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SNEMEHTHAS BA3A
AANbHOAENCTBYIOLLEN
KBAHTOBOW CBSI3U
YACTb 2°

A.A Kanaues, 0.¢.-m.H., a.akalachev@mail.ru,
K®TH um E.K.3asolickozo Ka3HL] PAH, Ka3aHs

Bo BTOpOM YacTn o630pa paccmaTpuBaloTcs
aKTya/ibHble HanpaBJ/lIeHUa UCC/Ief0BaHUN

B o6nacTtm co3paHng oaHOPOTOHHbIX

M KOppe/IMpOBaHHbIX ABYX()OTOHHbIX COCTOSHUM
cBeTa, NpeAHa3sHAYeHHbIX 418 UCMOJIb30BaHUSA
B CUCTeMaX AaNIbHOAENCTBYIOW,EeN KBAHTOBOM
CBA3N.

AKHEeUIIHMMU 31eMeHTaMH CHCTeM [gajlb-
HOJeMCTBYIOIe KBAHTOBOM CBSI3M HapALy
C YCTPOMCTBAaMH KBAaHTOBOM MaMATH SIBJISI-

IOTCSI HCTOYHUKH OMTHOPOTOHHBIX COCTOSTHHUH

cBeTa. UeanbHBIN OMHODOTOHHBIM HCTOYHHUK ~ 3TO

HCTOYHUK ONHOPOTOHHBIX CBETOBBIX HMIIYIbCOB,

KOTOPBIH yJOBIETBOPSET CIeAYIOIM UM YCAOBUIM:

* CBeTOBOM MMIIYJIbC HCIYCKaeTCd B 3aJaHHYIO
IIPOCTPAaHCTBEHHO-BPeMeHHYI0 MOJY 3/l1eKTpo-
MarHHUTHOTO II0JIsI, TO €CTh KBAHTOBOE COCTOSI-
HHe T0JisI, CO3/IaBaeMOro MCTOYHUKOM, SIBJIS-
eTcsd YHUCTBIM. IIpaKTH4YecKH 3TO O3HadaeT
Hepa3/JIUYHMMOCTb U CIIeKTPaJIbHYI0 OTPaHUYeH-
HOCTb MCIyCKaeMBIX OJHOQOTOHHBIX HUMIIY/b-
COB;

* BepOATHOCTb OOHapyXeHHS OAHOro GoOTOHA
B CBETOBOM MMIIyJbCe Ha BBIXOJe HCTOUHMKA
(30beKTUBHOCTD UCTOYHHKKA) paBHA 100%. ITO
O3Ha4yaeT, UYTO CBETOBOM HMIIYIbC, C OAHOM
CTOPOHBI, He MOJI’KeH COAepKaTb BaKYyMHOTO
COCTOSIHHUS M, C OPYTOH CTOPOHBI, He JOJI’KeH
comepRaTh bonee ogHOrO GOTOHA.

OCHOBHOI IIapaMeTp, OIIHMCHBAIONIHI KaueCTBO
OOHOPOTOHHOTO HMCTOYHUKA, — CTEeleHb COOTBET-
CTBUSI COCTOSIHUSI Ha BBIXOAE HCTOUYHHKA TOMY
COCTOSHHIO, KOTOpOe HY)XHO IONy4YUTb. Ecnam
COCTOSIHMe Ha BBIXOZe He SIBISIeTCS UAealbHbIM
U OIIMCBIBAETCS OIlepaTOpPOM IIJIOTHOCTH p, a Lieje-
BOe COCTOSIHHe 3aJlaeTcs BEeKTOPOM |y), TO Kaue-
ctBo F (Fidelity) mcTouHUKa ompepnensieTcsi Kak
cpenHee 3Ha4yeHWe F=(y|p|y). DTa BeluUYHHA

*  Yactp1lcm.: "®oTtonuka”, 2017, Ne 1, c. 88-98.
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he second part of the review is devoted to the

topical areas of research aimed at creating sources

of single-photon and correlated two-photon
states of light, which are intended for use in long-range
quantum communication systems.

The most important components of long-range
quantum communication systems, along with quantum
memory devices, are the sources of single-photon states
of light. The ideal single-photon source is the source
of single-photon light pulses meeting the following
conditions:

« Light pulse is emitted into a target spatial-temporal
mode of the electromagnetic field, i.e., the field
created by the source is in a pure quantum state.
In practice, it means indistinguishability of the
transform-limited single-photon pulses.

 The probability of detection of the single photon at
the output (efficiency of the source) is equal to 100%.
It means that the output light pulse, from the one
hand, should not contain the vacuum state and,
from the other hand, should not contain more than
one photon.

The key parameter describing the quality of the
single-photon source is the fidelity, which is the measure
of compliance of the output state to the target state. If
the state at the output is not ideal and described by the
density operator p, while the target one by vector |y), the
fidelity F of the source is defined as the mean F = (y|p| ).
This value equals 1 in case of full compliance, when
p=|v)(y|, and equals 0 in case of maximum discrepancy
(when the states are orthogonal). Experimentally, the
second-order zero-time autocorrelation function g (0) is
usually measured (fig. 3). Under generation in a single
spatial-temporal mode of the field (stable wave packet),
we obtain g”(0)=(aa’}/(a'a’), where a(a’) are the
annihilation (creation) operators of the photons in the
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paBHa 1 B ciaydae MOJHOIO COOTBETCTBHS, KOTJa
p=|y)(y|, 1 paBHa 0 B CJlyyae MaKCHMaJIbHOI'O HECO-
OTBETCTBUS (KOIZA COCTOSIHHS OPTOIOHAJIBHBI).
B s3kcrepuMeHTax, Kak IpPaBUJIO, U3MepseTcs 3Ha-
YeHHe aBTOKOPPeNSLMOHHOU QYHKIHUHU IO IPHU
HyneBon sazepxkke g¥(0) (puc.3). Ilpu ycioBuu
reHepalluM B OHY IPOCTPAaHCTBEHHO-BPeMeHHYIO
Mozy 1ons (cTabuABHBIM BOJHOBOM [IaKeT) KMeeM
g?(0)=(a™a’}/(a'a’), rae a(a') - omepaTopsl yHHUUTO-
skeHus1 (pokpeHus)) JOTOHOB B 3aJaHHOH
NPOCTPAHCTBEHHO-BPEMEHHOU MOJe Ha BBIXOJe
HCTOYHHUKA. B cllydae 0fHODOTOHHOTO COCTOSIHM S
3Ta BeJHWYWHA MAOJKHA OBITh paBHA HYIIO.
KpoMe TOro, B OJHOMOJOBOM CjIy4ae CyIIeCTByeT
OJHO3HaYHas CBA3b MeXAY KadyecTBOM F M 3Haue-
HHUEM aBTOKOPPelIILMOHHON QyHKIMH, KOTOPYIO
MOXHO 3amucat B Bugme F=1-g?(0)/2, xorza
g(z)(0)<<1. OTnir4yde KadyecTBa F oT emMHUIIBI, UIU
BenuunHbl g¥(0) OT Hy/s, OTpaskaeT BKJIAJ MHOIO-
GOTOHHBIX COCTOSHMIH B [JaHHYIO MOAY IOJA.
Ecnu ke reHepallusi MHOTOMOJOBAs, TO CUTYalLlUs
YCJIOKHSIeTCSI, IIOCKOJIbKY IIOTepsl KadeCcTBa MOXKeT
OBITH CBSI3aHA He TOJBKO C BKJIAJOM MHOTOGOTOH-
HBIX COCTOSIHHUH, HO U C Pa3IMYHUMOCTbI0 $OTOHOB,
YTO COOTBETCTBYeT CMeIIaHHOMY COCTOSHHIO
Ha BBIXOZle UCTOYHHKA. B 3TOM c/lydyae 0JHOr0 3Ha-
wenus g (0) HEZOCTATOUHO IS XapaKTEPUCTUKU
BBIXOJHOI'0 I10/1s. Torma MogXonsiinen Mepou SIBJS-
eTCsl BUJHOCTb AaHTHUKOPPEeISILIUOHHOTO IpoBaja
XoHra - Oy - MaHgens (puc.4), KoTopas JOCTUraeT
100% To/MBKO HPHU YCIOBHUHU, eCIH ABa He3aBHUCH-
MBIX COCTOSIHUS Ha BXoZle B UHTeppepoMeTp SIBIS-
I0TCS ONHOPOTOHHBIMM U YHUCTBIMHU, T.e€.
Hepa3IUuYHUMBIMHU.

[TockonbKy Ha MpaKTHKe, eCTeCTBeHHO, MOXKHO
MUMmb MPUOIU3UTBCS K HJeany, Ba’KHO IOHH-
MaTh, KaKUM MHUHHUMAJIbHBIM TPebOBaHHUAM HON-
>KeH YIOBJIETBOPSITh OJHOPOTOHHBIM MCTOUHHK,
4T0OBl TIPeACTaBISATh IPAKTHUYECKHN HHTepec
C TOYKHU 3peHHS [aJbHOLEHCTBYIOIIEHM KBAaHTO-
BOM CBSI3M. B KadecTBe IpHUMepa NpUBeAeM Teo-
peTHueckue OLIEHKH, CJelaHHBle B 0030pHOH
pabote [64]: KBAHTOBBIH IIOBTOPHUTENIb Ha OCHOBE
ONHOQOTOHHBIX HCTOYHHKOB bymeT 3¢ deKTHBHee
OCTAJIPHBIX BAaPHAHTOB (IIpeskJe BCero, M3BeCTHOM
cxeMpl DLCZ [65]) mpu ycjioBUH, 4YTO 3PPeKTHB-
HOCTb TeHepalhuHd 0gHODOTOHHOIO UMITy/IbCa Mpe-
BBIIIAET 67%, a BKJIAJ ABYXOOTOHHBEIX COCTOSHHUU
He mpessimaer 1074, IIpu 3ToM mojpa3ymeBaeTcs,
YTO MUCTOUYHUKHU CO3LAIOT YHUCTble 0LHODOTOHHBIE
cocTtosiHUS. Kpome Toro, cymecTBeHHBIe TpeboBa-
HUS BBIJBUTAIOTCS CO CTOPOHBI ONTHYECKOM KBaH-
TOBOM IaMSTH, HCIIOJb30BAHHE KOTOPOM Heo6Xo-
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CYeTUYMK CoBNAAEHNIM 3
Coincidence counter 0 : !
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Puc.3. Cnesa: cxema usmepeHus asmokoppensiyuoHHOL
dyHkuuu nons g () c nomowbto unmepgepomempa bpa-
yHa - Teucca. [Tomok ¢omoHos pacluenasemcs Ha 08a

¢ nomoubto ceemodenumenst CLl. 3amem GomoHbl HANPAsAs-
tomcs Ha pomodemexmops! A U B ¢ omHocumenbHol
3adep>kKoll T. B cayuae cAaboll UHMEHCUBHOCMU 8X00H020
Nny4Ka aemoKoppeAsuuoHHAst GyHKUUS PABHA P g/ PaPg, 20€
Pag — CKOPOCMb c4éma cosnaderul, U p,, pg— CKOpOCMU
c4ema Ha demekmopax. Cnpasa: munu4Heie 3a8Ucumocmu
g () daa cynepnyaccorosckozo ceema (1), kozepeHmMH020
ceema (2) u cyényaccoHosckozo caema (3), 20e T, — 8pems
K02epeHmHocmu u3AyyeHus. B cayuyae 00HOpOMoHHOz0
cocmosHus g (0)=0

Fig. 3. Left: The diagram of measurement of the second-order
autocorrelation function of the field g (<) using Brown-
Twiss-type interferometer. The input light beam is split using
the beam splitter BS. The photons reach the photodetectors A
and B with relative delay t. In case of weak intensity of the
input beam, the autocorrelation function is equal to pAB/
pApB, where pAB is the rate of coincidence count, and pA, pB
are counting rates on the detectors. Right: Typical
dependences g"”) (<) for super-Poisson light (1), coherent light
(2) and sub-Poisson light (3), where tcoh is the field coherence
time. In case of single-photon state, g'*/(0)=0

target spatial-temporal mode at the source output. In
case of the single-photon state, this value should be
equal to zero. Furthermore, in case of the single-mode
field, there is one-to-one correspondence between the
fidelity F and the second-order zero-time autocorrelation
function, which can be written as F=1-g®(0)/2 for
g?(0)<1. A deviation of F from unit or that of g*(0)
from zero describes a contribution of multi-photon states
into this mode. In case of multi-mode generation, the
situation becomes more complicated since loss of quality
can be connected not only with contribution of multi-
photon states, but also with distinguishability of the
photons, which corresponds to a mixed state at the
source output. In this case, g (0) alone is not enough to
characterize the output field. Then the suitable measure
is the visibility of Hong-Ou-Mandel dip (fig. 4) reaching
100% provided only that two independent states at the
input of the interferometer are single-photon and pure,
i.e. indistinguishable.
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OUMO /151 peaiM3allMd KBAaHTOBBIX IOBTOPUTeJIEH.
Ecnu B KayecTBe HOCHUTe/led HHPOPMALIMH UCIIONb-
30BaThb IIpPUMeCHBle KPHUCTaJlAbl, AaKTHBHUPO-
BaHHBIe peJKo3eMeJbHBIMU HOHAMH, TO B biu-
KaWIIen IIepCIeKTHBe YCTPOMCTBA KBAaHTOBOM
MaMsTH CMOTYT 3aIllMChIBAaTh U BOCIPOU3BOAHUTH
ONTHYeCKHe HMIIYIbCHl, CIeKTpajbHas IIHPHHA
KOTOPBIX He IIPeBbIIIaeT HeCKOAbKHX THUIarepll.
Ecnu ke paccCMaTpHBaTh IIOJTHOCTBIO ONTHYeCKHH
IIPOTOKOJ KBAHTOBOTO IOBTOpUTessl (be3 KBaHTO-
BOM MaMSTH) [66], To ero peanu3sanus norpebyer
CO3[aHUSI MHOTOQOTOHHBIX IIepellyTaHHBIX KBaH-
TOBBIX COCTOSIHUM C IOMOIIbI0 OIPOMHOTO YMC/Ia
(MHIIHOHA) OMHODOTOHHBIX UCTOUHHUKOB [67].

B HacTosimee BpeMmsi mnpobieMa co3ZaHUS
3pPerRTUBHOrO0 OSHOPOTOHHOTO MCTOYHHKA pas-
pabaTsiBaeTcsi MmO [OBYM HAINpaBIeHHSIM: C03-
JaHHe HCTOYHHKOB Ha OCHOBe CIIOHTAaHHOIO
H371y4YeHHUS] OJUHOYHOM KBAaHTOBOH CHCTEMBI
(KBAaHTOBBle TOYKH, LeHTPbHl OKPacKH, aTOMBI
MJINM HUOHBI B ONTHYECKOH JIOBYIIKe) M CO3[JaHHe
HMCTOYHHKOB Ha OCHOBE HeJIMHEeMHBIX OIITUYeCKHX
sIBJIeHUN (CIIOHTaHHOe IIapaMeTpHuYeckoe pacce-
sHHe, CIIOHTAaHHOe YeThIPeXBOJIHOBOe CMeIleHUe)
B NPOTSIKEHHBIX Cpefax (KPUCTA//bl, BOJTHOBOAHL,
BOJIOKHA). OCOBeHHOCTH Ka’>KAOro IOAXO0Aa IIOJ-
pobHo paccmoTpeHBI B 0630pe [68]. [Io3TOMy HUKe
COOPMY/NIHPOBAHBl TOJBKO I PHUHIMUIIHMAJIbHBIE
MOMEHTBl U OTMeYeHBbl CaMble IIOCJIefIHHe 3KCIIe-
pHMeHTa/IbHBble pe3y/IbTaThI.

Haubosiee IPOCTBHIM IOAXOLOM K CO3JaHUIO
OJHOQOTOHHBIX HCTOYHHKOB IpeAcCTaB/seTCs
HCIIONb30BaHHE CIIOHTAHHOTO H3JIy4eHUS OAHU-
HOYHBIX KBAaHTOBEIX CHCTeM IIOC/e BO3/[eLCTBHS
HMIIylbca HaKauKK. OCHOBHBIMH IIpeHuMYyle-
CTBAaMH JAHHOTO II0JX0/a SIBJSIIOTCSI BO3MOXKHOCTD
reHepaluu ¢OTOHOB 10 TPe6OBaAHUIO U OTCYTCTBHE
BKJIa[I0OB ABYX- MK MHOIOQOTOHHBIX COCTOSHHH.
B KayecTBe MepCIeKTUBHBIX KBAaHTOBBIX CHCTEM,
KOTOpble MOKHO HKCIIO/NIb30BaTh B HHTeIrPaJIbHBIX
ONTHYECKUX CXeMaX, MpeJaaralTcsi KBaHTOBbIe
TO4YKH [69, 70] 1 LIeHTPBI OKpPACKHU B anMase [71, 72] -
TakHe Kak NV-1eHTpBl U SiV-1I1eHTpbl. AHaTU3UPYs
[IOAXOA B 1leJIOM, B KaueCcTBe OCHOBHBIX HeJOCTAaT-
KOB OOBIUHO YKa3bplBAIOT: HU3KYI 3QPeKTUBHOCTD
c6bopa usnyuenus (collection efficiency) Toueunoro
MCTOYHHMKA, B O0COOEHHOCTH HaXOASINerocs
B MaTepHaje C BBICOKMM IIOKa3aTejeM IIpeoMIle-
HHS; HeKOIepeHTHBIH XapaKTep OJHODOTOHHBIX
HMIIYJIbCOB (OTCYyTCTBHe CIEeKTPa/JbHOM OrpPaHHU-
YeHHOCTH) BCJIeACTBHe 60JIBIIOrO OJHOPOJHOTO
YyIIMPeHHs ONTHYeCKHUX IIepeXoJoB IIPH KOMHAT-
HOM TeMIlepaType; YHHKAJIBHOCTb KaXJ0TO
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PAE
CHQTHyll( CoBMaAeHui pmin |
Coincidence counter AB >
0 /T,
a) b)

Puc.4. Cnesa: cxema uHmepgepomempa XoHza - Oy — MaH-
densi. [1ea pomoHa, ucnyLeHHble nocnedosamenbHO 00HUM
00HOGOMOHHBIM UCMOYHUKOM UAU 08YMSI HE3a8UCUMbIMU
UCMOYHUKAMU, HANpasAsitomcs Ha 08a 8xoda caemodeaumens
CJl u ckopocmb coenadeHutl pomoomc4emos P, Ha demek-
mopax A u B pezucmpupyemcsi Kak GyHKUUS 0mMHOCUMenbHOU
3a0epxkku T. Cnpasa: MunUYHAs 3aeUcumMocms Pyy(T),
umerowas 8ud nposaia (nposan XoHza-Oy-MaHdens).
BudHocmb npoeana V/ = (P _p;gng/(p;;ax +P") pasHa 100%
8 CAy4Yae HepasAUuYUMBbIX YUCMbIX 00HOPOMOHHbIX COCMOSIHUL
Ha 8xode uHmepgepomempa

Fig. 4. Left: The diagram of Hong-Ou-Mandel interferometer.
Two photons emitted in turn by a single-photon source or by
two independent sources "collide” on the beam splitter BS, and
the coincidence rate PAB is registered as a function of the
relative delay t. Below: Typical dependence P,5(t) in the form
of a dip (Hong-Ou-Mandel dip). Visibility of the dip

V= (p/j?;x _p;g”)/(P/T;X +P§Q“) equals 100% in case of
indistinguishable pure single-photon states at the input ports
of the interferometer

Since in practice it is only possible to approximate
the ideal case, it is important to understand which
minimum requirements the single-photon source
should meet to represent practical interest from the
point of view of long-range quantum communication.
As an example, let us consider theoretical estimates
carried out in the review paper [64]: a quantum repeater
based on single-photon sources will be more effective
than others (i.e., than DLCZ scheme [65]) provided
that efficiency of generation of single-photon pulses
exceeds 67%, and contribution of two-photon states
does not exceed 1074. It also implies that sources create
pure single-photon states. Furthermore, essential
requirements are imposed by optical quantum
memories which are necessary for implementation of
quantum repeaters. If rare-earth ion doped crystals
are used as data carriers, then quantum memory
devices in the short term will be able to record and
retrieve optical pulses which spectral width does not
exceed several GHz. If the completely optical protocol
of quantum repeater (without quantum memory) was
considered [66], its implementation would require the
creation of multi-photon entangled quantum states by
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OTIe/JbHOTO LleHTpPa B TBepAOTEeNbHOM MaTpHlle
(HeOZHOpPOAHOe yUIMpPeHHe ONTHYECKHX IIepexo-
IO0B), IPUBOAsSINAS K Pa3JIHYHUMOCTH (QOTOHOB,
HMCIIYCKaeMBbIX Pa3IHYHBIMHU LeHTpaMHu.
Kpome TOro, ciaemyer emje OTMETHTH, UTO
BpeMeHHAsa dopMa HCIyCKaeMBbIX OLZHOQOTOHHBIX
HMIIy/JbCOB MMeeT BHUJ 3aTyXalolllel 3KCIIOHEeHTBI
C pe3KHM IepefHUM QPOHTOM, UTO YCIOXKHSET
CUHXPOHH3AILIUI0 CBETOBBIX HMMIIY/JIbCOB IIPpU pea-
JAU3aLUH KBAHTOBBIX aJTOPUTMOB M yMeHbIIaeT
3¢ PeKTUBHOCTL 3alMCH M BOCIPOU3BeNeHHS
OOHOQOTOHHBIX HMMIIYIbCOB B YCTPOMCTBAX KBaH-
TOBOM MaMSTH. Ha CerofHSIIHUMN JeHb HaHIy4-
IIHe IapaMeTpbl OLHOPOTOHHBIX HCTOYHUKOB
[IPOLEeMOHCTPHPOBAHbl C IIOMOLIBIO KBAHTOBBIX
Todyek InAs/GaAs mpH TeMIepaType >KHIKOIO
rejivs: BBICOKOE KAa4eCTBO OOGHOQPOTOHHBIX COCTOS-
uui (g?(0)<0,01) [73,74], ucnyckauue 6onee 1000
$OTOHOB C HEPA3IUUYHUMOCTbIO (BULHOCTHIO aHTHU-
KOPPeIsSLIMOHHOIO IIpoBaja), IMpeBbIIIAIIIEH
92% [75], BeIcOKass 3PPeKTUBHOCTH cbopa H3IyUe-
Hus (bonee 65%) [73,74,76], reHepallus IepenyTaH-
HBIX OBYXQOTOHHBEIX COCTOSHHM Ha KaCKaJHBIX
nepexonax [76,77]. B HacTosilllee BpeMsI aKTHBHO
BesleTCs pa3paboTka ofHOPOTOHHBIX H3IydaTenen
C 5JIeKTPUYEeCKOM HaKaiKoM, HCTOYHHKOB, KOTO-
Ppble BCTPOEHBI UJIM CHJIBHO CBSI3aHBI C HHTEIPaJlb-
HBIMU OINITHUYECKHMH CXeMaMU, a Tak>Ke HCCIeno0-
BaHHe HOBBIX IIePCIeKTHUBHBIX CHUCTEM, TAKHUX KaK
OepeKThl B IBYMEPHBIX MaTepHallaX H yIJIepoh-
Hble HAaHOTPY6KU (CM. HelaBHU M 0630p [78]).

B ocHOBe paboTsl 0gHOPOTOHHBIX HCTOYHHKOB
Ha OCHOBe CIIOHTAaHHOIO IIapaMeTpPHYecKOro pac-
cesausi (CIIP) MM CIIOHTAHHOIO YEeTHIPEXBOJTHO-
Boro cMmemeHus (CYBC) JIeSKUT KOPpesaLius YKCcel
$OTOHOB B Mo/iaX paccesiHHOTO 1o (puc.5). JeTek-
THUPOBaHHe OJHOro M3 GOTOHOB B Ilape (CKa’keM,
XO0JIOCTOTO) OJHO3HAYHO TOBOPUT O HAJIHUYUHU BTO-
poro ¢oToHa (CUTHANIBHOIO), IO3TOMY TaKHe UCTOY-
HHUKH HA3bIBAIOTCSI MCTOYHHKAMU C OIOBEIIeHHEeM
(heralded source). ITockonbKy peanbHas 3 PeKTUB-
HOCTb OIlOBellaIolllero AeTeKTopa MeHblue 100%,
OTCYTCTBHEe POTOOTCUETA He O3HA4YaeT OTCYTCTBHUSA
CUTHAJIbHOTO PoTOHA. YTO6HI M36aBUTHCSI OT TAKUX
HeKOHTPOJIHPYeMblX BKJIaJOB B BBIXOJHOeE IIOJIe
MCTOYHHKA, Ha IyTHU CUTHAJIBHOTO POTOHA MOKHO
IIOCTAaBUTH 3aTBOP, KOTOPBHIN OymeT OTKPBIBATHCS
TOJIBKO II0 CUTHaly AeTeKTopa (T.e. NpHU HaIu-
YUU TPUTTEPHOr0 MMIIyNbca). HMaes TaKoro ycjaos-
HOI'O MPHUIOTOBJIEHUSI OJHOPOTOHHBIX COCTOSHHUU
6nIa npenanoxena J.H. Knetmko B 1977 romy [79],
a IepBBIM SKCIIEPUMEHT OB IOCTaBIeH XOHIOM
1 MaHpenem B 1986 roxy [80].
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Puc.5. Cxema 00HOGOMOHHO20 UCMOYHUKA C OnoseLe-

Huem Ha ocHose CI1P uau CYBC. B npouecce Cl1P usay4yeHue
HAKa4Ku 8036y>kdaem K8adpamu4Ho-HeAUHeLHYto cpedy,

8 komopoU cAy4aliHbiM 06pa3om NpouUCXooum yHUYMosKeHue
8bICOKOYACMOMHO020 GOMOHA HAKAYKU U 00HOBPEMEHHOe
poxcdeHue 08yx HU3KOYACMOMHbIX GOMOHO08, Ha3bl8aemMbixX
06bI4HO X0AOCMbIM U CU2HAAbHBIM. B npouecce C4YBC kop-
penuposaHHbie napbl OMoHO8 poXKOAoMCcs AHAAOZUYHbIM
06pazom npu 8036y x0eHuU Kybu4HO-HeAuHelHOU cpedbl

8 pe3yAbmame yHU4MoXeHUs 08yx GOMOH08 NoAsl HAKAYKU.
JlemexmuposaHue 00H020 U3 KOppeAupoBaHHbix pomoHos
00HO3HAYHO 2080pUM 0 HAAUYUU 8MOpP0O20, 4MOo COOM-
éemcmayem ycA08HOMY Npu20mMoeAeHur0 00HOGOMOHHO20
COCMosIHUS

Fig. 5. The diagram of a single-photon heralded source based
on SPDC or SFWM. In the case of SPDC, pumping radiation
excites a second-order nonlinear medium where a high-
frequency pumping photon is annihilated randomly and two
low-frequency photons, usually called idler and signal, are
born. In the course of SFWM, correlated pairs of photons are
created similarly via pumping a third-order nonlinear medium
as a result of annihilation of two photons of the pumping
field. Detecting one of the correlated photons unambiguously
proves the presence of another that corresponds to conditional
preparation of a single-photon state

means of huge number (of the order of one million) of
single-photon sources [67].

Currently, the problem of creating an effective
single-photon source is elaborated in two directions:
creation of sources based on spontaneous emission of
a single quantum system (quantum dots, color centers,
atoms or ions in an optical trap) and creation of sources
based on nonlinear optical phenomena (spontaneous
parametrical down-conversion, spontaneous four-wave
mixing) in extended media (crystals, waveguides, fibers).
Each approach is described in detail in the review [68].
Therefore, only the basic moments are considered below
and the latest experimental results are discussed.

The simplest approach to creation of single-photon
sources is the use of spontaneous emission of single
quantum systems initiated by a pumping pulse. The
main advantages of this approach are the possibility of
generation on demand and absence of contributions of
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OCHOBHBIMHM [JOCTOMHCTBAMHU HKMCTOUYHHKOB
Ha ocHoBe CIIP uau CUYBC gBASAHOTCSI BO3MOXK-
HOCTh TeHepaluu GOTOHOB B IIMPOKOM AHalla~
30He YaCTOT, BO3MOXHOCTbh IeHepaluH YHCTHIX
KBAaHTOBBIX COCTOSIHHMH (CIIeKTPaJbHO OILpaHHU-
YeHHBIX HMMIIY/IbCOB) IIPH KOMHATHBIX TeMIlepa-
Typax, BO3MOXHOCTb MPUTOTOBJIEHHS OAHOPO-
TOHHBIX HMMIIY/JIbCOB Pa3IHYHOHU AIHTENbHOCTHU
U BpeMeHHOH GopMbl. OCHOBHBIE HeLOCTAaTKH -
CIy4YaMHBIN XapaKkTep reHepalluu (Bo BpeMs Jel-
CTBHS IO/ HAKauyKH I1apbl QOTOHOB POXOAKOTCS
B C/lydaliHble MOMEHTHl BpeMeHH) U HeHY/IeBOH
BKJIaJ MHOIOQOTOHHBIX COCTOSHHH (Hapsamdy
¢ mnapamMu GOTOHOB POXIAITCA YeTBEPKH,
IIeCTepKH U T.J.).

[TOBBICUTH [eTepMHHUPOBAHHOCTbL MCTOYHHKA
M OJHOBPeMEHHO IOHM3UTH BKJAaJ MHOTOPOTOH-
HBIX COCTOSSHHM MOSKHO IIyTe€M MYJIbTHUIIJIEKCHPO-
BaHUS HECKOJbBKHMX MCTOYHHKOB. B 3TOoM ciydae
HeCKoyIbKo IporeccoB CIIP unu CYBC koMbHUHUPY-
IOTCSI B OLHOM HCTOYHHUKE TaK, YTOOBI BEPOSTHOCTD
yciaoBHoro mnpuroroBieHuss ¢otoHoB (heralding
efficiency) Mmo>kHO 6bl710 yBenHUHUTDH be3 yBenude-
HHUS MOIIHOCTHM HaKayKH /s KaXZOro Ipoliecca
B OT/IeJIBHOCTH, COXPaH s TaKUM 06pa3oM BeICOKOe
KayecTBO MCTOYHHUKA. B HacTosgIlee BpeMs IIPOBO-
OATCS aKTHBHBIE TeOpPeTHYEeCKHEe U 3KCIIepHMMeH-
TaJIbHbIE UCC/IeJOBAHMU S, CBSI3aHHBIE C Pa3paboTKoN
U peajHd3aliheld Pa3sJIMYHBIX CXeM MYJbTHIIIeKCH-
poBaHus. Cpelu IIOC/IeJHUX Pe3yJIbTaTOB MOXKHO
BBIJ@/IUTh 9KCIIEPUMEHTEHl 110 BpeMeHHOMY [81, 82]
U NpOCTpaHCTBeHHOMY [83,84] MyAbTUIIIEKCH-
poBaHHIO. B udacTHocTH, B pabore [83] peanmso-
BaHO IIPOCTPAaHCTBEHHOE MYJIBTUIIJIEKCUPOBaHUE
JBYX OOHOPOTOHHBIX HCTOUYHHKOB Ha ocHOoBe CYBC
B ONTHYECKON HHTerpaJbHON cxeMe (POTOHHOM
yure). Bo3MOXHOCTh CO3JaHHUSI MacCcuBa I10f06-
HBIX ONHOQOTOHHBIX MCTOYHHMKOB Ha OJHOM
GOTOHHOM YMIIe IPOJEMOHCTPUPOBAHA HeHaBHO
B pabore [85].

Tunu4Hble 3Ha4YeHUS CIeKTPaJbHOH IIHPHUHEI
6HMdOTOHHBIX I[I0JIeH, CO3JMaBaeMbIX B HeJHHeN-
HBIX KPHCTajJlaX MW BOJIHOBOJAX, — HECKOJIbKO
HaHoOMeTpoB. OOHAKO /s 3allMCH U BOCIPOM3-
BefleHHS OJMHOYHBIX (OTOHOB B YCTPOMCTBaX
KBAHTOBOM HaMSITH TpebyeTcsi CIeKTpalbHas
myupuHa nopsaaka 10 MI'g - 100 MI', eciu peds
HJeT O KBAHTOBOM IIaMATH Ha OCHOBe IIpHUMecC-
HBIX KPHCTajJIOB, aKTHBHUPOBAHHBIX peaKo3e-
MeJIbHBIMM MOHAMH. B 5TOM IlJIaHe MepCIIeKTHUBHO
vcnonb3oBanue CIIP B pe3oHaTope, 4YTO II03BO-
JSeT CY3UTh CIeKTP FeHepallMH 0 AeCITKOB MI1I
¥ MeHbIle, OJHOBPEeMEHHO IIOBBIIIAs CIIEKTPajib-
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two- or multi-photon states. Quantum dots [69, 70] and
color centers in diamonds [71, 72], such as NV-centers and
the SiV-centers, are suggested as promising quantum
systems which can be used in integrated photonic
circuits. When analyzing the approach in general, low
collection efficiency from the point source locating, in
particular, in materials with high refraction index,
incoherent nature of single-photon pulses (non
transform-limited pulses) due to large homogeneous
broadening of optical transitions at room temperature
and uniqueness of each separate center in a solid-state
matrix (inhomogeneous broadening of optical
transitions) thus resulting in distinguishability of the
photons emitted by the different centers are specified as
the main shortcomings. Furthermore, it should be also
noted that spontaneously emitted single-photon pulses
are of exponential fall temporal form with sharp leading
edge that complicates synchronization of light pulses
when implementing quantum algorithms and reduces
efficiency of storage and retrieval of single-photon pulses
in quantum memory devices. Today the best parameters
of single-photon sources are demonstrated by quantum
dots InAs/GaAs at the temperatures of liquid helium:
high quality of single-photon states (g% (0) <0,01) [73, 74],
emission of over 1000 photons with indistinguishability
(the visibility of the HOM dip) exceeding 92% [75], high
collection efficiency (over 65%) [73, 74, 76], generation of
entangled two-photon states via cascade transitions [76,
771. Currently, the topics of active research are electrically
pumped single-photon sources, sources that are built-in
or tightly connected with photonic chips, and new
promising systems, such as defects in two-dimensional
materials and carbon nano-tubes (see the recent
review [78]).

The functioning of single-photon sources based on
spontaneous parametric down-conversion (SPDC) or
spontaneous four-wave mixing (SFWM) is founded on
the photon number correlation in the modes of the
scattered field (fig. 5). Detecting one of the correlated
photons in a pair (say, idler photon) unambiguously
informs about existence of the second photon (signal
photon). Therefore, such sources are called heralded
sources. Since the actual efficiency of the heralding
detector is less than 100%, the absence of the photocount
does not mean the absence of the signal photon. In order
to get rid of such uncontrollable contributions to the
source output field, it is possible to put a gate on the way
of the signal photon which is opened only on a detector
signal (i.e., in the presence of a trigger pulse). The
concept of such conditional preparation of single-photon
states has been suggested by D.N. Klyshko in 1977 [79],
and the first experiment has been performed by Hong
and Mandel in 1986 [80].

PHOTONICS N22/62/2017 85



i1

HYI0 SpPKOCTb HCTOUYHHKa [86-96]. Kpome Toro,
HCII0JIb30BaHME pe30HaTopa I103BOJISIeT peanu-
30BaTh yIpaBJieHHWe BpeMeHHOH GOpPMOH OOHO-
GOTOHHBIX HMIIYJbCOB 3a CYET MOAYISLIHUU
MMITyJIBCOB HaKauKu [97,98], 4To obecrmeunBaer
Haubonpmyo 3¢PeKTUBHOCTh yCIOBHOTO IIPHUIO-
TOBJIeHUsI $OTOHOB. EC/IH 5Ke TOBOPUTH 00 Yy3KOIIO-
JIOCHBIX OJHOGOTOHHBIX HCTOYHHKAX Ha OCHOBE
CYBC, To BecbMa MepCHeKTUBHBIM IIpeACTaBIs-
eTCd HCII0Jb30BaHHE KONbLEBBIX MHKPOpe3oHa-
TOpoB [99-105]. [JaHHBIN MOAXO[ II03BOJISET O HO-
BpPeMeHHO peIIUTh HeCKOJIbKO 3aJay: IIOBBICUTH
30 OeKTHUBHOCTb TeHepaLlUU M CHHU3UTH Tpebye-
Myl MOIIHOCTh Hakauku [99,101,105]; ynopo-
CTUTb pasjeneHHe POTOHOB II0 YaCTOTe U QHUIB-
TPAaLlMI0 H3JIy4YeHHUs HaKa4KH 32 cyeT OOIbIION
obmacTu [OUCIepCHH MHUKpope3oHaTopa [104];
reHepUpPOBaTh Y3KOIOJOCHbIe QOTOHBI, COBMECTHU-
MBble C YCTPOMCTBAMM KBAaHTOBOM IaMATH [103]
M, HaKOHeI], HM3rOTaBJIKBAaTh MaclITabupyemble
HHTerpajbHble ONTHYeckKHe cxeMbl [104], KoTo-
pele HeobOXOOMMBI IJIs1 peanu3allUM, HAIpHMep,
IIPOCTPAaHCTBEHHOI0 MYJIbTHIIEKCHPOBaHUS [83].
Kpome TOro, KoJiplieBble MHKPOPE30HATOPE MOTYT
OKa3aThCs IIOJIE3HBIMHU U /I HabnomeHUS Tpex-
dotonHoro CIIP [106], moO3BOJAIOMETr0 CO3aaBaTh
HCTOYHUKH KOPpPeNHpPOBAaHHBIX IHap GOTOHOB
C OTIOBellleHUEM.

Bo3Bpamascek K o6meNd Teme HACTOSILEro
0630pa, MOXHO CKa3aTh, YTO peanu3allus gajb-
HONeMNCTBYIOIler KBAaHTOBOHM CBSI3HM C IIOMOIIBIO
KBAaHTOBBIX IIOBTOpPUTeEsIel IpeACTaBisieTCs Cel-
vac Haubosiee JOCTUKHUMOM M3 Tex aMOHITHO3HBIX
3a7a4, KOTOpBle CTaBITCS B 0671acTH KBAaHTOBBIX
OIITHYeCKUX TEeXHOJOTHUM. [/ peanu3alUU Ipo-
TOKOJIOB KBAHTOBBIX IIOBTOPUTEIEH HeoO6XOZUMO,
YTOOBl YCTPOMCTBA KBAHTOBOM IMaMSTH COeHHS-
JIUCh APYT C APYTOM Uepe3 BOJIOKOHHO-ONTHUYeCKHe
AUHUHU. [103TOMY OAHOM H3 aKTyaJbHBIX 3ajau
HUCC/IeJOBAHUM SBJISIeTCS CO3/laHUEe COrJacOBaH-
HBIX MeXAy cobor (mo paboueil AJIHMHe BOJHBI
U CIeKTPaJbHON MIMPHHE) UCTOYHHUKOB HeKJac-
CHYEeCKHX COCTOSSHHM CBeTa M 3alIOMHUHAIOIIHX
YCTPOUCTB, II03BOJSIOMNX, TaK WM HHade, pea-
JN30BaTh KBAaHTOBYIO CBSI3b Ha Te/lleKOMMYHHKa-
LIMOHHBIX JJIHHaX BolNH. KpoMe Toro, Kak oInTH4e-
CKas ONaMsTh, TaK U OAHOQOTOHHBIE MCTOUHHUKHU
OOJIKHBL IIPU 3TOM 0071amath BBICOKOM (BmH3KOHM
K 100%) 3bdeKTUBHOCTHIO. [JeMOHCTpALUs I10806-
HBIX YCTPOMCTB OCTAaeTCsl IIoKa Haubosee BasKHOM
U CJIO0KHOM 3ajavyer B 06/acTH Pa3BUTHUS 3Jle-
MEeHTHOM 06a3pl JalbHOJAEHCTBYIOIeN KBAaHTOBOM
CBSI3U.
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The main advantages of the sources based on SPDC or
SFWM are the possibility of generating photons with the
broad range of frequencies, the possibility to generate
pure quantum states (or tranform-limited pulses) at
room temperatures, the possibility of preparation of
single-photon pulses of different duration and temporal
forms. The main shortcomings are the random nature of
generation (during the pumping field action, the pairs of
photons are born at random moments of time) and non-
zero contribution of multi-photon states (along with the
photon pairs, the fours, the sixs, etc. are also born).

To make the source more deterministic and
simultaneously to decrease the contribution of multi-
photon states, one can take advantage of multiplexing
of several sources. In this case, several SPDC or
SFWM processes are combined in one source so that
the probability of conditional preparation of photons
(heralding efficiency) could be increased without the
increase in pumping power for each process separately,
thus keeping high quality of the source. The development
and implementation of different multiplexing schemes
is an active area of research. The latest experiments on
temporal [81, 82] and spatial [83, 84] multiplexing are
worth noting. In particular, spatial multiplexing of two
single-photon sources based on SFWM in a photonic chip
is implemented in work [83]. The possibility of creating
an array of identical single-photon sources in a photon
chip has been recently shown in work [85].

Typical values of spectral width of bi-photon fields
created in nonlinear crystals or waveguides are of
several nanometers. However, in order to store and
recall single photons in quantum memory devices,
one needs spectral width of about 10 - 100 MHz if
referred to quantum memory based on rare-earth
ion doped crystals. In this respect, the use of SPDC
in a resonator that allows one to reduce generation
bandwidth down to tens of MHz and less, while
increasing spectral brightness of the source [86-96] is
very promising. Furthermore, the use of a resonator
allows us to control the temporal form of single-photon
pulses via modulation of the pumping pulses [97, 98]
thus providing the maximum efficiency of conditional
single-photon preparation. As for narrow-band single-
photon sources based on SFWM, the use of ring
micro-resonators [99-105] seems to be very promising.
This approach allows one to solve several problems
simultaneously: to increase the efficiency of generation
and to reduce the required pumping power [99, 101, 105],
to simplify frequency division of photons and pumping
radiation filtering at the expense of large free spectral
range of micro-resonators [104], to generate narrow-
band photons compatible with quantum memory
devices [103] and, finally, to produce scalable photonic
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=

Paboma sbinoaHena npu ¢puHarcosoli noddepskke Poccuiickozo
HayuHo20 GoHda (epanm Ne 14-12-00806).
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chips [104] necessary for implementation, for example,
of spatial multiplexing [83]. Furthermore, ring micro-
resonators can also be useful for implementation of
three-photon SPDC [106] allowing to create heralded
sources of correlated photon pairs.

Turning to the general subject of this review, one
can say that implementation of long-range quantum
communication using quantum repeaters currently
seems to be the most achievable of those ambitious
tasks which are set in the field of quantum optical
technologies. In order to implement the protocols of
quantum repeaters, it is necessary to communicate
quantum memory devices through the optical fibers.
Therefore, one of the urgent tasks is the development
of compatible (regarding the wavelength and spectral
width) sources of non-classical states of light and storage
devices allowing implementing, in one way or another,
quantum communication on telecommunication
wavelengths. Furthermore, both optical memories and
single-photon sources have to possess high (near to 100%)
efficiency. Demonstration of such devices remains the
most important and complex challenge in the field of
development of components of long-range quantum
communication so far.
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INEPECTPAUBAEMBIE JIABEPHBIE HCTOYHHUKH HEIIPEPBIBHOI'O
H3/IVYEHHUS C-WAVE JIJI5I CIIEKTPA OT B/IM>)KHETO Y®-
A0 UK-TUAITIA3OHOB OT KOMIIAHHUH HUBNER PHOTONICS

Hiibner Photonics - HemeLKMit NPOM3BOANTENL BbICOKOTEXHONOTMYHBIX Na3ep-
HbIX CACTEM [i151 Pa3NINYHbLIX 0BNACTEN HAYKM 1 TEXHUKN.

KoHuenuws CAWAVE n1a3epoB no3BONSeT C034aBarb NepecTpanBaemble 1asep-
Hble UCTOYHMKI HeMpepLIBHOIO M3M1y4eHIs 415 06aacTeil CNekTpa oT bANKHero
YO- no NK-amana3oHoB 6e3 HeobXogmMOCTI M3MEHEHNS Na3epHON Cpeabl Uan
ONTUYECKVX KOMMOHEHTOB. C1CTeMA NOAHOCTLIO ABTOMATW3MPOBAHa 1 0bnagaet
MOZYNbHOM KOHCTPYKLMei. BbiXoAHas MowHOCTL: >200 MBT A8t BUAMMOTO Aua-
na3oHa, >400 mBT ang MK-amanasoHa. LWnpuHa nuHum: <1 MTL.

HUBNER

MpuHumn pabotbl CWAVE nasepoB coyeTaeT B Cebe ABA HENMHENHbIX
npouecca. B nepeoit CTyneHu (ONTUYECKMIt MapaMeTpUYeckuii reHeparop),
MCNONb3yeTcsl 532-HM Na3ep A1S HaKaukv HeNUHEeMHbIX KpUCTannoB C nepu-
OANYeCKoM nonsipusaumen. Takum 06pa3oM, TeHepupyIoTCs CUTHaNbHble
W XonocTble (OTOHLI C MEPecTpauBaeMOi YacToTol B OAWKHEM WHPpa-
KpacHOM AuanasoHe AauH BoAH oT 900 HM Ao 1300 Hm. [Mocnepyrowas
reHepauvs BTOpoA rapMoHuku (FBI) C MCMONb30BaHMEM KpUCTania yBO-
UTeNs YactoTbl MPUBOAMT K MEPecTpoike CUrHaNbHbLIX (OTOHOB B Awa-
MasoH OT CMHEro 40 3eneHoro (450-525 HM), B TO BpeMs KaK XOnOCThie
dOTOHDI MPeoBpasyloTCcs B AMANasoH OT 3eM1eHOM0 0 KpacHoro (540-650 H).
Hanpumep, TexHu4eckue XapakTepucTuki OgHON M3 KoHdurypaumin C-Wave
nasepa mogenvn AbsoluteLambda C-Wave IR + VIS:
= [lnanasoH nepecTpoiky: 450-650 HM (3a MCKKoueHNEM 525-540 HM, +2 HM)
[QvanasoH nepectpoitku >100 [Ty (ckopocTb nepecTpoiiku >1TTiy/c)
LUnpuHa nuHKm: <1 My
ABCOMOTHAA TOYHOCTb NEPECTPOIKM AAMHDI BOAHDI: + 1 M (+0,000001 H)
BbixoHas MOLLHOCTD: > 80 MBT

Mcmouruk: www.hubner-photonics.com
XKykoea Mapus, m.zhukova@oessp.ru
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