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Remote Preparation of Optical Cat States Based on

Gaussian Entanglement
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1. Introduction

Remote state preparation enables one to prepare and manipulate quantum

state non-locally. As an essential quantum resource, optical cat state is usually
prepared locally by subtracting photons from a squeezed vacuum state. For
remote quantum information processing, it is essential to prepare and
manipulate optical cat states remotely based on Gaussian entanglement,
which remains a challenge. Here, experimental preparation of optical cat
states based on a remotely distributed two-mode Gaussian entangled state in
a lossy channel is presented. By performing photon subtraction and
homodyne projective measurement at Alice’s station, an optical cat state is
prepared remotely at Bob’s station. Furthermore, the prepared cat state is
rotated by changing Alice’s measurement basis of homodyne detection, which
demonstrates the remote manipulation of it. By distributing two modes of the
two-mode Gaussian entangled state in lossy channels, it is demonstrated that
the remotely prepared cat state can tolerate much more loss in Alice’s channel
than that in Bob’s channel. It is also shown that cat states with amplitudes
larger than 2 can be prepared by increasing the squeezing level and
subtracting photon numbers. The results make a crucial step toward remote
hybrid quantum information processing involving discrete- and

continuous-variable techniques.
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With the development of quantum com-
munication and quantum network, it be-
comes possible for a user without the
ability of preparing quantum state to ob-
tain quantum resources. Generally, there
are several options to achieve this goal,
such as direct state transmission, remote
state preparation (RSP),['?] and quantum
teleportation,3] respectively. RSP enables
one to create and control a quantum
state remotely based on shared entan-
glement. Compared with the direct state
transmission, where a prepared quantum
state is directly transmitted to the user
through a lossy channel, RSP offers re-
mote control of quantum state and in-
trinsic security.!**! Compared with quan-
tum teleportation, RSP does not need
joint measurement, requires less clas-
sical communication,l®! and offers the
ability to manipulate quantum state re-

motely.
Schrodinger cat states play im-
portant roles in both fundamental

physics and quantum information, such
as exploring the boundary between quantum and clas-
sical physics,”® quantum computation,'*3]  quantum
communication,'*71 and quantum metrology.['*-?) Free-
propagating optical cat states have attracted much attention
attributed to their weak interaction with the environment, which
is beneficial to quantum information processing. Up to now,
most of the reported optical cat states are prepared locally by
subtracting photons from squeezed vacuum states,?'%"] which
combines the discrete-variable technology and continuous-
variable resource.”8] However, this method sets a barrier for the
users since it requires the ability of creating squeezed states and
performing a non-Gaussian operation.

Recently, RSP has been applied to prepare non-Gaussian
states,°=31 which demonstrate the connection between remotely
prepared Wigner negativity and quantum steering. As for a
special kind of non-Gaussian states, cat states have also been
prepared by RSP based on a two-photon Fock state,*?] a two-
photon NOON state,33] hybrid discrete- and continuous-variable
entanglement!3#%] and optomagnetic entanglement.**! In most
previous experiments,>*3*] the RSP of cat states demonstrates
the generation of a non-Gaussian state from a non-Gaussian en-
tangled resource. Compared with preparing the non-Gaussian

© 2023 Wiley-VCH GmbH


http://www.lpr-journal.org
mailto:suxl@sxu.edu.cn
mailto:qiongyihe@pku.edu.cn
https://doi.org/10.1002/lpor.202300103
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flpor.202300103&domain=pdf&date_stamp=2023-03-17

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) Alice N

(b)

SinngT p?oton f ((’)) (
[p=0] | -
HD |
‘\ x=0 }‘ ________

www.lpr-journal.org

Ne Bob

TMSS @ » Cat
v » 4
____________ 5 '
arta
___________ > ); :

Figure 1. Schematic and experimental setup. a) The principle of the experiment. Alice implements photon subtraction by using a single-photon detector
and homodyne projective measurement on one mode of the TMSS. A cat state or rotated cat state for 90 degrees is created at Bob’s station conditioned
on the measurement results of py = 0 orx, = 0. b) Experimental setup. Bob’s lossy channel is simulated by the combination of a half-wave plate (HWP)
and a polarization beam splitter (PBS). TMSS, two-mode squeezed state; HD, homodyne detector; NOPA, non-degenerate optical parametric amplifier;
PD, photodiode; IF, interference filter; FC, filter cavity; SNSPD, superconducting nanowire single photon detector; LO, local oscillator.

entangled resource, such as the NOON state and hybrid entan-
gled state, Gaussian entangled states can be prepared determin-
istically and present scalability.[*’~*2) However, it still remains a
challenge to experimentally prepare and manipulate optical cat
states remotely based on Gaussian entanglement.

Here, we experimentally demonstrate the preparation of cat
states at a distant node based on a distributed Gaussian entan-
gled state in a lossy channel. Alice, who has the ability to perform
photon subtraction, and Bob, who does not, share a two-mode
squeezed state (TMSS) remotely. By implementing photon sub-
traction and homodyne projective measurement on Alice’s state,
Bob’s state collapses to a cat state conditionally. An optical odd
cat state with amplitude of ~ 0.65 and fidelity of ~ 0.67 is cre-
ated at a generation rate of 1 kHz by projecting on phase quadra-
ture at Alice’s station when the transmission efficiency on Bob’s
mode is 0.9. Then, the cat state is rotated for 90 degrees by con-
verting the projective measurement to amplitude quadrature at
Alice’s station, which demonstrates remote manipulation of the
prepared state. Moreover, remote preparation of optical cat states
is achieved when Alice’s or Bob’s state is transmitted through
a lossy channel. We also show that the amplitudes of the pre-
pared cat states can be increased by subtracting more photons
from a TMSS with optimum squeezing. In principle, this scheme
can remotely prepare odd or even cat states by subtracting odd
or even photon numbers at Alice’s station. Thus, our result pro-
vides a new method to remotely generate and manipulate optical
cat states.
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2. The Principle

As shown in Figure 1la, a TMSS of the form |yg),p =
th, > ,tanh™ r|m, m),y is prepared, where r is the squeezing
parameter, and then two modes of the entangled state are sent to
Alice and Bob through lossy quantum channels with transmis-
sion efficiencies of n, and n, respectively. Alice performs pho-
ton subtraction on her state and measures the photon-subtracted
state with a homodyne detector (HD). By measuring the quadra-
ture & = (@67 +a ")/ /2 and projecting the output to xf =
0, where 4, is the annihilation operator and 6 is a general phase,
an odd cat state is remotely prepared at Bob’s station. Especially,
%Y corresponds to the amplitude quadrature (%,) for 6 = 0 and
the phase quadrature (p,) for 6 = /2. And the eigenstate |x),
with corresponding eigenvalue «{ is expressed by the inner prod-
uct with the photon number state |m)

e—ime

\/me!\/;

_(x0)2
Alxglm), = e 2 H,, (%)) 1)

where H,,(x) is the Hermite polynomial.
For an arbitrary quadrature measurement %} with the
outcome chosen as x4 =0, the ideal conditional state ob-

tained at Bob’s station becomes |@)y = o(0%]84lwo)ap

> A/m/2m (m — 1)le7 D tanh™ rH, _, (0)[m)y. Since
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Figure 2. Reconstructed Wigner functions and corresponding contour plots of prepared states at different transmission efficiency #g. a—d) Cat states
and e-h) rotated cat states for 90 degrees at different transmission efficiencies of Bob’s mode. All results in the above plot are corrected with 90%

detection efficiency.

H,,(0) = (=2)*(2k— 1)!! and H,,,,(0) =0, the state can be
simplified as

[@)p o |1, 0)p — | —1,0)p (2)

with |r,0)g o« X~ y—:ni'e‘im(a‘”/z)tanhmr|m)B (see Section S1,

Supporting Information for more details). Hence, if Alice mea-
sures the phase quadrature (py), Bob’s state is similar to an odd
catstate |cat_) = (|a) — | — a))/4/2(1 — e~2leI’) with the real num-
ber a. Ideally, the fidelity F = (cat_|py|cat_) between Bob’s state
pp = |@)pp{@| and the odd cat state |cat_) reaches ~ 99% with
3 dB squeezing of the TMSS (see Section S1, Supporting In-
formation for more details). If Alice measures the amplitude
quadrature (X,), Bob’s conditional state is similar to the state
(lia) — | —ia))/v/2(1 — e~2lel*), which is equivalent to applying
a rotation operation by 90 degrees R(z/2) on the odd cat state
|cat_). This indicates that Bob’s cat state can be remotely manip-
ulated by choosing the basis of Alice’s homodyne projective mea-
surement.

3. The Experiment

As shown in Figure 1b, when the non-degenerate optical para-
metric amplifier (NOPA) is working at amplification status,
where the relative phase between seed beam (1080 nm) and
pump beam (540 nm) is locked to 0, a TMSS with squeezing
and antisqueezing levels of —3.2 and +4.2 dB is prepared when
we inject 70 mW pump power into the NOPA.[***%] (see Sec-
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tion S2, Supporting Information for more details). To perform
photon subtraction operation, Alice uses a variable beamsplitter
composed of a half-wave plate (HWP) and a polarization beam
splitter (PBS) to tap around 4% of her mode toward the super-
conducting nanowire single-photon detector (SNSPD). An inter-
ference filter with 0.6 nm bandwidth together with a filter cav-
ity with 400 MHz bandwidth are placed in front of the SNSPD
to select the degenerate mode of the NOPA. To avoid the reflec-
tion from the front mirror of the filter cavity to the NOPA, an
optical isolator is placed in front of the interference filter. An
SNSPD with around 70% detection efficiency, which only influ-
ences the generation rate of the prepared state, is used to detect
the subtracted photons and the clicks of it are used to trigger the
storage oscilloscope for the data recording of Alice’s and Bob’s
homodyne detectors (HDs). Our experiment is conducted in the
locking-and-hold mode, where the seed beam is injected into the
NOPA for the cavity locking during the locking period (x50 ms),
and it is chopped off to obtain the TMSS during the hold pe-
riod (~30 ms) (see Section S2, Supporting Information for more
details).

To realize the homodyne projective measurement, the am-
plitude quadrature %, or phase quadrature p, of the photon-
subtracted state is measured by Alice’s homodyne detector and
then post selected with a selection width of 6x < 0.05 on £, (P,)-
Alice and Bob record the output signals of their HDs simulta-
neously, and then Bob only keeps the corresponding data when
Alice’s quadrature values meet the selection condition. Bob per-
forms quantum tomography to reconstruct the Wigner function
W (x, p) of his state.
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Figure 3. Reconstructed Wigner functions and corresponding contour plots of prepared states at different transmission efficiency #,. a—c) Cat states
and d—f) rotated cat states for 90 degrees at different transmission efficiencies of Alice’s mode. All results in the above plot are corrected with 90%

detection efficiency.

4, Results

As shown in Figure 2a,e, optical cat states with two directions
in phase space are prepared by projecting Alice’s quadrature val-
ues at p, = 0 and x, = 0, respectively. In principle, cat states at
Bob’s station could be rotated in arbitrary directions with the
form of (|e’a) — |e?a))/4/2(1 — e-21*F) by changing the homo-
dyne projection angle 6 at Alice’s station (see Section S1, Sup-
porting Information for more details), which shows remote ma-
nipulation of directions of prepared cat states in phase space.
Compared with the preparation of cat states in arbitrary direc-
tions based on photon subtraction from squeezed vacuum states,
which requires squeezed vacuum states squeezed in arbitrary di-
rections, the presented scheme relaxes this requirement on the
quantum resource.

An optical cat state and a rotated cat state with amplitude
|a| = 0.65 and the value of W(0,0) ~ —0.10 are obtained when
transmission efficiency is #, = # = 0.9. The fidelity of the pre-
pared optical cat state F = (cat_|p,,,|cat_) is quantified by calcu-
lating the overlap between an ideal cat state |cat_) and the exper-
imentally reconstructed density matrix p,,,. An optical cat state
and a rotated cat state with the fidelity of F ~ 67% are obtained,
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which is limited by the purity of the initial TMSS and loss, at the
transmission efficiency of 0.9.

To present the tolerance of our scheme on channel loss, we
simulate the transmission of Alice’s and Bob’s modes of the
TMSS in lossy channels by changing the transmission efficiency
in Alice’s and Bob’s quantum channels respectively. In the case
of loss on Bob’s mode, as shown in Figure 2, the negative val-
ues of W(0, 0) of the prepared cat state and the rotated cat state
are reduced when the transmission efficiency is varied from 0.9
to 0.3, which represents the decrease of the nonclassical feature.
The negative part of the Wigner function vanishes at the trans-
mission efficiency of 0.5 and 0.3.

In the case of loss on Alice’s mode, as shown in Figure 3, cat
and rotated cat states are also obtained at Bob’s station. The nega-
tive value of W (0, 0) of prepared states is reduced when the trans-
mission efficiency is varied from 0.7 to 0.3, but it never disap-
pears. Compared with the case of loss in Bob’s mode (Figure 2),
the loss tolerance of our scheme in Alice’s mode is better than
that in Bob’s mode.

To quantify the characteristics of remotely prepared cat
states in a lossy quantum channel, we present the value of
W(0, 0), fidelities, and amplitudes of prepared states at different
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Figure 4. Evolution of remotely prepared cat states in a lossy quantum channel. a) The Wigner negativity, b) fidelity, and c) amplitude of the remotely
prepared cat states as a function of the transmission efficiency of Bob’s mode. d) The Wigner negativity, e) fidelity, and f) amplitude of the remotely
prepared cat states as a function of the transmission efficiency of Alice’s mode. The red and blue data points represent cat states and rotated cat states
for 90 degrees, respectively. The error bars are obtained by the standard deviation of measurements repeated three times.

transmission efficiencies in Bob’s and Alice’s channels in Fig-
ure 4. In the case of loss on Bob’s channel (Figure 4a—c), itis obvi-
ous that the fidelity and amplitude of remotely prepared cat states
are reduced with the decrease in transmission efficiency. When
the transmission efficiency of Bob’s mode surpasses 0.64, the fi-
delity is larger than 50%, and negativity of the Wigner function
appears, which indicates that cat states are successfully prepared
remotely within the transmission distance of ~ 9 km (consider-
ing aloss rate of 0.2 dB km™" in the fiber channel).

In the case of loss on Alice’s channel (Figure 4d—f), it is obvi-
ous that the negativity of the Wigner function, fidelity, and ampli-
tude of remotely prepared cat states is reduced with the decrease
of transmission efficiency. However, the fidelity of the remotely
prepared cat state is always above 0.5 as long as the transmission
efficiency in Alice’s mode is larger than zero, which is different
from that in the case of loss on Bob’s channel. This demonstrates
that the remotely prepared cat state can tolerate much more loss
in Alice’s channel than that in Bob’s channel.

In our experiment, only the loss in Alice’s mode affects the
single-photon detection rate. In the case of loss in Bob’s channel,
the generation rate of optical cat states is around 1 kHz, which is
obtained by considering the single-photon detection rate 14 kHz
and the success probability 7.5% of the post-selection procedure,
and remains unchanged with the transmission efficiency #;. In
the case of loss on Alice’s channel, the generation rate of optical
cat states decreases with transmission efficiency #,. The success
probability of the post-selection procedure depends on the selec-
tion width, which is chosen as §x = 0.05 in our experiment. To
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choose a proper selection width in post-selection, the trade-off be-
tween the fidelity and the success probability should be consid-
ered (see Section S3, Supporting Information for more details).

5. Discussion and Conclusion

Up to now, it remains a challenge to prepare optical cat states with
amplitude larger than 2, which is a necessary requirement for
quantum computation with cat states.!'!] Here, we show that our
scheme can generate large-amplitude optical cat states by sub-
tracting more photons from a TMSS with optimum squeezing.
Supposing that n photons are subtracted and the homodyne pro-
jective measurement p, = 0is performed at Alice’s station, Bob’s
state is expressed by

. = Vm!i-m " tanh™ r
o =Ny —————H,
e mon \/2mn(m = n)!

where N, is the normalized parameter. When even and odd num-
bers of photons are subtracted, even and odd cat states are ob-
tained, respectively. The fidelity between Bob’s state and an ideal
cat state is given by

-n(0)Im)g (3)

o _ N Y tanh" r a” £ (—a)”
R =N =y Hoen ) )
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Figure 5. Results for increasing the amplitude of the prepared cat states. a) Dependence of amplitude and fidelity of Bob’s cat state on the squeezing
level of the TMSS for different subtracted photon numbers on Alice’s mode. b) Dependence of fidelity on the amplitude of Bob’s cat state with optimum
squeezing levels for different subtracted photon numbers. The fidelity represents the overlap between Bob’s state pg and the odd cat state |cat_) for odd

n, and the overlap between pg and the even cat state |cat,) = (Ja) + | — @))/1/2(1 + e~2121?) for even n. The unit transmission efficiency is chosen in
the calculation. c—e) Wigner functions of prepared cat states at Bob’s station when two, three, and four photons are subtracted from Alice’s mode with

optimum squeezing levels of —8.4, —8.4, and —8.2 dB, respectively.

where N/ = N e71“ /2(1 + ¢721*"), and the subscripts + and —
correspond to even and odd cat states, respectively.

As shown in Figure 5a, the amplitude of the cat state is in-
creasing with the increase of squeezing level while the fidelity
decreases slowly when one photon is subtracted by Alice (solid
lines). Interestingly, by subtracting more photons, the ampli-
tudes are increased but the fidelities reach their maximum at cer-
tain squeezing levels, which is different from the tendency of the
case of single-photon subtraction. As shown in Figure 5b, it is
obvious that with optimum squeezing level, the fidelity reaches
the maximum for each case, the more photons are subtracted
from Alice’s state, the larger cat states are obtained. For exam-
ple, when the squeezing level of the TMSS is 8.4 dB, by subtract-
ing three photons, the cat state with amplitude of ~ 2.61 and fi-
delity of 96% can be obtained. By comparing the Wigner func-
tions of subtracting two, three, and four photons, as shown in
Figure 5c—e respectively, the amplitude of the cat states at Bob’s
station is increased and the interference between two coherent
components becomes more apparent. Compared with the prepa-
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ration of a large-amplitude cat state by subtracting multi-photons
from a squeezed vacuum state, cat states prepared by our method
present higher fidelity under the same condition (see Section S1,
Supporting Information for more details).

Compared with the method to prepare non-Gaussian entan-
gled states such as NOON state and hybrid entangled state, Gaus-
sian entangled states can be prepared deterministically and are
scalable. The scalability of the Gaussian entangled state has been
demonstrated with over ten thousand modes in recent years.[*1:42]
In a quantum network, with the increase of the number of users,
it is convenient to extend our RSP scheme to multi-users based
on a deterministic multipartite Gaussian entangled state.[*%] It is
interesting to demonstrate the RSP of optical cat states based on
multipartite Gaussian entanglement, which has potential appli-
cation in a quantum network and is worthy of further investiga-
tion.

In summary, we remotely prepared odd optical cat states
by subtracting one photon from one mode of the TMSS
and performing homodyne projective measurement on the
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photon-subtracted state at Alice’s station. The rotation opera-
tion is also implemented on the prepared cat states remotely
by changing Alice’s measurement basis of homodyne detection.
We demonstrate that the remotely prepared cat state can tolerate
much more loss in Alice’s channel than that in Bob’s channel.
More importantly, we show that optical cat states with amplitudes
larger than 2 can be prepared by subtracting more photons from
the TMSS with optimum squeezing.

In our scheme, the techniques of photon subtraction and ho-
modyne projective measurement are combined to realize remote
preparation of optical cat state, which is a typical hybrid quantum
information processing involving both discrete-variable tech-
nique and continuous-variable quantum resource. Our results
present a new method to remotely prepare optical cat states and
make a crucial step toward the remote hybrid quantum informa-
tion processing. Inspired by the recent advance of preparing non-
Gaussian quantum states by performing photon subtraction on
a multimode Gaussian entangled state,[*’! it would be worth to
further developing our method for remotely creating cat states in
a quantum network.
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