
1  Introduction

Along with increasing research and devel-
opment in the field of quantum information
science, techniques to generate light with con-
trolled quantum states—such as squeezed light
with suppressed quantum noise and light with
quantum correlation—have become indispen-
sable resources[1].  Through the government-
supported projects entitled “The Frontier of
Telecommunications Technology” and “Basic
Research 21 for Breakthroughs in Info-Com-
munications,” we have conducted research on
the generation of two types of continuous-
wave (CW) squeezed light: squeezed vacuum
fields using a degenerate optical parametric
oscillator [2]-[4], and bright squeezed light
using cascading nonlinearity in an optical para-
metric oscillator [5]-[10].  Examples of the gen-
eration of squeezed light in various countries
are summarized in the table in Reference [11].

Based on these studies, we conducted research
on the generation and application of quantum-
correlated twin beams using optical parametric
oscillators.  In an optical parametric oscillator,
the optical parametric process causes strong
quantum correlation between the modes of the
signal field and the idler field.  In a non-
degenerate optical parametric oscillator, the
generated signal and idler beams have differ-
ent polarization or frequency values, which
makes it possible to separate these beams.  In
this case, the fluctuations in the intensity dif-
ference between the two beams is below the
quantum noise limit; the two beams are thus
designated as quantum-correlated twin beams.
In other words, we obtain squeezing in the
intensity difference owing to the non-classical
correlation between the twin beams.  With
quantum-correlated twin beams, we can
extract information embedded below the quan-
tum noise level in one of the beams by refer-
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ring to the other beam.  This characteristic is
expected to develop into application technolo-
gies involving, for example, embedding of the
hidden message within quantum noise or sub-
shot-noise high-sensitivity measurement.

This paper reports on the principles and
experimental results relating to the generation
of quantum-correlated twin beams using a CW
non-degenerate optical parametric oscillator.

2  Principles of generation of quan-
tum-correlated twin beams

Here we will discuss the principles behind
the generation of quantum-correlated twin
beams using an optical parametric oscillator.
According to the particle model of quantum
theory, light can be treated as discrete photons,
and a coherent laser beam can be viewed as a
beam comprised of a series of photons.  These
photons obey a stochastic process referred to
as the Poisson process.  According to this
process, the detector receives a photon ran-
domly, and it cannot be known exactly when
the detector will receive the next photon.  The
shot noise observed in the photodetector is due
to this randomness in the photon series, and
corresponds to the magnitude of the quantum
noise in the coherent light.  When a half
beamsplitter divides the light beam (consisting
of the photon series) into two beams, each
photon will pass through either of the output
ports of the beamsplitter randomly, with a
probability of 1/2, as a photon cannot be
divided in two.  Each of the divided beams
holds the same average number of photons,
but as shown in Fig. 1 (a), these photons are
randomly aligned along the time axis.  The
shot noise observed at each detector is due to
the randomness in the photon series.  As there
is no correlation between the two shot noises
at the respective detectors, these quantities do
not cancel out; one cannot simply be subtract-
ed from the other.  On the other hand, in the
optical parametric process, the input pump
beam consists of a random series of photons,
but the process transforms each photon into
two photons (under the law of conservation of

energy), providing the functions of a paramet-
ric beam splitter.  A pump beam with an angu-
lar frequency of ω0 is converted into a signal
beam with a frequency of ω1 and an idler
beam with a frequency of ω2, where ω0=ω1+
ω2.  Here, the photons of the signal and idler
beams are generated simultaneously as a pho-
ton pair in the two optical paths (See
Fig.1(b)).  The two beams consist of photons
with the same timing, and the photons enter
the detectors simultaneously.  When one of the
detectors receives a photon, the other also
receives a photon.  Here, a correlation is
obtained between the shot noises observed in
the two detectors due to the randomness in the
photon series, and these shot noises cancel
each other out by subtraction.  The photon pair
exists simultaneously due to the quantum cor-
relation—a phenomenon that cannot be
explained classically.  The noise in the intensi-
ty difference between the beams (consisting of
paired photons sharing the same timing) is
thus suppressed below the shot-noise limit.
This effect is known as the intensity-differ-
ence squeezing of quantum-correlated twin
beams.  When quantum-correlated twin beams
are generated with an optical parametric oscil-
lator, the photon pair simultaneously generat-
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(a) Beamsplitter and (b) parametric
beamsplitter in photon picture.

Fig.1

Decorrelation of twin beams by cavity
storage; τc is cavity storage time.

Fig.2



ed in the nonlinear crystal remains in the cavi-
ty for an average storage time τc.  Each of the
photon pair is emitted from the cavity through
independent stochastic processes, but the pho-
ton numbers of the signal and idler beams are
the same if observed for a period longer than
the average storage time τc (See Fig. 2).  In
other words, the twin beams generated from
the optical parametric oscillator feature a
quantum correlation within the bandwidth of
the cavity, τc

-1
[12].

3  Calculation of squeezing using
a semi-classical approach

In the previous section we described the
concepts behind the generation of quantum-
correlated twin beams from an optical para-
metric oscillator, applying an interpretation of
photons based on the particle model of light.
Another interpretation is also possible.  For
example, in Fig. 1 (a), the correlation between
the two output ports can be interpreted to be
broken due to the vacuum fluctuations enter-
ing from the empty port of the beam splitter.
In this case, the uncertainty principle is seen
as the cause of the vacuum fluctuations.  How-
ever, once the existence of these fluctuations
is acknowledged, a classical treatment may be
applied to the remaining analysis.  Such a
semi-classical approach is also extremely
effective when considering the optical para-
metric oscillator, as this approach simplifies
the theoretical treatment of this device [13][14].
In an optical parametric oscillator, the vacuum
field can be considered to enter through the
losses in the coupling mirror and the crystal.
Denoting the complex amplitude of the elec-
tric fields inside the cavity as α1 (signal field),
α2 (idler field), and α0 (pump field), the time
evolution of the signal and idler fields are
related in accordance with the following basic
equations for the parametric interaction:

Here, the relationship γí ＝γi＋μi (i=1,2)

holds, where γi is the loss factor of the cou-
pling mirror of the cavity, μi is the loss factor
inside the cavity due to crystals and other ele-
ments, τ is the round-trip time in the cavity,
and χ is a constant representing the strength
of the parametric interaction and is propor-
tional to the second-order non-linear optical
coefficient.  Denoting the reflection coeffi-
cient of the cavity output mirror as ri and the
amplitude transmission coefficient as ti, these
can be expressed as follows in a high-finesse
(r≈1) cavity:

Here, αi
in and βi

in (i=1,2) represent vacuum
fields which have zero mean values, due to
coupling mirror loss and loss inside the cavity.
Output αi

out through the coupling mirror is
related to αi inside the cavity by the following
equation:

Expanding Equation (1) with fluctuations   δαi

around the steady-state solution, αi is
expressed as αi＝‾αi＋δαi.  The steady-state
solution α‾0 is assumed to be real.  As the
phase is arbitrary in Equation (1), which
expresses the parametric interaction,  α‾1 and
α‾2 are also assumed to be real.  The differen-
tial equations for the fluctuations are then
expressed as follows:

Here we consider the case I1
out＝I2

out＝I out, in
which the signal and idler beam intensities are
in balance.  In this case, the following rela-
tionships hold:

From Equation (1), the steady-state solution
for α0 above the oscillation threshold is:
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Under these conditions, the difference in
the fluctuations of the signal and idler fields is
proportional to the real part of the difference
between δα1 and δα2.  Here, we denote

and express the entering vacuum fluctuations
as rαin and rβ

in in a similar manner.  With Equa-
tions (4) and (7), the following equation is
obtained regarding r.

When the two fields are balanced, subtraction
cancels out pump fluctuations δα0.  Thus, in
principle, intensity-difference squeezing of
twin beams in a balanced system has robust
characteristics in terms of the pump fluctua-
tions.  Taking the Fourier transformation of
Equation (9),

is obtained.  The output from the cavity, rout, is
expressed as follows, derived from a relation
similar to Equation (3):

Here, rαin(ω) and rβin(ω) are the vacuum fluctua-
tions; these values are uncorrelated.  Denoting
the variance of the fluctuations as

the following expression is obtained:

The fluctuations of the intensity dif-

ference is expressed as

and the intensity-difference squeezing spec-
trum SI(ω) of the twin beams is expressed as

The value S0 in the above equation represents
the shot-noise level of the twin beams.  Denot-
ing the efficiency of the detection system as
η, and normalizing SI(ω) with the shot-noise
level, the squeezing spectrum (15) is rewritten
as follows:

Here, Ω is ω normalized with the full band-
width at half maximum of the cavity, 
τc

-1＝2γ́/τ, and ξ＝γ/γ′is the escape efficien-
cy.  Figure 3 shows the squeezing spectrum
S(Ω) as a function of Ω and the loss parame-
ter (1-ξ) for the case in which detection effi-
ciency is 100%.  Here the magnitude of
squeezing is denoted as 1-S(Ω).  Under ideal
conditions, with no loss inside the cavity (ξ
=1), complete squeezing (100%) is obtained at
Ω=0.
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Normalized noise spectrum S(Ω) of
intensity-difference squeezing as a
function of the loss parameter (1- ).
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4  Generation of twin beams and
observation of the quantum
correlation

The generation of quantum-correlated twin
beams requires an optical parametric oscillator
in which the signal and idler modes resonate.
However, the resonance conditions of both
modes must be satisfied, which renders CW
oscillation extremely difficult [15]. Experi-
ments in the past applied external stabilizing
controls, such as feedback, to enable the gen-
eration of twin beams.  In our case we suc-
cessfully generated twin beams in the free run-
ning condition using a highly stable semi-
monolithic structure and applying thermal
self-locking within a nonlinear crystal [10][16].
Here we discuss the results of our experiment
in which twin beams are generated using a
semimonolithic optical parametric oscillator.
The experiment measures intensity difference
squeezing in the presence of a quantum corre-
lation and the non-classical photon number
distribution between the twin beams [17]-[19].

Figure 4 shows the experimental setup for
the generation of the twin beams and observa-
tion of intensity difference squeezing.  For the
pump beam source, the second harmonic of
the CW LD-pumped YAG laser oscillating in a
single frequency is used.  The semimonolithic
optical parametric oscillator consists of a 10-
mm KTP (TYPE II) nonlinear crystal and a
concave mirror with a radius of curvature of
20 mm.  The facet of incidence of the KTP
crystal for the pump beam is provided with a
reflective coating, and it forms a three-wave
resonance optical parametric oscillator with
the output concave mirror, resonating the
pump, signal, and idler fields.  This structure
provides strong parametric interaction and a
low oscillation threshold.  The oscillation
threshold depends on the configuration and
condition of the optical cavity.  In this experi-
ment, the threshold value is around 6 mW.
Output oscillation power is 30 mW for input-
pump beam power of 40 mW, with a conver-
sion efficiency of 65%.

It is known that the three-wave resonance

optical parametric oscillator may produce the
phenomenon of optical bistability, depending
on the detuning condition of the cavity
[6][20][21].  In the region of optical bistability,
high finesse is obtained equivalently.  This
property is used to induce self-locking through
the thermal effect in the crystal, and also sus-
tain CW oscillation [22].  More than 30 min-
utes of stable optical parametric oscillation
was obtained without feedback stability con-
trol of cavity length.  As the quantum-correlat-
ed signal and idler beams feature orthogonal
polarizations, these beams can be separated
easily with the PBS.  Figure 5 shows the
results of noise observation of the intensity
difference between the generated twin beams.
The shot-noise level (a) is obtained by adjust-
ing the λ/2 wave plate, P, in Fig. 4 to set the
polarization of the beams to 45 degrees rela-
tive to the PBS.  Here the PBS operates as a
50:50 beamsplitter for each photon beam.
Thus the quantum correlation is broken with-
out separation of the photon pair.  As a result,
observed noise gives the shot-noise level.  The
intensity difference squeezing (b) observed in
the experiment shows a maximum value of 8
dB at a frequency of 4 MHz (84%).  Consider-
ing the total detection efficiency, this indicates
that squeezing of more than 90% is obtained.
In this experiment,  Ω～0.06 and ξ～0.95.
Applying the analysis results from the previ-
ous section, we may deduce that initial
squeezing—just after the twin beams are gen-
erated from the cavity—is approximately
95%.
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Experimental setup for generation of
twin beams (PD1, PD2: photodiodes,
PBS: polarizing beamsplitter, P: half-
wave plate, L: lens).

Fig.4
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The fluctuations of the signal and idler
beams, δI1

out and δI2
out, display a strong positive

correlation exceeding the quantum limit.  The
joint probability distribution of the fluctua-
tions between the two beams can be obtained
by measuring the fluctuations of the photo-
electric currents in the photodetectors directly
and simultaneously [17][23].  As shown in Fig.
6, the photoelectric current noises of the signal
and idler beams, directly detected by the pho-
todetector D1 or D2, are passed through a
lowpass filter, amplified by a low noise ampli-
fier, electrically mixed with the local signal (4
MHz) for down conversion, simultaneously
passed through another lowpass filter, AD
converted, and input into a computer.  Figure
7 (a) shows the joint probability distribution
P(XA,XB) obtained from the experiment, where
XA and XB denote the 4-MHz signals of the
detectors.  Figure 7 (b) shows the joint proba-
bility distribution of the fluctuations obtained
for two independent coherent beams (separa-
ble state) with the same mean intensity.  A
strong positive quantum correlation is
observed in (a), while no correlation appears
in (b).

The fluctuations in the intensity is in fact
fluctuations of the photon number.  When the
quantum efficiency of the photodetectors is
high, the probability distribution of the fluctu-
ations in the photon-number difference
between the twin beams can be obtained from
the fluctuations of the photoelectric currents.
Figure 8 shows the experimentally obtained
probability distribution P(n－m) of the fluctua-
tions in photon-number difference between the
beams.  Here the mean photon numbers of the
two beams are expressed as〈n〉×1015 and
〈m〉×1015.  For comparison, Fig.8 also shows
the results for cases in which the polarizations
of the twin beams are tilted 45 degrees relative
to the PBS and where two independent coher-
ent light beams are input to the detectors.  It is
clear that P(n－m) of the twin beams obeys a
sub-Poissonian distribution.
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Noise power spectrum of (a) the shot-
noise level and (b) the intensity differ-
ence between twin beams.

Fig.5

Experimental setup for observation of
the photon number distribution of twin
beams.

Fig.6

Measured joint probability distribution
for (a) twin beams and (b) separable
state, viewed in 3D and as contour
plots.

Fig.7

Comparison of difference photon-
number probability distribution P(n-m)
on the condition of the same mean
photon number.

Fig.8



5  Applications

Quantum-correlated twin beams can be
applied to spectroscopy, measurement, com-
munications, and a range of other fields.
High-sensitivity measurement and hidden-
message embedding are two prime examples
of such applications [24]-[29].  Here we present
the results of basic experiments focusing on
applications in the measurement of small mag-
netic fields below the shot-noise level and
applications to the embedding of data within
quantum noise [16][19][30].

5.1  Sub-shot-noise measurement
In an application for precision measure-

ment technology, when a sensor element capa-
ble of changing polarization in response to the
measurement target is inserted in one of the
twin beams, it becomes possible to measure
the change in polarization below the shot-
noise level.  Various physical quantities may
form the measurement target.  In this case, a
change in polarization induced by a magnetic
field is detected using the Faraday effect
below the shot-noise level.  Figure 9 shows
the experimental setup.  The Faraday glass
(HOYA FR-5) is inserted in the signal beam
and a small alternating magnetic field is
applied (4 MHz).  The polarizer PBSM con-
verts the change in polarization into a small
change in the intensity.  The extremely small
measurement signal embedded in the shot
noise cannot be detected with conventional

laser systems.  However, quantum-correlated
twin beams can cancel out the shot noise.  Fig-
ure 10 shows the obtained experimental
results.  Figure 10 (a) is the shot-noise level,
and (b) is the noise spectrum of the intensity
difference between the twin beams.  The mag-
netic signal below the shot-noise level is
detected at a frequency of 4 MHz.

5.2  Quantum steganography
The use of quantum-correlated twin beams

enables the recovery of the sub-shot-noise sig-
nal.  In this case, messages can be impercepti-
bly embedded into background shot noise in
optical communications.  These messages can
be conveyed via modulation of one of the twin
beams below the shot-noise level, transmis-
sion of the signal, reception of the pairing
photon beam, and cancellation of the shot
noise.  In other words, quantum noise conceals
the message in a manner analogous to conven-
tional steganography.  Figure 11 shows the
experimental setup.  After the quantum-corre-
lated twin beams are separated into the signal
and idler beams with the PBS, an extremely
weak modulation (at a frequency of 10 MHz)
is applied to the signal beam below the shot-
noise level with a light-intensity modulator
comprised of a LiNbO3 crystal and a polarizer.
The weak signal is buried in the shot noise and
can be extracted only by canceling out the
shot noise with reference to the received pair-
ing idler beam.  In this experiment, quantum
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Experimental setup for sub-shot-noise
measurement of AC magnetic field
(PBS, PBSM: polarizing beamsplitters,
PD1, PD2: photodiodes, Hac: magnet-
ic field, FR-5: Faraday glass).

Fig.9

Experimental results of the detected
magnetic field below the shot-noise
level: (a) shot-noise level; (b) intensi-
ty-difference noise spectrum.

Fig.10
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noise is canceled between the twin beams,
allowing this property of quantum correlation
to be applied to extract the weak modulation
signal.  The signal is mixed with a local oscil-
lator for down conversion to 50 kHz, and the
weak signal, below the shot-noise level, is
observed with an oscilloscope.  Figure 12
shows the results.  Figure 12 (a) shows the
condition in which the weak modulation sig-
nal is buried in the shot noise.  In this case the
signal cannot be identified.  In Fig.12 (b),
quantum noise is cancelled using the quantum
correlation, and a weak signal—modulated
below the shot-noise level—can be recog-
nized.

6  Summary

This paper discusses the principles of gen-
eration of quantum-correlated twin beams
with an optical parametric oscillator, describes
related experiments, and indicates some
potential applications.  The results of analysis
under a semi-classical approach agree well
with these experimental results; this type of
analysis provides excellent results in terms of
engineering system design.  This analysis has
led to the prediction that squeezing should be
observed independently in the intensity of
each of the quantum-correlated twin beams
[14], and we are progressing with experiments
to verify this theory [31].  In terms of applica-
tions, however, some issues remain to be
addressed.   For example, the wavelength of
the twin beams needs to be continuously vari-
able, as required in the field of spectroscopy
[32][33].

Quantum-correlated twin beams will also
prove advantageous in applications in which
high-intensity light would damage the sam-
ples, for example in high-sensitivity biological
measurement within living cells.  Demand will
also grow for the development of more com-
pact light sources [34][35].

We intend to continue our research into the
development of future quantum information
and communications, and quantum measure-
ment technologies, such as the generation and
application of light featuring quantum correla-
tion (EPR correlation) of quadrature compo-
nents between light beams [36]-[40].
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Experimental setup for quantum
steganographic application (PD1,
PD2: photodiodes, PBS: polarizing
beamsplitter, LPF: low-pass filter).

Fig.11

Recovery of quantum steganograph-
ic signal (Time: 10 μsec/div).  (a): The
transmitted signal is hidden by the
shot noise.  (b): The transmitted signal
is recovered by using twin beams.

Fig.12
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