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We report the experimental realization of squeezed quantunstates of light, tailored
for new applications in quantum communication and metrology. Squeezed states in a
broad Fourier frequency band down to 1 Hz has been observed fahe first time. Non-
classical properties of light in such a low frequency band isequired for high efficiency
guantum information storage in electromagnetically indued transparency (EIT) media.
The states observed also cover the frequency band of ultraighh precision laser interfer-
ometers for gravitational wave detection and can be used toslach the regime of quantum
non-demolition interferometry. And furthermore, they cover the frequencies of motions
of heavily macroscopic objects and might therefore supporthe attempts to observe en-
tanglement in our macroscopic world.

Squeezed states of light constitute a rather peculiar fdriglat [1]. Their statistical prop-

erties cannot be explained by arrival times of independéintgns, and some of their field
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measures show less quantum noise than those of the vacuteyvgtich is the light's ground
state withzero average photon number. Squeezed states were first demteddiyaSlusheet

al. in 1985 [2]. Later, experimental techniques for the congldtaracterization of squeezed
states have been demonstrated [3]. Squeezed states havueskddo construct entangled states
of light and to demonstrate quantum teleportation [4, 5].cékdly, they have been used to
engineer Schrodinger kitten states for quantum inforomatietworks([6[17]. Applications in
the field of metrology and high precision measurements haen lwemonstrated in several
proof of principle experiments [8, 9, 10]. In all these exp@nts squeezed states on rather
short time scales below a microsecond, corresponding toi¢foluequencies above a mega-
hertz, were employed. But, many applications require esgging of squeezed states defined
on much longer time scales. High precision laser interfetens can be turned into quantum
non-demolition (QND) measurement devices by employingeegad states, thereby entering
the field ofquantum metrology. Possible examples for such interferometershaeurrently
operated gravitational wave detectars|[11]. Here stabhjrolled squeezed states in the gravi-
tational wave detection band of several kilohertz down ®waliertz will be required. Squeezed
states in the same low frequency regime can be used to creategéement between light and
atoms to push &ght-atom interferometer beyond its standard-quantum limit [12]tHa field

of quantum communication, the coherent delay and the stavhgonclassical states of light
are desired. Recently it has been theoretically shown igatan be achieved with electromag-
netically induced transparency (EIT) |13]. Due to the narteansparency windows, squeezed
states at and below kilohertz frequencies are required [h4juantum information science, the
creation of entangled states of macroscopic objects isaaftgrtientific interest [15, 16]. They
allow the study of quantum decoherence and the transfasm&tm the microscopic quantum
world to our macroscopic classical world. It has been thi#maky shown that squeezed states

of light can be used to entangle two suspended macroscopiors1[17]. The quantum vari-



ables of the entanglement will be the positions and momentéational or pendulum modes
of the mirrors. For massive, macroscopic objects of hursleédrams or even kilograms, these
modes will also occur at rather low frequenci€duantum engineering is therefore demanded
to prepare new states of light, whose nonclassical pragseréveal themselves on time-scales
directly graspable for human beings.

In two pioneering experiments, squeezed states at audjadreies were first generated
[18], and a coherent control scheme for stable applicatfosuoh states demonstrated [19].
However, at Fourier frequencies below one kilohertz theaVaoise level of the optical states
increased in both experiments, for reasons that, up to nad,not been understood. Here
we report the observation of squeezed quantum states ofligfourier frequencies below the
kilohertz regime down to 1 Hz. The measured quantum noisedevere in perfect agreement
with theoretical predictionsParasitic interferences were identified to be responsible for the
previously observed discrepancy at low frequencies.

Quantum states of optical fields can be detected and fullyackerized with abalanced
homodyne detector [3]. The measurement quantities are the field quadraturgs aeplitude
or phase quadratures, and their variances. A rather impegs®perty of such a detector is its
capability to measure even fluctuations of fields that do ootainany photons on average, i.e.
fields in so-called vacuum states. These vacuum fluctuatimmsibute to the zero point energy
which is a manifestation of quantum physics after which aswiltator, like a single-mode state
of light, cannot have zero energy, otherwise Heisenbergerainty relation would be violated
[20]. A balanced homodyne detector is also a perfect dewvicthE detection of squeezed states
of light. In this case the variance of a certain field quadeaisifound to besqueezed below the
variance of the corresponding vacuum field.

In balanced homodyne detection dim quantum states of timaldiggam are interfered with

an intense auxiliary laser beam (local oscillator, LO) onearh splitter with 50% power re-
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Figure 1: Schematic of the experiment utilizing four conbas wave laser beams. Squeezed
states at low Fourier frequencies around carrier frequefcy ¢/1064 nm (with ¢ the speed
of light) were produced utilizing optical parametric oatilon (OPO). This parametric process
was initiated inside a birefringent crystal made from MgiDihO; by pumping the system with
a green laser beam at 532 nm. Two additional laser beams \geréoaussed into the crystal.
They served as control beams for piezo-electric lengthrobot the cavity and phase control
of the green beam. The fourth laser beam at 1064 nm was used &scal oscillator (LO) to
observe the squeezed states by balanced homodyne det&iiowlichroic mirror; PD: photo
diode; PZT: piezo-electric transducer for positioning ofrors.
flectivity, as shown in Fig.1. The interference with the L@ds to an optical amplification
of the measured signal field quadrature by a large factorchvisi necessary to reach levels
far above electronic noise of photodiodes and subsequectrehic circuits. Each output field
from the 50/50 beam splitter is focussed onto a semicondptiotodiode. The final signal is
derived from the difference of the two photocurrents, wheckpectrally analyzed, for example
using a Fast-Fourier-Transformation (FFT). Please naernhise contributions from the LO
beam cancel in balanced homodyne detection. If the signdldied the LO interferén phase,
the balanced homodyne detector measures the signal stajgisude quadraturej; (2, AQ, t)
where(2/2r is the Fourier frequency antl()/2r is the detection resolution bandwidth (RBW).
If the LO’s optical path length is changed by a quarter wangtle the homodyne detector mea-
sures the phase quadratueg(2, AQ2,t). The amplitude, together with the phase quadrature,
form a set of two non-commuting observables. The simultasgwecise knowledge of both

their values is limited by Heisenberg’s uncertainty relati
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Figure 2: Noise powers (variances) of field quadratures fepectrum of vacuum states at
different sideband frequencies. Three different locallladéor powers were used: (a) 464V,

(b) 928uW, and (c) 232«/W. All traces are pieced together from five FFT frequency \wuusl:
0.8-3.2Hz, 10-50Hz, 50-200 Hz, 200—-800 Hz, 800 Hz—3.2 kHh vasolution bandwidths
(RBW) of AQ/27=15.63 mHz, 250 mHz, 1 Hz, 2 Hz and 4 Hz, respectively. Eactsoreanent
point is the averaged root mean square value of 75, 100, D00aA4d 400 measurements, again
respectively for the five FFT windows. Peaks at 50 Hz and harosavere due to the electric
mains. Here, the electronic dark noise has been subtractedtiie data.

Since the vacuum state sets the reference for squeezes] statirst present measurements
of vacuum fluctuations. Vacuum states were produced by urdflocking the signal input
beam of the balanced homodyne detector without introdusaagtered fields, while keeping
the LO beam. Fid.l2 shows the spectral noise powers of optiadplified vacuum fluctuations
of an optical field mode at 1064 nm for three different LO pawaeasured with our homodyne
detector. We plot the spectral decomposition of the vacuomenfor sideband frequencies
/27 between 800 mHz and 3.2 kHz. For all three LO powers the sjgoralof our homodyne
detector was empty and the observation of pure vacuum nasecanfirmed in the following
way. Firstly, the measured spectral noise powers scaledrywith LO power. Secondly, the
noise spectra were white, i.e.independent of Fourier #aqu(2/2x. Both properties of vac-
uum noise are predicted from theory and were clearly fourmimobservations as presented in
Fig.[2. Thirdly, independent measurements of the ampliioatctors of all electronic compo-
nents used confirmegliantitatively within +0.5 dB uncertainty, that indeed pure vacuum noise

was observed. We point out that the measurement of the fnegueterval in Figl.2 lasted for

more than half an hour for each LO power, thereby demonsgrating term stability of our
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detector-setup. Our results in Hig). 2 represent the firstessful detection of vacuum states at
sub-audio and audio frequencies below one kHz with a whig#) @pectrum.

We now discuss how an optical field with less fluctuations thecuum states at sideband
frequencies down to 1 Hz was generated. A simplified schenoatihe experiment is shown
in Fig.lI. In total four linearly polarized, continuous-vealaser beams were used. They orig-
inated from two monolithic non-planar Nd:YAG continuousweaing laser devices operating
at 1064 nm. One of the laser devices provided the refereecgiéncyy,. Parts of this field
were converted into laser radiation at,2andv,+40 MHz, utilizing a birefringent crystal and
an acousto-optical modulator, respectively, (crystal ematlulator are not shown in Fig. 1).
The second laser device was phase locked to the first one adpesated at a frequency of
vo+1.4 GHz. The frequency-doubled and frequency-shiftednseaere all mode-matched into
a nonlinear standing-wave cavity which housed a 6.5 mm [8¥#gdoped MgO:LiNbQ crystal.
The frequency-doubled beam was horizontally polarizedsanded as the pump field for type
| degenerate optical parametric oscillation (OPO) belomghold. This process deamplified
the quadratures;;, of all sideband fields of the vertically polarized cavitgoeance mode at
the fundamental frequenay;, defined at Fourier frequencies up to the cavity linewidtlaof
proximately 27 MHz. Due to the OPO process and in accordaitbeHeisenberg’s uncertainty
relation, the orthogonal quadratuig@swere then complementarily amplified.

Since no laser radiation around the frequemngywas injected into the OPO cavity, the
parametric process only acted on vacuum fluctuations andupeal squeezed vacuum states
for all frequencies within the OPO cavity linewidth. The sgued states were coupled out in
the backwards direction of the injected pump field via a dichmirror and were sent to the
balanced homodyne detector. The frequency-shifted beareswsged to sense the two essential
degrees of freedom of our experiment. The first one was thgthesf the OPO cavity. Only

if the OPO cavity was kept on resonance for the referencauénecyr, (half the pump field



frequency) squeezed states were produced. The second sileavalative phase of the second
harmonic OPO pump field with respect to the local oscillatothe downstream experiment.
Only when this relative phase was zero could the squeezelitadgpquadraturg; be observed
by our homodyne detector. The OPO cavity length was senstteliyeam at,+1.4 GHz. This
beam was orthogonally polarized with respect to the squkeaeity mode and its frequency
shift exactly compensated the birefringence of the OPQtakyEhe phase of the pump field was
sensed by the beamat+40 MHz; the procedure has been described in much detaibif[l].
The information from the two frequency shifted beams wesnthsed to fix both degrees of
freedom by precisely positioning of the relevant mirrorgngspiezo-electric transducers and
electronic feedback loops. The special and important ptpé the scheme was that solely
frequency shifted beams were used. If a field directly at the reference frequepnevas used,
an observation of squeezed states at low frequencies wotilobrpossible, as shown in [18].

The observed variances of squeezed states between 1 H2dddiz3are presented in Fig. 3,
trace (e). For a significant portion of the shown spectrumdaii@ntum noise variance was
squeezed by an average value of 6.5dB, i.e. 4.5 times sni@eithe vacuum noise variance,
trace (d). This value exactly matched the theoretical ptexh for our experiment as discussed
below. Trace (f) shows the dark-noise contribution of theabdyne detector itself.

The strength of the observed squeezing was limited by thie foptical parametric gain of
the OPO cavity and the total optical loss the squeezed stafteyed before being detected.
For the measurements shown in Fig. 3 a gaig €fLl2+0.5 was used and which was achieved
with a pump power of 100 mW. Optical losses inside the OPOhelieam path and in the
homodyne detector added upte-0.15+0.04. The error bar was mainly due to the uncertainty
in the quantum efficiency of the homodyne detector photaeio@PD1, PD2 in Fid.]1, type:
ETX500). Both valuesy [) were deduced from separate measurements. They can beoused t

estimate the expected strength of squeezing (for Fougqu&ncies much smaller than the OPO
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Figure 3: Trace (d) shows the (theoretical) vacuum noisel lefz-our homodyne detector with
464, W local oscillator power as confirmed in Fig.2. Trace (e) shdie noise powers of
squeezed states measured with the same local oscillat@rpSagueezed vacuum noise was ob-
served throughout the complete spectrum from 1 Hz to abo¥¢z3 A nonclassical noise sup-
pression of up to 6.5 dB below vacuum noise was observed R€TE frequency windows: 1—
10Hz, 10-50Hz, 50-200Hz, 200—-800 Hz, 800 Hz—3.2 kHz. RBW5 6fHz, 250 mHz, 1 Hz,
2Hz and 4Hz. Averages: 30, 100, 100, 400 and 400. The darle rff)isvas not subtracted
from the measured data.

cavity line width) and indeed provide the observed vala@0-log,o(l + (1 —1)/g) ~6.5dB.
Compared with other experiments at audio frequenciesgsexdmple Ref[[19], the squeez-
ing strength reported here has been considerably incred$edimprovement was enabled by
a spatial mode cleaning cavity in the LO beam path right leefbe homodyne detector 50/50
beam splitter. With this cavity the spatial overlap, i.ee ihterference contrast between LO and
signal beam, could be increased up to a fringe visibility ®3%. We note that the squeezed
variances shown in Figl 3 represent typical results withhang term stability of the setup.
With an increased second harmonic pump power the classR@ @ain changed from approx-
imately 12 to 4&4 and up to 7.2dB squeezing could be directly observed (7 wikén the
dark noise was subtracted). In this regime stable operafitime OPO cavity was still possible
for several minutes. However, for longer periods thermaltélations inside the OPO crystal
due to absorption and power fluctuations of the pump beam dibnefrequency shift between

the fundamental mode and the coherent control beam awayifsaequired value of 1.4 GHz.



Long term stable operation with high parametric gain shbelgossible with an electro-optical
stabilization of the second harmonic pump power. At subafrdquencies below 5Hz, trace
(e) shows degraded squeezing strengths. An averaged vdluedB below vacuum noise was
observed at 1 Hz. The degradation was partly due to a risexgjrehic dark noise level (trace
(f). By subtracting the dark noise, the nonclassical neiggpression recovered to 3:6.5dB
which was, however, still significantly lower than 6.5 dB &served at other frequencies. This
degradation was due to remnant parasitic interferencessasiled in the next paragraph.

The generation and observation of squeezed vacuum stdtghtadt (sub-) audio frequen-
cies reported here, were made possible by a significant tieduaf parasitic interferences.
Parasitic interferences are typically produced by movimgeges that scatter photons into the
low frequency detection band of the homodyne detector.t&eat light fields were identified to
originate from the micro-roughness of the optical surfaces-perfect anti-reflection coatings
and residual transmissions of high reflection mirrors. Tlweye partly transmitted through the
OPO cavity and entered our homodyne detector via its sigoal Pther scattered fields were
found to directly hit the photodiodes of the homodyne deteiom other directions. In all
cases these fields sensed multiple scattering processes/éaous optics and optic mounts.
The scattering surfaces of these objects continuously chttwveugh thermal expansion and
acoustic vibrations. During the scattering processesalpgsideband fields were produced at
corresponding Fourier frequencies and higher harmonmsafy such scattered field which in-
terfered with the homodyne local oscillator the whole setced like a sensitive interferometer
measuring the motions of the scattering surfaces. Thesesifiarinterferences easily masked
the vacuum noise. Given a great number of such sources ¢éazhtight with increasing mo-
tion amplitudes towards lower frequencies but low meclalrgoality factors, a rather smooth
monotonic increase was produced as observed for exampl&jn YWe reduced the parasitic

interferences firstly, by carefully shielding our homodylstector against scattered light fields



and secondly, by reducing air turbulence, vibrations antperature fluctuations of our exper-
iment. The success of our experimental improvements prdhed the previous limitations to
the observation of squeezed states were purely optical @nel mot due to any type of noise
related to the photodiodes’ semiconductor material. Wedcturther validate that noise of the
LO, amplified by a residual signal port field at optical freqoer,, gave no significant contri-
bution to the experiment reported in [19]. Therefore, pvagly reported homodyne detector
noise spectra were, most likely, not vacuum noise dominag¢dolv one kilohertz. In the same
way squeezed variance spectra at these frequencies we@alsaminated by additional noise
from scattered fields.

In conclusion, our experiments expanded the range of Foueiguencies at which squeezed
states of light have been engineered by two decades. Weag#oh frequency regime in which
vibrations and rotations of real macroscopic objects of &wisieveryday experience occur
opening new avenues for high precision optical measuresmad@muantum metrology, as well
as for quantum memories as a key element of many quantum cooation protocols. A
nonclassical noise suppression of up to 7.2 dB below vacuwiservariance at audio Fourier
frequencies was achieved. Based upon our investigatiohelieve that squeezed states at even
lower frequencies with also higher degrees of squeezindeaailocated by further protection
against parasitic interferences and reduction of optasdées.
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