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There are extensive studies to date on optical nonlinearities in microcavities at the near and mid-IR wavelengths.
Pushing this research into the visible region is equally valuable. Here, we demonstrate a directly pumped, blue
band Kerr frequency comb and stimulated Raman scattering (SRS) at 462 nm in a silica nanofiber-coupled whis-
pering gallery microcavity system. Notably, due to the high optical intensities achieved, photodarkening is
unavoidable and can quickly degrade the optical quality of both the coupling optical nanofiber and the micro-
cavity, even at very low pump powers. Nonetheless, stable hyperparametric oscillation and SRS are demonstrated
in the presence of photodarkening by taking advantage of in-situ thermal bleaching. This work highlights the
challenges of silica-based, short wavelength nonlinear optics in high-quality, small mode volume devices and gives
an effective method to overcome this apparent limitation, thus providing a baseline for optics research in the blue

region for any optical devices fabricated from silica.
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1. INTRODUCTION

Silica (SiO,) is widely used to build both passive and active
photonic devices and is often the material of choice [1]. Its
properties of ultralow loss and broadband transparency make
it an excellent platform for quantum optics, nonlinear optics,
and micro/nanophotonics. Silica is frequently used to fabricate
whispering gallery microresonators (WGRs) [2,3]. Such devices
have emerged as near ideal for applications in nonlinear optics
[4,5], cavity quantum electrodynamics [6,7], and sensing
[8-10]. In addition, silica is used for the fabrication of many
commercial optical fibers, from which tapered optical fibers or
optical nanofibers (ONFs) can be fabricated [11]. These ONFs
are used as couplers for WGRs [12,13], and they have also been
exploited for numerous other applications such as supercontin-
uum generation [14] and third-order parametric downconver-
sion [15]. Notably, silica is also widely used as a cladding
material for the integration of optical waveguides with high
refractive indices, such as silicon nitride [16—18] and lithium
niobate [19].

Conventionally, most studies on silica-based photonics, es-
pecially involving fiber optics, are conducted in the IR wave-
length band. However, there is significant motivation to
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push silica photonics to the near-IR and visible wavelengths.
Developing applications in many areas such as biological im-
aging, underwater communications and detection, atomic
clocks, and quantum technologies all rely on wavelengths in
this range [20]. To date, near-visible optically pumped para-
metric oscillation and Kerr frequency combs have been realized
in silica WGRs [21-26]. Green and blue light generation
through a third-harmonic process with near-IR pumping near
1550 nm also has been observed [27-29]. Aside from photon-
ics, the desire to use blue light in silica devices for quantum
applications is also increasing. Recently, the remote entangle-
ment of two strontium ions via the polarization of two sponta-
neously emitted photons at 422 nm using a conventional
single-mode fiber link was demonstrated [30]. For neutral
atoms, low-power blue light at 482 nm propagating through a
silica ONF was used to generate cold rubidium Rydberg atoms
via a two-photon transition in the evanescent field region with
the aim to develop an all-fibered quantum gate [31]. However,
studies on the effects of blue light on the properties of tapered
optical fibers or on nonlinear optical processes in silica
resonators are very limited [32], though clearly very desirable
at this time.
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Here, we studied nonlinear optical effects in a silica micro-
sphere/nanofiber coupled system pumped in the blue wave-
length region. Directly pumped Raman lasing and an optical
frequency comb in the blue band were generated in the reso-
nators, even in the presence of normal dispersion and photo-
darkening. The creation of color centers from two-photon
absorption in the blue band caused excess absorption loss.
As a result, the ability of the nanofiber to transmit blue light
and the optical quality of the whispering gallery modes
(WGMs) appeared to degrade rapidly. Crucially, the photo-
darkening in the nanofibers was shown to have a sufficiently
low temperature dependence, so that a small increase in ambi-
ent temperature led to effective thermal bleaching. This pro-
vided a means to recover the optical quality of the cavity
and allowed for the direct generation of stable Raman lasing
and an optical frequency comb in the blue region.

2. EXPERIMENT AND RESULTS

A. Photodarkening in Silica Nanofibers

First, we studied the transmission of blue light in an optical
nanofiber. The experimental setup is schematically illustrated
in Fig. 1(a). A tunable laser (DL Pro HP 461, TOPTICA
Photonics AG) with a center wavelength of 462 nm was used
as the light source. The light was coupled into a single-mode
fiber (SMF, 460HP, Thorlabs), and then passed through an
attenuator (ATT) and a 90/10 inline beam splitter (BS). The
10% port was connected to a power meter and the 90% port
was connected to the nanofiber. The output power from the
nanofiber was recorded by another power meter. The nano-
fiber, with a minimum diameter at the waist of 500 nm, was
made from the same 460HP fiber using the heat-and-pull
method with a ceramic microheater [33]. A 500 nm diameter
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tapered fiber allows transmission of only a few modes (HE;,
TEy;, TMy;, and HE,;) at 462 nm, since its V' -parameter is
~3.56. Hence, limited multimode interference within the
tapered fiber provides more stable transmission during the ex-
periments. The nanofiber was placed in an enclosed chamber to
avoid environmental disturbances.

Figure 1(b) shows the transmission through the nanofiber at
a fixed pump power of 7 mW. The transmission dropped rap-
idly to 62% in 3 min, then oscillated for 20 min, and finally
decayed close to zero after 2 h. A CCD camera was used to
image and record the evolution of the scattered light from
the nanofiber and images at different time intervals are shown
as insets in Fig. 1(b). As the loss of the 462 nm light in the
nanofiber increased with time, the brightness of the scattered
light also gradually increased. Analyzing the images reveals the
number of scattering points activated over time for a length of
900 pum along the taper waist. Initially, as shown in the first
image in Fig. 1(b), there are approximately 10 dim scattering
points on the waist of the nanofiber. As time progresses, these
points become brighter and new points appear, increasing to at
least 100 bright scattering points after 2 h, with about one scat-
terer every 9 pm. It is worth emphasizing that the observed
scattered light was not caused by dust particles, since the nano-
fiber was kept in a clean chamber and a similar phenomenon
was not observed when pumping at 980 nm. After irradiation,
the nanofiber was examined with an SEM and no trace of con-
tamination or damage was found on its surface. These obser-
vations lead us to believe the loss in transmission of the
nanofiber was caused by photodarkening resulting from the
photoactivation of color centers.

To better understand the photodarkening wavelength
dependence in very thin tapered fibers, the transmission of light
through a 500 nm waist nanofiber as a function of time was
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Photodarkening in optical nanofibers. (a) Experimental setup to measure the transmission through a nanofiber. TLS, tunable laser system;

ATT, attenuator; and PM, power meter. (b) Normalized transmission through the 460HP nanofiber (500 nm waist) for a fixed pump power of
7 mW at 462 nm. Inset: images of the waist of the nanofiber over times of 0/30/60/120 min, the exposure time of the CCD camera was set to the
lowest value at the beginning. (c) Normalized transmission through the 980HP nanofiber (500 nm waist) for a fixed pump power of 7 mW and
different wavelengths. (d) Normalized transmission through the 460HP nanofiber (500 nm waist) for a fixed wavelength of 460 nm and different
pump powers. The transmission of an untapered fiber is given for comparison. All transmissions measured on PM2 were normalized based on the
power coupled into the tapered fiber, which is nine times the reference power as measured on PM1.
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characterized using lasers with wavelengths of 980 nm,
633 nm, 520 nm, and 462 nm. A 980HP fiber (core diameter
3.6 pm) was used since it has a larger core than the 460HP fiber
(core diameter 2.5 pm) used in the previous tests. This ensured
easier coupling of light into the fiber over a wide range of wave-
lengths. The pump power coupled into the fiber was 7 mW for
each wavelength and was kept constant throughout. A typical
normalized transmission signal as a function of time is shown in
Fig. 1(c). It can be seen that, for this particular fiber sample, the
transmission decreased at different rates for the different wave-
lengths. The reduction in the transmission at 980 nm was slow
and only 0.04% over the test time (more than 4 h). At 633 nm,
the light initially decayed rapidly with an exponential time
constant of 6 min; however, after 20 min, the normalized trans-
mission remained nearly fixed at 80%. At shorter wavelengths,
the behavior was noticeably different; the transmission for
520 nm was similar to that for 633 nm for the first hour,
but it decreased to 4% after 4 h with an exponential time con-
stant of 50 min. For 460 nm light, the transmission dropped
rapidly to 62% in 4 min, then oscillated for 2.5 h, and finally
decayed to 1% after 4 h with an exponential time constant of
25 min. These results demonstrate that, for the same input
power, the power drop at shorter wavelengths was much more
significant and displayed unusual characteristics. This phe-
nomenon followed the same trend as photodarkening in unta-
pered doped fibers [34,35] and points to photodarkening being
the dominant process behind the observed behavior in our
nanofibers.

Excess optical loss caused by photodarkening in untapered
fibers can be related to the intensity of the pump light [36].
Therefore, we investigated the transmission through a nano-
fiber at a wavelength of 462 nm over time for different input
powers. The nanofibers were made from 460HP fiber and the
diameter was approximately 500 nm in each case. The results
are shown in Fig. 1(d) and, as a reference, the transmission
through an untapered 460HP fiber is also presented. The trans-
mission of the untapered fiber was reduced by only 0.9% over
6 h for an input power of 7 mW. However, for the tapered
fibers, their transmission was unstable when the input power
exceeded 50 pW. As the power increased from 50 pW to
7 mW, the power downtrend was more dramatic. Although
the transmission can remain stable for lower powers for a rea-
sonable period of time, 50 pW is generally not sufficient to
reach the threshold needed for the observation of nonlinear
optical effects in WGRs, such as SRS and hyperparametric os-
cillation. In contrast to the studies on photodarkening in com-
mercial optical fibers when using high powers (typically a few
watts) [37-39], the threshold for photodarkening in the
nanofibers reported herein was very low (~50 pW). The most
likely explanation is the increased probability of two-photon
absorption due to the very high optical intensities
(MW /cm? to GW /cm?) at the waist of the tapered nanofiber.

B. Blue Band Nonlinear Optics in a Nanofiber-
Coupled Silica WGR

Tapered optical fibers are frequently used as couplers to excite
modes in WGRs. When pump light is coupled from a fiber to
the resonator, the optical intensity may be further amplified in
the cavity due to its small mode volume and high optical quality
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Fig. 2. Experimental setup to study nonlinear optical effects in a
nanofiber-coupled silica microsphere. The blue solid lines represent
the optical path and the black dashed lines are the electrical connec-
tions. TLS, tunable laser system; PC, polarization controller; ATT,
attenuator; PM, power meter; FG, function generator; DAQ), digital
acquisition card; PD, photodetector; OSA, optical spectrum analyzer.
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factor (Q factor). To investigate the influence of photodarken-
ing on nonlinear optical effects in a silica nanofiber-coupled
WGR system, a straightforward SRS measurement over time
was taken. The experimental setup to measure various nonlin-
ear optical effects (SRS, hyperparametric oscillation, and fre-
quency combs) is schematically illustrated in Fig. 2. The
same 462 nm tunable laser as used in the nanofiber transmis-
sion measurement was used as the pump light to excite the non-
linear optical processes in a silica microsphere. The light was
coupled into a single-mode fiber (SMF, 460HP, Thorlabs),
and then passed through a polarization controller and a 90/
10 inline beam splitter. As before, the 10% port was monitored
on a power meter and the 90% port was spliced to the tapered
fiber. The tapered nanofiber and the microsphere were placed
in an enclosed chamber to avoid environmental disturbance.
Another 50/50 inline beam splitter was connected to the out-
put of the nanofiber; one port was connected to an optical spec-
trum analyzer (OSA, AQ6373B, Yokogawa Electric) and the
other port was connected to another 90/10 coupler for a photo-
detector and a power meter. A digital acquisition card con-
nected to a computer was used to monitor the transmission
spectra in real time.

For the measurements, a silica microsphere with a diameter
of ~100 pm was fabricated from 460HP SMF using a CO,
laser [40]. The Q factor was 1.8 x 107, measured at 462 nm
with a low input power (5 pW). To generate the SRS, the fre-
quency of the 462 nm pump laser was scanned back and forth
over 13.3 GHz. Since the laser frequency was scanned, the
Raman spectra were continuously acquired in 5 s intervals us-
ing the maximum hold mode of the OSA. The sweep speed and
resolution of the OSA were set to 2x and 0.1 nm, respectively.
A total of 12 scans were performed within 5 s in the scanning
wavelength range of 40 nm to ensure most of the Raman peaks
were captured, and SRS was observed at a pump power of
12 mW. As shown in Fig. 3(a), two orders of SRS were visible
during the first 5 s; however, the second order disappeared after
480 s and no SRS could be observed after 600 s.

The evolution of the SRS spectra can be understood by
monitoring the corresponding WGM  spectra, shown in
Fig. 3(b). The spectrum was dominated by thermally broad-
ened modes that covered nearly the entire range of the laser
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Fig. 3. Blue band Raman lasing. (a) Recorded stimulated Raman scattering spectra with max hold mode for 5 s at different times.
(b) Corresponding transmission spectra through the nanofiber at 0 s, 480 s, and 600 s.

scan; strong thermal broadening is associated with high Q
modes. As time progressed, the high Q modes degraded and
their thermal broadening decreased, allowing more high Q
modes to enter the scan range. Ultimately, however, the losses
began to overcome all the modes. After 600 s, thermal broad-
ening was negligible and SRS could no longer be observed. This
phenomenon should not be attributed to the degradation of the
tapered fiber itself. We deduce that it is due to a photodarken-
ing-induced reduction of the microcavity Q factor that led to
the annihilation of the SRS signal. Simultaneously, the trans-
mission through the fiber decreased to 40% due to a buildup of
scatterers that, in turn, reduced the thermal broadening.
However, when monitoring the mode shifting of low Q modes
and thermal broadening of high Q modes, it was clear that
while there was minimal thermal shift of the spectrum, thermal
broadening of the high Q modes changed dramatically and
dynamically, indicating that the Q factor of the high Q modes
was strongly affected.

Critically, once a microsphere was pumped with blue laser
light, it was degraded to such a point that it could no longer
support SRS. This was verified by replacing the nanofiber with
a newly fabricated one (with the same dimensions) and then
pumping the degraded microsphere with the same power
(12 mW). We found that SRS was no longer achievable, even
for different coupling positions and laser detunings.

Apart from SRS, a Kerr nonlinearity-based frequency comb
in the blue band was also studied. A new microsphere was made
and coupled to a nanofiber by scanning the frequency of the
pump laser and adjusting the polarization state at the fiber
waist. A Kerr frequency comb with 13 teeth was excited for
an input power of ~30 mW, as shown in Fig. 4. The measured
free spectral range (FSR) was 0.48 nm, which agrees well with
the calculated FSR of 0.46 nm. It is worth noting that it is very
challenging to achieve directly pumped blue band hyperpara-
metric oscillation and a Kerr frequency comb in silica resona-
tors because the group velocity dispersion (GVD) of silica is in
the normal regime; however, the local dispersion around the
pump can be easily modified to be anomalous with the assis-
tance of mode coupling between different transverse modes,
which usually exist in microsphere resonators [41-43]. Aside
from the current work and its earlier reporting [32], we have
failed to find other examples in the literature.

Pump
¥

FSR=0.48 nm

Power (dBm)

-60 E 1
460

| |
462 464
Wavelength (nm)

I
466

Fig.4. Observed frequency comb around 462 nm. 4 is the diameter
of the silica microsphere and the FSR is about 0.48 nm.

Due to the strong photodarkening in the blue band, the
higher pump powers needed for comb generation, and the sig-
nificantly larger circulating intensity in the sphere compared to
the tapered fiber, the observed Kerr frequency combs were dif-
ficult to maintain for a long period of time. The unstable and
dynamic behavior of the high Q modes under blue light exci-
tation, as demonstrated in Fig. 3, produced an unsustainable
comb, which only lasted for a few tens of seconds. This indi-
cates that photodarkening is an obstacle for directly extending
silica micro/nanophotonics from the IR into the visible band,
even for ultralow-threshold nonlinear optics applications. Next,
we developed a method that allowed us to stabilize the nano-
fiber transmission and the WGMs of the microsphere resonator
by in-situ heating to achieve lasting SRS and hyperparametric
oscillation.

C. Thermal Bleaching of Photodarkening in Silica
Nanofibers

As reported in the literature, the effect of photodarkening can
be reduced by thermal bleaching and photobleaching
[34,35,44—46]. The color centers are strongly influenced by
temperature over a wide range. For example, the concentration
of the defects is strongly dependent on temperature from 10 K
to above 600 K [35,47], probably due to diffusion and reac-
tions with mobile hydrogen in the glass. Experimental evidence
[48] indicates that atomic hydrogen (H®) becomes mobile even
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at temperatures as low as 30 K. A sizable number of H® dimer-
ize by a diffusion-limited reaction into molecular hydrogen
(H,) that may migrate when heated above 200 K. This mobil-
ity decreases the concentration of certain color centers due to
recombination with different types of hydrogenous species.
The temperature-dependent mobility of atomic oxygen and
its role in the formation of various color centers and concen-
tration are also noted [47]. We found that apparent complete
bleaching of photodarkening in nanofibers could be achieved
by a small increase in the ambient temperature while the fiber
was optically pumped. Even weak optical pumping is expected
to increase the temperature at the waist of a nanofiber in air
[49]. To explore thermal bleaching in nanofibers and WGRs,
the temperature around the nanofibers was changed using a
metal ceramic heater. A thermocouple was placed at a distance
of ~100 pm from the waist of the nanofibers to record the am-
bient temperature. The corresponding experimental setup is
shown in Fig. 5.

Figures 6(a) and 6(b) show the photodarkening and thermal
bleaching processes at different temperatures for an input laser
power of 7 mW at 462 nm. The heater was turned off for the
first 2 h and the ambient temperature was 24°C. During this
time, the transmission decreased, consistent with the result in
Fig. 1(d). After 2 h, when the transmission was reduced to only
a few percent, the heater was turned on and the temperature
was stabilized at 38°C and 50°C for two different nanofibers.
We observed that the photodarkening could be completely
bleached with recovery times of 167 min for 38°C and

e
\ \Tapered fiber

\\

\

Fig. 5. Experimental setup for photodarkening and thermal bleach-
ing. Left: image of the coupling region. The heater was controlled by a
DC power supply and a thermocouple was used to monitor the tem-
perature near the tapered fiber. Right: schematic of the experimental
setup.
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58 min for 50°C. Hence, photodarkening can be overcome
in an environment close to room temperature. It is worth not-
ing that one does not need to wait until the appearance of pho-
todarkening to perform thermal bleaching; i.c., the heater can
be turned on immediately to prevent photodarkening from
occurring,.

D. Stabilization of Blue Band Nonlinear Optics Using
Thermal Bleaching

Next, we confirmed the role of thermal bleaching in a nano-
fiber-coupled microresonator system and used the above
method to prevent excessive photodarkening from disturbing
the nonlinear processes in the cavity. The transmission through
the nanofiber and the WGMs spectra were recorded simulta-
neously, as shown in Fig. 7. The nanofiber transmission was
recorded over several minutes at 24°C with an input power
of 1 mW. It is clear that the transmission through the nanofiber
reduced over time, at a rate of -3.94%/ min. At time A, the
microsphere was placed into contact with the nanofiber waist
leading to a sharp drop in transmission, which is mainly due to
the off-resonance scattering loss [50], as shown in Fig. 7(a). The
laser frequency was scanned over 4 GHz at a rate of 10 Hz. At
this point, the modes exhibited strong thermal broadening, as
shown in Fig. 7(b), indicating the presence of high Q modes.
Note that 120 s later, at time B, the thermal-broadened high Q
mode was not present, as shown in Fig. 7(c).

The experiment was repeated at 38°C with the same nano-
fiber and microsphere. First, photodarkening in the nanofiber
was thermally bleached before making contact with the micro-
sphere. As the temperature was raised from 24°C to 38°C, the
transmission increased exponentially from 50% to nearly 100%
in a matter of minutes. Once the transmission was relatively
stable, the microsphere was placed in contact with the nano-
fiber waist, as shown in point C in Fig. 7(a). After the micro-
sphere was coupled, the transmission remained constant (slope
-0.58%/ min), in contrast to the previous case at 24°C. The
spectrum in Fig. 7(d) also shows high Q modes; however, un-
like for the lower temperature case, these high Q modes per-
sisted, as observed at point D in Fig. 7(e). The stabilized high Q
modes and transmission, along with the absence of photodark-
ening, provided the right conditions for the SRS and
hyperparametric oscillation to occur. When the laser was man-
ually tuned and thermally locked into near-resonance with one

of the high Q modes, both stable SRS and hyperparametric

a o (b) o
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0.8 0.8
B 064 8 56l
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Fig. 6. Thermal bleaching of a nanofiber after photodarkening. The transmission through the nanofiber for different temperatures: (a) 24-38°C
(Insets: images of the waist of the nanofiber at 0/120/290 min. The exposure time of the CCD camera was set to the lowest value at the beginning);

and (b) 24-50°C.



.
2078  Vol. 10, No. 9 / September 2022 / Photonics Research S Research Article

Time (min)
0 2 4 6 0 5 10
T T T f T T
S10— " Coupled to a microsphere --=------
‘B
R]
£
® 0.5 C D
§ B
T @ 24°C
O
B 38 °C
1.0 T 1.0 H
{/ 1
=)
\t.‘i 0.0 (b) | | A 0.0 (d) | | C
210 1.0
= (c) (e) D
(=
]
IS
Ascending frequency ! Descending frequency| Ascending frequency ! Descending frequency|
000 1 1 000 1 1 | 0

4
Frequency (GHz)

4
Frequency (GHz)

Fig. 7. Operation of a nanofiber-coupled microresonator system at different temperatures. (a) Recorded transmission through the nanofiber.
The time difference between A and B, and C and D is 120 s. The corresponding WGM spectra at: (b) point A, (¢) point B, (d) point C, and

(e) point D.

oscillation were achieved, as shown in Fig. 8. Up to three orders
of cascaded SRS were realized at a pump power of 13 mW, as
shown in Fig. 8(a). The spacing between the center of the first-
order SRS band and the pump light is ~10 nm (~13.8 THz)
and this is consistent with the Raman shift of bulk silica glass
[51]. In Fig. 8(b), hyperparametric oscillation was achieved at a
pump power of 15.2 mW. The measured free spectral range
(ESR) was 0.54 nm, which agrees with the calculated FSR
0f0.53 nm. In both cases, the thermal locking and transmission
remained stable, allowing SRS and hyperparametric oscillation
to be maintained for several minutes without any intervention.
This is in stark contrast to the situation where photodarkening
was not controlled by 7n-situ thermal bleaching. The tests above
demonstrated the sensitivity of micro and nanophotonic devi-
ces to thermal bleaching and the effectiveness of our method,
which provides the basic conditions for nonlinear research in
silica resonators.
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3. DISCUSSION

There are a variety of mechanisms for the generation of color
centers that lead to photodarkening at 462 nm. Generally, it is
considered to be due to intrinsic stable defects in the form of
“E” centers, oxygen deficiency centers (ODCs), oxygen (excess)
interstitial centers, or peroxy radicals [52—54]. These defects
have numerous absorption bands; however, of particular inter-
est to optical pumping at 462 nm, are the “E” center absorption
bands at 210 nm and 250 nm, and the 245 nm absorption
band of the divalent ODC(I) [54], which has a photolumines-
cence band at 460 nm. The peroxy radical has two absorption
bands of interest at 620 nm and 258 nm [52,53,55].
Another common color center in pure silica is a partially bound
oxygen atom with one free electron, which is the nonbridging
oxygen hole center (NBOHC) [39]. The NBOHC has two
absorption bands at 620 nm and 258 nm. This defect often

FSR=0.54 nm

d=88.4 um

460 462 464 466
Wavelength (nm)

Fig. 8. Generation of (a) stimulated Raman scattering and (b) hyperparametric oscillation in the blue band in a silica microsphere. 4 is the

diameter of the silica microsphere and the FSR is about 0.54 nm.
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forms as a result of optically induced breaking of a bond in a
stressed multiple member Si-O ring [39]. In Ge-doped silica
there are Ge(l) and Ge(2) centers with absorption bands
around, respectively, 281 nm and 213 nm [53]. It is also noted
that dangling bonds on the surface of the silica play a role in
some laser-induced color centers [54]. In addition to the stable
defects, there are unstable self-trapped excitons (STEs), which
occur when an electron is directly transported to the conduc-
tion band, leaving a hole in the valence band. This happens
after laser excitation by a multiphoton absorption process.
Generation of excitons leads to the creation of additional levels
below the conduction band, changing the optical properties of
the glass [55]. This is a strong candidate for loss at 462 nm
since it has absorption peaks at 460 nm; however, it has been
noted that the bulk silica absorption can shift to longer wave-
lengths when the glass is drawn into a fiber [53] (and [21]
within [53]). Apart from drawing-induced changes, the defects
are thermally sensitive and can migrate and recombine when
heated or cooled [47]. For example, the movement/displace-
ment of the atomic oxygen from STE sites results in the for-
mation of the E centers and NBOHGCs. The unexpected
sensitivity of the photodarkening to small changes in temper-
ature observed in our result is not fully explored and beyond the
scope of this paper. However, it would seem that nano- and
microphotonic silica devices operate in a region where even
a few color centers restrict performance. If we now consider
that the mobility of the defect centers is dependent on temper-
ature and the color center population affects the refractive index
[40], it seems likely that such ultrasensitive devices are subject
to the dynamics of these defects.

4. CONCLUSION

In conclusion, blue band nonlinear optics effects in a nano-
fiber-coupled silica microresonator were investigated experi-
mentally with directly pumped hyperparametric oscillation
and SRS being demonstrated in a silica microresonator at
462 nm. Due to the high optical intensity in nanofibers and
microresonators, photodarkening is unavoidable and occurs
at very low pump powers around 50 pW. As a result, the fiber
transmission, Raman, and Kerr frequency comb signals cannot
be maintained for reasonable pump powers. These results
imply that photodarkening hinders the advancement of non-
linear photonics at short wavelengths in silica-based devices.
Crucially, the photodarkening was demonstrated to be sensitive
to small changes in ambient temperature. Taking advantage of
this, in-situ thermal bleaching proved to be an effective method
to mitigate photodarkening losses, thereby enabling us to study
blue band nonlinear effects in silica resonators. Up to three or-
ders of cascaded SRS and two orders of hyperparametric oscil-
lation were achieved in the presence of a slightly elevated
ambient temperature during optical pumping. In addition,
the results presented here also illustrate that the tapered optical
fiber could be used as a tool to observe, i7 situ, the dynamics of
color center formation. The 1D ultrathin fiber provides us with
an easy technique to image the process and could facilitate the
study of color centers in different materials using sub mW
pump powers.
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