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Abstract:  We present generation of photon-subtracted squeezed state
at 860 nm, from nearly pure, continuous-wave squeezed vgenarated
with a periodically-poled KTiOP@ crystal as a nonlinear medium of a
subthreshold optical parametric oscillator. We observeoua kinds of
photon-subtracted squeezed states, including non-Gaussates similar
to the single-photon stateand superposition states of coherent states
simply by changing the pump power. Nonclassicality of theegated states
clearly shows up as its negative region around the origih@fthase-space
distributions, i.e., the Wigner functions. We obtain théuea—0.083 at the
origin of the Wigner function, which is largest ever obserweithout any
correction for experimental imperfections.
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following expression; 2X?) =1 2Z iz 2?
P is pump power anéy, is an oscillation threshold of the OPO.

Here,z= /P/Ry is normalized pump power where

1. Introduction

Generation of nonclassical states of light has been an impotask for quantum optics ex-
periments and optical quantum information processing.afe,ca second-order nonlinear pro-
cess has widely used because one can effectively genecit@snclassical states as squeezed
states or entangled photon pairs via parametric down-esiore(PDC)[1, 2]. Compared to
the second-order nonlinearity, third or higher order noewirity, e.g., Kerr nonlinearity, is very
weak and not so frequently employed at a single-photon.|8&elh nonlinearities are, however,
essential to exploit true potential of optical quantum infation processing with continuous
guantum variables such as the quadrature amplitudes df@teagnetic fields [3].

On the other hand, conditional state-preparation scherseatieacted attention recently.
In conditional state-preparation schemes, strong naaities can be induced by quantum
measurements even at a single-photon level. However ¢ondlitthey are, they can generate
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various nonclassical states via photon counting on subsyst an entangled state produced in
PDC[4, 5]. Generated states in such ways would be the Fockdpmumber) states or similar
states to superposition of coherent states - the opticébgmaf Schddinger-cat states. Non-
classicality of such states is specifically characterizaeidonegative region of the phase-space
distribution functions, i.e., the Wigner functions. Thism sharp contrast to that of a squeezed
state, which has a non-negative definite Gaussian disoibatf the Wigner function. Here,
the Wigner functionV(x, p), is defined as a quasi-probability distribution for non-conting
guadrature observablgp = pXx =i (with h = 1), and can directly be reconstructed by optical
homodyne tomography [6].

Various nonclassical, non-Gaussian optical quantumsstaiit negative values oV (x, p)
have been generated. Those states can be categorized otiarhilies. One family is the
Fock states and their variants combined with coherentssfatd, 9, 10, 11], created in a non-
collinear PDC configuration of the signal and idler photdrtge other is the photon-subtracted
squeezed states, where a small fraction of a squeezed vdmeamis beam-split and guided
into a photon counter as trigger photons, and the remaingagnbis conditioned by the de-
tection of the trigger photons[5]. In the ideal case, a sgedezacuum is a superposition of
even photon-number states where the signal and idler psat@ncollinear, thus, one-photon-
subtracted squeezed states must be a particular supapasitodd photon-number states.
These states are close to optical Sdinger-cat states with small coherent amplitudes, and
thereby referred to as opticgchrodinger kittens'[12, 13].

In the previous works of Scidinger kittens, potassium niobate (KN§@rystals are used as
nonlinear optical media for an optical parametric amplifi@PA) [12], or in an optical paramet-
ric oscillator (OPO) far below threshold [13]. In the casexperiments with KNb@, however,
it is known that there is a big source of loss referred to asp(rtue) light induced infrared
absorption (BLIIRA) [14]. The big loss caused by BLIIRA wesals the even-photon nature
of a squeezed vacuum, that is to say, it weakens entangldmagméen two modes into which
the squeezed vacuum is beam-split, and yields uncorretagee@r photons. They induce false
clicks in state preparation and consequently degradesutpeitoconditioned states. The most
negative value observed with KNR@o far, is—0.026 without any corrections of experimental
imperfections [12].

On the other hand, periodically-poled KTIOR®PKTP) has been turned out not to have the
BLIIRA effect in continuous-wave squeezing experiments [lI6]. Therefore, a squeezing level
at 860 nm has been significantly improved [16]. Thanks to litsoat BLIIRA-free property,
one can obtain squeezing with higher purity (even-photdarefthan that in the case of using
KNbOs. Purity of squeezing depends on how big portion of a squegaedum can escape
from an OPO cavity. The cavity escape efficiency, which candleulated by a transmittance
of an OPO output coupler and all intracavity losses [17}87 % with PPKTP while that of
KNbO3 is ~80 % at most.

Here we also present that PPKTP is very useful to generatalea mainge of the photon-
subtracted squeezed states, including the single-phtdtsand Sclidinger kittens, with the
deepest negative dips of the Wigner functions ever obserMael single-photon state can be
realized to subtract one photon from a squeezed vacuum witga&ly pumped OPO [21], but
could not be created in the previous photon-subtractioemxgnts due to the impure squeezed
vacua generated with KNBOThe usage of PPKTP enables one to generate the states ffom th
single-photon to Sclkidinger kittens, by simply tuning the squeezing level whillirectly
controlled by the pump power for the squeezer.

#78885 - $15.00 USD Received 10 January 2007; revised 1 March 2007; accepted 2 March 2007
(C) 2007 OSA 19 March 2007 / Vol. 15, No. 6/ OPTICS EXPRESS 3570



BS Homodyne

OPO
/ppKTp \ HWP PBS rmeasurement1
> ﬂ—%A LO
oC BS B *
> >\
o | A * HBS
Optical filters
From BS
v
R99% \. J
T% o
% Trianlgle<' B
> PBS D —
£ QWP . Jigita
£ s SiAPD [ scilioscope
ke FP1
From QWP
Ti:S PBS LD~
QWPD
Optical FP2 lap TO PC
. chopper et
APD Trigger

Fig. 1. Schematic of experimental setup. OC:output coupler, HWP-wele plate,
PBS : polarizing beam splitter, BS : beam splitter (consisting of HWP and R&®&ble
splitting ratio), Triangle :triangle cavity, QWP : quarter-wave plate, FP1 & FRabry-
Perot cavities, HBS : 50:50 beam-splitter. All the beams including the ggdeeacuum
have S-polarization. The sets of PBS+QWP just before FP1 & FP2 adk ass optical
isolators and also as pick-offs of the reflected beams. Each reflentiortlie filtering cav-
ities is used for FM-sideband locking when the locking beam passes theiulge optical
chopper.

2. Experimental setup

A schematic of our experimental setup is shown in Fig. 1. Aticoous-wave Ti:Sapphire laser
(Coherent MBR-110) is used as a primary source of the fundéahkeam at 860 nm, which is
mainly used to generate second harmonic (430 nm) of aboun20®y a frequency doubler (a
bow-tie cavity with KNbQ). It is also used as a local oscillator (LO) for homodyne dba,
and as probe beams for various control purposes. The seeonmobhic beam is used to pump
the OPO with a 10mm long PPKTP crystal (Raicol Crystals) asm@imear medium in an
optical cavity (a bow-tie configuration with a round-trijtgth of about 523 mm). The output
coupler (OC) of this squeezer cavity has a transmittanc@ &%. The intracavity loss is about
0.2~0.3 %, which is nearly independent from the pump power andmnietter than that with
KNbOg 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 vacuuesseatially the same as that in
the setup showed in [16].

A small fraction (5%) of the squeezed vacuum beam in path Ali¢ at a beam splitter
(BS), guided into a commercial Si-APD (Perkin Elmer SPCMQ@6) through three optical
filtering cavities in path B, and is used as trigger signafscfanditional photon subtraction.
The finesses of the filtering cavities are about 60 (Trian@e) (FP1), and 1500 (FP2), respec-
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tively. All the filtering cavities have 510 times wider bandwidths than that of the OPO. The
spectrum of the trigger photons through these filters ctsefsa single peak around 860 nm at
the degenerate mode with a bandwidth of 8.6 MHz (FWHM). Ottretévant, nondegenerate,
modes from the OPO, peaking at every free spectral range3¥b¥z apart from the degen-
erate frequency, are sufficiently well suppressed. The t@asfer efficiency after the BS for
the mode of interest is about 30 % just in front of the Si-APBeTrigger counting rate varies
from less than 1 kcps up to 50 keps, changing with the pump poiv®PO from 1 mW up

to 160 mW and splitting ratios. These trigger counting ratesmostly much greater than the
Si-APD dark counts (100 cps).

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

We apply time sharing control of the system by a “sampledaoid- locking” technique,
which enables us to switch the system from a “locking tim&-bo a “measurement time-bin”
alternatively. In the locking time-bin, the resonant freqaies of the filtering cavities are locked
in a conventional manner (FM-sideband locking technig@§[1Servo amplifiers keeps the
filtering cavities in resonance by piezo actuators via dertaithg the modulation applied to a
“locking beam” (Fig. 1). In the measurement time-bin, theking beam is completely blocked
for photon counting and servo amplifiers hold the system énsdime state as right before the
locking beam is blocked. To perform this periodically, tbeking beam first passes through
an optical chopper (the chopping frequency is 500 Hz), idegiinto the filtering cavities, and
then returning to the same chopper again after passing tireugh (Fig. 1). When the locking
beam passes through at the one side of optical chopper,lidkddl at the other side, and vice
versa, and thus we realize the time sharing control. We akdcerour servo amplifiers accept
external timing signals in order to be able to be synchrahirethe optical chopper’s driver. A
different experimental approach other than the methodepted here, can be found in [13].

The generated nonclassical states of light are combindtthétLO at a 50:50 beam-splitter
(HBS) and detected by a balanced homodyne detector withdodindes (Hamamatsu S3759,
anti-reflective coated at 860 nm, 99.6 % quantum efficierinygrder to improve the homodyne
efficiency, the LO beam is spatially filtered by a mode clegrdavity which yields the same
spatial mode as the OPO output. The propagation loss madmes from the pickup of a
squeezed vacuum itself (5% at BS), and the homodyne efficiers8 %.

For every trigger signal from the Si-APD, a digital oscitope (LeCroy WaveRunner
6050A) samples homodyne signals around the time when trigigetons are detected. Each
segment of data contains homodyne signals over a periddus. They are piled one after
another until 10000 segments fill up the oscilloscope’s memory in a singeof the exper-
iment. Each segment of the homodyne signals are sent to andGhan time-integrated after
being multiplied by a particular temporal mode functl&g(t). Each Wigner function is recon-
structed using the iterative maximume-likelihood estiratalgorithm [19], from about 50,000
data points of quadrature amplitude.

3. Resultsand analysis

The temporal mode functio#(t) should be chosen such that it defines the signal mode which
shares the maximal entanglement with the trigger photorembiak trigger photon mode is well
localized in the time domain at least within< 1 ns. This depends on a single-photon timing
resolution of SPCM and is much shorter than the inverse balhwf the squeezed vacua. The
bandwidth of the squeezed vacua are typic8lly 10 MHz and can be characterized by the
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bandwidth of the OPO cavity. For such a snill, a single mode description is valid [20]. In
a good approximation, one can consi8igst) in a form [21]Wo(t) = \/Zoe %!, assuming a
trigger signal detected at= 0, where{o = (yr + i) /2 determines the characteristic bandwidth
{o/2m~ 4.6 MHz. Here, the leakage rates of the output couples is 57 MHz and the cavity
loss rate igf ~ 1.2 MHz.
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Fig. 2. Experimental Wigner functions (top panels) constructed framdata without any
correction of measurement imperfections, in the case of 5% splitting eatidhe single-
photon state generated by0.7dB initial squeezed vacuum. b and c: Sudinger kittens
generated by-2.6dB and—3.7dB initial squeezed vacua, respectively. The values of the
Wigner function at the origin are aw/(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 deteEtierbottom
panels are photon-number distributions obtained by the iterative maxiikealirood esti-
mation.

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

The negativity of the photon-subtracted squeezed stafieytidepends on a signal-to-noise
(S/N) ratio of trigger photons because we cannot distirfgtrigger (signal) clicks and false
(noise) clicks in state preparation. False clicks justdielcuum contributions to the generated
states. A vacuum state has a Gaussian distribution of theéWiginction and a positive peak
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at its origin. Therefore, the negative dips of the generatatés become shallow when the S/N
ratio gets worse and worse, i.e., the vacuum contributiociease more and more.

Figure 2(a) corresponds to a single-photon state genebogted.7 dB initial squeezed vac-
uum [29]. In such a low level of squeezing, the counting rdteigger photons is extremely
low (less than 1 kcps) and become comparable to Si-APD’s-dawkit rate (100 cps). Thus, the
negativity in the single-photon state easily disappeaes evith a small amount of false clicks
rather than that in the Sabdinger-kitten states. Therefore, the single-photoregtatticularly
requires a nearly pure squeezed state generated with PRKTiientioned above.

Figure 2(b) and Fig. 2(c) are for Sétinger kittens with two kinds of amplitudes generated
by —2.6 dB and—3.7 dB initial squeezed vacua [29], respectively. The odd4meinenhanced
distributions of photon numbers are seen as in the bottoralpafurthermore, these two states
can be seen as superpositions of mesoscopically distimepanents. The large negativity is
obtained in a wide range of squeezing levels.

The experimental values of the Wigner functions at theigios 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 KNb6f our group W(0,0) ~ O
at most without correction of experimental imperfectiora)d 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 statedeérodd photon number states, and
W(0,0) = —0.32 (for perfect setup [12]) does not vary with squeezinglkeve practice, how-
ever, optical losses are inevitable, which causes a miXimgen photon number states as seen
in the bottom panels of Fig. 2(b) and Fig. 2(¢J(0,0) is positive for the even photon number
states. As a resulty/(0,0) slightly increases as the squeezing level, which can be rsHiyw
simple calculations, and was actually observed in the pts/experiment [12].

4. Conclusion

In conclusion, we observed various kinds of nonclassiatkestfrom the single-photon state
to Schidinger kittens, by photon-subtraction from nearly puneesyed vacua generated with
PPKTP in an OPO. Such a state with the substantial negafi&igj. 2(b)), would allow one to
implement quantum teleportation of nonclassicality of 4@aussian input states [22], via the
time-domain Einstein-Podolsky-Rosen correlation [23].

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