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ABSTRACT

Whispering gallery resonators made out of crystalline materials exhibiting second-order nonlinearities enable
frequency mixing such as optical parametric oscillation with high efficiency at low optical input powers and are
ideally suited to realize versatile and compact optical frequency converters. Recent achievements stimulate this
field further: Frequency conversion not only at a single wavelength or with few wavelengths is possible, entire
frequency combs can be transferred into different spectral domains, e.g., allowing the realization of frequency
combs in spectral regions that are suitable for multicomponent analytics like the mid-infrared region. Further-
more, these resonators are also supposed to be the ideal host for cascaded nonlinearities allowing the build-up of
frequency combs based on second-order nonlinearities. All this comes with new and better schemes to tune whis-
pering gallery resonators, providing advanced opportunities to modulate the laser wavelengths with nanosecond
speed employing the Pockels effect. Juggling with light: We will summarize in the presentation these recent
achievements, demonstrating that in the field of whispering gallery resonators still many discoveries are ahead
of us.
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1. INTRODUCTION

Whispering gallery resonators (WGRs) guide light by total internal reflection along the rim of a spheroidally-
shaped dielectric having the major and minor radii R and g, respectively (Fig. la). As sketched in Fig. 1b,
the spatial electric-field distribution of a monochromatic intracavity light wave is characterized by three mode
numbers m (number of oscillations in azimuthal direction), p (numbers of zeros in polar direction) and ¢ (number
of extrema in radial direction). Each electric-field distribution, i.e. the whispering gallery mode, is associated

with its resonance frequency
mco

(1)

with the vacuum speed of light ¢y and with the effective refractive index neg that depends on the shape of the
resonator and on the three mode numbers. Furthermore, neg is a function of the bulk refractive index, i.e. of
the resonator temperature and of the light polarization.

Vm = ————
,P,q 27TRneff

Since the intracavity light is guided by total internal reflection. The quality factor of the resonator can
reach outstandingly high values, Q = 10'! has been demonstrated.! In combination with the fact that the
light field is strongly localized close to the rim of the resonator, this leads to a strong intensity enhancement.
Consequently, whispering gallery resonators are ideally suited for nonlinear-optical applications.? The symmetry
of the resonator material dictates which nonlinear-optical effects can occur. In centrosymmetric materials, the DC
Kerr effect, i.e. the quadratic electro-optic effect, changes the refractive index of the material and consequently
the resonance frequency vy, 4 in presence of an external electric field. In most materials, this effect can be
neglected.> However, close to the transition between a paraelectric and a ferroelectric phase of some crystal
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Figure 1. a) Spheroidal shape of a whispering gallery resonator with the major and minor radii R, 0. b) The spatial electric-
field distribution of the circulating light is characterized by the mode numbers m,p,q. c¢) Basic frequency conversion
processes based on the second-order optical nonlinearity in whispering gallery resonators with the respective input and
output frequencies v;. Second harmonic generation (SHG), sum frequency generation (SFG), optical parametric oscillation
(OPO), difference frequency generation (DFG).

compounds, a considerable dc Kerr effect is observed.*® Furthermore, centrosymmetric materials provide four-
wave mixing processes which are the base of frequency-comb generation in microresonators.®

In Non-centrosymmetric materials, we find additionally second-order optical nonlinearities such as the Pockels
effect, i.e. the linear electro-optic effect. Here, the refractive index n of a material changes by An = —n3rE/2
with the electro-optic coefficient r and the external electric field E. Substituting this into Eq. (1), we obtain

AVmpq = 9 mopa e E (2)
for the shift of the resonance frequency of a whispering gallery resonator made of a non-centrosymmetric material.
For typical values vy, , o = 300 THz, neg = 2, r = 10 pm/V and E = 100 V/mm, we get a shift of 600 MHz.
Besides the Pockels effect, non-centrosymmetric materials provide the basic three-wave mixing processes sketched
in Fig. lc, namely second harmonic generation (SHG), sum frequency generation (SFG), differemce frequency
generation (DFG) and optical parametric oscillation (OPO). In particular the latter enables the realization of
millimeter-sized frequency converters tunable across hundreds of nanometers driven by a laser diode with output
powers in the mW range.”

In the following, we will summarize recent advances provided by second-order nonlinearities in whispering
gallery resonators made of non-centrosymmetric materials. In particular, we review basic conversion processes
such as harmonic generation and optical parametric oscillation, the transfer of frequency combs into different
spectral ranges as well as the generation of frequency combs by cascading different second-order nonlinearities.
Furthermore, we show that adiabatic frequency conversion which does not rely on optical nonlinearities in general,
can strongly benefit from the Pockels effect.

2. BASIC SECOND-ORDER FREQUENCY CONVERSION PROCESSES

The most investigated basic frequency conversion processes based on the second-order optical nonlinearity are
frequency doubling and optical parametric oscillation. For the first, a pump wave at the frequency v}, is converted
to its second harmonic at vs, = 2v,. In order to achieve phasematching for this process, the condition mg, =
2myp + M has to be fulfilled with the azimuthal mode numbers my, ¢, for the interacting waves and M reflecting
a spatial variation of the second-order nonlinearity along the propagation path of the light fields. For a constant
nonlinearity, we have M = 0. Under the assumption that the frequencies of both waves coincide with resonant
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with the refractive indices np, gn, the effective second-order nonlinear coefficient d, the intrinsic quality factors
Qop,0sh, the effective mode volume Veg and the coupling coefficients r, ¢,. For realistic values v, = 300 THz,
Npsh =2, d=1pm/V, Qop.osh = 5x 107, Veg = 105 nm?, r;, o = 1, we find 25 % maximum conversion efficiency
at 35 pW pump power.

Experimental studies started in 2004 with the pioneering experiment by a team from the Jet Propulsion
Laboratory in the United States. They presented the first frequency doubler based on a millimeter-sized whis-
pering gallery resonator.® Already in this first demonstration, 50 % conversion efficiency was achieved at 25 mW
pump power. Several further successful demonstrations of WGR-based second harmonic generation followed.
These systems were operated from the ultraviolet to the near infrared.” For more than ten years, the conversion
efficiencies reached by millimeter-sized systems based on resonators made of bulk crystals have been orders of
magnitude higher than the ones reached by chip-integrated resonators. This was due to the fact that the latter
did not reach high quality factors. However, improved fabrication techniques have considerably changed this
situation. Chip-integrated resonators with 50 pm diameter made of aluminum nitride have been applied to
obtain more than 15 % conversion efficiency at 115 pW pump power.? This paves the way for the realization of
efficient chip-integrated and robust frequency doublers.

In a whispering-gallery-based optical parametric oscillator, pump light at the frequency v}, is converted to
signal and idler light at vs; such that v, = v5 +14. Here, the phasematching condition reads my, = mgs+m; + M.
Under the assumption that all interacting waves are perfectly at resonance and phasematching is fulfilled, the
process starts at the pump threshold”
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at P = 4P$h. Comparing these expressions with the above-mentioned ones for second harmonic generation,
one can see that WGR-based OPOs can reach conversion efficiencies of several 10 percent at pump powers below
1 mW.

First indications of highly nondegenerate optical parametric oscillation generating idler light with frequencies
of several hundred Gigahertz in a whispering gallery resonator have been published in 2007.'° However, the idler
light could not be detected directly. The first experimental proof of optical parametric oscillation in a WGR was
published three years later.!! Various demonstrations on WGR-based optical parametric oscillators followed.”
Hundreds on nanometers tunability of the output wavelengths by changing the resonator temperature or the
radial mode number of the pump wave have been shown (Fig. 2a). Most devices were based so far on lithium
niobate. They covered wavelengths from below 0.6 to 3 nm wavelength (Fig. 2b). The tuning range of WGR-
based OPOs was extended into the mid infrared even by applying resonators made of CdSiP,'2 and AgGaSe,.!3
Typically, WGR-based OPOs are operated at pump powers from several pW to ten mW.'!'12 Efficiencies of
several ten percent are readily achievable.'* Furthermore, stable single-frequency operation as well as mode-hop-
free tuning of the output wavelengths is possible.!*1® Recently, the first chip-integrated ring-resonator-based
optical parametric oscillator was demonstrated using aluminum nitride.*®
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Figure 2. a) Wavelength tuning of a whispering gallery optical parametric oscillator by changing the resonator temperature
for two different radial mode numbers ¢, of the pump light.!” b) Spectral coverage of WGR-based OPOs made of different
materials for different pump wavelengths indicated by the circles (450, 488, 532, 1040, 1570 nm).”'*'3 The photographs
show WGRs made of the respective materials. The scale bar measures 1 mm.

3. FREQUENCY-COMB TRANSFER AND GENERATION

Applying optical microresonators has revolutionized the generation of frequency combs. Nowadays, chip-integrated
devices exist based on various material platforms.® They can even be battery powered.'® They are applied for

spectroscopy, telecommunications, pulse shaping, frequency synthesis, distance ranging, astronomy, and biolog-

ical imaging.® The vast majority of frequency combs is operated in the telecom spectral range, i.e. around

1.5 nm wavelength. However, many applications such as astronomical spectroscopy, quantum physics, optical

clocks, and molecular sensing require the frequency comb to be centered in the visible (VIS), ultra-violet (UV),

or mid-infrared (MIR).

The above-mentioned basic second-order nonlinear frequency conversion processes can be used to transfer
a frequency comb into other spectral ranges. Second harmonic generation and sum frequency generation will
shift the comb to higher frequencies and optical parametric oscillation to lower ones (see Fig. 3a). We have
demonstrated this with a high-repetition-rate (10.5 GHz) near-infrared frequency comb centered around 1565 nm
wavelength.'® Here, a millimeter-sized whispering gallery resonator made of lithium niobate with 21 GHz free
spectral range serves as frequency converter, i.e. we used subharmonic synchronous pumping. Second-harmonic
generation transfers the comb into the red spectral range (centered around 783 nm wavelength). Simultaneously,
sum frequency mixing of the pump light with its second harmonic generates a comb around the third harmonic
centered around 522 nm wavelength. Furthermore, the comb in the red spectral range is frequency doubled.
This leads to the generation of a frequency comb in the ultraviolet spectral range (centered around 391 nm
wavelength). Thus, we end up with four frequency combs from the NIR to the UV (Fig. 3b). In order to
achieve phasematching for all processes simultaneously, a quasi-phasematching structure providing M = 283 for
second harmonic generation, M = 1746 for third harmonic generation as well as M = 2618 for fourth harmonic
generation is needed. This is achieved by imprinting a chirped pattern of ferroelectric domains via calligraphic
poling into the resonator material.?°

The transfer of the frequency comb into the mid infrared was demonstrated as well. Here, the millimeter-
sized resonator made of lithium niobate had a quasi-phasematching structure formed by parallel ferroelectric
domains with 30.5 pm periodicity. The near infrared frequency comb centered around 1559 nm wavelength was
transfered to its subharmonic via optical parametric oscillation, i.e. to 3118 nm wavelength. Here, degenerate
and non-degenerate operation was achieved. The experimental setup can be considerably simpler when the
generation of a frequency comb and the transfer take place in the same cavity. One approach is to generate a
Kerr comb via third-order nonlinearity in a resonator made of a non-centrosymmetric material and to use the
intrinsic second-order nonlinerity to convert the Kerr comb into another spectral range. This was demonstrated
in resonators made of aluminum nitride,?? gallium phosphide®® and lithium niobate.?*
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Figure 3. a) Scheme for transferring a near infrared frequency (NIR) comb centered around the pump frequency vy,
into the infrared (MIR), visible (VIS) and ultraviolet (UV) spectral ranges by second-order optical nonlinearities. b)
Spectra of the initial frequency comb at 1565 nm wavelength and of the transfered combs at the second, third and fourth
harmonic."?

There is, however, a more elegant way to generate frequency combs at both the pump frequency and its
second-harmonic simultaneously. It is based on second-order nonlinearities only and relies on cascaded second-
order nonlinear-optical processes®® (see Fig. 4a). This process might be driven at much lower pump thresholds
since for continuous-wave light the second-order nonlinearity is generally much stronger than the third-order
one. Although the idea has been around for almost two decades, so far only few experimental realizations are
known, based either on bulky bow-tie cavities?%27 or on relatively low-@Q waveguide resonators.?® Recently, we
have presented this scheme in a high-@Q millimeter-sized whispering gallery made of lithium niobate.?! Here, we
pump the resonator at 1064 nm wavelength generating first its second harmonic in the green spectral region. At
2 mW pump power, we observe two 2 THz wide frequency combs, one around the pump wavelength and one
around 532 nm wavelength (see Fig. 4b). The separation between the comb lines is 21 GHz. This is close to the
free spectral range at the pump wavelength and significantly larger than the one around the second-harmonic
(19.5 GHz), i.e. the pump wave seems to dictate the free spectral range of both frequency combs.
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Figure 4. a) Scheme for the generation of two frequency combs using second-order optical nonlinearities. b) output
spectra of the two frequency combs centered around the pump wavelength at 1064 nm and around its second harmonic
at 532 nm. The zoom shows individual spectral components separated by 21 GHz.?!



4. ADIABATIC FREQUENCY CONVERSION

Optical frequency conversion based on nonlinear optics in microresonators as described above has been advanced
over the last decades. It is based on the nonlinear response of the material to laser light. High conversion
efficiencies require high light intensities. Furthermore, the phases of the interacting waves have to be matched. An
alternative optical frequency conversion technique is adiabatic frequency conversion (AFC). Here, the frequency
of light traveling in a resonator is shifted due to a change of the optical length of a round-trip, i.e. one can
change the refractive index of the material and keep the geometrical path length constant. The frequency of

light changes then according to?°

oo )

Yp Np

Thus, the intracavity light strictly follows the shift of the resonance frequency. In order to achieve AFC, the
refractive index has to be changed faster than the decay time of the cavity. This is the only requirement. In
contrast to nonlinear-optical frequency conversion, no intense laser light is necessary, nor additional effort has
to be taken for phasematching. In previous studies on adiabatic frequency conversion in microresonators the
refractive index was changed via injecting charges by means of ultra-short laser pulses®® or by means of electric
pumping?! or via the AC Kerr effect.>> Charge injection provides positive frequency shifts in the 100-GHz
range. However, the quality factor is fairly low (2 x 10%) due to the generation of free charges. In contrast to
this, employing the AC Kerr effect enables just negative frequency changes limited to the 100-MHz range, but a
high quality factor of the cavity can be maintained (> 107). None of the schemes demonstrated so far combined
a wide tuning range with the flexibility to chose the sign of the shift and with preserving a high quality factor.

We have demonstrated recently adiabatic frequency conversion driven by the Pockels effect, i.e. the linear
electro-optic effect.?® Evaluating Eq. (2) for the shift of the resonance frequency due to the Pockels effect, we see
that the shift is strictly linear with respect to the external electric field. Thus, by changing its sign, we can change
between blue and red frequency shifts. Furthermore, the Pockels effect does not influence the quality factor.
In our proof-of-concept experiment, we have fabricated a millimeter-sized and 70-pm-thick whispering gallery
resonator made of lithium niobate. The electric field is applied between electrodes on the top and bottom faces
of the WGR (see Fig. 5a). First, we tune the pump frequency v, to a whispering gallery resonance and load the
cavity via a coupling prism. When the cavity is loaded, we switch on the voltage. Then, the pump light is totally
reflected at the prism base and the frequency of the intracavity light is shifted to vous. At the output facet of
the prism, we detect a beat signal with Av = voy — 1, (see Fig. 5b). It reflects the frequency shift. As expected,
the shift is directly proportional to the applied voltage (see Fig. 5¢). At only 20 V, we achieve 5 GHz tuning.
This is already more than one order of magnitude larger than the frequency shift obtained applying the AC Kerr
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Figure 5. a) Sketch of the experimental setup for adiabatic frequency conversion comprising the whispering gallery
resonator with electrodes and the coupling prism. The frequency v}, of the pump light is converted to vout by applying the
voltage U. b) Beat signal between the pump light at v, and the converted light at vous. ¢) Linear dependence between
frequency shift Av = vout — vp and voltage U3



effect. Here, we are limited only by the maximum voltage of the function generator used. It was demonstrated
that electric fields as large as 65 kV/mm can be applied to lithium niobate crystals without damaging them.??
Such electric fields would induce refractive-index changes of 1072 and consequently frequency shifts in the THz
range.

5. CONCLUSION

The above-mentioned results highlight the huge potential of second-order nonlinearities in microresonator-based
frequency converters. Already now, we see highly efficient compact and wavelength flexible devices. They are
operated from the UV to the MIR. In particular, the recent advances in chip-integration will further boost
this development. We are not far away anymore from the realization of miniaturized frequency converters that
will successfully operate in out-of-the-lab applications. After the successful demonstration of frequency combs
via second-order nonlinearities in a microresonator, new scientific discoveries are ahead of us. In contrast to
Kerr combs, we deal with two or more subcombs in spectral regions with considerably different group veloci-
ties. Frequency-comb generation including non-degenerate optical parametric oscillation is almost unexplored.
Employing the Pockels effect for adiabatic frequency conversion has also the potential to drive this scheme out
of the lab. The setup is considerably simpler compared with the previous implementations. It combines large
tunability with high quality factors and an unprecedented flexibility regarding the frequency shift. In principle,
arbitrary waveforms like linear or nonlinear chirps can be generated easily. We conclude that after 15 years of
nonlinear optics in whispering gallery resonators, fascinating discoveries and developments are still ahead of us.
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