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CBeTOBOIHBbIE CUCTEMBI /IJI1 KBAHTOBBIX TEXHOJIOTHM:
HCCJIeIOBAHUA B paMKax Merarpanta Munoopaayku Poccun

123
A.M. KeJaTukon

Kazanckuti nayuonanvuwiii uccie0o8amenbCKull. MexXHUYeCKUtl YHUugepcumenm UM.
A.H.Tynonesa, Kazanw, Poccus

Qusuueckuii gaxyromem, MeacoOynapooHvlli YueOHO-HAYYHBIU JIA3EPHBIU YEeHMP,
Mockosckuti eocyoapcmeennwiii yuugepcumem um. M.B. Jlomonocosa, Mockeaa,
Poccus

Poccuiickuii keanmosuwiii yenmp, Cronkoso, Mockosckas obracme, Poccus

PaGotel B pamkax Merarpanta MwuHOOpHayKH, BBIIOJHEHHBIC B
nabopatopur (OTOHUKHM M KBaHTOBBIX TexHoioruit B 2017 — 2019 rr.,
3aKJIaJbIBAIOT ~ OCHOBBI  JIByX  HOBBIX  KPYIHBIX  HalpaBJICHUHN
uccaeA0oBaHUM, (OPMHUPYIOIIMXCS Ha CTHIKE HEJIMHEHHON (POTOHUKH,
KBAHTOBOM OMNTHKH, ONTHUKU CBEPXKOPOTKHX HMITYJIHLCOB M CBETOBOIHOM
onTuku — (1) CBETOBOAHON HMHXKEHEPUU KBAHTOBBIX COCTOSHUUI CBETa U
(2) HenuHeHHON (DOTOHMKHM KBAHTOBBIX MaTEPHAJIOB

UccnenoBanuss B 00J1aCTH CBETOBOJHOM HWHXKEHEPUU KBAHTOBBIX
COCTOSIHMI CBETa MO3BOJISIOT pa3paboTaTh YHUKAJIBHBIA apceHal METOI0B
r€HEepaluy HEKJIACCUYECKHUX CBETOBBIX TMOJEed C TpeOyeMbIMH ISt
KOHKPETHBIX 3aJlad U MPUJIOKEHUM BPEMEHHBIMHU, CIEKTPaIbHBIMU M
MPOCTPAHCTBEHHBIMH CBOMCTBAMU Ha OCHOBE HEIMHEHHO-ONTUYECKUX
IPOLIECCOB B CBETOBOJHBIX CUCTEMAax C YINPABIAEMOW HEIMHEUWHOCTHIO M
akTuBHO  (opmupyemoit aucnepcued. HccnenoBanuss B oOnacTu
HEJIMHEHON (DOTOHMKU KBAaHTOBBIX MAaT€pUAJIOB HAIIPABIICHBI HA CO3/IAHUE
HOBBIX MAaTEpHAJOB JUIsi KBAHTOBBIX TEXHOJOTHM, BKJIIOYas HOBBIE
TBEPAOTEIbHBIE MAaTEpUAIbl HA OCHOBE ajiMa3a C ILEHTPaMH OKpaCKH, a
TaKke pa3padoTaTh METOJbl MOJHOCTHIO ONTHUYECKOTO YIPABICHUS
CBOMCTBaAaMHM  3THX  MATEpPUAJIOB,  BKJIOYas  Ja3€pHBIE  METOJbI
MEPEKITIOUEHUS UX 3apSJI0BOTO COCTOSIHUA.



Photon echo in an optically dense medium and its use for quantum
memory and generation of quantum states of light
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Photon echo in optically dense media provides rich opportunities for
the implementation of optical quantum memory (QM). For understanding
the basic nonlinear properties of photon echo in the optically dense media,
here we studied the most general properties of the two-pulse (primary)
photon echo, which is a basic scheme of the developed QM protocols. By
extending McCall-Hahn pulse area theorem [1] to the echo pulse
formation, we found the equations for pulse areas of primary echo and
secondary echoes excited coherently one after another. We observed that
each echo is excited in a certain area of the medium and then disappear,
generating new echo signals and creating a self-reviving echo sequence
[2]. Herein, depending on the input exciting pulse areas this echo pulse
train forms a multi-pulse analogue to the well-known single pulse 2n
optical soliton or a Ox optical breather despite each individual echo pulse
area never exceeding w. The obtained pulse areas of echo signals are in
agreement with the total pulse area of all echo signals found by using
McCall-Hahn area theorem [3] and developed approach opens a way for
general analysis of photon echo QM protocols in the two- and three-level
atomic media.

Photon echo QM protocol in three-level atomic media simplifies
coherent laser control of atomic coherence for off-resonant light-atom
interaction and also promises realization of highly efficient quantum
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storage [4]. In general, the storage and retrieval of light fields in this QM
scheme is accompanied by a coherent interaction of signal field with idle
light field via four-wave mixing. We studied this interaction [5] in the case
of perfect phase matching condition where interaction of signal a* and
idler fields b with long-lived atomic coherence S;, is described by the
following effective Hamiltonian:

Verr = hn fOL dz (g.a* + gpb)S;; + H.C., (1)

where g, and g, are the effective coupling constants of the signal and
idler fields, n is an atomic density.
We have found that interaction of the two light modes with optically depth
atomic medium in gradient echo memory (GEM) protocol is accompanied
by the transient stage with oscillate behavior of 4+ and b mode intensities
(see Fig.1.).

3 input state Fig.1. Photon number of the signal mode (for

25} ——i:i 0= the four input light fields) propagating
do — 105,00 through an atomic sample with a GEM
longitudinal inhomogeneous broadening of

AR the ground state transition w,,(z) =
i J.’i'. w12(0) + B(z — g), where £ is gradient
i PEPPPPRPRSPRS constant, L is length of the medium, the

0 05 1 optical depth normalized by the
inhomogeneous broadening is ky /B = 5.
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Herein, after resonant interaction, the signal and the idler fields are
transferred into the entangled quantum states corresponding to the Eigen

dark states |0z®,) of dark mode D = ag'(b + eat) (where a, =

J1—|€e|? and € = g, /g,) and photon number of the a* and b modes
remain constant for z > 0 (see Fig.1).

The generated entangled state of two mode field |05®p) is
characterized by the coupling constants g, and g, which can be varied by
the intensities of control laser fields and spectral detunings on the optical
transition |1) < |3). Moreover the entangled two mode light state can be
further applied for controlled generated of entangled states of three-level
atomic media.

A promising way for realization of sufficiently strong light-atom
interaction (optical depth media) is based on the cavity assistant schemes
where multi-cavity approach opens new opportunities for efficient
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broadband QM due to using high-Q cavities. We have analyzed new
variant of the multi-ring cavity scheme with periodic AFC-type spectral
structure (A - period) where each cavity contains two resonant atoms [6].
We found the optimal parameters of atoms and cavities where this system
demonstrates high efficiency for 5 cavities as it is shown in Fig. 2:

I, arb.units
1.0} ; Fig.2 Intensity of input signal pulse and
0.8 echo pulse; total number of cavities - 5,
0.6] A= 4, coupling constant of waveguide
0.; i with cavity mode k = 4; decay constant
0.2} i of the cavity modes y = 0.0001, § = 8
— :"3"\ Tt is a spectral width of the input signal

pulse.

The Fig.2 shows that only 5 cavities with atoms can keep the input
light field before efficient irradiation of echo pulse that opens a way for
the controlled transfer of input field to the long-lived atomic states. We
note that such a light field transfer to the atoms can be realized during the
storage time in high Q cavities. In particular, the transfer is possible to the
excited unpopulated optical level which opens the way for high
temperature quantum storage.

Research is financially supported by a grant of the Government of
the Russian Federation, project No. 14.250.31.0040, February 17, 2017.
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Biosensing with nanodiamonds and nanophosphors

Philip Hemmer
Texas A&M University, College Station, Texas, USA

There has been much recent interest in ultrasmall,non-bleaching
fluorescent particles for biological markers.Nanodiamonds are of special
interest because of their extremely low toxicity and potential for sensing
magnetic & electric fields, and temperature. Ceramic oxide upconversion
particles are also of interestfor their ability to overcome bio-fluorescent
background. In this talk I will discuss our efforts to overcome materials
limitations of these systems, and will also show examples from selected
biological demonstration.



First observation of hyperfine level anticrossings in optical spectra of
a crystal: Perspective for quantum memory

M.N. Popova®’, K.N. Boldyrev', E. Suleimen?, B.Z. Malkin®,
N.M. Abishev®, M.C. Chou’

Institute of Spectroscopy, Russian Academy of Sciences, Moscow, Troitsk

Moscow Institute of Physics and Technology (National Research University),
Dolgoprudnyi, Moscow region

Kazan (Volga Region) Federal University, Kazan

Dept. of Materials and Optoelectronic Science, Center of Crystal Research,
National Sun Yat-Sen University, Kaohsiung, Taiwan

We report on the first observation and study of hyperfine level
anticrossings in the optical spectra of a crystal. The effect was directly
measured in optical absorption and luminescence spectra of a
monoisotopic 'LiYF,:Ho®" crystal placed into an external magnetic field.
We discuss a possible use of the effect for quantum information
processing.

LiYF;RE®* (here, RE stands for a rare-earth) are multifunctional
optical materials widely used in different branches of photonics. They are
also excellent model systems for studying various interactions and very
fine effects. In particular, manifestations of the electron-nuclear hyperfine
interactions [1] and of the isotopic disorder in the lithium sublattice due to
the presence of ‘Li and °Li isotopes [2] were studied by high-resolution
spectroscopy of LiYF,:Ho®" crystals.

In the present study, we investigate broad-band high-resolution (0.002
cm™) low-temperature (10 K) absorption and luminescence spectra of
LiYF,:Ho> in magnetic fields. Hyperfine and isotope structures were
resolved, for the first time in the luminescence spectra of a crystal. An
effect of the hyperfine levels’ anticrossing was observed in magnetic fields
20 — 180 mT. It was, as we believe, the first direct observation of the
hyperfine levels’ anticrossings in optical spectra. Analysis of the spectral
envelopes corresponding to transitions between the electron-nuclear
sublevels of crystal-field non-Kramers doublets and singlets of the Ho®*
ions, based on the microscopic model of the electronic 4f™ configuration,
allowed us to retrieve information on the hyperfine structure of electronic
singlets, nuclear quadroupole interactions, and random lattice strains [3].
The first observation of the hyperfine structure and the hyperfine levels’
anticrossings in the luminescence spectra opens the way for studying the
hyperfine effects in the transitions between the excited crystal-field levels.

8



We show that hyperfine level anticrossings can be used to build A and V
systems for optical quantum memory with equal probabilities of transitions
in the shoulders of A or V.

Support by RFBR and the Ministry of Science and Technology of
Taiwan (Grant RFBR No. 18-52-52001, MOST 107-2923-M-110-001-
MY3) is acknowledged.
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Hybrid quantum-classical neural networks based on multi-wave
mixing processes
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Academy of Sciences, Sibirsky trakt str. 10/7, Kazan, 420029, Russia

Neural quantum computing emerged [1] just after Shor’s proposal of
quantum factoring algorithm [2]. Then, several general models of quantum
neural networks were proposed where the most concrete schemes are the
schemes in quantum Hopfield architecture [3-5]. It was proposed in papers
[6,7] to use advantages of quantum computing gates for realization of
classical neural nets in the so called quantum inspired way. We will show
that approach of these papers can be exploited for realization of hybrid
quantum-classical neural net where neurons are quantum but the
interconnection among them is classical.

We propose schemes of quantum artificial neural networks on the basis
of multiqubit approach to quantum Fourier transformation and consider
physical realization of afore mentioned neural nets using multi-wave
mixing processes. We describe realization of multi-qubit CNOT gate based
on multi-wave process. These gates based on dynamical holography can
be executed in single step and at room temperatures. Theory of such gates
IS constructed using input-output formalism. Parameters matching
conditions are found that must be fulfilled for successful gates operation.
Recommendations are given for the construction of hybrid quantum-
classical neural nets able to solve various practical problems.

The approach proposed here allows constructing holographic
guantum neural networks were in contrast to usual quantum Hopfield nets
not only data sequences are encoded in neurons but also they perform logic
operations using multi-qubit quantum gates. With that, the first approach
allows storing and managing the large volumes of big data using single
working sample while the second one allows performing operations of
quantum logic.

[1]. S. C. Kak. On quantum neural computing. Information Sciences, V.83,
P.143-163 (1995).
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IMpeuu3uoHHBIA KOHTPOJIb KaYeCTBA MOJISAPU3ALMOHHBIX
KBAHTOBbIX COCTOSIHUI CBeTa

b.1. BaHTI)Ilﬂl'Z, IO.1. ]301";[211{031'2'3

Quszuxo-mexuonocuueckuu uncmumym um. K.A. Banuesa PAH, Mockea, Poccust
Hayuonanvnwii uccneoosamenvcruii ynugepcumem « MUIT», Mockea, Poccus
Hayuonanonoi uccnedosamenvckuii sidephwiii yHugepcumem MUDU, Mocksa,
Poccus

Tomorpadus KBaHTOBBIX COCTOSIHUM TpeOyeT BBINOJHEHHUs Habopa
B3aMMHO-JIONIOJTHUTENbHBIX u3MepeHuid. [IpeoOpazoBanus, UCIOIb3yeMbIE
JUIS TPOBENCHHS W3MEPEHHl B pa3IWYHBIX 0as3ucax, B peabHBIX
AKCIIEPUMEHTAX SBJSAIOTCA B TOW WJIM HWHOM CTEIIEHW HEYETKUMU. B
YaCTHOCTH, BOJHOBBIC IIJIACTUHBI, UCIOJb3yeMble [JIi TOMOTpaduu
MOJISIPU3AIMOHHOIO KBAaHTOBOTO cocTtosHusl (PucyHok 1a), BO3A€HCTBYIOT
pa3IMUHBIM  00pa3oM Ha pa3jUyHbIC CHEKTPAIbHBIE KOMIIOHEHTHI
HEMOHOXPOMATHUYECKOI'0 CUTHAJIa — BOBHUKAET XpoMaTudeckas abeppaiius
npeoOpa3oBaHusi CMEHbl 0a3uca. DTO NPUBOAUT K TOMY, 4YTO TaKHe
U3MEPEHHUs] HE MOTYT OBbITh aJEKBATHO OIKCAHBI C MCIOJIb30BAHUEM
dbopmanu3mMa NPOCKUMOHHBIX U3MEpPEHUl. BMmecTo NpoeKTOpOB MbI
KOHCTPYUPYEM OTIEPaTOPbI POVM-u3zmepenut, YUYUTHIBAOIINE
XpoMaTudeckue adeppaiuu npeoopa3oBaHus BOJTHOBBIX TIACTHH.

basupysch Ha yHUBEpCaJIbHONW TEOPUM TOYHOCTH, MBI MPOU3BEIU
aHanu3 BIUSHUSA paccmaTpuBaeMoro »3ddexkra Ha XapaKTEPUCTUKHU
TOYHOCTM KBaHTOBOW ToMorpaduu. IlosiydyeHHblE HaMu pe3yiabTaThl
HArJISITHO MPOJEMOHCTPUPOBAIM aJIEKBATHOCTh pa3padOTaHHON MOJIENH
HEYETKUX M3MEPEHUNW U  HEAJEKBAaTHOCTh CTaHJAPTHONW  MOJEIH,
OCHOBAHHOW Ha UJEaJIbHBIX MMPOEKITMOHHBIX onepaTopax (Pucynok 10).
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Puc. 1. a — u3MepeHue MNOIAPU3ALMOHHOTO COCTOSIHUSL B IPOU3BOJIBHOM Oaszuce:
HWP — nonyBonnoBas miuactuHa, QWP — derBepThbBOJIHOBas miactuHa, PBS —
MOJISIpU3AllMOHHBIN AenuTtenpb myuka, DV u DH — nerektopsl poToHOB. 6 — TOUHOCTH
PEKOHCTPYKIMU B 3aBUCUMOCTH OT IOJHOIO 00bEMa BBIOOPKM ISl CTaHAApTHOM
MOJEIIN MPOECKIIMOHHBIX U3MEPEHUIN U JJI1 MOJEIH HEYETKUX U3MEPEHU.

[IpoBenénnoe  wuccienoBaHue  OoOpallleHo K ToMorpaduu
OIHOKYOWUTOBBIX  TOJAPU3AIMOHHBIX  COCTOSHUM  CBETa,  OJIHAKO
MPEJI0KEHHBIN MOIXO0J MOXET OBITh HEMOCPEACTBEHHO aJalTHUPOBAH K
mo0oi Apyrod ¢usmyeckol MmiargpopmMe M Ha ciaydail ToMmorpaduu
COCTOSIHMI 00Jiee BBICOKOW Pa3MEPHOCTH.

Pabora BrinosiHeHA TIpH noaaepxkke rpanta PODOU 18-37-00204. .
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Raman quantum memory based on an ensemble of silicon-vacancy
centers in diamond

A.A.Kalachev', A. Berezhnoi’, P. Hemmer-?, O. Kocharovskaya®

! Kazan Physical and Technical Institute of Kazan Scientific Center of Russian
Academy of Sciences, Sibirsky trakt str. 10/7, Kazan, 420029, Russia
2 Texas A&M University, College Station, Texas, USA

We analyze the possibility of implementing optical guantum memory
via off-resonant Raman absorption and emission of single-photon pulses in
an ensemble of silicon-vacancy centers in diamond. We show that the
signal-to-noise ratio at the output of the memory device can significantly
exceed unity for short single-photon pulses if diamond samples are placed
in optical microresonators. In addition, we consider a free-space model
allowing all-optical implementation of controllable frequency comb and
single-photon processing.
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IIpeoOpa3zoBaHune COCTOSAHMI ¢ OPOUTAJILHBIM YIJIOBHIM MOMEHTOM B
cxeme PaMaHOBCKO# KBAHTOBOW MaAaMATH

E.A. BamykeBuu, T.1O. I'ony6esa, FO.M. I'onyOeB

Qu3uueckuu gaxyromem, Canxkm-Ilemepoypeckutl T'ocyoapcmeennvlil
Ynusepcumem

* E-mail: vashukevichea@gmail.com

Cno>XHO HEJOOLIEHUTh BaXXHOCTh Pa3paOOTKHU MPOTOKOJIOB KBAHTOBOM
maMsTA 1 COXPAHEHUsS  KBAHTOBBIX I 3aJad  KBAHTOBBIX
KOMMYHUKAIIUA U KBAaHTOBBIX BBIYMCIIECHUU. TeopeTnyecku ObLI0 U3yYeHO
MHO>KECTBO  CXE€M, OCHOBAaHHBIE Ha  Pa3JIMYHBIX  MEXaHHU3MaX
B3auMojeiicTBus cBera ¢ BemectBoM — addexre EIT [1, 2], addexre
doronHoro sxa [3, 4], pamaHOBCKOM paccesHur Ha A-atromax [5] m
MHOTME€ Jpyrue. bbumm  Takke NOpemsioKEHbl MHOTOUYHUCIICHHBIE
AKCIIEPUMEHTAIbHBIC PeaTu3allii YCTPOMCTB JIJIsi COXpPaHEHUsI KBAHTOBBIX
COCTOSIHUH, TIOKA3bIBAIOIINE BEICOKYIO 3()(DEKTUBHOCTH XpaHeHus [6—8].

B mocnegnue ronbl akTUBHO OOCYKIA€TCsl BO3MOXKHOCTh HE TOJIBKO
XpaHUTb, HO W TMPEeoOpPa30BbIBATH CUTHAJT HA sAYE€MKaxX MaMsTH, TO €CTh
npeBpaiiath SYEHKy TMaMsATH B  aKTUBHBIA 3JEMEHT KBAaHTOBBIX
BbluuciaeHul. [lpu 3TOM, OJHMM W3 BaXHEUIIMX TPEOOBAHUN K CXEMeE
naMsiTH JJI8  OCYIIECTBJICHUSI TaKuX IMpeoOpa3oBaHUN SBISETCA €€
MHOTOMOJOBOCTh. B paborax [9, 10] Oputa mnpoaeMOHCTPHUPOBAHA
BO3MOKHOCTh 3alHCBhIBaTh U 3(PPEKTUBHO MPEOOPA30BHIBATH PA3IUYHBIC
BpEMEHHbIE Tpoduian KBaHTOoBoro moiyisg. OOpamasice K  3amade
POCTPAHCTBEHHO-MHOTOMOJOBOM MMaMSITH, CJIEAYyeT YINOMSHYTh PaOOThI
o pa3paboTKe MPOTOKOJa rosorpaduueckod NaMsITH B pPE30HATOPHOM
KoOH(Urypanuum g ONTHYeCKUX wu3o0paxkenuit [11], a Takxke
MPOCTPAaHCTBEHHO-MHOTOMOJIOBOM IMaMsATH B CBOOOJHOM IIPOCTPAHCTBE
[12]. DkcnepuMEHTanbHO MPOJEMOHCTPUPOBAHO XPAHECHUE OTAECIbHBIX
mon Opmura—lTaycca [13] u Jlareppa—ITaycca [14] Ha aHcamOmsax
XOJIOJHBIX ~aTOMOB, OJHAKO TEOPETUYECKHWNM aHalu3 XpaHCHHS U
npeoOpa30BaHUs TAKUX MOJ] HA AYEUKE MaMSATH HE TTPOBOIUIICS.

Moasi Jlareppa—I'aycca npeacTaBisitoT sl HAC OTIEIIbHBIA UHTEPEC,
B CBSI3U C TE€M, YTO, KaK TMoKa3aHo B [15], oHn oOsamaroT onpeaeaéHHbIM
opOUTAIbHBIM  YIJI0BbIM  MOMeHTOM (OYM). [Ilockonsky OVYM
KBAHTOBOTO MOJISI MOYKET MIPUHUMATD JTI0ObIE 1eJIbIe 3HAUYCHUS, COCTOSTHUS
¢ OYM o6pa3yroT 6eCKOHEYHOMEPHBIN 0a3uc ruL0epTOBa MPOCTPAHCTBA,
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YTO MO3BOJIAET pAaCCMATPUBATh TaKHUE COCTOSHUS B Ka4y€CTBE pecypca AJis
IMOCTPOECHUS MHOTOYaCTUYHO-TIEPEITYTAHHBIX COCTOSIHUM.

B mnameii paboTre MBI OCHOBBIBAEMCS Ha MPOTOKOJE PaMaHOBCKOM
MmaMsATH Ha XOJIOJHBIX aToMax, OMHMCaHHOM B pabotax [16, 17], omHako
MPUMEHSEM Pa3BUTHIA MOAXOJ K 3a/lau€ COXPaHECHHUS U MpeoOpa3oBaHUs
Moy Jlareppa—T'aycca. Mbl 1EMOHCTPUPYEM BO3MOXKHOCThH 3(D(PEKTUBHOTO
xpanenusi moj Jlareppa—I'aycca 0e3 AOMOTHUTEIBHBIX (OTHOCHUTEIHHO
CTaHJIAPTHBIX  MPOTOKOJIOB  PaMaHOBCKOW  MaMsTH) HOTEPh B
3 PEKTUBHOCTH, €CIU 3alliCh W CUUTHIBAHUE OCYLIECTBIISATH IIOCKOMN
BOJIHOM. M3ydass BO3MOXXHOCTH 3¢ dexTuBHOro mnpeodpazoBanusi OYM
KBAaHTOBOI'O MOJISI HA AYEHUKE MaMITH, Mbl TOKA3bIBAEM, YTO BAPbUPOBAHUE
KOHUTypalMyd yHOpaBJsSIONIUX TMOJed Ha 3Tamax 3alyiCh W CUUTHIBAHUS
OTKPBIBAET IIMPOKHE BO3MOXHOCTH sl mpeoOpazoBanuss OYM
KBAaHTOBOTO ITOJISI OJJTHOBPEMEHHO C COXPAHEHUEM.

[IpaBuibHBI TTOAOOP TE€OMETPUUYECKUX IMAPAMETPOB YMPABISIOIIETO
1oJIs1 00ECIIEYMBAET BHICOKOE Kaue€CTBO MPEOOpa30BaAHUSI.

Oco0eHHOCTBIO TpeJjIaraéMoro MeToja MpeoOpa3oBaHUs SBISETCS
TO, YTO OH IO3BOJIIET OCYIIECTBUTh B OJJTHOM YCTPOMCTBE OJHOBPEMEHHO U
XpPaHEHUE KBAaHTOBO-CTATUCTUYECKUX CBOWCTB HA SYEHMKE NaMITH, U
MEPEHOC ATHUX CBOWCTB Ha MOAbI ¢ ApyruM OYM, 4ro mo3Boiser, Ha
MPAKTUKE, CYIIECTBEHHO YMEHBIIUTh KOJIUYECTBO ONTUYECKUX DJIEMEHTOB
B OKCIICPUMEHTAIIbHOU CXEME.

[IpennaraeMblid MPOTOKOJ TaK K€ MOKET OBITh IIUPOKO UCIOIb30BaH
B CXE€MaX KBAaHTOBBIX BBIYMCICHUN W KBAHTOBBIX KOMMYHHUKAIIAM, TaK KaK
MMO3BOJIAET UCITOJIB30BATh KBAHTOBYIO MAaMSATh HE TOJBKO KAK ITACCUBHBIN
AJIEMEHT CXEM KBAHTOBBIX BBIYMCIICHUM, HO M KAaK JIOTUYECKHN BEHTHUJIb,
OCYIIIECTBIISIONIUN MpeoOpa3oBaHue KBAHTOBOTO MOJIA.

Pab6orta mognepxxana rpantamu PODU (Ne 19-32-90059, Ne 19-02-
00204, u 18-02-00648).
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IloBbllIeHNE CIEKTPAJIBLHOI0 pa3pelieHusi raMMa-CleKTPOCKONMH
C IOMOIIBI0 METO/1A 32/1ePKAHHBIX (POTO-0TCUETOB

P.H. H_IaXMVDaTOBl'Z, ®.T. Baruzos®

Kaszanckuii pusuxo-mexuuuecxuii uncmumym, OUIL] KazHI] PAH, Kazano
Kaszancxuii ghedepanvruiii ynusepcumem

[IpemnoxkeH W SKCIEPUMEHTAIBHO OMPOOOBAH METOJ TMOBBIIICHUS
CIIEKTPAJIBHOTO pa3pelieHus ramma-crnekrpockonuu [1]. B ocHoBe meTona
JICKUT PETUCTpALUs OJUHOYHBIX (DOTOHOB, HMCIYIIEHHBIX HCTOYHHKOM
raMMa M3JIy4eHHs C 3aJCpP>KKOW BO BPEMEHHM IO OTHOIICHUIO K MOMEHTY
BPEMEHU 3aCelICHUsI BO30YXKJIECHHOTO COCTOSIHUA $JIpa MCTOYHUKA. ITO
BpeMsl OIpenesaeTcs CIASAyomuM oOpa3oMm. PagmoakTuBHOE SIpO °'Co
UCTIBITBIBAET KACKAIHBIN pacmaj, u3jiaydas IOCIeA0OBaTEIbHO (POTOHBI C
sHeprusimu 122 u 14,4 x3B. Peructpanus neporo ¢hoToHa ¢ sHeprueut 122
k3B  (mpekypcopa) 3amaeT HaM  MOMEHT BpPEMEHU  3aceliCHHS
BO30Y>KJICHHOTO COCTOSIHUS “Fe ¢ sueprueit 14,4 x3B. @OTOH, KOTOPBIN
U3JIy4yaeTcs 0jaroaapsi pacrajy 3TOro COCTOSIHUS, SIBJISIETCS PE30HAHCHBIM
s sgep ° Fe mormorurens. IIOrNmOMEHHE DPErHCTPHPYETCS BTOPBIM
nerektopoM. Eciau cobupaTh OTO-0TCUETHI ATOI0 JAETEKTOpPa ¢ OOJIBIION
3aepKKOM T 1O OTHOIIEHUIO K MOMEHTY BPEMEHM HU3JIyYEHHs] MEPBOTO
KBaHTa ¢ 3Hepruen 122 k3B, a uMEeHHO B mepuoa BpeMeHH OT 1 10 o0, TO
HaOroaemMas JIMHUSL TIOTJIONMICHUSI CYIIECTBEHHO CYyKaercs. SBieHue
o0bsicHAETCS UHTephEepeHIel W3Iy4YeHHUsl, PE30HAHCHO PACCETHHOIO
AJIpaMu MOTJIOTUTEIS], KOTOPbIE ObUIM BO30YKIE€HBI B epro BpeMeHu 0 —
T, ¢ uznyyeHrueM oJJHOPOTOHHOTO BOJIHOBOIO MAKETA, MPOMICAIIETO YEPE3
oOpasel] B mepuoj BpeMeHu 1" —oo.
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Puc.1. Ha pucyHke mnokas3aHbl JBa

CTICKTpA.
BepxHuii (a) mosydeH cTaHAapTHBIM
METOJI0OM MéccbayspoBcKoit
CHEKTPO-CKOTHH, KOTJ1a HET
NPHUBS3KK K MOMEHTY BpEeMEHHU
3aceJIeHUS BO30YXICHHOTO

COCTOSIHHSI ~ s/[pa  MCTOYHUKA C
sHepruen 14,4 xaB.

Ha nmxHem pucynke (D) mnokaszan
CHEKTP, KOTOPHBIN MoyydeH Oiaroaaps
peructpanud (pOTOHOB B HHTEpBaje
BpemeHu 280-550 He.

Bpems xu3HU BO30YXXIEHHOTO CcOCTOsiHUSI C¢ »Hepruedt 14,4 xoB

coctaBiisgeT 141 He. TakuM 00pa3oM, perUCTPUPYIOTCS TOJIBKO T€ (POTOHBI,

KOTOPBIC ObLIN HCIIYHICHBI AApaMH, IHNPOXHUBIIMMU JIIPUMCPHO [IBa

BPEMEHU >KM3HU W HAKONMUBIIMMH HaOer ¢a3sl AT mpu OTCTPOMKE OT

pe3oHaHca A. BuaHO, 4TO BTOPOM CIIEKTP 3aMETHO YK€ W MO3BOJISET

OOHApYXUTh €r0 TOHKYIO CTPYKTYpPY, @ UMEHHO HaJIu4Hhe JBYX OJHU3KO

PaCIOJIOKCHHBIX I[Y6J'I€TOB B CIICKTPC NOIIOMICHUS KEJIC3A.

[1]. R.N. Shakhmuratov, F.G. Vagizov, Phys. Rev. A 99, 033831 (2019).
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YuciaeHHbIE TOAXO0bI
K PELICHUI0 CUCTEeMbI HEJIMHEHMHBIX YpaBHeHUH MaHakoBa

A K.CaxadyrannoB, B.M1.Audpunorentos , O.I' 'Mopo3zos , 1.1 1.Hypees

Kazanuckuti  Hayuonanvuovlil  uUCcie008amenvCKull  mMexHu4ecKuil — yHugepcumem
um. A.H. Tynonesa

PacnipocTtpanenne cBera B BOJIOKOHHOW OINTHUKE ONMUCHIBACTCS
HEJIMHEWHBIM ypaBHeHueM lllpenunrepa, rae HEJIMHEWHOCTh BO3HUKAET
n3-3a adexra Keppa. HenmuHeHHOCTD sBISETCS IpoOIEeMO IpU nepeaye
uHpopManMK C MCHOJB3YyEMBIMH B HacTosIIee BpeMs QopmaTamu
Moayssiuu. Jlo CHUX MOp CYIIECTBOBAIM JBa OCHOBHBIX MYTH PELICHUS
ATON 3aJayu: TEPBbIA COCTOUT B CMATYEHUM HEIUHEHHBIX 3(PeKTOB
CIEHHATBHBIMA METOJAaMH, BTOPON MyTh 3aKIIOYAECTCS B CIEHUAIBHOM
KOJIUpOBaHUU UHGOPMAIIMK B COOCTBEHHBIX MOJAaX HEJIMHEWHOTO KaHaja,
KOTOPBIN OCHOBAH Ha MHTETrpupoBaHuu ypaBHeHus Llpeaunrepa.

PacnpocTpaneHue curHaia 1o BOJOKHY C  pacHpeleieHHOU
HEJIMHEMHOCTPIO M JIMHEHHBIMM  HCKOKEHUAMH, OOYCIOBICHHBIMU
xpomatudeckoit aucnepcuert [1], [2] Moker ObBITH mpencTaBicHa C
MTOMOIIBI0 CHCTEMBI HEIMHEWHBIX ypaBHeHnid Manakosa (1),[3], [4]:

X 0%
oy 0%y ’ 1)
i =27 L od(x,

2 o (x,y)y

IJI€ HEJIMHEWMHOE CJIaraéMo€ 3aluilieM B BHUJAE NPOU3BEIACHUS HCKOMOM

(GYHKIIMK Ha HEJIMHEHHYIO 4acTh [6], M1 KOTOpoii BBEIEHO 0003HAYCHHUE
. 2 2

®(x,y) =ia+x" +|y|". ' paHUYHbBIC YCIOBHS UMCIOT BUJ!

X(=1,t) = x0(t), x(z,0)=x(z,1) =0,
y(=L 1) =y0(t), y(z,0)=y(z,)=0. 2)

IToctanoBKa 3amauM B 4YacCTM HAYaJIbHBIX YCIOBHM JAaeTCid Ha
JUCKPETHOM MHOXECTBE TOYEK, PEIICHUE TOXE HIIETCS YHUCICHHO,
3allMCaB HCXOJHBIE COOTHOIIEHUS B KOHEUHO-PAa3HOCTHOW opme.
[ToTpeOyeM Ha yaajdeHHOM KOHIIE TIpHeMa HIealIbHOTO CUTHalIa B (hopme
16QAM ¢ nepekatodeHueM HHOOPMAITMOHHOTO CUTHaia JJIsl X U JyuIs Y.
HaxoxneHue npuOIM>KEHHOTO PEIICHUsI CUCTEMBI ypaBHEHHUsT MaHakoBa
MOKET OBITh OCYILECTBIICHO C MUCIOJIb30BAHUEM KOMOMHUPOBAHHOMN SIBHO-
HESIBHOM CcXeMbl Ha oOcHoBe cxeMbl Kpanka-Hukoiscona. 3anmuce
HEJIMHEMHOTO CJIaraéMoro B KOHEYHO-PA3HOCTHOUW ¢opMme, B3ATOrO C
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NPEABIAYIIEr0 IIara WHTETPUPOBAHMS, JACT XOPOILIWA pe3yJbTar.
AJTOPUTM  aBTOMATHYECKOrO0  BbIOOpa  IIara  MHTETPUPOBAHUS
oOecreynBaeT Jydlllyl0 CXOJMUMOCTh pe3yJIbTaTOB HUHTETPUPOBAHUSA Ha
OOJBIIIOM  PACCTOSIHUM, M  CIYKUT TPUYUHON CHIDKEHHUS OOIIEro
KOJINYECTBA IIArOB MHTErPUPOBAHUA. AJTOPUTM YTOUHEHHS PEIICHUS Ha
Ka)XJOM IlIare MHTETPUPOBAHUS TMO3BOJISIET 00ECIIEYUTh HUBEIUPOBAHUE
HEIOCTaTKa METOAA  OIPENCIICHUs  HEJIMHEWHOrO  CJIaraéMoro ¢
MPEABIIYIIET0 Iara WHTErPUPOBAHUSA, UYTO B CBOKO OYEPEIb MO3BOJISIET
BECTHM HWHTETPUPOBAHUE C OOJBIIMM IIaroM. ANpoOUpPOBaH aJITOPUTM,
MO3BOJIAOIINM  MPOU3BOAUTH PACUYET NApPaMETPOB PACIPOCTPAHCHUS
BO3MELIEHHUS JJIs1 TPOTSKEHHBIX YYACTKOB BOJIOKHA. Pe3ynbTaThl MPOOHBIX
pacyeToB MO3BOJISIIOT ClIENATh BHIBOJI O 1I€JI€CO00Pa3HOCTH Pa3BUTHS STOTO
aJrOpUTMA B JAJIbHEUIIIEM.

Ha Puc. 1,a—6 mpeacTtaBieHbl CHUMKU JKpaHOB pabodeil oOmactu
MpOrpaMMbl, HAa PAa3JIUYHBIX PACCTOSHUSIX OT YAAJIEHHOTO KOHIIA
ONTUYECKOTO BOJOKHA. 3aMETHO BIIMSHUE HEJIWHEUHBIX WCKAKEHHM,
KOTOPBIC 3aKJIF0YAIOTCS B Pa3MbITUN (PPOHTA BOJHBI U UCKaXKEHUU (HpOHTA
nepeKTroueHus: nHPpopMaImoHHoro curuana st 16QAM.

T [ ’
il mill

‘ B
b L
‘ |

6) 2)
Puc. 1 — Paboumii skpaH mTporpaMmbl YHCICHHOTO HWHTETPUPOBAHUS CHUCTEMBI
ypaBHeHui (1) 11 pasivuHbIX 3HAYCHHWH JUIMHBI BOJOKHA: a) Ha KOHIIE BOJIOKHA
(HaganmpHOE pacripesiesieHne); U Ha pacctossHuu: 0) S0xAZ; B) 674xAz; r) 881xAz ot
YAQJIEHHOTO KOHIIA

OtuernuBo BumHo (Puc. 1, a—2) cmenieHne cuUrHajia K Hayaiay OCHU
BPEMEHH, C YBEIMUYCHUEM PACCTOSIHUSA OT JAJIbHETO KOHIIA ONTHYECKOTO
BOJIOKHA, YTO XOPOIIO CcoTjlacyercss ¢ (PU3NYECKUMU YCIOBUSIMU
paclpoOCTPAHEHUSI OINTUYECKOTO0 BO3MYILEHUSI B BOJIOKHE. ['paHUYHBIE
ycioBusl B BHJe (2) 0OyCIaBIMBAaOT TO, YTO B HAYAJIBHBIH M KOHCUHBIH
MOMEHTHI BPEMEHU BO BCEM BOJIOKHE HE OBLIO HUKAKOTO BO3MYIIEHUS, a
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BCE BO3MYUICHHE HAXOJWUTCS BHYTpPU BoJIOKHA. (ClieioBaTenbHoO,
YHCJIEHHBIN pacyeT BO3MOKEH TOJIKO J0 TOTO MOMEHTA, KaK CUTHal ObLI
BBEJACH B ONTHMYECKOE BOJOKHO. PucyHOok Ir mnoxaseiBaer, 4ro mnpwu
MPOJOJKEHUM WHTETPUPOBAHUS JAIBIIE TOrO Yy4YacTKa BOJIOKHA, B
KOTOPOM OCYILIECTBICH BBOJ BO3MYIIECHUS IPUBOAUT K OTPAKECHUIO
BO3MYILEHUs OT Haudaja BpeMeHHu t =0, 4To BeAET K HEOOBACHIEMBIM C
du3ndeckoi TOUKH 3peHus pesynbTataM. CylecTBYeT MOAXO[, KOTOPHI
MOXKET 00EeCHeYUTh BO3MOXHOCTb HENPEPHIBHOIO HMHTETPUPOBAHUSA IS
MIPOTSKEHHBIX YYAaCTKOB ONTHYECKOrO BOJIOKHA, KOTOPBIM 3aKJIIOYACTCS B
CIABUIC€ KPMBOU BO3MYLIECHUsSI OTHOCUTEIBHO MaccuBa. Cxema-nosiCHEHUE,
o0ecrneunBaromas BO3MOXXHOCTh OCYIIECTBJIEHUS aJIrOPUTMOB pacdeTa
JUTSL IPOTSIKEHHBIX YYaCTKOB ONTHYECKOTO0 BOJOKHA 0€3 HEOOXOIUMOCTHU
HApAlIMBAHUs pa3MepoOB MaccuBOB mnpuBeaeHa Ha Puc. Ir. Ilpm
NeperHIeKCallud MaccuBa OyAyT HEONpEeelIeHHbl 3HAUYEHUS HCKOMBIX
(¢yHKIMI B HadyallbHOM yuacTke MaccuBa (Ha Puc. Ir o0o3HaueHo cuHei
ITPUXITYHKTUPHOU JIMHUEH ).
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Fiber-optic platform for in vivo quantum sensing
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Temperature is a fundamental objective measurable whereby the
universal physical principles, including the laws of thermodynamics, enter
into biology, controlling every biological process within a living organism
and within each living cell. Thermal activation of transient receptor
potential (TRP) cation channels is one of the most striking examples of
temperature-controlled processes in cell biology. As the evidence
indicating the fundamental role of such processes in thermosensation
builds at a fast pace, adequately accurate tools that would allow heat
receptor logic behind thermosensation to be examined on a single-cell
level are in great demand. Here, we demonstrate two different approaches
to measure temperature in vivo with quantum fiber-optic probes. First
approach is based on specifically designed fiber-optic probe that consist of
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optical fibers of special design, including photonic-crystal fibers and
custom-tapered fibers. Integration of nitrogen—vacancy (NV) diamond
photonics with advanced fiber-optic technologies provides a versatile
fiber-optic platform for biosensing, offering unique solutions for
biophotonics and neuroscience. We show that optically detected magnetic
resonance in fiber-coupled NV centers of diamond enables a fiber-
optic thermometry of individual thermogenetically activated neurons in a
cell culture and in awake animal models. Second approach could be
implemented on regular step-index fibers. Online all-optical local
temperature measurements have been performed by analyzing the
temperature-dependent fluorescence spectrum of silicon--vacancy (SiV)
and germanium--vacancy (GeV) centers in diamond. An optical fiber in
this fiber probe is designed in such a way as to combine the delivery of
laser excitation light to the diamond attached to the fiber tip with the
collection of the fluorescence response from SiV and GeV centers in
diamond. This thermometer possesses a thermal resolution of
approximately 20 mK/Hz®® and a spatial resolution of 5 pm. Performance
of these fiber temperature sensors will is compared with the performance
of a fiber-optic temperature sensor based on measurements of a
temperature-dependent shift of the optically detected magnetic resonance
(ODMR) in nitrogen--vacancy (NV) centers in diamond attached to the
fiber tip.

This research was supported in part by the Russian Foundation for
Basic Research Ne 18-52-00025, 18-32-20212), Russian Science
Foundation (Grant No. 18-72-00252) and the Government of Russian
Federation (project no. 14.250.31.0040, Feb. 17, 2017)
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A naturally trapped Rare-Earth doped solid-state
superradiant laser clock

M. Sabooni, K.S. Choi

Institute for Quantum Computing and Department of Physics & Astronomy,
University of Waterloo, Waterloo, Ontario N2L 3G1, Canada
" msabooni@uwaterloo.ca\

We propose a narrow linewidth solid state based superradiant laser,
which is almost insensitive to the cavity mirror vibration, the best
frequency-stable local oscillators and employed in quantum metrology.

Frequency reference improvement is a vital step towards a wide range
of applications from precision metrology, fundamental tests in the
quantum information science and quantum optics, and to technology
related applications, such as communication and navigation systems. The
performance of atomic optical clock is limited by the frequency stability of
laser local oscillators (LLOs) [1,2]. The main obstacle against improving
the frequency stability of LLOs is the thermal noise in the optical cavity on
the order of the size of a single proton (~10"°m) [3]. This is because of the

frequency stability AV/v directly proportional to AL/L. Actually, the

optical coherence build up in the resonator directly will be dissipated by
the length stability of the cavity.

An alternative solution is to build up the coherence between the atoms
of the gain medium instead of photons. In this approach, atoms become
spontaneously correlated, creating a collective atomic dipole that emits
light whose phase stability directly reflects the phase locking of the atomic
dipoles [4]. This phenomenon, known as superradiance, in which the
collective atomic dipole radiates a field whose intensity is proportional to
the square of the number of atoms while the radiative atomic decays
inversely proportional to the number of atoms [5]. It is still possible to take
similar advantages as a traditional laser and place the collective atomic
dipole inside a low-Finesse cavity and build a narrow linewidth light
source with linewidth which is smaller than the atomic decay rate,
continues, and almost insensitive to the cavity length fluctuations.
Actually, in a traditional laser, the gain medium linewidth y is much wider
than cavity linewidth « (good-cavity regime, Fig. 1a) while in the
superradiance laser (SRL) regime the gain medium linewidth y i1s much
smaller than cavity linewidth k (bad-cavity regime, Fig. 1a) [6].

25


mailto:msabooni@uwaterloo.ca/

(a) Good cavity 10" Oom, 310"
: J1 o KW
W K 10 H 10
= 10 foal /| 10°
Y g 10 | [*] - Ir‘r' ,
~ E 10° 94 A ek kk ek | dk _kk_kk Fx bk 110

> PSS A e I s N

v c 8 ‘ * | 10 T

* | =

; c 10 *| | =

Bad cavity S , = ‘ 10° £

A o] 10 [ i 4 E
‘ 10

i AT S T — SRR -

> e | T‘\QQ,QGOO’Q‘OJ%"QQ FL 110 £
s I I 2

oy K = 1l | — y=100kHz [11° $

v s ol 410" §
s b b | e =100 MHz .
S r {10
10? 4 =10 MHz ] 3

,i 10
2y 10° 10° 10’ 10° 10°
EE Incoherent pumping/Hz

Fig. 1. (a) Comparing the good and bad cavity configurations. (b) The intracavity
photon number (left axis) and the laser linewidth in Hz (right axis) for different Ngom
= 10" versus incoherent pumping rate h in Hz. The laser linewidth substantially
narrower than the atomic decay rate y = 100 kHz in Erbium doped crystal with k =
100 MHz and single atom-photon cooperativity of ~107 is achieved even with
moderate incoherent pumping rate.

The homogeneously broadened single-mode laser in the bad-cavity

2 2
regime is Av = v () N, (1 + [M] , where the spontaneous

emission factor Ny, measures the degree of inversion [7]. Assuming zero
detuning (v~vp), the main factor which affects the laser linewidth is the

group refractive index n, = (2’;'{) This reflects the memory effect of the

polarization that effectively slows down the phase diffusion [8].
By replacing Py = Ex = M¢hvk, in the bad-cavity case (a=k/2y>>1),
the group refractive index will be n, =~ therefore the laser linewidth

2
expression will be: Avg, = :_nﬁ' Important parameters for atom-cavity
C

characterization are the two dimensionless parameters called the critical
atom number (N, —) and saturation photon number (M, = )

Therefore, the reIatron between critical atom number and saturation photon
number will be H = ;. The cooperativity has an inverse relation with the

C

.- 1 - - .
critical atom number N, o« - therefore, one can rewrite the laser linewidth
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in terms of the single atom cooperativity as follows: Avg, = % where

2
C; = % &« 1 is the single atom cooperativity and g is the single-atom

coupling to the cavity emission mode.

In the mean field approximation, the interaction of a microscopic spin
with its neighboring spins is replaced by an approximate interaction with
an averaged spin. In other words, spins are not recognizable from each
other. The intracavity mean photon number {ata) could be related to the
atom-field correlation (@4;7). In addition, the population inversion {(5%)
also could be written in terms of atom-field coupling and spin-spin
correlation (6;'6,). We calculate the steady-state intracavity photon
number in a set of four ordinary differential equations (ODEs), while we
have set all four initial conditions to be zero. The exact solution for steady-
state intracavity photon number versus incoherent pumping rate m and
atom number N shown in Fig.1b. Given the first-order correlation function

(@t (t)a(o)), one can define the corresponding power spectrum S(w) =
[7% (at (t)a(0)ye~tdt. The SRL linewidth plot for Ny = 10 versus

incoherent pumping rate 1 is shown in Fig.1b.

Erbium has one of the narrowest inhomogeneous broadening
transitions in rare-earth (RE) solids (~MHz) [9]. Therefore, one can
employ it for SRL application without any spectral hole burning
preparation. Er**:’LiYF, has the narrowest inhomogeneously broadened
transition in RE solids (Ijny ~ 12 MHZ) [10]. The *l;5, - *l15, transition in
Er¥*:’LiYF, at 1530.372 nm with T; = 9.5 ms and T2 ~ 100us and peq =
2.72x10™2 C.m is suggested. The coupling constant is considered to be g ~
1.5kHz. For simplicity the cylindrical mode volume considered. The single
atom cooperativity in Er**:’LiYF, for 100pm beam radius and 1mm cavity
length could be as low as C; ~ 10”". We achieve absolute linewidth < 1 Hz,
as shown in Fig. 1b.
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@®opMupoBaHNe TOHKOIUIEHOYHBIX I (PPAKIIHOHHBIX PElIETOK HA
PA3JIHYHBIX MOAJI0KKAX METOAOM MOHHON UMILIAHTALIMU M UX
NpaKTH4YecKoe NpUMeHeHne

AJL.CtrenanoB, B.11.Hyxnun, B.d.Banees

Kasanckuii gpusuxo-mexunuveckuui uncmumym um. E.K. 3aeotickoco — omodenbHoe
cmpykmypHoe noopaszoenenue PUIL] KasHI] PAH

O0630p HemaBHUX PE3YJbTATOB IO peaju3allid HOBOTO cIocoba
M3TOTOBJICHHUSI TOHKOIUICHOUYHBIX JH(PPAKIIMOHHBIX PEHICTOK Ha Pa3IMYHBIX
JTUDJICKTPUYECKUX (CTEKJIa, TOJHMMEPHI) M IOJYIPOBOJHHUKOBBIX MaTeprajiax
(MOpUCThIE KPEMHHUM © TEepPMaHWH, ajiMa3), COJASpKaIluX HAHOYACTHUIIBI
OJIarOPOJHBIX METAIOB, (POPMHUPYEMBIX METOJAOM HWOHHOW HMMIUTaHTanuu. B
KaueCcTBE OJHOTO W3 TMPWIOKEHWH TaKUuX PEIIETOK paccMaTpUBaeTCs
H3TOTOBJICHUE ONTHUYECKOTO TEPMOMETPHUYECKOTO YCTPOMCTBA HA MOJUMEPHOM
Marpuie myreM (HOpMHpPOBaHUS Ha HEH IUQPPAKIUOHHBIX IEPUOTUUECKHUX
MHUKPOCTPYKTYP METOJIOM HU3KOIHEPreTUIECKOM BBICOKO/I030BOM
MMIUIAHTAIlMe MOHAMM MeETajla 4epe3 MOBEPXHOCTHYH Macky (puc.l). B
pe3yibTare NMPUMEHEHUs] MOHHOM HMIUTAHTAIlMM, HAa TOBEPXHOCTH TOJIMMEpPA
MOJIYYeHbl TOHKOIUICHOYHBIC JTU(PAKIIMOHHBIC PEHIETKH C IMEePHOANICCKU
W3MCHSEMBIM  KOMIUICKCHBIM  TIOKa3aTelieM  IPEJIOMIICHUS,  KOTOPBIH
obecrieuynBaeTcsi  00JaCTSIMM,  COJIEp)KAIUMH  HMOHHO-CUHTE3UPOBAHHBIC
METaJUIMYECKUE  HAHOYACTHUIBl.  V3MepeHme  TemmepaTypbl  JaHHBIM
YCTPOMCTBOM  OCYIIECTBJISCTCS PpErucTpanuei OeCKOHTAKTHBIM METOJOM
n3MeHeHus: audpaknun OpayHrodepa OT 30HAMPYIOIMIETO CBETOBOTO ITydKa
BCJICJICTBHE TEIJIOBOTO PACIIMPEHUS UK CKATHS TTOJIMEPa.

TepmomeTpunyeckui

3NeMeHT AvdpakumoHHble

MaKCMYMbl

P

Jlasep

Puc.1. TepmomeTpudeckuii TUCTAHITMOHHBIA AJIEMEHT C JU(GPAKIMOHHON PEIIETKOM
Ha OCHOBE IMOJMMETUIMETAKPUIIATA C MOHHO-CUHTE3UPOBAHHBIMUA HAHOYACTULIAMHU
cepebpa
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2

Dicke superradiance (SR) [1] and superfluorescence (SF) are well-
known effects of cooperative and coherent spontaneous emission, which
continues to attract great interest in various fields of science and
technology, especially in laser physics, quantum optics, condensed matter
physics, optoelectronics, and plasmonics. There are a serious of excellent
reviews and monographs devoted to this phenomenon [2-13]. SR and SF
can be observed in optically dense media (aL>2), and these experiments
were performed in gases, semiconductors, molecular centers. Optically
dense crystals doped by rare-earth ions are promising media for optical
guantum memory where controllable coherent emission is used for
deterministic retrieval of the signal fields [14] however there are much less
information on SR and SF in crystals activated by rare-earth ions [15]. In
this work, we present experimental study of SF in crystal YPO,:Er** where
population inversion of the active optical transitions was created by
relatively long (10 us) and low-intensity (0.4-1.1 uJ) laser pulses. We
characterized basic properties of SF (pulse delay time, its intensity, their
fluctuations, and energy parameters of laser SR generation) on the
pumping energy and temperature.

Spectroscopic properties of YPO,:Er®* were described in our previous
work [16]. Here we used *li5(T'75)— “lon(T7Y), lisn(T7H)— *lop(T72) or
Nisn(T)—  *Fop(I7Y) transitions for excitation luminescence from
*l132(Ts") state by using Ti-sapphire or Dye lasers and acousto-optic
modulator to form the pumping pulses. With an increase of the pumping
pulse intensity and reaching the threshold value (~0.4 wJ for *lys(I71)—
"loi2(T"5%) pumping transition), luminescence from *l;3,(I's") State to states
of the *l;5, multiplet was transformed into a ringing SF pulse at the
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frequency of *l;3,(Is')— “lis(Ts") transition. The intensity of this pulse
exceeded the luminescence intensity observed by pumping below the
threshold value by 3-4 orders of magnitude. Averaged energy of SR was
proportional E? where E is energy of the pumping pulse. The first SR
pulse width and delay was found to be ~1/E with fluctuations of
magnitude. These parameters strongly depended on temperature and SF
was observed app to 18K. For continuous pumping we observed SR laser
generation with 5.8 and 6.7 % slope efficiency of generation for the
forward and backward directions, respectively.

This work was supported by the Russian Foundation for Basic
Research (Grant No. 17-52-560009).
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Fig. 1. SF of Er** in YPO, at various pumping pulse intensity. T=4 K.
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Pointlike time-reversible quantum transfer with switcher
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Efficient quantum transfer and memory in multi-frequency pointlike
guantum systems is an important task in guantum information science [1].
Here, we optimize a time-reversible transfer of quantum state between the
bus mode field y2(t) and broadband quantum memory-block
{y1(t),x1(t),x2(t),x3(t)} with the following equations of probability
amplitudes:

[8t—1A] Xl(t)+i f2 Xz(t)zo, 8t Xg(t)_i fl yl(t):O, [@»ﬁ‘lA] X3(t)+i fz yl(t):O,
Ot Yo(t)+i K y1(£)=0,0; y1(t)+i K yo(t)+i f1 Xo(t)+i o (X1(t)+x3(1))=0, y2(0)=1,
y1(0)=x1(0) =x»(0) =x3(0)=0, (1)

where two modes x1(t), x3(t) are characterized by the frequency detunings
[-A, A], coupling constants f1,f2, and switchable k. By optimizing the
unloading (y.(t=T=2m)=0) and time-reversibility of the studied processes,
we get from (1):

f,=3sqrt(2)/8, f,=sqrt(30)/8, k=sqrt(18)/8, and eigenspectra={-3/2,-
1/2,0,1/2,3/2}. (2)

After turning off k (k=0) at the moment T=2n, we get for the
memory-block eigenspectra: 0.367-{-3.92,-1,1,3.92}. The frequencies are
not multiple (exact time-reversibility is impossible, respectively), however,
figure 1 shows that this small violation does not severely limit the
efficiency. At t=21 we get x;=X3=Y;=Y,=0, and X,=-1 and X,(T+t)=-0.997
after t=5.498n. We also note that after loading (at t=T) the energy in the
frequency-tuned resonators (Xi,X3) is close to 0, which demonstrates a
possibility of perfect processing in this scheme.
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Figure 1. The dependence of the energy E[X,] on time at the storage stage.

Further, at time moment t=T+t, we turn on k again and the signal is
unloaded from the memory block into the external mode y, after time T.
Estimation of the quantum efficiency of the whole process (loading,
storage, unloading) is given by n=(-0.997)* ~0.993. Another storage mode
is also possible when 1=0 (no switching k): for this case, the effectivity is
close to 1. Thus, theoretical calculations show that 2 different highly
efficient quantum transfer regimes are possible for the studied multi-
resonant system with the efficiencies above 0.993, which seems to be
useful for implementation of highly efficient quantum processing.

Summing up, we observe that the studied system of 5 coupled
resonators in a closed configuration has a rich reconfigurable dynamics
interesting for broadband quantum storage and processing.

Research is financially supported by a grant of the Government of
the Russian Federation, project No. 14.250.31.0040, February 17, 2017.
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Subcarrier wave quantum key distribution over 143 km
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We experimentally demonstrate subcarrier wave quantum key
distribution over 143 km fiber link between the city of Kazan and the
urban-type village of Apastovo in the Republic of Tatarstan. We consider
subcarrier wave phase coding method as an excellent candidate for long-
distance quantum key distribution applications due to its high robustness
against environmental and other external factors, single-pass, absence of
interferometric schemes and wide quantum channel multiplexing
capabilities.

Our experimental setup used two regular single mode fibers (SMF-28)
with a length of 143 km laid in the same optical cable. The fiber line
contained both aerial and underground sections. 37 dB loss fiber was used
as a quantum channel and 45 dB loss fiber as a synchronization channel.
State preparation frequency was 100 MHz, mean photon number was
chosen to be 0.2 in order to counter modelled collective attacks. Bob unit
optical losses were 5.1 dB. Chromatic dispersion compensator was
introduced to eliminate the detrimental influence of chromatic dispersion
effect on interferometric visibility. Active compensation of polarization
distortions was used to maximize signal utilization. One of the sidebands
was filtered by notch fiber Bragg grating filter and measured with a
superconducting nanowire single-photon detector (SNSPD). SCONTEL
SNSPD operated at a temperature of 2.1 K with low dark count rate of 0.5
Hz and high quantum efficiency of 50%. The complete scheme is depicted
in Fig.1.
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Fig. 1. Functional scheme of SCW QKD. DL1 and DL2: diode laser 1 and 2; Ol:
optical isolator; OAM: optical amplitude modulator; OPM: optical phase modulator;
OA: optical attenuator; FPGA: control module based on field-programmable gate
array chip; VCO: voltage control oscillator; PLL: phase locked loop; EPM: electrical
phase modulator; AMD: amplitude modulator driver; CDC: chromatic dispersion
compensator; PC: polarization controller; F: optical filter; SNSPD: superconducting
nanowire single-photon detector; EF: electrical filter; D: photodiode; ®: optical phase
modulator; CC: classical computer.
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Fig. 2. Distributions for (a) QBER (~2%) and (b) secret key rate (~12 bps).

Within 16.5 hours of continuous operation, about 700 kbit of key
information was generated with an average value of the secret quantum
key generation rate of 12 bps. The value of quantum bit error rate (QBER)
was 2% on average in range from 0.5 % to 3.9 % (see Fig. 2). Generated
quantum keys were used for real-time encryption of the digital data
transmitted through the open channel, in order to demonstrate security
applications. Quantum key generation rate allowed to change the 256-bit
encryption key up to two times per minute.

Research is financially supported by a grant of the Government of the
Russian Federation, project No. 14.250.31.0040, February 17, 2017.

36



Third-harmonic generation microscopy visualization
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Methods of nonlinear optics have provided a constantly expanding
platform for brain imaging, offering a unique combination of large
imaging depths [1], chemical specificity [2], the ability to detect fine
morphological details [3,4], and an unprecedentedly high subdiffraction
spatial resolution [5]. Of special value and significance for brain research
is the ability of nonlinear optical methods to provide high-contrast, high-
resolution imaging of individual neurons and even fine intraneural
structures with no need for fluorescent sensor staining. Specifically,
second-harmonic generation (SHG) has gained broad acceptance as a tool
for a label-free microscopy of noncentrosymmetric molecules and brain
structures, such as collagen. Third-harmonic generation (THG), on the
other hand, does not require central symmetry breaking, yielding a useful
nonlinear signal from both cell surfaces, as well as inter- and intracellular
optical inhomogeneities [2,4]. In our present work, we demonstrate a stain-
free, highcontrast, subcellular-resolution imaging of astroglial cells using
epi-detected THG. The astrocyte-imaging capability of THG is verified by
colocalizing THG images with fluorescence images of astrocytes
expressing a genetically encodable fluorescent reporter.

Our experimental system integrates two short-pulse laser sources
(Ti:sapphire and Cr:forsterite lasers) on a single compact platform. Both
laser beams are focused into a brain slice with a waterimmersion near-IR
objective in an upright microscopy scheme. The third harmonic driven by
CrF-laser pulses and the TPEF signal induced by TiS-laser radiation are
collected by microscope objectives in both transmission and epi-detection
geometries. To verify the ability of THG microscopy to detect and image
astrocytes, we performed imaging experiments on the rat’s cortex where
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astrocytes were nucleo-cytosolically stained with a genetically encodable
SypHer3s fluorescent reporter. The fluorescence response of SypHer3s,
centered at Af =~ 520 nm, was induced via a two-photon excitation process
driven by TiS laser radiation. Typical TPEF images recorded within layers
V—VI in the rat’s cortex are shown in the left part of Figure. SypHer3s-
expressing astrocytes are clearly visible as bright green areas in these
images. An overlay of the TPEF and THG images, presented in the right
part of Figure, confirms spatial colocalization of the TPEF and THG
signals. THG imaging with a properly optimized PSF is shown to enable a
reliable detection of significant subcellular features of astrocytes,
including cell nuclei, as well as the soma shape and boundaries.

*» SypHer/THG

Fig.1: Typical images taken within layers V-VI in a rat’s cortex using TPEF from
SypHer-stained astrocytes (SypHer, left) and THG from unstained brain (THG,
middle). An overlay of the TPEF and THG images (SypHer/THG) is presented on the
right. TPEF and THG are driven by 870 nm TiS- and 1.25 um CrF-laser pulses,
respectively.
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[3]. D. Yelinand Y. Silberberg, Opt. Express 5, 169, 1999.

[4]. L.V. Doronina-Amitonova et al, Appl. Phys. Lett. 103, 093701, 2013.
[5] C. Eggeling et al, Nature 457, 1159, 2009.
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B paGotre mnpexacrtaBieHbl  AKCHEPUMEHTAIbHBIE  PE3YJIbTATHI,
NOCBAIIEHHBIE MOHMU3AIMKA a30T-BakaHCUs 1EeHTpoB okpacku (NV-
IEHTPOB) B KpHUCTAJIE ajiMa3a Mpd MHOTOPOTOHHOM JIA3€PHOM
BO30yxkAeHUU. Bo030yKIeHrne OCYHIECTBISIOCh C MOMOIIBIO JIA3ePHBIX
UMITYJICOB (DEMTOCEKYHAHOM NIUTENbHOCTH B MH(QPAKPACHOM JIHANa30He.
[lonyyeHHbBIE 3KCIIEPUMEHTANIbHBIE JTaHHBIE MOTYT OBITh MOJIE3HBI IS
npumeHeHus NV-LIEHTpOB B pa3iIMYHBIX CEHCOPHBIX MPUIIOKEHUSIX
KBaHTOBBIX TEXHOJIOTHH.

HNHTepec HayyHOTO cOOOIIECTBA K LEHTpPaM OKpPAaCKM B KPHUCTAJUIE
anMa3za 00yCJIOBJIEH BBICOKMM MOTEHIIMATIOM MPUMEHEHHUS TAKUX CTPYKTYP
B Pa3MYHBIX MPUJIIOKEHUSX KBAHTOBBIX TEXHOJIOTHH, B YacCTHOCTH, B
KaueCTBE KBAHTOBBIX CEHCOpPOB. IIpenMyiiecTBOM TakKuX CEHCOPOB
ABJISIETCS. CBEPXBBICOKAsl JIOKAJIM3alUs, KOTOpas BO3MOXHA MyTEM
UCIIOJIb30BAHUSI OJMHOYHBIX IIEHTPOB OKPacku B HaHOPa3MEPHBIX
KpucTauiax ajiMasza. L[eHTpbl OKpacky B KpUCTAIIJIE ajIMa3a CO CTPYKTYpPOit
azoT-BakaHcus (NV-LEHTpBI) HIUPOKO UCCIEIYIOTCS HAa MPOTSHKEHUU TPEX
nocienuux Aecsatuiaetud. CTonb MNPUCTAIBHBIA HHTEPEC HAYYHOTO
COOOIIECTBA K JAHHBIM LEHTPaM OKpackh OOYCJIOBJIEH UX YHUKAJIbHBIMU
ONTHUYECKUMU CBOMCTBaMH [1].
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NV-mieHTp wmeer naBa 3apsAI0BBIX COCTOSHUS: OTPHIATEIBHOE
coctosinue (NV') ¢ 6ecchononnoit muaueli (bDJI) Ha 637 HM; HEUTpaIbHOE
COCTOSIHHE (NVO) ¢ B®OJI Ha 575 Hm. JlaHHBIC COCTOSIHUS SIBJISIFOTCS
(dboTOHECTAOMJIBHBIMU M MOTYT MEPEXOAUTh M3 OJHOTO B JPYroe MO
BO3JICUCTBUEM BO30YXKIAIOIIETO Jla3epHOro u3nydeHus. [loCKOJIbKY
ONTUYECKHE CBOMCTBA 3TUX COCTOSIHUM CHJIBHO Pa3In4yaroTCs, KOHTPOJb
3apsAIoBOro cocTosiHusl NV-LIeHTpa SBISETCS BaXKHOM MpoOiemMout st
CCHCOpHBIX NpwioxkeHuu. [loxg BIUSHHMEM ONTUYECKOM HAKAYKH OTHU
IEHTPbl HAYMHAIOT MEPEXOJIUTh U3 OJTHOTO COCTOSIHUS B Jipyroe. B paboTe
[2] Ha mpuMepe OAMHOYHBIX LIEHTPOB OKPACKU ObUIO MOKAa3aHO, YTO MOJ
JNEUCTBUEM HEMPEPHIBHOTO U3IYYEHUS B BUAMMOM 001acTu B NV -11eHTpe ¢
OmnpeaAeIEHHON YacTOTOM MPOMCXOIUT JiBa B3aUMOOOpPATHBIX Mpoliecca —
WOHM3alMs ¢ nepexoaom u3z NV B NV u PEKOMOHMHAIIHS C TIEPEXO0J0M U3
NV B NV IIpn 3TOM OTHOIIEHWE ABYX THUIIOB LIEHTPOB HE MEHSETCS C
M3MEHEHUEM UHTEHCUBHOCTH HEMPEPHIBHOTO BO30YKAAIOIIETO U3JTYUCHHUS,
a 3aBUCHUT OT €ro MuHbl BOJHBL. (C JOpyrod CTOPOHBI, HEIABHHUE
OKCIIEPUMEHTH 1O MHOTOGOTOHHOMY BO30YXKIEHHUIO C TOMOIIBIO
BBICOKOMHTEHCHUBHBIX MH(PAKPACHBIX JIa3€PHBIX UMITYJILCOB [3] Mmokaszaiu
CYIIECTBEHHYIO MOJIU(PUKAIMIO OTHOIICHUS JIOMHHECIEHIIMH IIEHTPOB C
POCTOM HHTEHCUBHOCTH BO30YXKIECHHUS. DTO OOCTOATEIHCTBO IO3BOJISIET
UCIIOJIB30BaTh MOJU(DUKAIINIO CIIEKTpa C POCTOM HHTEHCHUBHOCTH KakK
MapKep HMOHU3ALMOHHBIX MPOILIECCOB M BBISIBIATh UX (PyHIAAMEHTAJIbHBIE
3aKOHOMEPHOCTH 1Sl IPUMEHEHUS B CEHCOPHBIX MPUIIOKECHUSX.

JIst oNTHYECKOro BO30YKACHHUS IIEHTPOB OKPACKU HCIIOIH30BAJIUCH
Ti:Sa wvmnynscHenid  nmazep (Mira-HP, Coherent, 750-950 ©HM) n
ontruecknii mapamerpudeckuii ocmnisatop (OPO, Coherent, 1000-1600
HM), KOTOPbI€ COBMECTHO TMO3BOJISUIM MOJy4aTh ONTUYECKHE UMITYJILCHI B
nuana3zone ot 750 mo 1600 HM c wactoTou moBTOpeHus 76 MI'nm u ¢
JUIUTENIBHOCTBIO OTAENbHOr0 umnyibca ~ 220 ¢c. Jnsa dbokycupoBku
BO30Y KJIAIOIIEr0 HM3Jy4YeHUsS Ha TOBEPXHOCTH OOpaslia HCIOJIb30BaJICs
40X oobextuB (40X, Olympus Plan Achromat Objective, 0.65 NA).

beimu mpoBeeHbl MHOTOUKCIICHHBIE AKCIIEPUMEHTAIbHBIE PA0OTHI MO
MHOTO()OTOHHOMY BO30YXICHUIO NV-uentpos C IOMOILIBIO
YABTPAKOPOTKUX BBICOKOMHTEHCHUBHBIX JIa3EPHBIX VMITYJIbCOB.
[TomyyeHHblE  maHHBIC  TIO3BOJWIM  ONPEACHUTH  PAJ  BaXHBIX
XapaKTEPUCTUK HCCIEAYEMBIX IIEHTPOB OKpPAaCKH, XapaKTEPHU3YIOIIUX
OpOUCXOMSIIIME B HHUX mpouecchl (porononusanuu. IlomydeHHsie
DKCIIEPUMEHTAIbHBIE JIAHHBIE W XapPAKTEPUCTHKA NV-IIEHTPOB MOTYT
OBITh MOJIE3HBI JJIsI UX IPUMEHEHUS B KBAHTOBBIX TEXHOJOTHSIX.
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HccnenoBanve BBIMOJHEHO NMpu (PuHAHCOBOW mopaaepkke PODOU B
pamMkax Hay4yHoro mpoekta Ne 19-32-80029, a Takxe TpaHTa
[TpaBurenbcTBa Poccutickoit ®enepannu 14.250.31.0040).

[1] Childress L., Walsworth R., Lukin M. Atom-like crystal defects
/[Physics Today. — 2014. — T. 67. — Ne. 10. — C. 38.

[2] Aslam N. et al. Photo-induced ionization dynamics of the nitrogen
vacancy defect in diamond investigated by single-shot charge state
detection //New Journal of Physics. —2013. — T. 15. — Ne. 1. — C. 013064.
[3] Ji P. et al. Multiple-photon excitation of nitrogen vacancy centers in
diamond //Physical Review B. —2018. — T. 97. — Ne. 13. — C. 134112.
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1

High-dimensional quantum entanglement [1] is a unique resource of
quantum technologies that paves the way for an ultrahigh-density
information coding in quantum communication [2], quantum computations
based on novel quantum logic, a higher precision in quantum phase
measurements, enhanced immunity with respect to noise , a higher security
in quantum cryptography [3], and new tests of fundamental principles of
quantum theory.

Optical fields offer access to a vast phase space of discrete and
continuous variables, defining the spatial, temporal, spectral, polarization,
and spin modes of photons, thus offering unique solutions for high-
dimensional quantum entanglement. Spectral and temporal modes of
optical fields enable continuous-variable energy—time entanglement which
Is ideally suited for efficient high-dimensional information encoding.
Unlike entanglement in spatial modes, time- or frequency-bin
entanglement is fully compatible with fiber-optic transmission. Moreover,
with the aid of four-wave mixing (FWM), such entanglement can be
generated in waveguide modes of an optical fiber, ready for use in fiber-
optic communication networks.

In this work we present a time-domain Schmidt-mode analysis of a
broadband continuous-variable entanglement of photon pairs generated via
a vectorial four-wave mixing (FWM) of ultrashort laser pulses in a highly
nonlinear birefringent optical fiber. We demonstrate that the time-domain
eigenmodes of high-purity two-photon states generated through vectorial
FWM can be steered, by varying the pump wavelength and FWM
polarization geometry, from a high-purity entangled ket to a high-entropy
entangled state in a space of a very high dimensionality. Moreover, this
pulse-mode analysis is shown to provide a clear physical perspective on
how the entanglement structure of two-photon states builds up as a result
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of short-pulse FWM dynamics. This insight reveals a correspondence-type
relation between the quantum and classical pictures of photon-pair
generation.

With an eye on practical applications, a clear understanding of the
temporal profile of pulse modes representing high-purity two-photon states
Is central to a meaningful shaping of ultrashort photon-packet waveforms
for super-resolving microscopy and multiphoton spectroscopy using
guantum states of light. The work is supported by RFBR Pr.18-02-01091.

[1] Z. Xie, T. Zhong, S. Shrestha, X. Xu, J. Liang, Y.-X.Gong, J. C.
Bienfang, A. Restelli, J. H. Shapiro, F.N. Wong, and C. W. Wong, Nat.
Photonics 9, 536 (2015).

[2] M. Kues, C. Reimer, P. Roztocki, L. R. Cortés, S. Sciara, B.Wetzel, Y.
Zhang, A. Cino, S. T. Chu, B. E. Little, D. J.Moss, L.Caspani, J. Azana,
and R. Morandotti, Nature 546, 622 (2017).

[3] M. Huber and M. Pawlowski, Phys. Rev. A 88, 032309 (2013).
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OKCIIEpUMEHTAJIBHO HMCCIEA0BAHbl CIEKTPAJIbHBIE W KOPPEISLHUOHHBIE
XapaKTEPUCTUKH HU3ITy4EHUsI, TEHEPUPYEMOIO B IMPOLECCE YETHIPEXBOIHOBOTO
B3aMMOJICVCTBUS B (GboTOHHO KPHUCTAJNIMYECKOM BOJIOKHE C
NBYJIYUYENIPEIIOMIICHUEM W HYJEBOW aucnepcuerd Ha 750 HM mOpu Hakaudke
CIIEKTPAJIbHO OTPaHUYCHHBIMM JIA3EPHBIMU MMITyJbcaMu. [IpoaHannsupoBaHbl
peXUMbl ~ TeHepauuud mnap  (GOTOHOB B IPOLECCE  CIIOHTAHHOIO
YETBIPEXBOJIHOBOTO CMEILECHUS IIEPCIIEKTUBHBIC TUTS reHepalnuu
(pakTOpU30BaHHBIX OJHO(MOTOHHBIX COCTOSIHMM. DKCIIEPUMEHTAIILHO M3MEpEeHa
CHEKTpajbHasl MHTEHCUBHOCTbh T€HEPUPYEMBIX Nap (POTOHOB.

YcerpoiicTBa, MO3BOJNIAIONIME T€HEPUPOBATh OJHO(OTOHHBIE COCTOSIHUS C
3aJlaHHBIMA W CTaOWJIBHBIMM BO BpPEMEHHM XapaKTEpUCTUKAMU, SIBISIOTCS
OCHOBOHM Ui OOJBILIOTO KJlacca YCTPOMCTB KBAaHTOBBIX HH(OPMAIIMOHHBIX
TEXHOJOTUH. BO3MOXHOCTH TpPUMEHEHHUS OJHOPOTOHHBIX HCTOYHHKOB
OTIpEEIIAETCS COOTBETCTBUEM €0 XapaKTEPUCTUK 3aJaHHBIM TpeOoBaHusM [1].
Haubonee nepcrnekTuBHbIE TPUMEHEHHUS OAHO(DOTOHHBIX HCTOUYHHUKOB CBSI3aHBI
C peanu3auueld aarOpUTMOB KBAaHTOBBIX BBIYMCICHUM, KBAHTOBOM IIAMSTH,
KBaHTOBBIX MOBTOPHUTEJIEH, KBAHTOBOM CBSI3U (HEOOXOAUMBIX ISl TOCTPOCHMUS
MaclITabMpyeMbIX KBAHTOBBIX CE€TEN C aOCOJIIOTHOM CTENEHbIO CEKPETHOCTH) U
APYTUX MPUIT0KEHU KBAHTOBOW METPOJIOTUU ¥ KBAHTOBOM MH(POPMATHUKHU.

dortonHO-KpucTaumueckue BojokHa (DPKB) obOmamaror  Gosbmimm
ITOTEHIIMAJIIOM Y IIAPOKO IMPUMEHSIOTCS JUIsl TEHEPAllMU KOPPEIMPOBAHHBIX I1ap
¢otonoB B mpormecce CUBC ¢ moMompio CHEKTpabHO-OTPaHUYCHHBIX
Ja3€pHBIX UMIYJIbCOB [1,2].

Ha puc. 1 mnokazana OJIOK cxema 3KCIEPUMEHTAIBHOW YCTaHOBKH.
N3nyyenue nazepa Coherent Mira nmepecTpanBaioch Mo JJIMHE BOJHBI OT 745
10 820 HM [i1s1 U3y4eHus pa3nuuHbiX pexxumoB UBB. OnTtruueckuii crperyep Ha
ocHOBe nudpakiroHHOW pemeTkun 600 MmT./MM C TIOMOIIBIO AuadparMbl
ITO3BOJISUI BAPBUPOBATH CIEKTPAIBHYIO IIMPUHY UMITYJIbCa Jlazepa oT 1 10 6 HM.
MoOIIHOCTE BXOAHOTO B BOJIOKHO HMMITYJIbCA KOHTPOJHMPOBAIACH C IOMOIIBIO
HEUTpaIbHBIX CBETO(PHIBTPOB, MOJSIpU3ALUs C IOMOIIBIO IOJIYBOJHOBOM
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mnactuHky.  llorepu Ha 3aBenenum uszydyenus B MC BonokHo NL750 PM
cocraBisiii ot 4 pgo 7 JI0. Ha BpIXO#e w©3 BOJIOKHA MOIIHOCTL H
XapakTEepUCTUKH HMIyJIbCA HAKAYKM KOHTPOJIUPOBAIUCH C  IOMOIIBIO
M3MEPUTENSE MOLIHOCTH U CIIEKTPOMETPA.

F.R.O0.G.

Optical

Laser Mira 900 Faradayisolater . .\

I NL750 PM

~200-800 fs ND Half-
Filters wave  Alignmenttable
plate

Fiber Monochromator Flip dichroic Notch Flip

M266 mirror filters

coupler mirror Alignment table

ol - %17-

coupler

’ / Power meter
TDC 0sA
Photon Diffraction
counter gratingon

rotation stage

Puc.1. biok cxemMa SKCIEpUMEHTAIBbHON YCTaHOBKHU

N3nydyenne HaKauykul MOJABISIN «HOTY» PriibTpbl 808 HM Ha ypoBEeHB 65
J16. luxponuHoe 3epkajio Ha ObUIO YCTAHOBJIEHO TaKWM OOpa3oM, YTOOBI TIPH
€ro OTCYTCTBHUH (OIMYIIEHHOM MOJIOKEHUHN) U3yYE€HHUE BO BCEM CHEKTPaIbHOM
IYana3oHe aHaM3UPOBAJIOCh HAa MOHoXxpomatope M266 c¢ momompio [13C
JUHEUKH. [Ipr yCTaHOBIIEHHOM IIOJIO)KEHUHU AUXPOUYHOE 3EPKATIO OTPaXKaET
CUTHAJIBHYIO JUIMHY BOJIHBL. Jlajiee CHEKTp H3JIy4YeHUs aHaJIUu3UpyeTcs C
MOMOIIBI0 JU(MPAKIIMOHHOW pPENIETKH Ha MOTOPU3UPOBAHHON MOBOPOTHOM
iatdopme, BOJOKOHHOTO Karuiepa U 0JHOOTOHHOTO JeTeKTopa. B xonocrtom
KaHAJIe M3JIy4YEHUE 3aBOJIUTCS B OJJHOMOJIOBOE BOJIOKHO YEPE3 «IPSIMOM MOPT»
MOHOXpomaTopa. BpeMeHHbIe KOppeIsLUA OTCUETOB aHAJIM3UPYIOTCSI HA BpEMSI
urudporomM npeoOpa3oBaresne TDC. Takum o0Opazom, JaHHas
AKCIIEPUMEHTAJIbHAS YCTAaHOBKA MO3BOJISIET U3MEPSTh CHEKTPbl CUTHAIBHOU U
XOJIOCTOM BOJIHBI a TaK K€ MPOU3BOJAMTH HU3MEPEHHE CIEKTPaIbHON
WHTEHCUBHOCTH B CYETE COBIAJEHUN (POTOOTCUETOB MEXKIY CUTHAIBHBIM U
XOJIOCTBIM KaHAJIOM.

[1]. Migdall A., Polyakov S.V., Fan J., Bienfang J. C. Single-Photon Generation
and detection. Experimental Methods in the Physical Sciences. Oxford:
Elsevier, 2013.

[2]. Garay-Palmett K. et al. // Optics Express 2007. V. 15(22). P. 14870.

P2
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CBepxObICTpbIC BJIEKTPOHHBIE VIMITYJIbCBI IIPEIOCTABIISIOT
YHUKQJIBHBIE BO3MOXHOCTU JUISL IIPOBEICHUS  BPEMSI-Pa3pELICHHBIX
HCCJICIOBAHUN CBEPXOBICTPOl KBAHTOBOW JMHAMHUKH M CTPYKTYPHBIX
TpaHcopmaliii B ra3oBOHM, KOHJECHCHUPOBAaHHOW W TBepHon ¢dazax c
MOMOIIbIO  CBEPXOBICTPOM  DJIEKTPOHHOU  mudpakuuu. MuTerpamms
PEBOTIOLIMOHHBIX METOJIOB CBEPXOBICTPOM AU(PPAKIINK C ATTOCEKYHTHBIMU
ONTUYECKUMU UMITYJIbCAMH MO3BOJIUT PACIIUPUTH (PU3UKY CBEPXOBICTPHIX
MPOLIECCOB HA HCCIEIOBAHUE pPAHEE HEU3YYCHHBIX 3a1a4 IIyTeEM
WHUIIMUPOBAHUSL U XapaKTepHU3allud SKCTPEMAIBHO OBICTPOM JTWHAMUKHU
KBAHTOBBIX CUCTEM.

JIns aHanM3a MEXaHU3MOB T'E€HEPAIMHA aTTOCEKYHIHBIX MUMITYJIBCOB U
YCKOPEHUs JIEKTPOHOB MPOBEIEHO CYNEPKOMIIBIOTEPHOE MOACIUPOBAHKE,
OCHOBAaHHO€ Ha YHWCIEHHOM pEIIEHWM ypaBHEeHUN Makcseiuia-Bracosa
U1l JTA3€PHO-MHAYUMPOBAHHOW TIIa3Mbl C MCIOJIb30BaHHEM 2+3+1-
MEpHOro (ZIB€ TMPOCTPAHCTBEHHBIE KOOPJWHATBHI, TPU KOOPAUHATHI
MMITYJIbCA YaCTUIl U OJIHAa BpeMeHHas koopauHara) PIC-kona.

IToxa3zaHo, 4TO HEIHUHEWHAs JSJIEKTPOAMHAMMUKA JIA3€PHOU IIa3Mbl
MO3BOJISIET PEaJnu30BaTh HEOOBIYHOE CBSI3aHHOE COCTOSIHME CBETa W
BEIIECTBA, B KOTOPOM AaTTOCEKYHJIHBIE PEIISITUBUCTCKUAE JJIEKTPOHHBIE
IIy4YKU, UHKEKTUPOBAHHBIE C ITOBEPXHOCTU UHAYLUUPOBAHHOI'O JIA3€PHBIM
U3JIyYEHUEM IJIA3MEHHOT O 3epKana, CUHXPOHU3UPOBAHBI Cc
ATTOCEKYH/IHBIMH ONTUYECKMMHU HMITYJIbCAMU, H3JIIYYAEMBIMU B XOJE
PEIISITUBUCTCKOrO B3aUMOJEHUCTBUS JIA3EPHOI0 U3JIyYeHUs C Iu1a3mMou. 1lpu
LEHTPAJIIbHOW JJIMHE BOJIHBI 3aJAI0LIET0 MMITYJIbCA, JIEKAIIEH B CPEAHEM
UK nmnama3zoHe, Takve Iyrd CBA3AHHBIX ATTOCEKYHIHBIX JJICKTPOHHBIX U
ONTUYECKUX HMIYJIbCOB MOTYT OBITh CIE€HEPUPOBAHBI JIA3EPHBIMU
HMCTOYHUKAMHU C CYyOTEpaBaTTHBIM YPOBHEM MUKOBON MOIIHOCTH, TTO3BOJISIS
pacliMpuTh 00JACTU TMPUIIOKEHUM  CYHIECTBYIOIIUX JA0OpPaTOPHBIX
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Ja3epHBIX cucTeM, pabotarommx B cpeaHem WK namanazone, Ha
WCCIIEIOBAHUSI B CXEME HAKA4YKa-30HIAMPOBAHUE CHUCTEMBI JIEKTPOHHBIN
My4OK — AaTTOCEKYHJHBIA UMIYJbC C OECHPElEeACHTHO BBICOKUM
BPEMEHHBIM Pa3pEIICHUEM.

PabGoTa BhimonHeHa mpu noaaepxkke rpanta PODU 18-32-00782 u
doHja pa3BUTUS TeOpeTHYECKOU pu3uku U MaremaTuku «bBA3UC.
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¢ ¢eKTUBHOCTH ANKOHBEPCUM JIIOMHUHECHEHIIUU B BOJIHBIX
pacTBOpPax HAHOYACTHUIl OPTO-BAHAIATA UTTPUS JIONIMPOBAHHOIO
UTTEpOUEM U IpOUEM

A.l'.llImeneB 1’2, N.3.JIaTeImoB 1’2, M.A.CmupHOB 2, HN.B. ®enoros 234

Jlabopamopusi @omonuku u KeaHmoswvix mexuonoeuti, Kazanckuil KeaHmosulil
yenmp, KHUTY-KAH, Kazanw, Poccus

Kaszancxkuii  guszuxo-mexnuueckuit.  uncmumym um. E.K. 3aeotickoco ©DUI]
Kazancxuu nayunviu yenmp PAH, Kazans, Poccus

Mescoynapoonviti  nasepuviti  yenmp  Mockoeckoeo — 20cy0apcmeeHHO20
yHugepcumema um. M.B. Jlomonocosa, Mocksa, Poccus
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OKCNEpUMEHTAIBHO  YCTAHOBJIEHO, YTO MOKPBITUE HAHOYACTHIL
OpTOBaHa/JaTa WTTPUS  JOMUPOBAHHOTO  HUTTEpOMEeM U  3IpoOuem
CYIIECTBEHHO BJIMSICT Ha JIIOMHHECHEHIMIO B 00iactu 540-550 HM naxe B
BBICYIIEHHOM COCTOSIHUHU.

Hanouactuiiel coctaBa YVO,:Yb,Er Ob1mn BeipaliieHsl B 1a00patopuu
KBantoBoii ontuku B anmazax KOTU ©@UI[ KazHI[ PAH
ruIpoTepMaibHbIM  MeTOoAOoM [1]. CpegHuil pasMep YacTUI[ COCTaBJIISLI
50 uM. B pabote ucmonb30BaHbl YacTUIlBl 0€3 OTXKUTA MPU TEMIIepaType
1000°C a Takxe OTOAKEHBIE O€3 3alIMTHOM KPEMHHUEBOM 000JIOUYKON M
OTOKEHHBIE M TOKPBITHIE 3AIIMTHON KPEMHUEBOUN 000704KOW. PacTBOpHI
HAHOYACTHI] MOMENIATUCh HA MPEIMETHOE CTEKJIO W BBICYUIMBAINCH MPU
KOMHATHOM TeMIleparype B TeUeHUU 6 yacoB. JJis perucTpaiu CeKTpoB
JFOMUHECIIEHIIMY UCIIOIb30BaJIOCh BO30YXI€HUE HA JJIMHE BOJHBI 980HM
nazepom Micron Lux momrHocTh nazepa 100MBTt. M3nmydyeHue Hakayku
dbokycupoBasioch Ha o00pas3lie CHU3Y 4Yepe3 MNPeAMETHOE CTEKIO C
noMonipl0 00bekTHBa 20X (Ha oOpaseny magano npumepHo S0MBT).
N3nydenune TIOMUHECIEHIIMM HaHOYacTHUIl cobupanoch 50X 0OBEKTUBOM
NA=0.70 c BepxHEel TOBEPXHOCTH NPEAMETHOrO CTEKJA, TAEC U
HaXOJWINCh BBICYHIEHHbIE HAaHOYACTHUIbI. V3mydeHuEe ITIOMUHECIICHIIUU
OTACISUIOCh ~ JUXPOUYHBIM  3€pKaJioM, HakKadyka  TIOCJie  3TOro
dunerpoBasiack ¢uabtpom FELH-800. C mnomompio acdepudeckoit
KOPOTKO(OKYCHOW  JIMH3bI ~ OT(QUIBTPOBAHHOE M3JYYEHHUE HAKAYKU
3aBOJUJIOCH B MHOT'OMOJIOBOE BOJIOKHO M C TIOMOIIBI0 MUKPOOOBEKTUBA 4X
BBIBOJIUJIOCH M3 BOJIOKHA U (POKYCUPOBAIOCH JUTMHHOMOKYCHOM JTMH30M Ha
BXOJHOM 1IEJIM MOHOXPOMATOPA.
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Cnextpsl Ha puc. 1. momydyeHsl Ha MoHOxpomaTope SolarLS M266.
Okcno3unus — 34¢, KOIUYECTBO KaJpOB yCpeAHEHHs 77, BXOJHAS IIEIb
400mkM. M3 Bce CHEKTpPhl CKOPPEKTUPOBAHBI MO CIEKTPY CHATOMY C
YUCTOTO MPEIMETHOTO CTEKJIA.

SApKyro JIIOMUHECICHIIMIO (3aMETHYIO I'J1a30M) Ha JJIMHE BOJIHBI 520-
550 HM yjanoch 3aperuCTPUPOBATH TOJBKO JJIsi TPEThEro pactBopa. Bo
BTOPOM BHJIHBI HEKOTOPHIE CIIEKTpaJIbHbIC JIMHUU 3pOus B obnactu 520-
550 HM, HO OHU ciabee Ha JABa-TPU MoOpsAlKa. B HEe OTOXKEHHBIX YaCTHUIIAX
HE yJajloch OOHAPYXXUTh HHMKAKOM JIOMHHecHeHIuu. CleayeT Takxke
oOpaTuTh BHUMaHHE Ha JIIOMUHECHEHIMIO B obsnactu 650-700 uM, koTOpas
OKa3ajach MHTCHCHUBHEE B HECKOJBKO pa3 sl OTOXEHHBIX 4YacTull Oe3
3aIUTHON 000JIOUYKH.

UCNP - coated and annealed
—— UCNP - annealed
—— UCNP - raw

Intensity, a.u.
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Puc. 1. CnexTpsl JIOMAHECIIEHIINN BBICYLIEHHBIX PACTBOPOB HAHOYACTHI]
YVO,Yb,Er

I[JIH BBISICHCHU A MCXaHHN3MOB IIPUBOJAIINX K ITIOJaBJICHUIO
JJFIOMHUWHCCIICHIITN Tpe6YIOTC${ JOITOJIHUTCEIIBHBIC UCCIICAOBAHU.

[1]. D K Zharkov et al 2019 J. Phys.: Conf. Ser. 1283 012015
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Genetically encoded fluorescent sensor proteins are widely used in
biological studies as a tool to monitor various processes in biological
systems and organisms, since the proteins can be made responsive to target
analytes. Apart from popular intensiometric and ratiometric readouts of the
protein state, other readouts, e.g based on fluorescence lifetime (FL) could
be advantageous, although the behavior of FL response may differ
significantly from ratiometry.

In this work we present a system for FL measurements by time-
correlated single photon counting (TCSPC) [1]. The setup is based on a
Ti:Sapphire femtosecond laser used for two-photon fluorescence excitation
in NIR range (740-860 nm) and single-photon excitation by using either
the second harmonic of Ti:Sapphire pulses generated in BBO crystal (370-
430 nm) or broadband supercontinuum (475-900 nm) generated in
photonic crystal fiber and filtered out by narrowband filters. The system is
equipped with fast single-photon avalanche detector (SPAD) for detecting
the fluorescence signal and TCSPC board with 25 ps time bin, providing
high sub-nanosecond resolution.

Wide spectral range of excitation light and high temporal resolution
make the system suitable for measuring subtle changes of FL in various
conditions. In our work we studied the FL behavior of cpYFP-based
proteins: HyPer-3 peroxide sensor [2] and SypHer3s pH probe [3]. We
acquired pH-dependence of SypHer3s FL, revealed the multiexponential
fluorescence decay curves of HyPer-3 and registered its intrinsic FL
decrease with peroxide addition. The results of our work may be useful for
building FL imaging systems based on studied proteins and further
development of sensor proteins tuned for significant FL response.
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