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We propose and experimentally demonstrate the generation of enhanced optical springs using the optical
Kerr effect. A nonlinear optical crystal is inserted into a Fabry-Perot cavity with a movable mirror, and a
chain of second-order nonlinear optical effects in the phase-mismatched condition induces the Kerr effect.
The optical spring constant is enhanced by a factor of 1.6 £ 0.1 over linear theory. To our knowledge, this is
the first realization of optomechanical coupling enhancement using a nonlinear optical effect, which has
been theoretically investigated to overcome the performance limitations of linear optomechanical systems.
The tunable nonlinearity of demonstrated system has a wide range of potential applications, from observing
gravitational waves emitted by binary neutron star postmerger remnants to cooling macroscopic oscillators

to their quantum ground state.

DOI: 10.1103/PhysRevLett.132.143602

Introduction.—In 2017, gravitational waves from a binary
neutron star merger were observed for the first time [1], and
electromagnetic telescopes identified its counterpart [2]. The
multimessenger observations thus realized have provided
several remarkable astronomical insights, including the
origin of short gamma-ray bursts [3], synthesis of very
heavy elements via the r process [4], and novel independent
measurements of the Hubble constant [5]. However, the
high-frequency gravitational waves in the 2-4 kHz band,
which are predicted to be emitted by remnants possibly
formed after a binary merger [6,7], have not been observed
because they lie outside the bandwidth of modern gravita-
tional wave detectors (GWDs). Gravitational waves emitted
from binary neutron star postmerger remnants contain
critical information regarding high-density nuclear materials,
which cannot be accessed via terrestrial experiments and
is essential for determining the equation of state for
neutron stars [8]. The internal structure exploration of
neutron stars is a primary motivation for constructing
third-generation GWDs [9,10] because postmerger signals
are only observed once every few decades by second-
generation GWDs [11-13]. Interferometric geometry modi-
fication of second- or third-generation GWDs for speciali-
zation in the 2—4 kHz band has also been proposed [14—17].

Signal amplification using an optical spring is a prom-
ising technique for improving specific band sensitivity in
GWDs [18-21]. An optical spring can be generated by
detuning the optical cavity to create a proportional relation-
ship between the radiation pressure force and the test mass
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displacement. Under the constraint of a fixed detector
bandwidth, the optical spring resonant frequency is
determined by the intracavity light power [22-24] and is
limited to approximately 100 Hz for second-generation
GWDs [21]. Generally, improving the impact of the optical
spring is challenging because increasing intracavity
power results in harmful phenomena, including thermal
lensing [11,25] or parametric instability [26,27]. To address
this problem, implementation of a technique called intra-
cavity squeezing, which can expand the bandwidth of the
detector [28-32], has been investigated to increase the
optical spring resonant frequency to several kHz [33-35].
This technique actively increases the signal amplification
ratio of the cavity using intracavity nonlinear optical effects
(NOEs) and enhances the optical spring constant without
changing the intracavity power. The intracavity signal
amplification method, which directly enhances optome-
chanical coupling, fundamentally differs from the input
squeezing technique [36—40] currently used for practical
GWDs [41,42], and these techniques can be used in
combination [43].

It is worth noting that enhanced optomechanical cou-
pling has been extensively researched beyond the context
of GWDs. Intracavity squeezing has the potential to cool
an optomechanical oscillator to the ground state in the
unresolved sideband regime [44—46], which closely relates
to enhancing optical damping (i.e., the imaginary compo-
nent of the complex optical spring constant) using NOEs.
Moreover, the application of enhanced optomechanical
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coupling via intracavity NOEs to generate strong
mechanical squeezing [47-49], manipulate normal-mode
splitting [50,51], and realize single-photon quantum proc-
esses [52,53] has been theoretically investigated. Direct
observation of enhanced optomechanical coupling repre-
sents a significant step toward achieving the full potential
of future optomechanical systems.

This Letter reports on observations from an experi-
mental demonstration focused on optical spring enhance-
ment via NOEs, which is essential for intracavity signal
amplification systems. We induced the NOE in a Fabry-
Perot type optomechanical cavity. Among the various
candidates for NOEs capable of generating squeezed
states [54], our research revealed that the optical Kerr
effect is a promising approach. This effect provides
significant signal amplification effects while maintaining
sufficient intracavity power, and thus, strong optome-
chanical coupling can be generated.

Kerr-enhanced optomechanical system.—We investigate
a system wherein the Kerr medium is inserted into the
optomechanical cavity [Fig. 1(a)]. The dynamics of this
system can be described as the sum of the optomechanical
Hamiltonian [55,56] and Kerr Hamiltonian Hy,, =
(h/2)y(a")?a> [57]. Here, h is the reduced Planck constant,
 is the quantity proportional to the nonlinear susceptibility
of the Kerr medium, and &' and & are the creation and
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FIG. 1. (a) Schematic of an optomechanical system whose

coupling is enhanced by the optical Kerr effect. An optical
crystal with third-order nonlinearity @) (Kerr medium) is
inserted into a laser-driven optical cavity with a movable-end
mirror. (b) Theoretical intracavity power curve. Linear and Kerr
systems correspond to the cases of Kerr gains at { =0 and
¢ = —1, respectively. The vertical axis is normalized by the
intracavity power at resonance P,,, = 2F Py/z. (c) Schematic
of the mechanical and enhanced optical springs, whose com-
plex spring constants are K., and K,,, respectively. The
positive optical spring resulting from the radiation pressure
restoring force is enhanced by signal amplification due to the
Kerr effect with ¢ < 0.

annihilation operators of the optical mode, respectively.
The differential equation for the complex light-field ampli-
tude a(r) in the cavity without intracavity losses can be
written as

a = [iA" + iGx — iyn —yla + \/2yai,, (1)
where x is the sum of the mechanical and photothermal
displacements [58,59], G is the optomechanical frequency
shift per displacement, and a;,, is the amplitude of the drive
laser. The Kerr effect practically changes the angular
frequency of cavity detuning A’ proportionally to the
intracavity photon number n(t) = |a()|?, but it does not
affect the cavity decay rate y.

Let us make a linear approximation as a(t) = a + da(t)
and x(¢) = X + 6x(t) to examine the behavior of the light-
field amplitude around a stable point. The intracavity power
P can be defined by the average number of photons inside
the cavity 7 = |a|? calculated from the zero-order terms as

hoge . 2F 1
P: n:——2 0
2L r 1+¢&

(2)

where m is the angular frequency of the carrier light, ¢ is
the speed of light, L is the half cycle length of the cavity, F
is the cavity finesse, and P, is the incident power of the
carrier light on the cavity. The normalized cavity detuning
of the Kerr system & = &, + &g consists of two compo-
nents, where y&y = A’ 4+ GX is the shifted cavity detuning
of the linear optomechanical system, and yéx = —yii is the
cavity detuning derived from the refractive index change
due to the Kerr effect. The asymmetry of the cavity
spectrum of the Kerr system [Fig. 1(b)] is a consequence
of the nonlinear phase shift, which is proportional to the
intracavity power.

The motion of a movable mirror in the optomechanical
cavity is dominated by the radiation pressure force modi-
fied by the Kerr effect. We focus on the optical spring,
a phenomenon resulting from the proportionality of the
radiation pressure force to the displacement of the test
mass. The optical spring constant in a linear system is
proportional to the product of the intracavity power and
cavity finesse, which generally has technical limits. In
contrast, in the Kerr system, a drastic gradient of the
radiation pressure force exists compared to a linear system.
Therefore, we can generate an optical spring enhanced
by the Kerr effect without changing the intracavity power or
the cavity linewidth [Fig. 1(c)]. The complex optical spring
constant for the angular frequency Q is obtained from
simultaneous equations for the first-order micro terms of
the light-field amplitude and cavity length, which can be
written as [60]

o 4&)0P é

Kon(Q) = Ley (14iQ/y)? + & + 288

(3)
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The real and imaginary components of Eq. (3) correspond
to the optical spring and damping constant, respectively.
The dimensionless Kerr gain ¢, which does not depend on
cavity detuning, follows from Eq. (2) as

2y Py
r*hoy’

(=148 =- (4)

When ¢ exceeds a threshold value of ¢y = —8/(3v/3) ~
—1.54, multiple intracavity powers correspond to a single
cavity detuning, indicating that the cavity response enters
a multistable state [28,61-63]. The signal amplification
ratio due to the Kerr effect increases by approaching a
multistable regime.

Experimental setup.—We used a bow-tie cavity contain-
ing a 10-mm-long nonlinear optical crystal at a beam waist
with a radius of 40 pm [Fig. 2(a)]. The measured finesse of
this cavity is F ~ 100 = 10, which agrees with the design
value. One of the mirrors constituting the cavity was small
with a weight of 280 mg and diameter of 6.35 mm,
suspended by a double spiral spring [Fig. 2(b)] with a
resonant frequency of 14.0 +0.1 Hz and mechanical
Q factor of 193 &+ 3. This mirror was also coupled to an
optical spring, allowing the precise measurement of the
resonant frequencies of the composite spring.

NOEs were induced in phase-mismatched conditions.
Figures 2(c) and 2(d) shows the dependence of the
maximum transmitted power of the carrier light on the
crystal temperature. At the phase-matching temperature
(34.2°C), the majority of the carrier light was converted
into the second harmonic wave, decreasing the transmitted
power. When the crystal temperature exceeded this temper-
ature, almost no second harmonic was generated at some
temperatures (e.g., 39.6 °C), and this condition was denoted
as a phase mismatch. The second harmonic generation
(SHG) processes are induced even in the phase-mismatched
condition. However, the phases of the second harmonics
were misaligned at each location in the crystal because the
second harmonics propagate at a different speed than the
fundamental wave. The generated second harmonics were
canceled and reconverted into the fundamental wave with a
different phase from the original. A chain of second-order
NOEs induces a phase shift of the fundamental wave
proportional to incident intensity, which is equivalent to
the optical Kerr effect [68,69]. The effective velocity
difference between the fundamental and second harmon-
ics, and thus the effective nonlinear susceptibility y,
depends on the crystal temperature. At temperatures
slightly different from other phase-mismatched conditions
(e.g., 45.4°C), the intracavity loss due to the SHG effect
was equivalent to that of the first phase-mismatched
condition. We compared the difference in optical spring
constants for different Kerr gains by measuring them at
temperatures with similar intracavity losses.
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FIG. 2. (a) Experimental setup. Light emitted from a 1064 nm
Nd:YAG laser passed through a Faraday isolator (FI) and an
electro-optic modulator (EOM) and was attenuated by a half-
wave plate (HWP), polarizing beam splitter (PBS), and beam
damper (BD). A periodically poled KTiOPO, (PPKTP) crystal
was inserted into the cavity to induce NOE:s. (b) Image of a small
mirror suspended by a double spiral spring. A magnet was
attached to the back of the mirror, and the cavity length was
varied through a coil magnet actuator. (c),(d) Transmitted light
power at resonance versus crystal temperature 7. The vertical
axes are normalized by the transmitted light power at resonance
in the first phase-mismatched condition (39.6 °C). The red dotted
lines indicate the setting temperature for the optical spring
constant measurement. The temperatures producing the phase-
mismatched conditions remain periodically present in the high-
temperature region, as shown in (d). (¢) Measured cavity spectra.
The horizontal axis was normalized by the half width at half
maximum of the counterpropagating light power.

We injected light bidirectionally into the cavity. The
transmitted carrier and counterpropagating light were
measured using photodetectors (PDs) 1 and 2, and a
Faraday rotator (FR) was used to measure the reflected
carrier light with PD3. Figure 2(e) shows the transmitted
light power of the carrier and the counterpropagating light
under the first phase-mismatched condition, with input
powers of 530 and 50 mW, respectively. Although no
essential difference exists between these two paths, we can
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(a),(b) Estimation of the optical spring constant ko, = K, (0). The input power P, was set to 600, 450, 300, and 150 mW,

and the cavity detuning £ was finely varied. The crystal temperature T was 39.6 °C for (a) and 45.4 °C for (b). The circles with error
bars represent the estimated optical spring constants obtained from the transfer function measurements, and the solid lines in each
color show the fitting results with the Kerr gain ¢ and the maximum value of the optical spring constant for the linear theory

kopt—0 = Kopi (0)] {—0.~1/y/3 S parameters.

examine the impact of the Kerr effect by injecting light of
approximately 1 order of magnitude different powers into
each path. The counterpropagating light is hardly affected
by the Kerr effect and shows a Lorentzian curve, while the
carrier light spectrum indicates that a nonlinear refractive
index has been induced. This measurement was performed
by inserting the crystal at an inclination relative to the
cavity axis to avoid coupling of the carrier and counter-
propagating light due to stray light on the antireflection
coating. In this case, the first phase-mismatch temperature
and Kerr gain changed. The crystal was reinstalled parallel
to the cavity axis in subsequent measurements to obtain the
highest possible Kerr gain.

Results.—We estimated the optical spring constant by
applying a force to the test mass and then measuring the
change in the cavity length from the reflected and trans-
mitted light of the carrier path. The cavity length does not
directly correspond to the displacement of the test mass
owing to the photothermal effect in the nonlinear optical
crystal. In our experimental system, it is critical to
accurately measure the photothermal displacement, which
rotates the quadrature of the optical spring [59,64,65].
Photothermal parameters can be estimated independently
and highly accurately in an experimental setup not affected
by an optical spring [58]. To compensate for the photo-
thermal effect, we measured the photothermal displacement
using a setup where a mirror with a piezoelectric element
replaced the suspended mirror for each parameter used in
the optical spring estimation process [60].

Figures 3(a) and 3(b) show the estimated results of the
optical spring constant. The measured optical spring con-
stants, for the same cavity detuning and input power, were
larger when T = 39.6 °C, and a difference was observed at
a higher input light power, reflecting that the Kerr gain was
larger at 39.6 °C and proportional to the input light power.
Slight systematic errors were expected due to changes in
phase mismatching caused by thermal absorption in the
nonlinear optical crystal [60]. Although the additional SHG

loss was larger at 39.6°C, the measured optical spring
constant was also larger. Conclusively, the increase in
optical spring constant owing to the Kerr effect was more
significant than the decrease due to the SHG loss.

The signal amplification induced by the Kerr effect
depends on the cavity detuning, and the difference from

the linear system is maximized for & = 1/+/3. This con-
dition also provides the maximum value of the optical
spring constant for both the Kerr and linear systems.
Figure 4 shows the signal amplification ratio, i.e., the
enhancement factor of the maximum optical spring con-
stant compared to the linear theory. The estimated values
for each input light power show clear differences between
the two temperatures, indicating that the effective nonlinear
susceptibility y is adjustable. Conclusively, the optical
spring is enhanced by the optical Kerr effect with a signal
amplification ratio of up to 1.6 £ 0.1.
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FIG. 4. Net signal amplification ratio obtained by normalizing
the estimated maximum value of the optical spring constant using
the relative input light power. The filled circles with error bars
represent the estimated signal amplification ratio, and the solid
lines in each color show the fitting with the Kerr theory. The
vertical axis is normalized by koo estimated for T = 39.6°C
and Py = 600 mW, and the gray-filled area corresponds to its
estimated error.
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Discussion.—The experiment was based on the intra-
cavity signal amplification method via an optical Kerr
effect, which produced nontrivial amplification effects
that could not be obtained by simply increasing the intra-
cavity power or cavity finesse. The Kerr effect, estimated
from optical spring measurements, was up to —1.9+
0.2 x 1077 m? /W in terms of the nonlinear refractive index.
Our result was larger than the value of =2 x 10~1% m?/W
obtained in the previous study [62] because the periodic
poling allowed the use of a larger nonlinear susceptibi-
lity [70]. In contrast, the nonlinear refractive index derived
from the third-order nonlinearity of KTP was approxi-
mately 3 x 107" m?/W [71], sufficiently smaller than the
estimation error. The third-order nonlinearity could be
observed with more precise measurements as a nonlinear
refractive index independent of phase mismatching.

Further increase in the input light power could lead to
multistability and considerably larger optical spring con-
stants. From the fitting, the critical incident powers at
which the optical spring constant diverges were predicted
as 1.56 + 0.37 W for Tc = 39.6°C and 2.65 + 0.05 W for
T = 45.4°C. These conditions were sufficiently feasible,
and we observed hysteresis in the spectrum, suggesting
multistability, by replacing the input coupler and increasing
the finesse to approximately 300 [60]. A higher signal
amplification ratio would be observed by resolving the
control instability.

In third-order NOEs, the Kerr gain is determined by
the intracavity intensity and nonlinear susceptibility of the
crystal. By inducing a chain of second-order NOEs, as in
our experimental system, a variable Kerr gain can be
achieved by varying the phase mismatch. Furthermore,
the same scheme can be used to enhance backaction
cooling in regions of £ < 0 because the sign of the Kerr
effect can be switched by decreasing the crystal temper-
ature below the phase-matching condition [68,69].

Although experimental attempts have previously been
made to enhance optomechanical coupling with optical
parametric amplification [72,73], significant differences
with the linear system were not observed because the
SHG becomes dominant owing to the high intracavity
power required to generate the optical spring. This property
contrasts the Kerr scheme, wherein the effective signal
amplification ratio can be increased with a higher carrier
intensity. Moreover, the Kerr scheme is relatively easy to
implement because this scheme does not add degrees of
freedom that must be controlled. For GWDs, Kerr media
shall be inserted into arm cavities with large beam size and
high intracavity power [28]. The correspondence between
the optical parametric amplification and Kerr schemes
is detailed in the Supplemental Material [60] (see also
references [66,67] therein).

Conclusion.—We constructed an intracavity signal
amplification system based on the optical Kerr effect
and succeeded in enhancing the optical spring constant

by a factor of 1.6+ 0.1. Our results correspond to an
increase in the resonant frequency of the optical spring
from 53 = 1 Hz to 67 & 3 Hz. A more significant signal
amplification ratio could be achieved by approaching the
multistable state and solving technical problems. The
proposed scheme is easy to implement and provides a
novel tunable parameter for optomechanical systems.
We anticipate it will play a key role in the quantum
manipulation of macroscopic optomechanical systems
such as GWDs.
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Grant-in-Aid for JSPS Fellows (20J22778), and the Precise
Measurement Technology Promotion Foundation. We would
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