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BBEAEHWE

HccnenoBaHus B 0651acTH CII0CO60B reHepallki OfH-
HOYHBIX QOTOHOB IIPUBE/IHU K CYIIeCTBEHHOMY pa3BH-
THIO METOZOB MAaHUIIYJIMPOBAHHS KBAHTOBBIMU 00B-
eKTaMHU, K 6os1ee rmybokoMy TOHHMAHHKIO KBAHTOBOM
®U3MKU MU, KpPOoMe TOrO, yBeHYAJIMChb 3aMEeTHBIM
KOTUYeCTBOM HOOeleBCKUX IpeMHI. Pe3yapTaTsl
3THUX MCCIeOBAHUM MCIIONB3YIOTCS Ha ITPAaKTHKe
B O3KCIIEPUMEHTAJIBHON K MNPHUKIAAHOM OQH3HUKe,
B HEKOTOPBIX 06JIACTSAX XMMHUU U OHOJIOTUH, a TaKXKe
B IIpUOOPOCTPOEHUH U KPUIITOTpadUH.

B mepBom ugactu o0630pa obcyskmaroTcs Heobxomu-
MBble M KelaTelbHbIe TPeOOBAHUS K OGHODOTOHHBIM
HMCTOYHUKAM KU KPUTEPHUU XapaKTepPHU3aLMH HCTOY-
HHUKOB. A 3aTeM MaKCHMAaJbHO IIMPOKO, HO OTHOCH-
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The review discusses various ways to create
single-photon sources (SPS). The task of
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INTRODUCTION

Research in the field of single photon generation meth-
ods has led to significant development of methods for
manipulating quantum objects, to a deeper understand-
ing of quantum physics, and in addition, has yielded
in a significant number of Nobel prizes. The results of
these studies are being implemented both in experi-
mental and applied physics, in some fields of chem-
istry and biology, as well as in instrumentation and
cryptography.

The first part of the review discusses the necessary
and desirable requirements for single-photon sources
and criteria for characterizing sources. And then, as
broadly as possible, but relatively briefly, scientific arti-
cles on the development of single-photon sources in
various ways are reviewed. The first part of the review
includes single-photons sources based on single ions and
based on single atoms.

The second and third parts reviews SPS on quantum
dots, on color centers in crystals, on carbon nanotubes
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TEeJIbHO KpaTKO 0603peBaioTcs paboThl 10 CO3MAaHUIO
00HOQOTOHHBIX HMCTOYHHUKOB Pa3IHM4YHBIMH CIIOCO-
6aMu. B mepByo 4acTh 0630pa BOIIIM HCTOYHHKHU
ONMHOYHBIX GOTOHOB Ha OCHOBE OAMHOYHBIX HOHOB
Y Ha OCHOBe OJMHOYHBIX aTOMOB.

Bo BTOpOM U TpeTber 4acTH OYAyT pacCMOTPEHBL
HO® Ha KBaHTOBBIX TOYKax, Ha ILeHTpax OKpa-
CKM B KpHCTa/lax, Ha Y/IepOJHBIX HaHOTPybKax
U JedeKTax B HHUX, Ha HAHOKPHUCTALIAX K CJIOH-
CTBIX HAaHOKPHCTAJ/UIaX, Ha OJHHOYHBIX MOJIEKYy/IaX,
B HH3KOPa3MEpPHBIX CTPYKTypaX M HOHaX MeTaJl-
JI0B B IIOJIMMEPHOM MaTpHLle, a TakKke aHCaM-
O1eBble CHCTEMBI, U HCTOUHHUKU Ha HeTHHENHBIX
KPUCTAIIAX.

0630p npenHa3HayeH A/ HIMPOKOTO Kpyra 4MTa-
Tejlel, UMeloIuX 6a30Bble 3HAHUS B 0671aCTH KBaH-
TOBOM OM3HKH, U SKeNAIUX [I0yYUTh IIpeACcTaBe-
HHe O COCTOSIHUM AAHHOW obnacTy. HMCIonp30BaHEL
MaTepHuaabl HeCKOJIBKHUX AHIJIOSI3BIUHBIX 00630pOB.
OTHenbHYI0 LIEHHOCTb IIPeACTaB/IsieT OOMIKMPHBIN
CIIMCOK JIUTepaTyphbl, OT KOTOPOIO MOKHO OTTaJI-
KHBAThCSl, IPHUCTYINasi K M3y4YeHHIO TpebyeMBIX
paszenos.

3AYEM HY>XHbl OAHO®POTOHHDIE
NCTOYHUKMUN [1]

OnHOPOTOHHBIE UCTOYHUKHU HCIIONB3YIOTCS B KBAHTO-
BOY KpUITOrpabrU AJisI CO3MAHUSI CUCTEM KBAaHTOBOT'O
pacmpeneneHus kiouei (cucrembl KPK). Hcrons3ys
OOHOPOTOHHBIE COCTOSHHSI, MOXKHO TapaHTHUPOBAThH
KOHQUIEHIIMATBHOCTh KOMMYHHUKALIMK U OOHapysKe-
Hue TI06BIX IIOITBITOK BMEIIAaTeIbCTBA.

OnHOMOTOHHBIE MCTOYHHUKH IIPeJOCTABISIOT BO3-
MOKHOCTb CO3[]aBaThb W MAaHHITYJIHPOBATh OT/ENb-
HBIMU KBAaHTOBBIMH b6uTamu (KybuTamu). T0 Heob-
XOOMMO ISl Pa3paboTKU KBAHTOBBIX KOMIIBIOTEPOB
U JIPYTHUX YCTPOMCTB, CIIOCOOHBIX BBIIIOTHSATH KBaH-
TOBBle BBIUMCIEHUs. [IpeflionaraeTcs, YTO BBIYHC-
JTUTeNbHAS MOLIHOCTh KBAHTOBBIX BBIYHC/IHTENEN
B LIJIOM Ppsifie CrenudHUecKuX 3amad bymeT 3Ha4HU-
TEJIBHO BBILIE, YeM MMEIOUIHecs Ha JAHHBIA MOMEHT
KJIACCHYeCKUEe BBIUHCIHTENbHBIE MOIIHOCTH [IasKe
CaMbIX MOIIHBIX MMEIOIINXCSI CeHYac CyNepPKOMIIBIO-
TepoB (KBAaHTOBAS yTPo3a).

KpoMme Toro, omHOQOTOHHbBIE HMCTOYHHUKH HCIIONb-
3yI0TCSL [iIs HpOBelleHUs] QyHIaMeHTAIbHBIX (U3HU-
YeCKUX O3KCIEPUMEHTOB, HAIIPaBJIeHHbIX Ha IIpO-
BepKy U M3y4eHHe OCHOBHBIX IIPHHIIUIIOB KBAHTOBOK
dusuku. Takke onHOPOTOHHBIE MCTOYHHKM HAIIH
IIPUMeHEeHHe B KBAHTOBBIX CEHCOPaX U B MeAUIIHHE.

B myeane HCTOUHHUKOM OJMHOYHOr0 GOTOHA MOSKET
CAYKUTh i00asi OAMHOYHAs KBAaHTOBAas YaCTHLA —
aToM, MOJIeKy/a, UOH, KBAHTOBAsI TOYKA U T.[., CIIO-

and defects in them, on nanocrystals and layered nano-
crystals, on single molecules, in low-dimensional struc-
tures, and metal ions in a polymer matrix, as well as
ensemble systems, and sources on nonlinear crystals.
The review is intended for a wide range of readers
who have basic knowledge in the field of quantum phys-
ics and want to get an idea of the state of research and
development in the field of SPS. Materials from several
previous reviews were used. An extensive list of litera-
ture is of particular value, which one can rely on when
proceeding to studies of the required sections.

WHAT SINGLE-PHOTON SOURCES ARE
INTENDED FOR [1]

Single-photon sources are used in quantum cryptogra-
phy to create quantum key distribution systems (QKD
systems). Using single-photon states, it is possible to
guarantee the confidentiality of communication and
the detection of any interference attempts.

Single-photon sources provide the ability to create
and manipulate individual quantum bits (qubits). This
is necessary for the development of quantum computers
and other devices capable of performing quantum com-
puting. It is assumed that the computer performance
of quantum computers in a number of specific tasks
will be significantly higher than the currently avail-
able classical computer performance of even the most
powerful supercomputers currently available (Quantum
Threat).

Besides, single-photon sources are used to conduct
fundamental physical experiments aimed at verifying
and studying the basic principles of quantum physics.
Single-photon sources have also found application in
quantum sensors and medicine.

Detector

Correlation

Coherent
light source

Detector
Half-silvered mirror

Puc. 1. Cxema X3H6epu bpayHa u Teucca 045 nodmeaepkoe-
HUS 00HOGOMOHHOCMU UCMOYHUKA [4]

Fig.1. The Hanbury Brown and Twiss scheme for confirming
photon singleness of the source [4]
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cobHasi IIOT/I0IMATh U M371y4aTh GOTOHBI B Y3KOH I10JI0Ce
ONTHYeCKHX 4acToT. OCHOBHOI IMPo6/IeMOH Ha 3TOM
IyTH SIBJSIeTCA MOBbIIIeHHe 3P eKTHBHOCTH cbopa
0IHOQOTOHHOrO H3nydeHus. Taxoke HeobxogHuMa pas-
paboTka ITPOCTBIX METOMOB 3JIeKTPUYECKOro yIIpaBiie-
HMUS MCIIyCKaHHeM OJHHOYHOro poToHa [2].

COOTBeTCTBEHHO, [J1s1 pea/IM3allii ONHOPOTOHHOIO
HCTOYHHKA TpebyeTcss OpraHH30BaThb OTHOCHTEIBHO
M30/IMPOBAHHYI0 CTaOM/IBHYI0 KBAHTOBYIO CHCTEMY,
HMeIIyI0 aTOMOIIOL06HYI0 CTPYKTYpy 3HepreTH-
YeCKUX YPOBHEM M pa3pelleHHBbIM H3/Iy4aTe/lbHbIN
IIepexofi, MexxIy HUMHU, 00ecrieqYrTh ee KOHTPOIHpYe-
Moe (3/1eKTpUYecKoe MK OITHYecKoe) Bo3byskIeHHe
1 [OC/IeyIOIIYI0 HM3/1y4aTelbHYIO Pe/laKCaluIo U3 BO3-
Oy>KIeHHOT 0 COCTOSIHUS, U 3aTeM CyMeTb 3pdeKTHBHO
cobpaTh U IepeHANpaBUTh IOy4HBIIeeCs OLHODO-
TOHHOe H3JIy4eHHe.

B npeasbHOM Cly4ae MCTOYHHK KBAHTOBBIX COCTOS-
HUH JJO/DKeH OJHOBpeMeHHO obecrieurBaTh UCTHUHHO
ONHOPOTOHHYIO CTAaTUCTHKY, OBITH JeTepMHHHUPOBAH-
HBIM, OBICTPBIM M paboTaromiuM BHe 1abOpaTOPHBIX
YCIIOBHH.

KOPPEJALMNOHHASA ®YHKLUNA

BTOPOIO NOPAAKA g(1)

I xapakTepu3allMM HCTOYHHKOB (GOTOHOB IIpU-
MeHsieTcs: uHTepdepoMerp X3HbOepu BpayHa-TBucca
(XBT-uHTepdepomMeTpa).

OnmHOoQOTOHHOE H3TyUYeHHUe C BhIXoda cucTeMbl KPK
[ojaeTcss Ha CHMMETPHUYHBIHM BOJIOKOHHBIM [eJIH-
Te/Ib, K Ka’KAOMY M3 BBIXOJ0B KOTOPOI'O IIOAK/IIOYEHBI
OJHHAKOBBIE [ETEeKTOPhl OOHOPOTOHHBIE METEeKTOPHI.
[Toka3aHHUS [eTeKTOPOB 06pabaThIBAIOTCS CHCTEMOM
HM3MepeHUsl BpeMeHHBIX HHTepBaJIoB (cxemMa Koppe-
nsuun). Tak Kak GOTOH He MOXKET IIOIJIOTHTBCSL Ha
JIBYyX IpPHEMHHKaX OJHOBPEMEHHO, TO OH [JeTeKTH-
pyeTcs TOIBKO OOHHMM M3 IPHUEMHHKOB C BEPOATHO-
CTBIO, OIpefeNnsieMON KBAHTOBOK 3PPeKTHBHOCTLIO
IIpUeMHHKA.

TakuM 06pa3oM, IIpU HATHUYHUH HIEATBHOTO OIHO-
$OTOHHOTO H3/IyuYeHMs Ha BbIXoge cuctembl KPK,
IeTeKTOpPBl PETHCTPUPOBATIU OBl HCIIyCKaeMble OfH-
HOYHBIE GOTOHBI CTPOTO 10 OAUHOYKE, HO HUKOTJa He
cpabaTbiBanu 6B CHHXPOHHO. B cilyuae, eciu HCTOY-
HHK He HJeajieH, X HCIyCKaeT B TOM YHCIe MHOIO0-
$OTOHHBIE MMIIY/IbCHL, CYIIECTBYeT BePOSTHOCTh, YTO
OfiHA YacTb POTOHOB 3TOr0 HMMIIy/IbCA OyIeT HeTeKTH-
pOBaHa IepPBBIM JETEKTOPOM, a Apyras 4acTh — OJHO-
BpeMEHHO BTOPBIM [EeTEeKTOPOM, BCIe[CTBHE Yero
IIpueMHUKH 6yayT cpabaTbIBaTh CHHXPOHHO.

Yem Onmke HCTOYHHUK OJHHOYHBIX (OTOHOB
K HIOeaJIbHOMY, 4YeM HMXKe 01 MHOropOTOH-
HBIX MMIIYJIBCOB, TeM pexke OyoyT HPOHCXOAUTH
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Puc. 2. ®yHKUUS napHbIX GomoHHbIX koppeasuul g@(t)
0481 UCMUHHO 00HOPOMOHHO20 UCMOYHUKA, pabomato-
LWe20 8 UMNYAbCHOM pexkume. PaccmosiHue mexkoy nukamu
coomeemcmeayem nepuody cAedo8aHus umnyabcos. Mpo-
8an nocepeduHe NOKA3bI8AEM, YMO NPU KAXXO0M UMNyAbce
cpabameigaem moAbKo 00UH 0emekmop

Fig. 2. The second-order autocorrelation function g(2)(t) for
atrue single-photon source operating in pulsed mode. The
distance between the peaks corresponds to the pulse repeti-
tion period. The dip in the middle shows that only one detec-
toris triggered at each pulse

Ideally, any single quantum particle - an atom, mol-
ecule, ion, quantum dot, etc., capable of absorbing and
emitting photons in a narrow band of optical frequen-
cies - can serve as a single-photon source. The main
problem is to increase the efficiency of collecting single-
photon radiation. It is also necessary to develop simple
methods of electrical control of the single photon emis-
sion [2].

Accordingly, to implement a single-photon source, it
is necessary to organize a relatively isolated stable quan-
tum system having an atom-like energy structure and
a permitted radiative transition between energy levels,
to ensure its controlled (electrical or optical) excitation
and subsequent radiative relaxation from the excited
state, and then be able to effectively collect and redirect
the resulting single-photon radiation.

Ideally, the source of quantum states should simul-
taneously provide true single-photon statistics, be
deterministic, fast, and must work outside laboratory
conditions.

THE SECOND-ORDER CORRELATION

FUNCTION ¢?(t)

The Hanbury Brown-Twiss interferometer (HBT interfer-

ometer) is used to characterize photon sources.
Single-photon radiation from the output of the QKD

system is fed to a symmetrical fiber-optic splitter. Iden-

tical single-photon detectors are connected to each
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CHHXPOHHBle CpabaThlBaHUS
XBT-uHTepdpepomerpa.

IIpy momoLIX H3MepHUTe/lss BpeMeHHBIX HHTepBa-
JIOB CTPOMUTCS B3aMMHasl KOppeaslHoHHAsT QYHKLMS
cpabateiBaHum doTomeTekTopoB g2(1) (B aHIION3BIY-
HOM /HUTepaType - Crangier parameter, second-order
Clauber autocorrelation function). ®yukuus g2(t)
IIOKa3blBaeT, C KAKOH BepOSTHOCTbIO POTOH bymer
IeTeKTUPOBAH BTOPBIM AETeKTOPOM Uepe3 HHTepBas
BpeMeHH T Iocie cpabaThIBaHUS MEPBOrO JETEKTOPA.
3HaueHHe aBTOKOPPEISIIUOHHON (QYHKLUHH BTOPOTO
nopsiika g2(t) B Hy/lIeBOM MOMEHT BPeMeHH XapaKre-
pH3YyeT «CTelleHb ONHOQOTOHHOCTH» CUTHAJA.

Cl)OTOHpI/IEMHI/IKOB

(10 1t+0)
g(z)(t) =
(1o}
ITo dopme g?(T) MOKHO CYAUTD O CTATUCTHUKE UCTOU~
HHKa [3, 4].
HTak, pAasi IHOATBePKAEHHS OZHOPOTOHHOTO

PeKMMa HCTOYHHKA OJUHOUYHBIX (OTOHOB H3Me-
psieTcss  KoppensIMoHHasi (QYHKIHUS  BTOPOrO
nopsaka gA(t). FIMeHHO pe3y/lbTaThl 3KCIIEPHMEH-
TAJIBHOTO HM3MepeHUs ¢?(T) IPUBOAT yueHble B HAy4-
HBIX CTaThSIX B KadeCTBe JOKa3aTeIbCTBA OJHODOTOH-
HOCTH HCC/IeflyeMbIX HCTOYHHKOB. J|JIsI MCTHHHOTO
omHOPOTOHHOro HMcTOUHHKA g2(0)=0, I peanbHBIX
HUCTOYHUKOB 3HaueHHe g?(0) meHee 1/2 cuuTaercs

=

of the outputs of the splitter. The detector readings
are processed by a time interval measurement system
(correlation scheme). Since a single photon cannot
be absorbed by two detectors at the same time, it is
detected by only one of the detectors with a prob-
ability determined by the quantum efficiency of the
detector.

Thus, in the presence of ideal single-photon radia-
tion at the output of the QKD system, the detectors
would register the emitted single photons strictly sin-
gly, but would never be triggered synchronously. If
the source is not ideal, and emits multiphoton pulses,
among other things, there is a possibility that the
first detector will detect one part of the photons of this
pulse, and the second detector will detect the other part
simultaneously. As a result, the detectors will be trig-
gered synchronously.

The closer the single-photon source is to the ideal
one, the lower the proportion of multiphoton pulses,
the less likely synchronous triggering of the HBT inter-
ferometer photodetectors will occur.

Using a time interval meter, Grangier parameter, or
second-order Clauber autocorrelation function g@(t)
is constructed. The function g?(t) shows with what
probability the photon will be detected by the second
detector in the time interval t after the first detector is
triggered. The value of the second-order autocorrelation
function g?(t) at zero time characterizes the “single-
photon quality” of the signal.
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Puc. 3. KozepeHmHbIl ucmo4HUK (0cAabneHHbil Aa3ep), 00HOPOMOHHBIT UCMOHYHUK, U UCMOMHUK ¢ 2pynnupoekoli pomoros (Delmic Blog)
Fig.3. A coherent source (attenuated laser), a single-photon source, and a source with bunching of photons (Delmic Blog)
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JIOCTATOUHBIM TMOATBEPKIEHUEM PEKHMa OFHODO-
TOHHOCTH. B peasbHBIX IKCIIEPUMEHTAaX YKe ObLIN
IIPOJIeMOHCTPHUPOBAHbI JOCTATOUHO MaJible 3HAYeHHUs
sHaveHwust g2(0), BLIoTH 10 7,5%107 [5].

rPYNMUPOBKA, AHTUTPYIIMNPOBKA

N KOFEPEHTHbIA UCTOYHUK

OcnabeHHBIN a3ep SBASETCS KOTePeHTHBIM HCTOY-
HUKOM M HMeeT IIyacCOHOBCKOe pacIpefie/ieHHe
BeposTHocTer P(n) u3nydeHHs n QOTOHOB B OCiIa-
671eHHOM OIITHUYeCKOM HMIIYJIbCe.

3Havenue g¥(0) A1 UCTOYHUKA C IYaCCOHOBCKOH
CTATUCTUKOM paBHO egunuLe g?(0)=1 (rpynnupoBka
$oTOHOB OTCYTCTBYyeT). ECIM H3/lyueHHe HUMeeT Cy6-
IIYaCCOHOBCKYIO CTATUCTHKY, To §2(0)<1, ecnu cymep-
IIyaCcCOHOBCKY0, TO g2(0)>1.

HCTOYHUKYU OOMHOYHBIX (GOTOHOB IOEeMOHCTPHU-
PYIOT aHTHUIPYIIHPOBKY. IS MCTUHHOIO OAHO)O-
TOHHOrO HCTOYHHKA g?(0)=0. B KBAaHTOBOH KpHII-
Torpaduu >KejlaTellbHa HMMEHHO aHTHUTIPYIIIHPOBKA
(antibunching) ¢otonoB. ITocKOTBKY GOTOHBI HCITY-
CKaIOTCSl 10 OJHOMY, BEPOSITHOCTh OJHOBPEeMeHHOI0
HabmoneHus ABYX GOTOHOB IS MIEANBHOTO HCTOY-
HHUKA paBHa 0. MCTOYHUK QOTOHOB SIBISETCSI aHTHU-
rpynnupoBaHHbIM, ecnu g29(0)<g?(1) [6].

ITpu pa3paboTke KU peanu3alUU IIPOTOK0IOB KPK
HeobXO0JHMO YUYMTBIBATh CIeLUPUKY KOrepeHTHBIX
cocTOsSIHUH [7].

IpynmnupoBKa GOTOHOB MOKET BO3HHKATh B UCTOY-
HHKAaX C pe30HaTOpaMH, KOIJa BpeMsi KU3HU GOTOHA
B Pe30HATOpe COIOCTAaBUMO C IIEPUOAOM C/IeflOBaHUS
VIMITyJIbCOB.

[1por3BOAs U3MepeHHe BepPOSITHOCTEM, BXOMSIIHUX
B BBIPOKeHHEe KOPPeISLHOHHON QYHKLUHH, MOXKHO
OLIEHUTh 3HAaUYeHHe KOPPeISLHMOHHON OQYHKUHUU
M II0Ka3aTh, HACKOJBKO BepHa THIIOTe3a O IIyacco-
HOBCKOM CTaTUCTHKe.

OCJ/IABJIEHHbIW JIA3EP KAK UCTOYHUK
OANHOYHbLIX POTOHOB AJ11 KPK
CymecTByromiye ogHopoTOHHbIe crcTeMbl KPK B 1moza-
BJISIIOIIEM OOJIBIIMHCTBE UCIIONB3YIOT ncesdoodHopomoH-
Hblll UCTOYHUK Ha OCHOBe ocsabimeHHOro yasepa [8].
Kak mpaBuio, B cucremax KPK HMHTeHCHBHOCTH
nasepa ocnabsieTcs 0 TaKOHM CTeIleHH, YTO B Cpell-
HeM B KaXIOM HMIIYJIbCe COAEeP>KUTCS MeHee OIHOIO
doToHa. B KauecTBe aTTeHI0OATOpPa 4acTo IIPUMeHS-
eTcsl ToJICTasl KpeMHHeBasl IIJIaCTUHKA K BMecTe ¢ Hell
YIIPaB/seMBbIH aTTeHIOATOP [JIs1 TOUHOM MOACTPOHKH.
TaxKe HMHOIZAa NPHUMEHSIOTCS MHKpPOMeXaHHYecKHe
yIIpaBaseMble 3epKaja, BMOHTHPOBAaHHEIE B Pa3phlB
OIITOBOJIOKHA, KOTOPble IIePeHAIIPaB/ISIIOT U3/lydeHHe
IIOJIHOCTBIO /1M YaCTUYHO.
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The form g2(t) can be used to characterize the statis-
tics of the source [3, 4].

So, to confirm the single-photon mode of a source,
the second-order Glauber autocorrelation function g2(t)
is measured. It is the results of the experimental mea-
surement of g?(t) that scientists show in scientific arti-
cles as proof of the single-photon nature of the sources
under study. For a true single-photon source, g?(0)=0,
for real sources, a value of g?(0) less than 1/2 is consid-
ered sufficient confirmation of the single-photon mode.
Real experiments have demonstrated very small values
of the g2(0) value, up to 7.5x107 [5].

£2(0)=

BUNCHING, ANTIBUNCHING

AND COHERENT SOURCE

The attenuated laser (faint laser, weak laser) is a coher-
ent source and has a Poisson probability distribution
P(n) of emission of n photons in an attenuated optical
pulse.

The value of g?(0) for a source with Poisson distribu-
tion is equal to one g?(0)=1 (there is no bunching of pho-
tons). If the radiation has sub-Poisson statistics, then g?
(0)<1, if super-Poisson, then g?(0)>1.

Single-photon sources demonstrate antibunching.
£2(0)=0 for a true single-photon source. In quantum
cryptography, it is precisely the antibunching of pho-
tons that is desirable. Since photons are emitted one at
a time, the probability of simultaneous observation of
two photons for an ideal source is 0. The photon source
is antibunched, if g2(0)<g?(v) [6].

The specifics of coherent states should be taken into
account in the development and implementation of
QKD protocols [7].

Photon bunching can occur in sources with resona-
tors when the photon lifetime in the resonator is compa-
rable to the pulse repetition period.

By measuring the probabilities included in the expres-
sion of the correlation function, it is possible to estimate
the value of the correlation function and show how true
the hypothesis of Poisson statistics is.

ATTENUATED LASER AS A SINGLE-PHOTON
SOURCE FOR QKD

The existing single-photon CRT systems overwhelm-
ingly use a quasi-single-photon source based on a weakened
laser [8]. Typically, in QKD systems, the laser intensity
is attenuated to such an extent that, on average, each
pulse contains less than one photon. A thick silicon
wafer is often used as an attenuator, and with it a con-
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Puc. 4. Y nazepa, ocnabneHHozo 0o uHmeHcusHocmu 0,2 pomoHa 8 umnyAabce, 60AbLIASI YHACMb UMNYAbCO8 0KA3bIBAKOMCS
«nycmulmu», U 8 cpedHem moAbKO NPUMEPHO NSIMAs 4acme 8cex UMnyAbcos codepxkum pomoH. Ho npu 3mom Heu3bexKHo ecmsb
u3eecmHas 004 UMRYAbCO8, Komopble codep kam 60nee 00H020 POMOHaA, U U36asumbCs 0M HUX HEBO3MOXKHO

Fig. 4. For a laser attenuated to an intensity of 0.2 photons per pulse, most of the pulses turn out to be “empty”, and on average
only about one in five pulses contain a photon. But at the same time, there is inevitably a certain fraction of pulses that contain

more than one photon, and it is impossible to get rid of them

KonuuecTBO GOTOHOB B HMIIy/IbCe OC/IA0IEHHOIO
Ja3epa MOOUMHAETCS CTaTHUCTHKe IlyaccoHa. Ilpu
ocnabeHUH Ta3epHOro H3JIyYeHHs N0 MHTeHCHBHO-
ctu 0,1-0,2 poToHA HA UMILY/IbC IIOLABLIOLIEe 60/1b-
IIMHCTBO MMIIYJIbCOB, IIPEOJOJIEBIIMX aTTEHI0ATOP,
cozepskaT Bcero onuH ¢oToH (puc. 4). B ociabneHHOM
JIa3epHOM HM3/y4YeHHUH Hapsany C OOHOPOTOHHBIMU
MMITy/IbCAaMH HeH36e5KHO IIPUCYTCTBYET IO/ MHOTO-
GOTOHHBIX HMIIYJIbCOB, COOTBETCTBYIOIAsl BepPOST-
HOCTHOMY pacmpezenesHun Ilyaccona. Hampumep,
cpenHee 3Ha4YeHMe YyKciaa GOTOHOB B MMITy/abce p=0,1
IIPUBOOUT K BePOSATHOCTH 90% ns Hyasd POTOHOB,
9% nas omHoro GoToHa U 1% misa 6ojiee YeM OIHOTO
dotoHa [9].

CTeneHb «OOHOPOTOHHOCTH» KBA3HUOAHOPOTOH-
HOTO MCTOYHHKA SBJSIETCS KPUTHUYECKH Ba’kKHOH
XapakTepucTuKkon s cuctem KPK. Heobxommmo
YUYHUTBIBATh JOI0 MHOTOQOTOHHBIX MMIIY/ILCOB IIPU
bH3MUecKod peajlH3allMU IIPOTOKOJIA KBAHTOBOTO
pacIipesiesieHUsI KJII0Yer, YTOObI IIPOTOKOJ OCTABAICS
besomacHeIM. Bce [OKasaTenbCTBAa CEKPETHOCTHU
IIPOTOKOJIOB IIPeJII0/JaraioT, YTO 3/I0YMBILIJIEHHUK
obnasaeT MOMHBIM JOCTYIIOM K KBAaHTOBOH JIMHHUHU
M He OrpaHHYeH B TeXHHUYeCKUX CPeAcTBaX, U BCI
MHOOpPMaIHs, KOTOPYIO IIPUHIIUIINAIBHO BO3MOXKHO
M3BJeYb W3 JUHHUH, OymeT MM IIOJHOCTBIO H3BIIe-
YeHa M MUCII0Nb30BaHa. B JaHHOM cCily4ae 3TO O3Ha-
4YaeT, YTO BCe MHOTOQOTOHHBIE HMIIYIbCHl MOTIYT
OBITH «IIOACTYIIAHBI?. [I03TOMY B TeXHHUYeCKOH pea-
JIM3aLIMU KBAaHTOBOI'O IIPOTOKOJIA JISI obecriedeHHs
MaTeMaTH4eCKON 0e30I1acHOCTH HeobXO0OHMO Y4H-
ThIBATh BCe MHOTOQOTOHHBIE MMIIY/IbCH KaK yTEUKY
MHGOPMAIIHH K 3JIOYMBIIIJIEHHUKY .

trolled attenuator for precise adjustment. Micromechan-
ical controlled mirrors mounted in a fiber gap are also
sometimes used, which redirect radiation completely or
partially.

The number of photons in the pulse of a weakened
laser obeys Poisson distribution. When the laser radia-
tion is attenuated to an intensity of 0.1-0.2 photons per
pulse, the vast majority of pulses that have overcome
the attenuator contain only one photon (Fig.4). In atten-
uated laser radiation, along with single-photon pulses,
there is inevitably a fraction of multiphoton pulses
corresponding to the Poisson distribution. For example,
the average value of the number of photons in a pulse of
p=0.1leads to a probability of 90% for zero photons, 9%
for one photon and 1% for more than one photon [9].

The single photon emission purity of a quasi-single-
photon source is a critically important characteristic
for QKD systems. To keep the QKD-protocol secure, it
is necessary to take into account the proportion of mul-
tiphoton pulses in the physical implementation of the
quantum key distribution system. All protocol security
proofs suggests that the attacker has full access to the
quantum line and is not limited in technical means,
and all information that is fundamentally possible to
extract from the line will be fully extracted and used
by him. In this case, this means that all multiphoton
pulses can be “eavesdropped”. Therefore, in the techni-
cal implementation of the quantum protocol, in order
to ensure mathematical security, it is necessary to take
into account all multiphoton pulses as information leak-
age to an attacker.

This means that in real QKD systems, it is necessary
to carefully ensure that the permitted single-photon
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JTO O3HAayaeT, YTO B peanbHBbIX cucTeMax KPK
HeobX0JMMO BHHMAaTeIbHO CIeJUTb 3a TeM, YTOOBI
paspelleHHBIN 0OJHODOTOHHBIN pesKUM OBUI yCTaHOB-
JIeH HM3HavaJbHO U CTPOTO BBIAEPIKUBAJICA B peajb-
HBIX YCIOBHSIX 3KCIUTyaTalluM. Bce amemeHTHI, obe-
CIleyMrBame ofHOQOTOHHBIN PEXKHUM OINTHYECKOrO
M3JlyuyeHUs, NO/KHBI OBITh KaTHOpPOBAaHBI HA JJIMHE
BOJIHBL H3/1ydaTeNsi, U OJHOQOTOHHBIN PEXKHUM [0~
>KeH OBITh IIOATBEPsKIEH IIPH BCEX BO3MOKHBIX PesKH-
Max pabotsl. [ IOATBEPKAEHUS OLHOPOTOHHOTO
pPe’kKHMMa HCTOYHHUKA OOUHOYHBIX GOTOHOB TpebyeTcs
[IPOM3BECTH HM3MEpPeHHs CpefHero 4yucia (GOTOHOB,
KCIIO/NIb3YeMBIX IIPH Iepefaye OJHOIO KBAaHTOBOIO
COCTOSIHMS, HabnoaeMoro Ha BBIXOJE CHCTEMBI
Y [IOATBEPAUTH ITYaCCOHOBCKYIO CTAaTHCTHKY pacIipe-
JeJleHUs YHcia GOTOHOB B ONTHYECKHUX HMMIIY/IbCaX
Ha BBIXOJe CHCTEMHBI.

JJ151 5TOro Heo6XOMUMO IIPOH3BECTH U3MEPEeHHUS:

* YaCcTOTHI IepeJaul OAHOPOTOHHBIX KBAHTOBBIX

COCTOSTHU

* CpelHeH MOIIHOCTH H3/Iy4eHHs,;

* CpefqHeH AJIMHBI BOIHEI H3/1y4aeMbIX B KBAHTO-
BBIM KaHaJI CBSI3U GOTOHOB;

* 3HAa4eHHS aBTOKOPPe/sLMOHHON QYHKIIUH
BTOPOTIO IOPsiiKa B HYJIeBOM MOMEHT BpeMeHH,
XapaKkTepHu3ymllee «CTereHb OFHOPOTOHHOCTH»
IepefaBaeMoro I10 KBaHTOBOMY KaHajly CUTHaja.

M3MEPEHUE CPEAHEIO YNCJ/TA POTOHOB
B UMIMYJNbCE

Ecniu BeposiTHOCTh P(n) wu3nydeHHUsT n GOTOHOB
B OJHOM OIITMYeCKOM HMMIIy/IbCe, IIOCTYIIAIoleM
B KBAaHTOBBIM KaHaJI CBS3U OT cucTeMbl KPK, OImMchbI-
BaeTCd IIYaCCOHOBCKHMM pacIpeaeneHHeM, TO LOCTa-
TOYHO KOHTPOJIMPOBAaTh CpeJHee YMCIO GOTOHOB |
B OZJTHOM OIITHYeCKOM HMIIy/IbCe, UTOObI 0DecIIeunTsh
DOCTAaTOYHO “ONHOQOTOHHBIN» PeKUM paboThl HU3Iy-
4yaTess cucTeMbl KPK, 1 aKKypaTHO YYUTBIBATH [JOJII0
HeOoJHOQOTOHHBIX MMIIY/IBbCOB /s obecrieueHus bes-
OIIACHOCTH ITpoToKoa [10].

MerTonpl, MO03BOJAIONIME OIIpPeJe/NIUTh CpegHee
YHCI0 GOTOHOB B OLHOM OITHYECKOM MMIIYJIbCe
cuctembl KPK, noLLpo6H0 OMNHKCAaHBI B creluHUKa-
LMKU EBPOIENCKOro HMHCTHUTYTa TeleKOMMYHHKAIIH-
OoHHBIX cTaHAaprtoB (ETSI): ETSI Croup Specification
QKD 011 [11].

CpenHee 4ncio GOTOHOB |L B OOHOM OIITHYECKOM
HMIIy/IbCE PACCUHUTBIBAETCS II0 BeIHYHHe CpelHeH
MOIIIHOCTH M3Jy4eHHs. 3Has CPeIHIOI SHEePrUIo
OIHOTO ONTHYeCKOro MMIIY/IbCa H YaCTOTy CJemo-
BaHHUS HeocHableHHBIX OITHYECKHUX HMIIYIbCOB,
Y JJIMHY BOJHBI j1a3epa, MOKHO pacCUYMTaATh CpeJHee
YUCJI0 GOTOHOB |L B OMHOM HMITYJIbCe II0 popmyIie:
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mode is initially set and strictly maintained in real oper-
ating conditions. All elements providing a single-photon
mode of optical radiation must be calibrated at the wave-
length of the emitter, and the single-photon mode must
be confirmed under all possible operating modes. To
confirm the single-photon mode of a source, it is neces-
sary to measure the average number of photons used
in transmitting a single quantum state observed at the
output of the system and confirm the Poisson statistics
of the photons number distribution in optical pulses at
the system output.
To do this, it is necessary to measure:
the transmission frequency of single-photon quan-
tum states;
average radiation power;
« the average wavelength of photons emitted into
the quantum channel;
+ the second-order correlation function, characteriz-
ing the single photon emission purity of the signal
transmitted over the quantum channel.

MEASUREMENT OF THE AVERAGE NUMBER
OF PHOTONS PER PULSE

If the probability P(n) of emission of n photons in one
optical pulse entering the quantum channel from the
QKD system obeys the Poisson distribution, then it is
sufficient to control the average number of photons in
optical pulse to ensure a “sufficiently single-photon’
operating mode of the QKD system emitter, and care-
fully take into account the proportion of non-single-
photon pulses to ensure security of the protocol [10].

The methods for determining the average number
of photons in one optical pulse of the QKD system
are described in detail in the ETSI Group Specification
QKD [11] (ETSI - European Telecommunications Stan-
dards Institute).

The average number of photons in one optical pulse n
is calculated by the value of the average radiation power.
Knowing the average energy of one optical pulse and the
repetition rate of the unattenuated optical pulses, and
the wavelength of the laser, we can calculate the average
number of photons in one pulse:

’

p-A
_f~c~h ’

B @

where P is the average radiation power [W];
fis the pulse repetition rate [Hz];
M is the average radiation wavelength [nml;
h is Planck’s constant (h~=6.63-10734 [J-s]),
cis the speed of light in vacuum
(cx2.99-108 m/s).
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rie P - cpeqHsisi MOIIHOCTD U3/1ydeHUs [BT];

f - 4acTora cemoBaHUS UMITY/IbCOB [I'11];

\ —CpeziHsIsl AJIMHA BOJIHBI U3Ty4eHHUs [M];

h - mocrosinHas Inanka (h~6,63-10734 [k c]),

€ - CKOpPOCTbh CBeTa B BaKyyMe (c~2,99-108 m/c).

3HaHMe KBAaHTOBOM 3PPeKTUBHOCTH, BEPOSITHO-

CTH TEMHOBBIX OTCUETOB M IIOCIEMMITY/IBCOB, a TAKXKe
YaCTOThl CJAefOBAaHUS MMIIYJIbCOB (HeobXomuMo
CUHXPOHU3HPOBaTh KaJIUOpPOBaHHBIM (OTOHLETEK-
TOp W BBIXOJ cHcTeMbl KPK) IT03BO/ISIET IIPOM3BECTH
IepepacyeT 4acTOThl CpabaThIBAaHHUN (OTOZETeKTOpa
10, JeHCTBHUEeM M3/Iy4eHHus C BbIxofa cucTeMbl KPK
B CcpenHee 4MC/IOo GOTOHOB. B peanbHBIX CHCTEMax
KPK cpenHee 4ymciao GOTOHOB B KMMIIY/IbCE KOHTPO-
JTUPYeTCs IOCTOSIHHO, YTOOBI [0/ MHOTOQOTOHHBIX
MMIIY/IbCOB, He IIpeBhIllaja I[IOPOrOBOro 3Ha4yeHHd,
IIPY KOTOPOM KBaHTOBBIH ITPOTOKOJI ITepecTaHeT OBITh
CEeKPEeTHBIM.

KOHTPOJIbHbIE COCTOAHUA

ans I'IPOTVIBOD,EVICTBVIH ATAKE

C PACLLETIJTEHUEM MO Yncny

®OTOHOB [12]

B cTabuibHOM 0CTab/IeHHOM JIa3epHOM H3/Ty4YeHHH
KOJIMYeCTBO (OTOHOB KMMIIYJIbCE OITMCBIBAETCS IIyac-
COHOBCKOM CTAaTUCTHKOM, YTO HeH30eXXHO IIpHUBO-
OUT K HU3BECTHOM A0jie MHOTOQOTOHHBIX MMIIY/IbCOB.
C ofHOM CTOpPOHBI, 3TOT GaKT HaKJIaJIbIBAaeT JOIOJ-
HHTe/IbHble OIPaHHUYeHHs Ha TeXHHYeCKYK peajn3a-
LIMIO0 KBAaHTOBOI'O ITPOTOKOJIA, HO, C JPYrOk CTOPOHBHI,
3HaHHe CTAaTUCTHKH JaeT OTHOCHUTEJBHO IIPOCTYIO
M H3SIIHYI0 BO3MOXHOCTh OOHApPY>KHBAaTh ITOCTOPOH-
Hee BMeIIATEIbCTBO B ITPOLIECC BBIPAOOTKHM KBAHTO-
BOTO KJII0Ya.

JTo Hcmonb3yeTcss B Decoy-state metoge [7, 13, 14],
KOTOPBIM 3aK/II0YaeTcsi B IPUTOTOBIEHUM H Iepe-
Jade Hapsay ¢ MHGOPMALIMOHHBIMH COCTOSHHSIMH
CIlelJMa/IbHO IIPUIOTOBJIEHHBIX KOHTPOJIBHBIX COCTOSI-
HMH (COCTOSIHUM-«I0BYIIeKk», Decoy States). [ToMHMO
UHGOPMaLIMOHHBIX COCTOSIHHUI CO CpPeAHUM YHCIOM
$OTOHOB |1, ANKCa TOTOBHUT KOHTPOJIbHBIE COCTOSIHHS
(COCTOSIHUS-«JIOBYIIKW») C APYTHMH CPeJHHUMH YHC-
71aMU GOTOHOB V] U V,. [IpH 3TOM, KaKoe K3 COCTOSIHHUH
OyZIeT Ioc/IaHo, KasKABIK pa3 BEIOMPAeTCs CITy4arHbIM
obpaszom. [|yisi IPUTOTOBJIEHHSI KOHTPOJIBHBIX COCTOSI-
HHUM B IIPOTOKOJaX ¢ Decoy-state NPUMeHSIOTCS 371€K-
TPOOIITHYeCKHe MOAY/ISTOPbl HHTeHCUBHOCTH.

EBa 3apaHee He 3HaeT, COCTOSIHHE C KaKHM Cpef-
HHM YHUCI0M GOTOHOB HAXOAUTCS B KaHase, II03TOMY

=

Knowledge of the quantum efficiency, the probability
of dark counts and after pulses, as well as the pulse rep-
etition rate (it is necessary to synchronize the calibrated
photodetector and the output of the QKD system) makes
it possible to recalculate the frequency of the photodetec-
tor under the influence of radiation from the output of
the QKD system to the average number of photons. In
real QKD systems, the average number of photons per
pulse is constantly monitored so that the proportion of
multiphoton pulses does not exceed the threshold value
at which the quantum protocol ceases to be secret.

DECOY-STATES FOR COUNTERING A PHOTON
NUMBER SPLITTING ATTACK [12]

In stable attenuated laser radiation, the number of pho-
tons in a pulse is described by Poisson statistics, which
inevitably leads to a known share of multiphoton pulses.
On the one hand, this fact imposes additional restric-
tions on the technical implementation of the quantum
protocol, but on the other hand, knowledge of statistics
provides a relatively simple and elegant opportunity to
detect outside interference in the process of quantum
key distribution.

This is used in the Decoy-state method [7, 13, 14],
which consists in preparing and transmitting, specially
prepared decoy states, along with information states. In
addition to information states with an average number
of photons i, Alice prepares some share of decoy states
with other average numbers of photons: v, and v,. At the
same time, which of the states will be sent is randomly
selected each time. Electro-optical intensity modulators
are used to prepare information states and decoy states
in Decoy-state protocols.

Eve does not know in advance the state with what
average number of photons is in the channel, so it acts
the same with each parcel. Her intervention distorts the
statistics of Bob’s counts in different ways for each set
of states with an average number of photons per pulse
1, v;and v,.

After basis announcement and discarding mis-
matched bases, Bob finds out which set of states each
click answered, and can calculate statistics separately
for each set with the numbers y, v; and v,. According
to the statistics of detector triggers for decoy states, Bob
calculate the proportion of a single-photon component
in information pulses. If this proportion remains within
the required limits, then the protocol will remain secure,
Alice and Bob start information reconciliation and pri-
vacy amplification procedures, considering that the key
is formed only on a single-photon component.

And if the proportion of a single-photon component
turns out to be different than it is predetermined by
Poisson statistics for three sets of states with photon
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C KKIOHM IIOCBUIKOH OeHCTByeT OJHHaKoBO. Ee BMe-
IIATeICTBO I10-Pa3HOMY MCKAKAeT CTATHCTHKY OTCUe-
TOB Boba 1151 KasKmoro Habopa COCTOSIHUHE €O CPeIHUM
YHCIOM QOTOHOB B UMITYJIBbCE |1, V; K V,.

[Toce mpouenypel pasriameHus 6asucoB Bob
y3HaeT, KakoMy Habopy COCTOSIHUI OTBeYaId KasK-
IOble KIMKH, K MOeT IIOACYUTATh CTATHUCTHUKY pas-
JeJIbHO 110 KKAOMY Habopy C YHCIAMH [, V; H V,.
ITo cTaTHUCTHKe CpabaTBIBAHUM JEeTEeKTOPOB /IS KOH-
TPOJIBHBIX COCTOSIHUU B06 MOSKET BBIUMCIUTH JOTIIO
O0JHOPOTOHHOKM KOMIIOHEHTHl B MHGOPMALIMOHHBIX
uMIyabcax. ECIM 3Ta monst ocTaeTcss B HeobXomu-
MBIX IIpefiesiax, TO IIPOTOKOJ OCTaHeTCs 6e30I1acHbIM,
Anuca u Bob IpoBOASsT yCHIeHHe CeKPeTHOCTH, CUH-
Tas, 4TO K104 GOPMHUPYETCS TOAbKO Ha OJHOPOTOH-
HOM KOMIIOHEHTE.,

A ecnu nmonsi ogHOGOTOHHOM KOMIIOHEHTHI OKa-
3bIBAETCS WHOM, HEXeIH 3TO IpefoIlpeleneHo CTa-
THUCTUKOM IlyaccoHa /sl Tpex HabOpOB COCTOSIHUM
C YMCIaMHu GOTOHOB |, V; K V,, TO MOKHO IIpefIiosa-
raTh, 4TO 3JI0YMBIIUIEHHUK BMEIIJICS U 3aTesUl aTaKy
C pacmerieHHeM 110 yucny ¢otoHoB (Photon Number
Splitting - PNS) [12].

KoHeyHo, 651710 651 HAMHOTO yI00Hee pacronaraTb
HJIeTBHBIM OJHOQOTOHHBIM HCTOYHHKOM, HCTOUHHU-
KOM C YHCI0M GOTOHOB B MMIIYJIbCE CTPOrO PAaBHBIM
enuHHIle. TakoM HCTOYHHUK YIIPOCTHJI OBl TeXHHUe-
CKYIO PeaJM3alHI0 KBAHTOBBIX IITPOTOKOJIOB M OC/IA-
6r1 651 MaTeMaTHYeCKHe TPebOBaHUS K CEKPETHOCTH
IIpoTOKO/0B. CyIIecTByeT ILieJbIM Psf TpebOBaHUM,
KOTOPBIM [IO/DKEH YIOBJIETBOPSITH HUEANbHBIN OJHO-
GOTOHHBIN UCTOYHUK.

KAKUE TPEBOBAHWNA K UAEAJTIbBHOMY
OAHO®OTOHHOMY UCTOYHUKY? [15]

» OnuH GOTOH MOKeT OBITH UCITyIIeH B JItoboe
[IPOM3BOJILHO OIIpefie/IeHHOe BpeMsl I10/1b30BaTe-
neMm (TO eCTb UCTOUHUK SBJISI€TCS JeTepPMHUHUPO-
BaHHBIM HJIH «I10 TpebOBaHUI0», «OJMHOUHBII
$OTOH 110 3a1Ipocy»).

* BeposaTHOCTh UCITYCKAHMSA OAHOro $OTOHA
coctasiseT 100%.

* BeposiTHOCTE MHOTOOOTOHHOK 3MHUCCHH COCTAB-
nset 0%.

» TIlocmenyrouiye UCIIyCKaeMble GOTOHBL Hepas/Iiu-
YH MBI,

* YacroTa MOBTOPeHHsI MaKCHMa/IbHa (OrpaHu-
YeHa TOJIBKO BpeMeHHOM ITPOJ0/I>KUTeIbHOCTBIO
0nHOGOTOHHOIO UMITYJIbCa).

OTK/IOHeHHS OT 3THX H[eajIbHbIX XapaKTePHUCTHK,
KOTOphle BCerfa IIPUCYTCTBYIOT B peajbHOM MHpe,
TO/IKHBI OBITh YYTEHBI ITPU ITOCTAHOBKe SKCIIEPHMeEH-
TOB U pa3paboTke cxeM MK POBaHUS.
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numbers |, v; and v,, then it can be assumed that the
attacker intervened and launched a Photon Number
Splitting attack (PNS) [12].

Of course, it would be much more convenient to have
an ideal single-photon source - a source with exactly one
photon per pulse. Such a source would simplify the tech-
nical implementation of quantum protocols and weaken
the mathematical requirements for protocol security.
There are a number of requirements that an ideal single-
photon source must meet.

WHAT ARE THE REQUIREMENTS FOR
AN IDEAL SINGLE-PHOTON SOURCE? [15]
 one photon can be emitted at any arbitrarily
determined time by the user (that is, the source is
deterministic or “on demand” - single photon on
demand),
« the probability of emitting one photon is 100%,
« the probability of multiphoton emission is 0%,
« the emitted photons are indistinguishable,
« the repetition rate is maximum (limited only by
the time duration of a single-photon pulse).
Deviations from these ideal characteristics, which are
always present in the real world, should be taken into
account when setting up experiments and developing
encryption systems.
For commercial QKD systems, there are additional
requirements for an ideal single-photon source:
 the wavelength in the telecommunication C-band
range (usually, 1550 nm);
« photon repetition rate over 100 MHz:
« high brightness;
+ high quantum yield.
+ electrical excitation.

WORKING AT ROOM TEMPERATURE

Most traditional single-photon sources require low
temperatures to achieve optimal performance. From
a practical point of view, the most interesting sources
are those that operate at room temperature. Research
is being conducted in the field of single-photon sources
based on A3B5 semiconductors, such as gallium nitride
(GaN) and indium nitride (InN), for example, quantum
dots based on gallium nitride (GaN) can provide single-
photon radiation at room temperature. Also promising
objects for creating single-photon sources at room tem-
perature are color defects in diamond, for example, NV
centers (nitrogen vacancy). To date, the development
of stable and efficient single-photon sources at room
temperature is an active area of research. Technolo-
gies and materials continue to evolve, and significant
breakthroughs in this area may be achieved in the
future.
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Iiia koMmmepueckux cucrteM KPK ecTh LOIIOTHU-
TeJIbHbIe TPeOOBaHUS K UIeIbBHOMY HCTOYHHUKY OfH-
HOYHBIX POTOHOB:
e [UIMHA BOJIHBI TeJIeKOMMYHHUKALIMOHHOTO
C-puamnasona (1550 HM);

* yacToTa cjiemoBaHus GoToHOB 6ostee 100 MI'1r:
* BBLICOKas SIPKOCTb;
e BBICOKHMM KBAaHTOBBIHM BBIXO,.

* 3JIeKTpHYecKoe BO30OyKIeHHe.

PABOTA NMPU KOMHATHOW TEMMNEPATYPE

BONBIIMHCTBO TPaAULIMOHHBIX OLHOQOTOHHBIX HCTOY-
HHUKOB TPebYIOT HU3KHX TeMIIEPATYP IJISI JOCTYDKEHHSI
ONITHUMa/IBPHON PaboTel. C MPaKTUYECKOM TOYKH 3pe-
HUS Hauborlee HHTepeCHBl MCTOYHUKH, KOTOpEIe pado-
TalOT IIPU KOMHATHOM TeMIlepatype. MccregoBaHus
MIPOBOASTCS B 00JIACTH OLHOPOTOHHBIX HCTOYHHUKOB
Ha OCHOBe HHUTPHUJOB IIOJNYIIPOBOJHUKOB, TAaKUX KaK
Hutpuz rautug (GaN) u Hutpug uuaus (InN), Hanpu-
Mep, KBAaHTOBble TOUKH HA OCHOBe HUTPHIA TaJIHS
(GaN) moryt obecrieunBaTh OOHODOTOHHOE H3JTyde-
HHUe IIpY KOMHATHOM TeMmIleparype. Takoke IlepCIIeK-
THUBHBIMHU OOBEKTAMHU [jIs CO3JaHHUS OSHOPOTOHHBIX
HCTOYHUKOB IIPH KOMHATHOM TeMIlepaType SIB/ISIOTCS
TedeKkTl OKpPAcKU B ajMase, Hampumep, NV-11eHTpbl
(a3or-BakaHcus). Ha Tekymum gmeHb paspaborka cra-
O6UIBbHBIX U 3QGEeKTUBHBIX OJTHOPOTOHHBIX MCTOYHU-
KOB ITpH KOMHAaTHOH TeMIIepaType sIB/IseTCsl akTUBHOMN
06/1aCThI0 KCCIEOBAHUN. TeXHOIOTMU U MaTepUasIbl
IIPOJOJIKAIOT Pa3BUBAThCSI, U B OyayIieM MOTYT OBITh
IOOCTUTHYTHI 3HAUHTe/IbHBIE IIPOPBIBBI B 9TOM 00/1ACTH.

PABOTA B TEJIEKOMMYHUKALUNOHHOM
ONATIA30OHE
B KBaHTOBOM CBSI3M M KBAaHTOBBIX CeTSAX TpebyroTcs
O0JHOMOTOHHBIE MCTOYHHKHK, PACCUMTaHHBLIE Ha Teje-
KOMMYHHUKALIMOHHBIN [JUAlla30H [UIMH BOJH (OKOJIO
1550 HM). Takke HHTepeCHbl MCTOUHHKH, U3/Ty4alolire
B JPYrUX OKHaX IIPO3PauyHOCTH OIITOBOJIOKHA, — 1310
HM M 0K0j10 850 HM, — HO IIOTE€PH B OIIOTOBOJIOKHE Ha
3TUX JJIMHAX BOJIH 3HAYHTE/IBHO BRIIIIE.

9To MOryT ObITb OZHOQOTOHHBIE HCTOYHHKH Ha
OCHOBE CIIOHTAHHOIO I1apaMeTPHUYeCcKOro paccessHUs
(CIIP, SPDC) B HeJMHEHHBIX KPHUCTAINIAX, KOTOpHIe
TFeHEepUPYIOT Mapy GOTOHOB C Pa3IUYHBIMM SHEPrH-
SIMH, BK/IIOYas ofUH (MK 06a) GOTOH B TeIeKOMMYHHU-
KaITHOHHOM JHarna3oHe. KBaHTOBbIe TOYKU Ha OCHOBE
InAs 0671aa10T [IOTeHIIMAIOM IS reHepaLyu oqHOQO-
TOHHBIX CUTHaJ/IOB B O/IMDKHEM HHOPaKpacHOM JHarla-
30He. HeKoTopble HOHBI B KPUCTAJ/IMYeCKOK MaTpHIIE,
TaKWe KaK HOHBI 3pbus (Er’*) m mpaseommma (Pr),
MOTYT TeHepHpOBaTh OOUHOYHBIe POTOHBI B TEI€KOM-
MYHHKALOHHOM JHAaIla30He.

=

WORK IN THE TELECOMMUNICATIONS
RANGE

Quantum communications and quantum networks
require single-photon sources designed for the telecom-
munication wavelength range (about 1550 nm). Sources
emitting in other optical fiber transparency windows
are also interesting, - 1310 nm and about 850 nm, - but
losses in optical fiber at these wavelengths are much
higher.

These can be single-photon sources based on sponta-
neous parametric down-conversion (SPDC) in nonlinear
crystals that generate a pair of photons with different
energies, including one (or both) photon in the tele-
communications range. InAs-based quantum dots have
the potential to generate single-photon signals in the
near infrared range. Some ions in the crystal matrix,
such as erbium (Er*) and praseodymium (Pr*) ions,
can generate single photons in the telecommunica-
tions range.

Superconducting nanowires, superconducting
monatomic contacts, carbon nanotubes and graphene
nanostructures, nanocrystals and quantum dots in
a liquid or polymer matrix may also be promising.

Another area of scientific research in the field of
developing single-photon sources for the telecommuni-
cation wavelength range is the development of meth-
ods for converting single photons of submicron wave-
lengths into photons of the telecommunication range.
This can be done, for example, using cascade Raman
scattering in a stepwise Bregg resonator in a single-
mode optical fiber [16], or using four-wave mixing in
a periodically poled lithium niobate waveguide [17].
Very attractive in this context is the idea of integrating
single synthetic nanodiamonds containing a single
color center directly into an optical fiber or into the
structure of a photonic integrated circuit, after which
frequency conversion can be implemented using well-
developed fiber or integrated technologies.

At the same time, optical communication systems
and quantum key distribution systems in open space
(in the atmosphere, earth-satellite or in space between
two spacecraft) are being actively developed, where
different wavelengths can be used, and for these tasks
there is no a requirement of a strictly defined wave-
length for the source.

INDISTINGUISHABILITY

OF EMITTED PHOTONS

For practical use, photons emitted from a single-photon
source must be indistinguishable. Indistinguishable photons
must have the same wavelength, polarization, and tem-
poral and spatial extent. The Hong-Ou-Mandel effect is
used to characterize indistinguishability.
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Takke IepClIeKTHBHBIMHM MOIYT OBITH CBEPXIIPO-
BOASIIMEe HAHOIPOBOJA, CBEPXIIPOBOJHHKOBEIE
OfIHOATOMHBIE KOHTAKThI, YIJIEPOJHBIE HAHOTPYOKHU
1 TpadeHOBble HAHOCTPYKTYPbl, HaHOKPUCTAJLJIBI
M KBaHTOBbIe TOUKH B SKUJKOCTHOM H/IH ITOJIMMepHOHN
MaTpHLe.

Jlpyroe HampaBjeHHe Hay4HOIO IIOKMCKa B obna-
CTHU pa3paboTKu OAHODOTOHHBIX HCTOYHHKOB Ha
TeJIeKOMMYHHUKALlMOHHBIH [Halla30H IJIMH BOJH -
3TO pa3paboTka MeTOMOB KOHBEPCHH OLUHOYHBIX
$0TOHOB CyOMHUKPOHHBIX IJIUH BOJIH B (QOTOHBI
TeleKOMMYHHKAILlHOHHOI0 AHala3oHa. 9TO MOXKHO
cHenaTh, HallpUMep, C IIOMOMIbI0 KACKAJHOIO KOM-
OMHALIMOHHOTO paccessHUs B CTylmeHuaToMm bper-
FOBCKOM pe3oHaTope [16], MM C IOMOILIBIO YeThl-
PEXBOTHOBOTO CMeIleHHs B KpPUCTale HHobata
JTUTUSL C NepUOJHUYECKU IIOJSIPU30BAHHOMN [JOMEH-
HOM CTPYKTypoH [17] BHYTpPHM MAJKMHHOIO BOJHO-
BoJa. OdeHb MPHUBJEKATE]BHON B 3TOM KOHTEKCTe
SB/ISIeTCS. Ufles] UHTerpallMd eIUHHUYHBIX CUHTEeTH-
YeCKMX HAHOAJIMa30B, COJAepsKalllMX OAWH LEeHTP
OKPaCKH, IPSIMO B OIITOBOJIOKHO HJIM B CTPYKTYpPY
$GOTOHHOM HMHTErpaJIbHOM CXEeMBbI, IIOCIe 4Yero Ipe-
obpa3oBaHMe YAaCTOTH MOKHO Peasin30BaTh C IIOMO-
IIBI0 XOPOIIO Pa3BUTHIX BOJIOKOHHBIX M/IH HHTe-
IPaJIbHBIX TeXHOJIOTHH.

B To 5ke BpeMsi celiuac aKTUBHO pa3pabaThIBaIOTCS
CUCTeMBbI OIITUYeCKOM CBSI3U U CHCTeMBbl KBAHTOBOIO
pacrpefie/ieHuUs KIOYel I10 OTKPBITOMY IIPOCTpaH-
cTBY (B aTMocdepe, 3eMIsI-CIIYyTHUK UIH B KOCMOCe
MeXAy ABYyMsI KOCMHYeCKHMMH allllapaTaMH), Ile
MOTYT HCIIONb30BaTbCsl pa3/lMuHble IJIHUHBI BOJH,
U U1 3TUX 3a/a4d TpeboBaHHe CTPOro OIpefeseH-
HOU JJIMHBI BOJIHEI JJI HCTOYHHKA He CTAaBUTCH.

HEPA3/IMYNMOCTb
MN3NYYAEMbIX POTOHOB
J71s IIpaKTH4YecKOro KMCII0JIb30BAaHUS (POTOHBI, HCIIY-
CKaeMble OTHUM UCTOYHUKOM GOTOHOB, JOJISKHEI OBITH
HepasJIu4duMbl. HepasnuduMmele QOTOHBI [ OJIKHBI
MMeTb OJMHAaKOBYIO [JHMHY BOJIHBI, IIOJISIPU3ALUIO,
a Takke BPeMeHHYI0 WU IIPOCTPAHCTBEHHYIO IIPOTSI-
SKeHHOCTb. [IJI1 XapaKTepH3allMM Hepas3sTH4YKMMOCTHU
$O0TOHOB HCIIOb3yeTCs 3QPeKT XoHra-Y-MaHzensd.

dpdext Xoura-Y-Mangens (HOM) mpexcTaBiser
coboit sBlIeHHe OBYXPOTOHHOM HHTepdepeHIIHH,
IIpY KOTOPOM [iBa Hepa3THYUMBIX GOTOHA HHTepde-
PUPYIOT Ha CHMMETPHUYHOM CBeTofenuTene, u oba
doToHa Bcerga BBIXOAAT Ha OAHUH U TOT 3Ke, HO CIIy-
YalHBIH BBIXOAHOM IIOPT.

[IBa $OTOHA M3 OLHOIO0 HMCTOYHHKA IMOATOTABIU-
BAIOTCSI TAKUM 00pa3oM, UYTOBbI OHU OJHOBPEMEHHO
IIOCTYIA/IM Ha [iBa BXOZA CBETOAENIUTeNs. [JeTeKTOpEI
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The Hong-Ou-Mandel (HOM) effect is a two-photons
interference phenomenon, wherein two indistinguish-
able photons are interfered on a symmetrical beam split-
ter, and the photons always emerge on the same, but
random output port.

Two photons from one source are prepared so that they
arrive simultaneously at the two inputs of a symmetri-
cal beam splitter. Detectors are placed at both outputs of
the beam splitter, and the coincidence between the two
detectors is measured. If the photons are indistinguish-
able, there should be no coincidences[18]. Almost perfect
indistinguishability has been experimentally realized
(19, 20].

ELECTRICAL OR OPTICAL PUMPING.

One of the requirements of practical implementation is
the use of electric pumping. It is generally believed that
electric pumping is more technically simple to imple-
ment than optical or microwave, and this opinion is
justified by a completely reasonable desire to use stan-
dard microelectronic technologies for the production of
single-photon sources. The implementation of electrical
control in microelectronic technology is not a problem,
while the implementation of optical components in
an integrated design is not yet a generally accepted
practice.

At the same time, we should not forget about the
rapid development of photonic integrated circuit tech-
nologies, as well as the growing desire of microelec-
tronics manufacturers to integrate optical data buses to
connect blocks of modern silicon chips. Sooner or later,
this will lead to the creation of microelectronic trans-
ceivers and receivers as elements of an integrated circuit
of a next-generation processor, or as elements of a pho-
tonic integrated circuit, and the technological issues of
optical pumping distribution to a single-photon emitter
will be largely resolved. Currently, it is impossible to go
without mentioning the desire for electrical control of
a single-photon source, but in the near future this issue
will turn out to be unprincipled.

KEY PARAMETERS OF SINGLE-PHOTON
SOURCES FOR QKD SYSTEMS

Table 1 lists the parameters that are monitored during
metrological measurements of single-photon sources in
an accredited testing laboratory.

THE MAIN TYPES OF SINGLE PHOTON
SOURCES

So, the use of an attenuated laser is a compromise tem-
porary technical solution, which is used due to the lack
of commercially available true single-photon sources.
True single-photon sources could mitigate the protocol
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pa3MemraTcs Ha 060MX BBIXOAX
CBETOJeNIUTENSI, W M3MepSIOTCS
COBIIafIeHHUSI MEXKAY ABYMS IeTeK-

g

Tabnuua 1. KntoyeBble napameTpbl 04HOPOTOHHbLIX MCTOYHUKOB Ans cnctem KPK
Table. 1. Key parameters of single-photon sources for QKD systems

HanmeHoBaHue napameTpa EavHnua
TOpamu. ECIH QOTOHBI Hepas- Parameter name n3mepeHus
AUYuMBl, oba ¢oToHA Bcerga Measurement
IIPUXOOAT Ha OOHMH U TOT 3Ke unit
IeTeKTOp, U COBIIaZleHU I OBITh He 1 TakToBag 4acToTa iy
Io/KkHO [18]. dKcreprMeHTaNbHO Clock frequency Hz
IoJiyyeHa IIOYTH IIO/IHAS Hepas- -
2 HecTabuibHOCTb TAKTOBOM YaCTOThI mu/y
TAYHMOCTS [19, 20]. Clock frequency instability Hz/h’
SEKTPUHECKAR M/ P | oo s nanyncon g
OMNTUNYECKASA HAKAYKA
OOHHM H3 Tpe60BaHI/II71 IIPaKTH- 4 CpepHee 4ncio GOTOHOB $oT./umn.
YecKo peanu3anuy  SBISeTCS The average photons number photon/pulse
HCIIO/JIb30BaAHHUE 3HeKTPI/I‘JeCKOI;I 5 CpefiHsS MOLLHOCTb ONTUYECKOro U3yYeHNs BT
HaKa4yku. [IpUHSATO AyMaTb, UTO The average optical power W
MeKRTpHYecKas Hakauka Gornee 6 [onroBpeMeHHas CTabuabHOCTL CpeAHEN MOLLHOCTH ab/u™
TEXHHUYECKH TIIpOCTAa B pean- OMTUYECKOTO U3NTyHeHUS dB/h
3allMM, 4YeM OIITHuYecKas HIIHU Long-term stability of the average optical power
CBY, u 370 MHeHHe 060CHOBaHO 7 KpaTKkoBpeMeHHas CTabuibHOCTb CpeHeN MOLWHOCTH ab
BIIOJIHE PpPA3YMHBIM >KeJIaHHeM ONTNYECKOTO N3NTyHeHUS dB
IIPUMEHHUTh [JISI IPOU3BOACTBA Short-term stability of the average optical power
OOHOPOTOHHBIX UCTOYHUKOB -
8 BpeMeHHOW Npodu/b U3YHEHUS NCTOYHNKA
CTaHOAPTHBIE MUMKPO3IJIEKTPOH- Time profile of the source
HbBle TexXHOJOruu. Peanusanug
9 BpemMeHHOM AXUTTep UCTOYHMKA
3/IeKTPHYECKOr0  yIIpaB/IeHUs peme A P
~ Timejitter of the source S
B MHKPO3JIEKTPOHHOMU TeXHHKe
He ABIsAeTCS TpobieMou, B TO 10 BpeMeHHOM Npodub UCTOUHNKA
BpeMs KaK peaJH3alus OIITH-
YeCKUX KOMIIOHEHTOB B HHTe- 11 [IMHA BOJTHbI (HACTOTa) ONTUYECKOrO U3/TyYeHNS HM ()
rPajJbHOM HCIIOJHEHHHU I10Ka Wavelength (frequency) of optical radiation nm (Hz)
ele He HB{IHeTCH O6meHPHHﬂTOH 12 LLnpuHa AUHUK N31yHeHns Ty, (Hm)
IIPaKTUKOH. Width of the radiation line Hz (hm)
B To >Xe Bpemsa, He clenmyer
6 B 13 KBaHTOBas 3pPpeKTUBHOCTL %
3a0BIBaTh O CTPEMHUTEJIBHOM pas Quantum efficiency

BUTHU TEXHOJOTHH QPOTOHHBIX
MHTEIPUIBHBIX CXeM, a TaKxke
0 BCe BO3paCTAOIIeM >XeJIAHHUH IIPOU3BOAMTENeH
MHKPO3JeKTPOHUKH HHTeTPHUPOBATh OIITHUYECKUE
IIMHBl AAHHBIX MeXAy 6J0KaMH COBpeMeHHBIX
MHUKPOCXeM. DTO PAaHO WJIH IO3LHO IIPUBELET K CO3-
OAHUIO MHKPO3JIEeKTPOHHBIX TPAHCHUBEPOB H PecH-
BEpPOB KaK 371eMEeHTOB HHTEIpPIBHOM MHKPOCXEMBI
IIpolieccopa CIeyIolnero mokoueHus , 1ubo Kaxk 3ie-
MeHTOB (GOTOHHON HHTErpajbHOM CXeMBbl, U Tex-
HOJIOTHUeCKHe BOITPOCHl IIOJBEeHeHUS OITHUYECKOU
HaKa4KH K OAHOPOTOHHOMY H3/1y4aTell0 OKaskKyTCs
B 3HAUYMTEJBHON CTeIleHU pelleHbl. B HacTosee
BpeMsl Hesb3sl 000MTHCH De3 yIIOMHHAHHS O IIOXKe-
JTAaHUKU 00 3TeKTPHUUYEeCKOM YIIPaBIeHHH OAHOQO-
TOHHBIM HCTOYHHUKOM, HO B CKOPOM bOynyIieM 3TOT
BOIIPOC OKKeTCSI HeIIPUHIIUIINAIBHBIM,

implementation requirements and increase the speed
of quantum key generation. Currently, active scientific
research is underway, and a large number of scientific
articles on the topic of single-photon sources are being
published. Single-photon sources for other wavelengths
are already being sold. The emergence of commercial
single-photon sources for QKD by optical fiber is not far
off.

Probabilistic (non-deterministic) sources are based
on photon pairs that are created using parametric down-
conversion (PDC) in bulk crystals [21, 22] and waveguides
(23, 24] and four-wave mixing (FWM) processes in optical
fibers [25, 26].

Deterministic sources (allowing to emit a single pho-
ton “on demand”) use color centers [27, 28], quantum
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KJTIOYEBbIE MAPAMETPbDI
OAHO®OTOHHbIX NICTOYHNKOB

ONg CUCTEM KPK

B Tabs1. 1 mepeuncieHsl IapaMeTpsl, KOTOpble KOHTPO-
JIUPYIOTCS. IPU MeTPOJIOTMYeCKUX H3MepeHHUsIX OfHO-
GOTOHHBIX MCTOYHHUKOB B aKKPEIUTOBAHHOM HCIIBITA-
TEJIBHOH J1IabopaToprH.

OCHOBHDbIE TUMblI NICTOYHNKOB
OANHOYHDbLIX ®POTOHOB

HTak, HUCIONb30BaHHE 0CIabieHHOro ja3zepa SBIIS-
eTCsI KOMIIPOMHUCCHBIM BpPeMeHHBIM TeXHUYEeCKHM
pelleHHeM, KOTOPOe UCIIONb3YeTCs B CHIIY OTCYTCTBHUS
KOMMeEpYeCcKH AOCTYIIHBIX HCTHHHO OZHOQOTOHHBIX
HCTOYHUKOB. MCTUHHO OMHOGOTOHHBIE HCTOUHUHKU
MOITH OBl CMSATYUTh TPebOBAHUS K Peanr3aluu Ipo-
TOKOJIA U YBEJIMUUTH CKOPOCTb BBIPAOOTKH KBAHTOBOI'O
KIIo4a. B HacTosilee BpeMsl BeAyTcsl aKTHBHEIe Hay4-
Hble pa3paboTku, U myb6nrKkyercs 6osblloe KOJIHYe-
CTBO Hay4YHBIX CTaTeH I10 TeMe OLHOPOTOHHBIX HCTOU-
HHUKOB. Y’Ke IPOAAIOTCSd OLHOPOTOHHBIE HMCTOYHHUKHU
Ha JpyrHe IJIMHBI BOIH. IIosBlIeHHe KOMMeEPUeCKHUX
OOHOQOTOHHBIX HMCTOYHUKOB s KPK 1o omToBo-
JIOKHY He 33 TOpaMH.

BeposiTHOCTHBIe (HemeTepMHUHHUPOBAHHBIE) HCTOY-
HUKH OCHOBAaHHl Ha IIapax (GOTOHOB, KOTOphIe CO3-
JATCS C HCIIONb30BAHKEM IIapaMeTPHUYecKoro pac-
CestHUS C IIOHMKEHHEeM YacTOTHl cBeTa (parametric
downconversion - PDC) B 00BeMHBIX KPHUCTaI-
nax [21, 22] 1 BomHOBOzAX [23, 24] U IIpOLIECCOB YeTHI-
pexBonHOBoro cMerienus (four-wave mixing - FWM)
B OIITUYECKUX BOJIOKHAaX [25, 26].

leTepMHHHCTHYECKHE KCTOYHHUKHU (II03BOJISIO-
II[Me KCITyCKATh OMUHOYHBIN POTOH «I10 TpebOBAHIIO»)
HCIIONB3YIOT LIeHTPBl OKpacku [27, 28], KBaHTOBBIE
TOUKHU [29-31], omuHOYHBIe aTOMbI [32, 33], omHMHOY-
Hble HOHBHI [34], omyHOYHBIE MOJeKyabl [35] U aToM-
Hble aHcaMbiiu [36].

YeTKoe pasiuuve MeXOy IBYMs THIAMH HCTOY-
HHUKOB Pa3MBIBA€TCI B Pea/IbHBIX IIPUJIOKEHHUSX, T.K.
K IIPUMeEpPY, UCTHUHHO AEeTePMHUHUPOBAHHBIN HCTOY-
HUK Ha OCHOBe LIeHTpa OKPAacKH CTaHOBUTCS BEPO-
STHOCTHBIM IIPH YCJIOBHM ydeTa IIOTEpPb, CBSI3aHHBIX
C BBIXOIOM H3/Iy4eHHUs W3 0bracTv marepuana, Ine
HaXOJOUTCA LIeHTP OKPacKH.

OAHODPOTOHHbIE NICTOYHUKHN

C ONOBEWEHWMEM (HERALDED
SINGLE-PHOTON SOURCES) [37-40]
OnHOQOTOHHBIE MCTOYHHKU C OIOBelleHHeM IIpefo-
CTaB/ISIOT BO3MOXKHOCTb TOYHO OIIpele/IMTh MOMEHT
reHepauyy omHoro ¢oroHa. OOHOGOTOHHBIE HCTOY-
HUKH C OIOBelleHHeM TIeHEePUPYIOT OAMHOYHBIe
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dots [29-31], single atoms [32, 33], single ions [34], single
molecules [35] and atomic ensembles [36].

The clear distinction between the two types of sources
is blurred in real applications, because, for example,
a truly deterministic source based on the color center
becomes probabilistic, provided that losses associated
with radiation output from the material area where the
color center is located are taken into account.

HERALDED SINGLE-PHOTON SOURCES

[37-40]

Heralded single-photon sources provide an opportu-
nity to accurately determine the moment of gen-
eration of a single photon. Heralded single-photon
sources generate single photons and simultaneously
send a heralding that a photon has been successfully
generated. This allows us to know exactly when and
where a single photon was generated.

Heralded single-photon sources provide certainty
of the presence of a single photon by pre-detection or
notification of its generation. A typical implementa-
tion of such a source uses a nonlinear optical process
known as spontaneous parametric scattering using
nonlinear crystals. In this process, under certain con-
ditions of interaction of photons with matter, one
photon decomposes into two - a signal photon and
a heralding photon. A heralding photon, which is
information about the generation of a photon signal,
can be detected and registered using a photodetector
or other light detector. This heralding allows you to
know for sure that the generation of a single photon
has occurred, and provides information about its
status.

Such sources operate on the basis of certain quan-
tum mechanical processes, such as spontaneous para-
metric scattering, emission of fluorescent glow from
a single-molecular crystalline dye or a high-intensity
fluorescent lamp. Nonlinear optical processes in non-
linear crystals are often used. The most widely used
heralded single-photon sources based on spontaneous
parametric down-conversion (SPDC) and spontaneous
four-wave mixing (FWM).

THE MAIN PLATFORMS USED

FOR THE MANUFACTURE OF SPS [41]

* SPS on single atoms and ions;

* SPS on nonlinear effects in crystals: spontaneous
parametric down-conversion (SPDC) or four-wave
mixing (FWM);

 SPS on quantum dots;

« SPS on NV-centers in diamond and color centers in
nanocrystals;

« SPS on carbon nanotubes.
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GOTOHBI U OLHOBPEMEHHO OTIIPaB-
JISIOT OIIOBEIleHHe O TOM, 4YTO
GOTOH OB YCIEINHO CreHepHpo-
BaH. DTO IIO3BOJISIET HaM TOYHO
3HaTh, KOTAA U The IIpou3oLIia
reHeparys O4HOro ¢OToHa.
OnHOPOTOHHBIE  MCTOYHUKH
C omoBelleHHeM 00ecIIeduBaioT
OIIpefieZIeHHOCTb HATUYUS OOUHOY-
Horo GOTOHa IyTeM IIpeABapUTe/b
HOro OOHApY>KEHHS HJIM OIlOBelle-
HMS O ero reHepalyy. B THIHMYHON
peasiM3alliy TaKOTO0 MCTOYHHKA
HCIIONBb3YeTCsl HeJIWMHEMHBIH OITH-
YeCcKHUM IIpoLlecC, M3BEeCTHBIM Kak
CIIOHTAaHHOe IIapaMeTpHh4ecKoe
paccessHHMe C HCIIOJIb30BAaHHUEM
HeJIMHEeNHBIX KPUCTA/UIOB. B 3TOM
Ipollecce IIpHU OIpeJeleHHBIX
YC/IOBUSIX B3aHMMOJEHNCTBUS (OTO-
HOB C MaTepHeHr ofuH QOTOH pas-

Puc. 5. VloHHble AosyLuKu [47]: KeadpynoabHAs UOHHAS AosywKa; JTuHeliHas
UOHHAs N08yWKA; TopouddnbHAS UOHHAS A08YWKA; LiuAuHOpuYeckas UoHHAS
nosywa; MpsimoauHelHas UoHHAs Aosywka Rectilinear; TopoudanbHAsi UOHHAS
N0BYWIKA C UUAUHOpUYECKUMU 3AeKmpodamu

Fig. 5. lon traps [47]: Quadrupole ion trap; Linear ion trap; Toroidal ion trap;
Cylindrical ion trap; Rectilinear ion trap; Toroidal ion trap with cylindrical
electrodes

JlaraeTcsl Ha JIBa - GOTOH CHUTHAIA

U $oToH oroBemeHMss. POTOH OIMOBeleHHS, KOTOPHIH
saBisieTcs UHQopMaluer o reHepauuu GOTOHA CHUI-
HaJla, MOKeT 6bITh 0O6HAPY>KEH U 3aPerUCTPHUPOBAH IIPH
oMoy $oTofeTeKTOpa WIH JIPYroro JeTeKTopa CBeTa.
DTO OIIOBellleHHe II03BOJISeT TOYHO 3HATh, UTO IeHe-
paums ogHoro GpoToHa MPOM30LUIA, M IIpefoCTaB/sSeT
MHGOPMALIHIO O er0 COCTOSIHUH.

Takvie UCTOUHUKH PaboTAIOT HAa OCHOBE OIIpelesieH-
HBIX KBAaHTOBOMEXaHHMUYECKUX IIPOIIeCCOB, TaKUX KakK
CIIOHTaHHOe IIapaMeTpHuecKoe paccesiHHe, SMHCCHS
&II00pecLieHTHOTO CBeYEHUSI OT OJHOMOJIEKY/ISIPHOTO
KPUCTa/I/IMYECKOr0 KpacuTens WK (rroopeclieHTHas
JIaMIIa BBICOKOK MHTEHCHBHOCTH . YacTo HCIIOIb3YIOTCS
HeJIMHeHHble OIITHYecKHe ITPOLecChl B HeIMHEeMHBIX
KpUCTa/UIaXx. Hamboree LIIMPOKO KCIIONB3YIOTCS OIHO-
$OTOHHBIE HCTOUYHHKU C OIIOBEIleHHMeM Ha OCHOBe
CIIOHTAHHOTO I1apaMeTPUYecKoro Ipeobpa3oBaHUs
¢ noHMKeHueM 4acToThl (SPDC) M CIIOHTAHHOT'O YeThI-
PEeXBOIHOBOTO CMeIIeHHS.

OCHOBHDbIE MNAT®OPMDbI,

NCIMOJIb3YEMDbIE

AN UBrOTOBJIEHUA NO® [41]

e HMO® Ha O4MHOYHBIX aTOMaX U HoHax (OAH);

* HMO® Ha HeMHHEUHBIX 3QPeKTaxX B KPUCTALIAX:
CIIOHTAHHBIM MTapaMeTpHU4ecKUi pacran (CIIP),
n1ubo YeThIPeXBOJIHOBOE CMellleHke (UBCQ);

e HMO® Ha kBaHTOBBIX TouKkax (KT);

* MO® na NV-uleHTpax B aJiMa3e U [IeHTPaxX OKpacKHu
B HaHOKpHUCTa/I1ax (LOH);

» HO® Ha yrneponHbsIx HaHOTpybKax (YHT).

SINGLE-PHOTON SOURCES BASED ON SINGLE
IONS [42-46]

To create a single photon source based on single ions
for a wavelength of 1550 nanometers, the most suit-
able ions are ions of rare earth elements such as erbium
(Er), thulium (Tm) or Praseodymium (Pr) operating in
the infrared region of the spectrum. This is due to
the fact that ions of rare earth elements have energy
transitions between energy levels corresponding to the
telecom wavelength. In particular, erbium (Er) ions are
widely used to generate single photons at 1550 nm. For
a wavelength of 1310 nanometers, cerium (Ce3+), praseo-
dymium (Pr3+), ytterbium (Yb3+) or erbium (Er3+) ions
are best suited.

Special magnetostatic traps are used to hold ions
(Penning trap, Paul trap, radio frequency trap, trap with
a rotating electric field, etc.) (Fig.5.). Ions can be formed
directly by ionizing gas near or inside the trap (for exam-
ple, by an electron beam or corona discharge) and held
in the trap for a sufficient time to excite energy levels
and spontaneous or stimulated photon emission. Buffer
gas or laser cooling is used to cool the particles. Due to
the Coulomb repulsion of charged particles, it is possible
to organize a trap in such a way that exactly one ion is
held in a certain area of space, and exactly one photon is
emitted at each exposure.

The ions used as single-photon emitters [48-50] have
a configuration of energy levels with two ground states
and one excited state. With the help of a radio frequency
ion trap, it is possible to stably localize a single ion in the
center of an optical resonator, and limit the ion wave
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NCTOYHUKN OOANHOYHbIX POTOHOB

HA OCHOBE OAMHOYHbIX MOHOB [42-46]
Ut CO3maHHSI MCTOYHHKA OOHHOYHBIX (OTOHOB
Ha OCHOBe OJWHOYHBIX HOHOB [/ IJIMHBI BOJIHBI
1550 HM Haubonee MOOXOOSAINMMH HOHAMHK SBJIS-
IOTCSI MOHBI pe[lko3eMe/IbHBIX 3/IeMEHTOB, Takie Kak
spbunt (Er), tynuu (Tm) mnu mpaseonum (Pr), pabo-
TaloIue B MHPpPAKpacHOM 06/1acTH crieKTpa. ITo CBS-
3aHO C TeM, YTO HOHBI pPefKOo3eMe/bHBEIX 3JIeMeHTOB
HMeIOT 3HepreTHUYecKkue Iepexofbl MeXKAY 3HepreTu-
YeCKHMMHU YPOBHSIMH, COOTBETCTBYIOLIHE Te/leKOMOB-
CKOV JJIMHe BOJHBL. B yacTHOCTH, WOHBI 3pbus (Er)
IIHMPOKO HCIIONB3YIOTCS Il FeHepalluKd OAHMHOYHBIX
¢otoHoB mipu 1550 HM. i OJIMHBL BOIHBL 1310 HM
Jydllle BCEro IOAXOIAT HMOHBI Lepus (Ce3+), mpaseo-
numus (Pr3+), uttepbus (Yb3+) mau spbus (Er3+).

JJisi yoepskaHHsSI MOHOB HCIIONB3YIOTCSL CIIellHasib-
Hble MarHHUTOCTaTHueckie J0BYMKHU (JloBymiKa IleH-
HUHTa, JloBymKa Ilaynu, pafgno4acTOTHas JIOBYIIKA,
JIOBYIIKA C BpAMIAIOUMKMCS 371eKTPUYeCKUM IIojIeM
U T.A., pUC. 5). HoHB MOTyT 06pa3oBBIBATHCS HEIIO-
CPeICTBEHHO ITyTeM MOHM3AIUH ra3a BOIU3K UK BHY-
TPH JIOBYILKU (HaIlpUMep 371eKTPOHHBIM IIyYKOM HIH
KOPOHHBIM PaspsiioM) KU YIep>KUBAThCS B JIOBYIIKE
IOCTAaTOYHOe BpeMsl s BO30OYy>KIeHHs 3HepreTudye-
CKUX YPOBHEHM M CIIOHTaHHOIO WIM CTUMY/IHPOBaH-
HOTO MCIYCKaHUS GoToHA. [l oXIakIeHUS YacTHIL
HCII0NIB3yeTcsi 6ydepHBIM ra3 WM J1a3epHoe OXJIaKIe-
HHe. Brarogapsi Ky/JIOHOBCKOMY OTTaJIKMBAHHUIO 3apsi-
SKEHHBIX YaCTHL, BO3MOXKHO OPraHH30BaTb JIOBYIIKY
TaKUM 06pa3om, 4TODEI B OIlpesie/leHHOM 06J1acTH IIpo-
CTPaHCTBA yAeP>KUBAJICS POBHO OAMH HMOH, U IIPU KaK-
JOM BO37IeHCTBHUH HCITyCKaJICSI POBHO OAHH GOTOH.

VoHBI, UCIIONb3yeMble B KadecTBe OGHOPOTOHHBIX
3MHUTTepoB [48-50], MMeT KOHQUTYpaLIUIO 3Hepre-
TUYeCKUX yPOBHEM C [ByMsI OCHOBHBIMH COCTOSIHH-
SIMH 1 OOHUM B036y>KIeHHBIM COCTOSIHHeM. C IIOMO-
b0 PAZHOYACTOTHOM MOHHOM JIOBYIIKM MOYKHO
CTabMIBHO JIOKATM30BaTh ONMHOYHBIM HOH B IIeHTpe
OIITUYECKOr0 pe30HaTopa U OTPaHHUYMBATh BOTHOBOM
IMakeT MOHA Ha [JIMHe, HaMHOIO0 MeHBIIeH OITHYe-
CKOM [JIMHBI BOJIHBI, a Takke QUKCHPOBATH II0OJIOXKe-
HHe BOJIHOBOTO I1aKeTa C TOYHOCTBIO [0 HEeCKOJIBKUX
HaHOMETPOB. JTO obeclieuMBaeT HeIIpepbIBHOE IIPO-
H3BOACTBO OJHOQOTOHHBIX HMIIY/IbCOB. ITOCKOJIBKY
BHYTPH pe30HATOpa HaXOOUTCS TOJAbKO OLWUH HOH,
BO3MOYKHOCTh MHOTIOGQOTOHHBIX COOBITHMH HMCKIOYa-
ercs (49, 51].

OOuHOYHBIE HOHBI KaK OCHOBa OJHOPOTOHHOTO
HCTOYHHUKA MMeIOT TO MPeHMYIeCcTBO, YTO BCe OHU
UOeHTUYHBl M JeMOHCTPHUPYIOT Hepas3IH4YHMOCThb
MEXOy pa3sHbBIMH MCTOYHHUKAMHU U Pa3sHBIMU HUMITy/Ib-
CaMU OT OJHOTO Y TOIO K€ MCTOYHHKA.
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packet to a length much shorter than the optical wave-
length, as well as fix the position of the wave packet
with an accuracy of several nanometers. This ensures
the continuous production of single-photon pulses.
Since there is only one ion inside the resonator, the pos-
sibility of multiphoton events is excluded [49, 51].

Single ions as the basis of a single-photon source have
the advantage that they are all identical, and demon-
strate indistinguishability between different sources
and different pulses from the same source.

The difficulty lies in the fact that resonant ion transi-
tions occur in the ultraviolet region and excited states
have high rates of spontaneous decay. Radiation in the
resonant mode is accompanied by spontaneous radia-
tion. In addition, the ion can remain in the ground
state at the end of the excitation pulse without emitting
a single photon. These factors can seriously reduce the
probability of emitting single photon during each pump
cycle. Another problem concerns how efficiently light
can be collected, since the usual solution for neutral
atoms - using strongly coupled resonators - is difficult
for charged particles.

The improvement of experimental techniques in the
manipulation of individual ions is due to the fact that
one of the priorities in the development of quantum
computers is the development of a quantum computer
based on trapped ions [52-54]. Demonstrators of a quan-
tum computer based on several hundred trapped ions
have already been developed. It should be noted that the
same applies to individual atoms; diffraction methods
for creating three-dimensional optical atomic traps have
made it possible to capture and hold more than ten
thousand individual atoms.

SINGLE-PHOTON SOURCES BASED

ON ULTRACOLD ATOMS

In traps, due to electromagnetic forces, it is possible
to retain not only ions or charged elementary particles,
but also neutral atoms if they have of nonzero dipole
moments or magnetic moments.

Sources of single photons based on individual atoms
typically operate at low temperatures and/or in vacuum
conditions. Today, alkali metals atoms such as Cs and
RD are used [55-60].

First, you need to prepare a system in which indi-
vidual atoms will be present. This can be achieved, for
example, by laser cooling of a beam of atoms and plac-
ing atoms in optical traps.

To stop an atom, it needs to be cooled, i.e., to reduce
its speed to less than a few centimeters per second. There
are various ways to do this, but the most convenient
method turned out to be laser cooling. Laser beams cre-
ate a series of standing waves of polarized light, whose
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TPyAHOCTD 3aK/II0YAeTCS B TOM,
4YTO Pe30HAHCHBIe [IepeX0bl HOHOB
IIPOUCXOAST B yAbTPadHOIETOBOM
obrmactu u BO3OyKOEHHBIE COCTO-
SHUSI HMEIOT BBICOKHME CKOPOCTHU
CIIOHTAaHHOTO pacmaja. M3nydyeHnue
B PEe30HAaHCHOM peXKHMe COIIPO-
BOKZAeTCsl CIIOHTAHHBIM H3j1y4e-
HueM. Kpome TOoro, MOH MOXKeET
OCTaThCSI B OCHOBHOM COCTOSIHUH
B KOHIIe HMMIIyJIbCA BO3OY>KAEHHS,
He KCIYCTUB HU OOHOIO GOTOHA.
OTH (GaKTOphl MOIYT CepPbe3HO
CHU3UTh BEPOATHOCTL HMCIIyCKa-
HHS OOHOro GOTOHA B TeyeHHE
KaKI0ro IMKJIA HaKaykh. Eire
omHa W3 mpobremM Kacaercsl TOro,
HACKO/JIbKO 3$PeKTHBHO MOXKHO

Puc. 6. O0uHo4HbIT amom e pe3oHamope (nature.com) u 0OUHOYHbIE AMOMbI

8 cunosbix nosywkax (Max Planck Institute, www.mpq.mpg.de)

Fig.6. A single atom in a resonator (nature.com) and single atoms in power traps
(Max Planck Institute, www.mpq.mpg.de)

cobupaTh CBET, IIOCKOJIBKY OOBIU-
HOe pellleHHe I HeHUTPAIbHBIX
aTOMOB — HCIIO/Ib30BaHUE CHUJIBHO
CBSI3aHHBIX Pe30HATOPOB — 3aTPYIHUTETBHO AJIS 3apsi-
SKeHHBIX YaCTHII.

COBepLIEHCTBOBAHUE 3KCIEPUMEHTATbHBIX TeX-
HUK B MaHHUIIYJINPOBAHUU OTHEIbHBIMU HOHAMH CBSI-
3aHO C TeM, YTO OJHHUM M3 MPHUOPUTETHHIX HAIIPaB-
JeHUN B Ppa3paboTKe KBAHTOBBIX KOMIIBIOTEPOB
SIBJIIeTCS pa3paboTKa KBAHTOBOTO BBIYHCIUTENS HA
OT[EeNBHBIX HMOHAX [52-54]. Ys>ke paspaboTaHBI IeMOH-
CTPaTOpbl KBAaHTOBOTO BBIYMC/IMUTENS Ha HECKOTIBKHUX
COTHSX OTAEIBHBIX MOHOB. Hamo 3aMeTHTh, UTO 3TO
>Ke KacaeTcsl OTHENbHBIX aTOMOB; AUGPAKIMOHHEIE
METO/IbI CO3AHUSI TPEXMEPHBIX OIITHYEeCKHX ATOMHBIX
JIOBYILIEK I103BOIM/IH 3aXBaTHUTh M YIAEPKUBaTh Ooiee
JeCSATH ThICAY OT/e/IbHBIX aTOMOB.

OAHO®D®OTOHHbIE NCTOYHUKHN

HA OCHOBE OANMHOYHbLIX ATOMOB

B JyI0BymIKax 3a C4eT 31eKTPOMarHUTHBIX CHJI BO3-
MOSKHO yJep>kKaHHe KaK MOHOB HIH 3apssKeHHBIX 31e-
MEHTApHBIX YACTHL, TaK ¥ HEUTPAJIbHbIX AaTOMOB IIPH
HIMYHU Y HUX HEeHYJIeBbIX JUIOJIbHBIX UIH MarHUT-
HBIX MOMEHTOB.

HCTOYHUKU OJHMHOYHBIX GOTOHOB HAa OCHOBE O~
HOYHBIX aTOMOB OOBIUHO PaboTAIOT IPHU HU3KUX TeM-
Imepatypax M/WIKM B YCIOBHSX Bakyyma. Ha ceron-
HSIIHUHN [eHb HCIIONB3YIOTCS IIeIOYHble aTOMBI,
Takue Kak Cs u Rb [55-60].

CHavasma Heob6XOAMMO IIPUTOTOBHUTb CHCTEMY,
B KOTOpPOM OynyT MPHUCYTCTBOBAThH OTZE/NbHbIE aTOMEL.
9TO MOXeT OBITh JOCTHUIHYTO, HANpHUMep, IIyTeM
JIa3epHOr0 OXJIKIEeHHUs ITy4Ka aTOMOB M pa3Melle-
HHUSI AaTOMOB B OIITUYECKHX JIOBYIIKAX.

electric fields resemble a kind of comb. When an atom
passes through it, bursts of electric field alternately
“reset” the atom to an increasingly lower energy state
and cool it down more and more [61].

Various traps have been developed to hold single
atoms. One of the most common ways to hold single
atoms is using optical gratings. Focused laser beams
are used, which create an electromagnetic field with
periodic potential wells for atoms. There are also mag-
netic, electrostatic, magneto-optical and microdipole
traps [61, 62]. Historically, the Pauli trap and the Pen-
ning trap were invented first. Holographic traps are very
interesting from a technical point of view, where the
three-dimensional structure of potential wells in space
is formed as a result of projecting a hologram through
a holographic mask [63].

After capturing single atoms inside the trap, the
atoms are excited by a laser. The laser system must be
tuned to a certain energy corresponding to the transi-
tion of the selected atom from the ground state to the
excited state. As a result of the excitation of a single
atom, its electron transitions to an excited state. Relax-
ation from the excited state to the ground state is accom-
panied by the emission of a single photon. In each such
process, a single photon is generated on a single atom.
The emission of single photons can occur spontane-
ously or through a stimulated process, depending on
the experimental conditions. As in the case of single
ions, individual neutral atoms are identical, and differ-
ent impulses from the same source and from different
sources are indistinguishable. Ultracold atoms have
a long coherence length, which means that the photons
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YT06BI

OCTaHOBHTb aTOM, €ro
HY>KHO OX/IaAUTh, T.e. IIOHH3HTb
€ro CKOPOCTh MeHee HECKOJIbKHX
CAaHTHMMETPOB B CeKkyHAy. CrenaTh
5TO MOXKHO PasHBIMH CIiocobaMu,
HO CaMbIM YIOOHBIM OKa3aucs
MeTOJ, JIa3epPHOI0 OXJIaKIEeHMUS.
JlazepHBble JIyYH CO3LAIOT CEpPHUIO
CTOAYMX BOJIH II0JIIPH30BAHHOIO
CBeTa, JJIeKTPHYECKHe II0/II KOTO-
PBIX HAIlOMHHAIOT CBOEro poja
rpebeHky. Korma aTtoM IpoXoguT
CKBO3b Hee, BCIUIECKH 3JIeKTpHYe-

87Rb atom

Cavity

Single
photons

Puc. 7. KcnepumeHmbl ¢ amomMom py6udus 8 pe3oHamope [64]
Fig. 7. Experiments with a rubidium atom in a resonator [64]

CKOTO IIOJNISL Ioo4epefHO «cOpachl-

BAIOT» aTOM BO Bce bosee u bosee

HM3KOe >SHepreTHYeckoe COCTOSHHEe M BCe CHJIbHee
U CHJIbHee OXJIKOAIOT ero [61].

Pa3paboTaHbl pa3THUYHBIE JIOBYIIKH AJIS YAEPsKAHUS
OJMHOYHBIX aTOMOB. OJMH M3 PacIpoCTPaHEeHHBIX CIIO0-
Co00B yIepsKaHUSI OMMHOYHBIX AaTOMOB ~ UCIIO/Ib30BaHUE
OIITHYeCKUX PelleToK. MCIoabp3yoTcs pOKyCHUPOBaHHELe
Jla3epHbIe IIy4YKH, KOTOpbIe CO3JAI0T 3/IeKTPOMarHHUTHOe
rojie C IepUOJUYECKMMHU IIOTeHLIMAJIbHBIMH SIMaMHU
U1t aToMOB. CYIIeCTBYIOT Tak’Ke MarHUTHBIE, 371eKTPo-
CTaTH4YeCKHue, MAarHUTOONTHYeCKHe M MUKPOLUIIONb-
HBle JIOBYIIKK [61, 62]. HcTopuuecku IepBBIMU ObLIH
1306peTeHBl JIOByHIKa Ilayau M JIOBYIIKA [IeHHMHTA.
OueHb HMHTEPeCHBIMH C TeXHHYeCKOH TOYKH 3peHHs
YCTPOMCTBAaMHU SIBISIIOTCS Tolorpagudyeckyie JIOBYLIKH,
IJle TpeXMepHasl CTPYKTypa IIOTeHIIMA/IbHBIX SIM B IIPO-
CTpaHCTBe GOPMHPYETCS B pe3y/bTaTe IIPOeLiMPOBAHMS
rOJIOrPaMMBI uepe3 ronorpaduieckyro Macky [63].

ITocste 3axBaTa OAVMHOYHBIX AaTOMOB BHYTPH JIOBYLIIKH
aTOMBl BO30YKZAIOTCSI J1a3epoM. JlaszepHasi CHCTeMa
IO/DKHA OBITh HACTPOeHAa Ha OIIpefie/IeHHYI0 SHep-
TUIO, COOTBETCTBYIOIIYIO IIEPeXOy BBIOPAHHOIO aToMa
13 OCHOBHOT'O COCTOSIHUSI B BO3OY>KIE€HHOe COCTOSIHHE.
B pesynbTaTe BO30OYKIEHHS OLHMHOYHOIO aTOMa IIpo-
HCXOOUT IIepexofi ero 3/1eKTpoHa B BO30y>KIeHHOe
cocTostHHe. Perakcaliys K3 Bo30y>KIeHHOIO COCTOSIHUS
B OCHOBHOE COCTOSIHHE COIIPOBOKIAETCS MCITyCKaHKeM
¢$oToHa. B Ka>KIOM TaKOM IIpoliecce Ha OJUHOYHOM
aToMe reHepHpyeTcs OMMHOYHBIN GOTOH. HcmyckaHue
OIVHOYHEIX (OTOHOB MOKeT IIPOMCXONUTh CIIOHTAaHHO
WK 4Yepe3 CTUMY/JIHPOBAHHBIM IIPOLiecC, BCe B 3aBH-
CHMOCTH OT YCJIOBUM 3KCIIepUMeHTa. Kak U B caydae
C OJMHOYHBIMH HOHAMH, OJHHOYHEIE HEHTpaJIbHbIe
aTOMBI MJEHTUYHBI, U PasHble HMMIIYJIbCHl OT OFHOIO
M TOI'O K€ MCTOYHMKA M OT PasHbIX MCTOYHHUKOB HEpas-
MUYUMBL. OIMHOYHBIE ATOMBI 00J1aIAI0T OOJIBIION [T~
HOM KOTepeHTHOCTH, YTO O3Ha4aeT, YTO0 POTOHBI, UCITy-
CKaeMble 3TUMM aTOMaMHM, MOLYT COXPaHATh Ga30ByIO
KOPPEJISIIIHIO Ha 60NBIINX BpeMeHHBIX HHTEepBaJIaX.
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emitted by these atoms can maintain phase correlation
over long time intervals.

MONATOMIC EMITTER

Another approach may be as follows: single atoms
are first captured and cooled inside an open magneto-
optical trap. Then the trap is turned off (or periodically
turned off and on, or the amplitude of the field in the
trap is periodically modulated) and the cooled atoms
alternately fall freely under the influence of gravity
and one by one pass through a high-precision opti-
cal resonator tuned to the frequency of the radiative
optical transition of atoms. The probability of photon
emission in a resonator with a suitable frequency is
significantly higher than in free space, due to the Pur-
cell effect. The efficiency of single photon generation
for this approach may be close to 1, but the implemen-
tation of a monatomic emitter requires serious experi-
mental efforts. Narrow beams of atoms are also used,
irradiation of which with a laser yields single-photon
radiation.

Single photon sources based on ultracold atoms
have significant disadvantages: high complexity of
implementation in comparison with other methods
of generating single photons, limited operating condi-
tions, low generation rate, poor scalability. The cre-
ation of single photon sources based on ultracold atoms
requires a complex experimental arrangement. The
implementation of a single-photon source on ultracold
atoms requires high stability of the system, precise
adjustment and control of experimental conditions.
Creating large arrays of single-photon sources based
on ultracold atoms is becoming technically difficult
and requires significant costs and efforts. The rate of
generation of single photons based on ultracold atoms
may be low, especially in comparison with some other
methods such as spontaneous parametric scattering or
generation through quantum dots.
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OD,HOATOMHbIVI SMUTTEP

Jpyrou moaxoz MoskeT OBbITh C/IeYIOIIKM: OfMHOYHEIe
aTOMBI CHayajla 3aXBaThIBAIOTCS M OXJIKAAKOTCS BHY-
TPH OTKPBITOM MarHUTOOIITHYECKOM JIOBYLIKU. IIoTom
JIOBYILIKA BBIK/IIOYAeTCsl (MU IIepUOgHYecKH BBIKIIOUA-
eTCsl U BK/IIOYaeTCsl, WIK aMIUIMTYAQ [0/ B JIOBYIIKe
IIepHoHYecKH MOLYIHPYETCs) U OXJIaKIeHHBIe aTOMBI
[1oo4YepesHO CBOOOOHO IIAAAIOT IIOJ [IeHICTBHEM CHJIBI
TSDKECTH W OOMH 3a APYTUM IIPOXOASAT depe3 OITHYe-
CKUI Pe30HATOP BBICOKOM TOYHOCTH, HACTPOEHHBIN Ha
YaCTOTY H3/Iy4aTe/IbHOIO OITHYeCKOIo Iiepexofa aTo-
MOB. BeposITHOCTb UCITyCKaHHUS POTOHA B IIOAXOAAIEM
I10 YaCTOTe Pe30HaTOpe CyLIeCTBEHHO BhIIle, YeM B CBO-
bomHOM ITpoCcTpaHCTBe, Onaromaps 3ddexty Ilapcemia.
9 eKTUBHOCTh FeHepallMi OAUHOYHBLIX GOTOHOB IS
3TOTO MOAXOAA MOKET OBITh O/IM3Ka K eIUHUIIE, HO pea-
NH3aLHsI OHOATOMHOIO 3MHUTTEpa TpebyeT Cepbe3HBIX
3KCIIEPUMEHTA/IbHBIX YCHIMH. TakKe HCIIOIb3YIOTCS
y3KHe IIy4KH aTOMOB, 0O/ydeHHe KOTOPBIX JIa3epOoM
JlaeT Ha BBIXOZe OLHOPOTOHHOE H3JlyuyeHHe,

WCTOYHUKU OOMHOYHBIX Q)OTOHOB Ha OCHOBe OOH-

HOYHBIX aTOMOB HMEIOT CyIIeCTBeHHBbIe HeTOCTATKH:
BBICOKAsI C/IO’KHOCTh Peaji3allii B CPaBHEHUH C IPY-
TMMU MeTOJaMM TeHepallMd OJMHOUYHBIX (OTOHOB,
OrpaHHYeHHBle pabouMe yCIOBHSI, HH3Kash CKOPOCTh
reHepallMM, IUIOXas MacmTabupyeMocTs. Co3faHHe
HCTOYHMKOB OfIMHOUHBIX POTOHOB Ha OCHOBE OMHOU-
HBIX aTOMOB TpebyeT C/IOKHOK 3KCIIepPUMeHTaIbHOM
YCTaHOBKM. Peanusanusi oqHOPOTOHHOIO MCTOYHHKA
Ha OJMHOYHBIX aTOMax TpebyeT BBICOKOM CTabUIBHO-
CTH CHCTeMBI, TOYHOH HACTPOMKH KU KOHTPOJIS YCIO-
BUI 3KCIeprMeHTa. Co3faHMe 6ONBUIMX MacCHBOB
HCTOYHHKOB OJUMHOUYHBIX QOTOHOB Ha OCHOBE OJH-
HOYHBIX aTOMOB CTAaHOBMUTCS TeXHHYECKH CIOKHBIM
U TpebyeT 3HAUMTe/IbHBIX 3aTPaT U YCHUIHUH. CKOPOCTh
reHepallMy OJUHOYHBIX GOTOHOB Ha OCHOBE OUHOY-
HBIX aTOMOB MOKeT OBITh HeBeJIMKa, 0COeHHO B CPaB-
HEHHMH C HeKOTOPBIMHU JPYTUMH MeTOZAMH, TaKUMHU
KaK CIIOHTaHHOe IapaMeTpHYecKkoe paccessHHe HIIK
reHepalys 4epe3 KBAHTOBbIE TOUKH.
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