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"I Did It My Way”
v'1985-1990, Education:

Erevan State University, Physics Department , Armenia

v'1990-1993, PhD:

M.V. Lomonosov Moscow State University, Physics Department
Supervisor is A.S.Chirkin

v'1993 - Candidate of Physics and Mathematics, MSU
v'1993-1995, International Laser Center, MSU, Post..Doc .

v'1995-2010, Assoc. Professor at Dept. of Physics and Applied Math. VISU
v'2009, Doctor of Science, Institute of Laser Physics, SBRAS, Nonsibirsk

v'1999-2000, Graduation at Innsbruck University, Austria,

v'2010-... Professor at VISU Group of Prof. P.Zoller

v'2013 Russian Quantum Center, Skolkovo

I have more than 50 papers in Refereed journals. They are
Physical Review, JETP, JETP Letts, Applied Physics, IOP etc.



CopepxaHue Kypca

TNANMLIN_NMAOTIAUONUVIA
TVIVITIV VI VITTOVUIWI

X
O

NnNNTNAaLlia
Vool uJzinivi

¢

v'BeBegeHue: Kputnyeckme aBneHuns
COCTOSHUAX cpenbl 1 nong;
v'HoBble AABMEHNS B aTOMHbIX ra3ax CBEPXBbICOKOro AaBEHUS,

Jlekumns 2. BuicokoTemnepaTtypHble doa3oBble nepexoabl B
aTOMHO-ONTUYECKMX CUCTEMAX.

v CBepxusnyyarenbHbiii da3oBbin nepexon dotoHoB npu OC;

v 1D B3OK aToMHbIX NONSIPUTOHOB B MUKPOTPYOKaX ;

v'2D B3K doToHOB.

Jlekumnsn 3. KBaHTOBbIE TEXHOMOMMM CO CBSI3AaHHbLIMU
COCTOAHMAMMU cpenbl U nong.
v' COBpEMEHHbIE TEXHOMOMMK AN yAepXaHus 1 MaHUNyNUpPoOBaHUS aToOMaMMU;
v TToNspUTOHHbIE KPUCTaNMbl - HOBblE KBAHTOBbIE MaTepuarbl A8 XPaHEHUS U
n 06paboTkn MHOpMaLNK;

v TToNsspUTOHHbIE CONUTOHbI- HOBblE OOBLEKTHI ANA nNepeagavn nHpopmaumn,

doasoBble nepexoabl B CBA3AHHbIX

Oowasa nHdopmauusa




Ultra-High Density Atomic Gases

Old question: What happens to radiation when many atoms interact
“collectively” with light and how we can implement that?

Dilute atomic gases ;
nA” <<1

n<<10%em™

/1 is atomic gas density, 3

A =1um is light wavelength .

A Such densities are typical for atomic BEC and EIT
/A\ observation, for various schemes of quantum optical
memory

ni’ >1,

n=10" =10"%cm™’

Ultra-high density
atomic medium



Plan of Lecture 1

1. Bose-Einstein Condensation (BEC) phenomena.

2. Outlook of phase transitions and coherent effects for various
coupled matter-field states in condensed matter physics.

3. Thermalization of coupled atom-field (dressed) states in the
presence of optical collisions.

- atom-field interaction in dressed state picture;
- the effect of optical collisions.

4. Outlook



bose-3uHwTenHosckuU KoHaeHcaT (B3K) -
HOBOe COCTOsHUe matepum

C 1995r. HaunHaeTcHa HOBaf 3pa B UccnegoBaHMN BellecTBa

Bce aToMBbI B OJHOM H TOM :Ke
COCTOHAHHH

4.

Eric A. Wolfgang Carl E.
Cornell Ketterle Wieman

AToMBI GOPMHPYHT 0JHY
00/JIBIMIYI0O MATEePHAJIBLHYH
BOJIHY Je¢ bpoH.1a

JILA 87Rb MIT 23Na



YcTaHOBKG MO NOMYyYEeHUHO ATOMHBLIX
KoHAeHcaToB

B.KeTttepne, YOH, 1. 173, c. 1339 (2003)

1. FTny6bokoe nasepHoe oxnaxaeHue

2. OXHa)KAeH“e ncnapeHmem MarHurto-onTnueckas JIOBYLWIKa



TToHuxeHue Temnep GT’EPBK- rnasHbLIU cNocob

nonyveHus aTOMOB
Temperature L
1000 K [\
_Chemistry Thermal De Broglie wavelength I B
Conventional :
2
2rh
1K |- Liquid He Z’dB —
i mk T

elocity Selected
Atomic Beams

1 mK

[llustrative plot of various
phenomena along a scale

Doppler Cooling
Optical Traps

H'\
- Optical ﬂﬂlmﬁ of temperature plotted against
1uk L Magnetic Traps the de Broglie Wavelength
1nk I I i i I 1
0.01 1 100 10* 16°
a 1 pim 1 mm
de Broglie A (nm) 8
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MoxeT nu Na3 Atomos bbiTb KBaHTOBBIM?

Magneto-optical trap

From room temperature to

100 uK

Molasses

100 uK ——10 uK

nA3 =107

Intrisically limited because

of the dissipative character of
the MOT.

[res
)

A ||
5;%

High
Temperature T:
thermal velocity v
density d3
"Billiard balls"

Low
Temperature T:
De Broglie wavelength
Ade=h/mv o T-172
"Wave packets”

Age~d

"Matter wave overlap"”

T=0:
Pure Bose
condensate
"Giant matter wave"



KoHaeHcauua bose-uHwWTenHa

B 1924r. unguinckuin dpusmk C. Bose ony6nvkoBarn
CTaTblo NO CTATUCTUKE rasoB, B KOTOPOW nokKasar,
YTO NP onpedeneHHbIX YCoBUSAX YacTuubl rasa
MOryT 3aHUMaTb OCHOBHOE COCTOSIHME.

OTO NpPOMNCXOAUT B YCroBUAX (pa3oBoOro nepexona

B KOHOEHCUPOBaAHHOE COCTOAHUE.

® Kputnyeckyto temneparypy T c
— — MOXHO onpeaenuTb U3 YCIOBUS
—@ o ;
———0— —00 A =T
——0—0— 900000 0-0&
2 2/3
C C c
3k,m

B akcnepumeHTe nony4aroT A0 |()°KOHAEeHCUPOBaHHBLIX
aToMOB

[1nsi aToMoB KpUTHMYyeckasa Temnepartypa fexuT B obnacTtu

aecAaTkoB HaHOKenbBUH 10



Bose-Einstein Condensate properties

B 1mm
= T atom laser

\J

matter-wave
coherence

T T e .
ST = x

coherent'atom o
|

50%

Absorption

OCHOBHbIe CBOMCTBA

1) TepMmoagMHaMHUUYeCKMN paBHOBECHOe
COCTOsIHME,
2) KorepeHTHOe COCTOSIHUE, XapaKTepu-

3yemoe onpeaeneHHou haszon u
OonUcbiBaeMoe MaKpOCKOMUYECKOWU

BOJIHOBON (hYHKLINEW. | & ﬁ
antum fluid

copé&n;sfgﬂg:;ﬂ:'ﬂg.&?:iahysics _ m_
= B SE line phy

vortices

solitons

Mott insulator
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Theoretical Description of the Condensate

N 2
The Hamiltonian: H = Pi . VEYE S W E —F)
; 2m l ; l J

Confining j \ Interactions

potential between atoms
‘At low temperature, we can replace the real potential W(,—; _ ,—;_)

i J
2
W(r—F) — go6(F—F) g:47z}z 4 , a: scattering length

‘ Hartree approximation: V(7,77 R W (FYW(F) . w(Fy)

Treatment valid in the dilute regime:
Gross-Pitaevski equation (or non-linear Schrédinger’s equation) :
h’ . 2 . .
_EA +V(F)+Ng lw(P)| |w(F)=uy(F)

Complete analogy with laser beam propagation in optics! 12



Elementary Excitation Spectrum

Weakly interacting gas: Bogoliubov theory ,
Bogoliubov, N., 1947. J. Phys. USSR 11, 23.

|
— E Atas + — E 1‘

T PiP2PaPs
- Hamiltoniam in momentum space

Diagonalization by using Bogoliubov transformation
!u_'ip/;i +$A+—_u NF_( A*_{_‘;A_P

with ¢,, s, real numbers satisfying (_,, — .s;; = 1.

Now Hamiltonianis H=E,+ Y &,4/4, where
pE0

Ug\'l‘h\’ — 1) p‘z UUNT ) pz UDJF\"' 2 U*UN' 2
b 4 hgu( T am V)T (Zm—l_ Vv ) _( V )

Elementary exitation spectrum

Or’ fﬂ:k ~

{V*’ﬁlnaﬂhzk,-’nr, for k — 0,

h?k?/2m, for k — oo

Sound velocity is ¢ = |/4mraph/m 13



Light Amplification by Stimulated Emission of Radiation - LASERs

A.M. IIpoxopos, 4.X. Taynuc,
H.I. Bacoe - 19542.

Benbin cBeT (HEKOrepeHTHbIN)

CoctounT N3 (poTOHOB pa3HbIX YaCTOT;
amnnutypna un dasa HE onpegeneHbl

nasep
amnnutypa n dasa onpeneneHbl

il

Heobxoanma nHBepcus HaceneHHocTeu!

14



Phase Transitions in C.M. Systems

__ _______.j_'l____l _ a0

on to superfiuid sfate with superconductors;

Bardqep-Coop_er—Schrzeffer (BCS) states, 1957
Second order phase transitions in ferromagnets — H Hf“

“spin up” , “spin down” - L.P. Kadanoff,. M.D. Fisher, 1967

PHYSICAL REVIEW A VOLUME 2, NUMBER 4 OCTOBER 1970

ase trans

t

P

Analogy between the Laser Threshold Region and a Second-Order Phase Transition

V. DeGiorgio* Marlan O. Scully’
Department of Physics and Materials Science Center, Massachusetts Institute of Technology, Cambyvidge, Massachusetis

TABLE I. ‘lable summarizing the comparison between the laser and a Ierromagnellc system Lreated 1n a mean-neld approxXimarion.

Critical isotherm

Order Symmetry- (value of order
param- Reservoir breaking parameter at Thermodynamic Statistical
eter variable Coexistence curve mechanism critical point) Zero-field susceptibility potential distribution
Ferro- M=0, T>T, H PRI
magnet T =i FiM)=4e(T=T)M:  PM) =N
Y (Temperature) = [ ¢ (T_:Ic)} v rer, Dxternal e [‘ﬁ" ] P [ e 4 g
4 d c +3dTM - HM - F(M ke
da\ T field — le(P-TYF! | T>T. +;d expl— F(M) /kt |
=2e(T, - DT, T<T, 0
Laser o 5 13 2 E Glxy) = - jalo—o,)
(Population E=0, T< oy 5 E= [? ] £E= EE % (x? ,_J,z}
. : t
g laversion) afo—o, iz Injected i -1 P(E)=N' x expl— G(E)/ K]
;e B\ "7 » 7% (lassical = Lzalo, — o)™, 7<% +3bolet + 9%)?
(Threshold onal =lalo—o)T"' OB
inversion) stena —Sx +0y

Lasers are thermodynamically non-equilibrium systems! 15




Coherent Effects and Phase Transitions in Coupled Atom-
light Systems

Dicke effect: Enhanced emission

PHYSICAL REVIEW VOLUME 93, NUMBER 1 JANUARY 1, 1954

Coherence in Spontaneous Radiation Processes

K. H. Dicge
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey

o oo Hu=) o (-r;"*isj_e_"k‘” - H.c.)
ki

| tv of radiation is | 5. MDaKTUYeCKN MPU CBEPXM3IYYCHNH TPOUCXOINT CHH-
ntensity of radiation is / o< N<; (azHoe cloXeHHe AMMONbHLIX MOMEHTOB W3Iyyalo-

N IS number of atoms [IIUX ATOMOB W BO3HHMKaeT MaKpOCKOMWYECKHI IH-
MOJBHBIH MOMEHT, MTPONOPLHOHATBLHBIN YUCTY aTOMOB.

“Superradiant” phase transition (BEC of photons)
ANNALS OF PHYSICS: 76, 360404 (1973)

On the Superradiant Phase Transition for
Molecules in a Quantized Radiation Field:
the Dicke Maser Model

KrAaus HEepp

Physics Department, ETH, Ziirich, 8049 Switzerland

AND
ELLiorT H. LiEp*

Mathematics Department, MIT, Cambridge, Mass. 02139, USA

16



Main pecularities

Some early publications on superradiant PT

v'Y.K. Wang, F.T. Hioe, Phys. Rev. A, 7, 831 (1973);

v K. Rzazewski, K.Wodkiewicz, W. Zakowicz, Phys. Rev.Lett., 35, 432 (1975),
v'J.Brankov, V.A. Zagrebnov, N.S. Tonchev, Theor. And Math.Phys. 22, 13 (1975)
v'V.I. Emeljanoyv, Yu. Klimontovich, Phys. Lett. A., 59 (1976),

v'B.®. EnecuH, KO.B. Konaes, [Mncbma B XXKOT®, 24, 78 (1976),

v'J.Knight, Y.Aharonov, G.Hseih, Phys.Rev.A, 17, 1454 (1978)

OcHOBHbIe cBOUCTBA
v'BO3HUKHOBEHME MAKPOCKOMUYECKOM CMOHTAHHOM NonsipM3auum Ha HyrneBown
yactote — bBOK (oTOHOB;

v’ Xum. noteHuman =0.
CnoxHoctu moaenu

[TpoTmBOpPEUNT npaBuny cymm, uUKcupytowee aHadeHne CyMmbl
MampuYHbIX 3[IEMEHMOS8, XapaKTEPU3YHOLLMX Nepexodbl MeXay COCTOAHUSMU
paccmartpuBaemon cuctemsl, Thomas-Kuhn-Reich, 1925

17



PaHHUue cxem

— e ww w -~ e v T e m——

SOVIET PHYSICS JETP VOLUME 28, NUMBER 6

BOSE CONDENSATION AND SHOCK WAVES IN PHOTON SPECTRA

Ya. B. ZEL’DOVICH and E. V. LEVICH

Institute for Applied Mathematics, USSR Academy of Sciences
Submitted July 12, 1968
Zh. Eksp. Teor. Fiz. 55, 2423—2429 (December, 1968)

The process of establishment of equilibrium in a system consisting of radiation and totally ionized
plasma is investigated. By solving the kinetic equation it is shown that in the absence of absorption
the photons undergo Bose condensation. The process depends essentially on the form of the initial
distribution. For a certain form of the initial spectrum a shock wave occurs in the spectrum in the
course of its temporal evolution. The process is substantially affected by absorption, in the presence
of which Bose condensation is replaced by an accumulation with time of the photons in the region of
low frequencies.

BEC of photons achieved by Compton scattering off a thermal electron gas

Vital Questions

1. How it is possible to achieve thermodynamically
equilibrium state for coupled atom-light system?
2. s it possible to achieve high temperature PT? 18




Centaur - Half-Human and Half-Animal
Composition

In Greek mythology, a Centaur (from Greek: Kévraupol) is a member
of a composite race of creatures, part human and part horse.

A bronze statue of a Centaur, after the Achilles educated by Chiron.
Giuseppe Alessandro Furietti Centaurs. Jean-Baptiste Regnault , 1782 19



Polariton - Half-Matter and Half-Photon
Composition in Physics

Polaritons are quantum Bosonic quasi-particles Polariton =C ANMN\> .|X
occurring at matter-field interface (J.J. Hopfield, photon exciton
1959, V.M. Agranovich, et al, 1960)

C and X are Hopfield coefficients

High temperature phase transitions is possible with low branch polaritons due to
their small effective mass that is about 107 kg

Theory on polariton BEC, nonlinear properties and superfluidity

*P. R. Eastham and P. B. Littlewood, Phys.Rev.B 64, 235101(2001);

*A. Kavokin, G. Malpuech, F.P. Laussy, Phys. Lett. A 306, 187 (2003);

*|. Carusotto, C. Ciuti, Phys. Rev. Lett. 93, 166401 (2004);

*O.L. Berman, Yu.E. Lozovik, D. W. Snoke, Phys.Rev.B, 77, 155317 (2008)

Some recent experiments
J. Kasprzak, et al, Nature, 443, p. 409 (2006) — evidence for BEC of polaritons;

* R. Balili, et al, Science , 316, p.1007 (2007) — polaritons in a harmonic potential trap;

*A. Amo, et al, Nature, 457, p.291 ( 2009) - collective fluid dynamics of a polaritons. 20



Polaritons per Mode at k”- 0

Non-Equilibrium Low Threshold LB Polariton BEC

v'Strong matter-field coupling condition is achieved;

v The thermalization time is ten of picoseconds and compatible
with polariton lifetime

Polaritons in the semiconductor QW structures placed in microcavity

-~ »-- polariton laser, s et
o'l E=16166eV SRS e
-- »-- photon laser, o
af E_=1.6477 eV, «*" s
10° cav A e I!f
F Ar .
i s i
10'F o RS
.‘I ¢ +
10° Py w : 10°
14"“‘ i: c
107 o BRR :
no inversion & inversion
[ai MR | . AP - aaayl
10° 10" 10" 10%

Injected Carrier Density (cm™)

Photons per Cavity Mode at kl'- 0

Ky ()

15 Polariton

=10

dispersion in
““the in CdTe/CdMgTe
cavity

1,72 1.0
Upper polariton !

1.71F

1.70
g Photon
=
=
@
& 188 - Exciton

1.68 -

Emission
F Lower polariton
1.6? 1 1 ! 1 ! 1 11 |
=G0 =30 0 30 60
8 (degree)

“BEC” of polaritons at 5 K
J. Kasprzak, et al, Nature, 2006

Number of LPs and cavity photons per mode vs. injected carrier
density for a polariton laser in scheme | (triangles) and a photon laser in
scheme Il {circles), respectively. The gray zone marks the population inversion
densities from band edge to 15 meV above the band edge.

Y.Yamamoto, et al, Ginzton Lab., Stanford Uni..

(2003)
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Optical Collisions (OC's):. Some Remarks

First attempts to describe coliisionally broadened spectral iines
V. Weisskopf, Phys. Z. 34,1 (1933); A. Jablonski, Phys. Rev. 68, 78 (1945);
P. W. Anderson, Phys.Rev. 76, 647 (1949); H. M. Foley, ibid. 69, 616 (1946).

Definition of OC’s
Ala)+ B+ hw, = A(b)+ B

where A is a two-level atom, B is a buffer gas atom, Wi is a frequency of light.

L. I. Gudzenko and S. I. Yakovlenko, Zh. Eksp. Teor. Fiz. 62, 1686 (1972),
R. E. Hedges, D. L. Drummond, and A. Gallagher, Phys. Rev. A 6, 1519 (1972).

OCs properties at small Rabi frequencies 7Q, << k,T

C. Cohen-Tannoudji, J. Dupont-Roc, G. Grynberg, Atom- Photon Interactions:
Basic Processes and Applications (Wiley, New York, 1998).

OC'’s at large Rabi frequencies and relevant atom-field detunings
hQ, =k,T
R. V. Markov, A. 1. Plekhanov, A. M. Shalagin, Phys. Rev. Lett. 88, 213601 (2002;

l. Yu. Chestnov, A. P. Alodjants, S. M. Arakelian, J. Nipper, U. Vogl, F. Vewinger, and M. Weitz,
Phys. Rev. A 81, 053843 (2010). 22



Optical Collisions (OC's)

Non-resonant absorption in a two-level atom
ase . - _i.___.i
8 ©° a o ¢ o Typicaldensities are \ l C””} 0
o o b A 'S b}
—o o L s " ~10% e mﬁt O
o 0 o n,=woem-,  "__X_ -
o %o © ° 21 -3
. o ny,=10"cm".
) o, © o o ©®, Wo o |0,
© o o
Energy levels of the atom A in the presence a) @ . ) L— |a)
of buffer gas atom at a distance R.
S <0 o>0

ujo is atomic transition frequency;

o = W; — W, - atom-field detuning

AE ; are energy shifts introduced by collision
a’?

QRC is collision diameter

T . =R /v iscolisional time 23



OcHoBHbIe noaxoasr Kk OC

OcCHOBHbIe NpeanorioXXeHus ( 1. 1. CobensMan, Beedenue 6 meopuio Cnekmpos,
OU3MATIINAT, 1963r.)
v'  OTHOcUTEenbHoEe OBWXEHue aToma "

BO3MYyLLAOWEN YacCcTuUubl KBa3WKMACCUYHO, 4TO
NO3BOMISIET NOJSIb30BATLCA [MOHATUEM TpaeKTopumn g
BO3MYyLLAKOLWEN YaCTULbI; 7 v

5
0
v" OCHOBHYIO pOIb B YLUMPEHUM UrpaOT B3anMOeNCTBUSA - () ‘
c Onumxanwen Bo3myLlaloLLEN YacTULEN Rb b
(BUHapHblEe B3anmMoOencTems), —_/
v

BO3MyIJ.I,eHI/Ie agnabaTtu4Ho, T. €. T. €. HE BbI3bIBaAET nepexoanoB Mexay

Pa3nNUYHLIMK COCTOSIHUAMU aToMa 6e3 ucnyckaHus 1 nornoLyeHre OTOHOB,
yto cnpaeegmveo npu kI << hw, .

anI nponerte BO3MyLIJ,aI-OI.IJ,el7| YaCTuubl HA aTOM HaKlnaabiBaeTCA BHelLWlHee norie
2 2 2
U(R)=U~Jr* +v*(t —1,)

R — pacCcTosiHWEe 40 BO3MYyLUatoLen YacTuubl B 4aHHbIN MOMEHT BpeMeHu t ,r —

npuuenbHoe pacctosiHne, ‘0 — MOMEHT HanbonbLUero coNMXeHnss 1 Vv — oTHOCUTENbHAas
CKOPOCTb. 24




The Model of Optical Collisions

Equation for atomic coherence (C. Cohen-Tannoudji, et al, Atom mm—

i,
ques Dupont.Roc, Cilbert Crynbery  s—"

Photon Interactions: Basic Processes and Applications, Wiley, 2004) Atorn-Photon

Interactions
40, :_( y o+ 17 )Gba

dt

Basic Processes an ications

Collisional shift

7= (sing),,

¢ is phase shift introduced by collision
M ai n a p p rOXi m atio n p%g;ei}changing (elastic) collisions

T <<At<<T_, MWWW

At is the time intervals;
r..; 1S the duration of collision;
T, is the time interval separating two collisions; 05

col

coll




Master Equation for OC's

fdGW 7/
—r =——0o+2yS.0S.—-in|S.,o
dt 2 72:90: 77[ ) ]

coll
whereS_ = %(‘bxb‘ _ ‘a><a D is atomic population inversion operator

For accessible experimental conditions with R*" atoms
and Ar high pressure (500 bar) buffer gas there is

v/ 2w
n /2w

3.0 1T Hz
—3THz

26



Theoretical Approach for Optical Collisions
Master equation for density matrix O

' d d
Lo=—21[H, o]+~ |
dt h [ Al O-] {dt O-}'rad {dt O-}coll
\

Spontaneous emission

contribution characterizing
by rate |°

['=2mx06MHz, or

o7 v /27 = 3.6 THz

spont

-for accessible experimental conditions with Rb®’ atoms
and Ar high pressure (500 bar) buffer gas. 27



Radiative (spontaneous emission) processes

Master equation term for spontaneous emission

‘;_‘t’ L = (5.S0+05.5)+TS oS,

where 1 = I/Tspom is spontaneous emission rate.

rad

In the current experiment with Rb®" atoms the numbers are

I'=2n+x0MHz , or
T = 27 ns

spont

vAbout 1()* collisions happen during the natural lifetime of rubidium

atoms.
vFrequent collisions with buffer gas atoms lead to thermalization of

coupled atom-light states.
28



Uncoupled Atom+Field System Properties

Uncoupled Hamiltonian is Manifolds of uncoupled states
_ T of the atom + laser photons systen
H,=hw,c'c + ha)o‘b><b‘
1HL ‘ lai N + 2:}
YT My 16, N +15
Atomic Hamiltonia | ’
with transition Ly
frequency , | “L
. —._z-._ 15 t |H,N+I>
’ 16, N)
where ¢ (c') is annihilation e
(creation) operator for the photons, : -
: : A [a, N)
o, = ‘b><b‘ is upper level population -t s, BN - 1

operator.

0, = ®; — ®; js atom-light detuning

29



Atom-Field Interaction
The Hamiltonian is

H=hw,c'c+ho, ‘b><b‘ + hg(‘b><a‘cj + ‘a><b‘c)
t 1,

Atomic Hamiltonia Atom-field interaction

with transition term; o is coupling
frequency . constant
V)
where ¢ (cT) is annihilation (creation) operator for the photons,

S, =|b)(a
In the current experiment with Rb*" atoms the numbers are

w,/27 =282 THz, w,/27n =293 THz,

Q, = g\/ﬁ =27 x0.1 THz is resonant Rabi frequency,
N = <c‘Lc> is average photon number.

, S = ‘a><b‘ are operators of atomic transitions

30



The Dressed States (DS's)

Definition of DS’s (C. Cohen-Tannoudji and S. Reynaud, J. Phys. B: At. Mol..
Phys., Vol. 10, No. 3, (1977))

1(N)) = sin Hﬂa,N = 1>]+ cos 9[ b,N}]
2(N)) = cosf||a,N + 1)|— sin §[|b, N )|

i i

Eigenstates of H, + H

[sind 1 L
where 1008(9 \/5 + QR )
Q, = \/Qg 1+ 62 is Rabi splitting frequency

DS's

1(N)) and |2(N)) are eigenstates of total [/



Properties of Dressed States

Energies of dressed levels

|1(V)) )
|2(V)) R ) :
e e -

|2(N ) collisi
Without inversion\/

ons

w;

Perturbative limit: Q) <<k, 7/h<| 0|

32



Bloch Parameters in the DS Basis

Definition of density matrix elements in the DS basis

0, = Z <Z(N) ‘ o ‘ ](N)> i,j =12, [N is average number of photons.

N
Pseudo-spin Bloch vector components
Sz — 0'12 l 0-217 Sy — 2(0'12'— 0'21), Sz — 0'11 — 0-22
| - :
Defines coherent [Pef'"es POpulatIO,n ]
properties of DS’s imbalance for DS’s

Main approximations are
Qr, <<l | Q,>>9>>T | [ Q <<|S|=k,T/h }

Impact limit Secular limit Perturbative limit

coll

T .o is duration of elementary act of collision, QR is Rabi frequency
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Dependence of dressed-state population imbalance S, = o0,

for argon gas co

—

imbalance, S.

%) L

|20V)

Q
7,
a -1

S[E-I:]]

o

7

DS Population Imbalance

llisional broadening

— Oy

— — ——Q, /2% = 0.03THz
Q, /27 = 0.1THz

(2, — infinite, S, = §\7

-
""""

Decay of the upper state due
to spontaneous emission

R~ )
—a—a—
o

60

-40

20

detuning o /2rn [THZz]
Equilibrium population imbalance

(7)) 1)
|2(V)) K |a)
* e, . .;/\ - -
40 60

—tanh (A /2k, T) A~ — tanh (7 8] /2kT)
Can be obtained only at hQR >> kBT i.e. at h‘é“ >> hQO >> kBT
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Thermalization Conditions

Thermalization occurs if thermalization rate is smaller than
A effective spontaneous emission rate I'<<w
where () — ”YQE/Q(SQ is thermalization rate.

Rigorous condition of thermalization is

[F/y<<Qf)/§2 <<1 }

Or, in the time domain it is looks like

{ ];herm << Z-spont }

2T 276*

2

2w A

where T’ = is the time of thermalization;

therm

T 01 is spontaneous emission lifetime
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Pseudo-Spin Components

0.004 . . ' v 03
0.003 } 04 Steady State Equilibrium state |
™ S N
-0.5
0.002 } / (1)
: Lt 0.6} '
v Qn/21=0.1 THz /"
0.001 -0.7} '
(2)
: b
0 O8[ Qn/2m=003THz |}
0.9} o
S ()
.0.001 . . . : . ; . : 2
0 10000 20000 30000 40000 50000 0 20000 40000 60000 0000 100000
vt vt

Dependences of (a) dressed-state pseudospin components S, , and (b) population imbalance §.

as a function of reduced time vt. Parameters are /27 = 3.6 THz, n/2mr = —3 THz. I" =~ 37 MHz,
§/2m = —11 THz. and T = 530 K. The resonant Rabi sputune rreauencv 20 /2 1s 0.1 THz

for curves (1) and 0.03 THz for curves (2). Initial conditions are S:,(0) =0 and S-(0) = —1.
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Fluorescence (Mollow) Triplet
THE

1. A. Amanaceswy

PHYSICAL REVIEW oo

B3aUMOJelCTBHA

oA journal of experimental and theoretical sies established E. L. Nichols in 1803 CBeTa
Jourmal of exper phy br ¢ BelecTBOM

Seconp Series, Vor. 188, No. 5 25 DECEMEBER 1969

Power Spectrum of Light Scattered by Two-Level Systems

B. B. MoLtow*
National Aevonantics and 5pace Administration, Flecironics Research Center, Cambridge, Massaciisells
(Received 2 September 1969)

The power spectrum of the light scattered by a two-level atom driven near resonance by & moenochromatic
classical electric field is evaluated. The atom iz assumed to relax to equilibrium with the driving field via
radiation damping, which is treated by explicitly coupling the atom to the quantized electromagnetic field
modes, The power spectrum of the scattered field is directly obtainable from the two-time atomic dipole
moment correlation function, which is evaluated by a method based on a Markoeff-type assumption analogous
to that used to evaluate the time evolution of single-time atomic expectation values,

“The power spectrum of the scattered field has

peaks centered at the incident field frequency w;, |
and the displaced frequencies w, +Q,, with widths o o ‘
proportional to the atomic relaxation rate” | ] y AN

Fic. 1. Spectral density #(») for a two-level atom
driven exactly on resonance,
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Fluorescence Spectrum

Definition ( D.F. Walls, G. Milburn, Quantum Optics, Springer, 2008 )

S(CO) = % J. <O'+ (z')o'_ (O)>Sse_ia’7dz- Quantum Optics

o, =|b){a| is pseudospin operator.

Normalization condition — total intensity

SS

I = j S(w)do =T {c (0)o (0)) =To,
Intensity of fluorescence triplet in dressed state picture
I=1,+1,,(T)+1,(T)=0,'\,,+0,I',,,+T
Voo y

@, , @, +Q, w, —Q,

I1—>1
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Manifolds of DS's
n?Om"Ligh-

1(V))
OC's lead to transitions R ,
between dressed states of |2(:'\ )>
the same manifold ;
. (N -1))
Transitions between DS’s are
12(N -1))

I1(N)) -
2(N)) -

li(N)) -

2(N — 1)): frequency w, + £
1(N — 1)): frequency o, — 2g

i(N —1)): frequency w, (i =1,2).
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Experiment

Experimental set up (Bonn University, Germany)

V.

Ti:sapphire - laser ' \

nax
- pinholes

powermeter

SPECirometes

polarizing

achromat . oam splitter
pressure Temperature in the chamber
buffer gas o8
vacuum pump "
Rb reservoir Maximal power of the laser
_ - o
Ar (under the 500 bar pressure) (resonant Rabi spllttln

He (under the 400 pressure) is Q [2r=0.1THz ) 4



Thermalization; Theory and Experiment
Intensity of spectral components

Theory Experiment, Bonn Uni.

mW——
— —-e=e Q,/2n =1GHz mwW-----
—_~ == Q,/21 =0.03TH:z — [ 798 My
08 8 5 m
8 —_— Q. /21 =0.1THz g m
< ee Q,/2n =1THz g
3 .=
2 0.6 =
8 d
2 S
= =
= 04 | S /
s >
o 3 y
z =
& =
)
—
R=

i . .-q."'.g,'. SRR
¥+_.:‘i£:2:=.ii.ff«-";'\ ,,,;‘ e
g 360 370 380 390
detuning & /2r [THz] For Ar buffer gas frequency [THz]
At full thermal equilibrium we obtain 7 _ _ 1
9 I_]O+111(T)+]22(T)_1+e—h5/kBT
For OC experiment we have obtained ‘1’ ‘1' ‘1'
@, o +Q., o —Q
[Ttherm =3.3ns, 7, =27ns ]




Intensity of Spectral Components

The reduced intensity of fluorescence versus resonant Rabi
frequency (incident laser power)

Theory Experiment, Bonn Uni.
I ' - - ' ' 9
L — 6/27=387THz ) 387 THz o Ko
o= --- §/27 =380TH:z = 377.5 THz + o
2 e §/2m =360THz s 360 THze .- .
5 0.67f =, -
2 5} e -+ T T
Eg) c% 57 “o
= ~ ,
5 S |/
o % f:i' ©
Fymr () L _
= S o
CE_) § {D'O [ [ - @ e 1
&= _Ir_'.'_.- L 1
0 100 200 300
incident laser power [mW]
Qly
- _ 0
Saturation parameter K = T should be K >>1

Full thermalization occurs at infinite resonant Rabi frequency
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Outlook

[Mpobrnema as3oBbiX NEPEXOAOB AN CBA3AHHbIX COCTOSIHUN cpeabl U KBAHTOBAHHOTO
Nonsi HepaspbIBHO CBsA3aHa C (BU3NYECKMMU MEXaHU3MaMK TepManusaumm B CUCTEME,
KOTOpble MOTyT ObITb COBEPLUEHHO pa3HbIMU AN Pa3fIMYHbIX CUCTEM.

KorepeHTHOe cocTosiHME (PU3NYECKON CUCTEMbBI MOXET ObITb NOSTY4YEHO COBEPLLUEHHO

pasnn4HbIMM cnocobamu: dusnyeckme NPoLEecchl, NPUBOASLLIME K ero dOPMUPOBAHUIC
MOTYT UMETb PasHyo pU3NnKy.

Tepmanuaaums ansgd CBsA3aHHOW aTOMHO-ONTUYECKOW CUCTEMbI MOXET ObITb
OOCTUrHyTa C NMOMOLLBIO ONTUYECKMUX CTONKHOBEHWUIN, MPOUCXOOALLMX MPU BbICOKUX
Temneparypax C y4vactuem artomoB 6OydepHoro rasa. [HaHHbIM npouecc

CyLecCTBEHHO orpaHn4mnBaeTCA BpEMEHEM CMOHTAaHHbIX nepexogos
ABYXYPOBHEBbIX aTOMOB.
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Thank you for attention |
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