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1. Introduction

Optical microcavities are used to confine lighttbspatially and temporally. The long
photon lifetimes and small mode volume of ultrabFh{@ microcavities, allow to
significantly reduce the threshold for nonlineaepbmena. Early work recognized
these attributes through many stimulated nonlirg@nomena, such as stimulated
Brillouin scattering[1], stimulated Raman scattgf] and cascaded Raman
scattering[3] in liquids formed from Raman activedia such as GSHowever, due
to the inefficient nature of free space laser exioh used in these experiments, as
well as due to the transient nature of the micrplits, they required high threshold
pump powers and did not allow stable and long tetody of nonlinear optical
effects.

In this paper, we report a micrometer-scale noalinRaman source using a
taper-fiber coupled silica microsphere. The Ramaattering has a highly efficient
pump-signal conversion (higher than 35%) in thisecand pump thresholds nearly
1000 times lower than shown before. This reductibnecessary pump power is due
to the efficient and optimum coupling to ultra-hig@hoptical modes. This allows the
authors to observe stimulated Raman scatteringrastold levels as low as |0,
which is usually considered the regime of lineatiagp Due to the high conversion
efficiency the internal Raman fields can reach polegels which are sufficient to
generate higher order Raman fields. In additiorpngetrical control of recently
develop toroid micocavities enables a transiti@mfrstimulated to optical parametric
oscillation regimes. So we report a fiber coupl@idal microcavity as a parametric
oscillator [4] as well.

2. Theoretical analysis

2.1 Optical modesin fiber coupled microcavities

The optical modes of a spherical dielectric pagtican be calculated by solving
Helmholtz equation in spherical coordinates. Tleé&dfdistribution and the resonance
locations are determined by matching the solutiatexior and exterior to the sphere
at the dielectric-air boundary[5], leading to a rawderistic equation. For a

microsphere this requires matching the Bessel iomg@(ka) and the outgoing Hankel

functionshi(ka) at the dielectric boundary. The characteristicagpn for this case is

given by:
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On the other hand, the optical modes of a tapeptidad fiber can be approximated



by the modes of a dielectric cylinder. Particularyportant in the context of taper
fiber coupling is the fraction of energy which igtside the tapered fiber. With slowly
varying envelope approximation, the coupling fromregonator to a waveguide is
fundamentally described by three parameters, thenent frequencw,, the decay
rate 1t o of the mode due to internal cavity losses, anccdwity decay rate 14y due
to coupling to the waveguide mode.

2.2 Raman scattering in fiber taper coupled microcavities

In the conventional treatments, the pump and Raweares are assumed to be plane
waves, with only one spatially varying variablamnplifying considerably the coupled
wave-equations. In the case of a microcavity, theld$ involved are the
whispering-gallery modes. By reformulating the waegiation one arrives at a
similar set of equations as in the case of plangesiahowever with modified
coupling coefficients, which take into account tleeupling among different
WG-modes. This treatment leads to the definitiorowérlap factors (or alternatively
stated to the definition of the effective mode am@aeffective mode volume). The
plane wave interaction in the terms of the eledteild is described by:
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In these equations the bulk Raman gain coeffiaegiven bygr and is well known
for silica fibers. Reform the eqatuions with a WGNI the waveguide coupled
microcavity, we can simplify the equation as followe assume that the pump
wavelength and the Raman wave are on resonanceusadhe slowly varying
envelope approximation.
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Here ‘A signifies the slowly-varying amplitude tie pump and Raman WGM of the
cavity and denotes the input wave. The excitatrequency of the pump mode and
resonant Raman mode is givendy andwp andr is the total lifetime of photons in
the resonator, which is related to the quality daddy Q =o - t The coupling
coefficientk =(1k &)**denotes the coupling of the input pump wave s €ddvity
whispering-gallery-mode [6]. The Raman intra-cavggin coefficient is denoted
asgg, which is related to the more commonly used gaiefficient gz (measured in
units of miAatt) by integration over the mode area.

The first Raman field can itself act as a seconganyp field and generate further
Raman modes. This process of cascaded Raman suapttem be described by



including higher order coupling terms into the clegpmode equations of pump and
Raman fields as shown below
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The general solutions for the threshold of the emeth odd order Nth Raman modes
are given by the following expressions.
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2.3 Optical parametric oscillator in fiber taper coupled microcavities

Optical parametric oscillators (OPOs) rely on egeasppd momentum conserving
optical processes to generate light at new “sigaald “idler” frequencies. In WG
type resonators, such as microtoroids, momentunmtigisically conserved when
signal and idler angular mode numbers are symnadliritocated with respect to the
pump mode (i.dsg, |)=Ip£N)
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Energy conservationQh w, = hwg + hw, ), on the other hand, is not expected to
be satisfied a priori, since the resonant frequesnare, in general, irregularly spaced
due to both cavity and material dispersion. As sulte the parametric gain is a

function of the frequency detuning,

Aw = '_f.‘uldp — g — Wy

which effectively gives the degree to which theerattion violates strict energy
conservation. In the case of silica, the materigp&rsion of silica in the 1500 nm
band leads to a positive detuning frequency. It lsarshown that the existence of
parametric gain requires that this detuning be Id#sn the parametric gain

bandwidth[7] Q = 4 / W (y = cy m%W is the

Kerr nonlinearity for silica [8] and P is the citating power within the micro-cavity.
The effective nonlinearity depends on inversely on the effective cross sedidhe
mode. By equating parametric gain and micro-caai$g (as determined by loaded Q
factor), the threshold pump power necessary in whaeeguide is obtained for
parametric oscillation.
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To bring about the condition 0 A» < Q a reduction of the toroidal crosssectional

Rﬁff‘r R




area reduces the modal effective area Aef f andymes a two-fold benefit. First, it
increases the parametric bandwidlhrough its dependence @r{7] and second, it
reducesd\o.

4. Result spectrumsfor Raman scattering in microcavities
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Figure 2.1: (1)Single longitudinal mode Raman lgsiRaman spectrum for a 40
mm diameter microsphere. (2) Cascaded Raman sogtiera 5&m diameter
microcavity. The insets show the pump-to-Raman easion for first (left inset)
and second order (right inset) Raman modes (mehsune different
microcavities). Solid lines: A theoretical fit.
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Stimulated Raman oscillation was observed by pumpan single WGM and
monitoring the transmission using an optical spawtanalyzer. Once the threshold
for SRS was exceeded, lasing modes in the 1650 amd lbould be observed, in
correspondence with the peak Raman gain which sawn-shifted in frequency by
approximately 14 THz relative to the pump frequen@yavelength shift of
approximately 110 nm). The presence of Raman soajtén microspheres leads to
the possibility of generating higher order Ramande® by cascade. By using a
shorter pump laser (located at around 1450 nm)adast Raman scattering was
indeed observed. Figure 2.1(2) shows a typical azhest Raman spectrum, with a
second order Raman mode appearing in the 1650 moh bh&o phonon frequencies
shifted from the pump. The pump-to-Raman converstwaracteristics for first order
Raman scattering and the 2nd order Raman modeharensin the inset. It can be
seen that the first order mode does indeed exhilsijuare-root dependence on the
launched pump power. Thé%rder Raman mode, in contrast, exhibits the explect
linear increase with pump power.

As stimulated Raman scattering does not depenthe@uadtuning frequency (i.e. it is
intrinsically phase-matched), it is the dominamlimeear mechanism by which light is
generated for large detuning values. With decrgasin a transition from stimulated
to parametric regimes occurs when the thresholgdoametric oscillation falls below
that for Raman (The peak parametric gain is latpan the peak Raman gain,

g = 2gN™ [8]). Also note that for increased waveguide lagdand hence
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Figure 10.3: (1)Nonlinear processes in a microgawith D=50Qum, d=4um and

Qo=1¢%. (2)Parametric-oscillation spectrum measured fo67aum diameter

toroidal microcavity.
correspondingly higher threshold pump powers) thadition can be made to occur
for detuning values that are progressively larger Figure 10.3 (2), the pump is
located at 1565 nm and power levels are far abanesihold. The signal and idler are
modes with successive angular mode numbers andpaeed by twice the free
spectral range (2x7.6 nm). The subsidiary peaksofee I,S’) only appeared at high
pump powers and are due to a combination of noaliedfects, such as parametric
oscillation (of signal and idler) as well as fouave-mixing involving the idler, pump
and signal. Inset: idler emission power plottedsusrthe signal emission power,
recorded for different pump powers. The idler-tgrsil power ratio is 0.97+£0.03. For
higher pump powers deviation is observed due tea@mce of secondary oscillation
peaks (I',S’) (compare with main figure).

5. Summary

In summary, first order and cascaded Raman saajtarimicrospheres are discussed
in waveguide-coupled microcavities. A theoreticablgsis was presented using the
coupled mode equations for the pump and Raman W@&KIsg these equations, the
threshold condition for stimulated Raman scattermgs derived. This analysis
revealed that odd and even order Raman lines exHifferent pump-to-Raman
emission characteristics. Even order Stokes figds found to exhibit a linear
increase in generated Raman power as a functigpurop power, whereas odd-order
Stokes fields exhibit a square root dependencac@giarametric oscillation in high
Q microtoroid is reported as well. By using the metric of microtoroid, which has
much more confined mode area, the phase matchimgjtmmn for OPO was satisfied.
The author claimed that it is observed for thet tiree Kerr-nonliearity induced OPO
in a microcavity.
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