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Abstract: We present generation of photon-subtracted squeezed states
at 860 nm, from nearly pure, continuous-wave squeezed vacuagenerated
with a periodically-poled KTiOPO4 crystal as a nonlinear medium of a
subthreshold optical parametric oscillator. We observe various kinds of
photon-subtracted squeezed states, including non-Gaussian states similar
to the single-photon stateand superposition states of coherent states,
simply by changing the pump power. Nonclassicality of the generated states
clearly shows up as its negative region around the origin of the phase-space
distributions, i.e., the Wigner functions. We obtain the value,−0.083 at the
origin of the Wigner function, which is largest ever observed without any
correction for experimental imperfections.
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〈

X̂2
〉
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γT

ζ0
·

z(z+3)

(z+1)(z+2)2 . Here,z=
√

P/Pth is normalized pump power where

P is pump power andPth is an oscillation threshold of the OPO.

1. Introduction

Generation of nonclassical states of light has been an important task for quantum optics ex-
periments and optical quantum information processing. To date, a second-order nonlinear pro-
cess has widely used because one can effectively generate such nonclassical states as squeezed
states or entangled photon pairs via parametric down-conversion (PDC) [1, 2]. Compared to
the second-order nonlinearity, third or higher order nonlinearity, e.g., Kerr nonlinearity, is very
weak and not so frequently employed at a single-photon level. Such nonlinearities are, however,
essential to exploit true potential of optical quantum information processing with continuous
quantum variables such as the quadrature amplitudes of electromagnetic fields [3].

On the other hand, conditional state-preparation scheme has attracted attention recently.
In conditional state-preparation schemes, strong nonlinearities can be induced by quantum
measurements even at a single-photon level. However conditional they are, they can generate
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various nonclassical states via photon counting on subsystem of an entangled state produced in
PDC [4, 5]. Generated states in such ways would be the Fock (photon number) states or similar
states to superposition of coherent states - the optical analogs of Schr̈odinger-cat states. Non-
classicality of such states is specifically characterized by its negative region of the phase-space
distribution functions, i.e., the Wigner functions. This is in sharp contrast to that of a squeezed
state, which has a non-negative definite Gaussian distribution of the Wigner function. Here,
the Wigner functionW(x, p), is defined as a quasi-probability distribution for non-commuting
quadrature observables ˆxp̂− p̂x̂ = i (with h̄ = 1), and can directly be reconstructed by optical
homodyne tomography [6].

Various nonclassical, non-Gaussian optical quantum states with negative values ofW(x, p)
have been generated. Those states can be categorized into two families. One family is the
Fock states and their variants combined with coherent states [7, 8, 9, 10, 11], created in a non-
collinear PDC configuration of the signal and idler photons.The other is the photon-subtracted
squeezed states, where a small fraction of a squeezed vacuumbeam is beam-split and guided
into a photon counter as trigger photons, and the remaining beam is conditioned by the de-
tection of the trigger photons [5]. In the ideal case, a squeezed vacuum is a superposition of
even photon-number states where the signal and idler photons are collinear, thus, one-photon-
subtracted squeezed states must be a particular superposition of odd photon-number states.
These states are close to optical Schrödinger-cat states with small coherent amplitudes, and
thereby referred to as optical“Schrödinger kittens”[12, 13].

In the previous works of Schrödinger kittens, potassium niobate (KNbO3) crystals are used as
nonlinear optical media for an optical parametric amplifier(OPA) [12], or in an optical paramet-
ric oscillator (OPO) far below threshold [13]. In the case ofexperiments with KNbO3, however,
it is known that there is a big source of loss referred to as pump (blue) light induced infrared
absorption (BLIIRA) [14]. The big loss caused by BLIIRA weakens the even-photon nature
of a squeezed vacuum, that is to say, it weakens entanglementbetween two modes into which
the squeezed vacuum is beam-split, and yields uncorrelatedtrigger photons. They induce false
clicks in state preparation and consequently degrades the output conditioned states. The most
negative value observed with KNbO3 so far, is−0.026 without any corrections of experimental
imperfections [12].

On the other hand, periodically-poled KTiOPO4 (PPKTP) has been turned out not to have the
BLIIRA effect in continuous-wave squeezing experiments [15, 16]. Therefore, a squeezing level
at 860 nm has been significantly improved [16]. Thanks to its almost BLIIRA-free property,
one can obtain squeezing with higher purity (even-photon nature) than that in the case of using
KNbO3. Purity of squeezing depends on how big portion of a squeezedvacuum can escape
from an OPO cavity. The cavity escape efficiency, which can becalculated by a transmittance
of an OPO output coupler and all intracavity losses [17], is∼97 % with PPKTP while that of
KNbO3 is ∼80 % at most.

Here we also present that PPKTP is very useful to generate a wide range of the photon-
subtracted squeezed states, including the single-photon state and Schr̈odinger kittens, with the
deepest negative dips of the Wigner functions ever observed. The single-photon state can be
realized to subtract one photon from a squeezed vacuum with aweakly pumped OPO [21], but
could not be created in the previous photon-subtraction experiments due to the impure squeezed
vacua generated with KNbO3. The usage of PPKTP enables one to generate the states from the
single-photon to Schrödinger kittens, by simply tuning the squeezing level whichis directly
controlled by the pump power for the squeezer.
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Fig. 1. Schematic of experimental setup. OC : output coupler, HWP : half-wave plate,
PBS : polarizing beam splitter, BS : beam splitter (consisting of HWP and PBS,variable
splitting ratio), Triangle : triangle cavity, QWP : quarter-wave plate, FP1 & FP2 : Fabry-
Perot cavities, HBS : 50:50 beam-splitter. All the beams including the squeezed vacuum
have S-polarization. The sets of PBS+QWP just before FP1 & FP2 are used as optical
isolators and also as pick-offs of the reflected beams. Each reflection from the filtering cav-
ities is used for FM-sideband locking when the locking beam passes through at the optical
chopper.

2. Experimental setup

A schematic of our experimental setup is shown in Fig. 1. A continuous-wave Ti:Sapphire laser
(Coherent MBR-110) is used as a primary source of the fundamental beam at 860 nm, which is
mainly used to generate second harmonic (430 nm) of about 200mW by a frequency doubler (a
bow-tie cavity with KNbO3). It is also used as a local oscillator (LO) for homodyne detection,
and as probe beams for various control purposes. The second harmonic beam is used to pump
the OPO with a 10 mm long PPKTP crystal (Raicol Crystals) as a nonlinear medium in an
optical cavity (a bow-tie configuration with a round-trip length of about 523 mm). The output
coupler (OC) of this squeezer cavity has a transmittance of 10.3 %. The intracavity loss is about
0.2∼0.3 %, which is nearly independent from the pump power and much better than that with
KNbO3 in our case (2∼ 3 %). The FWHM of the cavity is about 9.3 MHz. Note that above
basic components for the generation of a squeezed vacuum areessentially the same as that in
the setup showed in [16].

A small fraction (5 %) of the squeezed vacuum beam in path A is split at a beam splitter
(BS), guided into a commercial Si-APD (Perkin Elmer SPCM-AQR-16) through three optical
filtering cavities in path B, and is used as trigger signals for conditional photon subtraction.
The finesses of the filtering cavities are about 60 (Triangle), 600 (FP1), and 1500 (FP2), respec-
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tively. All the filtering cavities have 5∼10 times wider bandwidths than that of the OPO. The
spectrum of the trigger photons through these filters consists of a single peak around 860 nm at
the degenerate mode with a bandwidth of 8.6 MHz (FWHM). Other irrelevant, nondegenerate,
modes from the OPO, peaking at every free spectral range of 573 MHz apart from the degen-
erate frequency, are sufficiently well suppressed. The total transfer efficiency after the BS for
the mode of interest is about 30 % just in front of the Si-APD. The trigger counting rate varies
from less than 1 kcps up to 50 kcps, changing with the pump power of OPO from 1 mW up
to 160 mW and splitting ratios. These trigger counting ratesare mostly much greater than the
Si-APD dark counts (100 cps).

Reducing background light is crucial for using an Si-APD because bright background light
easily degrades signal-to-noise ratio of trigger photons.Usually weak coherent beams are used
as references to lock optical cavities [16], but they directly yield vast amounts of counts. There-
fore, one has to contrive ways to count photons and lock optical cavities in the same experi-
mental setup.

We apply time sharing control of the system by a “sample-and-hold locking” technique,
which enables us to switch the system from a “locking time-bin” to a “measurement time-bin”
alternatively. In the locking time-bin, the resonant frequencies of the filtering cavities are locked
in a conventional manner (FM-sideband locking technique [18]). Servo amplifiers keeps the
filtering cavities in resonance by piezo actuators via demodulating the modulation applied to a
“locking beam” (Fig. 1). In the measurement time-bin, the locking beam is completely blocked
for photon counting and servo amplifiers hold the system in the same state as right before the
locking beam is blocked. To perform this periodically, the locking beam first passes through
an optical chopper (the chopping frequency is 500 Hz), is guided into the filtering cavities, and
then returning to the same chopper again after passing them through (Fig. 1). When the locking
beam passes through at the one side of optical chopper, it is blocked at the other side, and vice
versa, and thus we realize the time sharing control. We also make our servo amplifiers accept
external timing signals in order to be able to be synchronized to the optical chopper’s driver. A
different experimental approach other than the method presented here, can be found in [13].

The generated nonclassical states of light are combined with the LO at a 50:50 beam-splitter
(HBS) and detected by a balanced homodyne detector with Si photodiodes (Hamamatsu S3759,
anti-reflective coated at 860 nm, 99.6 % quantum efficiency).In order to improve the homodyne
efficiency, the LO beam is spatially filtered by a mode cleaning cavity which yields the same
spatial mode as the OPO output. The propagation loss mainly comes from the pickup of a
squeezed vacuum itself (5 % at BS), and the homodyne efficiency is 98 %.

For every trigger signal from the Si-APD, a digital oscilloscope (LeCroy WaveRunner
6050A) samples homodyne signals around the time when trigger photons are detected. Each
segment of data contains homodyne signals over a period∼0.5µs. They are piled one after
another until∼ 10000 segments fill up the oscilloscope’s memory in a single run of the exper-
iment. Each segment of the homodyne signals are sent to a PC, and then time-integrated after
being multiplied by a particular temporal mode functionΨ0(t). Each Wigner function is recon-
structed using the iterative maximum-likelihood estimation algorithm [19], from about 50,000
data points of quadrature amplitude.

3. Results and analysis

The temporal mode functionΨ0(t) should be chosen such that it defines the signal mode which
shares the maximal entanglement with the trigger photon mode. The trigger photon mode is well
localized in the time domain at least withinT ≤ 1 ns. This depends on a single-photon timing
resolution of SPCM and is much shorter than the inverse bandwidth of the squeezed vacua. The
bandwidth of the squeezed vacua are typicallyB ∼ 10 MHz and can be characterized by the
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bandwidth of the OPO cavity. For such a smallBT, a single mode description is valid [20]. In
a good approximation, one can considerΨ0(t) in a form [21]Ψ0(t) =

√

ζ0e−ζ0|t|, assuming a
trigger signal detected att = 0, whereζ0 ≡ (γT +γL)/2 determines the characteristic bandwidth
ζ0/2π ∼ 4.6 MHz. Here, the leakage rates of the output coupler isγT ∼ 57 MHz and the cavity
loss rate isγL ∼ 1.2 MHz.

Fig. 2. Experimental Wigner functions (top panels) constructed from raw data without any
correction of measurement imperfections, in the case of 5% splitting ratio.a : The single-
photon state generated by−0.7dB initial squeezed vacuum. b and c : Schrödinger kittens
generated by−2.6dB and−3.7dB initial squeezed vacua, respectively. The values of the
Wigner function at the origin are a :W(0,0) = −0.049, b : W(0,0) = −0.083, and c :
W(0,0) = −0.048. The insets in top panels are the contours of the Wigner functions. The
middle panels are quadrature distributions obtained by homodyne detection. The bottom
panels are photon-number distributions obtained by the iterative maximum-likelihood esti-
mation.

Figure 2 shows experimental Wigner functions (top panels) and its contour plots (insets in
top panels), raw data of quadrature distributions over halfa period (middle panels), and photon-
number distributions (bottom panels) of the photon-subtracted squeezed states. First, experi-
mental density matrices in the Fock (photon-number state) basis are obtained from the raw data
in the middle panels by using the iterative maximum-likelihood estimation. Then, the Wigner
functions in the top panels can be directly calculated from the density matrices. We do not ap-
ply any corrections for measurement imperfections. The bottom panels are diagonal elements
of the density matrices in the Fock basis.

The negativity of the photon-subtracted squeezed states tightly depends on a signal-to-noise
(S/N) ratio of trigger photons because we cannot distinguish trigger (signal) clicks and false
(noise) clicks in state preparation. False clicks just yield vacuum contributions to the generated
states. A vacuum state has a Gaussian distribution of the Wigner function and a positive peak
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at its origin. Therefore, the negative dips of the generatedstates become shallow when the S/N
ratio gets worse and worse, i.e., the vacuum contributions increase more and more.

Figure 2(a) corresponds to a single-photon state generatedby −0.7 dB initial squeezed vac-
uum [29]. In such a low level of squeezing, the counting rate of trigger photons is extremely
low (less than 1 kcps) and become comparable to Si-APD’s dark-count rate (100 cps). Thus, the
negativity in the single-photon state easily disappears even with a small amount of false clicks
rather than that in the Schrödinger-kitten states. Therefore, the single-photon state particularly
requires a nearly pure squeezed state generated with PPKTP,as mentioned above.

Figure 2(b) and Fig. 2(c) are for Schrödinger kittens with two kinds of amplitudes generated
by −2.6 dB and−3.7 dB initial squeezed vacua [29], respectively. The odd-number enhanced
distributions of photon numbers are seen as in the bottom panels. Furthermore, these two states
can be seen as superpositions of mesoscopically distinct components. The large negativity is
obtained in a wide range of squeezing levels.

The experimental values of the Wigner functions at their origins are Fig. 2(a) :W(0,0) =
−0.049, Fig. 2(b) : W(0,0) = −0.083, and Fig. 2(c) :W(0,0) = −0.048. These values are
significantly improved, compared to the values with KNbO3 of our group (W(0,0) ∼ 0
at most without correction of experimental imperfections), and those of the other groups
(W(0,0) =−0.026 without correction [12];W(0,0) =−0.040 after correction [13]). Note that,
in the ideal case, the photon-subtracted squeezed states include odd photon number states, and
W(0,0) = −0.32 (for perfect setup [12]) does not vary with squeezing levels. In practice, how-
ever, optical losses are inevitable, which causes a mixing of even photon number states as seen
in the bottom panels of Fig. 2(b) and Fig. 2(c).W(0,0) is positive for the even photon number
states. As a result,W(0,0) slightly increases as the squeezing level, which can be shown by
simple calculations, and was actually observed in the previous experiment [12].

4. Conclusion

In conclusion, we observed various kinds of nonclassical states from the single-photon state
to Schr̈odinger kittens, by photon-subtraction from nearly pure squeezed vacua generated with
PPKTP in an OPO. Such a state with the substantial negative dip (Fig. 2(b)), would allow one to
implement quantum teleportation of nonclassicality of non-Gaussian input states [22], via the
time-domain Einstein-Podolsky-Rosen correlation [23].

Another application of such states would be a breeding of Schrödinger kittens into larger cats
for quantum computation by optical coherent superpositionstates [24], to subtract more photons
by photon-number resolving detectors [25, 26, 27], or just to apply a cat-breeding protolol [28].
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