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Generation of a continuous-wave squeezed vacuum state at 1.3 um by
employing a home-made all-solid-state laser as pump source”
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We present a generation system of continuous-wave squeezed vacuum at a telecommunication wavelength of 1.3 um.
Employing a home-made single-frequency Nd:Y VO, laser with dual wavelength outputs as the pump source, via an optical
parameter oscillator based on periodically poled KTP, a squeezed vacuum of 6.1 dB£0.1 dB below the‘shot noise limit
at 1342 nm is experimentally measured. This system could be utilized for demonstrating practical quantumrinformation

network.
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1. Introduction

Squeezed states due to its low quantum noise can improve
the sensitivity of laser interferometer for the detection of grav-
itational waves.[l'21 At the same time, it can be also used to
construct entangled states of light,>! which are crucial re-
sources for secure quantum key distribution, for the genera-
tion of cluster states for quantum computing!® and for quan=
tum information network.!”~"! For any application of squeezéd
states of light, mapping and transferring a squeezed state,are
two critical tasks not only for quantum information but also
for ultra-precise optical measurement, sifice the quantum na-
ture is very susceptive to optical loss. So. squeezed states at
atom transition and telecommunication/(1.5 wm and 1.3 pm)
wavelength are particularly useful.

Continuous variable optical parametric oscillators (CV-
OPO) are one of the most efficient deyices for the generation
of a non-classical state of light. Ever since the first experi-
mental demonstration of squeezed light succeeded in 1985,110]
many dedicated researches have been developed based on the
OPO over'the laser twenty-seven years. Recently, a factor of 9-
dB!'Mand 10dB""?! quantum noise squeezing of a laser field
were observed by’ the university of Tokyo and Max-Planck
Institute of Germany, respectively. By utilizing periodically
poled LiNbO3; (PPLN) and periodically poled potassium ti-
tanyl phosphate (PPKTP) crystals, squeezed vacuum states
have already been generated resonant at the cesium!!3 and
rubidium!' lines, respectively. Recently, continuous wave
squeezed vacuum states at 1.5 pm were generated by an OPO,
and a factor of 2.3-dB, 3-dB, and 5.3-dB non-classical vac-
uum noise suppression were measured based on PPLN and
PPKTP.['5-17] Although the absorption losses in fibers for 1.5-
pum light are less than for 1.3 pm, the phase diffusion effect of
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1.3-um light is much smaller that that of 1.5 um. The phase
diffusion of light will strongly increase phase noise, which
is disadvantageous’ to quantum information system. So it is
necessary to prepare the squeezed state at 1.3 pum wave band.
However, until now the experimental generation of continu-
ous waye squeezed light at 1.3 pm wave band has not yet been
effectively demonstrated.

In this paper, we present a generation system of
continuous-wave (CW) squeezed vacuum state at a telecom-
munication wavelength of 1.3 pm based on the OPO con-
taining a PPKTP crystal. The pump source of the OPO is a
single-frequency Nd:YVO, laser with dual wavelength out-
puts, including fundamental wave (1342 nm) and harmonic
wave (671 nm). The harmonic wave is used as the pump light,
and the fundamental wave is used as the signal and the local
light. Through a sub-threshold parametric down-conversion
process in the OPO, the squeezed vacuum of 6.1 dB£0.1 dB
below the shot noise limit (SNL) at 1342 nm is experimen-
tally measured. To the best of our knowledge, it is the highest
squeezing at the 1.3-pum wave band.

2. Basic principle

The quantum noise of the OPO leads to the following an-

alytic expression of the squeezing: %!

4 P/Pthr
@/ + (14 /P/Pur)

where 7esc is the escape efficiency of the OPO system; 1ge; iS

VH(Q) =1 — Nese NaetMhom 5, (1)

the quantum efficiency of detectors; Nhom is the homodyne ef-
ficiency (related to the square of fringe visibility between sig-
nal beam and local oscillator (LO)); P and Py, are the pump
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and threshold power, respectively.

From expression (1) it follows that the high escape, quan-
tum and homodyne efficiency are of benefit to the enhance-
ment of the quality of squeezing. The quantum efficiency
is limited by detectors (ETX-500 photodiode), which cannot
be improved by optimizing the OPO system. In our setup, a
fringe visibility is observed to be 98% corresponding to the
homodyne efficiency of 96%. It is quite difficult to improve
further the homodyne efficiency. So the increase of the es-
cape efficiency of the OPO cavity is the most effective method
of reducing the quantum noise. The escape efficiency of the
OPO is the ratio of output coupling transmissivity to the to-
tal cavity loss. Obviously, the escape efficiency can be in-
creased by reducing the reflectivity of output mirror of the
OPO. However, this is at the expense of quadratic increase in
threshold power. Thus a further increase in escape efficiency is
only feasible with a more powerful pump laser. Therefore, we
employ a recently developed powerful single-frequency laser
with dual wavelength outputs, capable of emitting up to 2.8 W
at 671 nm.[1%]

3. Experimental setup

The schematic of the squeezed vacuum generation sys-
tem is shown in Fig. 1. The laser is a CW intra-cavity
frequency-doubled Nd:YVO4/LBO (neodymium doped yt-
trium orthovanadate/LiB3Os) laser. The harmonic wave’of
2.8 W at 671 nm and the fundamental wave of 0:85°W at

1342 nm are generated simultaneously from the laser.!'”! The
output red and infrared lasers are separated by a dichroic beam
splitter (DBS) coated with high reflectivity for 671 nm and
high transmission for 1342 nm, and then are used as the pump
field and the local light of balance homodyne detection, re-
spectively. Two traveling-wave resonators placed in the laser
beam of 1342 nm and 671 nm serve as the optical low-pass
filter of noise and the spatial mode cleaner (MCI and MCR).
The finesse and the linewidth of MCI for 1342 nm are 300 and
2 MHz, respectively, which is also used as a frequency stan-
dard to stabilize the laser frequency, Viaitsitransmission signal
feed back to the laser. The fineSse and-the linewidth of MCR
for 671 nm are 400 and 1.5 _MHz, respectively, which not only
can significantly improye theé quality of spatial distribution of
pump beam butsalso/can reduce the noise to SNL at a fre-
quency of more than 1.5 MHz. The improvement benefits the
improvement on the quality of squeezed vacuum. MCR is ad-
justed to resonate with the harmonic field via a Pound—Drever—
Hall locking scheme with a phase modulation frequency of
44 MHz.%\ The transmission of MCR for 671 nm is about
70%. Taking the transfer loss into account, the pump power
is capable of reaching 1.3 W in front of the OPO. The power
is far more than the threshold of the present OPO, which not
only meets the requirements for one OPO in present experi-
ment, but also provides enough power for pumping more OPO
simultaneously, whose aim is to develop the quantum informa-
tion network in future work.
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Fig. 1. (color online) Schematic of the experimental setup. PBS: Polarization Beam Splitter; EOM: Electro-Optical Modulator; OPO:
Optical Parametric Oscillator; PD: Photodiode; DBS: Dichroic Beam Splitter; HWP: Half Wave plate; LO: Local Oscillator; MCI:

Mode Cleaner of 1342 nm; MCR: Mode Cleaner of 671 nm.
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Our squeezed light source is composed of two concave
mirrors each with a curvature radius of 50 mm and a PPKTP
crystal via type-I optical parametric oscillation. The effective
cavity length of the OPO is 103 mm and the beam waist ra-
dius of the fundamental wave in the crystal is about 58 pum.
Taking the refractive index of 1.73 into account, this results
in a cavity free spectral range of approximately 1.32 GHz and
a cavity linewidth of 25 MHz. The OPO cavity is designed
to make the down-conversion light at 1342-nm resonate in
the optical cavity and the pump light at 671 nm only double
pass. The input coupling mirror of the OPO is of high re-
flectivity at 1342 nm (R > 99.8%) and of high transmission
at 671 nm (T = 95.2%). The squeezed output wave is ex-
tracted from another concave mirror with partial transmission
at 1342 nm (T = 10%) and with high reflectivity at 671 nm
(R > 99.8%). The mirror is mounted on a piezoelectric trans-
ducer (PZT) to control the cavity length on resonance for sig-
nal beam. The PPKTP crystal is coated with antireflectivity at
both 1342 nm and 671 nm and with the dimensions of 1 mm
(thickness), 3 mm (width), and 15 mm (length). The poled
period of PPKTP crystal is 52 um in length, which is con-
trolled at a phase matching temperature of 40° by a specially
designed device with a temperature control accuracy of 0.01°
The setting precision of the temperature controller is 0.002°
by a novel bridge circuit which can ensure optimal 'working
temperature of the PPKTP crystal. The threshold power and
parametric gain of the OPO are 362 mW and more than ‘1000,
respectively. Through a parametric down.convetsion process,
a squeezed vacuum can be produced,/which leaves the OPO
from the output coupler and 4is separated via-a dichroic beam
splitter (DBS). The (squeezed) quantum noise is observed by
means of a balance homodyne,detector consists of a 50/50
splitter and a pair<of Epitaxx ETX-500 photodiodes with a
quantum efficiency of’ 92% or so. The squeezed vacuum is
combined withilocal escillator to interfere on the 50/50 split-
ter. A piezo-actuated steering mirror is employed to shift the
local-oscillator, phase relative to the squeezed field. To ad-
just the visibility of interference fringe, we lock the OPO cav-
ity length and achieve the transmitted light in advance, which
can beused to interfere with the local oscillator on the 50/50
beam splitter. The fringe visibility is 98% achieved by care-
ful mode matching. The beam parameter of the transmitted
light is the same as that of squeezed vacuum, which is em-
ployed as the auxiliary beam of adjusting the interference. The
two outputs from the 50/50 beam splitter are each focused and
detected by a pair of ETX-500 photodiodes with a quantum
efficiency of 92%. The difference current between two pho-
todiodes is fed back to a spectrum analyzer to measure the
quantum noise level. The electronic circuit of the homodyne
detector is mainly composed of low noise operational ampli-
fier (AHO0013), which provides the advantage of extremely low

noise for homodyne detector.

The fundamental wave, transmitted from the MCI, is split
into two beams via a half-wave plate (HWP) and a polarized
beam splitter (PBS): a local oscillator and a signal beam. The
local oscillator is used as an auxiliary beam of balance homo-
dyne detection. The signal beam has three functions. Firstly,
it is injected into the OPO cavity to assist the mode matching
between down conversion beam and OPO. Secondly, it is used
for measuring the intracavity loss and the classical parametric
gain. Finally, it is employed as an auxiliary beam to check the
interference degree between squeezed vacuum and local oscil-
lator, by locking the OPO cavity on resonance with the signal
beam via a servo loop.

4. Experimentalresults

To confirm the observed squeezed strength, we check lin-
earity of the homodyne detection system by measuring the
shot-noise leyels versus local oscillator power at a sideband
frequency of 2 MHz. Figure 2 shows seven measurement val-
ues, which are indicated with square marks. Changing the
local oscillator power by a factor of two entails a 3-dB shift
of the corresponding noise trace, showing that the detector is
quantum noise limited and operated linearly in the measure-
ment regime.
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Fig. 2. (color online) Dependence of the noise level on local oscilla-
tor power (squares, measured data). Linear fitting to data (solid line)
indicates the linearity of the homodyne detection system.

Figure 3 shows the quantum noise levels of the squeezed
light at the pump power of 260 mW as the local oscillator
phase is being scanned. The noise level is measured with a
spectrum analyzer (Agilent MXA Signal Analyzer N9020A
with electronics noise of —117 dBm) at the Fourier sideband
frequency of 2 MHz, with a resolution bandwidth of 30 kHz
and a video bandwidth of 100 Hz. Trace a corresponds to
the SNL of 12 mW local oscillator power and is measured
with the squeezed light input blocked, which corresponds to
the quantum mechanical ground state of the light. Trace b
shows the quantum fluctuations depending on the local oscil-
lator phase, when the squeezed vacuum is injected. The mea-
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sured squeezed noise level is 6.1 dB£0.1 dB below the SNL,
and the anti-squeezed noise level is 12.9 dB=£0.2 dB above the
SNL. In the experimental setup, increasing further the pump
power cannot enhance the quality of the squeezed noise. How-
ever, if there is a higher transmissivity of the output mirror of
the OPO, the quality of the squeezed noise can be further re-
duced at the expense of high pump power.
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Fig. 3. (color online) Measured quantum noise levels of the squeezed
vacuum at a pump power of 260 mW as the local oscillator phase is
scanned. The noise level is measured with a spectrum analyzer at the
Fourier sideband frequency of 2 MHz, with a resolution bandwidth of
30 kHz and a video bandwidth of 100 Hz. Trace a corresponds to
the SNL. Traces b and c represent squeezed and anti-squeezed noise
Trace d shows the quantum fluctuations depending on the local oscilla-
tor phase, when the squeezed vacuum is injected.

Due to the quantum efficiency of detector, and phase flue-
tuations between the LO and the squeezed beam, the observed
squeezed noise (6.1dB) is far lower than the anti-squeezed
noise (12.9 dB). So the generated state is not.a minimum un-
certainty state, which is due to the:lossy. OPO, phase fluc-
tuations, etc. In our future work, further experiments will
be carried out to optimize these parameters and increase the
transmissivity of the output mirror of the OPO, so a higher
squeezed level could be achieved, with the experimental con-

dition improved.

5. Conclusion

In this paper, we succeed in observing 6.1 dB+0.1 dB of
squeezing and 12.9 dB+0.2 dB of anti-squeezing at a telecom-
munication wavelength of 1342 nm by using a home-made

all-solid-state single-frequency laser as pump source. Com-
pared with other work, our work demonstrates that the low
quantum noise at 1.3-pm wave band can be obtained by using
a home-made laser as pump source. The system does con-
veniently integrate the laser into the OPO and obtain an ac-
tual non-classical light generating apparatus. Due to the low
loss of 1342 nm wavelength in fiber, the presented system will
be helpful for designing practical quantum telecommunication
networks and high precision detection systems.
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