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Abstract. We propose an efficient way to implement new family of continu-
ous variable (CV) states of definite parity. Measurement induced CV states of
definite parity states are realized after subtraction of an arbitrary number of
photons from the initial single-mode squeezed vacuum (SMSV) state using a pho-
ton number resolving (PNR) detector. Optical design requires irreducible num-
ber of optical elements for implementation of the CV states of definite parity. The
potential of using the CV states in optical quantum information processing can be
high. As an example, we show the possibility of using a family of the CV states of
definite parity for quantum engineering of optical even/odd Schrédinger cat
states (SCSs). In particular, we report the possibility of implementing the CV
states of definite parity that approximate even/odd SCSs of amplitude slightly
greater than 4 with fidelity prevailing 0,99 after subtraction of 50,51 photons
from original SMSV. The success probability being the third key parameter of
the optical design, decreases with an increase in the number of photons, but gen-
erally remains at an acceptable level for further use in quantum information pro-
cessing in the case of a small number of subtracted photons.

Keywords: even/odd Schriodinger cat states; single-mode squeezed vacuum state;
measurement induced CV states of definite parity; beam splitter; photon number re-
solving detector.

It is a well-known fact that the generation of two-mode entangled light state can be realized by in-
terference of single-mode non-classical states at the beam splitter [1]. The canonical example of the in-
terference is known to be Hong-Ou-Mandel (HOM) effect [2], which is a two-photon interference effect
with two single photons emerging together at one of the outputs of the balanced beam splitter with half
chance of success. The process of mixing of the non-classical states serves as a critical element in such
an application as quantum state engineering using technique of photon subtraction [3-6], photon addi-
tion [7], and photon catalysis [8, 9]. The interference of two non-classical states at a beam splitter can
become resource for a conditional quantum engineering of desired optical states.

In optics, implementation of superposition of coherent states |+/4) and |—£) with complex ampli-

tudes +8 is of considerable interest. Realization of the non-classical Schrédinger cat states (SCSs) is
expected to resolve the puzzle, at what degree of macroscopicity, if it exists, the object goes on to be
quantum [10]? The squared absolute value of amplitude of the component coherent state | #|* , which is
approximately equal to its mean photon number, can be to some extent treated as a qualitative measure

of SCS macroscopicity. It must be at least much larger than the quantum uncertainty 1/ J2 of the posi-
tion observable in the coherent state in order to recognize an optical SCS macroscopic object [11]. In
addition to their fundamental importance, the SCSs have high application potentials in teleportation [12—
15], quantum metrology [16], quantum computation [17, 18]. Here we propose a new theory for the gen-
eration of a family of CV states of definite parity whose practical potential is as yet unknown. The gen-
eration is based on the use of a photon number resolving detector, which implements the new measure-
ment-induced CV states of definite parity. Nevertheless, we consider one important practical application
of the family under study, namely the possibility of using the CV states of definite parity in the quantum
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engineering of even/odd SCSs. The approach uses irreducible number of optical elements and can be
implemented in practice.
For quantum engineering of optical even/odd SCSs, we consider the optical design in Fig. 1 con-

L . . . . t -r
taining irreducible number of optical elements. It consists of a lossless beam splitter BS { ) }
r

with real transmittance t>0 and reflectance r >0 coefficients satisfying the physical condition

t? +r? =1. The beam splitter (BS) is considered to be no longer necessarily balanced and its parameter
can be arbitrary. In Fig. 1, single-mode squeezed vacuum state in first mode
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enters to the beam splitter. Here, amount s>0 is the
squeezing amplitude of the SMSV state the parameter
0<y=tanhs/2<0,5 of the SMSV is introduced. The ab-
sence of input SMSV (vacuum) is determined by the value
y =0, while the value of y=0,5 corresponds to the non-

physical case of an infinitely large squeezing amplitude
s—oo of the original SMSV that goes behind physical
consideration. No other state (vacuum) is applied to the se-
cond input BS. As can be seen from Fig. 1, part of the ini-
tial photons is diverted to the second mode of the BS, where
they are detected PNR detector. In the case of detecting a
photon state in the second auxiliary mode with the PNR
Fig. 1. An optical scheme used to generate CV. datactor, the original SMSV can be transformed into a new
states of definite parity either even or odd. It K i

consists of the beam splitter with arbitrary BS CV state, which we are going to call 2m/2m+1-heralded
parameter t through which the original SMSV  CV state by the number of extracted photons. Success in the
with squeezing amplitude s passes. Second development of photon-resolving detection [19] allows one

measurement mode is used to measure number 4 hope for the successful implementation of scheme in
of photons and implement new measurement

induced CV states |¥,,), where either n=2m practice. ) o
The analytical derivation of the 2m/2m+1-heralded

states starts with transformations of the creation operators
imposed by the beam splitter: a —>ta —ra; , a; —>ra +ta, that, due to linearity of the BS operator,
realize the following unitary transformation over input SMSV state
1 o0
ch EEVALZE 3)
Jcoshs i

or n=2m+1

BS,, (| SMSV), | 0), ) =

where the amplitudes C,, are determined as

n
c (1_5}2 g2 |z (), ifn=2m,
n: o

| (4)
t n! ,/z@m”)(yl), if n=2m+1,

where, by definition, the following function Z EZ(yl)zz(o) —1/\[1-4y? and its derivative
Z™ —d"Z/dy!' with respect to the parameter y, =t’tanhs/2 determined through the experimental
parameters (t,s) are introduced. The parameter y, differs from the parameter y by the value tl2 i.e.

Y, =t%y . By definition, the parameter y, can also take values in the range 0<y,; <0,5 in the case of
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s >0, where the case y; =0 is realized either in the absence of the SMSV at the input to the BS (s =0)

or in the case of reflection of all photons into the second auxiliary mode t=0,r =1, while the case of
y; =0,5 can be done in the non-physical case s —oo and t=1. The CV states |'¥',) are given below.

Consider the possibility of using entangled state in Eq. (3) for quantum engineering of new non-
classical CV states. The projection of the state in Eq. (3) onto Fock states by the registration of n pho-
tons in auxiliary second mode leads to heralded generation of new CV states. So, measurement of an
even number of photons n=2m in the second auxiliary mode realizes 2m -heralded CV state

A (2(”+m))'
\/sz nz(:)\/Zn (n+m) 20,

while if the observer registers an odd number of photons n=2m+1, then 2m+1-heralded CV state be-
comes

|\P2m>_

()

Vi (n+m+1))I

n
7(2m+1) f2n+1 (n+m+1)! '

Thus, the subtraction of either even n=2m or odd n=2m+1 number of photons from original
SMSV in an indistinguishable manner with loss of all information from which Fock states of the original
superposition the photons are subtracted generates the heralded CV states of definite parity in Egs. (5),
(6). The output states have a well-defined parity either even (superposition involves only even number
states) or odd (the measurement induced state consists exclusively of odd number states) in dependency
on the parity of the measurement outcomes. It is interesting to note the state in Eq. (5) becomes SMSV
in Egs. (1), (2) in the case of m=0 and y; =y . It is worth noting the family of the CV states in Egs.
(5), (6) depends on one parameter y, as well as the initial SMSV state from which they stem. For this
reason, they can also be called SMSV-like states whose non-classical properties may be of interest for

optical quantum metrology. The success probabilities to realize the 2m/2m+1-heralded states follow
from definition of the amplitudes of the entangled state in Eq. (4)

| \I’2m+1> + 1> . (6)

2m
Py = YA \ 7
2m coshs[ t2 j (2m)! @)
2m+1
Py = =0 Y e (8)
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with the normalization condition Z::o P, =1 which is directly checked.

Now, we are interested in the possibility of approximating even/odd SCSs, being the superposition
of coherent states with real amplitude >0 equal in absolute value but opposite in sign
(ISCS,) =NL(B)( B £|-5)), by the heralded CV states of definite parity in Egs. (5), (6). Indeed, such

a task makes sense since the 2m/2m+1-heralded CV states of definite parity may have photon distri-

butions similar to even/odd SCSs ones
2n

SCS, ) =2N, (B)exp(-°[2)>." W |2n), 9)

ﬁ2n+1
Jen+)!

where N, =[2(1+ exp(—2/32))]‘l’ 2 are the corresponding normalization factors. Difference between the
states in Egs. (5), (6) and (9), (10) is that the amplitude £ is raised to a power of 2n (,82”) in Eq. (9)

|SCS_)y=2N_(B)exp(-B°/2)>." |2n+1), (10)

and 2n+1 (,32’”1) in Eq. (10), unlike the parameter y; to the power of n in Eq. (5), (6). But instead,
the CV states of definite parity in Egs. (5), (6) have an additional factor either (2(n+ My ))!/(n +my )!
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in Eq. (5) or (2(n+mN +1))!/(n+m,\I +1)! in Eq. (6) associated with the number of extracted photons

from SMSV which may compensate for the difference between 42", 5*™* and y;' .
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Fig. 2. Dependence of the even (a), (b) F,,, and odd (c), (d) F,,; fidelities between 2m,2m+1-heralded CV states
of definite parity and even/odd SCSs on the SCS’s amplitude £ . The more photons n are subtracted in auxiliary modes,
the higher fidelities F, of the generated states can be observed. Dependences of the fidelities of higher-order CV states

with n from 40 up to 51 depending on S are separately shown in subfigures (b) u (d). The dependences on subfigures

(b) u (d) allow for one to observe generation of even/odd SCSs with an amplitude greater than 4 with fidelity exceeding
0,99

To assess how well the 2m/2m+1-heralded CV states can well approximate even/odd SCSs, we
use the fidelity either F,,, =|(SCS, |¥,,)[> 0F oy =|(SCS_|W¥on,s) >, which is a measure of the
proximity of two pure states. The value F,, =F,,; =1 corresponds to the complete identity of two
pure states. In Fig. 2, we show the dependence of the fidelities F,,, (Figs. 2, a, b) and F,,,,; (Figs. 2, c,
d) on the SCS’s amplitude £ . The dependences are obtained by searching for the global maximum of
the fidelities by parameter y; at some constant value S . As can be seen from the plots, the more pho-
tons are extracted from the original SMSV, the greater the fidelity of the generated SMSV-like states
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with the even/odd SCSs with greater amplitude. We limited ourselves to 51 subtracted photons, but in
general, an increase in the number of extracted photons can only lead to an increase in the fidelity be-
tween the generated states and even/odd SCSs of larger amplitude g . So, if for the measure of the re-

quired fidelity one chooses the value F,,, =F,,; >0,99, then the extreme values of the SCSs ampli-
tudes at which such fidelity is still observed are g =4,04 (in the case of subtraction of 50 photons in
Fig. 2(b)) and B =4,093 (in the case of subtraction of 51 photons in Fig. 2, d). The plots in figure 3
show the dependency of y,. and y,. ., (for convenience, in Fig. 3 when designating the vertical axis,
we do not use the subscript 1 for the parameter y, ) which provide the maximum fidelities F,;, and
Foms INFig. 20n g . Itis interesting that the more photons are subtracted from the original SMSC, the
smaller the value of the parameter y, can acquire. For example, subtraction of large number of photons
(say 50 or 51) from input SMSV leaves the parameter y; in the range y; <0,2 what could have prac-
tical potential when choosing parameter values s and t.
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Fig. 3. 2m,2m+1-heralded states in Egs. (4,5) depend solely on one parameter 0<y, <0,5. The plots demonstrate
the dependencies of the parameter y, that provide the fidelities in Fig. 2 on the SCS amplitude £ . The larger the num-
ber n of the extracted photons, the smaller the value of the parameter Yy, , moreover accompanied by an increase in the
fidelity of the conditional states

As for generation rate of the even/odd SCSs, which is proportional to the success probability in Egs.
(9), (10), it already depends on two parameters y, and t, in contrast to the fidelity. As an example, we

present plots of the success probabilities in Egs. (7), (8) versus g starting with n=6 up to n=16 for

evenand n=7 upto n=17 for odd SCSs. In general, increasing the number of extracted photons can
only decrease the success probability in realizing the required CV states.

In conclusion, we have introduced a family of CV states of a certain parity which in their statistical
properties may be similar to original SMSV state from which the CV states of definite parity stem. The
key point in their implementation is the extraction of an arbitrary number of photons in an indistinguish-
able manner by means of PNR detection while preserving the superposition properties of the new CV
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states. The imperfection of optical elements, e.g. non-ideal quantum efficiency of the PNR detector, can
impose certain restrictions on the generated states, which is the subject of further study. As an example
of the application of the CV states of a certain parity, we have considered the possibility of creating a
generator of even/odd SCSs states. For the first time, we reported the possibility of realizing even/odd
SCSs of amplitude a little over 4 with fidelity >0,99 on a given type of optical design in Fig. 1. The
optical design used can be upgraded to generate new states more efficiently. For the experimental im-
plementation of the proposed scheme, one can use the technique described in references [20, 21].
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Fig. 4. Dependencies of (a) P, (Eq. (7)) and (b) Py,.q (Eq. (8)) on the SCS amplitude B for some n=6-17. In

general, the dependences indicate that the extraction of a larger number of photons leads to a decrease in the success
probability of generated CV states of definite parity approximating even/odd SCSs with the highest possible fidelity for a

given f
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NMEPCMEKTUBHbLIA KBAHTOBbIU WHXXEHUPUHI ONTUHECKNX
YETHBIX/HEYETHbIX COCTOAHUUN KOTA WWPEOAUHIEPA

M.C. Modoweedoe’, C.A. [Modoweedos’, A.I1. Anodxany’, C.M. Kynuk®
! UHecmumym ¢busuku KasaHckozo ¢pedeparnbHo2o yHusepcumema, 2. KasaHb, Pocculickas ®edepayusi
2 OXHO- YpanbcKuti e2ocydapcmeeHHbili yHugepcumem, 2. YensbuHck, Poccutickass ®edepauyus
® HayuoHanbHbIl uccredoeamesnscKuii yHuUsepcumem UHEOPMayUOHHbIX MexHono2aud,
2. CaHkm-lNemepbype, Pocculickas ®edepayusi
* Mockosckuli eocyldapcmeeHHbili yHugepcumem, e. Mockea, Pocculickasi ®edepayus

AnnHotanus. Mel nipeuiaraeM 3¢()EKTUBHEIN CIIOCO0 peanu3anuyd HOBOTO CEMENCTBAa COCTOSHHIA
HenpepblBHOM mnepemenHoi (CV) omnpeneneHHodt uetHocTH. WHmynupoBanuble usmepeHuem CV-
COCTOSIHUSI OIPEACICHHON YETHOCTH PEaTU3yIOTCS MOCJIE W3BJIEUCHHS MPOM3BOJIBHOIO 4yKciaa (JOTOHOB
W3 HAYalIbHOTO COCTOSHUS OJHOMOJOBOTO CKaToro BakyyMa (SMSV) ¢ ucnonp3oBaHHEeM JETEKTOpa C
paspemenueM uucia GpotoHos (PNR). OnTuueckas cxema TpeOyeT MUHUMAIBHOTO KOJIMYECTBA ONTHYC-
CKHX 3JIEMEHTOB IS peanu3anuu coctossauii CV ompeneneHHoM yeTHocTH. [loTeHInan ucrnoab30BaHus
cocrosiHUT CV B ONTHYECKO KBAaHTOBOH 00paboTke MH(OpPMAIMK MOXET OBITh BEICOKHM. B kadecTse
MpUMepa MNOKa3aHa BO3MOXHOCTb MCHOJb30BaHUs ceMmeiicTBa CV-COCTOSIHUIM ONMpEeAeiEHHON YETHOCTH
JUTSI KBAHTOBOM MHXCHEPUM ONTHYECKUX YETHO/HEUETHBIX cocTosHuil kota llpenunrepa (SCS). B ya-
CTHOCTH, MBI COO0IIIaeM O BO3MOXKHOCTH peanm3anuu CV COCTOSIHHIA ONpeAeNeHHONH YEeTHOCTH, KOTO-
pBIE anmpOKCHMHPYIOT YeTHbIe/HedeTHbIe SCS COCTOSIHUS C aMILUTATYIOW 9yTh OOJbINe 4 ¢ TOYHOCTHIO
> 0,99 mnocne uzBnedyenus 50,51 horoHoB U3 ucxogHoro SMSV coctosiHust. BeposiTHocTh ycnexa, siB-
Jiromadscs TpETbUM KIIFOYEBBIM ITapaMETpOM ONTHYECKOM CXCMbI, YMCHBIIACTCA C YBCIIMUCHHUEM YUCIa
U3BJIEKaeMbIX (DOTOHOB, HO B LIEJIOM OCTAETCSl Ha MPUEMJIEMOM YPOBHE Ul JalbHEHIIEero MCIoab30Ba-
HUSI B KBAHTOBOM 00paboTKe MH(POpPMAIINH B CITydae HEOOIBIIOTO YUCIIa U3BIEKAEMbIX ()OTOHOB.

Kniouegvie cnoea: uemmnvie/nevemnvie cocmoanus koma Llpeouneepa (SCS); oonomooosoe corca-
moe gakyymuoe cocmosanue, CV-cocmosinus onpedeneHHou 4emHocmu, UHOYYUPoBanHHvie usMepeHuem,
ceemoodenumend, homoH paspeumarouuti 0emexmop.
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