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Squeezing of light’s quantum noise requires temporal rearranging of photons. This
again correspondsto creation of quantum correlations between individual photons. Squeezed
light is a non-classical manifestation of light with great potential in high-precision quan-
tum measurements, for examplein thedetection of gravitational waves(1). Equally promis-
ing applications have been proposed in quantum communication (2). However, after 20
years of intensive research doubts arose whether strong squeezing can ever be realized
as required for eminent applications. Here we show experimentally that strong squeez-
ing of light’s quantum noise is possible. We reached a benchmark sgqueezing factor of
10in power (10dB). Thorough analysisrevealsthat even higher squeezing factorswill be
feasiblein our setup.

Theoretical considerations about the possible existemdglt with squeezed quantum

noise can be traced back to the 1920’s. However, only aftdiagtions for squeezed light were
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proposed in the 1980’s squeezing was discussed in moré det&). In (1) it was suggested to
use squeezed light to improve the sensitivity of kilomestale Michelson laser-interferometers
for the detection of gravitational waves. Proof of prineigxperiments have been success-
fully conducted 6, 7) and squeezed states have been generated also in the aundibbsEind of
ground-based detectoi®, 0). Another field of application isontinuous variabl¢CV) quantum
communication and informatior2(10. While discrete variableguantum information typically
relies on single photon detectors, which are limited in teohdetection speed and quantum
efficiency, squeezed light is detected with homodyne andrbdyne detectors which reveal
guantum correlations by averaging over a vast number ottitgohotons. Due to this, high
bandwidth and almost perfect detection efficiencies arsiples Squeezed states of light have
been used to demonstrate several CV quantum informatidogois. They have been used to
construct entangled states of light and to demonstratetqoeieleportation]1-13. They are

a possible resource for secure quantum key distributiotopots (L4, 15 and for generation
of cluster states for universal quantum computih@) ( Recently, squeezed states of light have
been used to prepare Schrodinger kitten states for quanformation networksX7, 18.

For all proof of principle experiments so far only modesestyths of squeezing were avail-
able. In 6-9 about 3 to 4 dB of squeezing was achieved. The first CV tetapon exper-
iments @1, 12 did not reach the so-called no-cloning limit of fidelity gter than 2/3 Z0)
due to the limitations in squeezing strength. Although the xperimental demonstration of
squeezed light succeeded in 1983)( dedicated research in the following two decades could
only elaborate typical factors of 2 to 4 (3dB to 6 dB), see §&)23. However, very recently
a great step forward was achieved at the University of Tokybafactor of 8 (9 dB) quantum
noise squeezing of a laser field at 860 nm was obse24dThis wavelength is close to atomic
transitions having important implications for quantunoimhation storage2b). In our experi-

ment we generated a squeezed laser beam with a quantum edustion of a factor of 10 at a
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Figure 1: A Schematic of the experimental setup. Squeezed statesho{8@Z) at 1064 nm
were generated by type | optical parametric oscillation@PBelow threshold. SHG: second
harmonic generation, PBS: polarizing beam splitter; DBiShmbic beam splitter; LO: local
oscillator, PD: photodiode; EOM: electro-optical modolatB Exploded assembly drawing
of the oven enclosing the squeezed light source. The noarlienystal, copper plates, peltier
elements and thermal insulations are shonPhotograph of the monolithic squeezed light
source made from 7 % doped MgO:LiNpO

laser wavelength of 1064 nm which is used in current graeital wave detector6).
As shown in Fig. 1 the laser source of our experiment was a titbiemon-planar Nd: YAG
ring laser of 2 W continuous wave single mode output poweprApimately 1.9 W were used

for second harmonic generation (SHG) to provide the pump #1532 nm for our optical

parametric squeezed light source. A detailed descriptidhedSHG design can be found in



(27). An important feature of our experiment were two travegtwave resonators which served
as optical low-pass filters for phase noise on the laser beamell as spatial mode cleaners.
These cavities were positioned in the beam path of both th@gimental and second harmonic
field; one cavity close to the homodyne detector and one c¢loslee squeezed light source.
Both resonators had a finesse of 350 and a linewidth of 1.44.MHz cavities were held
on resonance with the laser fields via a Pound-Drever-HeKitg scheme. These resonators
significantly reduced phase front mismatches and phase#tachs. It has been shown g4,
28) that phase fluctuations, for example of the second-harmrmmp field, can be a limiting
factor for strong squeezing.

Our squeezed light source was a monolithic cavity made frétmdoped MgO:LiNbQ that
produced squeezed states viatype | degenerate opticatgaiaoscillation (OPO), see method
box. The crystal length was 6.5 mm and both front and rear liacka radius of curvature of
8 mm. Each surface was dielectrically coated to give powieatvities of 88 % or 99,97 %
at 1064 nm, respectively. Second harmonic pump powers eeté®0 mW and 950 mW were
mode-matched into the squeezed light source and parangeins between 63 to more than
200 were observed. Squeezed states were produced wherysite temperature was stabi-
lized at its phase-matching temperature and the laser eagtl was tuned on resonance with
the squeezed light source cavity. Due to the high stabifityur setup no servo-loop control
for the laser frequency was required. The squeezed stdteldesource in counter direction
of the pump field and were separated via a dichroic beameap(iltBS). The observation of
(squeezed) quantum noise was performed by means of a bdlaos®dyne detector built from
a pair of Epitaxx ETX-500 photodiodes. We achieved a friniggility of 99.8 % between the
squeezed beam and the local oscillator on the 50/50 homdxbare splitter.

Fig. 2 presents the first ever direct observation of lightwli® dB squeezing. Shown are

noise powers at the Fourier sideband frequency of 5 MHz. €l (ag corresponds to the shot-
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Figure 2: Quantum noise powers at a Fourier frequency of 5 Mirasured with a resolution
bandwidth of 100kHz and video bandwidth of 100Hz. Trace (@ws the vacuum noise
level corresponding to 26.9 mW local oscillator power. &#o) shows the noise power of the
squeezed vacuum states measured with the same local wsqitaver. A nonclassical noise
reduction of 10.12 dB below vacuum noise was observed. Téatrehic detector dark noise is
shown in trace (c) and was not subtracted from the data. Eacé was averaged three times.
noise of uncorrelated photons of 26.9 mW local oscillatovgoand was measured with the
squeezed light input blocked. In this arrangement no plsoaariered the signal port of the
homodyne detector and the measured shot-noise can belydirekéd to the vacuum noise,
which corresponds to the light's quantum mechanical gratai. Trace (b) shows the quantum
noise-reduction when squeezed states were injected. Taetlgiobserved squeezing level
was 10.12 £ 0.15) dB. The detector dark noise (trace (c)) was approxdinai6 dB below the
vacuum noise level. Darknoise subtraction leads to a squgptzvel of 10.22 £ 0.16) dB.

To confirm the observed squeezing strength, we checkediliymweéthe homodyne detection
system including the spectrum analyser by measuring shisenevels versus local oscillator

powers (Fig. 3). A linear fit matches the measurements amyrdo further validate the obser-

vation of 10 dB squeezing we introduced a known amount otaplkpss into the squeezed light
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Figure 3: The linearity of the homodyne detection system vadislated by varying the local
oscillator power. Shown is the linear fit to seven measurémalues (squares). The sizes
of the squares corresponds to the measurement error bats.thidb the shot-noise of a laser
beam of 2.69 mW is shown to be identical to the squeezed nbibe differential mode in our
homodyne detector with ten times the light power, compath figure 1.

beam. The observed squeezing and anti-squeezing streammitddepend on this additional
loss in a characteristic way. For this procedure a comtonadf a\ /2 waveplate and a polar-
izing beam splitter was placed between the 50/50 beamesptittthe homodyne detector and
each photodiode (PD1, PD2). Since both fields — the squeezaed And the local oscillator —
suffered from the loss, the intensity of the local oscilidteam was re-calibrated to the nominal
value of 26.9 mW by using a more intense beam in front of theeunle@dner. Fig. 4 shows the
observed amount of squeezing and anti-squeezing with atiadd 10%, 20%, 30%, and 40%
introduced optical loss, respectively. The solid linesghdl (c) represent the simulations for a
parametric gain off = 63 which was experimentally realized with 650 mW pump power. We

found excellent agreement with the experimental data.

With an increased pump power of 950 mW we observed anti-ziugef 23.3 dB whereas
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Figure 4. Squeezing and anti-squeezing levels for a parangztin of 63 versus optical loss.
Solid lines show the theoretical predictions. Square bogpgesent measurement values with
sizes corresponding to the errors bars. Electronic daskneas subtracted in this figure. The
two vertical axis on the left corresponds to the upper an@fdyundaries of how much squeez-
ing might be achieved in our setup by reduction of opticatlos

the squeezing was still 10dB below vacuum noise. This olasierv can be used to deduce
boundaries for the total optical loss in our setup. Assunarigss free setup in which the
observed squeezing strength is limited by anti-squeeanglag into our squeezing measure-
ment via phase fluctuations, we derived the upper limit fagehjitter to bey = 1.2°. Since

¢ is independent of the pump power we can conclude that 10 dBezing, as observed with
650 mW (and less anti-squeezing), was not limited by phasefitions but optical loss. Even
with ¢ = 1.2° we find the minimum value for the total optical loss in our getoi 5.6 %. Sec-
ondly we assumed phase fluctuationg)ck 1.2°. Here the observed squeezing is completely
limited by optical loss, which results in the upper bound &%. Taking these boundaries into

account, the left part of Fig. 4) shows how much squeezindhitrig achieved in our setup by

optical loss reduction.



In independent measurements we determined the intraycauind trip loss of the squeezed
light source at 1064 nm to be less than 0.07%, correspondirag tescape efficiency of the
squeezed states from the source in excess of 99.4%. Losgyguapagation occurs due to the
dichroic beam splitter and non-perfect anti-reflectionticags of lenses and were determined
to be about 1.1%. The non-perfect visibility at the homodgeam splitter introduced another
0.4% of loss. Given these values we estimate the quantunieeffic of the ETX-500 photo-
diodes to be 95(2) %. Our analysis suggests that the non-perfect quantumeeftly of our
photodiodes was the main limitation in our experiment. Wtiproved photodiodes close to
unity quantum efficiency, which already exist for shortevalangths 24), an additional factor
of 2 in quantum noise reduction might be possible.

The direct observation of 10 dB squeezing of quantum noisigluf as reported here, shows
that the squeezed light technique has indeed a great agfigetential as envisaged more than
two decades ago. Injected into a gravitational wave detgti®quantum noise reduction corre-
sponding to an increase of factor 10 in laser light power®eélpossibleX). This is a promising
application, since gravitational wave detectors alrea#ytbe highest single-mode laser powers
applicable. Furthermore, our results might enable the g¢ioa of strongly entangled states
to reach teleportation fidelities well above 2/3 as alreagbyctlly achieved in single photon

teleportation experiment29).
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1 Method Box - Optical Parametric Oscillation

A child’s swing is a familiar mechanical analogue to degateepptical parametric oscillation
(OPO). Its pendulum frequency corresponds to the fundaaheptical frequency of our exper-
iment. A person can quickly reach large amplitudes by adtily raising and lowering their
centre of mass with respect to the swing’s seat at key pamntke oscillation. This motion
has exactly twice the fundamental frequency and pumps gmna@the swing oscillation under
the following conditions: first, the phase of the second @ motion has to be correct, i.e.
the centre of mass needs to be raised in the highest pointe agwing. Second, onaitially
needs some amplitude. aptical parametric oscillation aapticalfield is coupled to its second
harmonic field. The coupling is realized through the nordimdielectric polarization of a bire-
fringent crystal. Again, the relative phase between botbdidetermines if the fundamental is
amplified (by factory in power) or deamplified (by factor/% in power). This process is often
calledoptical parametric amplificationin contrast to the mechanical analogue, OPO can be ob-
served withoutnyinitial classical amplitude. The OPO starts from the vacuiuctuations of

the fundamental fieldn-phasevacuum fluctuations are amplified and therefore anti-scpatez
out-of-phasdluctuations are de-amplified (squeezed). The correspgrabservables are the
amplitude and phase quadratures whose variance produc loager bound set by Heisen-
berg’s Uncertainty Principle. During this process photfsom the second harmonic pump are
converted into pairs of photons of the fundamental field. D&#such daughter photons are
correlated in time producing the nonclassical propertyheflight field. The process described
is also callegparametric down-conversicend is the basis of many quantum optics experiments

in the single-photon regime as well.
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