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Interferometric measurements of the position of a macroscopic body:
Towards observation of quantum limits
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An optomechanical sensor suitable for the study of quantum effects has been developed and characterized.
The sensor reads out the vibrations of a microfabricated miniature silicon mechanical oscillator which forms
one end mirror of a high finesse Fabryedtecavity. The mechanical quality factor is up @=300 000 at
300 K and rises up t@=4x 10° at 4 K. The thermal noise of the oscillator has been measured in the time and
frequency domains at room temperature and at 4.5 K. The prospects for observing the standard quantum limit
are discussedS1050-294{@9)07002-X]

PACS numbds): 03.65.Bz, 42.50-p

I. INTRODUCTION sensitivity with which an external force acting on the mac-
roscopic body may be detected using coherent light
At the quantum level, a measurement disturbs the system The observation of quantum effects with optomechanical
being measured. The backaction due to the quantum natuf@nsors requires the development of oscillators with low
of the probe is usually very small and has not yet been obMwr,, their integration into a sensitive read-out system, and
served for a macroscopic system. The existence of the quaﬁninimization of the oscillator’'s thermal noise, which can
tum backaction leads to the appearance of a quantum limit i§@sily mask the quantum effects. While optomechanical sys-
the accuracy of measurements, the standard quantum limfgms have received much theoretical attenfig only few
(SQU) [1]. For measurements of the position of a harmonic€*Perimental studies have been performed after the first ob-
oscillator of massm and resonance frequenay,,, this is servation of radiation pressure effects in an optical cd¥ty

AXgqL= Vhil2mw,,. For a laser interferometric measurement,concernlng small-scale sensors,_Pang and R'Cf@“a"e
. . ; reported a room-temperature optical sensor designed for the
the backaction can be understood in a straightforward ma

_ ) "Fead-out of the excitation of a Weber bar antenna. Nonlinear
ner [2,3]. The probing laser wave carries quantum ﬂuc.tufi'mechanical effects were studied on microresond® & and
tions. For a cohgrent ;tate of light, the quantum gncerta'm'eﬁackaction effects were investigated on a 0.3kg cryogenic
of phase and intensity are equal and proportional to thgactromechanical sensft0].
square root of the laser powd. The intensity quantum | this paper we present an optomechanical system, based
fluctuations cause radiation pressure noise which leads tgn g Fabry-Pet cavity, whose features approach the regime
displacement noise whose uncertainty scales with At where observation of quantum backaction and of the stan-
high enough laser power this noise will become appreciabledard quantum limit should be possible: it exhibits a high
On the other hand, the read-out uncertainty due to quantursavity finesse in order to enhance the backaction for a given
noise scales with 1/P, since the signal is-P, and domi- external laser power, and a high mechanical quality factor, to
nates at low laser powers. An optimum laser power existseduce Brownian noise.
that minimizes the sum of the read-out noise and that due to
backaction. The measurement accuracy corresponding to this
optimum readout precision is the standard quantum limit.
The SQL is of fundamental interest, because it limits the The optomechanical sensor we discuss is sketched in
Fig. 1. The Fabry-Pet cavity consists of a rigid incoupling
mirror and a mirror oscillator. A narrow linewidth laser wave
*Present address: Metrology Research Institute, Helsinki Univeris coupled into the cavity and the reflected wave is extracted
sity of Technology, P.O. Box 3000, FIN-02015 HUT, Finland. using a combination of a polarizing beamsplitter and a

II. THEORETICAL CONSIDERATIONS
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Input  Oscillator  with F=27/(2—r3—r3). Note that this is independent ef
for - misror as e—0 because of the assumption of precise impedance
match.

The backaction due to radiation pressure fluctuations is

EOM

Isolator 80% BS

Laser described by the momentum uncertainty transfered by the
i circulating light to the oscillator:
LHe-Cryostat
Modulation
13 MHz @ PD Apo. 2%k [\PJo(€)?7 F 3
Pea= hc g (©)
v
Mlxer?@ Here, 2k is the momentum transfer per photon and the
Frequency LPF »| Data acquisition other terms are the uncertainty of the photon number hitting
lock the oscillator mirror F/ 1 is the power enhancement for the

_ _ impedance-matched cavity. Note the linear dependence on
~ FIG. 1. Schematic of the optomechanical sensor system. The- which results from the fact that the signal to quantum
incoupling mirror is rigidly mounted; the other cavity mirror is the ngise ratio of the intensity of the light circulating within the
torsional oscillator. EOM, electro-optic modulator; BS, beam split- cavity must be the same as that outside the cavity. In the time
ter; PD, photodiode; LPF, low pass filter. interval 7, the uncertainty in the radiation pressure force is

given by AFgpo=Apga/ 7. For the undamped harmonic os-
tor signal obtained from the reflected light is mixed with acillator the resulting uncertainty in the position is

local oscillator and low-pass filtered to yield an error signal
proportional to the detuning of laser frequency from the cav- 5
ity frequency. The frequency components aroungprovide AXga= (
information about the mechanical oscillation. The low-
frequency part of the error signal at frequencies substantiall
smaller tharnw, is used for stabilizing the laser frequency to
the average cavity frequency, thus compensating for an
relative drift. The servo locking bandwidth is chosen suffi-
ciently smaller thanw,,. For a detailed theoretical treatment
of the optomechanical sensor, we refer to R&g].

First we review the SQL, which is usually considered in

AFBAT
2Mo,

2 ho(e)’PF?7
B 7'r20)\m2a)ﬁ1

4

Yhis equation is valid at resonance and whemo k&
7<71,. EXpressions essentially equal to E(.and(4) may

be obtained also for the case of side-of-fringe detection,
when a small detuning is chosen.

The total error is the quadrature sum of the individual
errors, Ax2,=Ax3y+ Ax3,, since the shot noise originates
TN L from the sidebands and is uncorrelated with the shot noise of
the absence of dissipation, i.e., for observation timesy the carrier that enters the cavity and causes the radiation

=20Q/w,,, the mechanical relaxation time of the oscillator. : S ,
Further below we also consider the case ., (Ref. [13]) pressure fluctuations. Minimizing the total error with respect
m ' ' to 7 we are led to the SQL,

For a FM measurement of the position of the movable mir-
ror, the read-out uncertainty due to shot noise is

AXE " 5
XsqQL=
2\mm
o2 _Ss__ Ahe [l +23y(e)? Vma,
X = 5_ = 1 . .
SN 27 128pPF2r (11— a)2dg( €)2J4(€)? at the optimum measurement time

where Sgy is the low-frequency power spectral density of Ton= TACMwm _ (6)
displacement14]. We use one-sided spectral densitigss P 8\/7;J§(e)P]-'2

the quantum efficiency of the photodetectérthe finesse of
the cavity, and ; andr, are amplitude reflection coefficients Note that the usual SQL value is only reached for an ideal
of the incoupling and the rear mirror, respectively. are  photodetector withy=1. A nonunity quantum efficiency im-
Bessel functions withe being the phase-modulation index. plies loss of information and thus an increase in the mini-
The parameterr is the on-resonance carrier field reflection mum uncertainty. Expressid) implies that there is a well-
coefficient and is given byr=[r;—r,(1—a%)]/(1—r,r,), defined total optical energyEgq =P7op that must
wherea? is the power loss of the input coupler. This expres-be expended in order to reach the SQL. This energy is par-
sion is valid for a measurement timdonger than the cavity tially absorbed in the photodetector and partially dissipated
decay time, weak modulation, and perfect mode match of th#é the cavity. In an application where the temporal change of
laser wave into the resonator. For simplicity, we consider iman external force acting on the oscillator is to be monitored,
the following the case of a lossless input couplaf£0),  the powerP would be chosen such that,, is equal to
perfect impedance matchr(=r,), and high finesserq the desired sampling time. Note that the product
=r,=1), so that Axsn(7)Apga(7) =7%/2\7 satisfies the uncertainty relation.
The condition for the dissipation being negligible is
equivalent to requiring that the Brownian nois& e, 7) is
Ax2 = Ahc @) small during the measurement tinfd5]. Its value for
SN 649J0(€)°PF 27 T<Tp is [16]
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FIG. 2. Calculated short-time displacement uncertainties result- FIG. 3. The employed silicon torsional oscillator. The antisym-
ing from read-out shot noise, quantum backaction noise, and themetric oscillation mode calculated using a finite element simulation
mal noise as a function of the laser power. The backaction regimds shown(with exaggerated amplitugleThe torsion angle of the
where Axg, dominates, can be reached with reasonable laseeuter frame is too small to be visible.
power. Parameters for calculations dre 2 K, finesseZ=80 000,
measurement timer=12us, mechanical quality factoQ=1.5

dence ofAx;,; and its contributions on power, for a set of
X 107, detection efficiencyy=1.

parameters to be discussed below.
We now turn to the quantum limits occurring for obser-

2kgTT vation times exceeding the mechanical relaxation tirpe
AXtherm —27- ' @) [3]. This regime is of interest for applications seeking to
mom detect a force that is constant on the time scale.pf The
so that the condition x < Axen translates to power spegtral_ density of the displacement noise consists of
therm( Top) < AXsqL three contributions,
hQ
opt<W- (8 Siot @) = S\ @) + Sga( @) + Spernf @) (11

wherew is the detection frequency, not necessarily equal to
the mechanical resonance frequency. We note that we can
simply add the three contributions, without taking into ac-
count any cross correlations, since the intensity noise at the
2kBT sideband frequency causitgy is uncorrelated to the low-
9 frequency noise driving the oscillator and caustyg, .

The shot-noise contribution has been given above in Eq.
(1). The displacement power spectral density due to quantum
gackactlon is given by

This is much more stringent tham,< 7,,, since in practice
kgT/hwyn>1. Since we also neefl,> 1wy, the mechani-
cal quality factor must satisfy

Q>\n

Thus, low mechanical loss is a crucial requirement to sup;
press thermal noise during the observation time. Equation
(6) and (8) imply a criterion for the required laser power,

tk F\?
Sea(@)=27x*(w)AFZ,= 87 PJo(e)Z(;) xA(w),
(12

2
mACMw?, TACMwy, 2kgT

T >Ppin= :
B3 2 F Ry ST T ey 2 hwnQ
(10)

where x () =m?(0?— 02)?+mM?w’w?/Q? is the me-
Typically, a significant fraction of the input laser power chanical su'sceptibility. Finally, the one-sided spectral_ dgn—
will be dissipated in the cavitjthis fraction isJo(€)2 under ;lty_of the displacement of the mass_due to thermal excitation
the assumptions made abdvas it is desirable to keep this IS given by the well-known expression

thermal load as small as possible, especially when operating

the sensor at cryogenic temperatur@s, represents an im- _ AkgTMoy, , 13
portant figure of merit: low optical loss is an important re- Stherm( @) = Q x(@). (13
guirement. In addition, the oscillator should have both low

mass and low spring constame?,. Equation(10) also  The backaction dominated regime, i.e., where backaction
shows that the use of optical read-out is more favorable thapoise exceeds thermal noise, occurs for laser powers satisfy-
microwaves. ing the same Eq.10) derived above in the short-term case. A
Experlmentally, the SQL would be revealed by determin-point to note is that the absence of an explicit conditiorQon
ing Ax, from oscillation time evolution traceg(t) of dura-  such as Eq(9) broadens the range of sensor configurations
tion 74, and studying its dependence on laser power. Thavith which quantum effects may be observed, siRgg, can
scale ofAxZ, can be obtained with the help of a calibration be reasonably low even for mediu@ provided this is com-
signal (see below. Figure 2 shows the theoretical depen- pensated by the other parameters.
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FIG. 4. Temperature dependence of the quality factor of a coated torsional silicon oscillator. The inset shows a decay measurement of an
uncoated oscillatorte2 K after switching off the resonant excitation. The decay time of 52 sec correspos th3 million.

To verify the possibility to observe the SQL in the long- follows: a thick oxide layer was thermally grown on both
time regime, we minimizeSg\+ Sga With respect to laser sides of a highly polished commercigtype 5€/cm silicon
power to findSgq, . Its value relative to thermal noise is wafer with (100) orientation. The oscillator was defined by

double-sided lithography and the structure was etched in a
Ssou(®) 1 Ao, x(on) 60 °C KOH solution. After fabrication of the structure and
- KaT ’ (14 removal of the oxide, the vane was coated on one side with a
Stherm(®) 2\/; gl x(w) - - . . .
high-reflectivity dielectric coating for 1064 nm. When the

at a power oscillator is part of the optical cavity, the laser beam is re-
flected at a distande=1 mm from the torsional axis, so that
Ssou(®) the torsional motion leads to a cavity length change. For a
PSQL(w):EPminW- (15  torsional oscillator, the effective massin the expressions
herm given above id/L2, wherel is the moment of inertia. Here
For nonresonant detectiony(w)/x(w,) becomes small |=9.6x10 '2 kg n?, leading tom=10 mg.
(=1/Q for w sufficiently different fromw,,), and may thus
offer the possibility of achieving the SQL: fab<w,, the : .
thermal noise is pushed below the SQneim<Ssg., under A. Mechanical quality factor
essentially the same conditior(8) and (10) derived for Mechanical damping depends both on gas pressure and
short-time measurements. Fersufficiently larger thano,,,,  temperature. Best values are obtained in vacuum and at low
on the other hand, the SQL may be reached without requiringgemperatures, but usually still depend on clamping loss. To
a minimum value forQ. characterize the properties of the oscillator, a simple optical
setup was used. The oscillator is clamped to a mount at-
IIl. EXPERIMENTAL RESULTS tached to a piezoelectric transducer in a cryostat vacuum

chamber. A HeNe laser is shone on the torsional vane and

In our experiments, the movable mirror is a silicon tor- the reflected light is detected with a segmented photodiode,
sional oscillator(Fig. 3). Such oscillators have already found which gives a signal proportional to the angular displace-
use in condensed matter stud[@3]. The size of the whole ment of the torsional oscillator. The oscillator is mechani-
structure is 4 cmx 2 cm X 380 um. Its design and room- cally excited at resonance. After the excitation is turned off,
temperature properties were reported befd@. It consists  the amplitude decay is measured using a lock-in amplifier as
of two coupled oscillators, an inner framedaa 2 mmXx 4  a demodulator with a slightly detuned reference frequency.
mm vane connected by torsion ba@00 wm width). The Figure 4 shows th&) factor of a coated oscillator in the
whole structure has many oscillation modes, among whicllemperature range 2 K—40 K. The increase of the quality
are a symmetric, low-frequency torsional mode and an antifactor at low temperatures is due to a reduction in phonon
symmetric, high-frequency torsional mode. Only the anti-scattering as the phonon number decreases. The highest
symmetric mode has a higR-resonance due to low stress cryogenicQ factor we observed was 4.3 milliofinset of
concentrations in the beams connecting the two coupled o$=ig. 4). Between room and liquid helium temperature the
cillators to the frame. The resonance frequency of this oscilresonance frequency increases by about 100 Hz, due to
lation is w/2m=26 kHz. The oscillator was fabricated as changes in the elastic constants.



1042 |. TITTONEN et al. PRA 59

calibration | thermal noise

1.04
B
P 300K
= 0.5
<
<I J

0.0 T L T

25.8 26.0 26.2 26.4
Frequency [kHz]
calibration

1.04
) thermal noise FIG. 6. Phase space trajectory of the oscillator at room tempera-
= ture driven by thermal noise during a time interval of 80 s. One
E 0.5 larger jump corresponding to a laboratory disturbance can be seen.
p .

VSsn=23X%10"1° m/\Hz. Electronic noise is responsible for
0.0 T T T i i imi i
0% 20 262 ea the II(arge difference, and will have to be eliminated in future
Frequency [kHz] Work.
FIG. 5. The spectrum of the cavity detuning error signal at room C. Brownian noise

temperature and 4.5 K. The peak at 26.2 kHz for the room- h hanical I detailed di
temperature measurement and 26.3 kHz for the measurement at 4.5T e optomechanical sensor setup allows detailed studies

K has its origin in the Brownian motion of the mechanical oscilla- O the Brownian motion of the moving mirror. For a fre-
tor. The calibration peak at 26 kHz is obtained by frequency-quency domain analysis, the error signal is recorded with a
modulating the laser. The observed shift of the oscillator's resoSRS 780 FFT spectrum analyzer. Figure 5 shows two typical
nance is due to the increased spring constant at lower temperaturéesults. The thermally excited motion of the torsional oscil-
The measurement bandwidth was 4 Hz. Note the different verticalator is clearly observed at 26.2 kHz for the room-
scales of the two coordinate systems. The thermal noise showstamperature measurement and at 26.3 kHz at cryogenic tem-
tenfold decrease at 4.5 K compared to room temperature. perature. To calibrate the signal, the laser frequency was
modulated by an amourf v via a piezoelectric transducer
glued onto the laser crystal, which has a constant transfer
The optomechanical sensor is housed in a LHe cryostafunction below 100 kHz. A modulation frequency of 26 kHz
The oscillator mirror is glued with stycast epoxy at its four was chosen, sufficiently separated from the mechanical reso-
corners to an invar holder. This holder is then attached to aance frequency, but sufficiently close so that the error sig-
larger invar block, on which a rigid incoupling mirror is nal gain is the same\ » was calibrated by comparison of the
mounted. The cavity length is 1 ciifree spectral range corresponding error signal amplitude with that obtained
(FSR equal to 15 GHZ The concave input coupler with 10 when scanning the laser frequency by an amount equal to a
cm radius of curvature has a transmissivity i=50 ppm. known fraction of the phase-modulation frequency. The
The finesse of the cavity i&= 15 000, limited by the loss of equivalent mirror amplitude is calculated Ax,=Av\/2
the oscillator mirror. The resonator is thus undercoupled. AFSR.
300 mWwW diode-pumped monolithic single-frequency  Typically the spectrum was recorded with a 0.25 s inte-
Nd:YAG laser is used, with typical laser powers incidentgration time. This is an order of magnitude less thgnat
onto the cavity around 5 mW. A phase-modulation frequencyoom temperature, and even less at 2 K. Therefore the spec-
of 13 MHz with modulation indexe=0.8 was used. The trum was averaged 30 times for room temperature and 100
laser intensity noise was determined by balanced homodyriémes for cryogenic measurements, to obtain an estimate of
detection. By comparing the difference and the sum signalghe thermal noise. The measured thermal noise levels are
of the homodyne detector, we verified that above 12 MHzAX=(1.3=0.4)x10 ¥ m at 300 K andAx=(1.3+0.6)
the laser intensity noise level is at the shot-noise level for the<10 ' m at 4.5 K. They agree reasonably well with the
4 mW power level. The read-out sensitivity was thereforetheoretical expectatiod Xinerm( 7> 7m) = \/kBT/mwmz.
not limited by technical laser noise. Mode-match efficiency In the time domain the analysis of the oscillator motion is
of the laser mode into the cavity was around 50%. The quanperformed by feeding the cavity detuning error signal into a
tum efficiency of the InGaAs photodetector plus losses in thewo-phase lock-in amplifier, with a reference frequency
optical path yielded a total efficiency=70%. The laser equal to the resonance frequensy, (Ref.[9]). The integra-
could be stably frequency-locked to the cavity. The displacetion time constant corresponds to Figure 6 shows a phase
ment sensitivity for the measurement of the oscillator mo-plot of the two quadratures of the error signal neay,
tion, obtained from the error signal noise floor, ix 20 *®*  showing the Brownian random walk of the oscillator at room
m/yHz. The expected level from Edql) is approximately temperature.

B. Sensitivity of the interferometer
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IV. DISCUSSION AND OUTLOOK

quantum limit. A reduction of laser frequency noise to the
. required 103 Hz%*Hz level by means of a high finesse ref-
The optomechanical sensor presented here representseraence cavity has been demonstraféd]. In our case, a

first step towards a device that should permit the observation o . C 0

) . g combination of such an active frequency noise reduction and
of the SQL. I.t is useful to conS|d§:r the necessary IMproves - increase of the FSR of the cavity can be used. Finally,
ments fqr th's goal. Qn the oscillator S'.de th's. requIres & nother important noise source is laser intensity noise, which
sub:'stannal increase in bow@ and 7. A higher finesse is at 21 kHz is about 20 dB higher than the coherent state
desirable to reducPsq, to a reasonable level of a few mw. guantum noise. A reduction close to the latter level can be
A mirror coating on the silicon oscillator with a finesse of achieved by a feedback systé@t]. On the other hand, the
80 QOO appears rgalistic, considering the high surface .qua“%resence of technical intensity néise may be used ir,1 a first
achievable for Si wafers. ThQ f"’!‘“m must also be im- step to demonstrate classical backaction effects. In closing,
p“’"‘?‘?‘ from the present value,. which bgrely falls short of thevve note that an important advantage of the mechanical os-
fi:)nnedlttcl)oggzalelg E‘rdeth;Sp:;?SI(;hgeofggggg r;iizu;ir;ﬁ;tcillators useq he_re i; that thanks to their high frequency,

- m- . " .. 2 laboratory seismic noise is not expected to be relevant.
factprs 10 times larger have been obtained in larger silicon In conclusion, we have demonstrated an optomechanical
torsional qscﬂlatoril?]. . . sensor at cryogenic temperatures that exhibits both low op-

Assuming an osc_lllator as described, but 7W'th a IOW'tical loss and low mechanical loss. We have shown that the
temperature mechanlca! 'quahty. facth= .1'5X 10" and op- thermal oscillator noise can be resolved and is in quantitative
ﬁ::::??.?g:ﬁo }Td Ctﬁzgnlpen (Q}trl]snsatésiei 2T7hesm$z;1]sire- agreement with theory. The equivalent force sensitivity is,
there ié a smalluwindow vlvhev;”e tlheﬁassu:nptioﬁs -usec? to d from Eg. (13), 1.3 10.714.N/‘/H_Z' With substantial im-
ive the SOL are approximately satisfied. For the choic roveme_nts in the cavity finesse, mechanl_cal quallty _factor,
.. =125, Fig. 2 shows the expected uhcertainties Theelectronlcs and laser fr_eq_uency, and amplitude stability, the

opt K> s id b hed | ' sensor opens the possibility to observe the standard quantum
SQL at 6<107"m wou € reache at a laser power limit of position measurement of a macroscopic body using
P=2.5mW. At approximately this power level, we also ex- interferometry
pect to see evidence of quantum backaction in a spectral '
measurement centered@f,. The SQL power spectral den-
sity Sgqi(w) is six orders of magnitude below the thermal ACKNOWLEDGMENTS
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sity off-resonance, withw — wy| > 1/7,, the SQL should be work was performed, for his encouragement and support. We
accessible. are indebted to S. Vyatchanin for enlightening discussions

Several aspects of the sensor can be identified that neeghd important suggestions, and V. Braginsky and R. Onofrio
significant attention in order not to mask the SQL. First, thefor discussions. I.T. acknowledges support from the Alex-
read-out sensitivity of our setup is still limited by electronic ander von Humboldt Foundation. This work has also been
noise and must be improved by three orders of magnitudegenerously supported by the Rotary Cli&S). We thank R.
Second, the frequency noise of our laser is expected to b8torz for advice and help in manufacturing oscillators, S.
aboutSgy=1 HZ/Hz aroundw,, [19]. This corresponds to a Seel and D. Reinelt for help with the cryogergicmeasure-
displacement uncertainty ySgn/27,,/2FSR=7x10"" m,  ments, and P. Mustermann and M. Spiegel for help with
which is three orders of magnitude higher than the standardleaning and clean-etching the oscillators.

[1] V. B. Braginsky and F. Ya. KhaliliQuantum Measurements
(Cambridge University Press, Cambridge, England, 1992

[2] W. A. Edelstein, J. Hough, J. R. Pugh, and W. Martin, J. Phys.
E 11, 710(1978, analyze the SQL in the cage<7,.

[3] V. B. Braginsky and S. P. Vyatchanin, Zhk&p. Teor. Fiz74,
828 (1978 [Sov. Phys. JETR7, 433(1978]; A. F. Pace, M.
J. Collett, and D. F. Wallls, Phys. Rev. 4¥, 3173(1993; G.
J. Milburn, K. Jacobs, and D. F. Walliid. 50, 5256(1994),
analyze the case> 7.

[4] M. F. Bocko and R. Onofrio, Rev. Mod. Phy$8, 755
(1996.

[5] C. M. Caves, Phys. Rev. Lett5, 75 (1980; C. M. Caves,

Soc. Am. B2, 1830(1985; M. Ley and R. Loudon, J. Mod.
Opt. 34, 227(1987; M. T. Jaekel and S. Reynaud, Europhys.
Lett. 13, 301 (1990; A. Luis and L. L. Sanchez-Soto, Phys.
Rev. A45, 8228(1992; C. Fabre, M. Pinard, S. Bourzeix, A.
Heidmann, E. Giacobino, and S. Reynaubid. 49, 1337
(1994; S. Mancini and P. Tombeshid., 49, 4055(1994); M.

E. Tobar, E. N. lvanov, D. K. L. Oi, B. D. Cuthbertson, and D.
G. Blair, Appl. Phys. B: Lasers Op64, 153(1997).

[6] A. Dorsel, J. D. McCullen, P. Meystre, E. Vignes, and H.
Walther, Phys. Rev. Lett51, 1550 (1983; A. Gozzini, F.
Maccarrone, F. Mango, |. Longo, and S. Barbarino, J. Opt.
Soc. Am. B2, 1841(1985.

Phys. Rev. D23, 1693(198)); R. Loudon, Phys. Rev. A7,
815(1981); W. G. Unruh, inQuantum Optics, Experimental
Gravitation and Measurement Theorgdited by P. Meystre
and M. O. Scully(Plenum, New York, 1983 p. 647; R. S.
Bondurant and J. H. Shapiro, Phys. Rev3@ 2548(1984); P.
Meystre, E. M. Wright, J. D. McCullen, and E. Vignes, J. Opt.

[7] Yi Pang and J.-P. Richard, Appl. O84, 4982(1995. This
sensor hasn=1.2 g, w/2m=1 kHz, mechanical quality fac-
tor Q=3000, finesse 77 000.

[8] R. E. Mihailovich and J. M. Papria, Physica 165/166 125
(1990; D. S. Greywall, B. Yurke, P. A. Busch, A. N. Pargellis,
and R. L. Willett, Phys. Rev. Let72, 2992(1994.



1044 |. TITTONEN et al. PRA 59

[9] D. Rugar and P. Giter, Phys. Rev. Lett67, 699 (1991). E. A. Zubova, Opt. Commuri1], 303(1994.
[10] E. Majorana, P. Puppo, P. Rapagnani, and F. Ricci, Appl[16] S. Chandrasekhar, Rev. Mod. Ph{s§, 1 (1943.
Phys. B: Lasers Op64, 145(1997. [17] R. N. Kleiman, G. K. Kaminsky, J. D. Reppy, R. Pindak, and
[11] R. W. P. Drever, J. L. Hall, F. V. Kowalski, J. Hough, G. M. D. J. Bishop, Rev. Sci. Instrumb6, 2088 (1985; R. N.
Ford, A. J. Munley, and H. Ward, Appl. Phys. B: Photophys. Kleiman, G. Agnolet, and D. J. Bishop, Phys. Rev. L&g,
Laser Chem31, 97 (1983. 2079 (1987; B. E. White, Jr. and R. O. Pohibid. 75, 4437
[12] K. Jacobs, I. Tittonen, H. Wiseman, and S. Schiller, Phys. Rev. (1995.
A (to be publisheg ] [18] R. A. Buser and N. F. Rooij, Sens. Actuators2A-23 323
[13] S. P. Vyatchanin and A. B. Matsko, Zhk&p. Teor. Fiz109, (1990.
1873(1996 [JETP82, 1007(1996)]. [19] C.-C. Chen and M. Z. Win, IEEE Photonics Technol. L&it.

[14] K. Nakagawa, A. S. Shelkovnikov, T. Katsuda, and M. Ohtsu, 772(1990.
Opt. Commun.109, 446 (1994); D. |. Robertsonret al, Rev. [20] F. Bondu, P. Fritschel, C. N. Man, and A. Brillet, Opt. L&xi,
Sci. Instrum.66, 4447(1995. 582(1996.

[15] V. B. Braginsky and Y. I. Vorontsov, Usp. Fiz. Nauk4, 41 [21] K. Tsubono and S. Moriwaki, Jpn. J. Appl. Phys., Pag1]l
(1974 [Sov. Phys. Uspl7, 644(1975]; S. P. Vyatchanin and 241(1992.



