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Problems Under Discussion

1. Introduction: guantum storage and superfluid properties
of polaritons

2. Modern optical cavities for trapping and processing of
photons.

3. Low dimensional lattice models for trapping and localization of
coupled matter-field states —polaritons ;

4. Nonlinear properties of polaritons in the lattice; Solitons;

5. Quantum storage and memory with atomic polaritons.




Motivation

It is connected with modern problems of quantum information and communication - key

problems for quantum cryptography.

In QC-systems information transmitted and processed by means of quantum
states |‘P):)f small amount of photons with different basis of light polarization.

Conceptual scheme of QC
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Experimental set-up, Wien University, 2004
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Basic principles

CDyH,D,aMeHTaJ'IbH bleé OorpaHn4yeHus

v' HEBO3MOXXHO KONMPOBaTb HEM3BECTHOE KBAHTOBOE COCTOSIHUE.

v’ Kaxxgoe namepeHne BHOCUT BO3MYLLIEHNE B CUCTEMY .

v' HeEBO3MOXHO C abCOMOTHOM TOYHOCTLIO OHOBPEMEHHO U3MEPUTL
nonapusaumio oToHa B ropnu3oHTarbHO-BEPTUKANIBHOM N AnaroHansHOM

basuncax.
[MpakTnyeckmne npobnemoi

v' OAnHOYHblE POTOHBI — O4YEHb XPYNKME 0OBEKTbI: HY>KHbl 3XEKTUBHbIE
MEeTOobl YpaBNeHNs X COCTOAHUAMMU U NePENYTbIBAHNEM.
v" Hy>XHbl METOABI ONTUMAaNbHOIO N3MEPEHUS XapPaKTEPUCTUK OAMHOYHbLIX (POTOHOB

v' HyXHbl 3atpbpekTrBHbIE METOAbLI OTPAXKEHNSA aTak NOACNYLUNBAHUS..

QKD Link

QKD Device ‘

Quantum Channe |

Classical Channel x

-

Eve

Bo3moxHoe pelweHune - KBaHTOBAad Nam4aTtb . XpaHeHUne U MmaHunyJmposaHue
KBAHTOBbIMU COCTOAHUAMU CBETA.




Classical Information Processing

Classical memory devices

v'Operate with classical signals (bits);
v'Storage time physically is very large;
v'Restored signal is “ideal”.

Classical storage

classical fidelity

input
imag_e

output(stored)
image
Classical fidelity is limited by

classical (technical) noises in
memory device




Quantum Information Processing

Quantum memaory “device”

v'Operate with quantum signals (qubits);
v'Storage time physically is restricted by

time of decoherence of storage device,;
v'Restored signal is modified.

Quantum fidelity Grgi h_ Lab. USA

Input state >
utput state
Fidelity is limited by quantum

noises and matter-field
decoherence effects

Storage device- “black box”

-



Basic Requirements for Quantum Memory

We need to have:

1. Coherent atom-field interaction for a long times (for current experiments
storage time is <100us ;

2. Effective manipulation by group velocity of light.

EXxisting processes preserving coherence for that are:
- EIT effect in atomic systems (M. Lukin, L. Hau et al )
- QOND type schemes of atom-field interaction (I.Cirac, E.Polzik, et al );
- Photonic crystals, coupled resonator optical waveguides (CROW'’s),
(M. F. Yanik, S. Fan).
- Photon echo (S. Moiseev, et al)

Our proposal is based on to usage of

1. Band-gap structures for complete localization of the light,
2. Coherent (superfluid) coupled matter-field states — polaritons




Kakue PesoHatopbr Ham HyxHbr?

3akpbITble CBY-pe3oHaTopbl?

Baitinwmeitin JI.A. OTKpbITBIE pe30HATOPLI H OTKPLITHIE
BoJIHOBOALIL. M.: CoB. panuo. 1966. 475 c.
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LCc’:IV
MeXMOAOBbIN MHTEpBarn YacToT: [lMckoBbIW pe3oHaTop Ha AnMHe BonHbl 11-13MmMm,
A.U. Bapyykos, A.M. [poxopoes , Pagnotex. un
Avoccl Ly, aNeKTpoHio 14, 2094— (1959)

Yncno BbICOKOAOOPOTHBIX KOrebaHuim Ha ONTUYECKNX YacToTax

oyeHb Benuko Tak kak L., >> A, rge A - anuHa BonHbl ceera.




OTKpbITblE PE30HATOPLI - F0.A. AHaHbeB,
OMNTUYECKWE PE3OHATOPbI W JIASEPHAIE MYYKU , Hayka, 1990

>H(

NasepHore PesoHatoper

R

~-E

§ 2.1. OGume cBeneHust 00 OTKPBITHIX pe30HATOpPAX

Havansuslie csenenusa. HemHoro ucropum. Insa cyuecrteoBaHus caMOH BO3-
MOXHOCTH reHepauumu Tpebyercs, yTo6bl pe3oHaTOp HMell CpaBHUTeJIbHO NOGpOT-
Hble (MejyieHHO 3aTyxawiuue) cobcTBeHHble KoneGaHMA, WIH MOJBI, YACTOTHI
KOTOpPBIX MPHXOOATCA HA MOJIOCY YCHIICHUA aKTHBHOM cpenpl.

PESGHaTprI OITHYECKOro JMana3oHa NMpejcTaBlIAl0T cob0OH BechMa cncuﬂtbu—
YeCKHE pe30HaHCHBbIe CHCTeMbl, rJTaBHbIM oOOpa3oM, Gnarogapd TOMYy, YTO HX
cobcTBeHHBIE pasMephl OOBIYHO Ha HECKOJIBKO MOPAAKOB MPEeBbINIAIT paboyyio
JUIHHY BOJIHBI. ITO HCKJIYaeT BO3MOXHOCTh NMPHMeHEeHHA LKPOKO paclipocTpa-
HEHHbIX B CBU-AMamna3’oHe 3aKpbIThIX PE30HATOPOB, MNPEICTABISIOLIMX COBOI
3aMKHYTYI0 IOJIOCTh ¢ OTPAXKAWIHMH CTEHKAMH: YHCIIO BhICOKOZOGPOTHBIX KO-
nebaHKMK Ha ONTHYECKHX YacToTax Y HHX OpuTO GbI HeMoMepHo Beiuko. [Toatomy
3[eCh UCMOJIL3YKTCA OTKpbITbie, He HMeKlHe OOKOBbIX CTEHOK, pe30HaTophbl, B
NPOCTEHILUEH CBOEH MOOMPHUKALMH COCTOALIME H3 JABYX YCTAHOBJIEHHBIX OpYT
MPOTHB [pYyTa 3epKall, MeXAy KOTOPhIMH H NOMellaeTcA aKk THBHas cpena. Cama

Knaccuyeckun pesoHaTop onrrggggg@
®abpu-llepo ,




Onatb 3axpurtere PesoHaToper

BonHbl LLenuywen anepeu  ompeciu
C MMIAHTCKOW Agmoocfbﬂ

bpazuncruii B.b., Havuenxo B.C. CBolicTBA ONTHYECKHUX JIM-
3JleKTpuueckux pesoHaropos // Hokia. AH CCCP. 1987, T. 293,
Ne 6. C. 1358—1563.

Lenyywaa ranepes nog Kynorowm
cedaToro [1asna B JlIoHOoHe

LM

. BonHa wenuyweii ranepeun y noBepxHocTu BoO-
rHyToro 3epkana. CrpenkamMv ykKasaHbl HanpaBleHWs
BXOOa W BbixoOa BOMHLI. O — UEHTP KPUMBU3HLI 2epKana,
o. — YIron ckonexeHusa, PP 1 QQ" — KacaTenkHble K MNo-

BepxXHOCTW 3epkKana
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Optical Microcavities; Outlook
Kerry J. Vahala, CalTech. 2003

Fabry-Perot Whispering gallery Photonic crystal
Micropost - - - -
P Microdisc Semiconductor polimer

o S

>

= Ve g

V: 5 (Wn)?
Q: 12,000 Q: 13,000
V:6 (Mn)* Q. 7,000 Qpgy: 1.3x105 V: 1.2 (A/n)?
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F: 4.8x10° Q: 8x10°
V: 1,690 um3 V: 3,000 um3 Q- 10°
N is the material refractive index, Qs quality factor, fs a finesse, \é cavity volume , if

not indicated, was not available. Two

polymer design, onw and the second for a IlI-V semiconductor design.

lues are cited for the add/drop filter: one for a



Atom Near the Surface of a Toroidal Resonator

Scheme of SiOforoidal resonators chain - CalTech, 2011

0

cold Cs
atom

Temperature of the cloud

Experimentally achieved single photon

Rabi frequency is 5OMHz

T =10uK

10

WG Modes

-

12
p (um)
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Photonic Crystals (PhC)

Periodic dielectric structures with photonic band gaps

/Lord Raylelgh 188\

//4

periodic in periodic in penodic in
one direction two directions three directions

IS medium with dielectric constant 81

. IS medium with dielectric constant 82

Textbook: J.D. Joannopoulos et al, Photonic Crystals. Molding
the Flow of Light, PRINCETON, 2008




2D Photonic Crystals with Defects
How else can we confine light?

Point defects Line defects (waveguides)
(microcavities)
© ® 0.0 @ O
® 0. @ © oW @ o O
O ‘;@ O O @& O O
O O @ O O
e e e O O O O O O
a~0.5-2um Guiding light in air due
Main features to gap only!
v'Quality factor is ~10° ; ;
v Cavity volume is very small: 1.2(a/n)° ~1um

Such a properties can be used for effective atom trapping




Polaritons in Atomic Optics
Atomic polaritons; definition

Polariton= C VVWW\»+ X i

—8-0-0-8-a

Photon polarization

Quantum coherence and phase transition under the atom-field interactic

- M. Fleischhauer, M.D. Lukin, Phys. Rev. A 65, 022314 (2002) - EIT polaritons ;
- A.D. Greentree, et al, Nature Physics 2, 856 (2006) — polaritons in PC cavity array;,

" Two-level atoms or A
guantum dots
\(A.P. Alodjants, et al, 2009) y

We should have:
(i) Photon confinement to create finite photon mass;
(i1) Cavity to increase time of atom-field interaction.




Microcavities with defects in band gap
spatially-periodical structures

Microcavity in waveguide Microcavity based on defects in PC

Ripin D.J. et al. J. Appl. Vuckovic'E. et al. Phys. Rev. E. 65, 016608 (2002)
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The Model of 1D Cavity Chain with Two-level Atoms

The Scheme; E.S. Sedov, A.P. Alodjants, S.M. Arakelian, Y.Y. Lin, R.-K. Lee, 2012

Huppmg Field
N n 2
Cawty Field Hwe o< J:2
Interactlng ( I
atoms -
Numerical estimatuons taken 1or runiaium atoms:
Average resonance frequency for D-lines is w,, [ 27 =382THz
Spontaneous emission rate is I' =~ 38MHZz
Atom-field coupling strength is g = 27 x63.2GHz
Number of atoms at each of cavity is N = 5 witheatomic density p=10"cm™
Cavity field decay rate is 7. =21 x30MHz
Atom-atom coupling rate is n = 27z x0.73kHz !



Basic Equations
The Hamiltonian Is

AN M A A A A A A A A A A A A A A
H e = hz{Aa?ai +g(aibi+abi)- S| abibib +abibib |+
=1

Photon-atom Nonlinearity
interaction
77 AT A AT A AT A AT A AT A
+—L|bibibibi = Nbibi | —-a|ai ai.s + ai1a

el

Atom-atom Photon t i
Interaction oton HNNEing
Discrete Heisenberg Equations for photonic field and aéomic polarization
operators bi
.0 A 1 [(~tn n U N 21 ata A
| —Di =0 ai——(ai bibi + 2aibi bi) —n i +——Dbi bib;
ot 2N N

128 = a8 —a(an+an)ro  b- ot (B55)|
ot




Mean-Field Equations in Continuous Limit
Mean field approach:

ai (2 ) [N =w/ N bi —>(b1) /Ny = B/ N

Photonic field variable Atomic polarization variable

2
+

2

N . =

ool Is total number of polaritons

(@)1 +|(®)

Normalization condition: V% ° +| Yi; F=1

Mean field equations:
Iatw - (A_ 200 — '7/0)‘// —ad Zaxxw + gﬁ_usat ﬁ |2 18

i0,8=—~(Ty +n)+9y Uy | B2y +2y | BI |+U | B B

U, =27n, U.,.=gn_ /2 =
in 0 sat — 39 'pol npO' - Np0|/N




Multiple-Scale Envelope Function Method

C. M. de Sterke and J. E. Sipe, Phys. Rev. A 38, 5149 (1988)
The core of the method Is

(i) Different time and length scale

t =A™t X, =A"X A<K1, m=0,12,...

(i) Small parameter expansion

v = Ay + 1% + P 4
LB=A10 +1°B9 + 1°B® 4 .




Dispersion Characteristics

~ A i0, v O =(A-2a—iy)y™ d252w(1) +gpW

atoﬁm =—(ir, +n)p +gp"

Plane wave solutions: p = EWelloeh) 5 — 9 EWgilke-ot)
w+n+Il,

Dispersion relations:

lari ,/: 21 d’k*) .
Upper polariton ~__—" .- 0w, =—|A-n-2a|1- -i(y,+Ty)
branch __— .~ -2 2

-
-
-
-
-
-
-
-
-
.
-
-

1/2

)] —_._._.EJ.+_._._._._.t;;,a_._._._._._._._._._._._— [[ ( dzkzj - ]2 ZJ
,,,,,,,, | || n+A-2a|1- —i(y.-Ty) | +49
10| T =TT 2
,,,,,,,, o _ =" Lower polariton
-20 | P branch | The parameters are:
L~ k=01 y=0,g=10, o =d =1

—30 ! | |
—20 -10 0 10 20

/A, detunung




Polariton Group Velocities

Wave equation for optical wave packet envelope:

~ Q% (8tl —I—Viﬁxl)E(l) =0 o2

| Photen:like
Group velocities: » ) >
A5 F |
2akd?Q?
V, =00, = 2 > i
Q7 +9 =00 | l
where
o s i ilis_inVaaa V2] _
=~ o~ i( —ly) + ) ~
; 2[ rE((oir) +49 } Atom-like
0 . | | .
=y.— I —50 —25 0 )5 -
T A, detuning
Strong coupling condition: The parameters are:

7, I’ <g k=01 =0, g=10, a =d =1




Ginzburg-Landau Equation for UB Polariton-Solitons

2 2
~ 783 joF [ 1oY ‘W =—ig |Y[ \P+|528LP
. 62’ 2 OX° OX*

h — JE® s field amplitud Noniinear Diffusion
where W = A E Is fleld amplitude absorption

2 %1073

Perturbation coefficients 81 and 82
1.5x107 F

1107 |
“-.
oX)

The parameters are: 0 sxi0o L

0 r

g = 2m x 63.3GHz, o = 27 x 10GHz, i
Ye = 2m x 30MHz, I'y = 27 x 6MHz, _(s5x10”
d = 5pm, npe = 0.01.




Perturbed bright UB polariton-solitons

V.l. Karpman, V.l. Maslov, Perturbation theory for solitons, JETP 75, 537 (1977)
Bright soliton solution:

Y (7, X) = 2Asech [ZA(X _ é/(z'))] air(7.%)
A, ¢ (7), @(z,X) are amplitude, position and phase for the solitons

Equations for perturbed soliton parameters

A= _2(251 + &, ) A —%%VZA -2 for amplitude
. 16 5
V= —?82VA -2 for velocity
.V
g = > —> for position
V2

5= 7+ 2A° —> for phase



Bright Polariton Soliton Parameters

4 ' f ' 'R
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Field decay rate 7, = 27 x30MHzatom spontaneous emission I =27z x6MHz
Atom-field coupling strength g = 27 x63.2GHz,
Photon hopping parameter o =27x10GHz, Cavity size d =5um,

Polariton number density n, =0.01




Storage of Quantum Optical Information

2 2
LB polaritons as coherent wave packets S = |‘P(X1t)| / |T(0’0)|
versus normalized time T =at/m f? g spatial coordinate X = x/ f

f is width of polaritonic wave packet.

Normalized probability density

)
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Normalized detuning

(1) (3)
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1 — writing stage), :
2 — storage stage (“stopped” light), Displacement of wave packet

3 — retrieving stage t
pO

The storage time is limited by excited level lifetime which is about 27nsec.



Conclusions

X COBpeMeHHbIe KBAHTOBbIE TEXHOJIOIMMA MNMO3BOJIAKOT CO34aBATb MUKPO — N HAHO PE30OHATOPbI
BbICOKOW ,El,06pOTHOCTV| N OCylLeCTBUTb CUJIbHYIO CBA3b MeXAYy OoTAEelfIbHbIM aTOMOM U MOJIEM.

% [Ona KBAHTOBbIX BbIYUCMEHUN OCODOOE 3HAYEeHWEe MMEKT PeLleTKn Takumx Pe3oHaToOpoB —
NONAPUTOHHbIE KPUCTanbl, NO3BOMAOLWME MOMHOCTbIO NOKann3oBaTb MONSAPUTOHbI B CBOEN
cTpykType. CunbHas HENMHENHOCTb B 3TOM Clnyyae rapaHTUpyeTcsi NoNsApUTOH-NONSIPUTOHHbIM
paccesiHueM.

% C TOYKM 3pEeHUs KBAHTOBOW 3anucu WU XpaHeHus WHdopmaLuUnm o0cobbii UHTEepec
NPeacTaBnsAT YCToNYMBble 0Opas3oBaHUS - MOMSPUTOHHbIE COMWUTOHbLI, YMCIIO YacTul, B
KOTOpbIX bnarogapsi 60nbLION HEMMHEMHOCTU MOXKET OblTb O4EHb MarbiM.

“+KBaHTOBasi 3anncb N XpaHeHMe WHdOopMaLMM B 3TOM Cryyae MOXET OblTb OCHOBAHO Ha
ahheKkTMBHOM ynpaBneHum NonapuUTOHHbIM BOMHOBbLIM NMakeToM B cpeae.

Recent Publications

v I-H. Chen, Y. Y. Lin, Y.-C. Lai, E. S. Sedov, A. P. Alodjants, S. M. Arakelian,
R.-K. Lee, Phys. Rev. A, v.86, p.023829 (2012),

v' E.S.Sedov, A.P.Alodjants, S. M. Arakelian, Y.Y.Lin, R.-K. Lee.
Phys. Rev. A, v.84, p. 013813 (2011).
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Quantum and Atomic Optics at VISU

The goal is investigation of fundamental problems of coupled
matter-field states for quantum and classical optical information
transmission and processing

Main directions of our activity

1. Quantum optics with ultra-high density atomic gases.

+*** Thermalization of coupled atom-light (dressed) states;
*» High-temperature phase transition problem for polaritons trapped in
metallic micro-waveguides in the presence of optical collisions;

2. Quantum optics and quantum information with band-gap
structures and waveguides
% Polaritons in band-gap atomic and solid state 2D microstructures;

/

* Quantum information processing with coherent polaritons at matter-field
interface.

» Design of waveguide and interferometer containing circuits for quantum
iInformation transmission.

4
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Members of Quantum Optics Group at VISU

Professor , Dr. Sci. Professor, Dr. Sci. Associate Prof. Dr. Associate Prof. Dr.
Sergey M. Arakelian A.P. Alodjants Alexei V. Prokhorov Andrei Yu. Leksin
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PhD Students

Igor O. Barinov Mikhail Gubin Igor Yu. Chestnov Evgenii S. Sedov Martin V. Charukhchyan




Third Russian-Taiwan School-Seminar on Nonlinear Optics and Photonics

June 14-17, 2013
Suzdal/Viadimir, Russia

Eonferance

Joint Taiwan-Russia School-Seminar on Monlinear Optics and Photonics will be organized for the third time. The previous two joint Russia-Taiwan symposia "Monlinear Optics and Photonics®
were organized under the NSC-RFBR program in the beginning by the International Laser Center of MSLU in Moscow, Russia in 2008 then by Institute of Photonics Technologies, Mational
Tsinghua University, in Hsinchu, Taiwan in 2011. These symposia were a success and provided a basis for further interaction and research co-operation of two complementary scientific

communities in Taiwan and Russia. As a result of face-to-face interaction and fruitful discussions several research groups from Taiwan and Russia began scientific collaboration in fields of
exnerimeantal and theoretical modern non-linear nntics and nhotonics

http://agora.guru.ru/rts-nop-2013

TTpurnawatrotca Bce 3auUHTepecoBaHHbIeE!
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RRIL S -
Pycckmid  En
Russian Quantum Center

CTuneHanm ong Monoabix YY€HbIX

Poccuiickmii HeanToBblid LleHTp 00DBABNAET HOHKYPC CTMNEHAMANDHbIX MNPOrpamMm ANA TANAHTAWMBBIX MOMOAbIX
YHEHbIX CpeaM HaHAWMAATOE HayH M AcNUMpaHToB. CTUMNeHAWAmMM ByayT HarpawaaTecA nobeagutend, oToDpaHHble Ha
OCHOBE MEX AYHAPOAHOID HOHHYPCA.
RQC obecneqvBaeT WHPOKKIA CNeKTP BOZMOMHOCTER ANA NpoEeAeHWA MCCNeA0BaHWA B 0DNAcTH KEAHTOBOH ONTHKM
M HBAHTOBBIX TEXHOMOMMHIA:

+ KBauTOBAA ONTHEA + HBaHTOBaA MHMEHepHA

+ KBaHTOBbIE MaTepMansi » HaHodoToHMKEAE M MEeTaMaTepHansi

+ HepaHTOB@aA 0DpaboTha MHQOpMaLLMM

33aABHKH M NEepeYMCNeHHbIe HH#E A0OKYMEHTBI CReayeT HanpaenAate Ha noyTy fellowApplication@rgc.ru gao 10

tdeepana 2013 roga:

BeceHHa9 LWWKONA

Russian Quantum Center is organizing a Spring School for graduate students and postdocs on March 17-23, 2013
in Moscow. The School will cover following topics:

- Nonlinear optics and advanced photonics - Quantum technology of light
» Quantum physics with superconducting circuits - Optomechanics

NTER A TTONABCONGERENGEINBIIN +NOLOGESI

The Second International Conference on Quantum Technologies will take place in Moscow on July 20-24, 2012. It
i1s organized by the Russian Quantum Center. We expect this interdisciplinary meeting to bring together over 100
experts from various fields of physics exploring frontiers of quantum technologies and include sessions on

e mesoscopic physics, « quantum information,
¢ quantum optics, e quantum communication. -
e o molecules. http://www.rgc.ru/about/



BbiBOAbI

[TlonseneM KPATKHE HTOr CKazaHHOMY. B cHny Toro 4to mo camMoifl NTOrHke cBoe-
ro pa3BHTHA CHCTEMa HayYYHBIX HCCNeaoBaHHH W Hay4yHoro obpaloBaHHs HenmpepbIB-
HO OTArOIUAETCA IPOMO3AKHMH AAMHHHCTPATHBHBIMH CTPYKTYpamMH, 3aboramn dH-
HAHCHPOBAHHA H TAMEJNOBECHBIM MEXAHHIMOM pernaMeHTAUHA H NIaAaHHPOBAHHA,
CTAaHOBHTCA Oomnee yem korgoa-nubo HeoOXomumMBIM OXpaHATh ceBoboaoy Hay49HOroO
TBOPYECTBEA H CBODOOHYHO HHHUHATHBY OPHIHHANBHBIX HCCNEAOBaHHH, MOCKONLKY
3TH (AKTOpPEl BCeraa ObIMH M OCTAHYTCA CAMBIMH NNOJOTBOPHBIMH HCTOYHHKAMH
BETHKOro nporpecca Hayku.

25 anpens 1978 r. JIyu oe Bpoiiae

Cnacubo 3a sHumaHue!

Alexander AP@list.ru
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