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BBEAEHUE

Pa3paboTka M CO3aHMe MPAaKTUYeCKH peanu3yeMblX,
HaJ|eXXHBIX, 3Hepro3sdPeKTHBHBIX KBAHTOBBIX KOM-
IIBIOTEPOB SIB/ISIETCS aKTyaJbHOM 3amaded. MOKHO
BBIZIE/IUTH C/Ielyl0lHe OCHOBHBIE TeXHOJIOTHYecKHe
I/1aTPOPMBEI, KOTOPBIe HCIIONB3YIOTCS /ISl pelleHHUs
YyKa3aHHOM 3a/lauyM: MOHBI/aTOMBI B 3JIeKTPOMAaTHMT-
HBIX JIOBYIIKAX, CBEPXIIPOBO/SIIME LN, KBAHTOBbIE
TOYKH/IIPUMeCHBIE aTOMBI, ONTH4YecKHe (POTOHHBIE)
VHTerpajbHble CXeMBbI.
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INTRODUCTION

The development and production of the implementable,
reliable, energy-efficient quantum computers is an
urgent task. It is possible to determine the following
main process platforms that are used to solve this
problem: ions/atoms in the electromagnetic traps,
superconducting circuits, quantum dots/impurity
atoms, and optical (photonic) integrated circuits.

The quantum dual-mode photon gates (hereinafter
referred to as the gates) ensure transformation of the
quantum state of one photon depending on the state
of another photon. In this sense, the role of quantum
gates is very similar to the role of a semiconductor
transistor in electronics, in which the charge-carrier
flow is controlled by the flow of other charge carriers.
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KBaHTOBBIE IByXMOJ0BbIe GOTOHHBIE TeHTHI (laee —
refThl) obecrednBaloT INpeobpa3oBaHHEe KBAaHTOBOIO
COCTOSIHHSI OBHOTO GOTOHA B 3aBHCHMOCTH OT COCTO-
SIHUSL Apyroro GoToHa. B 3TOM CMBIC/Ie pONb KBaH-
TOBBIX TEHTOB BeCbMa CXOXa C POJIBI0 IOJIYIIPOBO-
ITHUKOBOI'O TPaH3KCTOpPA B JI€KTPOHHUKE, B KOTOPOM
IIPOMCXONUT YIIpaBJIeHHe IIOTOKOM OJHHUX HOCHTe-
JIed 3apsa IpH IIOMOIIM IIOTOKA APYTUX HOCHTeNeH
3apsga. [edT, obecriedMBaIONINI BBIIIONIHEHUE aJIro-
puTMa yrpasiasemoro «HE» (npumeuanue: anea. Controlled
NOT gate - C-NOT 2eiim), sIBIsIeTCSL OGHUM K3 Haubosee
BOCTPe6OBAaHHBIX B COBPEMEHHBIX 33/lauax KBAaHTOBBIX
BBIULC/IEHUH.

B maHHOM paboTe MBI PACCMOTPHM aCIIEKTHI IIPOEK-
THPOBAaHHS QpOTOHHBIX 'eHTOB Ha OCHOBE JOCTYITHOK
OTeYeCTBEHHOM 3/IeMeHTHOH 0a3bl B HHTErpasIbHO-
OITHYEeCKOM HCIIOTHEHHUH.

MOKHO BBIIEIUTh PA3THUYHBIE THUIIBl 3I€MeHT-
HOM 6asbl, KCIOAB3YeMOH MAJIs CO3JAaHHs TeHTOB.
Bo-miepBBIX, T.H. 0ObeMHOe HCIIONHEHHe. B 3Tom
CIydae HCIIONB3YIOTCSI 06BbeMHBIe, NUCKPETHBIE 3J1e-
MEeHTBI: OOBIUHBIE CBETOMENHUTeNbHbIe KyOHUKH [1-3]
WK, HaIpuMep, oObeMHBIe aKyCTO-OITHYeCcKHe
MOJIY/ISTOPBl B KadecTBe YIIPAB/ISIEMBIX CBETOMEIH-
Tened [4]. JIpyrHM THIIOM SIBJSETCS HHTErPaJIbHO-
OITHYeCKOe HCIIOJTHEeHHe, KOIJa BCe YCTPOHCTBO
BBIIIO/IHEHO B BHJEe MHTEIPa/JIbHO-ONTHYECKOH CTPYK-
Typel Ha OJHOM IIOJJIOKKE B BHIE eJUHOI0 YHIIa
[5-8]. MBI OCTAaHOBH/IM CBOH BBIOOP Ha MHTETPAIBHOM
HCIIOJTHEHUU II0 CIefyIoIleHd IIPUYHHe: 3T0 MeXa-
HHUYeCcKasi CTabMJIBHOCTh II0 CPaBHEHHIO C 06beM-
HBIM HJIM BOJIOKOHHBIM HCIIOJIHEHHEM, YTO SIBJISeTCS
BKHBIM ITPH CO3JAHHUH HMHTephepoMeTpoB. Masibli
pasMep HHTepdepoMeTpa, MOMHMO MOHOJIUTHOIO,
HMHTerPaJbHO-OIITHYeCKOT0 HCIIOJIHEeHHMS, I103BOJISIET
C BBICOKOHM TOYHOCTBIO BBIPOBHSITH €r0 IUIEYH, YTO
IIOBBINIAET ero CTabIbHOCTb. Xopoulo oTpaboTaHHas
TEeXHOJIOTHSI U3TOTOBJIEHHS] HHTETPAJIbBHO-OIITHYECKUX
YHUIIOB y’Ke II03BOJIM/IA HaM CO3/1aTh BBICOKOYYBCTBH-
TebHbIe JATYHMKH HAIIPSIKEHHOCTH 3/1eKTPHUYECKOro
nong (9], mwupokomonocHele CBY HHTerpaabHO-
ONTHYeCKHe MOIY/IATOPHl [10], IIMPOKOIIONOCHBIE
HMCTOYHUKH KBAaHTOBOIO IIyMa [11], reHepaToOpsl OITH-
YeCcKUX IpebeHOK IS CHCTeM KBAaHTOBBIX KOMMYHH-
Kanuu [12].

BaskHBIM HaIlpaB/IeHHEM HCCIefOBAHHS SBISETCS
MaTepyas IOIJIOKKH, Ha KOTOPOM CO3/aeTcsl TeHT.
AKTHBHO HCIIONB3YIOTCS HUobaT nuTHs LiNDO; [13, 14],
BBICOKOKaYeCTBEeHHOe KBaplieBoe CTeKIo [8], cTpyk-
TYPBI THIIA “KBapPL-JOIIHPOBAHHBIN KPeMHHET» (aHII. !
«silica-on-silikon», «doped silica films»), T.H. «kpem-
HHUeBble BOIHOBOAB! [15]. AKTHBHO HAYT HCCIefOBa-
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The gate that provides execution of the controlled
NOT algorithm (note: Controlled NOT gate - C-NOT gate)
is one of the most popular in the modern quantum
computing problems.

In this paper, we will consider the design aspects
of photonic gates based on the available domestic
hardware components in an integrated optical
version.

There are different types of hardware components
used to produce the gates. First, it is the so-called
3D-version. In this case, the volumetric, discrete
elements are used, for example, ordinary beam
splitting cubes [1-3] or three-dimensional
acoustic and optical modulators as the controlled
beam splitters [4]. Another type is the integrated
optical design, when the entire device is made in
the form of an integrated optical structure on one
substrate in the form of a single chip [5-8]. We
have opted for an integral design for the following
reason: it provides mechanical stability compared
to the 3D or fiber options that is important when
manufacturing the interferometers. In addition to the
monolithic, integrated-optical design, the small size
of interferometer makes it possible to align its arms
with very high accuracy that leads to an increased
stability. The well-proven production technology of
integrated optical chips has already allowed us to
develop the highly sensitive electric field intensity
sensors [9], broadband microwave integrated optical
modulators [10], broadband quantum noise sources
[11], and optical comb generators for the quantum
communication systems [12].

An important area of research is the substrate
material on which the gate is produced. The most
popular types include lithium niobate LiNbO, (13, 14],
the high-quality quartz glass [8], the silica-on-silicon
structures or doped silica films, that is the silicon-
based waveguides [15]. The research works on the use
of the A;-Bs type compounds [16] and polymers [17] are
rather persistent and active.

In this paper, we have proposed a C-NOT gate
circuit based on the integrated optical beam splitters
and studied the influence of amplitude and phase
errors of count-down ratios on the gate operation.

INTEGRATED OPTICAL GATE CIRCUIT

The main element of the gate is the beam splitter. In
the field of integrated optics, a beam splitter can be
implemented on the basis of various elements: X- or
Y-couplers, Mach-Zehnder interferometers (MZIs). In
this paper, we consider the case when the beam
splitter is based on epy X-couplers. We have to note

PHoTONICs voL. 17 Ne1 2023 gg
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TeNbCKKEe PaboThl 10 HCIIONB30BAHUIO COENHUHEHMUI
TUIa A;-Bs [16] 1 monuMmepos [17].

B maHHOM pa60Te HaMHU IpemyioxkeHa cxema C-NOT
refiTa Ha OCHOBe HHTEIPAJIPHO-OITHUYECKUX CBETO-
JenuTeneldl M HCCAeNOBAHO BAHSHHE aMIUIUTYAHBIX
U $a30BbIX ITOTPeIIHOCTE K03)UIIMEHTOB Je/leHus
Ha paboTy renTa.

CXEMA UHTEIPAJTbHO-ONTUYECKOI O
FrEMTA

OCHOBHOH 3JIeMEHT I'eHTa - CBeTOAe/NHTe/Ib. B MHTe-
IPajIbHOM OIITUKE CBETONENUTeNb MOXKeT OBITh pea-
JIM30BaH Ha OCHOBe pPa3/IMYHBIX 3/IeMEeHTOB: X- Y-
KaIlJIepoB, MHTepdepomeTpoB Maxa-llenaepa (MMII).
B nmaHHOM paboTe MBI PacCMOTPHUM CIy4ar, Korma
CBETOLEe/IMTe/Nb BBIIIOJIHEH Ha OCHOBe X-KaIlJIepoB.
Cpasy oTMeTHM, YTO TaKas KIaCCUPHUKALIMSA SIBJISIETCS
JOCTAaTOYHO YCJIOBHOM, T.K. ABa IIOC/IeNOBATe/IbHO
PACIIOJIOSKEHHBIX KaIlJlepa MOTYT OBITh PaCcCMOTPEHBI
Kak oguH MMII.

CNOT-Te:uT IBIgeTCs OOHUM U3 OCHOBHBIX KBAHTO-
BBIX JIOTUYECKHX BeHTHJIeH, HCIIONb3yeMBIX B KBaH-
TOBBIX BBIUMCIEHHAX. [JIaBHOM 0COOEHHOCTBIO TaH-
HOIO TeMTa SBJSeTCS WHBEPTUPOBaHHE 3aBHCHMBIX
Mo/, B C/Iy4ae, eC/IM 3HaUeHHe YIIPaB/solero Kybura
paBHO eAuHHIle. MaTpHlla OIepalldy YIIpaBise-
moro «HE» (Controllable-NOT) uMeeT BUL:

CNOT = D

[=NeNellS
o O - O
_ O O O
(=3 i ]

CxemMa remTa [l] B HHTerpaabHO-OITHUYECKOM
HCIIONIHEHUH, 00ecrleYrBaIOIero BHIIIONIHEHHE aJIro-
putMa (1), mpuBeseHa Ha puc. 1.

Bce 3/1eMeHTHI relTa pacIlo/IO’KeHbl Ha IIOAJIOXKKE,
BBIIIOJTHEHHOM M3 HuobaTa nutus LiNDO;, Z-cpes.
Pabouas AarHA BOTHBI refita A=810 HM. Tako¥ BbI6OD
IJIMHBL BOJHBI 00OYC/IOBJIEH HOCTYIIHOCTBIO KHCTOUHH-
KOB 3alyTaHHBIX Iap GOTOHOB COCTOAIIMX M3 II0JIYy-
IIPOBOJHUKOBOTO J1azepa A=405 HM U HEeJIHHEHNHOIOo
KPUCTa/yla HeJHMHEeHMHO ONTHYeCKHMX KPHCTAIIOB
beta-6opara 6apus, f-BaB,O, (BBO), BBIIIOTHSIOIIETO
IapaMeTPUYeCKYIO JayH-KOHBEePCHUIO Ha JJIMHY BOTHBI
810 Hm. BonHoBogbl A;, U F,, u Ay, ¥ F,,, ABISAIOTCA
Hepabounmu. CxeMa COHEPXKUT 5 CBeTOHeNHTesel
BS,-BS;. CBeTomenuTenu BS; u BS; uMeroT Ko3pPuIim-
eHTHl meneHus 50:50, T.e. 1/2. CBeTomenutenu BS,-
BS, numeroT k03QPuLIKEHTHl OeneHus 1/3. [j1sg 3TOro
Cllydasl Ha CxeMe JOIOJIHMUTEeNIbHO YKa3aHO, B KaKOH
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that such classification is rather conditional, since
two tandem couplers can be considered as one MZI.
The C-NOT gate is one of the main quantum logic
gates used in the quantum computations. The main
feature of this gate is the inversion of dependent
modes, if the control qubit value is equal to one. The
controllable-NOT operation matrix is as follows:

1000
0100

CNOT = 1
0001 D
0010

The gate circuit [1] in the integrated optical version
ensuring the algorithm execution (1), is shown in
Fig. 1.

All gate elements are located on a substrate made
of lithium niobate LiNbO; with a Z-cut. The operating
wavelength of the gate is A=810 nm. Such wavelength
selection is due to the availability of entangled photon
pairs consisting of a semiconductor laser A=405 nm
and a nonlinear crystal of nonlinear optical crystals of
barium beta-borate, f-BaB,0, (BBO), performing the
parametric down-conversion at a wavelength of 810
nm. The waveguides A;, and F;, and A, and F,,, are
inactive. The circuit contains 5 beam splitters BS,-BSs.
The beam splitters BS; and BSs have the count-down
ratios of 50:50, i.e. 1/2. The beam splitters BS,~BS,
have the count-down ratios of 1/3. For this case, the
circuit additionally indicates which channel receives
33.33...% of the incident power, and which channel
receives 66.66...%.

IMPACT ASSESSMENT OF NON-IDEAL
COUNT-DOWN RATIOS

The gate operation is significantly affected by deviation
of the count-down ratio values from the given ones.
The accuracy with which the beam splitter divides the
photon flux significantly affects the most important
specifications of the gate, namely the fidelity and
probability. Even a minimal deviation from the required
value of any of the count-down ratios leads to the loss
of gate performance.

The QuTiP computational physics software
library [18] has been used to simulate and study
various specifications of a quantum optical system.
Based on the KLM protocol, each qubit is represented
as two optical modes, which provide for a photon with
vertical or horizontal polarization depending on the
mode.
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KaHaJ IIoCTymaeT 33,33.. % IMafalollled MOLIHOCTH,
a B KaKoH - 66,66... %.

OLUEHKA BIUAHUA HEUAEA/IbHOCTU
KO3®PUNLUMEHTOB AEJIEHUSA

Ha paboTy remTa CyuiecTBeHHOE BJIHSIHHE OKAa3bIBAET
OTK/IOHeHHe BeJMYHUH K03QPHULIHNEHTOB [eleHUsI OT
3aJaHHBIX. TOYHOCTb, C KOTOPOH CBETOMEeNINTeNlb IIPo-
H3BOJUT Je/leHHe II0TOKa (GOTOHOB, B 3HAYHTe/b-
HOU Mepe B/IMseT Ha BaKHEHIIHe XapaKTePHCTHKH
rerTa: BePHOCTb BBIIIOJIHEHMS OINepalldH H BeposT-

g g

Having used the formal description of the Fock
states, it is possible to describe one mode condition
through the matrix representation:

1 0 0
|0),=| 0 |,]1),=| 1 ,|2>W’VH‘HH= 0 | ()
0 0 1

The state of two modes in the two-channel encoding
protocol is a computational qubit and is recorded as
follows:

BxonHbIe BrIXOmHEIE
KaHaJbl KaHaJIbL
BS 1/3 33% oT KaHa1a 1
A 1 2 / U 66% OT KaHasa 2 n 1 A
in out
[ |
66% OT KaHaia l
B 2 - U 33% OT KaHaJa 2 2 B
in out
BS 1 / 3 33% OT KaHazia 3
C 3 U 66% 0T KaHana 4 T 3 @
in out
3 |
33% oT KaHaa 4 BS. 1/2
5
BS, 1/2| 4 L 1 66% OT KaHaja 3
Din — D out
[ | 4 [ |
|| - B S4 1/3 33% OT KaHaIa 5 [ ] n
E. U1 66% OT KaHasa 6 E
in | out
5 |
AX [ 33% oT KaHaja 6
6 \I/I 66% OT KaHaa 5 T
F, Fout
y |—‘
X SL AX | AL N\ Tomioxkka

Puc. 1. Cxema C-NOT 2elima 8 UHMe2panbHo-onmu4eckom ucnoaHeHuu (NoKasaxo He 8 macwimate): A, —F;, — 8X00Hble 604-
H0B800bI, A+~ Four — 8bIXOOHbIE 80AHOB00I, BS,— BS — ceemodeaument, 8bIN0AHEHHbIE 8 8LJe UHMe2panbHO-0nmu4eckux
X-kannepos. Ceemooeaumenu BS;, BS; umetom koagpouuueHm deaerus 1/2, ceemodeaumenu BS,~BS, umerom Ko3pduuueHm
deneHus 1/3 (6yxea 1 ykaswieaem Ha HaAuyue Gpa3o8020 cdelzd 8 AAHHOM KaHAAe; CUHUM U8emom NOKA3aHbl 3AeKmpodbl, N0380-
AsioLLEe Npou3800UMb MOYHYH N0Ocmpoliky Ko3pduyueHma deaeHus; 6L — dAUHA AUHELIHO20 Y4acmKad 80AH0600a; AX — 0AUHA
3aKpy2AeHH020 y4acmKa 80AH08004; AL — dAUHA y4acmKa ceemodeaumenst)

Fig. 1. C-NOT gate circuit in an integrated optical design (not on a scale): A;,~F;, = input waveguides, A,,~F,,; — output wave-
guides, BS;-BS — the beam splitters made in the form of integrated optical X-couplers. The beam splitters BS,, BSs have a count-
down ratio of 1/2, the beam splitters BS,~BS, have a count-down ratio of 1/3 (the letter m indicates the availability of a phase
shift in this channel; blue color shows the electrodes that allow fine count-down ratio adjustment; 6L is the length of the linear
waveguide section; AX is the length of the rounded wavequide section; AL is the length of the beam splitter section))
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HOCTb YCIIEIIHOIo cpabaTbiBaHUS. Jaxke MHHHMAab-
HOe OTKJIOHEeHHe 0T TpebyeMo¥ BeJTMYHHBI JIF060ro 13
KO3QPULIEHTOB [eleHHsI IIPUBOLUT K IIoTepe pabo-
TOCITIOCOOHOCTH TreHTa.

1. MOIEeNHPOBAaHHUS K H3YYeHHS] Pa3JIHUUHBIX
XapaKTePUCTUK KBAHTOBOM OIITHYECKOM CHCTEMBI
HCII0JIb30Ba/Iach IIPOrpaMMHasi GM6IMOTEKa BBIYKC-
nuTenbHoM Gu3nKU QuTiP [18]. OcHOBBIBasICh Ha IIPO-
ToKoIe KLM, KasKIbIH Ky6HT IIpeACTaB/IAETCS B BHE
JBYX OIITHYECKHUX MOJ, B KOTOPBEIX B 3aBUCHMOCTH OT
MOZBL 33/1aBaJICST GOTOH C BEPTUKAJIBHON MU TOPHU-
30HTA/IBHOM IO/ISIpH3aLlHen.

Hcnonp3yss $opMann3M, OIIKMCHIBAIOUIUHN COCTOSI-
Hus PoKa, MOMKHO OIIMCATh COCTOSIHME OIHOM MOJbI
Jepe3 MaTpPUUHOe IIpe[icCTaBlIeHHe:

0)y=| O |,[1)y = 2)

’ |2>vv, VH, HH

S O =
o~ O
= o O

CocTosiHHe IBYX MOJ, B IIPOTOKOJIE IBYXKAHATBHOIO
KOIHPOBAHUS SIBJISIETCSI BBIYHCIUTENIBHBIM KyOHTOM
Y 3aIIHMCBIBAETCS CIeyIonUM 06pasoM:

|0) =[0, 1),,,=[0), ® |1},,, (3, a)
11)=[1, 0),,, =|1), ®|0),,. (3, 6)
Bo3gercTBHe CBETONEJMUTeIsI Ha COCTOSHHe

CHCTEMBI U3 IBYX HE3AaBUCHMBIX MOJI d U b MoskHO npen-
CTaBHUTDb B BH€ CYMMBI Q)YHKLII/Iﬁ FaMmuibpTOHA:

H=H,+H, , (4, a)
s +

H, :E(a a+b'b), (4, 6)
ho s +

H, =z(a a+b'b), (4, B)

rae ¢ — pa3HOCTb (1)&3 MeXAy IIpomenmuruM H 0Tpas-
HBIIKMMCS IIyYKOM. B cBoro oduepenpb CHUCTeMY MOJKHO
IIpeacCTaBUTD B BH/AE€ YHUTAPHOTIO OIl€paTopa:

_igH 7[9(H0+Hns)
=e

= Uy U,, (5)

rge 0 - yros, ompefendroldH, KaKas 4acTb IIy4Ka
IIPOMAET MJIH OTPa3UTCA:

3 2
hye=sne’, t,=1-r,. (6)
IIpriMeHeHMe OIlepaTopa CBeTOJeIUTe sl Ha COCTOS-
HUe CHCTeMbl IPUBOJUT K JOCTATOYHO TOYHOMY OITH-

CaHUI0 QH3HUYECKOro BO3JEMCTBHUS IIydyKa IIpOIIef-
mero 4epe3 Hero. CTOUT OTMETHTb, UTO IIPU pacdeTe
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10)=[0, 1)y, =[0), ® [1),,, 3,a)

1)=[L, O}y =[1), ©[0),. 3,6
The impact of a beam splitter on the state of a system

consisting of two independent modes o and b can be

represented as a sum of Hamiltonian functions:

H=H,+H, , (4, a)
h T T

H, =E(a a+b'b), (4, 6)
h s +

H, :E(a a+b'b), (4, B)

where ¢ is the phase difference between the
transmitted and reflected beams. In turn, the system
can be represented as a unitary operator:

_ieH 49(HO+HBS)

U=e "=e " =UgU, (5)
where 0 is an angle determining the beam part to be
transmitted or reflected:

—sin®?. t. =
Ny =sine, t,=1-r. (6)

Application of the beam splitter operator to the
system state leads to a fairly accurate description of
the physical impact of the transmitted beam. It should
be noted that such calculation does not consider the
time component, since the system is not changed
over time, and the photons achieve the beam splitter
simultaneously to an approximation of a fraction of
their coherence length.

The gate circuit (Fig. 1) used in this paper is based
on a two-channel encoding protocol. In the given
circuit of tandem beam splitters, the B;, and C;,
channels are the control modes ¢y and ¢y, the D;, and
E;, channels are the dependent modes t; and t, the
A;, and F;, channels are the unoccupied auxiliary
modes v, and v,.

We have considered the case when the input
system state |0,0,1,0,1,0) is affected by the beam
splitters with a slight deviation from the theoretical
model. Therefore, we can get the following probability
distribution of the output states.

To describe the effects occurred when the
parameters of dual-mode beam splitters deviate from
the given values, we have simulated the system with
due regard to the possible deviations in the reflection
coefficient and phase affecting the initial system
State.
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He YYUTHIBAETCs BpeMeHHas COCTaB/IsgIoNas - CUCTeMa
He H3MeHseTCs C TedeHHeM BpeMeHH, a (QOTOHBI
IIOCTYIIAIOT Ha CBETOHE/IHTe/Ib OGHOBPEeMeHHO, C TOY-
HOCTBIO [0 SOJIH JJIMHBI KX KOTePeHTHOCTH.

CxeMa reita (puc. 1), Hcmonb3yemas B AaHHOH
paboTe, IoCTpoeHa Ha IIPOTOKOJE ABYXKAHAIBHOTO
KOAMPOBaHUS. Ha mpencTaBleHHON cxeMe IIoCiie-
JlOBaTeJIbHO  PACIOJIOXKEHHBIX  CBeTofenuTeNnen
Ka”Hanbl B;, U C, SABIAIOTCA KOHTPOIHPYIOIIHMHU
MOOAMHU Cy U Cy, KaHaubl D;, U E;, 3aBUCHMBIe MOJBI
ty U ty, KaHaIbl A;, U F;, - He3aHATbIe BCIIOMOIaTe/lb-
HbI€ MOJBI Vi K Vy.

HaMmu paccMoTpeH ciay4ai, IIpH KOTOPOM Ha BXO[-
HO€ COCTOSIHHEe CUCTeMbI |0, 0,1,0,1, 0) BO3/IeHCTBYIOT
CBETO/Ie/INTE/IH C He3HAYUTE/IbHBIM OTKJIOHEHHEM OT
TeOpeTHUYeCcKOro ImmpeacraBaeHuss. OTCIOAa MBI MOKeM
IIOJIyYUTh CIeAyI0Iee BEPOSTHOCTHOE pacIpeseieHue
BBIXOJHBIX COCTOSTHUH .

Syl 4

The unitary matrix describing the beam splitter is
as follows [19]:

—esin@
cos(0)

cos(0)

U(B(e, Q)) - @)

esing

In this case, 0 is an angle given by the reflection
and transmission coefficients, and ¢ is a change in
the phase component (see (4), (6)). Thus, any change
in these physical variables will occur according to the
cosinusoidal/sinusoidal law and on an exponential
basis.

a). Impacton a State With a Photon in One Mode

We will consider the beam splitters BS, and BS; with
a count-down ratio of 1/2. We will consider the state
as an input state described by two optical channels.

BxomHbIe BrIXOmHEIE
KaHaJIBI KaHaJbL
1 1
Ain BSZ Aout
, /IR 2
B in Bout
3

o ® Cour

-0 Pout

‘ ‘
‘ ‘
| |
i i
] ] . Eout
| |
‘ ‘
‘ ‘

‘
‘
:
‘
—0—0-0@— T
‘
‘
‘

BeposaTHOCTH: = = — = /= — =
9 9 9 9 9 9 9

Puc. 2. Bce 803M0XKHble 8apuaHmbl U UX 8ep0SIMHOCMU NosieAeHUs 8bIX00HbIX cocmosiHull C-NOT zelima 0451 cAy4as, K020a Ha
8x00bl 2elima nocmynarom dea pomoHa (cuHell epmukanbHoll nonocoll 8bldeneH cAy4all 8epHO20 cpabameplgaHusl 2elima)

Fig. 2. All possible options and probabilities of occurrence of the C-NOT gate output states when two photons achieve the gate
inputs (the case of correct gate activation is highlighted with a blue vertical bar)
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[t omucaHus 30GeKTOB, BO3HHUKAIOMINX IIPU
OTKJIOHeHHH IIapaMeTPOB [OBYXMOMJOBBEIX CBeTOHE/IH-
Tellel OT 3afaHHBIX BeJMYHWH, HaMH ObLIO IIpOBe-
JEeHO MOJeIMpOBaHHe CHUCTEeMBI C YyYeTOM BO3MOXK-
HBIX OTKJIOHEHHUM IO KO3PPUIIHMEHTy OTpakeHHS
U 110 dase, BO3AEHCTBYIOIIHE Ha HCXOLHOE COCTOSIHHE
CUCTEMEBIL.

YHUTapHas MaTpHIla, OIMCHIBAIOIIAS CBETOE/IH-
TeJlb, BBIITISIOUT CIefyomumM obpasom [19]:

cos(8) —e“sind
UByy)=| . . . %)
’ e?sin®  cos(9)

3pece O - yronm 3amaBaeMbIM KO3OULIMEHTAMU
OTPKeHHUSI U IIPOIYCKAHMS, a (¢ — U3MeHeHHe ¢pas3o-
BOM cocTaBnsmomen (cm. (4), (6)). Takum obpasom,
M3MeHeHHe JAaHHBIX QU3UYeCKUX [IepeMeHHbIX byneT
IIPOMCXOAUTh 10 KOCHHYCOWJAIBHOMY/CUHYCOUAAD"
HOMY 3aKOHY U 5KCIIOHEHLIUAJIBHO.

a). BospeiicTBME Ha COCTOSIHME C GOTOHOM

B 0HOM MoJe
PaccmoTpum cBeTofenuTenu BS, u BSs ¢ Ko3pduiim-
eHTOM JlejleHHs 1/2. B KauecTBe BXOJHOIO COCTOSIHMS,
OIKMCBIBA@MOr0 ABYMs OITHYECKMMH KaHaJlaMH pac-
CMOTPUM COCTOSIHHE.

M3 mpuBefeHHBIX I'PadUKoB (pHC. 3) BUIHO, 4YTO
U3MeHeHHe KO3QOUIIMEeHTa [eleHHs CBeTONeIUTeNns
50/50 IpUBOAUT K OTKJIOHEHHIO BePOSTHOCTH HaXOXK-
JOEeHUSI CUCTeMBbl B OZHOM H3 BBIXOJHBIX COCTOSIHHM
vnu. Ilpu 3Tom 50%-as BepOATHOCTb JOCTUIALTCS
P He3HAYHMMOM OTK/JIOHEHHE OT TeOPeTHYeCKOIo
[IpPe[CTaB/IeHHUsI, & CaMO OTK/IIOHeHHe IIPH HCCIeny-
eMOM MacmTabe IPaKTHYECKH THHEHHO. OTKJIOHe-
HHe $a30BOLl COCTABIISIONIEN He3HAUUTe/IbHO BIHUseT
Ha CHCTeMy C GOTOHOM B OFHOM Mofe K OIu3uTCs
K Heo6X0IMMOMY pacIipefie/IeHUIO IIPU OTHOCKTE/IbHO
HeDOBIINX OTKIOHEHUSIX.

Jlasee pacCMOTpUM CBeTomenuTenu BS,-BS, ¢ Ko3d-
dunmeHTOM AeneHus 1/3.

Kak BUIHO W3 IpHBeleHHOro rpaduka (puc. 4),
H3MeHeHMe KO3QPHIIMeHTa OTPa’keHHs /IIPOIlyCcKa-
HHs CBeTomeuTesIs 33/66 TakKe IIPUBOIUT K OTKIIO-
HEHHIO BEPOSITHOCTH HAXOXKIEHHS CUCTEMBI B ONHOM
M3 BBIXOJHBIX COCTOSIHUM HJIH. IIpH 3TOM OTKJIO-
HeHHe OT TeOPeTUYeCKOTO IIPeCTaBJIeHUs YBeJH-
YHBaeT BEPOATHOCTb HAaXOXKIEHMS TOIO MM KMHOIO
COCTOSIHHS.

Ha puc. 5 npuBefeHbl TpadHUKH 3aBHCHMOCTEL
BEPOSTHOCTH HaXOKIEHUS 33aJJaHHOTO COCTOSHUS s
TeX >Ke CBeTOZe/IUTelel OT OTKIOHEeHHS ¢ OT 3afaH-
HOI BeJTUYHHBI.
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As can be seen in the graphs (Fig. 3), any change in
the beam splitter count-down ratio of 50/50 leads to
a deviation in the probability of the system location
in one of the output states or. In this case, a 50%
probability is achieved with an insignificant deviation
from the theoretical model, and the deviation is
almost linear on a scale under study. The phase
component deviation has insignificant impact on the
system with a photon in one mode and approaches
the required distribution with the relatively small
deviations.

Next, we will consider the beam splitters BS, -BS,
with a count-down ratio of 1/3.

As can be seen in the graph (Fig. 4), any change in
the reflection/transmission coefficient of the beam
splitter 33/66 also leads to a deviation in the probability
of the system location in one of the output states or.
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0,503 |- 10,1)

0,502 I1,0)

BeposTHOCTD COCTOSIHUS

0,501 |-

0,500 -

OTKJIOHEeHHUe @, %

Puc. 3. ['paduku 3a8ucumocmetli 8eposIMHOCMU HAX0XKOe-
HUS$I 3d0AHHO20 COCMOSIHUSI Ha 8bix00e ceemodeaumenst 1/2
0m omkAoOHeHus O u  om 3a0aHHOU 8eAUHUHbI

Fig. 3. Graphs of dependences of the given state probability
at the output of the beam splitter1/2 on the deviation 6
and ¢ from the given value




SRS QUANTUM TECHNOLOGIES [UGMA

BHOHO, YTO OTKJIOHEHHe ($a30BOM COCTABISIOLICH,
KaK U B CIydae C cBeTozenuresneMm 50/50, He3HAuH-
TeJIBHO B/IMSeT Ha CHUCTeMYy C $OTOHOM B OLHOM MOfie
U IPU ero yMeHbIIeHUH IIPUBOAUT CHCTEMY K Teope-
TH4YeCKOMY pacIlpefie/lIeHUIO.

6). Bo3gencTBMe HA cocTosHME C GOTOHOM B ABYX
MoJax Uan € cyneprno3vumnent ropusoHTasIbHOM
1 $a3oBOM COCTABNAIOLMNX
Temepp B KauecTBe BXOJHOTO COCTOSSHUS, OIHCBIBA-
eMOI0 JOBYMS ONTHYECKMMM KaHajJaMH, PacCMoO-
TPHUM COCTOSIHHE.

PaccmoTpuM cBetomenuTenu BS; u BS; ¢ ko3pdu-
LiMeHTOM feneHus 1/2 (puc. 6, 7). U3MeHeHHe K03d-
dHULIMeHTa OTpa’keHUS/IIPONYCKAHHUSI CBeTOMeIH-
Tenst 50/50, IPUBOAUT K OTKJIOHEHHUIO BEPOSITHOCTH
HaXOXEeHHUs CHCTeMBI B COCTOSIHUSX CUCTeMEL |0, 2)
1 |2,0) 1 NOSIBJIEHHUU JOIOJHUTEIBHOIO COCTOSHUS
|1,1). IIpx 5TOM HPHU YBeTHUYeHHUH OTKIOHEHHS OT
TeopeTHYeCKOro IepecraeT Habniomatbcs 3ddexT
XoHr-Oy-MaHgens (19], IIpH KOTOPOM [Ba IIoI1aja-
IOIUX Ha cBeTomenuTenb 50/50 PoToHA BHIXOOST
yepes OOHY MOAY, TaK KaK YBeIHYHBAETCSI BEPOSAT-
HOCTb COCTOSIHUS |1, 1).

Temmepp paccMOTpUM cBeTomenurtenu BS,-BS,
Cc Ko3podUIIMeHTOM [ejieHUs 1/3 (pI/IC. 8, 9). Us
rpaduka (puc. 8) BUAHO, UTO HU3MeHeHHe K03bdu-
LMeHTa OTPa’KeHUS/IPOIYCKAHHUS CBeTOHeNTHUTeNs
1/3, HaIpOTHUB, pHU OIpele/eHHbIX YCIOBUAX IIPH-

Syl 4

In this case, the deviation from the theoretical model
increases the probability of one or another state.

Figure 5 shows the dependences diagrams of the
probability of a given state for the same beam splitters
and deviation ¢ from the given value.

It can be seen that the phase component deviation,
as in the case of the 50/50 beam splitter, has
insignificant impact on the system with a photon in
one mode and upon decrease, leads the system to the
theoretical distribution.

b). Impacton a State With a Photon in Two Modes or
with a Superposition of the Horizontal and Phase
Components

Now, we will consider the state as an input state

described by two optical channels.

Let us consider the beam splitters BS, and BSs
with a count-down ratio of 1/2 (Fig. 6, 7). Changes in

651 I1,0)
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Puc. 4. T'paduk 3asucumocmeli 8ep0OSIMHOCMU HAXOXKOEHUS!
3a0aHH020 COCMOSIHUSI Ha 8bixode ceemodeaumens 1/3 om
omKAoHeHUs © u om 3adaHHOU 8eAUYUHbI

Fig. 4. Graph of dependences of the given state probability
at the output of the beam splitter1/3 on the deviation 6
from the given value
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Fig. 5. Graphs of dependences of the given state probability
at the output of the beam splitter1/3 on the deviation ¢
from the given value
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6/1HKaeT ero K 3HAUeHHUSIM CBeTOZeIuTeNns 1/2, uTo
yMeHbIIAeT BEPOSITHOCTh HAXOXHEeHHUS CHCTeMBI
B cOCTOSIHMH |1,1).

OUEHKA TEOMETPUNYECKUNX PASMEPOB
FENTA

FeoMeTpHUeCKHe pa3Mepbl refTa BaskHBI, T.K. OHU
OIIpenessIIOT pa3Mephl TpebyeMBIX IIOIJIOKEeK HHUO-
b6ata nUTHS, KOTOpBle, KaK IIPAaBHJIO, K3TOTOBIS-
IOTCS CTAHIAPTHOTO AHameTpa 3 WJIHU 5 [IONMOB
(7,62 unu 12,7 Mmm).

Obmas mupuHa reurta (ochb Y) oIlpelesieTcs
paccToOsSiHHEeM MeXIy IIeCcTbl0 BXOJHBIMH BOJIHO-
BoZaMH. IIpu 3TOM He0b6XOOHMO yUHUTBHIBATH, UTO
Ha 3Talle IOoC/Iefyoller cOOpKH relTa K ero BXO[-
HOM W BBIXOJHOU IUIOCKOCTSIM [O/KHBI OBITH ITPH-
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Puc. 6. paduku 3a8ucumocmetli 8epoSmMHOCMU HAX0XKOe-
HUS! 30AHHO20 COCMOSIHUS HA 8bIX0de caemodeaumeneli 1/2
om omkAoHeHUs © om 3a0aHHOL 8eAUYUHbI

Fig. 6. Graphs of dependences of the given state probability
at the output of the beam splitters 1/2 on the deviation ©
from the given value

the reflection/transmission coefficient of the beam
splitter 50/50 leads to a deviation of the probability
of the system location in the system states |0,2)
and |2,0) and occurrence of an additional state |1,1).
Moreover, as the deviation from the theoretical model
is becoming more significant, the Hong-Ou-Mandel
effect [19] ceases to be observed, when two photons
incident on the 50/50 beam splitter get out through
one mode, since the probability of the state |1,1) is
increased.

Now let us consider the beam splitters BS,~BS,
with a count-down ratio of 1/3 (Fig. 8, 9). It can
be seen in the graph (Fig. 8) that any change in
the reflection/transmission coefficient of the beam
splitter 1/3, on the contrary, brings it closer to
the values of the beam splitter 1/2 under certain
conditions that reduces the probability of the system
location in the state |1,1).
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Puc. 7. [paduku 3a8ucumocmeti 8epoSMHOCMU HAX0XKoe-
HUS$I 3d0aHHO020 COCMOSIHUSI Ha 8bix00e ceemodeaumeneli
1/2 om omKAOHeHUs ¢ 0m 3a0aHHOU 8eAUH4UHbI

Fig. 7. Graphs of dependences of the given state probability
at the output of the beam splitters 1/2 on the deviation ¢
from a given value
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KJIeeHbl ONTHYEeCKHe BOJOKHA B BHUIe COOPKM U3
YeTblpeX BOJIOKOH, KOTOpPble OynyT IT0fCOeIHHEHBI
K KaHainaM B-E (HamoMHMM, 4YTO KaHaiabel A u F
HaMH He HCIIONB3yITCs). MuKpocbopka omTudye-
CKUX BOJIOKOH Ha OCHOBe V-IPyBOB (IpHUMeYaHHe:
aHra. V-Croove — V-06pa3Has kaHagka) MMeeT MUHHU-
MajbHBIM CTAaHZAPTHBIM LAl YIAaKOBKH BOJIOKHA,
paBHBIN 250 MKM. Takum o6pa3oM, MUHHMaJIbHAS
obmas mupuHA rerTa, Tpebyemas misi pa3Melie-
HUS 6 BOJHOBOAOB (8 MHTEepBaJoB II0 250 MKM
C y4eToM 3a3opa [0 Kpas 3aroTOBKH), COCTaBJsieT
2,0 MmM. Ha mpakTHKe, UCXOAS U3 yH0OCTBa paboTsl
C 3arOTOBKaMH, MeXaHHUYeCKOU MIPOYHOCTH U T.[.,
IIHMPHUHA 3aTOTOBKU I'eHiTa MOXKeET OBITh 3 MM.

Obmas mirHa renta L (BOoab HapaBIeHHUs pac-
IIpOCTpaHeHHUsI GOTOHOB, OCh X) ONpenenseTcs NIH-
HaMH JUHENHBIX Y4acTKoB OL, AJMHAMHU 3aKpy-
IJIeHHBIX (S-06pasHbIX) y4acTKoB AX M JJIMHAMH
y4aCTKOB X-menutenen AL (pI/IC. 1). B HPOSOIbHOM
HaIlpaBJIeHHUH MBI HMeeM LIecTh S-06pa3HbIX ydacT-
KOB M TPH y4acTKa X-elHuTesleH.

Hamu B mporpamme Wolfram Matematica 6v110
IIpOoBeAeHO MaTeMaTH4yecKoe MOJeJIHpOBaHUe
PabOTHl 3/IeKTPHUUECKH YIIPaBIsSeMbIX CBETOJETHH-
Tesler U S-06pa3sHBIX y4aCTKOB BOTHOBOJOB C LIeJIbIO
ompeseleHUus UX MUHHMAJIbHO JOIYCTUMBIX IIHUH
U pafuyCoB KPUBU3HLI. BHIABIEHO, YTO MUHHUMAJIb-
Has JJIMHA ydacTKa X-menutens AL momkHa OBITH
He MeHee 8 MM. B 3ToM c/iy4yae BeJIMYMHA yIIpaB-
JSAIOIUX HaOpssKeHHe He IMpeBbIcUT 8-10 B. MUHU-

Syl 4

ASSESSMENT OF THE GATE

GEOMETRIC DIMENSIONS

The geometric dimensions of the gate are important
since they determine the dimensions of the required
lithium niobate substrates that are typically
manufactured with the standard diameters of 3 or
Sinches (7.62 or 12.7 mm).

The overall gate width (Y-axis) is determined by the
distance between the six input waveguides. Moreover,
it should be considered that at the subsequent gate
assembly stage, the optical fibers in the form of a four-
fiber assembly should be glued to its input and output
planes to be connected to the B-E channels (we should
remember that the A and F channels are not used).
The V-groove-based optical fiber microassembly has
a minimum standard packaging pitch of 250 pm.
Thus, the minimum total gate width required to
accommodate 6 waveguides (8 intervals of 250 pm,
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Fig. 8. Graph of dependences of the given state probability
at the output of the beam splitter1/3 on the deviation 0
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PHoOTONICs vOL. 17 Ne1 2023 67



m KBAHTOBDBIE TEXHOJIOrM I—

i g

MaJIbHO [JOMYCTHMAsl AJIHHA S-00pa3HBIX y4aCTKOB
BOJIHOBOZOB LO/IKHA OBITh He MeHee 6 MM, B 3TOM
c/ydae MOJHO ITpeHeOpeyub [IOTePSIMHU, CBSI3aHHBIMU
C MOJAMHM YyTe4YKH B HCKPHUBIEHHBIX HHTeTpPalbHO-
OIITUYECKUX BOJHOBoZax [21]. JIMMHA BcCeX JHHEH-
HBIX Y4YaCTKOB MeXKZAY OCTaJIbHBIMHU 3jeMeHTaMU
MO’KeT OBITh CBelleHAa K HYJIIO, 33 HCKIIOUYeHHEM
BXOAHBIX U BBIXOJHBIX JIMHENHBIX Yy4acTKOB OL,
OIMHA KOTOPBIX MOXKET COCTaBUTb II0 2 MM C KaxK-
JOTO Kpas.

Takum ob6pazoM, MHUHHMalbHAas AJIUHA TeHUTa
coctaBaseT (3x8 MM)+(6x6 MM)+(2x2 MM)=64 MM.
OTcroia BUAHO, YTO Ha Jake Ha CTaHAAPTHOM IOJ-
JIOKKe C AHaMeTpoM 3 JI0MMa MOXXHO Pa3MeCcTHUTh
3-4 3aTOTOBKH [IJ1s TeHTa.

OBCY)XAEHWUE PE3YJ/IbTATOB
[IpencTaBieHHbIE B JaHHOM paboTe pe3yIbTaThl IO
TBEPKIAIOT IIPeJII0JIoKeHHe 0 BO3MOKHOM MPaKTH-
YecKoM peanu3alldyd KBAaHTOBOIO GOTOHHOIO TelTa
Ha OCHOBe HHTerpajJibHOM ONTHKH. OCHOBHBIMHU
XapaKTepUCTHKAaMH KBaHTOBOIO YCTPOMCTBa, OIlpe-
OeNsSIUMU ero paboTocrocobHOCTh, SBISIOTCS
OIITHYeCKHe II0TepPHU, TOYHOCTh HACTPOHMKHU KO3b-
QUIIMEeHTOB Je/leHUS B OTIeJbHBIX CBETOHNETUTEeNSIX
U TeoMeTpHUUYeCcKHe pa3sMephl. BoIIpocy OIITHYECKHX
notepp 6OymeT ImoOCBsINeHa OTAeNbHAas MybiHKa-
uus. B HacTosmer paboTe mokasaHo, YTO TOUHOCTb
IOCTUPOBOK KO3QQUIIMEHTOB [e/IeHHs B Ipefeax
+0,1-0,5% IpakTUYeCKH He BHOCIAT KaKoro-inbo
[1apa3UTHOTO BKIaAa B paboTy refra.

BbISIBJIEHO, UTO HEUIeaJIbHOCTh Ka>KIOI0 U3 CBe-
ToJe/NHTeNel BHOCUT Pas/MYHBIN BKIAJ B Hapylle-
HHe yCJIOBUU ABYXPOTOHHOM HHTepdepeHIUHU. TaKk,
HaIpHUMep, OTKJIOHEHHUS OT 3aJaHHBIX [IapaMeTpOB
B ceTomenuTensax BS, u BS, oka3bBalOT MUHHMAJIb-
Hoe BIHsSHHe Ha paboTy reira. [anee, 110 CTelleHU
BO3paCTaHHUS BIMUAHHS, HUOYT CBeTOHeNIMUTenu BS,;
U BS;, M, HakoHell, - cBeTOoZe/JuTeNlb BS;. 3mech
TaKKe ClefyeT OTMETHUTb, YTO Heobxomumas Tou-
HOCTb IOCTUPOBKH KO3POUILIMEHTOB OTpPakKeHUSs/
IIPONyCKaHUS CBeTOJe/MTejlel B HHTeIpPajibHOM
MCIIOJIHeHUHU IIPaKTHUYeCKH peaiku3yeMa.

JpyruM BaskKHBIM pe3yJbTaTOM SBJSeTCS IIpak-
THUYecKas olleHKa rabapuToB rerra. Mcroab3yeMble
3[eChb UHTErPajbHO-OIITUYECKHE 3JIeMEeHTHl Ha II0J-
JOKKe U3 HHuobaTa TUTHUS UMeIOT 3aMeTHYIO JJIUHY.
[103TOMY € IIPaKTUYeCKOM TOYKU 3PeHHs ObLI0
Ba)KHO OLIeHHUTb BeChb IIPOZOJIbHBIM pa3Mep YCTPOH-
CTBA C LIeJIbI0 IIOHSATH, KAKOI'0 pPa3Mepa Lo/IKHA OBITh
HOoAJIOKKa. HamMu 1mokas3aHo, 4YTO Aayke Ha IOA-
JIOKKaX OHaMeTpoM 3 [AIOHMMa MOXKET YMeCTHUThCS
HeCKOJIBKO 3aTrOTOBOK.
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with due regard to the gap to the blank edge) is
2.0 mm. In practice, the gate blank width can be 3 mm
due to the blank operation convenience, mechanical
strength, etc.

The total length of the gate L (along the photon
propagation direction, X-axis) is determined by
the lengths of the linear sections 8L, the lengths
of the rounded (S-shaped) sections AX, as well as
the lengths of the X-coupler sections AL (Fig. 1). In
the longitudinal direction, we have six S-shaped
sections and three X-coupler sections.

In the Wolfram Matematica software, we have
performed mathematical modeling of the f
electrically controlled beam splitters and S-shaped
sections of waveguides in order to determine their
minimum allowable lengths and radii of curvature.
It has been found that the minimum length of
the X-coupler section AL must be at least 8 mm.
In this case, the control voltage value does not
exceed 8-10 V. The minimum allowable length
of the waveguide S-shaped sections should be at
least 6 mm. In this case it is possible to neglect the
losses related to the leaking modes in the curved
integrated optical waveguides [21]. The length of
all linear sections between the remaining elements
can be reduced to zero, except for the input and
output linear sections SL that can be 2 mm from
each edge.

Thus, the minimum gate length is 64 mm.
This is obtained as: (3x8 mm)+(6x6 mm)+(2x2
mm)=64 mm. This formula shows that even on
a standard substrate with a diameter of 3 inches can
accommodate 3-4 blanks for the gate.

DISCUSSION

The results presented in this paper confirm
the assumption about the possible practical
implementation of a quantum photon gate based
on the integrated optics. The main specifications of
a quantum device that determine its performance
are optical losses, adjustment accuracy of the
count-down ratio in the individual beam splitters,
and geometric dimensions. A separate publication
will be devoted to the issue of optical losses. In this
paper, it is shown that the adjustment accuracy
of the count-down ratios within the range of
+0.1% - 0.5% almost does not make any parasitic
contribution to the gate operation.

It is found that imperfection of each of the
beam splitters makes various contributions
to the violation of the two-photon interference
conditions. Thus, for example, deviations from the
set parameters in the BS, and BS, beam splitters
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have a minimal impact on the gate operation. Next,
in order of increasing influence, there are the
beam splitters BS, and BS;, and, finally, the beam
splitter BS;. It should also be noted that the required
adjustment accuracy of the reflection/transmission
coefficients of the integrated-type beam splitters is
implementable.

Another important result is the practical
assessment of the gate dimensions. The integrated
optical elements used on a lithium niobate
substrate have a noticeable length. Therefore, from
a practical point of view, it is important to evaluate
the entire longitudinal dimension of the device
in order to determine the substrate dimensions.
We have shown that even the substrates with
a diameter of 3 inches can accommodate several
blanks.
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IMporpamma
«MHKPO3JIEKTPOHHKA H GOTOHHKA»

MockoBckas TexHuueckas kona (MTLL) [lenaptaMenTa MHBECTULMOHHOM 1 NPOMbiLL-
JIeHHON nonuTKI ropoga Mocksbl 06bsIBUAA 0 Co34aHMN Mporpammbl «MUKPO3NeKTpo-
HUKA 1 (OTOHMKAM, KOTOPAs HampaB/leHa Ha MOATOTOBKY CMELMANACTOB B 06nacTu
pa3paboTkv MepefioBblX OTEHECTBEHHbIX MUKPOMPOLLECCOPHLIX TEXHONOTMIA U CUCTEM,
KBAHTOBOW M OMTYECKOM INEKTPOHMKN, A TAIOKe CCTEMHOMO W MpuknagHoro MO ans
BbINYCKA MOCKOBCKMMI MPEAMPUSTUAMI KOHKYPEHTOCMOCOBHBIX HA MUPOBOM YPOBHE
MPOZYKTOB 1 TEXHONOT WA MUKPO3NEKTPOHNKM 1 GOTOHMKM.

MporpaMMa HalienieHa Ha NOBbILLEHMe KBUMOUKALMA CMIELMAINCTOB, 3aHSTbIX
Pa3paboTkoin MUKPO3INEKTPOHMKIA 1 GOTOHIKY, 1 BITKOYAET Takvie KypCbl, Kak: NPOeKT-
POBaHME BbICOKOMPOM3BOAUTENbLHDIX MUKPOMPOLIECCOPOB 11 CPEACTB BLIMMCMTENLHON
TEXHKM, NPOrPaMMHO-anNapaTHbIX KOMMAEKCOB B OTeYecTBeHHOM CATP IMeKTPOHMKY,
ACY TN Ha 6a3e oTeyecTBeHHbIX MIKPOKOHTPOnnepoB RISC-V, paspabotka IP-6mokos,
SDK; 0nepaLvoHHbIX CUCTeM, TUMepKOHBEPTEHTHDLIX CUCTEM W CUCTEM XPaHEHNS JaHHDIX,
OCHOBbI KBAHTOBOM 11 ONTUYECKOI INEKTPOHINKYA 1 PSIEL APYTHX KYPCOB, NO3BOASHOLLIAX NPH-
06pecTi ZONONHUTENbHbIE KOMMETEHLN B 0BACTY MUKPOINEKTPOHMKI U GOTOHMKIA.

https://moscowtechschool.ru/mf

KnroueBble TEXHOJIO'HH
B 06JIaCTH 3alI{HTHI KJIHMaTa
H OKPY>KaIolIeH cpeabl

M0Z TakvM JI03yHrOM CTPOMT CBOIO AEN0BYHO MPOrpaMMy M3BECTHAs B MMpe fladepHas
BbicTaka LASER World of PHOTONICS. Ha MIOHXeHCKOM BbICTaBOHOM MioLazke ¢ 27 no
30 wioHs 2023 roza NPOIAET TPABULIMOHHAS BbICTaBKA. OHA ByaeT COMpOBOXIATLCA BTO-
POiA BCTPeYei Ha nnatdopme kBaHToBbIx TexHonoruid World of QUANT UM 1 Kowrpeccom
World of Photonics (2530 uioHs 2023r).

MNaHMpyeTCA Befylee HaMpaB/eHue BbICTaBKM — pecypcocbeperaioliee Cenbckoe
X039WCTBO. B 37011 06MaCTM CNEKTP BO3MOXHOCTeI (OTOHNKY BApbUPYETCS OT paHHero
0BHApYXEHNS NIECHbIX MOXAPOB A0 NIa3ePHOMO  CMIEKTPOCKOMMYECKON MAEHTADUKA-
LN MET/INOB M MNIACTMACC NPy NepepaboTke OTXOR0B, 10 OMTUYECKOM CBS3U B CETSX
MO6MALHOI CBS31 5G W 3HeprocbeperaloLLyux aucrnees. CUCTEMbI KOHTPONS 1 ZaT4WKK
M03BONSHOT (hepMepam TOYHO ONPEAENSTh, e Ha UX MONSX He BCXOAAT CeMeHa, e 3epHa
YBSAALOT WW PACTYT COPHSIKI, ¥ TOYHO OKYMEHTUPOBATL YPOKANHOCTb MOCEBHDIX M0~
Lazei BO Bpemsi Cbopa ypoxast. 370 MOMOraeT OL{eHITb A03MPOBKY AOPOTOCTOSILLENO Y30~
BpeHwa v LieneHanpaeneHHo 6OpOTLCS C COPHSKAMM.

B TpaauUMOHHOM HAnpaBNeHA — MHOYCTPUAIbHAA (OTOHYKA — PACCMATPUBAIOTCS
MPOAYKTbI €TEXHONOrIA MOAAEPKKYAY: CBETORMOAHOE OCBELLIEHME 1 YOTONEKTPUYECKUE
CUCTEMb, DOTOHHbIE V3MEPEHNS M MPOM3BOACTBEHHbIE MPOLIECCHI, AaT4MKiA LIDAR (Light
Detection and Ranging) 4719 NporHo3vpoBaHks BETPOBOiA 06CTAHOBKY U pa3Be/biBaTe/lb-
HbIX CMIYTHUKOB, XPaHEHVe «3eNIeHOI» 3HEPriv, MPOM3BOACTBO aKKyMyNSTOPOB A8 3nek-
TPOMOBIAEN 1 CTALMOHAPHDIX HAKOMUTENeI M MPOM3BOACTBO BUMONAPHDLIX NAACTUH AR
TONMBHbIX 371EMEHTOB 1 3NEKTPONN3EPOB, NPEOBPA3YHOLLIAX 3eN1EHYH0 SHEPTUIO B BOAOPOA.

TpanuLMOHHO ByayT NpeacTaBNeHbl Na3epHble MHCTPYMEHTbI J1s CBApKY, CBEpe-
HiAS, PE3KY, CTPYKTYPUPOBAHIS 1 YAANIeHIN MaTepuana. B opouTy BHUMAHMS OpraHm3a-
TOPOB BbICTABKY NOMa/1A MPobAeMa 3KCMOHEHLMANLHOTO POCTA NOTPEBAEHIs SHEPruu.
Kak oTpaxeHve 60pbObl 32 CHIOKEHME BbIMUCIMTENLHOM MOLLHOCTI M 06BLEMOB AaHHbIX
YaCTb MAOLLAAOK BLICTABKM BYET OTAIHA HOBEWLLMM MPOLIECCOpaM C TOKOMPOBOASILLMMM
JI0pOXKaMI HAHOMETPOBOTO AnanasoHa u PIC (¢0TOHHbIM NHTErpaIbHLIM oXemam).

https://world-of-photonics.com
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IIporHo3 pasBUTHA pPbIHKa rH6KHX OLED mo 2031 ropa

i g

Komnanus Allied Market Research onybnukosana otyet
n0f} HasBaHuem «PoiHOK rubkix OLED no tuny (AMOLED
1 PMOLED), ux npumeHeHie (CMapThOHbI 1 MaHLLETLI,
TE/NIeBY30pbl, HOYTOYKY 1 MOHUTOpbI, HOCUMbIE YCTPOMCTBA
W ZipyTvie): [MOBbHbIA aHAM3 BO3MOXHOCTEV M oTpacie-
BOY MPOrHO3, 2021-2031 rr.

CormacHo OTYery, mobanibHast WHAYCTPUS  THBKMX
OLED-naHene# oueHvBanach B 4,1 MUAAMApAA AOANApOB
82021 rogy W, 10 OLieHKamM, npuHeceT 1177 MUnapaoB Jof-
Napos k 2031 rogy, 4T CBUAETENLCTBYET O CPEAHErOA0BOM
Temne pocta B 40,4% ¢ 2022 no 2031 rog. B otyere npepcras-
NeH MOAPOOHLIA aHAIN3 MEHSIOLUMXCS PLIHOYHDIX TEHZEH-
LI, OCHOBHbIE CErMeHTDI, LIenoyka Co3aaHust CTOMMOCTH,
PErYOH/IbHbIA NAHALIAAT M KOHKYPEHTHBIN CLieHapUIA.

[paliBepbl, OrpaHu4eHns U BO3MOXKHOCTH. POCT Mupo-
BOrO pbiHKa rubkix OLED BbI3BaH pOCTOM CMpoca Ha
BLITOBYIO NEKTPOHMKY C HU3KMM 3HepronoTpebevem,
BLICTPLIA  TEXHONOTMYECKIA MPOTPeCC B IMEKTPOHHBIX
YCTPOCTBAX W1 YBE/WYEHWe  MCMONb30BaHMS  TMBKWX
OLED-3kpaHoB B pa3H006pa3Ho OLITOBOI NEKTPOHMKE,
BK/IHOYAS TeNIeBU3NOHHDIE AWCTIeN, CMapTOHbI, CMapT-
Yacbl, MNAHLLETLI 1 Apyrie YCTPOACTBA. OfiHAKO BbICOKAY
CTOMMOCTb MPOW3BOACTBA, HM3KAA MPOM3BOANTENLHOCTD

W YCTOMYMBOCT K HU3KVM Temneparypam riubkwx OLED-
MaHenew, BeposTHO, ByZyT NpensTCTBOBATL POCTY MMpO-
BOO PbiHKa. C Apyrov CTOpOHbI, AOCTIXEHMS B 06MaCTU
BTOHOMHLIX M 3MEKTPUYECKIX TPaHCTIOPTHLIX CPeACTB
Y PACTYLLW CIPOC HA CMAPTQOHbI C BOMbLLIVMM ANCTIESMI
W TMOKVMM KOHCTPYKTMBHLIMU OCOBEHHOCTAMM OTKPOIOT
HOBblE BOMOXHOCTW POCTa sl MOBILHOMO PbiHKa r16-
kux OLED B bmKantiLe rofib.

CermeHT AMOLED. B 3aBMCMMOCTM OT TUMA CermeHT
AMOLED cocTagun HavbobLLyto SO0 — NOYTI 2/3 Mipo-
BOr0 pbiHKa rmbkux OLED B 2021 rogy. Oxwugaercs, 4yto
OH OyZeT OMWHMPOBATL B TeyeHue MpOrHO3MpyemMoro
nep1oga. MpOorHo3upyeTcs, YTo B TOM Xe CermeHTe byaet
HaOMOAATLCA Camblid ObICTPbIA  CPEAHErOAOBOI  TeMn
pocta B 41,02% ¢ 2023 no 2031 rog, 370 CBA3aHO C pacTyLLe
NOTPEGHOCTLIO B 6071 BLICOKMX ITRNIOHHBIX CKOPOCTAX 1S
JHLLMX Y08 0630pa 11 60ee MAaBHOrO B3aUMOJENCTBIS.
Kpowme Toro, TexHonorus AMOLED MOXeT 6biTb ierko uHTe-
TPUPOBaHA B AuUCIAeN N1t060r0 pasmepa, 4to obneryaet
MPUMEHEHWe TUOKVX OpraH4eckux CBETOAMOMOB B pa3-
HbIX YCTPOICTBAX: CMAPT(OHAX, TENEBU30PaX, MOHUTOpaX
1 HOCUMbIX YCTPOICTBAX. bonee Toro, 6narosaps coum
VHUKabHLIM CBOWCTBaM — CBEPXTMOKOCTL 1 YAApompoY-
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MecTo npoBeaeHus:
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BbICTABOYHAA KOMNAHUA
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HOCTb — TexHonorvg AMOLED LuMpoKo vcnonb3yetcs B npo-
MbILLTIEHHBIX PUSIOXEHMSX. [03TOMY OXIAETCS, YTO OHY
ByzyT CTUIMYNMPOBATbL POCT OXOAOB B 3TOM CErMeHTe.

CerMeHT CMapTQOHOB M MIAHWETOB 3AHAMAN Hau-
B0nbLLYHO SO0 GONee Yem OSHOW TPETY MIUPOBOIO PbiHKA
rubkux OLED B 2021 rogy. OXWAaetcs, 4to B TeueHue
MPOrHO31PYEMOro Mepuoaa OH COXPAHUT 3HAYUTENbHYIO
BbIPYUKY. 3TO CBS3aHO C PaCcTyLMM PacnpocTpaHeHuem
rubkoro OLED-aucnnest B 3kpaHax MOBUNbHDIX TeNehoHoB
W TAHIIETOB. JIOCTVXKEHME BbICOKOTO CPeMHErofioBoro
Temna pocra B 41,35% B 2031 rogy oxupaetcs bnarogaps
MPEMMYLLECTBY TaKIIX AVCTNEeB: MPEBOCXOAHOMY Ka4ecTBy
U306pKEHNS 1 (BEPXBLICOKOMY KOS(MLIMEHTY KOHTPaCT-
HOCTY; 60nee LIMPOKOMY AViana3oHy LIBETOB; boriee BbiCo-
KOl YacToTe OBHOBNEHNS; LUIMPOKIM yrnam 0630pa; ya06-
CTBY MCNO/b30BaHIS NO CPABHEHMIO C 3KPaHaMI HA OCHOBE
crexna. CerMeHT HoyTOYKOB 11 MOHMTOPOB TOXE OXWAAET
POCT. 3TO CBS3aHO C NOTPEBHOCTLIO B MOPTATUBHLIX 1 /1er-
KVX YCTPOICTBAX, B KOTOPLIX MCONb3ytoTes rubkme OLED-
AVCTAIeN NS YyHLLIEHNS Ka4YeCTBA M306paXeHIs Mo Cpas-
HEHIIO C TPaaMLWOHHbIMK KK-gucnneamu, a Taioke bonee
LIMpOKVe yIbl 0630pa, bonee ipkvte LiseTa.

[lo mamepuanam https://www.novuslight.com

MEXAYHAPOAHASA CMELIUAJINSUPOBAHHASA BbICTABKA

METANII00bPABOTKA
© MAHHOCREETE

MOPOLLIKOBAS METATYPTUS
) 3AULITA OT KOPPO3YIA IOKPBITH

CBAPKA M PE3KA
TUTMETIKCTIO

PHoOTONICs vOL. 17 NeT 2023 71



