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B AaHHOM 0630pe paccmMaTpuBaloTCs
pasnnyHble cnocobbl co3gaHns 0AHOPOTOHHbBIX
ucTtouHnkos (MO®). PaHee B NepBoit YacTH
o0630pa (Photonics Russia. 2024; 18(5): 376—-396)
o6cyxxpgannucb Tpe60BaHMA K 0AHOPOTOHHbIM
MCTOYHMKAM U KPUTEPUM UX XapaKTepusauum,
OMUCLIBAJINCb UCTOYHUKU OJUHOYHbIX GOTOHOB
HA OCHOBE OAMHO4YHbIX MIOHOB U HA OCHOBE
OAMHOYHbIX aTOMOB. Bo BTOpO# YacTu 0630pa
(Photonics Russia. 2024; 18(8): 610-620) 6bin
paccMmoTpeHbl MO®P Ha KBaHTOBbIX TOYKaX U Ha
LLeHTpax OKpacku B Kpuctannax. B TpeTbeit
yactu (Photonics Russia. 2025; 19(1): 28-38)
paccMoTpeHbl 0AHOPOTOHHbIE UCTOYHUKM HA
yrnepoaHbIX HAHOTpy6Kax U pepekTax B HUX
(uHXeHepus aedekToB B HAHOTPY6KaAX), HA
HAHOKPUCTa/IaX U CJIOUCTbIX HAHOKPUCTaNIaxX.
B 3aK/110MUTENIbLHOM YAaCTU PaCcCMOTPEHbI
0AHOPOTOHHbIE UCTOYHMKM HA KOJI/TIEKTUBHbBIX
COCTOSHMAX B aHCaMbJ1eBbIX CUCTEMAX, HA
OAMHOYHbIX MOJIEKY/IAX U MOHAX MEeTA/JIOB

B NOJIMMEPHOM MaTpuLe, a Tak)Xe UCTOYHMKM Ha
HeJINHEeMHbIX KpUcTannax.

Kntouesble cnoBa: aHcaMb/1eBble CUCTEMDI,
aHCaMb/1eBble UCTOYHUKN, OAUHOUYHbIE MOEKY/IbI,
4eTbIpEXBO/IHOBOE CMeLlieHMe

CTaTbg nonyyeHa: 01.08.2024
CraTtbs npuHATa:16.08.2024

AHCAMBJIEBbIE CUCTEMDbI

D/IeKTPOMarHUTHEIE JIOBYUIIKM IIO3BOJISIOT yAep-
SKUBaTh M HCCIeN0BaTh KaK OJMHOYHBIE YACTHIIBI,
TaK U IPYIIIBI YacTUIL - aHCAaMbiu aToMoB [167-169].
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This review discusses various development
methods for the single-photon

sources (SPS).Earlier, the first part of the review
(Photonics Russia. 2024:; 18(5): 376-396) has
discussed the requirements for single-photon
sources and their characteristic criteria, and
described the single-photon sources based on

the single ions and single atoms. The second

part of the review (Photonics Russia. 2024; 18(8):
610-620) has considered the SPSs based on the
quantum dots and on the color centers in crystals.
The third part (Photonics Russia. 2025; 19(1):
28-38) has considered the single-photon sources
based on the carbon nanotubes and defects in
them (defect engineering in nanotubes), on the
nanocrystals and layered nanocrystals. The final
section examines the single-photon sources on
the collective states in the ensemble systems, on
the single molecules and metal ions in a polymer
matrix, as well as the sources on nonlinear crystals.
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ENSEMBLE SYSTEMS

The electromagnetic traps allow both single particles
and groups of particles, i.e., atom ensembles, to be
held and studied [167-169]. The single-photon sources
“on demand” have been developed that use collective
excitations in the atom ensembles [170-173]. The atom
ensembles can theoretically (174, 175] enhance a single
photon state due to the superradiance phenomenon,
i.e., coherent collective radiation due to the correla-
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Bsutn co3maHbl OLHOQOTOHHBIE HCTOYHUKU IIO Tpe-
60BaHHIO, KOTOPbIe HCIIOAB3YIOT KO/IEKTUBHBIE BO3-
by>kaeHHs B aHCambisix aTomoB [170-173]. AHcambiu
aTOMOB TeopeTHvecku (174, 175] MOryT yCHIHBAaTh
ONHUHOYHOe COCTOsiHHe (oToHa Onaromapsi siBie-
HHUIO CBEePXM3JyYeHUs - KOIepPeHTHOIO KOJJIeK-
TUBHOTO H3JIy4eHMs HM3-32 Ha/JIHUYUS KOPPeIsLUU
Mexay asaMH U aMIIIUTyJaMK aTOMOB B aHCaMbJ1e.
AToMBl B aHcaMbse 06pa3yloT KO/JIEKTMBHOe Kore-
PEeHTHOe CoCcTOosiHMe (T. H. COCTOSIHHe JIMKKe, IIOApob-
Hee [176-179]), u H3/1y4alOT KOrepeHTHOe H3/Iy4eHHe
KaK OOUH 60JIBLIOHN OJUIIONb.

AToMBl B aHcamble HMeIOT 3HepreTHuYecKkue
YPOBHHU, COCTOSIIIHE U3 IBYX MeTAaCcTabK/IbHBIX OCHOB-
HBIX COCTOSIHHH |g) U [u) U omHOro BO36YKIEHHOrO
COCTOSIHU S |e), (Puc. 15). Bce aToMbl cHayalla IIOM-
BEPraloTCsl ONTHYeCKOM HaKauke /0 COCTOSHHUS [u).
3aTeM C1abbIil 3aMMCBIBAIOIIUI HMIIYIbC, KOTOPBIM
COOTBETCTBYeT IIepexofy [u)->|e), BEepOSITHOCTHO CO3-
I0AéT eflnHOEe KOJJIeKTUBHOe BO3Oy>KIeHHe, BBI3BI-
Basi M3/y4deHHe CHUTHAJIbHOrO QOTOHA Ha Iepexofie
le)>|g) ¢ MamoN BepoSITHOCTBIO. PerucTpamnus eIuH-
CTBEHHOT'O CUTHAJIPHOTO GOTOHA CBHUIETEIBCTBYET 06
yCIIeTHOM BO30Y>KAE€HMH. «3aIlHChIBAIONIUI» J1a3ep-
HBIF UMIIYJIBC [ie/1aeTcsl CIabbIM, YTOOBl yMEHBIIUTh
BEPOSITHOCTb Co3faHUs bolee yueM OLHOTO GOTOHHO-
ATOMHO-CIIMHOBOTO BO30Y>KAeHHsI. 3aTeM CH/IbHBIH
HMMIIYy/IbC CUMTBIBAaHMUSI JeTePMHUHHPOBAHO BO3Bpa-
IaeT OAMHOYHOe BO3OykKmeHHe B HCXOFHOE COCTO-
siHUe, TeHepupys POBHO OJUH GOTOH Ha Iepexoe
&) u).

[ yBelU4YeHHUS BpeMeHU
U TIOBBIIIEHHS 3PPeKTHUBHOCTHU
M3J1y4eHHUs] aHCcaMObis OAMHOY-
HBIX aTOMOB  HCIIOJB3YIOTCA

KOTepeHTHOCTH
OOHOPOTOHHOTO

tion between the atom phases and amplitudes in the
ensemble. The atoms in the ensemble obtain a collective
coherent state (the so-called Dicke state, for more details
please read [176-179]) and emit coherent radiation as
united large dipole.

The atoms in the ensemble have the energy levels con-
sisting of two metastable ground states |g) and |u) and
one excited state |e) (Fig. 15). All atoms are first optically
pumped to the state |u). Then a weak writing pulse that
corresponds to the transition [u)-|e), probabilistically
develops a single collective excitation, thus causing the
signal photon emission at the transition |e)-|g) with
a low probability. The registration of a single signal pho-
ton indicates successful excitation. The “writing” laser
pulse is made weak to reduce the probability of exiting
of more than one photon-atom-spin excitation. Then
a strong read-out pulse deterministically returns the
single excitation to its original state, while generating
exactly one photon at the |e) - |u) transition.

To increase the coherence time and improve the
efficiency of single-photon emission of an ensemble of
single atoms, the dipole traps or optical lattices are used.
Moreover, it is necessary to comply with the momentum
conservation law for the writing pulse, the read-out
pulse, and the emitted photon.

The main efforts in the field of studying quantum
ensembles are related to the hope of developing quan-
tum memory [180-184] and quantum repeaters [185-187].
At present, the experimentally demonstrated coherence
time of spin waves in the atom ensembles Cs and RbD is
several milliseconds [180-182].

It is interesting that a wide variety of quantum
objects can unite into an ensemble, demonstrate coher-

OHUIIOJIBHBIE JIOBYIIKH HJIN OIITHU-
Yyeckre pemeTku. Takke Heo6-
XOOHUMO YIOBJIeTBOPHUTbL 3aKOHY
COXPaHeHUSI UMIIYJIbCA JISL 3aIlU-
CBIBAIOIETO KMMIIY/IbCa, CYUTHIBA-
IOIero MMIIYJIbCa U HU3/1y4aeMOoro
¢poToHa.

OCHOBHBle yCHIMSI B 06/1aCTH

a)

H3y4deHHsI KBAHTOBBIX aHcambie o

. ) Heralding
CBsI3aHBI C HadeXOOH Ha CO031da photon //

HUe KBAaHTOBOM HaMsTu [180-
184] M KBaHTOBBIX IIOBTOpHUTE- )
new [185-187]. B HacTosiIee Bpems b)
3KCIIEPUMEHTAIBHO IIPOJEMOH-
CTPUPOBAHHOe BpeMsl KOTepeHT-
HOCTHU CIIMHOBBIX BOJIH aTOMHBIX
aHcambnent Cs u Rb B HeCKoJIbKO
MUJITHCEKYH], [180-182].
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Puc. 23. AHcambnesas cxema 00HOPOMOHHO20 U3Ay4amens
Fig. 23. Ensemble diagram of a single-photon emitter
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HHTepecHO, 4dYTO 00pa30oBEIBaTh aHCaMbIb
M IeMOHCTPHUPOBATh KOIepeHTHbIe 3GPeKTH U IIpo-
H3BOAUTH OAHOPOTOHHOE H3NIyUeHHe MOTLYT CaMble
pasIuuYHBle KBAaHTOBble 00BeKTHI. Hampumep, yke
6BIIM 3KCIEPUMEHTATBHO [IPOLEeMOHCTPHUPOBAHBI
KBAaHTOBble AHCAaMOJIM IIOYIIPOBOSHHUKOBBIX KBaH-
TOBBIX Touek [188], HaHOKpHCTA/JIOB anMasa [189,
190], u HaHOKpUCTa/UIOB TUHa core/shell/shell [191].
Takke O0KasajoCh, YTO B KBAaHTOBBIK aHCamb6ib
MOIYT 00BeqUHSThCS KBAHTOBBIE OOBEKTHI C PAcCTO-
SSHUeM MeXIy HUMH CyIleCTBeHHO 0ojibllle AJIMHBI
BOJIHBI [179, 192]. OTHOCUTE/IIbHO HeJaBHO ObLI 3KCIIe-
PUMEHTAIBHO IIPOJEMOHCTPUPOBAH aHCaMO6Ib ofu-
HOYHBIX aTOMOB B BOJTHOBOJIE C PACCTOSIHHEM MEXIY
HHMH 00JIbIIle JJIMHBL BOJHEI [193].

OANHOYHDbIE MOJTEKY/J1bI.

OueHb OTHAJIEHHBIM aHaJ/IOrOM aHCcaMOJIeBBIX CUCTEM
MOTYT BBICTYIIaTh OJMHOYHBbIE MOJIEKY/IBl. [ ONHO-
GOTOHHBIX H3/Iy4yaTelel HCIIONB3YIOTCS [JOBOJIBHO
C/IO’KHBle OpraHHWYecKHe MOJIEKYJIbl, COCTOSINHE U3
IleCSITKOB aTOMOB, HaIlpuMep, Xpomodopcomepska-
Iue noauMepsl. YTobbl IPOBECTHU aHAIOTHIO, JOCTA-
TOYHO BOOOPa3HUTh, YTO ATOMBI, U3 KOTOPBIX COCTOUT
Takasi MOJIEKYJId, COCTABISIOT aHCAMOIb KBAaHTOBBIX
YacTHL, B KOTOPOM H/JIHM4YecTBYIOT HeobXooKMble
KOJIZIEKTUBHBIE BO30yskKIeHMsI, KOTOpble MOLYT IIpH-
BOOHUTH K SMHCCHM OOMHOYHBIX GOTOHOB. AHAIOTHY-
HBIM 06pa3oM, B MoJIeKy/Iax AJIs peasIM3aluy oqHodo-
TOHHOM SMHCCUH HCII0NIb3YeTCs IBA MeTACTAOIBHBIX
YPOBHS 1 OfHO BO30Y>KIeHHOe COCTOSIHHe.

OnHOOOTOHHOIO peKHMa H3IyUYeHHS YIAIoCh
OOOUTBCS A LIeJIOr0 Psfia CaMbIX Pa3HBIX Mojie-
Ky [194]. Comcok OpraHMYeCKUX OSHUHOYHBIX MoJIe-
KyJI, Ha KOTOPBIX Y>Ke IIPOJleMOHCTPUPOBAHO 0AHOMO-
TOHHOe u3nydeHHe (puc. 24): Anthracene, Pentacene,
Perrylene, Terrylene, 7.8,15.16-dibenzoterrylene
(DBT), Tetra-tert-butylterrylene (TBT), r-Terphenil,
2.3,8.9-dibenzanthanthrene (DBATT), Terrylenediimide
(TDI), ZnPc, Rhodamine 6G (R6G), Oxazine 720,
B-phycoerythrin (B-PE), DiIC18(3).

OnHOOOTOHHAS 3MUCCHUS ONUHOUYHBIX MOJIEKYII
IIMPOKO H3y4dajach MHOIMMHU IPYIIaMH B TBEPABIX
U SKUAKUX cpefax [195-198]. B Tom uucie ObLyIa IKCIIe-
PHIMEHTAJIBHO IIPOIeMOHCTPHPOBaHa paborta onHOdO-
TOHHOTI'0 UCTOYHHKA Ha OJHOMOJIEKYJISIPHOH CHCTeMe
IIpY KOMHATHOH TeMIlepatype [199, 200], a Taike
IIpU 3/1eKTPHUYecKol HaKkauke [201].

ITOT moaxof, TpedbyeT HalbHEHIIEero COBepIlIeHCTBO-
BaHUS IS HCIIOJIb30BAaHUS B IIPAKTHUYECKHUX IIPHUIIO-
>KeHUsIX. [IoMOInp MOXKeT MPHUHTHU C HeOKHUIAHHOM
CTOPOHBI: B OMOXMMHHU U B OHOPH3HUKe pa3BHBAETCS
M HaxoOUT Bcé Oojee IIMPOKOe MPUMEHEHHE TeXHO-
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ent effects and produce single-photon radiation. For
example, the quantum ensembles of semiconductor
quantum dots [188], diamond nanocrystals [189, 190],
and core/shell/shell nanocrystals [191] have already been
experimentally proven. It has also turned out that the
quantum objects with a distance between them sig-
nificantly greater than the wavelength can be com-
bined into the quantum ensemble [179, 192]. Relatively
recently, an ensemble of single atoms in the waveguide
with a distance greater than the wavelength has been
experimentally demonstrated [193].

SINGLE MOLECULES

A very fleeting analogue of ensemble systems can be the
single molecules. For the single-photon emitters, rather
comprehensive organic molecules consisting of tens of
atoms are used, for example, chromophore-containing
polymers. To draw the analogy, it is enough to imagine
that the atoms that make up such a molecule formed an
ensemble of quantum particles, in which the necessary
collective excitations are available that can lead to the
emission of single photons. Similarly, in the molecules,
two metastable levels and one excited state are used to
implement the single-photon emission.

The single-photon emission mode has been achieved
for a number of very different molecules [194].

The partial list of organic single molecules that
have already demonstrated single-photon emission
(Fig. 24)is as follows: Anthracene, Pentacene, Perrylene,
Terrylene, 7.8,15.16-dibenzoterrylene (DBT), Tetra-
tert-butylterrylene (TBT), r-Terphenil, 2.3,8.9-dibenz-
anthanthrene (DBATT), Terrylenediimide (TDI), ZnPc,
Rhodamine 6G (R6C), Oxazine 720, B-phycoerythrin
(B-PE), DiIC18(3).

The single-photon emission of single molecules has
been widely studied by many groups in the solid and
liquid media [195-198]. In particular, the operation of
a single-photon source in a single-molecular system
at the room temperature [199, 200] as well as under
the electrical pumping [201] has been experimentally
demonstrated.

This approach requires further improvement for
practical applications. The assistance can be provided
rather unexpectedly: the “optical tweezers” technol-
ogy is developing and finding ever wider application in
biochemistry and biophysics that allows for the capture,
movement and retention of individual molecules for
a long period of time. The “optical tweezers” devices for
biochemical research are being developed with ever new
original technical solutions that leads to their wider
distribution and better process efficiency. The optical
tweezers are already applied in the cold atom quantum
computers to ensure their controlled interaction. Maybe,
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JIOTHSL «OITHYEeCKOTO IIHMHIIeTa», KOTOpas I103BOJISIET
3aXBaThIBaTh, [IepeMelIlaTh U yAep>KHUBATh IIPOLOIKH-
TeJIbHOEe BPeMs OT/e/bHBIe MOJIEKYJbl. YCTpPOMCTBA-
»OIITHYEeCKHe IITHMHIEeThbI» OJId OMOXHMMHYECKHUX
HCCIeOBAaHUN II0JyYalOT BCE HOBble OPUIHHAJIb-
Hble TeXHHYeCKHe pelleHMs, YTO IIPUBOAUT K 6oitee
IIMPOKOMY HX PACIIPOCTPAHEHHIO U K JIYYIIeH Tex-
HOJIOTUYHOCTH. ONTHYeCKHe IMHHLETHl Y>Ke HCIIO0Nb-
3yIOTCS B KBAHTOBBIX BBIYHCIHTEISIX Ha XOTOZHBIX
aToMax, 4Tobbl 06ecreunTh HX KOHTPOJIHPYeMoe B3a-
MMOJIeICTBHe. Bo3MOXHO, B OnrkanieM Oyaymiem
MBI YBUAKMM ITPOMBINIJIEHHBIE O,ZLHO(l)OTOHHbIe HCTOY-
HUKH Ha OCHOBe OJMHOYHOHN MOJIEKY/bI, yIOepsKU-
BaeMOH B «OITHYeCKOM ITHHILIeTe» IIPH KOMHATHOH
TemIepatype. Takke O4YeHb TEXHOJIOTHYECKH IIpH-
BJIeKaTe/IbHA HJiesl ITOTyYeHHUs] OMHOPOTOHHBIX H3ITy-
YaTeneld 3MeKTPOXUMHUYECKHUMH MeTOJAMH B BHJE
pacTBOpa M CyCIIeH3HUH.

MOHbI METANJTIOB

B MOJIMMEPHOWN MATPULLE

Ompene/leHHBIH HWHTepeC B KaudeCcTBe MCTOYHHKA
ONUHOYHBIX QOTOHOB IIPEACTABISIIOT IOJTKMEPHBIE

in the near future we will apply the industrial single-
photon sources based on a single molecule held in the

“optical tweezers” at room temperature. The concept of

obtaining single-photon emitters by any electrochemi-
cal methods in the form of a solution or suspension is
also rather interesting from a technological point of
view.

METAL IONS IN THE POLYMER MATRIX

The polymer macromolecules containing a metallic ion
with the required energy level structure is of particular
interest as a source of single photons. Due to their inter-
nal structure, such molecules are capable of self-orga-
nizing into the low-dimensional (one-dimensional or
two-dimensional) structures where the emitting atoms
are located in strictly determined positions and in pre-
cisely determined quantities [202]. These structures can
be placed on the surface of silicon (and other) chips with
the preexisting electrical wiring or an optical system
(such as photonic integrated circuits or microlenses). In
addition, the application of an active polymer layer with
atomic radiation sources can be one of the final micro-
electronic operations.

7.8,15.16-dibenzoterrylene (DBT)

Terrylene

Pentacene

p-Terphenyl

ecules emitting the single photons [194]

Tetra-tert-butylterrylene (TBT)

2.3,8.9-dibenzanthanthrene (DBATT)

Puc. 24. Xumuueckue cmpykmypbl Haubonee 8aXKHbIX MOAEKYA 8 KBAHMOBbIX MexHoAo2usIX. MoAnekyAsipHble CMpyKmypbl
0OUHOYHBIX MOAEKYA, U3AYHaoUiUX 00UHOYHbIE POMOHBI PAyopecueHUUL, NPOdeMOHCMPUPOBAHHbIe 8 Aumepamype [194]
Fig. 24. Chemical structures of the most important molecules in the quantum technologies. Molecular structures of single mol-
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MaKpOMOJIEKYJIBI, B COCTaB KOTOPBIX BXOLUT MeTaJl-
JIMYEeCKUI HOH C TpebyeMOM CTPYKTYPOH 3HEepreTH-
4YeCKUX YpoBHeH. TaKHe MOJIeKY/Ibl B CHJYy CBOEro
BHYTPEHHEr0 YCTPOMCTBA CIIOCOOHBI CaMOOPTaHH-
30BBIBAThCSl B HHM3KOpa3MepHble (OLHOMepPHBIe KU
IByMepHBIe) CTPYKTypbl, B KOTOPBIX H3/Iy4alolllne
aTOMBI PaCIIONaraloTCsd Ha CTPOTO OIpefeleHHEBIX
[MO3ULMAX KM B TOYHO OIpelJe/leHHOM KoOJHYe-
cTBe [202]. ITH CTPYKTyphl MOTYT pa3sMellaThCsl Ha
[IOBEPXHOCTH KPeMHHEBBIX (M APYTHUX) UMUIIOB C 3apa-
Hee IIOABeJEeHHOU 3JeKTPHUYeCKON Pa3BOAKOH HIIH
OIITHUYeCKOM CUCTeMOM (THUIa POTOHHBIX MHTErpasb-
HBIX CXeM HJIM MHKPOJIMH3), IIPU 3TOM HaHeceHHe
aKTHBHOIO II0JIMMEPHOIO CJ108 C aTOMHBIMH HCTOY-
HUKaMHU HU3Ty4eHHs MOKeT ObITh OTHOH H3 3aK/II0-
YHUTeNbHBIX MUKPO3JIEKTPOHHBIX OIlepaLlku.

[lepcIeKTUBHBIMH MaTepHA/IAMH SBJSIOTCS OLH-
HOYHBbIe MOJIEKY/Jbl QTAOLHMAHHHOB U JBYMEepHEIe
[IOJIMMepPHbIe CTPYKTYPhl Ha UX OCHOBe: II0JIU(Tas0-
nuanuHsl (IIOL, PPC - polyphthalocyanine). Mone-
KyJa OKTalHaHOPTAJOLHAHKIA MMeeT YeThIpeXyy-
YeByI0 CHUMMETPHIO U COHNEPKHUT B LieHTpe aToOM
MeTaJl/Ia, IPUYEM 3TO MOTYT OBITH ATOMBI CaMBIX
PasHBIX MeTajIoB. [IpyM MoIHMMepH3aLlUHd TaKHe
MOJIEKYJIBl MOTYT 06Pa30BBIBATh THHEIHBIE LIeIIOYKH
WK IIJIOCKUM MOHOATOMHBIM CJIO0H, HaIlOMHHAlO-
UK y30p4yaTelil rpadeH, HO B OT/IMYHe OT Ipa-
¢ena, IIQI] ©MeIOT He reKCaroHaabHYIO, a YeThIpex-
Jy4eBYIO CHMMMETPHIO. B 3TOM MOHOC/IO€ IIJIOCKOIO
rpadeHononobHOro IOIMMepa aTOMBl MeTalIa
BCTPOEHBHI B IBYMEPHYI0 KPHUCTAIMYECKYIO PelIeTKY
B PeryJIsipHOM KB PaTHOM IIOPSIKe HAa PACCTOSHUHU
~1 HM aApyr oT gapyra (puc. 17). MHAMBHUAYaIbHOE
Bo30yXKeHHe TaKuX, 0Opa3sHO BBIpa)kasdch, «aTo-
MOB MeTaJlJIa, 3aXBaYeHHBIX B IIOIMMePHBIX JIOBYII-
Kax», MOXeT IPHUBECTH K ONHOPOTOHHOMY H3Jyde-
HUIO. KpoMe Toro, nmonudTaaoLMaHUHEL 00/1aaio0T
[IOJIyIIPOBOGHUKOBBIMU CBOMCTBAMH, K 3TO O4YeHb
[I0JIe3HO [JISl CO3[JaHHs 3JIeKTPUYeCKH yIIpaBiise-
MBIX UCTOYHHKOB.

Yke NIpoOeMOHCTPHUPOBAHBI OLHOQOTOHHBIE
HCTOYHHUKH Ha OJHWHOYHBIX MOJIeKyJax QTanolua-
HUHOB, JIeTHPOBAHHBIX Pa3IM4YHBIMH MeTaJUIaMH,
B TOM YMCJIe 3JIeKTPUUecKH yIpaBiasieMble [203-204],
a B pabore [205] npoLeMOHCTPHUPOBAHO OLHODOTOH-
HOe M3/IydyeHHe JTUHEeHHBIX MONHPTAJIOLNHAHUHOB ~
JUHeNHBIX aHcamMbaell (TaJOLHMAHMHOBEIX MoJie-
KYJ, JIETUPOBAHHBIX aTOMaMH LIUHKA.

OueHb MepPCIeKTUBHBIM SIBJISIeTCA CHHTe3 IONuG-
TaJOLMAaHHUHOB C 3pbueM, a Takke CHHTe3 IOTHP-
TaJIOLIMAaHHMHOB C KOMIIZIEKCaMU 3pbus, T.K. 3pbun
[103BO/IsIeT MONY4YUTh M31ydeHHe BOIM3K 1550 HM.
JioMuHecLeHIIUSI BOnu3u 1550 HM y>Ke IPOJEeMOH-
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Single molecules of phthalocyanines and two-dimen-
sional polymer structures based on them (such as PPc -
polyphthalocyanines) are promising materials. The
octacyanophthalocyanide molecule has four-beam sym-
metry and contains a metal atom in the center, while
these can be atoms of various metals. During polymer-
ization, such molecules can generate linear chains or
a flat monoatomic layer similar to the patterned gra-
phene. However, unlike graphene, the PPcs have four-
beam symmetry, rather than hexagonal one. In this
monolayer of a flat graphene-like polymer, the metal
atoms are embedded in a two-dimensional crystal lat-
tice in a regular square order at a distance of ~1 nm from
each other (Fig. 17). Individual excitation of such “metal
atoms captured in the polymer traps” can lead to the
single-photon emission. In addition, the polyphthalo-
cyanines have semiconductor properties that is very use-
ful for developing the electrically controlled sources.

The single-photon sources on single phthalocyanine
molecules doped with various metals have already been
shown, including electrically controlled ones [203-204].
In paper [205], the single-photon emission of linear
polyphthalocyanines (linear ensembles of phthalo-
cyanine molecules doped with zinc atoms) has been
demonstrated.

The synthesis of polyphthalocyanines with erbium,
as well as the synthesis of polyphthalocyanines with
erbium complexes, is very promising, since erbium
allows one to obtain radiation of about 1550 nm. The
luminescence near 1550 nm has already been demon-
strated using the monophthalocyanine molecules with
erbium complexes [206, 207], including at room tem-
perature [208].

Moreover, the polymer matrix can be applied only
for the delivery of an optically active ion or atom to
a certain point of the microchip or optical system at
the production stage, using the self-organization capa-
bilities of the polymer molecules. Subsequently, the
organic matrix can be removed chemically, optically or
thermally (burned in, burned out, evaporated, dissolved,
etc.), thus being a kind of analogue of the so-called
“sacrificial layer” that is widely used in microelectronic
technologies.

SINGLE-PHOTON SOURCES ON THE
NONLINEAR CRYSTALS. SPONTANEOUS
PARAMETRIC SCATTERING
Spontaneous parametric scattering (SPDC) is a nonlin-
ear optical process in the nonlinear media as a result of
which a pumping photon is split into a pair of correlated
photons of lower energy [209, 210].

When an intense laser beam passes through the
highly nonlinear material, the photons interact with
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CTPHUPOBaHa IIPU IIOMOIIYU MOJIEKY/I MOHOPTAIOLI KA~
HHHAa C KOMIIJIeKCaMH 3p61/1;1 [206, 207], B TOM UHCIe
IIpK KOMHATHOM TeMIlepaType [208].

Takoke moauMepHass MaTpHUIlAa MOXKET HCIIOIb30-
BAaTbCS TOJIBKO [l OOCTABKHM OIITHUYECKH aKTUB-
HOTO HMOHA MHJIM aTOMa B OIpeNeJéHHYI0 TOYKY
MHUKPOUYMIIA MM OITHYECKOM CHCTeMBl Ha 3Talle
M3TOTOBJIEHHS, C HCIIOJb30BaHHEM BO3MOKHOCTEH
CaMOOpraHM3allMK MOJIeKY/ IIOJIMMepa. A 3aTeM
OpraHHdYecKass MaTpHIla MOeT OBITH ymaneHa
XUMHYECKHUM, OINTHYECKHMM HJIH TeMIIepaTypHBIM
criocoboM (BSKHTAThCsI, BBIKUTATBHCS, HCHIAPATHCA,
PacTBOPSITECS, W T.[I.), SIBISIACH TaKUM obpaszom,
HEeKOTOPBIM aHaJIOTOM T.H. «KePTBEHHOILO CJIOs»,
IIHPOKO IPHUMEHSeMOI0 B MHKPO3JTeKTPOHHBIX
TEeXHOJIOTHSX.

i g
11T

the crystal lattice with nonlinear polarization. Most
photons pass through the crystal in an unchanged
condition, but some photons are split into the pairs of
photons with lower energies (a signal photon and an
idler photon) as a result of interaction with the medium.
During the SPDC process, the energy and momentum
conversation laws are executed: the total energy and
momentum of the resulting photons are equal to the
energy and momentum of the pumping photons. The
SPDC process efficiency is usually low. Therefore, on
practical grounds, it can be considered that the photon
splitting processes occur strictly one at a time.

The spontaneous parametric scattering of light can be
interpreted as a scattering process on quantum fluctua-
tions of the electromagnetic field or a photon scattering
process on zero (vacuum) states relevant to the signal

auelika ebldeneHa NYHKMUpPHbIM K8adpamom [202]

square [202]

Puc. 25. Xumuueckas cmpykmypa ﬂO/qu)ma/IOL{U(JHUHOB. Amombl Memanno8 NOKA3aHbl KPACHbIM U,8emom, 3AeMeHmapHas

Fig. 25. Chemical structure of polyphthalocyanines. Metal atoms are shown in red, the unit cell is highlighted by a dotted
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OAHO®OTOHHbIE NCTOYHUKUN

HA HENTMHENHbIX KPUCTAJIJIAX.
CNMOHTAHHOE NMAPAMETPUYECKOE
PACCEAHUE

CroHTaHHOe IapaMeTpHueckoe paccesHue (SPDC) -
3TO HeJWHEeMHBIN OITHUYeCKHUH IIpollecC HelHHeM-
HBIX Cpeflax, B pe3y/JbTaTe KOTOPOro GOTOH HaKadKH
pacieruisieTcsl Ha apy KOPpelXpPOBaHHBIX POTOHOB
C MeHblIlel 5Hepruen (209, 210].

Korza MHTeHCHUBHBIM JIa3ePHBIM MTY4Y0K IIPOXOLUT
Jepe3 MaTepHal C BBICOKOM HeJIHMHEMHOCTBIO, IIPO-
HCXOOUT B3aHMOZeHCTBHe (GOTOHOB C KPHUCTAJIH-
YecKOM pelleTKOM C HeJHMHEMHOM IosSpH3aliueH.
BONBIIMHCTBO QOTOHOB IPOXOASAT Yepe3 KPHUCTAJII
B HEM3MeHHOM BH[e, HO 4acTb POTOHOB B pe3ysb-
TaTe B3aWMOAEMHCTBUS CO CpefoM pacliensiercs
Ha Iapsl OTOHOB C MEHBIIMMH SHEpPrusMu (CUT-
HaIBHBIN QOTOH U HIyIepHBIN PoTOH). B mporiecce
CIIP BBIIIOIHSIOTCS 3aKOHBI COXpPaHeHHUS SHEpPruu
M UMIIy/IbCa: CyMMapHBIe SHeprusi U MMIIY/IbC IOy~
YHUBIIMXCS GOTOHOB PAaBHEI SHEPIrHH KU HMIIYJIbCY
$oTOHOB HaKaykU. IPoeKTUBHOCThL mpouecca CIIP
0BBIYHO Maja, IIO3TOMY C IIPAKTHYECKON TOUKH 3pe-
HUS MOXHO CUMTAaTh, UYTO IIPOLIECCHl pacliell/IeHHs
doToHa POUCXOASAT CTPOTO 10 OLHOMY.

CIOHTaHHOe IIapaMeTpHU4YecKoe paccesiHHe
CBeTa MOXKHO TPaKTOBaTh KaK IIPOLIeCC pacCesHHS
Ha KBAaHTOBBIX QIYKTyallUsX 3JIeKTPOMAarHHTHOIO
Ionsd MAM Ipolecc paccessHHs (GOTOHA Ha HyJe-
BbIX (BaKYyMHBIX) COCTOSIHHUSIX, COOTBETCTBYIOLIHX
CUTHAJIBHOMY U HIjIepHOMY doToHaMm. Poilb cpersl
COCTOMT B IlepeMellMBAaHHUM Pa3HOYACTOTHBIX MO[,
3JIeKTPOMAarHMTHOTO IIOJISI 3a CYeT HeJIHMHeHHOMU
BOCIIPUMMYHBOCTH.

Cxema mpornecca CIIP mokasaHa Ha puc. 26. Ha
HeJIMHEeMHBIM KPUCTANA [aJaeT GOTOH HaKa4yKHU
(pump) ¢ 4acToTOX V, U, PACIPOCTPAHSACH B HEJH-
HeHHOH cpeflle, pasfenseTcs Ha ABa $OTOHA: CHI-
HanpHBIH (signal) ¢ wactoTon v, u uanepuen (idler)
c 4dactotod v;. (TepMHHOJOIUS B PyCCKOSI3BIUHOM
TUTepaType MOXeT OBITh JOCTAaTOYHO BOJIBHOM.
K unanepuomy QoTOHY IPHMEHSIOTCS TepPMUHBIL:
XOJIOCTOM, IapasUTHBIM, POTOH-IIpeBECTHUK, 00B-
ABNSIOMUN GOTOH, QOTOH oOmoBelleHHUs, «be3/enpb-
HHUK», «IIYCTBIIIKa», HHGOPMUPYIOIIHUI OTOH, Map-
Kep, U T.N.).

C ¢u3MYecKOM TOYKH 3PeHHSl CUTHAJIbHBIM
M X0JIOCTON QOTOHBI SKBUBAJIeHTHHI. B QH3HMUeCcKUX
3KCIIePHMEHTAX CHUTHAJIBHBIM (QOTOHOM dallle CYHU-
TaeTCsl TOT, Y KOTOPOro 4acTOTa BbIIIE, B Pea/IbHBIX
yCTPOMCTBAaX pOTOHBI 0603HAYAIOTCS B 3aBUCHMOCTH
0T Ha3sHaueHHUsA. CUTHAJbHBIE M XOJIOCTble HOTOHBI
MOTYT MMeTb OLWHAKOBYIO HJ/HM PAa3/IH4YHYIO I0/4-
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and idler photons. The role of the medium is to mix vari-
ous frequency modes of the electromagnetic field due to
its nonlinear susceptibility.

The SPDC process layout is shown in Fig. 26. A pump-
ing photon with a frequency v, falls on the nonlinear
crystal. When propagating in a nonlinear medium, it
is divided into two photons: a signal photon with a fre-
quency v, and an idler photon with a frequency v;.

From a physical point of view, the signal and idler
photons are equivalent. During the physical experi-
ments, the signal photon is usually the one with the
higher frequency; in the actual devices, the photons are
designated depending on their purpose. The signal and
idler photons can have the same or various polarization
(such scattering is called, respectively, SPDC type I and
type II), and also coincide with the pumping polariza-
tion or differ from it.

In general, the signal and idler photons propagate
in two different directions, and the photons that pass
through the crystal without any changes propagate in
a third direction. Thus, all three types of photons can be
sorted by directions.

Crystal axis
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Puc. 26. Vinntocmpauus s¢pdpexma CrP: I_<)p, K E — 80/1HO8blE
8eKmopbl POMOH08 HAKA4KU, CUZHAAbHOL, X0A0CMOU 80/AH
€00MeemcmeeHHo, Op = Y201 HAKAOHA ONMu4ecKol ocu
Kpucmanna K 80AHe Haka4ku, O, 6; - yzabl omkaoHeHus
CU2HAaNnbHOU U X0A0CMOU 80/H OM BOAHbI HaKauKu [g]]]

Fig. 26. Demonstration of the SPDC effect: k,, k;, k; - wave-
number vectors of pumping photons, signal waves, idler
waves, respectively, ep —inclination angle of the crystal opti-
cal axis to the pumping wave, 0., 8; - deviation angles of the
signal and idler waves from the pumping wave [211]
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pu3anMio (TaKoe paccesHHe HA3bIBAIOT, COOTBET-
ctBeHHoO, CIIP Ttum I 1 tum II), a TakKKe COBIAAATh
[0 IOASIPH3alMU C HAaKadyKOHM H/IH OTAHYaThCS OT
Hee.

B obmiem CJlydyae CUTHaJIbHbIE M XOJIOCThIe GOTOHEI
PacIIpoCTPaHAIOTCS B [IBYX pa3HBIX HaIlpaBJIeHUSIX,
a GoTOHBI, MPOXOAAIHe CKBO3b KPUCTAJI be3 H3Me-
HeHHUsI - B TpeTbeM HaIlpaBleHUH. TakuMm obpa-
30M MOXHO pa3fle/UTb BCe TPU THUIIa POTOHOB IIO
HaIlpaBJIeHUSIM.

CUTHAABHBIA U UAJIePHBIH GOTOHBI, 06Pa30BaB-
muecs B pesynbrate CIIP (SPDC), SABASIOTCS 3alyTaH-
HBIMH JPYr C ApyroM. Ha ocHOBe 3allyTaHHBIX Iap
$OTOHOB CTpOSITCS 04HOPOTOHHBIE MCTOUHUKH C OIIO-
BemeHHeM (heralded single-photon sources): metex-
THUPOBaHHE ONHOTO GOTOHA M3 3aIyTAaHHOM IIapEhl
(Ha JeTeKkTOpe BHYTPHU YCTPOMCTBA-HCTOUHHKA) OIO-
BelllaeT, YTO reHepalLus BTOporo $oTOHa K3 Iaphl
[IpOM30ILIa, U [103BOJseT MONYy4YHUTh MHOOPMALIKIO
0 ero COCTOSIHHH.

[IpaBU/IBHBIM BbI6OPOM OpHEHTAlLlMK KpHCTaJIIa
OTHOCHTEe/JIbHO KPHCTA/UIMYeCKHX ONTHYeCKHUX OCel
MOKHO OPTaHH30BaTh HCIYCKAaHHE CHUTHAJIBHBIX
M XOJIOCTBIX GOTOHOB TakUM ob6paszom, 4TObb 06a
HCIIyCKaeMBIX (OTOHA OBUIM OJMHAKOBOM YaCTOTHI
HU/WIKM HUCIYCKAIKUCh B OJHOM HaIpaBleHHH. Tak
CTPOSIT UCTOYHHUKHU Iap 3allyTAHHBIX OTOHOB.

Jlo HelaBHero BpeMeHH IPe[IIoarajoch, YTO
Iapa HCIOyCKaeMbIX QOTOHOB POKOAETCS B OJHOM
TOUKe, B paMKaX OTrpPaHHYeHHN KBAaHTOBOM HeO-
npesfeleHHOCTH. HemaBHO Obl1 oOHAapysKeH Heso-
KaJlHM30BaHHBIM MeXaHH3M CO3JaHHS KOppelu-
poBaHHBIX Iap ¢oToHOB B CIIP, M MOKa3aHO, YTO
$OTOHEI, COCTaBISAKLIMe 3alyTaHHYIO [Iapy, MOTYT
K3/1y4aThCd M3 IPOCTPAHCTBEHHO Ppa3JeleHHBIX
Touyek [212, 213].

KAKUE HYXXHbl KPUCTAJTIbl ANA CMNP?
Insi 5ddeKTHBHOM peanu3alMUd IIOHMKAIONIEro
npeobpasoBaHUs B IIapaMeTPUYeCKUX HeIHHeH-
HBIX KPUCTAJIIaX TPebyeTcs BBICOKHUK KO3QOHULIEHT
HeJTMHEeHNHOCTU. DTO I103BOJIsieT reHepUpoBaTh 60JIb-
II0e KOJIHMYeCTBO 3allyTaHHBIX $OTOHOB. HenmHer-
HOCTb KPHUCTaJIa MOKeT 3aMeTHO MEHSTbCSl B 3aBU-
CUMOCTH OT TeMIIepaTyphl U [JaBJIeHHS, II03TOMY
B paboueM pesxuMe ciefyeT obeCIeuUTh 3aJaHHBIe
yC/IOBUSL €O CTabU/IBHON TeMIIepaTypoH U JaBje-
HHeM. B To ke BpeMsi, MOXHO YIIPaBJISTh TeMIIe-
paTypoll WM [aBAeHHeM [JIsl TOUHOM IIOACTPONKHU
[IapaMeTpoB KPHUCTa/l/Ia HIH IepHofa JOMEHHOM
CTPYKTYPHI.

OnTtudyeckas aHusorponusa. CIIP 3¢PpeKTUBHO
B cpegax 6e3 LleHTpa HWHBEpPCHH, dYallle BCEro 3TO

=

The signal and idler photons produced by the SPDC
are entangled with each other. Based on the entangled
photon pairs, the heralded single-photon sources are
generated: detection of one photon from an entangled
pair (e. g. at a detector inside the source device) notifies
that the second photon generation from the pair has
definitely occurred, and provides information about its
state.

By selecting the correct crystal orientation relative
to the crystal optical axes, it is possible to arrange the
emission of signal and idler photons in such a way that
both emitted photons have the same frequency and/or
are emitted in the same direction. This is the method for
creating the sources of entangled photon pairs.

Until recently, it has been assumed that the pair of
emitted photons is produced at a single point, within
the constraints of quantum uncertainty. Some time ago,
a non-local mechanism for the development of corre-
lated photon pairs in SPDC was discovered. It was shown
that the photons constituting an entangled pair could be
emitted from the spatially separated points [212, 213].

THE CRYSTALS REQUIRED FOR SPDC

To efficiently implement the downconversion in para-
metric nonlinear crystals, a high nonlinearity factor
is required. This allows generating a large number of
entangled photons. The crystal nonlinearity can be sig-
nificantly changed depending on the temperature and
pressure. Therefore, in the operating mode, it is neces-
sary to provide specified conditions with stable tempera-
ture and pressure. Moreover, it is possible to control the
temperature or pressure to fine-tune the crystal param-
eters or the domain period.

Optical anisotropy is required. The SPDC is effective
in the media without an inversion center, most often
these are the crystals without any center of symmetry.
A nonlinear crystal has various refractive indices along
different crystallographic axes.

For the efficient nonlinear interaction, the crystal
shall have high optical quality and be optically transpar-
ent (have low absorption) at all three frequencies: at the
pumping frequency and at the frequencies of signal and
idler photons. To arrange SPDC in a crystal, it is neces-
sary to correctly adjust the experimental conditions,
such as the optical pumping wavelength, the phase
matching angle and the crystal thickness.

A high-power laser with the sufficient energy to
induce nonlinear interactions in the material is used as
a pump. Typically, a fairly high pumping power density
is required; the crystal shall have a high optical break-
down threshold to withstand the high-power density
without being destroyed.
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KPUCTa/LIbl 6e3 LieHTpa CUMMeTpUH. HelnHeNHbIN
KPUCTAI/T HUMeeT Pa3Hble IIOKa3aTe/lu IIpeIoM/IeHHs
BZ,0/1b Pa3HBIX KPUCTA/IJIOTPAaPHUUeCKHX OCeH.

Ins 3pdeKTUBHOrO HEJIHHEHWHOIO B3aWMOMIeH-
CTBHUSI KPUCTAJI IOJKEH HMeTb BBICOKOe OIITHYe-
CKOe KadecTBO M OBITh ONTHYECKH IPO3PAYHBIM
(MMeTb HHM3KOe IIOIJIOLIeHMHe) Ha BCeX Tpex 4acTo-
Tax: Ha 4YaCToTe HaKauKK M Ha 4acTOTaX CHUIHAJIb-
HBIX M HJJIepHBIX QOTOHOB. UYTOOBI OpPraHM30BaTh
CIIP (SPDC) B KpuCTaJIe, HEOOXOOUMO IMPABHIBHO
HACTPOHUTb YCIOBHSI SKCIIePHUMEHTa, TaKkHhe Kak
IJIMHA BOJIHBI OIITUYEeCKOHM HaKauKH, yroa $pa3oBoro
COIJIACOBaHMSA U TONIIMHA KPHUCTA/Ia.

B KayecTBe HaKauiKH HCIIOAb3YeTCS MOIIHBIM
7masep, KOTOPBIM HMeeT [JOCTaTOYHYIO 3HEpruio,
4TOOBl BBI3BATh HEJHHEHHOe B3aHMOJEHCTBHE
B Marepuase. Kak mpaBuio, TpebyeTcs HOBOIBHO
BbICOKAas IIOTHOCTb MOIIHOCTH  M3JIy4eHUs
HaKauKH; KPUCTA/LI JO/IKEH UMeTb BBICOKHUH IIOPOT
ONTHYECKOTO IOBPEXIEeHUsI, YTOOBl BBIAEPKHUBAThH
BBICOKYIO IIJIOTHOCTb MOIIHOCTH 6e3 paspyLieHHs.

Yamje BCEro MCIONB3YIOTCA TaKHe HeJIHWHeHHbIe
KPHCTa/IIBI, KaK HUobat nutus LiNbO; (NL), Tpubo-
pat nutus LiB;Os (LBO), gurunpooprodpocdat Kanus
KH,PO, (KDP), bera-bopat bapus BaB,O, (BBO).

Ha mepBbIll B3I/ISA KaXkeTcsi, 4uTo Aist Oosee
3 PeKTUBHON TreHepaluu GOTOHOB [OOCTATOUYHO
B3SITh KPHUCTA/LIBI 6osblIero pasmepa, 4ToOBl yBe-
JTUYUTh ONITUYECKUH IIYTh, Ha JJIMHEe KOTOPOro IIpo-
HCXOOUT He/lHMHeHHOe B3aHMofelcTBHe. OIHAKoO,
ycnoBre $a30BOro CHHXPOHH3Ma HapyIIaeTcsl YxKe
Ha [JOBOJIBHO KOPOTKHX [OUCTAaHLHUSAX H3-3a JHC-
[IepCHH ONTHYeCKHX BOJIH B Cpefle, YTO IIPHBOJMT
K IeCTPYKTHBHOMN HHTepdepeHLIUH U YMeHbIIEHUIO
3$deKTUBHOCTH ITpeobpa3zoBaHus. YToObl H36exKaTh
0eCTPYKTUBHON HHTepbepeHLUH, B KpHCTajle
BOO/Nb IIyTH PacIpoCTPaHeHUs Jlyda HaKaduku op-
MHPyeTCsl IepHOAHYecKasl CTPYKTypa M3 CerHeTo-
371eKTPUYeCcKHUX JOMeHOB (0b1acTer C pa3slIH4YHOM
IoJIsIpU3alien U, COOTBeTCTBEHHO, [IePUOJUIeCKON
IIPOCTPAHCTBEHHOM MOAY/sLHeN HeJIHHeHHOCTH),
4To6Bl Pa30BOe COOTHOIIEHHE MeXAY BXOLHBIMU
1 reHepUpyeMBIMH QOTOHAMH OCTaBa/JOCh IIOCTOSIH-
HBIM II0 BCell IJIMHe KpHCTajia A1 3dPeKTHBHOIO
HeJIMHEHMHOro Ipeobpa3oBaHUs BXOLHEIX (POTOHOB.
[lepuos [OMEHHOH CTPYKTYpbl PacCUHTHIBAETCH,
YTOOBI BHITIOTHUTH YCIOBHS $pa30BOr0 CHHXPOHH3MA
IJ1S1 KCIIO/Ib3YeMBIX [IJIMH BOJIH, YTO II03BOJISIET yBe-
JTUYUTh OJIHHY B3aHMOJEINCTBUS KM OPraHK30BaTh
KOHCTPYKTUBHYI0 UHTepdepeHLHI0 [214]. Hcmonb3o-
BaHHe IIePHOJHUYeCKH IIO/ISIPU30BaHHBIX KPHUCTA/IJIOB
[I03BOJISIET CYIeCTBEHHO YBeIUYUTh 3QPPEeKTUBHOCTD
CIIP, HO B TO >Ke BpeMs HajaraeT OOIIOTHUTeJIbHbIe
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The most commonly used nonlinear crystals include
lithium niobate LiNbO; (NL), lithium triborate LiB,Oq
(LBO), potassium dihydrogen orthophosphate KH,PO,
(KDP), barium beta borate BaB,O, (BBO).

At first glance, it seems that for more efficient photon
generation it is sufficient to take larger crystals in order
to increase the optical path along which the nonlinear
interaction occurs. However, the phase matching condi-
tion is violated already at rather short distances due to
the dispersion of optical waves in the medium that leads
to the destructive interference and decreased conversion
efficiency. To avoid destructive interference, a periodic
structure made of ferroelectric domains (areas with vari-
ous polarization and, accordingly, periodic spatial non-
linearity modulation) is generated in the crystal along
the pumping beam propagation path so that the phase
ratio between the input and generated photons remains
constant along the entire crystal length for efficient
nonlinear conversion of the input photons. The domain
period is calculated to fulfill the phase matching condi-
tions for the wavelengths used that makes it possible
to increase the interaction length and arrange the con-
structive interference [214]. The application of periodi-
cally polarized crystals makes it possible to significantly
increase the SPDC efficiency. However, at the same time

Puc. 27. lJuazpamma yposHeli 3Hepauu 0Asl HE8bIPOXKOEHHO020
npouecca 4emoipexe0nH08020 CMeLUeHUSs!. BepxHul
3Hepzemuyeckull yposeHb MOXKem 6biMb peanbHblM
AMOMHBbIM UAU MOAEKYASIPHbIM Ypo8HeM (pe30HAaHCHoe
YemblpexeoAH080e CMelleHUe) UAU 8UPMYAAbHbIM YPOBHeM,
CUAbHO OMCMPOEHHBIM OM Pe30HAHcA. 2mad duazpamma
onucsieaem 83aumodelicmeue YemblpexeonH08020
cmewerus mexdy yacmomamu f, f, f3 U f

Fig. 27. Energy level diagram for a non-degenerate four-wave
mixing process. The top energy level can be a real atomic or
molecular level (resonant four-wave mixing) or a virtual level,
far detuned off-resonance. This diagram describes the four-
wave mixing interaction between frequencies f;, f,, f; and f,
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TpeboBaHUS K CTAOHMJIBHOCTH TeMIIEPATYpPHl U JaBe-
HUS B KPUCTAJLTIE.

OnuH u3 HemocTtaTkoB Ipomecca CIIP (SPDC) -
KOHeuHas (XOTSI M KparHe Maas) BepOSTHOCTh
MHOTOQOTOHHBIX COOBITHUI, XOTSI CUTYaLlHsI HAMHOTIO
nydile, 4eM C HMCTOYHHKAMH, OCHOBAaHHBIMHM Ha
JTUHEMHOM 0C/1ab/IeHHUH JIa3epHbIX UMIIYJIBCOB, AJIS
KOTOPBIX BEPOSITHOCTH MHOTOGOTOHHBIX COOBITHUI
HaMHOTIO BbIIIIe.

YETbIPEXBOJ/IHOBOE CMELUEHUE
(FOUR-WAVE MIXING - FWM)
YeThIPeXBOJIHOBOE CMellleHHe IIpefCTaBisieT cobor
IPYIYIO CXeMy reHepaluH OJHOQOTOHHOILO H3jyde-
HHS B HeJIMHELHOMU cpefie. B mpolecce cMelleHHs
nBa QOTOHA HAaKAauKH IPpeobpasyloTcs B CHUTHAJb-
HBIM U XOJ0CTOH QOTOHBL. [lJISL 3TOTO Cpefa AOJDKHA
obrazaTh HeJTHMHENHOCTBIO TPeThero mopsiika. Kak
U 1mpoiiecc SPDC, 4eTeIpexBOJIHOBOE CMeIleHHe Tpe-
OyeT BBIIIOJIHEHHUS YCIOBUH $a30BOr0 CHUHXPOHH3Ma.
OnHaxko, B ornn4uue oT SPDC, KOTOPBIM MOKET IIpoO-
HCXOOUTH KaK B 0obbeMe, Tak U B BOTHOBOAAX, YE€THI-
PexBOJTHOBOe CMelleHHe OOBIYHO JIeMOHCTPHUPYeTCs
TOJIKO B BOJIHOBOJAX, BXOASIIMX B COCTaB HHTe-
TPaJIbHBIX ONTHYECKUX CXeM, ITIOCKOIbKY TpebyeTcs
BBICOKAsl [VIOTHOCTh MOIITHOCTH.

VICTOYHHMKH Ha OCHOBe BOJIHOBOZO0B, KaK IIPaBHJIO,
HMMeIOT OOJIBIIYI0 BePOSTHOCTh FeHepalku map $oTo-
HOB, 4YeM 0oObeMHble HCTOYHHKH, K3-32 MEHBIIETo
KOJIM4eCTBA B3aMMOZEHCTBYIOMUX MOJ. MCTOUHUKHU
$OTOHOB Ha OCHOBe YeTHIPeXBOJIHOBOI'O CMeLIeHHS
[I03BOJIAIOT I10J1Iy4aTh SPKOCTh ITopsigKa 1 MI'L.

YeThIpeXBO/NHOBOE CMeIleHHe B KBaHTOBO-
OIITUYECKOM peXHMe MPUMEHSeTCS B KBAaHTOBBIX
KOMMYHHKALUSX ISl TeHepallul OJUHOYHBIX POTO-
HoB [215], koppenupoBaHHBEIX Iap ¢oToHOB (216,
217], oxkartoro cBeTa [218, 219] M 3amyTaHHBIX
doToHOB [220].

3AKJ/TIOMEHUE

B 3ak/II0YeHUU ClelyeT OTMeTUTh, YTO CYLIeCTBYeT
IHpoKkoe MHoroobpasue crocoboB peanu3alnuu
O0nHOQOTOHHBIX HMCTOYHHKOB, BCE 3TH CIIOCOOBI M3y~
YeHbl U NpopaboTaHbl B Pa3IMYHON CTelleHH. MHO-
rve M3 HUX Peajr30BaHbl TOJIBKO B BH/E HAYYHOIO
SKCIIEPMMEHTA, XOTSA yKe CYLIeCTBYeT psAl KOMMEp-
YeCKHU JOCTYIITHBIX OGHOPOTOHHBIX KUCTOYHHKOB.

C TOUKM 3peHHSI HapacTamller HeobXoAUMOCTH
0OHOQOTOHHBEIX HCTOUHHKOB CErofHS B CEpPHUIHO
BBIITyCKaeMBbIX cucTeMax KPK, Haubosee mepcriek-
TUBHBIMH BBIIVISIAAT HCTOYHHMKH, Ppaborammiue
6e3 SKHAKOTO OXIKAeHHs, I103BOJSIONHe oOpra-
HHM30BaTh 3JIeKTPHUYECKYI HaKa4yKy M H3JIy4eHHe

=

it imposes additional requirements on the temperature
and pressure stability in the crystal.

One of the SPDC process disadvantages is the finite
(albeit extremely small) probability of multiphoton
events, although the situation is much better than
with the sources based on the linear attenuation of
laser pulses, for which the probabilities of multiphoton
events are much higher.

FOUR-WAVE MIXING (FWM).

The four-wave mixing process is another generation
method for single-photon radiation in a nonlinear
medium. During the mixing process, two pumping
photons are converted into a signal and an idler pho-
tons. For this purpose, the medium shall have a cubic
nonlinearity. Similar to the SPDC process, the four-
wave mixing requires the phase matching conditions.
However, unlike SPDC that can occur in both bulk and
waveguides, the four-wave mixing process is usually
shown only in the waveguides included in the photonic
integrated circuits, since the high-power density is
required.

The waveguide sources generally demonstrate
a higher probability of photon pair generation than
the bulk sources due to the smaller number of interact-
ing modes. The four-wave mixing photon sources can
achieve brightness at the level of 1 MHz.

The four-wave mixing process in the quantum-optical
mode is used in the quantum communications to gener-
ate single photons [215], correlated pairs of photons [216,
217], squeezed light [218,219], and entangled photons
[220].

CONCLUSION

In conclusion, it should be noted that there is a wide
variety of ways to implement the single-photon sources.
All such methods have been studied and developed to
the various extent. Many of them have only been imple-
mented as the scientific experiments, although there
are already a number of commercially available single-
photon sources.

From the current perspective of the growing need for
single-photon sources for the commercial QKD systems,
the most promising sources are those operating without
liquid cooling that allow for electrical pumping and
emission “on demand”. Application in the fiber systems
imposes an additional requirement for the source to
operate at a frequency relevant to the telecommunica-
tion transparency windows of the optical fiber (these are
the ranges of about 1310 nm and 1550 nm). The develop-
ment of photonic integrated circuit (PIC) technologies
shall make it possible to omit the inconvenient require-
ment of electrical control, and to supply optical pump-
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«r10 TpeboBaHUIO». I[IpUMeHeHHe B BOJOKOHHBIX
CHUCTeMax HaKIaJIbIBaeT AOIIONHUTeIbHOe TpeboBa-
Hue PaboThl MCTOYHHKA Ha 4YacTOTe, COOTBETCTBY-
IOIlel TeJleKOMMYHHKALlMOHHBIM OKHaM IIpo3pady-
HOCTH OIITOBOJIOKHA (3TO gUAaIIa30HbI 0K0JIO 1310 HM
U 0KoJ10 1550 HM). Pa3BUTHE TEXHOTOTHUN QOTOHHBIX
HHTerpanbHbIX cxeM (PUC) mo3BomUT 060UTHCH be3
HeynobHoro TpebOBaHHS HMEHHO 371eKTPHUYeCcKOro
yIpaBleHUsI, U IOABOJHUTb OITHYeCKOe H3jyye-
HHe HaKadK{ HeIOCPeJCTBeHHO B HYKHYI TOYKY
HHTErpaJIbHON CXeMBl MeETOAAMH HHTEerpaabHOM
GOTOHUKHU.

B sToM cMbIcie Haubonee MepCIeKTUBHBIMU
BBIIJIAAST Pas3jM4yHble LIeHTPbl OKPAcKH B ajamase
M OPYTUX MaTepuasax (HaIllp. KpeMHHN, HUTPHUT,
u Kapbup 6opa). Iloka He yAasoch HAaHTH LIEHTP
OKpacKkH, 3pPeKTHBHO HU3Iy4aOUUH B TeIeKOMMY-
HUKAIlMOHHOM [Malla3oHe. BenyTcs HcCleloBaHHUS
10 Ipeo6pPa30BAHUI0 YACTOThI OJUHOYHBIX GOTOHOB,
a TaKKe IOKMCK HOBBIX LIeHTPOB OKpPacKH B HOBBIX
MaTepuasiaX. B Hacrosiee BpeMs HIET pa3zpaborka
cucteM KPK mig aTMocpepHOro M KOCMHUYECKOIO
CerMeHTOB, W TpeDOBAHMS IO YaCTOTe H3JIydeHHSs
[UISL HUX CHUJIBHO OTJIMYAIOTCSl; OHU OIpefensiioTcs,
HaIlpuMep, OKHAMHM IIPO3PAaYHOCTH aTMOoChepbl UIU
CIIeKTPOM H3/Iy4eHHs COJHLA. [l NpHUMeHeHUS
B OTKPBITOM IIPOCTPAHCTBE LIEHTPhl OKPACKH MOTYT
[IPUTOAUTHCS.

HexoToprle IOJYIPOBOAHUKOBBIE KBaHTOBBIE
TOUKU TakKe CIIocobHBI paboTaTh mpPHU KOMHATHOH
TeMIlepaType, HO HX KadyeCTBEHHOE M3[OTOBJIEHHE
TpebyeT MOPOroCTOSIUX KU TPyLOEeMKHUX IIpeLi-
3MOHHBIX TEXHOJIOTHM, TaKUX KaK MOJIeKY/ISPHO-
IIY4YKOBAs SMIHUTAKCHS, d IIYMOBBIE XapaKTePUCTUKHU
IIPY BBICOKHMX TeMIIepaTypax BCE PaBHO OCTABIISIOT
SKe7aTh JIy4IIero.

TaxKe IepCIeKTUBHBIMHU MOTYT 6BITh HCTOUHUKHU
C OIOBelleHHeM Ha OCHOBe HeJHMHeHHBIX MaTepu-
aJI0OB, HO CyLIeCTBYeT psj, TeXHHUYeCKHUX TPYAHO-
CTe IpU IpPUMeHeHHH HeJUHeMHBIX MaTepHa-
JI0B AJISL 3TOM 3ajadyd. OCHOBHasl TPYAHOCTb — 3TO
OuYeHb HEeBBICOKAsS 3bGeKTUBHOCTh peobpa3oBaHUs.
Manass 3pPeKTHBHOCTh BjedeT 3a coboii Heobxo-
OUMOCTb YBeJIHYMBAaTh MHTEHCHBHOCTb HaKa4KH
M pasMmephl Kpuctauia. IIpu 6ombpux pa3mMepax
KpUCTaL1a TpebyeTcs co3maBaTh B KPUCTAJIIe IIepHU-
OLHUYeCKyI0 CTPYKTYypPy C «BMOPOKEHHOH» IIOJIS-
pusaumen (Hampumep, PPLN - periodically poled
lithium niobat), KoTopas mo3BoisieT OPraHU30BaTh
KOHCTPYKTHBHYIO HHTepdepeHIHI0 Ha JIMHe ONTH-
YecKoro IIyTH JIy4a B KpHcTajae. M mocie 3Toro Ha
IIepBBIN IIAH BbUIe3aeT IIpobiieMa CyIIecCTBEHHOIO
M3MeHEeHHUs JIOKAJbHBIX XapaKTepHUCTUK KPHUCTa/Ia

242 POTOHMUKA TOM 19 Ne3 2025

CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey
KBAHTOBbDIE TEXHOJ/IOTMU/ I——
CECEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e ey

ing radiation directly to the desired point of the inte-
grated circuit by the integrated photonics methods.

In this sense, various color centers in diamonds and
other materials (e.g. silicon, boron nitride, and boron
carbide) appear to be the most promising. So far, no
color center has been found that efficiently emits in the
telecommunications range. The research is underway
to convert the frequency of single photons, as well as
to search for new color centers in new materials. At
present, the QKD systems are being developed for the
atmospheric and space segments, and the radiation fre-
quency requirements for them are very different. They
are determined, for example, by the transparency win-
dows of the atmosphere or the solar radiation spectrum.
The color centers may be useful for application in the free
space.

Some semiconductor quantum dots are also capa-
ble of operating at room temperature. However, their
high-quality production requires some expensive and
labor-intensive precision technologies such as molecu-
lar-beam epitaxy. Moreover, their noise characteristics
at high temperatures still leave much to be desired.

The heralded sources based on the nonlinear mate-
rials may also be promising, but there are a number
of technical difficulties in application of the nonlin-
ear materials for this purpose. The main difficulty is
the very low conversion efficiency. Such low efficiency
entails the need to increase the pumping intensity and
the crystal size. In the case of large crystal sizes, it is nec-
essary to develop a periodic structure with the “frozen”
polarization in the crystal (for example, PPLN - peri-
odically poled lithium niobat) that allows constructive
interference to be organized along the optical beam path
in the crystal. After this, the problem of significant
changes in the local characteristics in the crystal under
the influence of intense radiation comes to the fore lead-
ing to the frequency offset at which this very construc-
tive interference is implemented, relative to the pump-
ing frequency, and again to the deteriorated conversion
efficiency. Despite the extremely attractive scientific
results announced, this “vicious circle” is quite difficult
to break, and there are still few commercially available
sources.

If we consider the broader tasks of the more distant
future, for which the single-photon sources may be
useful, then the first thing to mention is the fact that
the quantum computers based on various physical prin-
ciples are currently being intensively researched and
developed. The priority areas are as follows: the comput-
ers based on single ions and atoms, on superconducting
qubits, on photonic chips, etc. As an indirect advan-
tage, this development leads to the rapid improvement
of experimental techniques for controlling individual
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IIPY BO3[EHCTBUM HWHTEHCHUBHOIO HU3JIy4YeHHs, UTO
IIPUBOAUT K CMeIIeHHIO YaCTOThl, Ha KOTOPOH pea-
JH3yeTcs 3Ta CaMas KOHCTPYKTHBHAs HHTepdepeH-
IIMs, OTHOCHTEJIBHO YaCTOTHl HaKauKH, U OIIATh
K YXYAILIeHUIO 3pPeKTHUBHOCTH IIpeobpa3oBaHUS.
W HecMOTpsl Ha OOBSBIEHHbIe KparHe IIpHUBJIEKa-
TeJIbHble HAy4HBle Pe3yJIbTAThl, 3TOT «IIOPOYHBIH
KpPyTI» DOBOJIBHO TPYLHO Pa3opBaTh, U CEPUIHO IIPO-
M3BOAUMBIX MCTOUHHKOB [IOKA HEMHOIO.

Ecnu ke paccmoTpeTrh Gonee HIMpPOKHE 3aZayuu
boree ganmekoro 6yaymiero, Ajsi KOTOPBIX MOTYT IIPH-
TOOUTHCS OGHOQOTOHHBIE HCTOYHUKH, TO II€PBBIM
IeyoM cilefyeT yIOMSIHYTb TOT akT, YTO B HACTO-
siillee BpeMsl MHTEHCHBHO HCCIeAYIOTCS M pa3paba-
TBIBAIOTCSI KBAHTOBBIE BEIYHCIUTENN HA PA3TUIHBIX
bu3nYecKUX NPUHLUNAX. [IPUOPUTETHBIE HAIIPAB-
JIeHUS: BRIYMCAUTEIN Ha OJMHOYHBIX MOHAX U aTO-
Max, Ha CBepXIPOBOASLIUX KybHTax, Ha GOTOH-
HBIX YHIIaX, U BCSKMeE pa3Hble APyrHe WU IIpodle.
B kauecTBe KocBeHHOro H0HYyca, 3TO Pa3BUTHE IIPU-
BOJUT K OBICTPOMY COBEpIIEHCTBOBAHHIO 3KCIIepHU-
MeHTAJTbHBIX TeXHHUK I10 YIIPaBIEHHIO OTAEeIbHBIMU
KBAHTOBBIMHU 0OBeKTaMHU B CAMBIX PA3HBIX YCIOBHSX,
B TOM YHC/Ie IPU HU3KUX U CBePXHHU3KHUX TeMIIe-
paTypax, B TOM 4YMC/Ie B BaKyyMe, W T.[.H.T.II. Ho
Hanbosee Ba’KHO TO, UTO Ha FOPHU30HTE Y>Ke BBIPU-
COBBIBaeTCSI HeoOXogHMMOCTh obMeHa KBaHTOBOMI
nHopMaInMell BHYTPH KBAHTOBBIX BBIYHCIHTENEH
M MEXOy Pa3THYHBIMH KBAaHTOBBIMH BBIUHC/IHTE-
JISMH, B TOM YHC/Ie HAXOASIIMMHUCS Ha PACCTOSHUU,
M 9Ty 3a/ady yKe TpebyeTcs yAep>KUBAaTb BO BHU-
MaHHHU. [ 3TOro, BeposTHO, 6b110 OBl Hamnbosee
3¢ PeKTHBHO OPraHMU30BaTh TPAHCIIOPT KBAHTOBBIX
COCTOSIHUH C IIOMOIIbI0 OAHOOOTOHHBIX HCTOYHUKOB
Ha TeX ke CAMbIX KBAHTOBBIX 00BEKTaX, Ha KOTOPBIX
3TOT BBIYMCAUTENb U IIOCTpoeH. Takoe obycTpori-
CTBO B3aMMOZEMCTBUS KBAHTOBBIX BBIUHUC/IUTEIEH
IIOCPeACTBOM HeIIOCPe[LCTBeHHOIo obMeHa KBAaHTO-
BBIMH COCTOSIHHSIMH C LleJIbI0 Ilepefiady U Ipeobpa-
30BaHUSI MHQOPMALIMK CcelYac IIPHUHSITO HA3BIBAThH
«KBAaHTOBBIM HHTepHETOM». [lo BCcell BUIHMOCTH,
MCTOUHMKH Ha XOJIOAHBIX aTOMaxX M OJHMHOYHBIX
HMOHAX CBIIPAIOT CBOIO CyIIeCTBEHHYIO po/lb B pea-
JIM3aIMK KBAHTOBOI'O MHTEPHETa, HECMOTPS Ha Bce
TeXHUYeCKHe TPYAHOCTH IIPH 3KCIIePHMEeHTATIbHOM
peaM3aIu.

[Tocme BCero BBIMIECKA3aHHOIO, OCTAITCS pas-
Hble «TeMHBIe JIOIIAJAKH» B 3TOM OJHOPOTOHHOMU
TFOHKe — 3TO aHcaMbiieBble U 371€KTPOXHUMHUYECKHE
IIOAXOIbI K OPTaHM3ALUHU OLHOPOTOHHOM 3MUCCHH.
CreneHbp NPOpPabOTAHHOCTH TEXHOJIOTHH B 3TOM
cJlydae HAMHOTO HIDKe, HO B TO >Ke BpeMsl ecTb
IOBOJIBHO Ja/léKHe Ha TeKyIIHMH MOMEHT HaJeX.Ibl,

quantum objects in various conditions, including at low
and ultra-low temperatures, in a vacuum, etc. However,
the most important thing is that the need for quantum
data exchange within the quantum computers and
between different quantum computers, including dis-
tant ones, is already looming on the horizon. This issue
already needs to be kept in mind. For this purpose, it
would probably be most efficient to arrange transpor-
tation of the quantum states using the single-photon
sources based on the same quantum objects on which
this computer is built. Such an interaction arrange-
ment between the quantum computers due to the direct
exchange of quantum states for data transmission and
transformation is now commonly called the “quan-
tum internet”. Apparently, the cold atom and single
ion sources shall play a significant role in the quan-
tum internet implementation, despite all the technical
difficulties during the experimental implementation
process.

In light of the foregoing, there are some remaining
various “dark horses” in this single-photon race, namely
the ensemble and electrochemical approaches to the
single-photon emission arrangement. The technologi-
cal maturity in this case is much lower. However, at the
same time, there are rather currently distant hopes that
the statistical many-particle approaches to the quantum
systems may soon bring unexpected and bright break-
throughs in the field of science and technology, and ulti-
mately may prove more effective than the conventional
deterministic practices. It should also be noted that the
experimental approaches in these areas are also develop-
ing rapidly due to the related problems in other scientific
areas. The ensemble systems are actively studied to
develop the quantum memory and quantum repeaters,
and the electrochemical methods for nanocrystal syn-
thesis are developing due to the medical applications,
for example, cancer diagnostics using the up-conversion
nanoparticles or targeted drug delivery by the transport
nanocrystals.

Some researches of single-photon radiation and its
sources has already led to many fundamental discoveries
and significantly influenced the development of fun-
damental and applied science, technology, and society.
However, the most interesting events in the quantum
communications and quantum cryptography are obvi-
ously yet to come.
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YTO CTATHCTHYECKHEe MHOIOYaCTHYHBIe II0JXO[bL
K KBAaHTOBBIM CHMCTE@MaM CKOPO MOTYT IIpUHECTH
HEOXUJAHHbIe W SIpDKHE IIPOPHIBBL B HayKe M TeX-
HOJIOTMH, U B KOHEYHOM CYeTe CMOTYT OKa3aThCs
3QPeKTUBHEe TPALULUOHHBIX JeTePMHHHCTCKUX
OpakTHK. OTMETHM TaKxke, UYTO 3KCIepPUMEeH-
TaJibHble IOJXOJbl B 3THX 00J1acTSX TOXe OBICTPO
pa3BuBalOTCA, 61arogaps CMeXHBIM 3aJadyaM H3
Apyrux obnacTel HayKuh: aHCcaM6jeBble CHUCTeMBI
AKTUBHO HCCIeAYIOTCA C LIeJbI0 CO3MaHHs KBAHTO-
BOU IaMSTH U KBAaHTOBBIX IIOBTOPDHTeJIEH, a 3JIeK-
TPOXMMMYECKHE METOJbl CHHTe3a HAaHOKPHUCTAJIJIOB
pa3BuBalOTCS Onaromapss MeJULHMHCKUM IIpUMe-
HeHUSM, HaIpHUMep, AUATHOCTHKA paKa C IIOMO-
IIbI0 AIIKOHBEPCHOHHBIX HAHOYACTHIL[ HMJIHM aJpec-
Has [0CTaBKa JIeKaPCTB C IIOMOIIBI0 TPAHCIIOPTHBIX
HaHOKPHCTAJIJIOB.

HccnemoBanus OAHOQOTOHHOIO  H3JIyYeHUS
M ero MCTOYHMKOB YK€ II03BOJIM/IM CHelaTb MHO-
JKeCTBO QYyHIaMeHTA/IbHBIX OTKPBITHH M Cylle-
CTBEHHO ITOBJIMATh Ha Pa3’BUTHE QyHOAMeHTaIbHOM
Y NPUKIAJHOM HayKH, TeXHOJOTHM, M obIlecTBa.
Ho B KBAaHTOBHIX KOMMYHMKALIUSIX U KBAaHTOBOU
KpUITOrpadHM CamMoe HHTepeCHOe, KOHEUHO Ke,
BIIepeJIH.
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