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Observation and characterization of an optical spring
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Recent theoretical developments have highlighted the potential importance of “optical springs” in interfer-
ometers for gravitational wave detection as a means for beating the standard quantum limit. We have observed
an optical spring effect experimentally in a detuned Fabry-Perot resonator in which one mirror is mounted on
a flexure so that it has a significant response to radiation pressure. The main effect of the optical spring, an
observed shift in the mechanical resonance frequency of the moveable mirror, agrees well with a simple model.
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It has long been recognized that interferometers for gravities of the input and output couplers, respectively,is
tational wave detection would eventually have to face thehe transmittance of the input couplé, is the fraction of
sensitivity limits imposed by the quantum nature of lifhk power absorbed by the mirroc,is the speed of light, and
The uncertainty in the position measurement of the optics, is the optical wavelength. The total spring constant is
due to photon counting statistics and radiation pressurgiven by the sum of the mechanical and optical spring
noise, also due to the discrete nature of light, combine t@onstants, i.€ Kior=Kmectit Kopr The mechanical spring con-
give the standard quantum limi8QL) as it applies to free  stant depends only on geometry and materials properties,
masses. Much effort, both theoreti¢a|3] and experimental ot on the cavity resonance condition or optical param-
[4], has gone into the use of squeezed light to circumvent thgiers.
nominal quantum limits. Recent analyses have shown that A fy| time-dependent analysis including transients must

radiation pressure can be used in a different way; certaigonsider the velocity-dependefdamping terms. The stor-
optical configurations show a radiation pressure force whichyge time of the cavity causes the force to lag the motion of
varies with the position of the mirror on which it acts, effec- the mjrror, and in the case of a positive spring causes nega-
tively an optical sprind5-7]. These optical springs can alter tjye damping(i.e., excitation of the mechanical spring. This

the response of an interferometer, so that the free mass SQyptical damping is only significant if the lag angle of the
no longer applies, but rather the SQL fora simple harmonic

oscillator, which is lower in the frequency band around the
resonance. However, there is little experimental characteriza
tion of optical springs.

A simple system which exhibits an optical spring effect is
an optical cavity tuned away from exact resona(see Fig.
1). The radiation force on the mirror is always positive, and
must be balanced by another force—typically from a me-
chanical spring or a servosystem. However, if the cavity is
detuned from resonance, there will be a component of the
radiation force whichfor small displacementgiepends lin-
early on the position of the mirror. If the cavity is longer than
the resonant length the “optical spring constant” will be posi-
tive, increasing the total spring constant. If it is shorter the
“optical spring constant” will be negative, reducing the total
spring constant. If the optical spring effect is large enough to 400 3 : 0
reduce the total spring constant below zero then the systen Displacement [nm]
will be unstable. o

Mathematically, the optical spring constant for such a cav- FIG. 1. The dashed curve shows the radiation pressure on the
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ity in steady state is cavity mirror as a function of the detuning from resonance. The
solid curve shows the derivative of the optical force, i.e., the optical

_ ARy d| 2R+ AYTiPy, 1 spring constant. Positive displacement corresponds to increasing the

Kopt= dx ~  dx |1 - VRyRye™4™M|2¢ o @ cavity length. The parameters for calculating this curve are the ones

from the experiment described here. The circulating power on reso-
wherex is the mirror displacement from cavity resonance,nance is 60 W, corresponding to the maximum input power used—
P;, is the input powerR; andR, are the mirror reflectivi- 400 mWw.
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Cav-PZT Apechoic To sense the position of, and apply radiation pressure

e forces to the flexure mirror, it was used as the rear mirror in
a Fabry-Perot cavity. The input coupler was mounted on a
piezo-electric transducer which was used to control the
length of the cavity. The cavity finesse was 380, which with

: the maximum available input power of 400 mW gave a cir-

: v ; v/, ] Rotasabi culating power of approximately 60 W. This corresponds to

: % | g 2 ar a peak radiation pressure force ok40’ N, smaller than

: : AM-PD > Trans-PD Kmec /2 and thus much too small to observe multiple lock

= Amihe points. The cavity was short, 15 mm, to minimize the effect
Modulator 3D view of of the angular spring misalignment and to reduce the cavity
moveable storage time—approximately 6 ns. With such a short storage
mirror time the radiation inside the cavity can be modeled as react-
ing immediately to any change in cavity length so that there
FIG. 2. A schematic diagram of the experiment. PBS, polarizingis no velocity-dependent force on the flexure-mirror oscilla-

beam splitter; BS, beam splitter; G-T, Glan-Taylor polarizer; PO,tOr.
pick off mirror; PZT, peizoelectric actuator; PD, photodetector. The laser light was split by a polarizing beamsplitter into
a high power, vertically polarized pump beam used to gen-
erate the optical spring, and a low power, horizontally polar-
ized probe beam used to measure the cavity length. The
pump beam passed through a common mirror Michelson in-
terferometer which was used to provide amplitude modula-
tion. A small portion of the beam was detected at the Mich-
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optical field is comparable to Q' (Q is the quality factor of
the mechanical spring Optical damping can be neglected
provided the following condition is met:

Teav< T Toech (2) elson output to control the interferometer and to sense the
power incident on the test cavity.
wherer, is the cavity storage timeT, is the period of the The probe beam passed through an electro-optic modula-

mechanical oscillator, andyee, is the relaxation time of ~tOr which imposed 19 MHz phase modulation sidebands that
the mechanical spring without the presence of the optic ere used to readout and control the length of the test cavity.
sprin. In this work ne strage tme of the cauty was |1 S PORTEE0 PUTD e Dt were hen somied
short enough to neglect optical damping. Equati@nis . . X
therefore ag adequa?te desgription of Fhegopti?:al s{p):ing duteSt cavity. The use of a Glan-Taylor polarizer ensured high
to radiation pressure in this regime Solanzauon purity and _good orthogonality betwgen pump
ation p . gime. . and probe. After the cavity, the pump beam was rejected by a

. . . : Yinal Glan-Taylor polarizer. This polarizer attenuated the
optical bistability have been observed in a number of SYShump beam by a factor of approximately*1@n rf photo-

tems including macroscopic Fabry-Perot caviigsand in  giode was used to detect the 19 MHz signal on the transmit-
microelectromechanical systems Fabry-Perot etalf®is  ted probe beam, which was then demodulated and used as an
However, a detailed characterization of an optical spring inerror signal for the cavity length.
cluding other nonlinear processes which may also be present, The optical system was first characterized by measuring
such as the photothermal effgdt0-12 has, to our knowl-  the response of the cavity to modulation of the input power.
edge, not yet been reported. Both amplitude and phase were measured using a network
In this paper we report on an experiment which shows theanalyzer driving the amplitude modulator and reading out the
presence of an optical spring in a detuned Fabry-Perot cavitgavity error signal, shown in Fig. 3. We determined that the
Our system had a mechanical spring to counter the force atsponse consists of three basic effects. At low frequencies
the optical spring and a servosystem to hold the cavity onhe response is dominated by thermal expansion of the mirror
resonance. The presence of the servosystem means that wgbstrates due to heating of the mirror coatictye photo-
had control of the cavity detuning and could lock to arbitrarythermal effect The photothermal effect rolls off at higher
positions around cavity resonance, thus providing quantitafrequencies with a 1f/dependencgll]. From 100 to 500 Hz
tive data for comparisons with theory. the measured response fits the expected radiation pressure
The optical layout of the experiment is shown in Fig. 2. model. Higher frequencies are dominated by a frequency in-
The central element for observing the optical spring effecidependent gain modulation effe@ spurious effect which is
was a small mirror mounted on a niobium cantilever flexurereduced but not entirely eliminated by the pump-probe ar-
The mirror-flexure system formed a simple angular springriangement in Fig. 2 Note that an increase in optical power
which was sensitive to radiation pressure. The mirror centetauses a thermal expansion of the mirror substrates and thus
was 12.7 mm above the flexure. Thus for small displacethe effective cavity length is shortened. Radiation pressure
ments(=1um), angular misalignments of the mirror can be however responds to an increase in optical power by driving
ignored, and we can treat the mirror-flexure as a lineathe mirrors apart and is therefore 180° out of phase with the
simple harmonic oscillator. The oscillator had a mass of apphotothermal effect at dc; however, in our system the photo-
proximately 1.2 g, a measured resonance frequency dhermal effect dominates for frequencies below 100 Hz.
303 Hz, aQ of order 300Qlimited by gas damping and an We first characterized the optical spring by scanning the
inferred mechanical spring constant of 2800 Nm laser frequency across the cavity resonance while monitoring
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FIG. 3. Transfer function from input power to mirror displace-
ment. Tracg(@) is the measured transfer function. Tra® is the
modeled transfer function and has three components: radiation press: 3011
sure, the photothermal effect and a gain modulation coupling. Trace§ 300
(c) is the theoretical response due to radiation pressure alone. Botl‘gr
the photothermal and radiation pressure models have no fitted: 299
parameters. 298
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Resonanc

the transmitted powegthe top trace in Fig. ¥ Each reso-
nance is asymmetric due to changes in the cavity lengtt 296
caused by the effect of circulating power on the mirror. The
asymmetry occurs at low frequencies where the photother: ©
mal effect dominates; expansion of the mirror substrates due 2%, 550 200 150 -100 50 0
to heating from the circulating optical power either “pushes” Displacement From Equilibrium [pm]

(i)

FIG. 5. The top plot shows the error signal spectrum for three

g ; .

g4 i different cavity detunings. The input power was 400 mW. The bot-
g“f (iii) (iv) tom plot shows the observed shift in resonance frequency versus
'3(308 | offset for three different input powerga) 100 mW, (b) 200 mW,
80:6 i and (c) 400 mW. The data points corresponding to the observed
%0_4 _ frequency shifts shown in the top plot are markee (i), and(iii).
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14 16 18 the cavity off resonance or “pulls” it onto resonance, depend-
ing on the direction of scanning. If the laser frequency is red
detuned(cavity too shornt and scanned towards resonance
the power build up pushes the mirrors away from resonance,
resulting in a broadened transition, shown in regionOnce
the laser reaches resonance and continues scanning toward
the blue, the decrease in power further detunes the cavity
resulting in an accelerated transition, shown in region At
approximately 12.5 s the scan direction is reversed. Region
(iii) shows an accelerated transition to resonance aided by
the photothermal effect, while regigiv) shows a prolonged
FIG. 4. The top trace shows the transmitted power as a functioff@nsition off resonance. _ _
of time as the laser frequency is scanned through resonance. The Th€ “noise” visible on this trace is due to both acoustic
sample rate was 500 Hz. The data in this trace has been decimatéd radiation pressure excitation of the mechanical reso-
by a factor of 10. The bottom trace shows the mechanical resonaftance. Evidence of the optical spring can be observed as a
frequency shifting due to the optical spring effect either side ofshift in the mechanical resonant frequency either side of
resonance. The thick black line in the bottom trace is the frequencyesonance which can be seen in a spectrogram of this data.
with the largest amplitude corresponding to the observed mechaniFhe bottom plot in Fig. 4 shows a spectrogram calculated
cal resonant frequency. with a 2048 point FFT using a Hanning window. The fre-
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quency spacing of the FFT is 2.4 Hz and the time spacing ishe flexure, free from optical effects, it was measured with
0.41 s. The thick black line shows the frequency with thethe input power reduced to a minimum, YyieldinGes
largest amplitude and corresponds to the observed mecharf-303 Hz. At this low power, the mechanical resonance fre-
cal resonant frequency. The frequency shift due to the radisquency did not change as a function of offset from cavity
tion pressure optical spring can be seen on both sides of tHésonance. -

cavity resonance. The reduction in resonant frequency occurs 10 measure the frequency shift in the presence of the
where the radiation pressure optical spring is negative, simioPtical spring, the cavity was locked at full power and a
larly the increase in observed resonant frequency occurdP€ctrum of the servo error signal was recorded. With no

where the optical spring is positive. Both far off resonance?ffSet added to the locking servo, the resonant peak had a

and exactly on resonance, where the derivative of opticalflrequency of 303 Hz, essentially the same as the one mea-

power with respect to mirror position is zero, no shift in the sured at low power. The top_plot in Fig. 5 shows the traces of
resonant frequency is observed three different frequency shifts corresponding to cuimen
Comparing Fig.y(a) and 4b) it is clear that the low fre- the lower plot which shows additional data for lower power

q . isible in Fi t of oh ith data points. Experimentally, positive frequency shifts due to
guency dynamics visible in t 'g'@ are out of phase wi radiation pressure were not observable due to instability. The
the frequency shifts shown in Fig(l#) and are not due to

S i photothermal effect degrades stability on this side of reso-
radiation pressure. In regiai), for example, the photother- nance and therefore is the likely cause of the instability. Con-
mal effect increases stability resulting in an extended transigersely, on the side of resonance corresponding to a negative
tion to resonance while the resulting radiation pressure optipptical spring the photothermal effect enhances stability.
cal spring is negative resulting in a reduction in the * Equation(1) was used to calculate the effective optical
mechanical resonance frequency. This is consistent with theying constant using the experimentally measured param-
transfer_function measured in Fig. 3. At fr_equencies near th‘éters. The model then predicts values for the resonant fre-
mechanical resonance, however, radiation pressure domjyencies as a function of the offset from resonance. There is
nates,_hgnce we assert that the frequency shifting is caus%od agreement between the measured and modeled fre-
by radiation pressure. _ . ) ~guency shifts. This quantitatively supports the supposition
In order to further quantify the optical spring the cavity that the frequency shift was caused by radiation pressure.
was locked with low bandwidth feedback via the PZT- | conclusion, we have accurately characterized an optical
mounted input mirror. The optical spring effect relies ongpring which is comprised of both a photothermal effect at
changes in the intensity in the cavity as a function of positiongy frequencies and dominated by radiation pressure at
of the moyeable mirror. A high gain servo, desirable to SUP-igher frequencie$100 Hz-500 Hx. Furthermore, due to
press environmental noise acting on the moveable Mmirolne good agreement between the experiment results and the-
would effectively suppress the displacement from resonancgyetical predictions we conclude that this optical spring is the

canceling any optical spring effect for frequencies within thegirect result of radiation pressure near the mechanical reso-
control bandwidth. Hence, in order to observe the Opt'cahance(approximateIy 300 Hg

spring effect, we chose to lock with low bandwidth, typically

less than 1 Hz so that around the mechanical resonance fre- This research was supported by the Australian Research

quencies the mirror was effectively uncontrolled. Council. This material is based on work supported in part by
We observe the presence of the optical spring by measuthe National Science Foundation under Cooperative Agree-

ing its effect on the resonance frequency of the mirror flexuranent No. PHY-0107417. This paper has been assigned LIGO

system. To determine the mechanical resonance frequency béboratory document No. LIGO-P030052-00-R.
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