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The squeezed state was experimentally produced in the four
wave mixing process for the first time thirty years ago [1].
Its intrinsic nonclassical property has always attracted the
attention of the scientists, and it has also presented an un-
predictable application potential in quantum information pro-
cessing [2-6] and quantum metrology [7-9]. For gaining an
insight into the quantum state, Bertrand et al. [10] intro-
duced the concept of quantum tomography into quantum me-
chanics in 1987. And in 1997, Breitenbach et al. [11] pre-
sented the noise distribution of the squeezed states of light
fields and reconstructed the quantum states by balanced ho-
modyne detection (BHD). If the squeezed state light field has
a relatively strong amplitude, BHD is not suitable. Con-
sequently, other approaches have also been studied, such
as self-tomography of the twin-beam state [12] and self-
tomography of the single-mode squeezed light field with an
empty cavity [13]. These approaches enable people to under-
stand the nature of the quantum state.

In this paper, we propose an alternative method to study
the property of the squeezed state of the light field by mak-
ing use of controllable coherent sideband injection [14-16]
and provide experimental demonstration. In optical quan-
tum tomography, for instance in ref. [11], an optical para-
metric oscillator (OPO) is usually fed by the fundamental
frequency light field a™(wp) with two symmetric sidebands
a"(wo + Q) generated by electro-optic modulation. In our
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scheme, the two input sideband fields of the OPO generated
by a frequency shift system as discussed in our previous pa-
pers [15, 17] have the same power, but their frequencies can
be dissymmetric (one is located at 2} = —5 MHz around the
fundamental light field (wp) and the other at Q, = 5.0001 or
5 MHz) and they are selectable by blocking or opening one
of them or both. The output fields of the OPO are combined
with a strong local oscillator at the fundamental frequency
on a 50/50 beam splitter (BS) and the mixed modes of the
BS are detected by two balanced detectors. The photocurrent
subtraction of the detectors is mixed with a 5 MHz cosine
wave from a function generator and the mixing signal after a
low-pass filter is measured by an oscilloscope. The relative
phase of the local beam and the detected field is controlled by
a mirror mounted on a piezoelectric transducer (PZT). Thus,
we can obtain the noise distribution of the quadrature com-
ponent at an analysis frequency of 5 MHz. Contrasted to the
traditional optical homodyne tomography, in our scheme, the
single-sideband injection can present the noise distribution of
the quantum state. Simultaneously, because of the beat signal
caused by the different sideband frequencies and the different
frequency demodulation, the properties of the coherent state
and the squeezed states are more clearly presented.

The OPO is currently the most successful device used for
generating the squeezed light field [18-20], and is generally
composed of a resonator and a second-order (y®) nonlinear
crystal. In the ideal case (here we just consider the broad
band squeezing because the sideband frequency is consider-
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ably smaller than the linewidth of the OPO), the squeezing
operator is written as S (r, ) = exp[r(aai"e 20— 4" "7 2i0))
(6 is the squeezing angle). In the phase space, the quadrature
component vector of the output fields can be written as [21]:

()l

N = ~ s )
you BC)\Y™"

where A = cosh(r) + sinh(r) cos(26), B = sinh(r) sin(26) and
C = cosh(r) — sinh(r) cos(26). X™ and Y™™ are the quadra-
ture amplitude and the quadrature phase of the input field,
respectively. Consequently, when 8 = 0, the parametric in-
teraction amplifies the quadrature amplitude and deamplifies
the quadrature phase of the output field (X°" = e’X™™, yout =
e"¥™). If @ = 7/2, the outgoing quadrature amplitude of
the OPO is deamplified and the quadrature phase is amplified
()A(out — e—rf(in, ?out — er?in).

Now, we consider the measurement scheme. The output
field of the OPO is combined with a strong local oscillator
(LO) at the fundamental frequency on a 50/50 BS and two
balanced detectors measure the two mixed modes output from
BS. The photocurrent subtraction of the balanced detectors
can be written as:

in Ain

A
LO

Si_=a ae™ + o 0a'e?, )
where the LO field is seen as a classical field and can be ex-
pressed as aro = arLoe " (apo is the classical amplitude
and we assume that a1 ¢ is a real number).

Case 1. Suppose a single-sideband field am located at
w; = wo — Q (the mean amplitude of the input field asl
is a real number) is injected into the OPO, and the other input
sideband field 21‘" at wy + Qg is the vacuum field (a = 0).

Hence, the mean value of the quadrature components of the

input fields at the analysis frequency of Qg (X™™(Q)) = %

and (Y"(Qp)) = — 7, and the fluctuation of the input quadra-
ture component 6Xm(Q0) = f[éa Qo) + 6&‘“( Qp)] and

sYNQy) = %[5&}?(90) 64" (=Qp)].  The output field
of the OPO is written as & = a%'e (@0~ 4 goute=itworor,
Therefore, the photocurrent subtraction analyzed is
8i-1(Q0) =aLo(@™" + ™) cos[¢(1)]

+ ao[6X (- Qo) + 6X5"(Q)] cos[¢(1)]

+ aLol6Y " (= Qo) + 61" (Q0)] sin[¢(1)]

=ayofa’}e* cos[¢(t)]
+ 6XM(Qp)e*” cos[¢(1)]
+6Y™(Qo)e™ sin[¢(1)]}. A3)

Case 2. The injected single sideband field with the real-
value mean amplitude o'} is at wy = wp + Qo + AQ. There-
fore, the input mean values of the quadrature components at

are Qo + AQ are (X(Q) + AQ)) = "—\rz and (¥"(Q + AQ)) =
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ia‘—}% and the fluctuation at the arbitrary analysis frequency

Q are 6X™(Q) = \f[ sa” 2 Q) + 6&1“'( —-Q)] and 6Y™(Q) =

[5 an (Q) — 64T (-Q)]. Consequently the photocurrent
subtractlon at the analysis frequency of Q is

8i_(Qo) =arofady cos[¢(r) — AQr]
+ ' cos[¢(r) + AQr]}
+ arol6X5' (Qo) + X" (—Q0)] cos[¢(1)]
+ arol6Y55'(Qo) + 6Y" (—Q0)] sin[¢(1)]

1 1 .
:aLO{iE (e’ - ;) ) cos[AQz + ¢(1)]

. %(e . el)‘“ cosAQt — (1)
+ 6X"(Qo)e*” cos[o(r)]
+6Y™(Qo)e™" sin[¢(£)]}. “)

Case 3. Two dissymmetric sidebands located at w; =
wo — Qo and wy; = wy + Qp + AQ, respectively, but with
the same power, are injected into the OPO simultaneously.
Hence, the output fields of the OPO contain two pairs of
symmetrical sidebands whose frequencies are wy + g and
wo = Qo £ AQ. Therefore, the photocurrent subtraction ana-
lyzed at the sideband frequency of Qg can be expressed as:

6i-3(Q0) = 6i-1(Qo) + 6i-2(L0). ®)

In this case, AQ = 0, corresponds to the injection of sym-
metric double sidebands, and is same as the traditional optical
tomography scheme.

The experimental setup and the schematic diagram are
shown in Figure 1(a) and (b). The diode-pumped intracav-
ity frequency-doubled laser provides a fundamental light of
200 mW at 1064 nm and a second-harmonic light of 450 mW
at 532 nm simultaneously. The infrared output at 1064 nm is
split into two beams, one of which is served as local oscillator
of the detection system after the mode-cleaning cavity (MC).
The other beam is injected into the double-sidebands gener-
ation system that consists of three acoustic optical modula-
tors (AOMs). AOMI shifts the laser frequency by a amount
of —110 MHz. The half-wave plate (HW2) and the polar-
ization beam splitter (PBS2) split the frequency-shifted laser
beam into two parts. The frequencies of the two parts are
pulled in the conversion direction by AOM2 and AOM3 by
the amounts of 105 and 115.0001 MHz (or 115 MHz) re-
spectively. The two frequency-shifted beams are combined
on BS1 and one of the two output fields of the BS is coupled
into a single-mode polarization-maintaining optical fiber. To
stabilize the frequency and phase of double sidebands, the
clocks of the signal sources of the AOM drivers are synchro-
nized [15,17].
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Figure 1  (Color online) (a) The experimental setup. AOMI1-3: acoustic
optical modulator; PM: single-mode polarization-maintaining optical fiber;
HW1-8: half-wave plate; DBS1-2: dichroic beam splitter; PBS1-2: polariza-
tion beam splitter; BS1-2: 50/50 beam splitter; PPKTP: periodically poled
potassium titanyl phosphate; OPO: optical parametric oscillator; M: mixer;
SA: spectrum analyzer; OSC: oscilloscope; (b) schematic diagram of the
detection scheme.

The output beam of the fiber is injected into the OPO,
which is resonant for both the fundamental light and the
second-harmonic light. The oscillator contains a type-I pe-
riodically poled potassium titanyl phosphate (PPKTP) crys-
tal (1 mmx2 mmx10 mm) and the bandwidth of the OPO is
approximately 70 MHz. The output field of the OPO is com-
bined with the local oscillator on BS2. Two balanced detec-
tors are utilized to measure the output lights of the BS. The
amplified subtraction signal of the detectors is divided into
two parts. One part is input to the spectrum analyzer (SA).
The other is mixed with a 5 MHz radio frequency (RF) signal
generated by a function generator and the demodulated signal
after a low-pass filter is collected by the oscilloscope (OSC).

The noise traces of the quantum states at the demodulation
frequency Qy = 5 MHz are listed in Figures 2 and 3. The
power of the pump light is 30 mW and the classical gain of
the parametric process is about 4 in our experiment when the
fundamental frequency field at wy is injected. The power of
each injected sideband field is fixed as 10 nW in the three
cases. Each trace has 1.2 million points as the relative phase
¢(?) is swept by a mount of 47t in approximately 500 ms. In
Figure 2(b)-(d) show the noise traces when the single side-
band at -5 MHz is fed in the OPO, corresponding to case 1.
Figure 2(b) is the coherent state as the pump field of the OPO
is blocked. The coherent amplitude is proportional to o™ and
the noise amplitude corresponds to the vacuum fluctuation.
Figure 2(c) is the result of the amplitude-squeezed state. In
this case, the relative phase 6 of the pump and the input sig-
nal field is 7t/2 and the OPO works in the anti-amplification
condition. The phase difference of the output signal field and
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Figure 2 (Color online) The noise traces of the quantum states at the analy-
sis frequency Qp = 5 MHz when the single sideband field is injected into the
OPO. (a) and (e) are injected sideband fields described in sideband picture;
(b)-(d) are the results of the coherent state, amplitude squeezed state and
phase-squeezed state when the sideband field a™® 1 (@o — Q) is used; (£)-(h)
show the results of the upper sideband field 1nJect10n (aA (wo + Qo + AQ)).
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Figure 3  (Color online) The noise traces of the states at the analysis fre-
quency Qo = 5 MHz when double sidebands are injected into the OPO. (a)
and (e) are injected sideband fields described in sideband picture; (b)-(d)
show the results for the coherent state, amplitude-squeezed state and phase-
squeezed state when the frequency shift of AOM2 and AOM3 are 105 and
115 MHz; (f)-(h) show the corresponding results when the frequency shift of
AOM?2 and AOM3 are 105 and 115.0001 MHz respectively.

the idle field of the OPO is approximately equal to 7t and
the fields are out of phase. Therefore, the mean ampli-
tude of the squeezed light field is proportional to || —
Ia/Out = e"a"S“1 < cyIX“1 Hence, the coherent amplitude
of the amplitude-squeezed state is smaller than that in Fig-
ure 2(b). As shown in the figure simultaneously, the noise
amplitude is smaller than that of the vacuum state when
¢(t) = xnmt (n = 0, 1,2, ...) because the correlated noise am-
plitude [6X%"(—Qo) + X" (Qo)l~e™" < 1. And the noise
amplitude is larger than that of the vacuum state if ¢(r) =
170+ 7/2, ie., [0V (—Qo) + Y (Qo)|~e” > 1. Figure 2(d)
is the phase-squeezed state, in which the output signal field
and the idle field are in phase, corresponding to the para-
metric amplification for the OPO. Thus, the coherent am-
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plitude is larger than that in Figure 2(b) (|a%}"| + |af"| =
e’a™ > o) and the noise amplitude distribution is oppo-
site to that in Figure 2(c), i.e., the correlated noise ampli-
tude [6X%"'(=Qo) + X" (Q)|~e” > 1 when ¢ = +nm, and
167 (=Qp) + 6Y"(Qo)|~e™" < 1 when ¢ = +n7t + 7/2.
Figure 2(f)-(h) show the noise traces for the single-
sideband injection at 5.0001 MHz, corresponding to case 2.
Figure 2(f) shows the result for blocking the pump field of
the OPO. It is a classical beat signal at AQ = 100 Hz of
the demodulation signal (€9 = 5 MHz) and the beat signal
Qo + AQ) of the local field and the sideband fields, and is
simultaneously modulated by a slow signal ¢(7) on the phase.
The coherent amplitude and the noise amplitude are similar
to Figure 2(b). Figure 2(g) and (h) present the data when
the pump is open. Obviously, these results are similar to the
squeezed vacuum state because of the discrepancy between
the modulation frequency and the demodulated frequency. In
Figure 2(g), the phase 6 of the pump and the input signal
field is 7t/2, and hence the output signal field and the idle
field of the OPO are out of phase. Thus, when ¢(f) = +nm,
the coherent amplitude of the photocurrent subtraction is pro-
portional to e™", which is exactly the squeezing value of the
OPO. If ¢(r) = £n7t + 7t/2, the coherent amplitude of i_,(€Y))
is approximately proportional to e”, which corresponds to the
parametric amplification for the OPO. Simultaneously, the
noise amplitudes in the two figures illustrate the quantum
correlation between the two output fields and have the same
property as in case 1 discussed above. Thus, the coherent am-
plitude and the noise amplitude distribution in Figure 2(g)-(h)
display the property of the squeezed vacuum state with more
apparent effect. Similar to Figure 2(g)-(h), Figure 2(f) can be

the analogy of the vacuum state.
Figure 3 shows the noise traces of the coherent state, the

amplitude-squeezed state and the phase-squeezed state with
double sidebands injection. Figure 3(b)-(d) represent the re-
sults for symmetric double sidebands injection when the fre-
quency shift of AOM2 and AOM3 are 105 and 115 MHz
respectively. The noise traces are similar to that shown in
Figure 2(b)-(d) except for the double coherent amplitude.
This case is equivalent to the traditional optical tomogra-
phy scheme. Figure 3(f)-(h) show the corresponding results
when the frequency shift of AOM2 and AOM3 are 105 and
115.0001 MHz respectively. The noise distribution and the
coherent amplitude are just the sum of the noise traces in case
1 (Figure 2(b)-(d)) and case 2 (Figure 2(f)-(h)). These fig-
ures are the simulations of the coherent state, the amplitude-
squeezed state and the phase-squeezed state and well present
the properties of these states.

In our experiment, the classical gain is 1.8 when the single
signal field slightly detuned from the fundamental frequency
is fed in the OPO. Hence, the theoretical value of the squeez-
ing parameter » ~ 0.8. However, the experimental value of
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r is about 0.4, which is smaller than the theoretical value be-
cause of the losses. In our experimental system, the intracav-
ity loss is about 2%, the propagation loss is 25%, the interfer-
ence visibility of the local field and the detected field is 95%
and the quantum efficiency of the detector is about 0.9.

We experimentally studied the property of the quantum
state by adopting the controllable sideband injection scheme
and demonstrated that it is effective and useful in quantum
state measurement. This scheme will be a powerful aid and
can be used in quantum information processing, for example,
to confirm the quantum state and the property and to build
the forward feedback of quantum communication and quan-
tum error correction.
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