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We report on the demonstration of broadband squeezed laser beams that show a frequency-dependent
orientation of the squeezing ellipse. Carrier frequency as well as quadrature angle were stably locked to a
reference laser beam at 1064 nm. This frequency-dependent squeezing was characterized in terms of noise
power spectra and contour plots of Wigner functions. The latter were measured by quantum state tomography.
Our tomograph allowed a stable lock to a local oscillator beam for arbitrary quadrature angles with +1°
precision. Frequency-dependent orientations of the squeezing ellipse are necessary for squeezed states of light
to provide a broadband sensitivity improvement in third-generation gravitational-wave interferometers. We
consider the application of our system to long-baseline interferometers such as a future squeezed-light up-
graded GEO 600 detector.

DOI: 10.1103/PhysRevA.71.013806 PACS nuntber42.50.Dv, 04.80.Nn, 42.65.Yj, 42.50.Lc

I. INTRODUCTION mentioned above. This result has strongly motivated further

Gravitational wave§GWS) were long ago predicted by investigations on squeezed light because second-generation
Einstein using the theory of general relativity, but so far havedetectors like Advanced LIGO will combine arm cavities and
not been directly observefll]. Currently, an international signal recycling(the so-called resonant sideband extraction
array of first-generation, kilometer-scale laser interferometri¢22,23) and will be quantum-noise limited over a substantial
gravitational-wave detectors, consisting of GEO 6@@3], fraction of the detection spectrum. We emphasize that in-
LIGO [3,4], TAMA 300 [5], and VIRGO[6], targeted at jected squeezed vacuum states can lead to a broadband sen-
gravitational waves in the acoustic band from 10 Hzsitivity improvement, even at the two resonance frequencies
to 10 kHz, is going into operation. These first-generation deof the detunedsignal tunegl signal recycling cavity, i.e., the
tectors are all Michelson interferometers with suspendeaptical resonancg8,24,25 and the optomechanicébptical
mirrors. Injecting a strong carrier light from the bright port, spring resonanc¢26-28. In [21] it was further shown that
the antisymmetric mode of arm-length oscillatiqlesy., ex-  for a fixed readout homodyne angle two detuned filter cavi-
cited by a gravitational wayeyields a sideband modulation ties can provide the optimal frequency dependence for ini-
field in the antisymmetri¢optica) mode which is detected at tially frequency-independent squeezed light.[28] we in-
the dark output port. To yield a high sensitivity to gravita- vestigated the high-frequency limit of signal-recycled
tional waves, these interferometers have long arm lengths ajravitational-wave detectors. For detection frequencies
300 m up to 4 km and high circulating laser powers, realizechabove=1 KHz, GEO 600 is expected to be quantum-noise
by additional arm cavities and power recyclifig]. Further  (shot-nois¢ limited; thus a reduction of quantum noise
improvement in sensitivity can be achieved by signal recywould lead to a sensitivity improvement without further re-
cling [8], an advanced technique which will be implementedduction of other noise sources, such as thermal noise. In the
in second-generation GW interferometers and is already sushot-noise-limited regime of a signal-recycled interferometer
cessfully implemented in GEO 6(0,10]. a singlefilter cavity can provide the optimal frequency de-

It was first proposed by Cavd41l] that squeezed light pendence for the squeezing ellipse. In that case the filter
injected into the dark port of a GW interferometer can reducecavity should exactly match the interferometer’s signal-
the high laser power requirements. In subsequent experrecycling cavity and needs to be locked to the same signal
ments shot-noise reduction from squeezed light was demorsideband frequency but with the opposite sign. Figure 1
strated in table-top interferometdrs2—-14. Unruh[15] and  shows a proposal according [t29] of how such a filter cav-
others[16—19 have found and proven in different ways that ity could be implemented using parts of the signal-recycling
qguantum correlated light, e.g., squeezing at a quadratureavity and additional optics.
angle of 45°, can reduce the quantum noise below the so- In this paper we present what we believe to be the first
called standard quantum linfi20] at least at some frequen- demonstration of a squeezed-source/single-filter cavity sys-
cies. It was also shown that squeezed light with a frequencytem, that provides a frequency-dependent squeezed laser
dependent orientation of the squeezing ellipse can reduce thmam. Long-term stable control has been achieved that en-
guantum noise over the complete spectrum. In all cases irabled a detailed tomographic characterization of the nonclas-
terferometer topologies without signal recycling were con-sical laser beam generated. Cooperation of two identical
sidered. Recently Harmet al. [21] have generally shown cavities with opposite detunings, so to speak a signal-
that signal-recycled interferometers will benefit from recycling cavity and a filter cavity, has been inferred from
squeezed light similarly to conventional interferometers aour experimental data.
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For pure states minimum uncertainty is given by the equal
sign in Eq.(3). For conciseness where possible we omit the
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_____________ practical purposes, the quadrature amplitudes are Hermitian
% operators and therefore will be used as representatives of

measurement results. With their continuous eigenvalue spec-
tra these operators span the phase space where the Wigner
function is defined. An arbitrary quadrature in this phase
space can be defined as

@ Photodiode

FIG. 1. (Color online Interferometer topology of the GEO 600
gravitational-wave detector with additional filter cavity mirror, po-
larizing optics, and squeezed-light input from an optical parametric
amplifier (OPA). Parts of the signal-recycling cavity are used to ap= —(ae 10+ 3Telf) (7)
form a filter cavity that provides the desired frequency dependence V2
of squeezed light applied to the dark port as proposd@%h For
high frequenciegsabove 1 kHx a single filter cavity is sufficient to
gain a broadband sensitivity improvement from injected squeezed a,=3, cosf+a,siné. (8)

light. PBS, polarizing beam splitter; FR, Faraday rotator. . .
We move to the rotating frame at carrier frequenagy

where the carrieflocal oscillatoj stands still on the real
axis. Using a photodiode and demodulating the photoelectric
A single mode of the electromagnetic field can be de-current at() we actually observe the beat of the two side-
scribed by its field amplitude or annihilation operaégmw), bands contrarily rotating at& with the carrier. If some ap-
which has the commutation relatidé(w),a'(w)]=1. The paratus changes the phase of only one sideband by the angle

non-Hermitian operato&(w) can be decomposed according ¢ keeping the carrier as well as the other sideband un-
to changed, we find that the quadrature angle of constructive

interference changes by half the amount of the single side-

@ ( o+ Q) = ay(Q) + laz(Q), @ band rotation,
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Il. SQUEEZED STATES OF LIGHT

where &; ,()) are the amplitudgsubscript 1 and phase
(subscript 2 quadrature operators of the two-photon formal- S
ism acting in the space of modulation frequenci®q30]. with 6" =6+ /2. ©)
Correspondingly, the carrier frequency of the field is denoted The transfer functiop of the reflection from a cavity with

by wo. The discrete commutation relati¢a,(Q2),a5(Q)]=i round-trip length 2 and reflectivitiesr; andr, is given by
follows directly from the commutation relation & w) and 2O-0gUc
a'(w). This relation places a fundamental limitation on how p(Q) = 1712 (10)

. . O-Qgl/c’
well one quadrature of an optical beam can be known, given —rlrzez'( ot/e

some knowledge of the orthogonal quadrature. This can bﬁ/

. . herewy+ ()4 is a resonance frequency. Hence sidebands are
expressed by the uncertainty relation @o” " d Y

phase shifted by the amount of &g which depends on the

on on 1 sideband frequencf2. As we will see in the next section, for
A%8,(Q)A8(Q) = 7 (3 our purpose we chose close to unity, resulting in a strongly
overcoupled cavity, henceforth simply termed the filter cav-
where the operator variances are denoted by ity.

013806-2



EXPERIMENTAL CHARACTERIZATION OF FREQUENCY-.. PHYSICAL REVIEW A 71, 013806(2005

Now we can consider squeezing at a certain frequency mesS Sleanet,,
generated by the beat of two sidebands with the carrier. A ‘E‘om lsolator  L@Ser Homodyne
squeezed state,, 8, «) is obtained by applying the squeez- {, detector
ing operatorS(rs, 6) =exp{-r{ exp(—2i )a%>- exp(2i A)a?]} to B
a coherent statgy) [31]. The resulting squeezed state comes M2 ‘4510 .
with the desired noise power reduction of éxp) in oA ¥ 7 &
guadratured, compared to coherent noise. Exactly as in clas- DC
sical sideband modulations the phase relation of the side- ’I :
bands and the carrier determines the quadrature angle, here RS o
the angle of the squeezed quadrature. @ B0 N

In our experiment we used optical parametric amplifica- - e Gty
tion for squeezed-light generation. Initially the angle of the A V4
squeezed quadrature does not depend on frequency and the | GERT H“!I ﬂ“ﬂ
variance of the quadrature operatota, reads diode (S

A%a,= cosh2rg) - sinh(2rgcog2(6 - 6J)]. (11 FIG. 2. (Color onliné Schematic of the experiment. Amplitude-

The light beam noise powers are therefore white in fre_squeezed light is generated in an OPA cavity of controlled length.
'Flhe detuned filter cavity provides frequency-dependent squeezing

quency space at all angles when leaving the source. If thesuitable for a broadband quantum-noise reduction of a shot-noise-

the SQlljlelezed_z’([aham IS reﬂegt?d f;orr:j atde_tunet(rj] cavity haylr]ﬁ]nited signal-recycled interferometer. SHG, second-harmonic gen-
a sma. Inewi comparg 0 IS detuning . € Sql"eez'm;laration; EOM, electro-optical modulator; DC, dichroic mirror; LO,
angle in phase spacé;, will depend on the sideband fre- local oscillator;l, piezoelectric transducer.

quency by virtue of ar@) in Eq. (10), yielding
1 because the OPA cavity was not resonant for the second-
- harmonic wavelength. The length of the OPA cavity was
0(2) = Oopa+ 5 ard p(1)]. (12 ontrolled using a%ideband mogdulation technique bgsed on
. _— . . an (intracavity refractive index modulation on the
Here Opp, is the initial, frequency-independent, but variable MgO:LiNbO; crystal. This was achieved by a radio-
angle of the squeezed quadrature. , frequency(19.8 MH2) electric field applied to two copper
Finally we define the time-dependent normalized quadrag|ates that were placed on opposite sides of the nonlinear
ture fields gy 2,(€2,t) whose variances are directly propor- rystal. The error signal was determined by detecting the
tional to our measurement quantities, reflected seed beam and demodulating the resulting photo-
A -3 S0t iot current at the used radio frequency. From the same beam we
Gu2d( ) =812+ 8 (T (13 O generated an error signal for the phase difference of
Note that the right-hand side of E(B) is equal to 1 if the fundamental and second-harmonic waves inside the OPA.
quadrature field$); ,(Q2,t) are considered instead of its am- This enabled a stable lock to deamplification of the seed
plitudes. beam generating a dim amplitude-quadrature-squeezed beam
of about 70uW at 1064 nm. This control loop used a phase
IIl. EXPERIMENT modulation on the second-harm_qnic_ pump at about
19.7 MHz that modulated the amplification of the OPA. A
In our experimental setugFig. 2 we used an optical stable lock to amplification is similarly possible, thereby
parametric amplifie(OPA) to produce a dim laser beam at generating a phase-quadrature-squeezed beam. Note that
1064 nm carrying squeezed states at sideband frequencibsth control locking loops did not require any measurement
from 3 up to about 30 MHz limited by the linewidth of the on the squeezed beam leaving the OPA.
OPA cavity. The OPA was constructed from a type | phase- The common laser source of all light beams was a mono-
matched MgO:LiNbQ crystal inside a hemilithic(half-  lithic nonplanar neodymium-doped yttrium aluminum garnet
monolithic) resonatof32,33. The resonator was formed by (Nd:YAG) ring laser of 2 W single-mode output power at
a high-reflective(HR) coated crystal surface of 10 mm ra- 1064 nm. Intensity noise below 2 MHz was reduced by a
dius of curvature on one side and an externally mountedervo loop acting on the pump diode current. To reduce ex-
cavity mirror of 25 mm radius of curvature and of reflectiv- cess noise above 2 MHz the laser beam was transmitted
ity r=1/0.95 on the other side. The intracavity crystal surfacethrough a mode cleaner ring cavity. The mode cleaner output
was antireflection coate(AR) for 1064 and 532 nm. The was split into two beams as shown in Fig. 2; one of these
MgO: LiNbO; crystal and the output coupler were separatecheams was mode matched into a second-harmonic generator
by a 24 mm air gap creating a cavity mode for the resonantSHG) to produce 532 nm light which in turn served as a
1064 nm light with a 34um waist at the center of the crys- pump field for our OPA. The SHG desifjg4] was similar to
tal. The OPA was seeded through the HR-coated surface witbur OPA design and provided up to 600 mW of 532 nm light
a coherent beam of 15 mW at the fundamental wavelengthvith up to 65% conversion efficiency. Parts of the remaining
and pumped through the coupler with 300 mW of the secondaser power were used as OPA seed radiation, as a local
harmonic(532 nm which results in a classical gain of 5. The oscillator for homodyne detectiofi8 mW), and as a filter-
green pump light simply double-passed the nonlinear crystatavity length control beanil0 mw).
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The dim squeezed laser beam from the OPA was first
passed through a Faraday isolator, preventing the OPA from
any backscattered light. A\/4-wave plate turned the
s-polarized beam into a circularly polarized beam which was
then mode matched into our filter cavitf¥C) and retrore-
flected into the homodyne detector for quantum state tomog-
raphy. According to Fig. 1 we chose a linear filter-cavity
design; the cavity was composed of a plane mirror of reflec-
tivity
rlzv’m and a concave mirror of reflectivity=10.9995;
cavity length wasL=50 cm resulting in a linewidth of
1.47 MHz. The filter cavity was detuned by +15.15 MHz
throughout our measurements and stably locked to the lower Sideband frequency [MHz]
or upper sideband, respectively. Length control was achieved
by the Pound-Drever-HalPDH) locking technique utilizing
a circularly polarized laser beam that carried 15 MHz phase
modulation sidebands and was coupled into the filter cavity
from the opposite side.

All spectra presented in this paper were obtained from
homodyne detector output photocurrents analyzed in a spec-
trum analyzefRohde&Schwarz FSP3vith 100 kHz resolu-
tion bandwidth and 100 Hz video bandwidth over the fre- FIG. 3. (Color online (a) Measured noise spectra of the
quency range from 12 to 18 MHz. Each spectrum was afrequency-dependent squeezed laser beam, stably locked to a homo-
least 5 dB above the detection dark noise which was takedyne oscillator at various quadrature angles. The measured quadra-
into account. The homodyne detector was constructed frortures show a smooth rotation from squeezed to antisqueezed quan-
two optically and electronically matched Perkin Elmertum noise or vice versa. The filter cavity was detuned from the
C30619 photodiodes. The phase difference of local oscillatogarrier frequency by24=15.15 MHz.(b) Demonstration of locking
and squeezed beam was controlled by using a combine¥jability here for 10° at 14.7 MHz.
dc-rf error signal. Usually a homodyne detector is controlled
for an amplitude-quadrature measurement by using rf phadgeam. In both figures the array is bounded by measured
modulation sidebands on the difequeezedsignal beam or traces of frequency-independent squeeZiogver black or
is controlled for a phase-quadrature measurement by utilizantisqueezingtop black. It can be seen that at high frequen-
ing the difference dc current from the two photodiodes as theies squeezing degraded due to the bandwidth of the OPA
error signal. In order to characterize quantum noise at altavity. The frequency-independent squeezed and anti-
sorts of quadrature angles we required the optical phase atueezed states were measured when a beam dump was
the homodyne beam splitter to be controllable at arbitraryplaced inside the filter cavity. Thereby 3% loss on the
phase angles. This was achieved by a sophisticated electroriqueezing due to the filter-cavity input coupler is introduced.
control loop. As usual the actuator was a piezoelectric transthe effect of another 3% loss cannot be seen in the spectra.
ducer shifting the optical path length of the local oscillator Note that all spectra in Figs(& and 4a) were recorded by
and the locking loop was closed by a Pl element. The approa conventional homodyne detector on a fully locked experi-
priate error signalS,,,) was gained by a linear combination ment. Figure &) presents the locking stability. Here we
of the two linearly independent signals from ab#),; and  locked the homodyne detector to measure the quadrature at
(¢)4c] Which both sinusoidally depend on the phase argle about 10° and recorded a zero span measurement at

14.7 MHz that last over 50 min.

Sl @) =b(h)ge+ (L —b)(P). (14) In an alternative experiment the frequency-dependent

squeezed laser beam was detected by a homodyne quantum
The parameteb ranging from zero to one was computer tomograph. Again the homodyne detector described above
controlled. The mapping ap onb is bijective in intervals of was used to turn the laser beam electric field properties at
[n7/2,(n+1)7/2). Those intervals could be appended bysome quadrature angle into an electric current. Contrary to
inverting the underlying signals to cover the whole rangeabove, now the current was not fed into a spectrum analyzer
from O to 2 thereby providing appropriate error signals for but was mixed down with an electronic local oscillator at
arbitrary quadrature angles. some radio frequenc§) and low-pass filtered. The final elec-

In Figs. 3a) and 4a) we have plotted spectral noise pow- tric signal corresponds to a time series of measurement re-
ers of our frequency-dependent squeezed laser beam for vastllts on the chosen quadrature of the quantum state at side-
ous quadrature anglésee legends Figure 3a) shows spec- band frequency¥). Quantum state tomography is a method to
tra for a +15.15 MHz detuned filter cavity; Fig(a} shows reconstruct an image starting from a set of its projections
spectra when the cavity was detuned to -15.15 MHz. Thevith rotating axis via a back transform algorithm. In our case
gray horizontal line represents the shot-noise limit in ourthe object to reconstruct is the Wigner function of the under-
measurement and was measured by blocking the squeezbthg quantum state and the projections are the probability
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FIG. 5. (Color online Measured contour plot of the Wigner
function at 14.1 MHz sideband frequency revealing the so-called
squeezing ellipse. The white ellipse represents the standard devia-
tion of the quantum noise; the white circle represents the size of the
. L I L I reference vacuum state. It is clearly visible that this state shows
-12 13 14 15 -16 -7 -18 quantum correlations between phase and amplitude quadratures,

Sideband frequency [MHZ] i.e., squeezing at an angle of, here, about 40°.

Relative Noise Power [dB]
o

FIG. 4. (Color online Measured noise spectra of the frequency-
dependent squeezed laser beam, stably locked to a homodyne oscil-

lator at various quadrature angles. The measured quadratures ShOWTh lored in Fi d learlv sh
a smooth rotation from squeezed to antisqueezed quantum noise gr | € colored spectra in Figs(& and 4a) clearly show

vice versa. Here the filter cavity was detuned from the carrier frefhat the squeezed laser beam investigated carried frequency-

quency by Q4=-15.15 MHz. (b) Comparison with theoretical dependent squeezing. Homodyne detection of various
curves assuming pure states and perfect mode matching into tfgladrature r_;mgles reyealed that sque_ezeq quadratures ap-
filter cavity. peared at different sideband frequencies in a spectrum of

12 to 18 MHz. For comparison the lowest and highest traces
(in black show common broadband squeezing and anti-

densities at different quadrature angles. The transformatiofdueezing, respectively, where the squeezing ellipse does not
used is the inverse radon transform which is readily impleJotate along the spectra of quantum states. In Figs.ahd
mented iNMATLAB . As described above our setup enabled #(b) we compare our results with theoretical curves assuming
stably controlled measurement on arbitrary quadrature angld/ré states, no optical losses, and perfect mode matching.
with a precision of:1°. This provides a solid basis for quan- Both pictures show a good qualitative agreement. Quantita-

tum state tomography. AASVIEW program runs the follow- 2 CF 2 EEE 8 8 B X 0 et mode
ing procedure for a predetermined set of anglésSet theb q ’ P ' P

matching of the squeezed beam into the filter cavity of 94%.
parametefsee Eq(14)] for the next quadrature angle to be Especially those quadratures that show squeezing around the

rr.u_eas.ured(Z) vyait half a second for the control loop to sta- detuning frequency of 15.15 MHz are strongly affected by
bilize; (3) acquire measurement values on the'locked qu‘f“draﬁonperfect mode matching. The unmatched fraction is then
ture; (4) Build histogram from the data. The Wigner function 5ntisqueezed and significantly deteriorates the achievable
was calculated afterward from the set of histograms. In Fig. Q]uantum-noise reduction. The phase modulation spikes at
the result is shown for the quantum state at 14.1 MHz sidegpout 12.2 and 17.4 MHz were stray fields from other ex-
band frequencyfor discussion see next sectiorThe reso-  periments and picked up by the OPA. Due to thermal drifts in
lution bandwidth was set to 100 kHz. For reconstruction a|-0ur p0|arizing Optics the 15 MHz modulation for filter Cavity
together 100 000 quadrature values were measured dividegbntrol also leaked into our homodyne detector. Although the
up on 100 equidistant quadrature angles. To characterize ogignal could be completely canceled on short time scales by
frequency-dependent laser beam we measured 24 Wignéine adjustment of the polarizing optics, the modulation fre-
functions at various sideband frequencies. For these meauency of 15 MHz used for locking the filter cavity deterio-
surements the detuned filter cavity was locked to sidebantchted our measurement, which lasted 30 min for a complete
frequencies of()y=+15.15 MHz. The results for the lower set of spectra. To keep the minima in Figga)3and 4a)
sideband()4=-15.15 MH2 are shown in Fig. 6. clearly visible and not hidden from the 15 MHz modulation

IV. RESULTS AND DISCUSSION
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e e FIG. 7. (Color online@ Example of three-dimensional Wigner

function plot at 12.0 MHz sideband frequency according to mea-
surement data in Fig. 6. Comparing states at different frequencies,
frequency-dependent squeezing is indicated by rotation along the
vertical axis.

FIG. 6. (Color online Contour plots of the squeezing ellipse at
various sideband frequencies around 15 MHz, measured on thgtandard deviation of the quantum noise; the white circle
same continuous-wave laser beam. At 12 MHz the squeezetepresents the size of the reference vacuum state, normalized
quadrature was slightly off the vertical directiGamplitude quadra- t0 unity. It is clearly visible that this state shows quantum
ture); at higher frequencies the squeezing slowly rotates into th&orrelations between phase and amplitude quadratures, i.e.,
phase quadrature at 15 MHaot shown. For sideband frequencies Sdueezing at about 40°. Note that here the Wigner function is
far above 15 MHz the squeezing will be measured again in amplic€ntered around the origin, saying that no coherent excitation
tude quadrature. For each tomographic measurement the laser be&hthe modulation sideband was present. However, additional
was phase locked to a reference beam and the quadrature andi@ise in the antisqueezed quadrature was clearly detected,
stably controlled and stepwise rotated. The phase reference wa&nce the area of the ellipse was determined to be 1.16 which
given by a phase modulation at 19.8 MHz. can partly be attributed to optical losses on the squeezing and

additional phase noise. Figure 6 shows our tomography re-

peak, we used an electric offset on the PDH error signal teults at various sideband frequencies using a detuned filter
lock the filter cavity at a sideband frequency of 15.15 MHzcavity with 3=-15.15 MHz. For each tomographic mea-
instead of 15 MHz. surement the homodyne detector was subsequently locked to

The overall squeezing in our measurement was detectetD0 equidistant quadrature angles for a certain measurement
to be 2 dB below shot noise. This value was primarily detertime interval. An equivalent sequence was measured using a
mined by optical losses. Compared to our previous squeezingl5.15 MHz detuned filter cavity. The results are not explic-
results[35] in this experiment the losses were even higheritly shown but were used to plot curye) in Fig. 8 below. To
due to the additional Faraday rotator and the filter cavitythe best of our knowledge we report on the first fully locked
Loss contributions from photodiode efficiencies, homodyngomographic characterization of nonclassical states. In previ-
detector visibility, propagation losses, and OPA escape effious works the quadrature angles were slowly scanned,
ciency gave an overall loss on the squeezed states of 42%thereby averaging over a finite range of angles. In Fig. 7 an

An even clearer demonstration of frequency-dependenexample of a three-dimensional Wigner function plot is
squeezing carried by our laser beam can be given in terms gfiven showing the state at 12.0 MHz sideband frequency ac-
Wigner function contour plots. In addition to the spectra dis-cording to measurement data in Fig. 6. Figure 8 shows the
cussed above, we did tomographic quantum state measureffect of reflections from single detuned filter cavitities on
ments[36,37 at frequencies between 12 and 18 MHz asthe quadrature angle. Displayed are measured rotations of the
described in the previous section. Figure 5 presents a meaqueezing ellipse deduced from our contour plots for
sured contour plot of the squeezing ellipse at a sidebanét15.15 MHz (c) and -15.15 MHz(a) detuning. Altogether
frequency of 14.1 MHz. The white ellipse represents the24 measured Wigner function contour plots have been evalu-
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90 : - , , , , , from the detuned cavity of the interferometer and thereby
will gain a frequency-dependent phase shift. As a result the
squeezed quadrature will not beat with the signal at all fre-
quencies, resulting in a reduced detector bandwidth. Generi-
cally this can be circumvented by two or more appropriate
filter cavities, which have been first proposed 1] to en-
able sensitivities below the interferometer standard quantum
limit. Contrary to[16] where ring cavities were proposed we
used a linear filter cavity in correspondence to the design in
Fig. 1, targeting the interferometer shot-noise limit. For fre-
quencies above 1 kHz the GEO 600 detector is not signifi-
cantly affected by radiation pressure noise and a broadband
sensitivity improvement from squeezed light can be achieved
by a single detuned filter cavity. If the squeezed vacuum is
reflected from a filter cavity with inverted detuning com-
pared with the interferometer recycling cavity, both effects
FIG. 8. (Color onling Measured rotations of squeezing ellipses. c@ncel. Then the squeezed states that are reflected from the
The two curves show the effects from +15.15 MKz and from  interferometer show a frequency-independent orientation re-
-15.15 MHz(a) detuned filter cavities. One of the cavities can be garding the signal field and the shot-noise-limited sensitivity
regarded as a signal recycling cavity of a shot-noise-limited interof the interferometer is improved over the complete spec-
ferometer. After two reflections the squeezing is again observed ifrum according the degree of squeezing achieved.
the initial frequency-independent quadrature. The broadband
squeezed quantum noise can then be adjusted to the signal carrying
quadrature, giving a broadband sensitivity improvement for conven- V. CONCLUSION
tional homodyne readout.

Quadrature rotation angle [deg]

-90

12 13 14 15 16 17 18
Sideband frequency [MHz]

Our results demonstrate frequency-dependent squeezing

ated. For every plot we determined the rotation angle of thélt sideband frequencies between 12 and 18 MHz. We have

squeezed quadrature with reference given by the initia")}jemonsiratBed %ts)tat?jlybcc;nftrolled sysf[e(rjn In adbetnch top ex-
squeezed amplitude quadrature. The two curved solid lingR€riment. Broadband but frequency-independent squeezing

represent the theory according to H42). The very good was provided by an optical parametric amplifier; frequency-

agreement between experimental data and theory sugge pender]t orientation Of. the sgueezing ellipse was achieyed
that the approximation for small filter-cavity linewidth in Eq. y reflecting the squeezing ellipse at a detuned filter cavity.

(12) is valid for our experiment. From theory we expect that For sZot-nmse(—jhmlttecti S|?_nal(;recyclzled |nten;]erometers_(\j/wth
in any case the sum of both curved traces cancels to zer omodyne readout at a Tixed angie our schéme provides a

shown as a horizontal ling) in Fig. 8. This is indeed shown roadband sensitivity improvement. Required cooperation of

. ; . two identical cavities with opposite detunings, so to speak a
by our data points, thereby experimentally proving that two ignal-recycling cavity and a filter cavity, has been inferred

subsequent filter cavities that are symmetrically detuned bf ; S
in our case, +15.15 MHz from the carrier lead to then anfrom our experimental data. We used carrier light at 1064 nm

overall identical phase shift for carrier light and for all side- which is the wavelength for current gravitational-wave inter-

band frequencies. The effects of both cavities cancel eacﬁrometers; squeezing at aCOUSt'C. frequencies was recently
other. emonstrated for the same carrier waveleng®B]. Our

Figure 8 is motivated by the fact that detuned cavitiesSCheme can be scaled to long baselines and acoustic frequen-
ies using current technology.

have become widely accepted in future gravitational-waveC
interferometers. As said in the Introduction the GEO 600

detectO( already uses a _carrier-detur(etgnal—tune_ai So- ACKNOWLEDGMENTS

called signal-recycling cavity. The second-generation detec-

tor Advanced LIGO will use a detuned signal extraction cav- This work has been supported by the Deutsche

ity. It is very likely that also third-generation detectors will Forschungsgemeinschaft and is part of Sonderforschungs-
make use of detuned cavities. Our research aimed for thirdsereich 407. We also acknowledge Jan Harms for his contri-
generation GW interferometers where the ordinary cohererttutions to the theory section and Joshua R. Smith for his

vacuum entering the interferometers dark port is replaced binvaluable suggestions that contributed to the form and clar-
a squeezed vacuum. Injected squeezed states will be reflectidy of this paper.
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