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Cooling and crystallisation of large ensembles
through superradiant light scattering

Geometry: transverse direct

excitation of atoms from side ! .
phase of excitation

light depends on position x
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collective pump strength R

Field in cavity generated only by atoms
R = 0 for random atomic distribution
R ~ Ng for regular lattice (Bragg)



Two classical atoms at fixed positions

Cavity field as a function of positions
for two atoms

x 10° AR

Maximum photon number for 0 and A distance
Minimum photon number for A/2 distance

=> for high field seekers A ordering is energetically favorable



Numerical simulations of coupled dynamics including atomic motion
( start with random distribution at Doppler temperature )
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time evolution of field intensity above threshold (~ 6 c”2)

negative detuning
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Phase space densities of the particles for negative

detuning dc = —k (left) and positive detuning 6c = & (right)

instability leads to selfordering for negative detuning only
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dynamics driven by energy minimization via selftrapping



stability analysis including diffusion
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Experiment with atoms:

Vladan Vuletic: Stanford University (=>MIT)
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« >10"6 Atoms trapped and cooled to ~uK
«  with simultaneous coherent light emission



Phase memory of atomic system:
probability of Pi-jumps between sucessive jumps
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S ’ =  Preparation of initial conditions
g 01 IS £ 2 needs great care
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e TR s | g g » Many possible patterns lead to the
100 1000 same field:
Pulse Separation Time T (us) onlyA N=N_g-N_e counts
FIG. 3. The fraction of pulse pairs with relative phase shift * Better me_mo_ry could be expected if
A ¢ is plotted versus pulse separation time. The solid circles, extra lattice is added
open circles, and solid squares correspond to A = 0 = 7/10, o : :
7 * 7w/10, and 7w /2 = #/10, respectively. The parameters are m_ore recent experlments .
the same as for Fig. 2, except here N = 1.3 X 107, The inset Slgnapore and London (UCL)

shows the two possible lattice configurations producing relative
phase shift A¢d = 7 in the emitted light.



Crystalization in infinite (mirrorless) systems:

continous frequency band of modes
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Atomic distribution
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. Cigar-shaped atomic gas alongside optical nanofiber.
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coupled Maxwell + mean field equations

Field distribution



Beads in fiber optical trap (optical stretcher) by Singer et. al :
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Is energy minimization a sufficient
general principle here ?
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(Published 3 June 2010) FIG. 11. (Color online) Stability of optical binding of multiple

identical spheres. Examples of equilibrium configurations cal-
culated for varying numbers of polystyrene (&,=2.53) spheres
of radius a=0.414 pm placed in vacuum (air) and illuminated
with horizontal polarization of the incident light with a wave-
length A=0.52 pm. Configurations (a)-(e) have all eigenmodes
stable, (b) and (&) are in drifting equilibrium, and (f) and (g)
have either stable or quasistable modes (see the text). From
Ng. Lin, et al.. 2005.
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F1G. 9. Optical binding of infinite cylinders in the interference
field of plane waves. Positions of 20 cylinders (white circles)
and field distributions (background gray-scale images) for (a)
random initial positions in a three-plane-wave interference
pattern, background shows unperturbed incident field distribu-
tion; (b) organized final positions due to the trapping and bind-
ing forces, background shows unperturbed incident field distri-
bution; (c) the same as (b) but final field distribution is shown
at the background; and (d) organized final positions corre-
sponding to another set of cylinders in initial positions. The
parameters used are the following: a=0.15\, A=546 nm, =,
=2.56. and &,=1.69. Adapted from Grzegorczyk ef al., 2006c.

F1G. 13. Particle self-organization due to optical binding in the
vicinity of a planar interface. Sequence of video frames of an
array of 520 nm particles as a quarter-wave plate is rotated to
change the polarization of one of the counterpropagating
beams from 5 (¢=0°) to p (¢=45°). Hexagonal packing nucle-
ating at the center of the array is seen at (b) and then the
hexagonal crystalline structure grows outward toward the left-
and right-hand sides of the array. From Mellor et al.. 2006.



« Particles try to adapt der positions until a local energy minimum
IS reached
 field gives long range interactions
single mode cavity: infinite range
multimode cavity : tailorable range
free space: effective dipole-dipole (~ 1/r*n)



Multifrequency selfordering in a standing wave cavities
(S. Krdmer)

ldea:
PN use frequency comb to
A pump _at a large nymber
YI : of cavity frequencies
§ g o B e n
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« Choice of frequencies and detunings allows to fix couplings
« Bias patterns via cavity pump — extra control inputs
« Output pattern reflects particle distribution



Quantum description of selforganization
of atoms in a lattice

Atoms close to T=0 in
©° standing wave
( e.g. perpendicular to cavity)

How will selforganization happen here ?
(dynamics of a quantum phase transition)
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“decay of a quantum seesaw *

' [Nerd)

classical quantum

ot

Two degrees of freedom: tilt angle ¢ and particle position x
=> simple model Hamiltonian:

Pl A — 0202 2.2 o T 1, . :
SN, P ) = W W, J 8 Y. _ 2 2 T Al
Viz, ¢) R e 2.Jsin(y)a H > (Py+ P, +V(z,9))
linear approx. in ¢ . X led il - i -+ h f — _j [ V(af ‘
PProx. In ¢ . X-x coupled oscillators hw,ala, ﬁw;u;u; _. {r_f.;; g )(ay, + ay)

Note: classical equilibrium point at x=¢=0 has ,,long lifetime*
but
Quantum mechanical product state of oscillator ground states is not stationary



Quantum dynamics Yyields fast decay
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instant growth of position spread and entanglement
possibilty of superpositions in a quantum seesaw
allows tilting both ways simultaneously




toy model implemented by aton + cavity field

By SRR ORI E gy
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classical guantum

Two degrees of freedom: tilt angle ¢ and particle position x

’ field: |0} \

n

atom at =0

field phase replaces tilt angle <> occupation difference replaces position



,mean field” - dynamics of selforganization for transverse pump

BEC
= — i T IT a _—
H Acala+ [} V(@) [ 21m dr?

+ Uy ata COSQUI'J') + 1)t cos ’E"ff’(”f - ”ﬂ W (x)dx,

Two-mode approximation (weak pump) H = —éca'a+wrS, +iyla' —a)S./VN
=> Tavis-Cummings model to(1. 8 /N
=> superradiant phase transition T uata (5 9z )
, 1 [2 Nagy-Domokos,
W(x) = ﬁrn + \/ T ereos ka PRL 104, 130401 (2010), NJP 2011

Full spatial dynamics:

: Fernandez-Vidal, Morigi
generalized BH model

Phys. Rev. A 81, 043407 (2010)



Eperiment ETH:
Observation of the phase transition to new phase
with coherence + ordering present (“supersolid phase™)
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Implementation of ,Dicke Superradiant Phase” transition

K Baumann et al. Nature 464, 1301-1306 (2010) doi:10.1038/nature09009




Mean photon number
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Measurement of phase diagram
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In ordered region:
coherence + ordering present: “supersolid phase”



probability of Pi - jumps between successive jumps is strongly reduced

Phase memory of quantum system ?
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FIG. 34 (color online). Observation of symmetry breaking at the i e o photon data #
self-orgamzation transition with a BEC. The relative pump-cavity 0 : : : :

phase A¢ monitored on a heterodyne detector while repeatedly ¢ 0 0'4pum:':uwer pofi(,;. el
entenng the self-organized phase by tuning the transverse pump

power P (dashed) 1s shown. The system organizes into one out of FIG. 35 (color online). Observation of mode softening induced
two possible checkerboard pattems corresponding to the two ob- by cavity-mediated atom-atom interactions in a Bose-Einstein con-
densate. The motional atomic excitation ecnergy at momenta
(£ Ak *hk) along the cavity and pump direction as a function of
the transverse laser power P, which sets the modulus |V] of the
cavity-mediated atom-atom interaction, is shown. The sign of V is
determined by the sign of 8. For negative interaction strength V.,

served phase values differing by 7. From Baumann et al.. 2010,

° NO Systematic StUdy pUinShed the system organizes at the critical pump power P, while for
positive interaction an increased excitation energy i1s observed in
* Symmetry even harder tO COﬂtl’Ol accordance with the absence of a phase transition. From Moul

et al., 2012

* Noise studies reveal characteristic
fluctuations below threshold



Beyond mean field Beyond mean field

multiparticle qguantum description of selforganization in a lattice

’ >  pump creates optical lattice with
.06060 » atoms in lowest band
» cavity field from scattered lattice light
S
Effective Hamiltonian:

H = Z Ey gbkbg + Rl 07; q Z Ji ghkbg + hr; a+al Z gbhhg — h(A, — Uy) a'a

RE : ﬁ

[ pump amplitude determined by atomic distribution operator }

How and when will selforganization happen here ?



Two degenerate states for single atom at two sites ...
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Lowest energy eigenstates of double well

.?71' N

4= —; AT IO (bibl — b;bg)
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(et ~a))
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a'a ~ (bibl _ {;;{;2)

... show atom field entanglement

« strongly entangled ground state
« atom tunneling needs phase flip (stabilization)
« Symmetry leads to zero field amplitude but nonzero intensity (photons)



many atoms in lattice => two-effective sites needed
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Selforganization for guantum field is fast and involves
entanglement and atomic qunatum statistics

Numerical solution for two atoms at two sites
starting at equal population at right and left site

Photon number, entanglement and ordering for two atoms ‘E’r{m'”g!e”?e”r am{phomnl ””mber

—— Photons
L | — Megativity
|.... =n, n=

06k

T ] | ' K"[
atom + field evolve in short time towards entangled cat state !

Note: superfluid selforganizes much faster than Mott insulator !!



Two ,Hopfield” neuron ,ordering®

Proc. Nail. Acad. Sci, USA 81 (1984) 3089
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FiG. 1. (a) The sigmoid input-output relation for a typical neu-
ron. All the g{w) of this paper have such a form, with possible hori-
zontal and vertical translations. (b) The input-output relation g(\u)
for the “neurons”™ of the continuous model for three values of the
gain scaling parameter A. (c) The output-input relation u = g (V)
for the g shown in b, (d) The contribution of g to the energy of Eq. §
as a function of V.,

Biophysics: Hopfield
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Fi1G. 3. An energy contour map for a two-neuron, two-stable-
state system. The ordinate and abscissa are the outputs of the two
neurons. Stable states are located near the lower left and upper right
corners, and unstable extrema at the other two corners. The arrows
show the motion of the state from Eq. 5. This motion is not in gener-
al perpendicular to the energy contours. The system parameters are
Ty =Ty =1,\ = 1.4, and g(u) = (2/m)tan"" (7\u/2). Energy con-
tours are 0.449, 0.156, 0.017, —0.003, —0.023, and —0.041.

« stationary states by ,energy” minimization
« dynamics does not follow energy surface



Multifrequency selfordering in a standing wave cavities
(S. Kramer)

Idea:

i —

o use frequency comb to
[ fv» pump at a large number

NP
VI — of cavity frequencies
X
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o Modes {w];dn:kn} ...L(’,} A: e '
e Many-Particle System {m; ;6% } — 1 ‘.'I h...',';' ]_,,_ .A“. ) 2
e Particles in trap V' (z) = 5\"' QL(,, v Ai v2 l( !.'QI

e Pump Laser {u.';j': 7 }
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,,Mean field* model : multimode Tavis Cummings

2m

H = ZA"U ian + /dr‘l"'(r)(—A + Vi(z ))‘i’{l‘)
+ /d.r\il"'(_.r_) Z Towy sin®(kn(z + L))(}i&”\i'(.r)

+‘/d.r\iﬁ(‘.r')2n,, sm{l\nlr+L))( ' +an ]\I’( r)

n

Expand particle operators in trap eigenmodes

b Hpnrh’clc.-:"pk('r) = El;ll’,k(‘r)

e Field operators: \Il{';r] =3 3 Yi(T)és

H = E AZanan + E E;\( Cr + E Tow, A ,”J( ]anan + E B mj(l( i—l—an)

n nij nij

Ani; = / \]lf(.r)\l’,(.r).\'ing(/.',,(.r + L))dx

C

OO
Bnii = / W ()W (x)sin(ky, (2 + L))de

Nonlinear coupled oscillator model with tailorable coupling:
pump amplitudes + detunings as control



2 Example: Box Potential
Viej= {o z € [-a,d]
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Degenerate mode selfordering of classical atoms

Single atom coupled to several degenerate modes

E(Cﬁ,t) = Zam@)um(f)

Atom couples modes and
changes field distribution

Gaul3-Laguerre modes Gaul3-Laguerre modes
in spherical mirror cavity in confocal cavity
3 degenerate modes of: many degenerate modes

(2,0), (0,1),(0,-1) family

One atom Two atoms

Horak, Rempe, H.R.,
PRL 2000

Large number of quasistationary states as local energy minima



Multiparticle selfordering in
confocal resonator with many degenerate modes

S.Gopalakrishnan, B. L.Lev, P. M.Goldbart
Nat.Phys. 5, 845 (2009).

trapsverse planp ] :
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sheets

v

L =

cloud

WICKENBROCK. HEMMERLING, ROBB, EMARY, AND RENZON

EM-field =

pattern ="
Mode 1 ______
Mode 2

FIG. 1. (Color online) A two-level atom in an optical cavity
interacting with different cavity modes depending on the spatially
dependent couplings. Shown here are two higher-order transversal
modes (modes | and 2) and one two-level atom exchange excitation
with rates gy and g, respectively. The coherent process is damped by
radiative coupling to the environment either via cavity decay of each
mode through the mirrors (with rates x; and «;) or atomic polarization
decay (with rate y).



Generalization to multimode confocal cavity :

S.Gopalakrishnan, B. L.Lev, P. M.Goldbart

Nat.Phys. 5, 845 (2009).
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P. Strack and S. Sachdeyv, P. Strack and W. Zwerger
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« Dicke quantum spin glass of atoms and photons
« Exploring models of associative memory via cavity quantum electrodynamics



Philosophical Magazine Taylor & Francis
2011, 1-9, iFirst Taylor & Erancis Group

Exploring models of associative memory via cavity quantum
electrodynamics

Sarang Gopalakrishnan®, Benjamin L. Lev® and Paul M. Goldbart®™

two hyperfine states per atom cavity mediated coupling

with Raman coupling

Hinm g Z EalXi) Ba(x;) A“S: S, +---
(a) ﬂ lb) Trapping t.l.f=n'.,'.’
lasers

4

eliminate field

g = = - — < cc
Hy 0w EudX:i)Ep(N; )Ea(X; )Ep(X)S; S;
A-bu:[" =J
Pump laser ik
(a < p).

« direct implementation of Hopfield model with coupling determined by choice of modes !
+ classical and quantum implementation depending on temperature
* NV-centers, Circuit QED versions



Raman superradiance and spin lattice of ultracold
atoms in optical cavities

S Safaei'.O E Miistecaphoglu®? and B Tanatar’
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measurement induced dynamics :
transmission spectrum of single mode with quantum index

Only one mode: a, Standing wave cavity around partially filled lattice
— Q" dtag= Ml
vV (A, —80Dg)?+ K2

Ap=0,-0 ... probe to empty cavity detuning

 Mott insulator: ((1,.}')(,,.(_))[\,“ single lorentzian with width «x and
frequency shift 6,( Do)t = do Nk

=) |assical result

- Superfluid:  (ajao)sr different dispersion shifts corresponding
to all possible atom number distributions

mmm) comb-like structure



Numerical example: light transmission of a cavity lattice (K-sites)
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Photon number <a
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I.Mekhov, Nat. Physics 2007, PRA 2008
related work by P. Meystre + al.



Generalized setup for nondestructive measurements of atom distributions

in different quantum phases of equal density

scattering spectra + distribution reflect quantum properties of atomic distribution
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* Light scattering into Bragg minima exhibits nonclassical features (=> Morigi et.al 2011)

* Experiments in 2D lattices show Bragg peaks: (Kuhr, Bloch and Ketterle group 2011)

* Collective excitations incl. dipol-dipole interaction => super-/subradiance (Zoubi /Ritsch)



,Semiclassical® approximation a(t) = [i (A, —UgN) — k] a(t) —iJ <b§'b¢ — bj’,b?,>
of lattice field (n>>1) :

Quantum atoms on classical seesaw —J (bfbr n bibg) LR (bjb; B bib?,) ORe {a(t))

For symmetric initial condition (e.g. Superfluid, Mott-insulator)
no fields Is created =>
symmetric initial state is stationary !

Photon number and population difference

0.5F

Population is stable for long time and only eventually
organizes to ordered state



Contribution of “Mott-insulator” and “superfluid”
for 4 atoms in 4 wells
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Do superpositions of Mott and Superfluid phase survive for large N ?



Thermodynamic limit and phases of cavity generated lattices

Cavity creates extra effective attraction or repulsion : bistable phases
=> phase superpositions of Mott + Superfluid in principle possible !?

Q.01 0n.02 003 0.0 Q.0¢ 0.07 .08
LV

M. Lewenstein, G. Morigi et. al. (PRL 2007, 2008)
Phase diagram in thermodynamic limit

Generalization to fermions, Morigi PRA 2008



Selforganisation in 3D

cavity axis

Simulation:
coherent light emission

o o o 5 . Yo 5 il :
in connection with cooling % e oum
inital distribution of N=2000 atoms for U, =k/1000 distribution of N=2000 atoms after 1ms for U, =«/1000
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Atoms order in regular tube-lattice structure with Bragg planes optimizing scattering to the cavity

* analogy to self gravitating systems



Ultracold Atoms in optical lattices

« Superfluid Phase J>>U

Avaavaava

weakly interacting system;
delocalized atoms

Vo

|¢—p

« Mott-Insulator Phase: J<<U

Tunneling J depends on laser power (V) ® ° ®

Theory: Fisher et al. (1989), Jaksch et al. (1998)
Experiment. Greiner et al. (2002)

Effective Hamiltonian

=—J > b byt = Zb n—1)+) (en—

(n,m)



Bose Hubbard model
for a single standing wave mode resonator

effective single atom Hamiltonian

[ guantized light potential J

FE\A

Hes = + cos*(kz) (hWUpa'a + V) — hA.a'a

2m

[ extra classical potential J

— hn (n. —a J") + hneghly) cos(kx) (ﬂ. + n.J")






Quantum Model for field and atoms

Microscopic
dynamics of
selforganization
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How do the atoms evolve into
an ordered state at T=0 ?

single atom
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Single atom - single photon kaleidoscope

Atom couples modes and

Single atom coupled to several degenerate modes changes field distribution

E (.CTZ, t) = Z Oy () U () Spatially resolved photon detection of
— emitted field via
4-segment detector (Simulation)

z.b.: Gaul3-Laguerre Moden for fixed n=2 p+|m|.

V2p?

0

Upm (p, 0, 2) = CLG cos(kz)e W02+Zm9( )pL|m|( =) (Rempe

MPQ-Munich)

stationary state for :
(2,0), (0,1),(0,-1) family  simul. atomic trajectory (green)

0 3000 6000 9000
t (<)

reconstruction of path from
4 noisy currents => white line
with subwavelength accuracy




