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We present the first observations, and a complete theoretical explanation, of stimulated photorefractive
scattering in a high- Q crystalline cavity. The standing-wave light field in the cavity induces an ultranarrow
and long-lived Bragg grating through the photorefractive effect. The spatial phase of the grating is
automatically matched to that of the standing wave. The scattering from the grating strengthens the
standing wave, which then further reinforces the grating itself. Eventually, the mode is seen to split into a
doublet, thereby disrupting the usual strict periodicity of the mode spectrum.
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Stimulated scattering processes are a fundamental aspect
of nonlinear optics. In microresonators, the small size, long
photon lifetime, and high optical intensities allow stimu-
lated scattering processes at relatively low powers and have
thus yielded breakthrough new applications in sensing
[1-4], quantum systems [5-8], and photonics [9-14]. In
the stimulated photorefractive scattering (SPS) case, a
standing-wave light field generates a photorefractive gra-
ting, which increases the amount of coherent backscatter-
ing, thereby increasing the strength of the standing wave.
The amplified standing wave then, in turn, stimulates
a further strengthening of the SPS grating. This self-
reinforcing interaction produces a self-sustaining grating
in which the spatial phase of the grating is matched to that
of the incident light field itself.

In bulk crystals, the standard photorefractive effect has
been studied in the past as a method of optical data storage
[15], while SPS has been used as a basis for optical phase
conjugation [16]. The conventional photorefractive effect
has also been observed previously in microresonators
[17-19]. However, in this Letter we present the first report
of the complex, and potentially useful, impact of SPS inside
a high-Q resonator. Our observations open a new avenue to
augment the important prior work on analogous stimulated
Brillouin scattering (SBS) and stimulated Raman scattering
(SRS) effects in microresonators. Those effects have been
used to deliver gyroscopes [4], slow light generation [8],
lasers [9,10], and microwave photonic technology [11,12].
There has been parallel work on the use of mode splitting to
demonstrate single-particle sensing [1,20], discovering
wave chaos [21], allowing the breaking of time-reversal
symmetry [22], creating synchronization between oscilla-
tors [23], as well as creating photonic molecules [13].
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In these experiments, we use a z-cut undoped lithium
niobate (LN) microresonator with a diameter of 9.5 mm, a
thickness of 1 mm, and a Q factor of 3.4 x 108 that was cut
and polished in house from a commercially available LN
crystalline blank (see Fig. 1). A 1560-nm laser beam is
evanescently coupled to the microresonator with a prism to
excite highly confined whispering gallery modes. We use a
circulator to allow observation of both the transmitted
and backscattering light as shown in Fig. 2(b) (red curve).
The laser is frequency locked to the blue-shifted wing of a

-,

FIG. 1. Diagram of SPS in a lithium niobate microresonator
excited by an external laser. Light is coupled via a closely spaced
prism and the incident field (purple arrow in laser beam) produces
a forward-traveling wave in the resonator (purple arrow in
resonator). Backscattered light from the induced SPS grating
is contained within the same spatial mode and produces a
standing wave inside the resonator (dark blue) that reinforces
the SPS grating.
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FIG. 2. Experimental layout and measurements. (a) The ex-
perimental layout: a tunable laser is coupled to the resonator via a
prism coupler, while the transmitted and backscattered power is
measured using photodiodes (PD) on the ports of a circulator and
the mode spectrum are read from the scope. The splitting process
is measured using a vector network analyzer (VNA) while the
laser is locked to the higher frequency mode and electro-optically
generated sidebands are swept over the lower frequency mode.
(b) Experimental measurements of the mode spectrum (dot) and
simulations (solid curves) of the resonator transmission (upper)
and the backscatter (lower), which is normalized according to the
transmission. We show the transmission both under the initial
conditions (red) and after 60 s (blue). The insert is the zoomed-in
view of the initial backscattering with the same normalization
showing the very low level of initial backscatter.

high- O mode using the Pound-Drever-Hall technique [24].
This mode initially exhibited only a small level of back-
scattering [inset in Fig. 2(b)]. However, once the laser was
locked at that frequency location, we see a very rapid
increase in the level of backscattering: within ~10 s it was
approximately equal in intensity to that of the forward
wave. From that point onward, we observe the mode to
split into a doublet with a frequency separation between
the components that increases over time [blue curves in
Figs. 2(b) and 3(a)]. The Q factors of the split modes
remain constant throughout the process, implying that the
mode-coupling mechanism creates a negligible increase in
the resonator losses.

We explain these observations as arising from a self-
induced photorefractive grating that couples the forward
and backward propagating modes. Scattering associated
with inhomogeneities of the resonator generates the initial
weak backreflected field [25]. The combination of forward
and backward waves can equally be considered as a weak
standing wave and strong forward wave. As LN is a
photorefractive material [17], the intensity modulation
associated with the standing-wave component gives rise
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FIG. 3. Dynamic response of SPS in the microresonator.
(a) Experimental measurements of the mode splitting during a
writing phase (blue dots) and during the decay phase (gray dots)
when the laser is extinguished. Both curves can be fit to
exponential responses (dashed curves). We also show the
response of the cavity during an erasure phase (red dots) when
the laser is injected into the other mode of the mode pair.
(b) Experimental data (dots) of the mode splitting process for
different incident powers, while the dashed curves are the
simulation results. Inset: the linear dependence of the splitting
on incident power.

to a photorefractive grating with a period equal to half of
the wavelength of the incident light. The induced grating
then backscatters more light into the backward propagating
mode, thus increasing the strength of the standing wave,
which then in turn strengthens the photorefractive grating
further. Eventually the grating strength is sufficient that the
coupling between forward and backward traveling modes
exceeds the dissipative coupling, and we then see frequency
splitting of the mode.

As the mode splitting increases, the frequency-locked
laser automatically tracks the high-frequency wing of the
upper member of the doublet (as it was initially locked on
the blue wing of the unsplit mode). To obtain the splitting
spectrum of the resonator in real time, we use an electro-
optic modulator and a vector network analyzer to generate
frequency tunable optical sidebands on the locked laser
signal. These sidebands are continuously swept over the
complete mode doublet and read by the vector network
analyzer to obtain the splitting spectrum [26]. The splitting
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frequency is seen to undergo an exponential increase to a
steady-state value with a large time constant characteristic
of the photorefractive effect [27]. Figures 3(a) and 3(b)
show the mode splitting as a function of time, demonstrat-
ing a time constant of ~60 s independent of the input
power. We also note that the stimulated backscattering and
mode splitting have a threshold of 600 W, similar to that
previously observed for the normal photorefractive effect in
LN microresonators of this Q factor [18]. Figure 3(b) also
demonstrates that the asymptotic value of the mode
frequency splitting is linearly dependent on power, ena-
bling a high degree of controllability over the mode
coupling.

If the pump laser is switched off then the mode splitting
is seen to decrease with a time constant of around 90 s, until
the two modes coalesce [see Fig. 3(a)]. In a separate
experiment, once the mode splitting had reached its
maximum value, the laser was locked to the center
frequency of the lower frequency component of the mode
doublet. This induced a very rapid recombination of modes
[red curve in Fig. 3(a)]: the grating was seen to be
effectively erased from the resonator by this process with
a time constant of ~30 s.

Motivated by the observed splitting, we propose a
phenomenological mode-coupling theory that captures
the experimental results [28,29]:

d
giP = @20 —ye/Df + i /2+ irep (1)

d

Eﬂ_ = (i27nAf —yr/2)B- + i56P /2, (2)
where f, and f_ are amplitudes of the forward and
backward propagating waves, Af denotes the laser detun-
ing from the resonant mode, f3; is the incident light field,
and y represents the coupling coefficient to the prism. The
photon loss rate in the resonator is defined as yp = y + 7o,
where y, is the intrinsic (unloaded) photon scattering
loss rate.

The mode coupling between forward and backward
modes s arises from both resonator inhomogeneities
(material or geometry), as well as from the induced SPS
grating. We introduce these phenomenologically via

; (3)

where §; is the scattering from static inhomogeneities. The
induced grating emerges endogenously from field ioniza-
tion of space charges that diffuse over a timescale 7, to
generate a local charge density. The resulting static electric
field induces the SPS grating via the electro-optic effect.
At long times, the SPS grating has an effective depth
controlled by material and geometric factors that are
incorporated through the coefficient £ and by the modu-
lation depth of the standing wave « |37 4_|.

5(1) = 8+ E(1 —e7'%) | g

FIG. 4. Diagram for the stable standing-wave mode function
(dashed), charge density (color), and electric field lines. (a) Once
the photorefractive grating (colored) is generated, the induced
grating reflection will help to build the standing waves (dashed)
p+ = B, £ p_ with different frequencies in azimuthal distribu-
tion. (b) The arrows are the charge density in the z direction, and
the colored area is the asymmetric distributed refractive index that
forms the grating.

In the Supplemental Material [30], we derive the steady-
state version of Eq. (3), using a self-consistent, nonlinear
mode-coupling theory that accounts for charge diffusion
and the electro-optical indicatrix tensor. This derivation
provides the microscopic dependence of £ on material and
geometric properties of the resonator. In summary, this
analysis considers a spatial mode decomposition that has
standing modes around the resonator circumference, illus-
trated in Fig. 4(a), and then includes a vertical asymmetry
for those mode functions (i.e., for reflections about the
midplane of the resonator) as illustrated in Fig. 4(b). This
asymmetry is parametrized by ¢ in the axial mode function
Z(z) = sin(wz/h) + { sin(2xz/h), where z =0 and z = h
are the bottom and top surfaces of the resonator, respec-
tively. This analysis demonstrates that the nonlinear cou-
pling constant £ in Eq. (3) depends on the asymmetry
parameter ¢. For perfect midplane reflection symmetry, i.e.,
when ¢ = 0, the resonator mode is even under reflection
about z = i/2, and under this condition it follows that the
resulting electric field due to space charges will be an odd
function under reflection. This leads to zero coupling to the
induced grating, i.e., £ vanishes. For small reflection
asymmetry, we find & « .

One significant result of this nonlinear coupling theory is
that only one of the components of the mode doublet will
produce a self-consistent solution; i.e., only the blue-shifted
peak of the doublet is stable, whereas the red-shifted
doublet is dynamically unstable, as its standing-wave mode
function is not consistent with the induced grating that is
produced by charge diffusion from the standing wave itself.
This theoretical result is consistent with our observations:
to initiate significant SPS, the laser must be locked to the
higher frequency component of the doublet as it emerges
dynamically. We observe the presence of the lower fre-
quency component if we probe the resonator with a weak
beam; however, this secondary mode is not stable: locking
the laser to it quickly erases the SPS-induced grating in the
microresonator. Naturally, the photorefractive grating in a
resonator must be induced by an electric field distribution
that is phase matched to the supported modes (Fig. 4).
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In Fig. 3(a), we treat £ and 7, as fitting parameters. These
parameters are then held fixed for the fits in Fig. 3(b),
where we then only adjust the relative value of f#; to be in
accord with the experimental values. We note excellent
agreement between the theory and the experiment.

The periodic modulation of the refractive index created
by the stimulated refractive scattering is a form of Bragg
grating, and we have derived the underlying parameters of
the SPS grating such as the length, depth of index of
refraction modulation, and the grating bandwidth [29] in
terms of the mode coupling and photon scattering rate:

6fc = fodgy/ 1+ (2myr/86)*/2x. (4)

The grating bandwidth will evolve during the writing
process as shown in Fig. 5: at the onset of SPS, the
backscattering rate is below the photon loss rate, so the
system is in the weak grating regime (55 < yg) [29]. In this
regime, the bandwidth is fixed by the grating length, which
is the total effective path length of the photons in the
resonator, and it is equal to 27z6fk, where Ofy is the
resonance bandwidth. The very high Q factor of the LN
microresonator gives an effective grating length of 38 m,
and using the experimentally derived mode-coupling
parameters and Eq. (4), the weak grating has a record
narrow bandwidth of 3.6 MHz and a refractive index
modulation, An = 6.5 x 107°. However, the effective
bandwidth of the grating is much narrower than this
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FIG. 5. Evolution of the SPS bandwidth. The lower axis shows

the magnitude of the modulation of the refractive index from the
SPS grating, while the upper axis is the ratio of the photon and
scattering lifetime 7 /75 and this parameter reflects the strength
of the mode coupling. On the left axis (blue, solid) is the ratio of
the backward to forward traveling waves |$_/B,|> and on the
right axis (teal, dashed) is shown the SPS grating bandwidth.
After initiation of SPS, the conditions evolve to the right on this
diagram, showing a rapid initial increase in backscattering and
then, once this has saturated, we see an increase in the mode
splitting. In parallel, we see an initial SPS gain bandwidth of
3.6 MHz, which at the critical point (black dot) is equal to 276 .

because it is limited by the resonance bandwidth to a
value of 570 kHz.

As the stimulated process continues, the refractive index
modulation grows, and the coupling becomes stronger. In
the strong grating regime (65 > yg), the scattering is
sufficiently strong that the counterpropagating modes have
essentially equal power, and the standing wave will achieve
the maximum contrast. In this case, there is significant
mode splitting and the SPS bandwidth is equal to the mode
separation. In this experiment we see a maximum splitting
and hence SPS gain bandwidth of 8.8 MHz.

An important aspect of SPS in a microresonator is the
highly selective nature of the stimulated scattering. The
SPS grating is automatically phase matched to the mode in
which it has been excited and, because its bandwidth is
much smaller than the intermode spacing there is SPS
interaction and backscattering only in a single resonance. In
Fig. 6, it can be seen that the SPS grating does not produce
mode splitting in the next higher frequency member of the
same mode family, i.e., the mode with an azimuthal mode
number incremented by 1. We do observe a frequency shift
with the same time constant as the excited mode, but there
is no mode coupling or splitting. This is consistent with a
situation in which there is no spatial phase matching
between the grating and this second mode, but where that
second mode still samples the change in average refractive
index that has been produced by the induced grating.

If we operate the SPS induced grating in the weak grating
regime (see Fig. 5) there is a strong backscattering for only
a single mode with an effective spectral selectivity equal to
the Q factor of 3.4 x 10%. This observation opens the
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FIG. 6. Effect of SPS on two modes with adjacent angular
momentum numbers that are separated by one free spectral range
(FSR). The left-hand panel shows the recombination of the mode
into which we have injected power to produce a mode splitting.
We see the decay of the mode splitting, as well as a shifting of the
mean frequency as a result of the decay of the background
photorefractive effect. Concurrently, the right-hand side shows
the same mode family in the next FSR and in this case the mode
shows merely the effect of the decay of the spatially uniform
photorefractive effect, but shows no evidence of mode splitting.
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possibility for a very high performance optoelectronic
oscillator [33] or microwave photonic filter [12] with an
exceptionally large tunability into the THz range.

Instead, if we operate the grating in the strong coupling
limit, then this opens the possibility to break the conven-
tional uniformity of the mode spectrum of any resonator by
modifying the spectrum of a single mode. This “defect”
mode could prevent unwanted spontaneous conversion
in microresonator-based approaches to coherent single-
photon microwave-to-optical conversion [34].

In summary, we report the first observations of stimulated
photorefractive scattering (SPS) in a microresonator that
gives rise to some surprising and unique phenomena.
The requirement for self-consistency between the modes
of the resonator and induced SPS grating means that unlike
in conventional mode coupling, only one of the resultant
doublet peaks is optically stable. The stimulated effect is
automatically phase matched and has a lifetime of 60 s, far
exceeding the lifetime of other nonlinear effects. We observe
a mode splitting that can be up to 15 times larger than the
mode bandwidth. Using those observations, we are able to
calculate the properties of the underlying SPS grating,
showing a grating length of 36 m and a bandwidth of
3.6 MHz, although the filtering effect of the resonator means
that it is effectively limited to only 570 kHz.
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