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Experimental evidence for an optical spring
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An optical spring effect has been observed in the motion of a Fabry-Pérot cavity suspended in the
Low-Frequency Facility, R&D experiment of the VIRGO Collaboration. The experimental setup consists of a
1-cm-long cavity hanging from a mechanical isolation system, conceived to suppress seismic noise transmis-
sion to the optical components of the interferometer. The observed radiation pressure effect corresponds to an
optical stiffness k,,, ranging between 2.5 X 10* and 6.5 X 10* N/m. This paper reports several measurements of
the mirror relative displacement carried out in different working conditions. The measured error signal spectra
show broad resonances at frequencies compatible with the optomechanical system. In other runs cavity detun-
ing oscillations have been observed at subhertz frequencies. In these cases the power spectrum of the control
loop error signal exhibited a broad resonance with superimposed uniformly spaced peaks. These observations,
validated by a simple model, prove that the fluctuations of the optical spring effect can become so large as to

exhibit nonlinear features.
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The radiation pressure will play a crucial role in the next
generation of laser interferometric detectors of gravitational
waves [1-4]. This is a consequence of the continuous de-
mand for more powerful laser beams to reduce the influence
of the photon counting fluctuations. In Fabry-Pérot (FP)
cavities detuned from resonance the radiation pressure acting
on the two mirrors creates a generally anharmonic optical
restoring force, referred to as the optical spring effect. For
sufficiently small deviation from resonance, this effect is de-
scribed by [2] a spring of stiffness k,,, coincident with the
derivative of the radiation pressure with respect to the phase
delay & (modulus 27r) accumulated by the cavity mode dur-
ing a round trip:
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with R;, T;, and A; the reflectivity, transmissivity, and loss of
the ith mirror (i=1,2), P;, the cavity input power, \ the light
wavelength, and ¢ the speed of light. Since k,,, is propor-
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tional to sin(4TmS) it changes sign on passing through a reso-

nance. The cavity reacts to the noise affecting the mirror
positions as a mechanical oscillator that is either stable or
unstable for positive or negative detuning (&), respectively.
When the fluctuations of & become very large, the depen-
dence of k,,, on & is no longer negligible and the system
behaves as a nonlinear oscillator.

This paper reports the observation of the optical spring
effect in a cavity stabilized by means of a Pound-Drever-Hall
(PDH) system and hanging from a VIRGO superattenuator
(SA) [5-9] mounted on the so-called Low-Frequency
Facility (LFF) apparatus at the VIRGO interferometer
[10-12]. Under suitable conditions, resonances have ap-
peared in the PDH spectrum, signaling the onset of optical
spring oscillations (see Fig. 1). In some cases the oscillations
have been large enough to offer evidence of nonlinear behav-
ior of the optomechanical oscillator. The resonance emerges
from the noise pedestal thanks to the SA system, which dras-
tically reduces the seismic noise, developed to push down to
10 Hz the VIRGO antenna detection bandwidth. To our
knowledge this is the first direct observation of linear and
nonlinear optical spring effects in a suspended cavity with
massive mirrors.

So far, the optical spring has been reported twice. First it
was observed with a 1.2 g mirror mounted on a cantilever
flexure [13]. Later, it was inferred from the transfer function
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FIG. 1. (Color online) Typical error signal power spectrum. The
optical spring effect appears as a broad resonance at ~80 Hz.

of the force applied to the end mirror of a suspended cavity
[14]. In the latter case the resonance peak was not observed
directly due to the high gain of the control loop in the optical
spring band (below 100 Hz). Direct observation of the opti-
cal spring requires a small control loop gain at low fre-
quency. This condition has been achieved in the reported
case by suspending the cavity in the SA, which reduces the
seismic-noise-induced motion down to a few micrometers
below 2 Hz, so allowing a feedback unity-gain frequency of
150 Hz.

To clearly identify the observed resonance as an optical
spring effect, several runs were made for different cavity
static detunings. As predicted by the change of sign of k,,, in
passing from positive to negative detunings, stable and un-
stable behaviors have been observed, with the instability
manifested by the impossibility of locking the cavity. As fur-
ther evidence, on increasing the control bandwidth the sys-
tem behaves nonlinearly, exhibiting a time modulation of
Kopie
pThe experimental apparatus consists of a 1-cm-long FP
cavity hanging on a SA chain [5]. The last stage of the sus-
pension is sketched in Fig. 2, a more detailed description
being provided in [10,11]. The optical parameters of the FP
cavity are given in Table I.

The measured cavity finesse ranged between 4000 and
7000 (nominal value 6300), while the radiation pressure
force at resonance was =5 uN. The spherical 3.5-cm-
diameter mirror is embedded in a large steel cylinder playing
the role of the VIRGO test mass (VM in Fig. 2). The flat
mirror (AX, auxiliary mirror) is hung, by means of an inde-
pendent three-stage suspension, on the last mechanical filter
of the chain, called Filter 7. The longitudinal motion is con-
trolled by acting on the VM mirror using four coil-magnet
actuators. The coils are screwed on a suspended recoil mass
(RM) and the magnets are glued on the back of the mirror
holder. This setup is identical to the one implemented in the
VIRGO interferometer [5]. The cavity, the input beam, the
longitudinal control loop scheme, and the acquired signals
are indicated in Fig. 2. The laser beam, frequency stabilized
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FIG. 2. (Color online) Schematic of the esperimental setup
showing the optical layout, the control loop, and the acquisition
system (DAQ) as seen from Filter 7. Nd:YAG indicates a
neodymium-doped yttrium aluminum garnet laser, EUM an electro-
optic modulator, and PUL a polarizer.

by means of a reference cavity and phase modulated at
17 MHz, is injected into the cavity controlled by a Pound-
Drever-Hall system [15]. The linear zone of the readout sig-
nal corresponds to a mirror travel of =107'"m [16]. The
zero of the control signal does not necessarily correspond to
a zero-detuning situation [17]. The control loop is based on a
DSP digital signal processor (DSP) electronic board, devel-
oped for the VIRGO suspension chain. The error signal,
coming from the mixer (see Fig. 2), is amplified and then
sent to a 16-bit analog-to-digital converter (ADC). The sig-
nal, filtered by the DSP, is sent to four channels of a 20-bit
digital-to-analog (DAC) board and then to the four coil driv-
ers to control the cavity. At the same time the error signal is
acquired by a DAQ (see Fig. 2) in a LABVIEW environment.
Two other signals are usually acquired: the first one, labeled
“coil 2,” monitors the voltage applied in parallel to the four
coils; the second one, labeled “probe,” measures the current
flowing through one of the coils.

In order to understand the optical spring dynamics, a
simple one-dimensional mechanical model, based on the pa-
rameters of Table II, has been developed assuming massless
wires and pointlike masses. The model considers two
branches, each including one cavity mirror, of suspended
masses hanging from Filter 7 (see Fig. 2) of the SA and
includes the feedback loop. The first one (AX) includes four
masses suspended in series, while the second one (VM) is
composed of a simple pendulum plus two equal pendula

TABLE 1. Optical characteristics of the suspended Fabry—Pérot
cavity.

R, 0.9991 A 0.00001
T, 0.0009 P, 200 mW
R, 0.9999 A, 0.00001

013813-2



EXPERIMENTAL EVIDENCE FOR AN OPTICAL SPRING

TABLE II. Mechanical characteristics of the LFF system with
masses and wire lengths defined in Fig. 2.

Mass kg Wir mm
my 71.72 ly 1100
m, 0.08 I 250
my 0.296 I 500
ms 25 I3 300
my 80 Iy 1130
m 27.61 [ 700
m, 64.14 l. 500

hanging from it. The feedback transfer function accounts for
the filtering by the DSP card and the coil impedance (cou-
pling constant @=3 mN/A); the DSP filter has a pole at
0.5 Hz, one zero at 30 Hz, and two poles at 13 kHz. The
noise is assumed to enter through either the suspension or the
mirrors.

The first evidence of an optical spring effect emerged
from the observation that it was possible to lock the cavity
only for positive detunings (with the cavity longer than the
closest resonance), corresponding to positive k,,. The con-
trol loop did not integrate at low frequency, so that the dc
response of the system gave a constant value compensating
static forces. A static detuning, different from run to run,
ranging between 107!' and 107! m, was measured. Using
these values and the optical parameters of Table I in Eq. (1)
gave a stiffness constant k,, ranging between 70 000 and
10000 N/m.

The measured error signal spectra were characterized by
broad peaks due to the optical spring. Figure 1 shows a typi-
cal power spectrum with a resonance centered around 80 Hz.
From the reported spectrum a seismic noise motion confined
below 3 Hz is inferred, with evident antiresonance at 4.1 Hz.
While a theoretical calculation is able to predict the reso-
nance frequency and the relative linewidth [2,3], the mea-
sured one depends on the control loop parameters. In particu-
lar it has been observed that, as expected, the resonance
changes its position in accordance with the change of the
static detuning. Figure 3 shows the spectra for different static
detunings. Scattered points represent the resonance profiles
as computed by the above simple model. Assuming a white
noise force acting on the mirror AX, the static force and k,,,,
have been fitted by matching the resonance position. The
resulting stiffness values are in agreement with the cavity
performances. Similar results can be obtained by assuming
that the excitation originates from the electronics, while a
contribution from the suspension top is incompatible with
the measured spectra. The model reproduces as well the an-
tiresonance at 4 Hz. A more detailed discussion on the origin
of the noise in the optical spring band goes beyond the scope
of the present paper.

The data presented above have been taken with a control
loop bandwidth of 150 Hz. In these cases the system be-
haved as a linear one [18], in the sense that different parts of
the frequency spectrum were uncorrelated, and the data fol-
lowed Gaussian distributions. For larger bandwidths, a sig-
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FIG. 3. (Color online) Power spectra of the error signal around
optical spring peaks measured during three different runs. Scattered
points have been computed by entering the respective static detun-
ings in the mechanical model.

nificantly large residual motion at low frequency (about
0.37 Hz) has been observed (see bottom curve in Fig. 4) and
the data statistics are no longer Gaussian. Consequently,
peaks regularly spaced at 0.37 Hz appeared in the noise
spectra. The analysis showed that several higher-frequency
resonances were correlated with the low-frequency motion.
One of the strongest resonances occurred at 12.34 Hz. This
peak, due to the high quality factor of the AX suspension, is
well reproduced by the mechanical model of the LFF. In Fig.
4 the upper trace shows the 12.34 Hz resonance, bandpass
filtered around the resonance with 1 Hz bandwidth, while the
lower one shows the oscillation of the cavity length. The
consequent modulation of k,,, is at the origin of the series of
peaks equally spaced at 0.37 Hz shown in Fig. 5.

To evaluate the effects of the time dependence of k,,, a
simplified model was developed by considering two simple
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FIG. 4. (Color online) Histogram of the closed-loop cavity de-
tuning, indicating a large swinging at 0.37 Hz (bottom) and the
12.34 Hz mechanical resonance (top).
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damped pendula, with test masses m; and m,, coordinates x;
and x,, and wire lengths /; and [,. The system obeys the
following equations of motion quadratic in x;—x5:

" ’ 8X1
fr=mxy+ yx; + ]
1

k Ld k
+ + -
ot 2 ds

opt

(x; —xz))(xl -X2), (2)
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(x —x1))(x2 = X1) * floop(Xa = X1),

%
(3)

with 7y (assumed equal to 0.005 N s/m) the damping factor,
g the acceleration of gravity, d,,, the static deviation of the
pendulum from its rest position, and f;,,, the feedback force
as a function of x,—x;. The system has been integrated by
using the nonlinear differential equations package of
MATHEMATICA, introducing two resonances at 0.3 and 12 Hz,
respectively, for the AX suspension, and imposing stiffness
parameters consistent with the LFF cavity and typical initial
conditions of the experiment. The computed second-order
term of radiation pressure stiffness d%(ko,,,) was of the order
of 10'® N/m? in agreement with the experimental findings.
Evidence of an optical rigidity between 25000 and
65 000 N/m, compatible with theoretical expectations was
found by analyzing the LFF data collected with a cavity of
finesse =6000. Since the resonance was close to the unity-
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FIG. 5. (Color online) High peaks due to the high nonlinearity
of the optical spring evidenced by the swinging at 0.37 Hz.

gain point of the feedback loop, the detuning spectrum dis-
played a clearly visible peak with width a function of the
control-loop parameters. Moreover, during some runs with
large control-loop bandwidth, an anharmonic behavior of the
optical spring was observed, described by a second-order
stiffness term =10'® N/m?, a value compatible with that ob-
tained from a nonlinear model of the suspended cavity
[19-22].
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