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Plan of Lecture 2

1. Critical phenomena for coupled atom-light system under the OC

v Two-level Laser;
v'  Superradiant phase transition;

2. True BECs in low dimensional gas of “light” particles.

v'1D BEC with atomic polaritons in microtubes;
v'2D BEC of photons

3. Some applications of OC for cooling

4. Outlook



Thermalization of coupled atomic states
Optical collisions process
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DS population imbalance, S.

Quasi-thermalization at positive detuning
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Laser

1V)) 1)
For 4> () wehave ———

|2(N)) |}

' ——0—

Experi ment (P.B. Mapkos, A.1. [lapxomenxo, A.W. ITnexanos, A.M. lllanarun, JKIT®,
136, 211 (2009))
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Experiment results
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Thermalization at negative detuning
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Thermodynamic Approach For Atom-Field Interaction

Hamiltonian of collective atom-field interaction

ho
H=rho f'f+ OZSZJ+FZ( +S_T.f)

where Sz,j —0-5(| ><b|—| ><a|) Is operator of population imbalance,

x =094/N, is collective atom-field interaction parameter, isN _, a number of atoms.

Total number of atom-field excitations
1
;
Nex — f f +§ZSZ’J-
j
Thermodynamic approach implies calculation of partition function
—H'/kgT
Z(N,,, T)=Tr|e "/ |
where H' = H — ,uNeX, L is chemical potential,

cf. K. Hepp, E. H. Lieb, Ann. Phys. (NY) 76, 360 (1973); Y. K. Wang ,F. T. Hioe,
Phys. Rev. A 7, 831 (1973).
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Calculations

PHYSICAL REVIEW A

GENERAL PHYSICS

Tuirp Series, VoL, 7, No. 3 MarcH 1973

Phase Transition in the Dicke Model of Superradiance*

Y. K. Wang and F. T. Hioe

PacyeT npoBoaMM B 6asnce KorepeHTHbIX COCTOSAHUN ala)=ala); (ala'=(ala*

2
Z(N, T)= 21 vt 2 iﬂ—a{&”'SN[{G’|€-HH|EE}131'“SN}:

s1=%1 sy=+1
Z(N, T)
| d’a vee 3 prslal? 1 - By |
J T geay syule (EI{S_\«M jls'f}) E(M T)=2 j:—. Td?’#'ﬂrz
roa2
= -}E E'E'“'2({+1|e'ﬂ"f+l}+ (=1]| e8| —1)¥ J{{E ﬂﬂEh[(%ﬁE] (1 +413?2H(E2Nn Ju'r .
A (23)
=j;;—&€'m“' (Tre™ "%, (15)
here MeTopn Jlannaca
h=(3€)0 %+ (W/2VN ) (a*0" + o) . (16) - C "~ 1 2, 2y 1/
Z(N, T)=N ?-F'nn;lf.i[m EK[J{N[ ﬁj»"f'lﬂ(z Bﬂsh{{z.ﬁ‘f) [1"‘(45’L /€ }.}’] 2})]
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Equation for Order Parameter

h N 1/2
- 1 s tanh O, 4+ 4Ar°N
BCS-type equation 2o T )
-

~

wat:wat_lu’7 wL:wL_ILL

2\ = <fo>/Nat is normalized average photon number (order parameter),

Normal phase solution is A =0,

Superradiant phase solutionis )\ == ().

10



Polaritons

Definition of polariton annihilation operators
®,, =Cf + Xp -upper branch polaritons

_ - lower branch polaritons
o, ., = Xp—Cf P

where D is an operator of atomic collective polarization, C, X

are Hopfield coefficients;

1 o 9 1 o
9 /52_|_/€2 2 \/§2+/€2

Bosonic commutation relations

Lets suppose that [f, f+] =1 [p,pﬂ —1

Atomic system without inversion

[(I)UPﬂq);]LP] =1 [(I)L}U(IDZP] =1
11



Polaritonic Model of Atom-Field Interaction

Polariton Energy versus atom-light detuning

1
Erpvp =5 [Ey+ Epn +/4h?K2 + 82 |

Eupf,//’j’frEph-
e T
> B - .
. il RSN “at
o | 7 ,L
L - f__.f__. - Ep
N 2

7—1 05 0 05 !
detuning

Polariton model valid if 7
negative atom-field detuning §< 0 |:>

“low temperature” limit /| § [>> k,T

1. For negative detuning O under the “low temperature” limit the LB
A polaritons are photon-like, i.e. CIDLP ~

2. No inversion in the atomic system! 12



Atom-field Excitations; Mean-Field Theory

Definition 1. Total atom-field excitation density taken from OC
model

1
10(1):§_|_<Nex>:/\2_|_0-bb
where )\? — <f*f>/Nat is normalized average photon number (order parameter),

Definition 2. Total atom-field excitation density
/0(2) — <(I)I(I)1 + (D£¢2>/Nat

It Is Important that

(1)

pt = p®?

0

13



Excitation density at equilibrium

where S(eq) —

Is equilibrium atomic population
Imbalance,

~

wat:wat_lu7 wL:wL_ﬂ



Superradiant Solutions, \ = 0

Solutions for chemical potential
M1 = %(Eﬂat + wy, + S2Reff). corresponds to upper branch polaritons

Lo = %[mm + wp — S2p eff), corresponds to lower branch polaritons

We should consider limit of photon-like polaritons (¢ = Wy,

1

Quasi-equilibrium state

80
§ /27 [TH?2) = 15

5 \[UB ool aritons] Population imbalance is
2 | 59 =~ tanh[4[5]/2K,T]

= = ——1tan

o Z ] °

Q'ﬁ

_%55 Full thermodynamic equilibrium
5 1
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Photon-like Phase Transition for LB Polaritons

Order parameter behavior can be approximated as

1/2

o/2n (THz)
-50 -40 -30 -20 -10
0
-1
—— p=005 &
-4
5

0 0l 02 03 04 05
P

Aa) = A [1—p*/e]
A, = M) Is order parameter at zero
‘I 6= o0

temperature limit

v — ﬁé/k 7 1s normalized atom-field
B™ detuning

kT << h|é]

The “low temperature” domain
corresponds to superfluid
photon-like LB polaritons

Experimentally It is easier to manipulate by
atom-field detuning instead of temperature

The critical value of vital parameter

Qy, —ln[(l—p)/p]

16



Prerequisites for Polariton BEC Observation

Temporal window for polariton BEC observation

For polariton thermalization we should have (I.Yu. Chestnov, A. P.Alodjants, S.M.

Arakelian, Phys. Rev. A, 83, 053802 (2011))

T

therm << z-pol =7

spont

where Tpol IS a polariton lifetime.

For current experiments with rubidium atoms under OC’s we can have

3ns<r_, <2/ns

nol

Conditions for polariton BEC observation

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

17



Photonic field inside metallic tube

Orthogonal wave vector component Helmholtz equation
IS quantized

+k°E =0

18[8E] O’E 1 0°E

- + ==+
\ pop"0p) 07 7 0p
j b

G defines allowed modes

[ J - doyHkuna Beccens
Longitudinal wave vector forms a continuum

hck?

Photon energy is E,, =hcyki +k2 =hck, +
Kinetic energy

E, ~m,c +Rkl/2m,

p

1
where

m,, = hk . /c isphotonic mass

Cutoff energy hw,. = m,c’ m,p areinteger quantum numbers

18



Photonic field inside metallic tube

TM-modes pattern of cylindrical waveguide:

TMo1 TM11 TM21 TMo2 TM31

& a)cutoff ~C / RO

v

qc_> 8 ; S +O..
; S = = =]
o \ © o o o
d »
_ N longitudinal wave frequency
light frequency @; vector continuum

For fulfilement a single transverse mode regime @, ~c/ Ry >>k;T
And we can guarantee the transverse quantum number is frozen.

We take TMo1 mode and

R ~ 2.405c / w, ~ 300 nm

The system is effectively (kinematically) one dimensional ;4



Photon and Atom Confining System

Metallic waveguides for confinement

Holder

@ Two level rubidium atoms, @ Buffer gas atoms.

Ti:Sapphire
laser " i
rubidium + 230 bar argon % OG SChm|dt and K Ebel’l,
confocal Nature 410, 168 (2001).

pln holes

>_<Uj..<—— Experimental Set-up (Bonn Uni.)
U. Vogl et al, Phys. Rev. A 83, 053403 (2011)

!

xyz-stage monitoring CCD camera

metallic microtube

LA :

spectrometer




Hexoropere ocoberHoctu BIK

PaBHOBecHoOe pacnpegerneHue Yucna vyactuy (Ans ngeanbHoro rasa 6e3s yioByLUKWN)

V(d) d(d)k
N = ;NE — f(

d
27)" exp (E. —,u)/kBT —1 -
h'k
d=1,2,3 pasmepHOCTb cucTeMbI (pasMepHOCTb rasa), /(4 paamepHbilit 06beMm, E. = 5
m
Nwem kputudeckyro Temneparypy TC 53K nonaras it = 0
3aBMCUMOCTb XMMUYECKOro noTeHuuana/ OT TemnepaTtypbl
“_ F ]
0 T . jl> BOK HeBO3MOXXHa npu
T
\“\ T =0
d=2 d=3

NMNOTHOCTL COCTOAHUMU

p(&) o glé’s > YbbiBaeT BMmecTe ¢ & npu d = 3

Mpu d =1,2 HyxHa noByLwka Ans AOCTXEHUS HEO6XOAMMOW NIOTHOCTU COCTOSIHUA 5




BEC in One Dimension in power-law potential

Non-interacting 1D Bose-gas in power law potential is
— 14 A A

Density of states is

ﬁ I(g) 1/2
pe) = ( L }) dz

wh 0 e—Ulz

where [(g) = (5/ U, )W

0.6

0.4

BEC condition 4 =0, T =T,
For VZQ?TC _>O'

In quasi-classical approximation the 1D
system can support true BEC if trapping
potential is more confining than parabolic .

k, T, (arb. units)
S
o]

For 2 = 2 we are not able to use quasi-classical approximation, “‘es o 0 13 2202
see D. S. Petrov, etal, J. Phys. IV France 116, 7 (2004). v



23

Biconical Waveguide Cavity For Photon Trapping

Waveguide for photon (LB polariton) trapping

7] is curvature parameter
Photon energy is ~ 2d,, characteristic scale of photon localization

kinetic energy

2
Uph — mphc 77
photonic potential

cutoff ground energy trapping energy

Photon (LB polariton) is confined inside the potential 23



Biconical Waveguide Cavity For Photon Trapping

photon (LB polariton) levels T / Mexmoriosoe paccToshme
= OOJDKHO ObITb ManbIm and

7 NnPMMEHEHNA KBa3nKJiac-
Ccn4yeckoro ﬂpI/I6J'II/I)KeHI/IF|. .

ground state  —_ n :
Ly -

|

|

Photon energy spectrum | B =k, (n+1/2)>"""?| Bohr-Sommerfeld quantization rule

where @, ocn
Waveguide parameters:

Maximal radius is R ~ 2.405¢ / w, ~ 300 nm Single transverse
0 L ——>

mode regime
Fundamental TM,, mode volume V e Nlums |
m

Quasiclassical

BEC description
24

Waveguide radius variation should be slow, i.e. 7 small I:>



Main Approximations

Energy spacing between Energy spacing between
; Thermal ener :
polariton energy levels 9y polariton branches

<< (o) <
_/

YT — _
—
guasiclassical upper polariton branch
approximation neglecting condition

25



Is a polariton gas really ideal?
Atom-light Hamiltonian with saturation nonlinearity

th

K 1s a collective atom-light coupling parameter

iy pibs +m (B0 + 8L =SB B by + 1BLD, L)
at kk'q

In a polariton basis, neglecting upper branch polaritons

th Vler & r—| —_—
H,, = h; sz —|_Up01 z J:; Pk +M€ZU/§/€’* 2 htq— ;k' =2k =2k
2(A% + 4/4;2)1%01 (A% + 4/4;2)1/2 +]A
m.,~m, s is polaritonic mass; U,=U, 72
A +457) +|A 2(A? + 4k
(&% +47°) "+ 4| (&% +4r)

A is atom-light detuning

UNL (oc C’X?’) ~ hr* /(Nat ‘A‘g) nonlinear interaction parameter

For photon-like polaritons X(atomic part) — 0 and C(photonic part) — 1

K/|A| =0.057 .
For experimental data
U, ~ 20 kHz 26



prgbahjlity_density

27

Photon-like LB polaritons in the BWC

Schrodinger equation for LB polaritons trapped in the cavity

Upoz — mph0277<QRo + |A|>/QQRO “force” acting on polariton inside the cavity

The solutions of Schrdodinger equation

1 . . . .
ground state " are a set of Airy-shaped wave functions
- N T e n = - 1 (|z|
'Ifn Al —|—ﬂ.;1;r2+1) 3
al i Vdph /2, [—a! /;-+1 ( ;1,/2+1) dph
E'ﬂ. — ﬂ/z_l_-l-lf‘hdph.. mn = {qu k E N}.
4 1 sgn(z) (|z|
i’n: N Al _+an12):
2| Vo V2ATY (a(ni1)/2) dpr,
. En = _a'(ﬂ—l—l}ﬁgv'v[]dph? n = {2.'113 + 17 k< N}
0 P 2 - " N
20 10 10 <0 Waveguide parameters

z|pm]
polariton wave functions distribution

n = 0.0005 pm™
R, ~ 0.3 ym 27



Polariton BEC in the BWC

Critical temperature for photon-like polariton BEC in a semiclassical limit

ahN U
pol 0

k /2mpolF(y)F(x)§(a})_

N, = N, number of polaritons under the low density limit (N, <<N)

2000

Low density limit
<€§— |

200 400 600 800

L 1/0-1
t dt
F(v) =
) =[JTf¥
F(a:) gamma functions

¢((x) Riemann functions
r=1/v+1/2

De Broglie wavelength at T=530K

At = [2ah* /(mpakpT)]"? = 1.89 pm ’g



CTATMCTHHECKAS
MEXAHHEA,

BosmoxHa nu bose-duHwrenHoBsCcKas
KOHAEeHCcauua (POTOHOB?

P. Kyoo Cmamucmuueckas Mexanuxa , Mup: 1966r.

272 Tz, 4, Dpumenenue cmamucmur @Pepmu u cmamuemuru Bose

nveeT pemrenme npu W << 0. B arom caywae Bexmumsa N, = O (1)
M ei0 MOKEO mpenebpeun mo cpasHEenuo ¢ N’ [= O (N)]. [Ipm ymens-
menmd I go T. BeamuuHA | cTpeMuTes K Byio, a mpg ' < T,
uMeeM b = 0 u Ny = O (N) (em. [4]) ).

6. Ilokasarh, 9ro XUMHUYeCKHH HoTedgnHalx r'aza (OTOHOB paBeH
HY 0.

PEIIEAHE

Yueao QoToHOB B COCYIe HE ABIgeTCA NOCTOAHHEIM, TaK 9TO
obpeM cocyma V m Temmeparypa I onpemedsIOT JHOIB €ro cpejHee
aHaveHde. JTO CBA3aHO ¢ TeM, 4T0 (GOTOHH (CBET) MOTYT MCOYCKATHCA

¥ IOTJOMIATECH BHYTPH COCYA M elo cTeHkaMu. llodToMy Temepb ME

JOJGKEEL OTKAa3aThCA OT YCJAOBHA IIOcTOAHCTBA 4ucaa dactan (N =

= c¢onst), HcOoab3oBAHHOINO TMPH BHBOJe pacopeneixeHua bose
(em. ra. 1, samaga 31). CooTBeTcTBEeEHO XUMHYIECKHH IIOTEHI[HAJ,
KOTOPEIH OBl1 BReIeH B KadYecTBe MHOKHTeNA JlarpaH:;Ka, He BXOIHT
B pacmpeyenenne Lose. 910 axpuBaxenino ycaosuio uw = 0 B (4.14).

29



PaHHue cxembr nonyveHua bIK ¢potoHoe

SOVIET PHYSICS JETP VOLUME 28, NUMBER & JUNE, 18689

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.

«The statistical equilibrium between the photons and the plasma will establish itself as a result
of both scattering processes, which do not involve a change of the number of photons, and
processes involving the emission and absorption of photons».

BEC of photons achieved by Compton scattering off a thermal electron gas 30



Photon 2D BEC in dye-filled microcavity

Experimental scheme J. Klaers, J.Schmitt, F. Vewinger & Martin Weitz, Nature,
468, 545 (2010)

Pump beam Mirror Photon dispersion in the cavity
=
_ 5 4
s @
ke S
> A o
o
v ﬁmcut—oﬁ
Camera/
’ Spectro—
meter ol -
3 . 51 Transversal wavenumber

Confocal cavity forms transversal harmonic trapping

transversal kinetic energy > >
1 where T'=+/Z" +y
E, = mphc2 +h°k> | 2m,, +—mpha),farm7°2 e
2 m,, = hk,/c~6,7x10 "kg
cutoff ground energy harmonic trapping is photonic mass

Photon gas forms kinematically two dimensional system 31



Photon Gas Thermalization

4 A
A

Multiple absorption-fluorescence cycles in a A

macroscopic dye-filled photon box. / y/ 2 R{;md

®o

wO > wred

. J

1) Spectrum at point B is red shifted with respect to that obtained
for a single fluorescence event due to partial thermalization.

(i) Photon thermalization is reached due to multiply absorption and reemission
processes in a dye solution;

i) The process of thermalization in the box is incomplete due to limited
spectral bandwith of the dye solution

1IV) The low-frequency cutoff Woutoff iImposed by the resonator, prevents a

succesive red-shift of the photon gas.

32



Photon BEC Observation

Spectral intensity distributions for

P |

10'F f

100

/;//

Signal (a.u.)

wtoff
Critical photon number Practically 1 T

more easier to vary photon number
density instead of temperature

¥3 4 jo seduynw

Images of the spatial radiation distribution

NO BEC

-200 -100 0 100 200
X (um)

BEC |

e —
—100pm O 100 pm

Normalized spatial intensity

| profiles along one axis for

Increasing pumping power
near the critical value.
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Outlook

BOK cBsi3aHHbIX COCTOSIHUW Cpeabl 1 NOMNs BO3MOXXHO AS151 HU3KOpa3MepPHbIX CUCTEM , HEOTbEM-
NeMOW YacTbl KOTOPLIX SABMNAETCH pe30oHaTop, NO3BOSMALWLNMIA NpuaaTh POTOHY KOHEYHYIo
9P PEKTMBHYIO MaCCy U YyBENUYUTb BPEMS €ro XXMU3HU, KOTOPOE AOIMKHO ObITb 60sbLLEe BpEMEHU
TepmManusauun,
BbicokoTemMnepaTypHble dpa3oBble Nepexoabl, a TakKe nasepHasi reHepaums - ABe CTOPOHbI
«ogHon wmMepanu». OHm  gaensawTca  pesyneratoMm  MexaHmama OC, npuBogswero K
nepepacnpeneneHnto NHTEHCMBHOCTU U TepManusaunum HacerneHHOCTEN OOETbIX COCTOAHMN
Npu pasnnyHbIX 3HaKax aTOMHO- ONTUYECKOW OTCTPOUKN.
BOK doToHOB BO3MOXHA NpUM  OOCTMXKEHUM TEPMOOAMHAMMUYECKOIO paBHOBECUS OSIS
OBYMepPHOro rada ooTOHOB B pe3oHaTope C onpeaeneHHbiM XUM. NoTeHuManom B YCNnoBUSX
cnabon cBsA3n MexXay MonekyrnamMmmn U nosiem.

Our publications

1. I. Yu. Chestnov, A. P. Alodjants, S. M. Arakelian, J. Klaers, F. Vewinger, M. Weitz, Bose-Einstein
condensation for trapped atomic polaritons in a biconical waveguide cavity, Phys.Rev. A. 85,
053648 (2012).

2. A. P. Alodjants, I. Yu. Chestnov, and S. M. Arakelian, High temperature phase transition in the
coupled atom-light system in the presence of optical collisions, Phys. Rev. A 83, 053802 (2011).

3. L. Yu. Chestnov, A. P. Alodjants, S. M. Arakelian, J. Nipper, U. Vogl, F. Vewinger, and M. Weitz,
Thermalization of coupled atom-light states in the presence of optical collisions, Phys. Rev. A
81, 053843 (2010). 34
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