normal disper-
sion of most of the optical materials in the visible wavelength
region [9-11]. The translation of IR combs from compact
mode-locked lasers (MLLs) in the 1550 nm wavelength re-
gion, which can be implemented on-chip as well [12], through
harmonic generation in nonlinear crystals and waveguides has
been used to create compact visible combs [1,3,6,13]. The fre-
quency of the up-converted signal in all these demonstrations
is, however, fixed at the harmonic of the MLL frequency due
to the lack of broadband phase matching and limited wave-
length tuning range of the MLLs, which severely restricts the
application of the visible comb to only systems operating at
the harmonic frequency. However, many applications require
visible combs in different wavelength regions, which can be
achieved by using different setups and devices [1,2].

The soliton self-frequency shift (SSFS) of mode-locked
pulses has long been used to create widely tunable ultrashort
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pulse sources by redshifting the input soliton wavelength
in tapered and photonic crystal fibers (PCFs) [14-22]. In
many of these demonstrations, high peak power pulses from
large-footprint Ti:sapphire MLLs are used to achieve wide-
band redshift [23]. Blueshift of near-IR (NIR) wavelength
(~800 nm) pulses from these MLLs, through second- and
third-harmonic generation (SHG, THG) in nonlinear crystal
and waveguides [24], has been driving the development of vis-
ible sources for applications in frequency metrology [25], UV
spectroscopy [26], astrocombs [7], and RNA detection [27].
However, frequency tuning of the blueshifted sources, in
general, is limited due to the challenges in achieving broad-
band phase matching in up-converting devices and limited
wavelength tunability of the MLLs. Further, many of the
nonlinear crystals and waveguides support either second-
or third-order nonlinearity, which further restricts the wave-
length range of the up-converted signals. A simple way to
realize a widely tunable visible comb is to first create a widely
tunable pulse source through redshifting of the input pulses
and then blueshift these pulses in a medium with broadband
phase matching. In [28], the SSFS of mode-locked pulses,
centered at 1240 nm, from a Cr:forsterite laser was used to
redshift the solitons to 1600 nm in a PCF. The up-converison
of the redshifted soliton in the PCF was then used to create
a third-harmonic signal around ~530 nm. However, tuning of
the THG signal was not demonstrated in these experiments
due to the lack of broadband phase matching. In these ex-
periments, 80 fs, 100 nJ energy mode-locked pulses from a
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Cr:forsterite laser amplifier system were used to achieve peak
powers of ~100 kW.

Here we report the simultaneous generation and wideband
tuning of the four-harmonic components, namely, second-,
third-, fourth- and sixth-harmonic generation (SHG, THG,
FHG, SiHG), in a single silica nanowire. We exploit the
Raman-induced self-frequency shift of the sub-nJ energy
mode-locked IR (1560 nm) pulses in a single-mode fiber
(SMF) to tune the MLL frequency, and use the broadband
phase matching and cascading of optical nonlinearities in a sil-
ica nanowire to simultaneously achieve SHG, THG, FHG, and
SiHG of the redshifted pulses for creating a widely tunable
visible comb in an all-fiber platform. While the centrosym-
metric nature of silica prohibits the existence of even-order
nonlinearity, SHG has been predicted and observed in silica
nanowires due to surface-induced nonlinearities and multipole
contributions [29,30]. Earlier SHG, THG, and SiHG have
been achieved in silica nanowires with efficiencies of 1077,
1073, and 1073, respectively [13]. However, in these demon-
strations, the frequency of the harmonics was restricted by
the MLL frequency. By propagating the IR pulses through
different SMF lengths, we tune their wavelength from 1560
to 1750 nm. Using the harmonic generation of these Raman-
shifted IR pulses in a 10-mm-long silica nanowire, we achieve
a large tuning of the THG signal from 520 to 578 nm
(~66 THz) and SHG signal from 780 to 850 nm (~34 THz).
For a fixed SMF length, we tune the wavelength of the
Raman-shifted pulses by varying the pulse energy and use
it to demonstrate pump-power-dependent tuning of all the
harmonic components. We tune the FHG signal wavelength
from 370 to 415 nm (~88 THz) and SiHG signal from
260 to 300 nm (~170 THz). A silica nanowire provides
a versatile platform as it not only enables a tunable comb
across multiple visible regions, but also allows enhanced light-
matter interaction through the trapping of atoms [31-34].
Pump-power-controlled wavelength tuning of the IR, SHG,
THG, FHG, and SiHG in an all-fiber platform, using a single
source, therefore, opens different avenues in visible comb
spectroscopy [1] and quantum optics [3].

Figures 1(a)-1(c) show a schematic of the processes,
namely, (a) soliton self-frequency shift (SSFS), (b) intermodal
phase matching, and (c) cascading of optical nonlinearities,
involved in the creation of a tunable visible comb across
four different visible spectral windows. Figure 1(a) shows the
intrapulse Raman-scattering-mediated SSFS of an ultrashort
pulse on propagation through a standard SMF, which has
anomalous group-velocity dispersion 8, in the wavelength re-
gion around 1550 nm. For efficient SSFS, a significant part of
the input pulse spectrum redshifts to new frequency w,. Com-
plete transfer of the pump signal to the redshifted signal is,
however, difficult to achieve due to the variation in the value of
the group-velocity dispersion (8,) and nonlinearity parameter
(y) as the pump redshifts (see Eq. (2) in the Supplemental
Material [35]) [36]. For large redshifts, a decrease in the SSFS
efficiency reduces the power of the redshifted soliton. The
energy band at w; [inset of Fig. 1(a)] represents the frequency
tuning of the Raman Stokes photon, which can be achieved
by varying the pulse width and power, and SMF length (see
Egs. (1) and (2) in the Supplemental Material [35]). SSFS
only redshifts the IR pump wavelength, whereas visible comb
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FIG. 1. Concept of tunable visible comb using SSFS and cas-
caded optical nonlinearities. (a) The GVD parameter of SMF
and concept of the SSFS-induced redshift of the pulse spectrum.
(b) Modal dispersion of the tapered fiber showing phase matching of
the higher-order modes at the THG and SHG wavelengths with the
pump mode. (c) Pathways for generation of FHG and SiHG through
cascading optical nonlinearities.

generation requires a blueshift of the pump wavelength. The
creation of a tunable IR source through SSFS alone, therefore,
does not guarantee a tunable visible comb.

Spectral translation of a tunable IR comb to create tunable
combs in multiple visible regions requires phase match-
ing across different wavelength regions. However, achieving
intermodal phase matching across multiple wavelength win-
dows is not easy and requires engineering of the fiber
dispersion. To achieve wideband intermodal phase matching,
we calculated the modal dispersion for fiber tapers of different
diameters and found that tapers with waist diameters around
900 nm provide phase matching of the IR pump mode with
higher-order modes at the SHG, THG, FHG, and SiHG wave-
lengths [see Fig. 2(a)]. Figure 1(b) plots the modal dispersion
of the pump and higher-order modes around the second- and
third-harmonic wavelengths for a taper with 900 nm waist di-
ameter [see Fig. 2(a) for the modal dispersion at wavelengths
near FHG and SiHG wavelengths]. While signals at the
second- and third-harmonic wavelengths originate through in-
termodal phase matching of the optical mode at 1550 nm with
the higher-order modes at the SHG and THG wavelengths,
FHG and SiHG occur due to cascading of the nonlinearities, as
shown in Fig. 1(c). In our work, FHG occurs due to four-wave
mixing between the SHG and THG signals (see S2.C in the
Supplemental Material [35] and Fig. 2), whereas SiHG results
from the SHG of the THG signal [see Fig. 1(c)].

To clearly demonstrate the importance of dispersion en-
gineering in intermodal phase matching and cascading of
nonlinearities, we fabricated tapers T1 and T2 with diameters
~900 nm and ~1.7 um, respectively, and losses 1.4 and
1.33 dB, respectively (see Sec. S3 in the Supplemental Ma-
terial [35]). Figures 2(a) and 2(b) show the calculated modal
dispersion n.g as a function of wavelength, for tapers T1 and
T2, respectively. The insets in Figs. 2(a) and 2(b) show the
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FIG. 2. Role of dispersion engineering in tunable harmonic generation through broadband phase matching: (a) Modal dispersion, effective
refractive index neg as a function of wavelength, and images for phase-matched harmonic modes for taper T1 with a waist diameter of 900 nm.
(b) Modal dispersion for taper T2 with a waist diameter of 1.7 um, and the calculated phase-matched mode at the THG wavelength. (c) Optical
spectra showing redshift of the input IR pulse spectrum after propagation through different lengths of SMF. (d) Spectra of the harmonics
generated in a 1.7 um taper. The spectra in (d) were obtained using an integration of 700 ms. Inset I1 is the spectra observed for 4 seconds of
integration time, showing that even for longer integration times, only THG was observed in taper T2. Inset 12 shows the zoomed-in version of
the THG peaks in T2. (e)—(g) Spectrum of the generated harmonics in a 900 nm taper. (e) SiHG and FHG, (f) THG, (g) SHG. The vertical dotted
line in each panel shows the perfect phase-matching wavelength A, /N, where N is the order of the harmonic signal and A; is the wavelength of

the redshifted IR soliton.

simulated mode profiles for the higher-order modes close to
the harmonic wavelengths. From the modal dispersion plots,
we note that taper T1 has higher-order modes near the SHG,
THG, FHG, and SiHG wavelengths [see Fig. 2(a)], whereas,
for taper T2, the higher-order mode is far from the SHG wave-
length of 780 nm [see Fig. 2(b)]. We, therefore, expect only
taper T1 to achieve tunable harmonic generation in multiple
visible regions and excitation of only THG in taper T2.

To study the tunable harmonic generation in tapers T1 and
T2, we propagate an input pulse of pulse energy 0.86 nJ and
pulse width of 250 fs, which is obtained from an IR mode-
locked fiber laser with a repetition rate of 82 MHz, through
SMFs of different lengths. Figure 2(c) shows tuning of the
IR pump spectra by more than 100 nm as the input pulse is
propagated through different lengths of SMF. When the IR
pulses shown in Fig. 2(c) are propagated through tapers T1
and T2, only THG was observed in taper T2 [see Fig. 2(d)],
whereas, for taper T1, we achieve simultaneous generation of
SHG, THG, FHG, and SiHG [see Figs. 2(e)-2(g)], as expected
from our discussion above. In Fig. 2(d), THG for taper T2 was
obtained using an integration time of 700 ms, whereas THG
for taper T1 in Fig. 2(f) was observed using an integration
time of 4 ms, which shows that T1 provides better phase
matching for THG and thus higher efficiency compared to

T2. Further, when the redshifted soliton from a 500-m-long
SMF was launched into T1 and T2, which have similar losses,
only T1 showed tuning of THG, even though much lower
integration time was used to obtain THG for T1, and no THG
was observed for T2. We did not observe any other harmonic
in T2, even for an integration time of ~10 s, whereas all four
harmonics were observed in T1. Inset I1 of Fig. 2(d) shows the
THG spectra for taper T2 with an integration time of 4 s. From
the above discussion, it is evident that even though the same
redshifted solitons were propagated through T1 and T2, only
the taper that provides better intermodal phase matching was
able to achieve efficient tunable harmonic generation across
multiple visible regions, which shows that a SSFS-mediated
tunable IR comb alone cannot achieve the simultaneous gener-
ation of a tunable comb across multiple visible regions unless
we use a device with proper dispersion engineering.

While THG and SHG were obtained through direct trans-
lation of the IR pump mode to higher-order modes, SiHG and
FHG were obtained through cascading of nonlinearities, as
shown in Fig. 1. We achieve SiHG from the second-harmonic
generation of the THG signal [13]. To understand the origin
of the fourth-harmonic generation in T1, we looked at the de-
tuning of the Nth harmonic from the perfectly phase-matched
harmonic wavelength A;/N [37,38] [vertical dashed lines in
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FIG. 3. Fiber-length dependence of the IR and visible spectra.
(a) Evolution of the IR spectra with SMF length. (b), (c) Opti-
cal spectra of the THG and SHG signal. (d) Measured (diamonds)
and theoretically estimated (green squares) IR pulse wavelength
for different SMF lengths. (e) Comparison of the measured (filled
diamonds) and estimated (open diamonds) THG wavelength. (f)
Comparison of the measured (filled triangles) and estimated (open
squares) SHG wavelength.

Figs. 2(e)-2(g)], when a soliton with a redshifted wavelength
As is launched into T1. From Figs. 2(f) and 2(g), we note that
THG and SHG are redshifted with respect to A;/3 and A,/2,
respectively, whereas FHG is blueshifted with respect to A;/4
[see dashed lines in Figs. 2(e)-2(g)]. Therefore, the fourth
harmonic cannot result from the second harmonic of the SHG
signal or sum frequency of SHG and pump, as both pathways
will red detune FHG with respect to A;/4 ( see Sec. S2.C,
Egs. (10)—(17), in the Supplemental Material [35]). The only
pathway for which FHG is blue detuned with respect to per-
fectly phase-matched wavelength A;/4 is four-wave mixing
(FWM), as explained in Sec. S2.C in the Supplemental Ma-
terial [35]. Further, silica has much stronger x ®) nonlinearity
than x @, which arises due to the surface-induced nonlinearity
in nanowires. The blue detuning of the FHG signal from A;/4
and occurrence of four-wave mixing due to x ®) nonlinearity,
which is much stronger than x ?, therefore, makes FWM the
favored pathway for FHG. Here, we present results for the
tuning of combs with SMF length and input pump power only
for tapers that achieve the simultaneous generation of SHG,
THG, FHG, and SiHG.

Figure 3(a) shows the normalized SSFS spectra at the out-
put of the SMFs of different lengths for an input IR pulse

with 0.9 nJ energy and 293 fs full width at half maximum
(FWHM) pulse width. From Fig. 3, we note that the wave-
length of the IR pulse redshifts from 1560 to ~1750 nm with
an increase in SMF length [see Fig. 3(a)]. Propagation of the
Raman-shifted pulses through a taper then results in the up-
conversion through THG and surface-nonlinearity-mediated
SHG. Figures 3(b) and 3(c) show the normalized THG and
SHG spectra, respectively, at the output of the taper for differ-
ent SMF lengths before it. Since the SHG efficiency is smaller
than the THG signal in the taper [13], we did not observe
the SHG signal for long SMF lengths. We vary the integra-
tion time to obtain the THG and SHG spectra, in Figs. 3(b)
and 3(c), for different SMF lengths before the taper.

Figure 3(d) plots the wavelength of the redshifted IR
pulse (diamonds) along with the simulated soliton wavelength
(squares), which is obtained by solving the generalized non-
linear Schrodinger equation (see Sec. S1, Eq. (3), in the
Supplemental Material [35]), as a function of the SMF length.
The rate of redshift of the IR pulse reduces for L > 200 m due
to a decrease in the pump power with length and an increase
in |B,| for the redshifted soliton [see Fig. 3(d)]. Figures 3(e)
and 3(f) plot the wavelengths of the redshifted THG and
SHG signals, respectively, demonstrating tuning of the THG
wavelength from 520 to 580 nm and SHG signal from 780 to
~850 nm. For longer SMF lengths, the power of the THG sig-
nal reduces significantly, as seen from Fig. 3(b). For SHG, no
signals were observed for SMF lengths >500 m. To analyze
the phase matching of the redshifted IR soliton wavelength
()\}21?“"““) with the measured THG (filled diamond) and SHG

Raman Raman
)‘IR )\IR

(triangle) signals, we plot (diamond) and ~— (squares)
in Figs. 3(e) and 3(f) along with the measured THG and SHG
wavelengths. The measured THG and SHG wavelengths show

. . )LRaman )\Rﬂman
a good agreement with the estimated values of ~E— and ’R2 ,

respectively, which suggests that the nanowire provides a
good phase matching of the pump mode with the higher-order
modes at the harmonic frequency.

To study the pump-power-controlled Raman shift of the IR
soliton frequency and the resulting harmonic signal frequency,
we vary the pump power to the SMF using an attenuator,
while keeping the length fixed at 100 m. Figure 4(a) plots
the spectral evolution of the IR soliton as the pulse power
is varied from 40 mW (0.5 nJ) to 68 mW (0.8 nJ). From
Fig. 4(a), we note that the bandwidth of the IR soliton is larger
at the Raman-shifted wavelength than at the pump wave-
length. The SSFS transfers significant power (~66%) from
the input pump wavelength to the Raman-shifted wavelength.
The harmonic signals are, therefore, generated mainly due
to the Raman-shifted soliton. Figures 4(b) and 4(c) plot the
measured THG and SHG spectra, respectively, at the output of
a taper, which is connected to a 100-m-long SMF. The THG
and SHG signal wavelength increases with an increase in the
pump power, which confirms that the harmonic signals are
generated due to the Raman-shifted soliton.

Figure 4(d) plots the wavelength of the IR soliton for
different pump powers, showing a wavelength tuning from
1580 to 1640 nm. The solid line in Fig. 4(d) shows the the-
oretically calculated redshifted IR wavelength as a function of
the pump power. The wavelengths of the measured THG and
SHG spectra in Figs. 4(b), and 4(c) are plotted in Figs. 4(e)
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FIG. 4. Power-dependent redshift of IR pulse and harmonic fre-
quencies. (a) Optical spectra of the IR pulse at the output of a
100-m-long SMF for different input pump powers. (b), (¢) THG
and SHG spectra at the output of the 100 m SMF + taper sys-
tem. (d) Measured (squares) and theoretically estimated (solid) (see
Eq. (2) in the Supplemental Material [35]) IR wavelength corre-
sponding to (a). (¢) Measured (diamond) and estimated (square)
THG wavelength corresponding to (b). (f) Measured (triangle) and
estimated (square) SHG wavelength corresponding to (c).

and 4(f), respectively. The THG and SHG wavelengths follow
a similar trend with the pump power as the IR pulse. In
order to study the effect of the pump power on the phase
matching of the THG and SHG signal mode with the pump
mode, we plot ™ and }"R"§$ (open squares) in Figs. 4(e)
and 4(f) along with the measured THG (diamond) and SHG
(triangle) wavelengths. For a pump power of 40 mW, the
wavelength of the measured THG signal is nearly the same
as the THG wavelength estimated from the Raman-shifted
soliton. This shows that a nearly perfect phase matching is
achieved for low pump powers, and the nonlinearity-induced
phase-mismatch effect is minimal. For higher pump powers,
we attribute the deviation of the measured THG and SHG
wavelength from that estimated using the Raman-shifted soli-
ton to nonlinearity-induced phase shift (see Eqgs. (4) and (5)
in the Supplemental Material [35]) [13,37,38]. Increasing the
pump power, therefore, not only increases the magnitude of
the IR pulse redshift, but also allows control of the harmonic
signal wavelength through the nonlinearity-induced phase
mismatch. We can, therefore, control the harmonic frequency
coarsely, using the SSFS, and finely, through the pump-power-
dependent nonlinear phase shift. We confirm the translation
of the IR comb to visible by measuring the RF spectrum for
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FIG. 5. Fourth- and sixth-harmonic generation (FHG, SiHG):
(a) pump-power-dependent tuning of the FHG and SiHG using 50 m
SMF before the taper; (b) tuning of the FHG and SiHG signals with
variation in the SMF length.

different Raman-induced shifts of the pump and the THG
signal (see Fig. 5 of the Supplemental Material [35]).

We simultaneously achieve SHG, THG, FHG, and SiHG
in a taper by varying the input pulse parameters. We attribute
the SiHG to the second-harmonic generation of the THG
signal [13]. FHG can arise due to multiple pathways based
on x® nonlinearity such as four-wave mixing (FWM) be-
tween the two THG photons and one SHG photon or through
sum-frequency generation (SFG) exploiting two pump pho-
tons and one SHG photon. From the discussion of Fig. 2 in
Sec. S2.C in the Supplemental Material [35], we infer that
FWM is responsible for FHG in our demonstration. Further
analysis in Sec. S2.C, Egs. (6)—(17), in the Supplemental
Material [35] shows that the FWM-based FHG explains the
experimental observations and FWM provides far more flex-
ibility in achieving phase matching for FHG. We did not
observe any fifth harmonic due to the strict conditions for
achieving phase matching for it (see Sec. S2.D, Egs. (18)—
(22), in the Supplemental Material [35]). Figure 5(a) shows
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the power dependence of the SiHG signal around 280 nm
and the FWM-generated FHG signal around 380 nm for a
50-m-long SMF before the taper. The pump-power-dependent
redshift of the IR, THG, and SHG signals results in tuning
of the SitHG and FHG for a fixed SMF length. For a fixed
pump power, we study the dependence of the FHG and SiHG
on the SMF length [Fig. 5(b)]. From Figs. 5(a) and 5(b), we
note that the FHG and SiHG spectra are broad compared
to THG and SHG. We attribute the broad FHG and SiHG
spectra to the availability of many higher-order modes for
phase matching around the wavelengths close to the fourth
and sixth harmonics. This allows coupling of the pump spectra
for FHG and SiHG to many higher-order modes at slightly
different frequencies depending on the phase matching, which
results in broadening of the FHG and SiHG spectra. As seen
earlier, the increase in the SMF length tunes the harmonic
frequency.

By combining the SSFS with dispersion engineering, it
is therefore possible to translate the IR combs from com-
pact MLLs to cover the entire wavelength region from 260
to 850 nm in a targeted manner to enable applications in

photon-level spectroscopy and quantum interference. Unlike
the supercontinuum generation, the SSFS-based creation and
tuning of the visible comb concentrate the power only in the
desired wavelength band of application, while providing ac-
cess to any visible wavelength band. Further, MLL tuning and
comb spectral translation using an all-fiber platform allows
the transfer of combs to far-off locations. The use of tapers for
tunable visible comb generation allows enhanced light-atom
interaction through the trapping of atoms using a cw laser and
probing them using a tunable comb.
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