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Generation of a Cat State in an Optical Sideband
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We propose a method to subtract a photon from a double sideband mode of continuous-wave light. The
central idea is to use phase modulation as a frequency sideband beam splitter in the heralding photon
subtraction scheme, where a small portion of the sideband mode is down-converted to O Hz to provide a
trigger photon. An optical cat state is created by applying the proposed method to a squeezed state at
500 MHz sideband, which is generated by an optical parametric oscillator. The Wigner function of the cat
state reconstructed from a direct homodyne measurement of the 500 MHz sideband modes shows the
negativity of W(0,0) = —0.088 & 0.001 without any loss corrections.
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The implementation of quantum operations or creation of
quantum states on multiplexed photonic modes is a key for
universal and scalable photonic quantum information
processing (QIP). Time-division or frequency-division mul-
tiplexing provides the means of compact generation and
manipulation of numerous quantum states. Recent demon-
strations of large-scale continuous-variable cluster states [1]
in time [2] and frequency [3,4] domains are excellent
examples of multiplexed quantum optics, though they
belong to Gaussian states and transformations. Employing
the cluster states, the continuous-variable one-way quantum
computing model [5,6] offers a framework of QIP, where
ancillary non-Gaussian states or measurements are required
for its universality [6-8].

Photon subtraction [9,10] is a common method to create
non-Gaussian states, and has been established on baseband
photonic modes. It is a versatile technique and has wide
applications, such as quantum noiseless amplification [11],
entanglement enhancement [12,13], or a creation of par-
ticle-wave hybrid entanglement [14]. An optical cat state is
a well-known example of non-Gaussian states created by
means of subtracting a photon from a squeezed vacuum
state [15—17]. Cat states are powerful resources to imple-
ment several applications of QIP such as quantum error
correction [18,19] or quantum computing based on coher-
ent states [20]. Incorporating frequency-domain techniques
in the photon subtraction scheme will lead to universal and
practical quantum operations over multiplexed photonic
modes [21-25].
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High-frequency sideband modes are a desirable target of
the frequency-division multiplexing, since such modes can
be broadband. The bandwidth is practically important,
especially when they are combined with the time-domain
techniques such as time-bin encoding [26,27] or time-
domain cluster state computation [2,6]. Here, to access a
certain optical mode at high-frequency sideband for photon
subtraction, we need to selectively tap off and detect a
photon in the target mode. This is a challenging task
because sideband modes are sinusoidal waves on an optical
beam and higher frequency modes require higher timing
resolution to be addressed.

In this Letter, we propose a method to do photon
subtraction in a manner that can be easily extended to the
creation of multiple non-Gaussian states on high-fre-
quency modes of a single laser beam. For the basis of
the subtraction process, an optical double sideband (DSB)
mode, i.e., a balanced superposition of upper and lower
sideband modes around a carrier frequency, is employed.
The proposed method is experimentally applied to a
squeezed state generated by an optical parametric oscil-
lator (OPO). A cat state is heralded on the 500.6 MHz
DSB mode. The bandwidth of the created cat state is about
5 MHz, which is comparable to that of the conventionally
demonstrated optical non-Gaussian state generation. State
verification is done by homodyne tomography and the cat
state has excellent negativity in the Wigner function. The
negativity is directly measured on the high-frequency
sideband without loss correction, showing that the
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FIG. 1. (a) Schematics of photon subtraction from a double

sideband. (b) Frequency diagram. A phase modulation with the
signal sinQt is applied to the input light. The cos-sideband
component is coupled to the trigger mode at 0 Hz, which is
initially prepared as a vacuum state. The trigger mode is spatially
separated from the sideband signal and guided to the photon
detector. The arrival of a trigger photon heralds photon sub-
traction from the sideband.

quantum non-Gaussianity can be actually used for appli-
cations that include measurement and feed forward, such
as one-way quantum computing.

A DSB mode is described as (eag + e a_q)/V/2,
where aq is an annihilation operator at frequency Q around
the carrier frequency, and 6 is an arbitrary phase. In time
domain, it has a real, sinusoidal envelope cos(Qz + 6). To
access DSB modes, phase or amplitude modulation can be
used; e.g., displacement operations have been implemented
on DSB modes by a modulator and a beam splitter. Since
DSB modes are apart from the carrier frequency, they are
free from the technical noise of the carrier, which enables
shot-noise-limited measurement of the field amplitude,
leading to, e.g., an atomic quantum memory of a DSB
light realized by measurement and feedback [28]. Here,
corresponding to two degrees of freedom of aqg and a_q,
DSB modes at frequency € are decomposed into two
quadrature-phase components, namely, cos-sideband ag* =
(ag + a_g)/\/2 and sin-sideband a3 = (ag — a_g)/V/2i.
Thus, dealing with DSB modes is always a multimode
problem; photon subtraction should selectively access one
of them.

The concept of our method is depicted in Fig. 1. A small
portion of the signal light at frequency €2 is down-converted
to 0 Hz by a sideband beam splitter. This is realized by a
small phase modulation, which transfers an optical com-
ponent at a given frequency to both upper and lower
sidebands [29]. In the Heisenberg picture, weak frequency-
Q modulation transforms a,, for @ € R as

2
ot o \1=D a0, 1 (a0 + a0 0), (1)

where ff < 1 expresses the modulation depth and € is
determined by the modulation phase. This creates a

superposition of upper and lower sidebands at 0 Hz, while
some part of the Q-sideband component is transferred to the
2Q sideband. In this way, trigger photons are prepared at
0 Hz just in a single optical beam, which is a simpler
implementation than a straightforward way of making a
superposition of upper and lower frequency, such as a
combination of frequency separation, frequency shift, and
interference by a beam splitter. The frequency separator
passes the O Hz component to the trigger line, while the
signal light at £Q is spatially extracted from it. Subsequent
photon detection heralds a photon subtraction event, which
can be expressed as conditioning by a single-photon state of
the trigger mode as

R ﬁ eiG&Q + e—i&a_g
trigger<1| ~ sig <O| (ao + %T ’ (2)

where the creation operator of the trigger mode is reduced
to the signal modes by Eq. (1). Since the initial state of ay is
assumed to be vacuum, the conditioning with Eq. (2) results
in photon subtraction on the DSB mode with the phase 6,
which can be controlled by tuning the modulation phase.

Note that the effect of the finite linewidth of the separator
is ignored here. Actually, a photon is subtracted from a wave
packet as conventional baseband subtraction methods; see
Supplemental Material [30] for a further formulation.

A significant advantage of the DSB basis is that highly
multiplexed, potentially over thousands of, squeezed vac-
uum states in DSB modes are available by a continuously
pumped optical parametric oscillator (OPO) [4,33]. The
photon-pair generation process of a degenerate OPO is
described by exp| [§° dwr(w)ahal, —H.c.), where r(w)
denotes the squeezing spectrum, which has a comblike
shape corresponding to the resonances of the OPO. With
the DSB basis, this is reinterpreted as a two photon
creation-annihilation process of each DSB mode since
aha', = [(a27)2 + (a5"")?]/2. Thus, we have indepen-
dent squeezed states on both sin- and cos-sideband modes,
which include even thousands of frequency combs [34]
and can be used for the resource of non-Gaussian state
generation.

Figure 2(a) shows the experimental setup. A cat state is
created by subtracting a photon from a squeezed vacuum
state at a DSB mode, which is prepared by an OPO. We
carefully identify the free spectral range (FSR) of the OPO
at 2Q = 1001.2 MHz to determine the sideband frequency
Q = 500.6 MHz. Our OPO is resonant at (2n + 1)Q,n € Z
with the linewidth of 10 MHz, while it is antiresonant at 0 Hz
providing a vacuum state there. Since the squeezing oper-
ation of the OPO can be factorized in the sin- and cos-
sideband modes, the squeezed state is separable in the DSB
basis. When we only look at the 0 Hz mode and the first
resonance at €, the output of the OPO is expressed as

|lPO> = |0>O b2 s‘r|0>c0s 2 Sr|0>sin7 (3)
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FIG. 2.

(a) Schematic of the experiment. / and Q denote the in-phase and quadrature components of the homodyne signal.

(b) Squeezing-antisqueezing spectrum around the 500.6 MHz sideband. The power spectrum is calculated by fast Fourier transformation
of the homodyne detection. This is an the average of 8000 traces of 400 ns period, and normalized by the shot-noise power. (c) Phase
scan plot of the low-frequency squeezing level. Theoretical curves are also shown.

are
squeezed states of a5 and ai", respectively. For simplicity,
we omit the multimode description of the continuous-
wave squeezed light here; again, see the Supplemental
Material [30].

In order to apply phase modulation at 500.6 MHz
without inducing decoherence, we use a bulk electro-optic
modulator (EOM) that has low-optical loss below 0.5%.
The transfer efficiency 4 is set at 0.040. By adjusting the
phase of the driving signal of the EOM, the cos-sideband
mode is selectively down-converted to 0 Hz; ie., € in
Eq. (1) is set at zero. The frequency separator consists of
three optical cavities, and extracts the trigger photon
component at 0 Hz with about 5 MHz of bandwidth, while
rejecting all the higher frequency resonances of the OPO
over several hundred GHz. The clicks of the avalanche
photodiode (APD) provide the trigger signal for photon
subtraction. Applying Eq. (2) on Eq. (3) yields a cat state in
the cos-sideband mode, while the sin-sideband mode
remains as a squeezed vacuum state:

’\Pcat> X trigger<1 |lP0> (4)

The cat state actually has a wave-packet-like envelope &(7)
and is generated in a sideband wave packet cos Qr&(t — 1)
around the trigger time 7. The shape of the envelope is
determined by the frequency characteristics of the squeezed
state and the transmission spectrum of the frequency
separator, which are tunable parameters and in principle
can be matched to external devices such as optical memories.

The quadrature distributions of the sin- and cos-sideband
modes are measured by homodyne detection with a
continuous-wave optical local oscillator (LO) at 0 Hz.
83% of effective detection efficiency is realized at 500 MHz
by a low-loss, low-noise resonant homodyne detector [35].
The two DSBs are electrically resolved by a demodulator
with a predefined electrical LO at frequency €2, giving cos-
and sin-sideband quadrature as in-phase and quadrature-
phase output.

where |0), is a vacuum state of &, and S,|0)

€os,sin

& &gsgr‘0>cos ® Swr|0>sin'

Figure 2(b) shows the squeezing spectrum at the
500.6 MHz sideband calculated from the quadrature-phase
component (sin-sideband mode) of the homodyne detec-
tion. We obtain 2.2 dB of squeezing and the total efficiency
of the sin sideband is estimated at 5™ = 0.70. Figure 2(c) is
the phase scan plot of the squeezing level averaged within
DC-5 MHz. The squeezing phase is estimated at 66 degrees.
The phase of the squeezed state can be easily changed by
adjusting the pump phase locking.

For the tomography of the cat state, the in-phase (cos-
sideband) and quadrature (sin-sideband) signals are simul-
taneously digitized with the trigger signals. 8000 samples
of quadrature signals for each 36 equally partitioned optical
phases are collected.

The envelope function &£(f) of the cat states are
identified by independent component analysis [36] of
the demodulated cos-sideband waveforms and shown in
Fig. 3. The estimated &(¢) has about 5 MHz of band-
width, and well matches the theoretical curve, which is
obtained as a convolution of the correlation function of
the OPO and the impulse response of the trigger line
filters. Since the bandwidth of the trigger line filters is
narrower than that of the OPO, the envelope function
resembles the single-sided decay function of the filter’s
response. The quadrature of the wave packet of a cat state
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FIG. 3. Estimated envelope function &(¢) of the sideband wave
packet of the subtracted mode. The time origin is placed at the
trigger time. The dashed line shows the theoretical curve.
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FIG. 4. (a) Quadrature distributions of 36 phase slices (7 = 1).
Upper row: recorded regardless of trigger. Lower row: triggered.
(b) Reconstructed Wigner functions. This is directly observed
data and no analytical corrections for experimental imperfections
are applied.

is given by a weighted integration of in-phase signal with
&(t), which is realized by a digital filter and the impulse
response of the homodyne detector (see Supplemental
Material [30]). In order to discuss the sideband selectivity
of our method, we also extract the quadrature of the sin-
sideband wave packet that has the same envelope as the
photon-subtracted state.

The quadrature distributions of cos- and sin-sideband
wave packet modes show the effect of subtraction [Fig. 4(a)],
where only the cos-sideband state is reshaped by the
conditions of the triggers. The nonclassical nature of the
generated state is confirmed by the negativity of the Wigner
function obtained by maximum-likelihood estimation [37]
[Fig. 4(b)]. The cos-sideband state shows W, (0,0) =
—0.088 £+ 0.001 (72 = 1) without loss correction, which is
to be compared with the negative peak of the pure cat states
Weai(0,0) = —1/m. The fidelity of the cos-sideband state to
the best-fit minus cat state |¥) = N[ja) — | — a)], with the
coherent state amplitude @ = 0.88 — 0.19i, is 64%. Both

optical losses and contamination from the sin sideband
contribute to W(0,0) as a mixture of plus value 1/z. In
this sense, when the estimated total efficiency #°*® = 0.68
(see Supplemental Material [30]) is considered, we expect
Weos(0,0) = —0.114. To fit the actual value of W, (0,0),
4% of the mixture of background squeezed state is presumed
where the fake clicks of the APD and the impurity from
the inherent mode mismatch of photon subtraction [38]
contributes 0.8% and 3.0% to it, respectively. Thus, the
upper bound of the mixture of the sin-sideband component
is estimated below 1%. The sin-sideband mode has 99.9%
fidelity to the lossy squeezed state since it is untouched by
the subtraction. There are no extra factors that limit the
purity in our method than the conventional photon sub-
traction; the major imperfection is the detection efficiency
which is relatively low compared to the baseband experi-
ments [39]. Our work can be compared with the recent
works by Averchenko et al. [40] and Ra et al. [41], where
they suggest and demonstrate pulse shaping of photon
subtractors by means of gate pulses and frequency up-
conversion. In their method, however, higher-order side-
band modes have complex pulse shapes so as to achieve
orthogonality, and it gradually gets difficult to actually use
such higher frequency modes.

In conclusion, we have proposed and experimentally
realized a highly pure photon subtractor that operates on
high-frequency sideband modes of light. The target DSB
mode is suitable to the frequency-division multiplexing of
non-Gaussian states. Our scheme is applied to the
creation of a cat state on a 500 MHz sideband with
about 5 MHz of bandwidth and negativity in the Wigner
function is observed. Our techniques developed here can
be applied to higher order sidebands of the OPO just by
changing the frequency of the phase modulation, while
keeping the time-domain shape of the envelope. With an
LO light at 0 Hz, any DSB modes at various frequencies
can be simultaneously measured in principle [42]. In
addition to such multifrequency encoding, it is notable
that two quadrature sideband modes (sin and cos) at one
frequency are also useful for dual-rail encoding of
quantum states. By shifting the modulation phase 6,
our method becomes a nonlocal photon subtraction over
the sin and cos modes, leading to the production of an
entangled state between cat states and squeezed states.
Also, since the DSB encoding (cos- and sin-sideband
modes) and single-sideband encoding (upper- and lower-
sideband modes) are connected by effective beam splitter
transformations, these encodings can be used for single-
beam implementations of quantum teleportation [43] or
cat breeding protocols [44].

This work was supported by CREST (JPMJCR15N5) of
JST, JSPS KAKENHI, and the Australian Research Council
Centre of Excellence for Quantum Computation and
Communication Technology (Project No. CE170100012).
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