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The intensity difference squeezed state, which means that the fluctuation of the intensity difference between
signal and idler beams is less than that of the corresponding shot noise level (SNL), plays an important role
in high sensitivity measurement, quantum imaging, and quantum random numbers generation. When an optical
parametric oscillator consisting of a type-II phase-matching periodically poled KTiOPO, crystal operates above
the threshold, an intensity difference squeezed state at a telecommunication wavelength can be obtained. The
squeezing of 7.7 + 0.5 dB below the SNL is achieved in an analysis frequency region of 2.4-5.0 MHz.
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With development of various quantum optics researches,
non-classical states of light with diverse quantum proper-
ties have been widely used in all kinds of related theoreti-
cal and experimental researches?. As is known to all, a
single-mode squeezed state of light?¥, whose quantum
noise is one quadrature lower than the standard shot noise
level (SNL), has been used in quantum key distribution
and precision measurements®?. If correlation variances
of both quadratures of a two-mode state are below the cor-
responding SNL, this state is defined as a two-mode
squeezed state of light, i.e., the Einstein—Podolsky—Rosen
(EPR) entangled state of light™). Because of this special
correlation characteristic, the EPR entangled state has
been widely utilized in quantum teleportation, quantum
entanglement swapping, quantum computing, quantum
metrology, and so on>™¥. On the other hand, there is an-
other kind of non-classical state of light with a correlation
variance of only an intensity difference below the corre-
sponding SNL, which is usually called the intensity differ-
ence squeezed state. There are two main methods to
generate an intensity difference squeezed state of light.
One method is based on four-wave mixing (FWM) in
atomic ensembles™ 2 where the relative intensity differ-
ence of the probe and conjugate beams is squeezed com-
pared with the corresponding SNL. Up till now, the
intensity difference squeezed state at the D1 and D2 lines
of ®Rb and 8"Rb generated by the method of FWM in
atomic ensembles reaches 9.2 dB below the SNL. The
advantage of this method is that the frequency of the gen-
erated intensity difference squeezed state is suitable for
the interaction with the atomic assemble. The other
method of producing the intensity difference squeezed
state is using the optical parametric process22, where
the correlation variance of the simultaneously generated
signal and idler beams from an optical parametric
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oscillator (OPO) operating above the threshold can be
compressed to the noise level far below the corresponding
SNL. In 1998, the noise of the intensity difference between
the twin beams at wavelengths of 1039 and 1090 nm
reached 9.2 dB below the SNLEZ,

Moreover, the intensity of generated twin beams is usu-
ally in the ten milliwatts order?, which is much higher
than those of the single-mode squeezed state and the
two-mode EPR entangled state, and thus, the intensity
difference squeezed state is widely applied in the measure-
ment for modulation absorption of the sub-shot-noise
limit, recovery of a weak signal, and measurement for
weak absorption22Y. Tn 1999, a measurement of the inten-
sity difference squeezed state satisfying all the quantum
non-demolition criteria is experimentally achieved2?,
Another advantage of its application is its simplicity de-
tection system, e.g., the correlation variance of the inten-
sity difference squeezed state can be directly measured
without the help of a local oscillator?. Thus, it has been
widely used in several quantum technologies, such as
quantum imaging and true quantum random numbers
generation®™2Y, With the development of quantum net-
work technology, long-distance quantum measurement
and a quantum image are required. Because an optical
fiber is an effective transfer medium, the generation of
the non-classical state at the transmission window of
the optical fiber is an important demand for extending
its application®?. In this Letter, a robust intensity differ-
ence squeezed state at a telecommunication wavelength of
1.3 pm has been generated by a compact optical device,
which is integrated on an invar steel base with a total vol-
ume of about 50 mm x 140 mm x 80 mm and good stabil-
ity. A broadband intensity difference squeezed state of
light is experimentally generated by an OPO operating
above the threshold with a type-II periodically poled
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KTiOPO, (PPKTP) crystal, and the squeezing of
7.7 dB is realized in the analysis frequency region
of 2.4-5.0 MHz.

Figure 1 shows optical parametric conversion in an
OPO, which wusually satisfies quasi-phase-matching
(QPM) conditions®

Wy = w1 + 0y,

k(] = kl + kQ + ng7 (1)

where the subscripts 0, 1, 2 are corresponding to pump,
signal, and idler beams, respectively. w; (j =0,1,2) and
k; are their angular frequency and wave vector in the prop-
agational direction, respectively. K, is a periodically poled
vector, and m is the QPM order with integer values.
Equation (1) describes the energy and momentum conser-
vations during the optical parametric conversation in the
OPO. For the intensity difference squeezed state generat-
ing process, conservations for energy and momentum
become

Ky = ki + k3 + mKy, (2)

where y, z denote the y, z axes of the PPKTP crystal, Kg
is for type-II QPM, and m =1 (34). Equation (2) de-
scribes a process that a horizontal (corresponding to the
y axis of the crystal) polarization pump laser can convert
to a vertical (corresponding to the z axis of the crystal)
polarization signal, and horizontal polarization idler
beams with near-degenerate optical frequencies when
the appropriate crystal temperature of PPKTP and per-
fect beam-matching between the pump and the OPO are
obtained. When the pump power of the OPO is above its
threshold, the noise spectrum for the intensity difference
of the output beams from the OPO is calculated asi2L224d

¢
‘JTC) ®)

Sis(£2) = Ssni, (1
where Sqyp, is the corresponding SNL. @ is the analysis
frequency of measurement, # is the total quantum detec-
tion efficiency, and 7. is the storage time of the cavity,
which is determined by the linewidth of the OPO. & =
T/(T + 6) is the escape efficiency of the OPO, T is the
transmission efficiency of the output mirror of the OPO
for the infrared beam, and & is the optical loss of the cavity.
The actual values in our experimental system for these
parameters are 2 = 2.4-5.0 MHz, n = 0.95, £ = 95.1%,
and 7, = 0.0085 ps. Substituting these parameter values
into Eq. (3), the calculated result of the intensity differ-
ence squeezed state noise is obtained with Sqng, normalized
to a unitary one, which is about 9 dB below the corre-
sponding SNL in the frequency range of 2.4-5.0 MHz.

Figure 2 exhibits the experimental schematic for the
generation of the intensity difference squeezed state at
a telecommunication wavelength. A Nd:YVO,/LiB;05
(LBO) laser with a dual wavelength of 671 and
1342 nm (Yuguang Company) is used as the optical
source, which outputs powers of 2.8 W at 671 nm and
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Fig. 1 Optical parametric conversation and QPM process of the
pump, signal, and idler beams in the OPO. a; (j = 0,1,2) and k;
denote optical modes and wave vectors of the pump, signal, and
idler, respectively. Superscripts y and z are corresponding to the
y and z axes of the PPKTP crystal. K E is the periodically poled
vector for type-II QPM, and m is the QPM order with integer
values.
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Fig. 2 Experimental schematic of generating the intensity differ-
ence squeezed state. Laser, Nd:YVO4/LBO; DBS, dichroic beam
splitter; HR, mirror with reflectivity higher than 99.95%; EOM,
electro-optical modulator; MCR (MCI), mode-cleaner for red
beam (infrared beam); OFR, optical Faraday rotator; HWP,
half-wave plate; PBS, polarization beam splitter; BS, 50:50 beam
splitter; OPO, optical parametric oscillator; PD, photoelectric
detector; PZT, piezoelectric ceramic; SA, spectrum analyzer.

850 mW at 1342 nm, respectively. Its single-frequency op-
eration condition is monitored by a Fabry-Perot (F-P)
cavity. The two wavelength lasers are separated by a di-
chroic beam splitter (DBS), and each of them passes
through a mode-cleaner for a red beam and an infrared
beam (MCR and MCI), respectively, for spatial-temporal
mode-filtering and the intensity stabilizing of the beams.
The finesses of the MCR, and MCI are 400 at 671 nm and
300 at 1342 nm mode-cleaners, respectively. The OPO
cavity is in a standing wave cavity configuration with a
pair of concave mirrors as the input and output mirrors,
whose diameter is 10 mm and the curvature radius is
50 mm. The 1 mm X 2 mm x 12 mm PPKTP crystal is
placed in the middle of the OPO. The temperature of
the crystal is carefully controlled by a copper oven driven
by a thermoelectric cooler for realizing the perfect phase-
matching of the crystal. The distance between two mirrors
of the OPO is selected as 104 mm, and, thus, the waist of
46 pm for the 1342 nm infrared mode is obtained in the
center of the crystal. The films coated on the input mirror
have reflectivity R > 99.8% at 1342 nm, and transmission
T = 20% at 671 nm; on the output mirror have T'= 13%
at 1342 nm, and R > 99.9% at 671 nm. In this condition,
the pump mode can oscillate in the OPO. When the OPO
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is pumped above the threshold, the signal and idler modes
matching the energy and momentum conservations with
minimal loss can oscillate first in the OPO cavity through
mode competition and form a stable output beam of the
OPO. Thus, the pump mode, signal mode, and idler mode
can be simultaneously resonant in the OPO. The thresh-
old of the OPO for pump power is 103 mW. In the begin-
ning, an infrared beam (signal beam) is injected into the
OPO to calibrate the mode-matching of the OPO cavity
and the detection path for the infrared beam. It is blocked
when the intensity difference squeezing is obtained and
measured. The red beam is modulated by an electro-optic
modulator (EOM), which generates an error signal for
locking the length of the OPO to resonate with the red
beam via the Pound-Drever—Hall sideband frequency sta-
bilization technique. Photo-electronic detectors (PD2,
PD3) are applied to measure the optical modes of the in-
frared and the red, and PD2 is also used to help lock the
length of the OPO, In the end, when a horizontal polari-
zation pump laser with power of 120 mW is injected into
the OPO, a stable intensity difference squeezed state with
power of 6 mW is generated2.

An all-solid-state laser source usually has a high noise in
the low frequency region, which results from the resonant
relaxation oscillation2’, The extra noise in the pump la-
ser will participate in the parametric conversion in the
OPO and, thus, inevitably decrease quantum correlations
of the twin beams”. The noise of the red laser out of the
MCR is first measured by a detection system consisting of
a 50:50 beam splitter (BS) and a two-diode PD1, as shown
in Fig. 2. The red curve is measured when two photodiodes
of the detector are injected with the light of the two out-
puts of the BS, and the blue curve is measured when the
light injected into one photodiode is blocked. As shown in
Fig. 3, the red curve is 3 dB higher than the blue after an
analysis frequency of 2.4 MHz, which indicates that the
noise level of the red laser achieves SNL after a frequency
of 2.4 MHz, owing to good linearity of the detector™.

noise of red laser with two ports of BS open
-40 —— noise of red laser with one port of BS open

Noise Power (dBm)

0 2 4 6 8 10
Analysis Frequency Q (MHz)

Fig. 3 Measurement for noise of the red laser. The red curve is
measured when two photodiodes of the homodyne detector
(PD1) are injected with a red laser, and the blue curve is mea-
sured by blocking one photodiode of PD1.
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Fig. 4 Noise power of the generated intensity difference squeezed
state versus different analysis frequencies. The blue curve is the
SNL, and the red curve is the noise of the intensity difference
squeezed state.

In the frequency region lower than 2.4 MHz, resonant re-
laxation oscillation of the laser leads to a high noise level,
as the blue curve shows. The resolution bandwidth
(RBW) and video bandwidth (VBW) of the spectrum
analyzer (SA) are set at 100 kHz and 100 Hz, respectively.
Figure 4 shows the measured noise power of the generated
intensity difference squeezed state. The precise measure-
ment of the correlation noise and its corresponding SNL
is important in the experiment. The noise power of the out-
put twin beams from the OPO is recorded by an SA
(EB4411, Agilent) connected with alternating current of
PD4, which is a homemade two-photodiode detector, and
an intensity difference squeezed state of 7.7 + 0.5 dB below
SNL is obtained in the frequency region of 2.4 and 5.0 MHz.
RBW and VBW parameters are set at 30 kHz and 100 Hz,
respectively. The corresponding SNL is obtained by adjust-
ing the half-wave plate (HWP1) with 22.5° (the angle
between the axes of the plate and the polarizer), and the
combination of the HWP and the polarizing beam splitter
(PBS) acts as the usual 50:50 BS. Thus, the signal beam
and idler beam are, respectively, divided into two parts
with the same power. Because the frequencies of the signal
beam and idler beam are not the same, they cannot interfere
in each path after the polarizer. Although extra noise lies in
both the signal beam and idler beam, the noise can be sub-
tracted because one half and the other half of the signal
(idler) beam are separately incident to the two photodiodes
in PDA4. In this condition, the difference of the photocurrent
recorded by the SA gives the SNL for the intensity of a
beam the same as the generated twin beams. As shown
in Refs. [26,27,30,32,49], the measured SNL almost equals
the noise of the coherent state with the same power as
the generated signal and idler beams. When HWP1 is ro-
tated by 0°, the wave plate does not play any role in the
output beams, and the noise power of the intensity differ-
ence squeezed state is consequently detected by PD42J.
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In summary, an intensity difference squeezed state
of 7.7+ 0.5 dB below the corresponding SNL in the fre-
quency region of 2.4-5.0 MHz is generated by an OPO op-
erating above threshold with a type-II PPKTP crystal.
Pump laser noise is filtered by MCR to help produce a good
intensity difference squeezed state. Since high squeezing is
always useful for quantum communication protocols, fur-
ther improving the degree of squeezing is meaningful. If
the extra loss in the OPO is better restrained, the squeezing
will be obviously improved. For example, the extra loss in
the OPO of our current system is 0.67%, so if it can be re-
duced to 0.3%, the estimated squeezing can be enhanced to
about 11 dB in principle. The OPO with a compact and
stable configuration provides convenience and versatility
for generating quantum correlated twin beams. Moreover,
the generated intensity difference squeezed state at 1.34 pm
as a two-color quantum correlated twin beam can greatly
contribute to generating multi-color quantum correlated
beams, which can connect systems of different natures in
future quantum information networks, and is promising
in applications of long-distance optical fiber channels quan-

tum communication®”.
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