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Electromagnetically Induced Transparency:

(a) (b)

e
&|>

Dispersion

M Ve
————— — — -

Absorpt

1.0

0.8

1on

v 0.4

0.2

0.0
N ]

0.4 -
0.2 F

0.0

—-02

-0.4 |

-6

0.6

. T 7 i T r
I||" \ II' Il'l i
{1 \
/ \ | | 4
| i i
/ l [ ]
i i
| | \ | 1 i
| | II I'l.

L J i f \ 1
L f \ { i 4
1 |
A ]

F i | ]

/ | / \
L | / 4
e Y !
o '-. —— ]
1 _/.JIII. 1
r T r

—4
Detuning 8./,

N‘d13‘2 Pz _

N ||

(71, —1A,)

Susceptibility: x,= e O
0 p

C

2601t (712 =1A,)(725 ~1,) %)

C

Group Velocity: v, = (@) =
g p

P
dn(w,\ <—n=1+y4,

N(w,) Hw,

b

da)p



|. Background __ EIT tak?

Slow Light and Spatial Compression: o
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Photonic Crystals and Band-Gaps:
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Photonic Band-Gaps in Atomic L attice:
Probe
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A Resonantly Absorbing Medium!
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Outlines: Homogeneous Cold Atoms

1. All-Optically Induced Photonic Band-Gaps
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An Atomic Ensemble
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Refractive index is periodic in space! ::: Atomic density is homogeneous!
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11. All-Optically Induced Photonic Band-Gaps tak?

Probe reflectivity and transmissivity: one tunable PBG is generated within
an EIT window whose width and depth change periodically in space!
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[1. All-Optically Induced Photonic Band-Gaps
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All-Optically Induced Photonic Band-Gaps
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11. All-Optically Induced Photonic Band-Gaps
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More PBGs may be optically induced around an absorption line in principle!
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[1. All-Optically Induced Photonic Band-Gaps
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PBG + EIT: All-Optical Routing! FW:Q,, BW: Q)
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Phys. Rev. Lett. 103, 133601 (2009)

EIT + PBG + Zeeman: Dynamically
Controlled Cavity in Cold Atoms, a
new scheme for light storage!
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I11: Dynamic Generation of Stationary Light Pulses
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Nature 426, 638-641 (2003) Phys. Rev. Lett. 94, 063902 (2005)
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[11. Dynamic Generation of Stationary Light Pulses tak?
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Stationary light pulses in cold
atoms experience very fast
decay and diffusion for the

truncated expansion at |n|=30 !

40 60
Time (ps) 3

(e) 10° Re [p,,""]

40
Time (us)
) 10° Im [Ijmn-m]

40
Time (us)

60



I11. Dynamic Generation of Stationary Light Pulses tak?

A Ve i(Ap —A )Py + iQ:p31 Q. (z,1) =[Q,, (t)€+ik°z +Q (t)e_ikcz]
Oty = 751 =18, 190 +1Qc 0y 102, Q, (2.1) =[2,, @ D2, (2.0

\
|
%E%ﬁ%ﬁé _ S (2n) +i2nk.z
mEss R Pa@= 2 et @he
,031(2 t) Zpﬁn l)(Z t)e+|(2n ~1)k,z +Z (2n+1)(Z,t)e+i(2n+l)k°Z
0ps” = =Vupa" +iQ i +iQ py"
%ﬁﬁ atpgnﬂ) — 7/31p31n+1) +|Qc+péfn —1+1) + |Q p(2n+1+1) +|Q 5n ;
it e
FHA
i 0,Q,, =—0,Q,. [C+iAKQ | +iy,,
0,Q, =+0,Q, 1c—iAKQ —iyyap




[11. Dynamic Generation of Stationary Light Pulses
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[11. Dynamic Generation of Stationary Light Pulses
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The balanced competition between
the FW probe and the BW probe
(sharing a common spin coherence) in
a resonant four-wave mixing is
critical for the generation of SLPs!




I11. Dynamic Generation of Stationary Light Pulses tak?

Optical Routing, Beam Splitter, Beat Generator!
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V. Conclusions X RN

» Itis possible to induce one or more tunable PBGs in a homogeneous

sample of cold atoms by applying standing-wave laser fields!

» The electromagnetically induced PBGs have many applications, e.g. to

achieve optical routing and devise dynamic cavities in cold atoms!

» SLPs generated in cold atoms experience very fast decay and diffusion

when a standing-wave laser field is applied on one transition!

» The fast decay and diffusion of SLPs can be sufficiently suppressed in a
modified coupling scheme: one key of SLPs is the balanced competition in

a FWM process rather than the high reflectance of a grating!
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PhysicCs

Physics 2,40 (2009)
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Coherent optical systems combined with micromechanical devices may enable development of ultrasensitive
force sensors and quantum information processing technology, as well as permit observation of quantum behav-

ior in large-scale structures.
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Example 1: S. Camerer et al., PRL 107, 223001 (2011)

&Fmd |

‘membrane ‘atoms in lattice

The laser light of an optical
lattice mediates the opto-
mechanical coupling between
membrane vibrations and
atomic motion!
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Example 2: K. Hammerer et al., PRL 103, 063005 (2009)

o (a)
i
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w9
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%Eé WA
w2
H=0aa +o,a,a,+G(a,+a,)(a,+a.) G ~ 27 x 45kHz

The strong coupling between a single trapped atom and a mechanical oscillator

mediated by a quantized light field in a laser driven high-finesse cavity!
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Two Typical Effects of Optomechanics:

Radiation Pressure: velocity-independent

Radiation Damping: velocity-dependent

Faamp ~10°8 Ordinary Mirrors

Radiation
pressure force
r Cantilever
. Optical
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Input laser
)
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(2 X
M

|:damp ~ -5 -
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F ress
- ﬂ ;}

“m ~107% Ordered Cold Atoms

Foress
ﬂ X(t)

3
A\
Reflectivity

press

EEER: EHRRW . FETESAH | q

Sov. Phys. JETP 25, 653-655 (1967)
Phys. Rev. Lett. 100, 240801 (2008)

Opt. Commun. 131, 107-113 (1996)
Phys. Rev. Lett. 107, 043602 (2011)
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Nature Physics 4, 359-367 (2008)

BEHLRHE—E &G TR ATRH LT ER

Advantages:

1) Very broad angular distribution, deal for display applications!

2) In the form of suspensions of particles, applied as coatings on surfaces
of arbitrary shapes, potential for environment lighting!

3) Spectral sensitivity on environment temperature, potential for remote

temperature sensing in hostile environments!
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Nature Photonics 6, 101-104 (2011) Al S )
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Schematics of a Possible Experiment:

Pump Field

Dipole Trap

e '
\&)

Accessible in experiment
at a velocity of ~1m/s for
a moving atomic lattice?




I1. Optical Enhancement of Radiation Damping tak?

Without the pump, there are two stop-bands of several GHz in width!
With the pump, we find a third stop-band of several tens of MHz in
width, which can be optically controlled on demand!
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I1. Optical Enhancement of Radiation Damping tak?

Reflectivity and transmissivity of a sample of length L=2.0 cm with the
pump on in (a,c) and the pump off in (b,d). The central narrower stop-
band has a much sharper slop in reflectivity and transmissivity!

1.0{- @ 10 | (b)
0.8 7 0.8 ;
0.6 0.6-

0.4 0.4-

0.2 0.2-

0.0; . | - 0.04 , . |
-1000  -500 0 500 1000 -1000  -500 0 500 1000
1.0 © 10 (d)

0.8 0.8-
0.6 0.6-
0.4 0.4
0.2 ) Al 0.2 |
0.04-ccaan. o I 0.0 e s

Reflectivity, Transmissivity ~Reflectivity, Transmissivity

40 20 O 20 40 60 -40 20 O 20 40 60
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In the frame of a moving atom, the average transfer rate of the four-

momentum ( P#=%%¥:2) can be expressed as

<dpu > B P[ [L-R(@,)~T(w,)] Maxwell Stress Tensor in
¢ {1+ R(@,) =T (@) Continuous Media

. QJ — Electrodynamics of
t

In the lab frame, it turns upon the Lorentz transformation into

dP“\  »’P' [ # (nw,)
dt /| o2 _,? gox(rya);o);( Very Complicated
Veloc:|ty Dependence

=[1- R(nw) T(nw )]+ [1+R(77w) T(ﬂw )]

[1+R(77w) T(nw )]+ [1 R(nw) T(nw )]

n = \/(1 U/C)/(1+U/C)
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In the typical case of v<<c ,we have n=1-v/c and thus
R(nw,) =R(w,)-w,(v/c)[oR(w,)!dw,]
T(nw,)=T(w,)-wo,©/c)[0T(w,)!dw,]

Then the four-momentum transfer rate becomes

' 0
<dpﬂ> [Fo o ~/c) F(l)l To distinguish the velocity-
dt ¢ | [Fo —(v/c)Fy]x dependent pressure force

and velocity-independent

F(g) —1— R(Cf);o) _T(a)lp)] damping force!
. . . R(w,) T(w,)
Foy =1-3R(w,) -T(@,) - o[ 8a)'p + ~ ]
Y p

Fo) =1+R(®,)-T(@,)]

Fl =1+3R(@,) - T(a))+a)[aR(w) Mo, o),

1)
a)p aa)p




I1. Optical Enhancement of Radiation Damping tak?

For a lossless and non-dispersive medium, we have

<dPX>_ 2RP v 4RP

dt C_EC

where the radiation pressure (former, velocity independent) is much

larger than the radiation damping force (latter, velocity-sensitive).

To have Fg, =~ (v/c)Fy for practical velocities and attain a large enough

radiation damping, we should find a highly dispersive medium with

oR(w,) oT(w,) ¢
 — . ~—w

Ga)p 8a)p v

p

yet accompanied by negligible absorption (1>T + R >0.99 )!
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When the pump is off, we have

X

1)

=+1.3x10"and A=7.6% at A ;, =97y, !

When the pump is on, we have F(f) =49.7x10%°and A=0.3% at A , =0.5y;,!
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I1. Optical Enhancement of Radiation Damping tak?

If the probe field is a Gaussian light pulse instead of a plane light wave, we
can check how the momentum transfer depends on the oscillating velocity

of an ordered atomic structure:
<dP” > 7P [ 9 (ne,)
dt Vel —v? | @ (nw,)x

o 0 '
e eyl LN | e
Nk J1-0?/c? 2, " (N, )X

(@)= ——expl-(0}, ~,,)* /53]

which can be used as a direct evidence to determine whether the radiation

damping is comparable with the radiation pressure?
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At A, =0.0y, , we have AP*/ N7k =0.38 (1.62) for v=0.0 (-6.0) m/s!
At A, =1.33y, , we have AP*/Nik =1.70 (0.66) for v=0.0 (+6.0) m/s!
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Outlines: Ordered Cold Atoms

[11: Nonlinear Lasing via Distributed Feedback
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[11. Nonlinear Lasing via Distributed Feedback

Direct coupling term:

Crossed coupling term:
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V. Conclusions X RN

» Radiation damping can be greatly amplified to be comparable with

radiation pressure yet with negligible absorption!

» The amplified radiation damping is accessible in experiment for cold

atoms coherently moving at the velocity of ~1.0 m/s!

» Nonlinear coherent gain can be simultaneously attained on two probe

transitions in a resonant FWM process!

» Distributed feedback in an ordered structure of cold atoms may further

result in a two-color lasing of narrow spectrum!



Thank you for your kind attention!

Rl IE !
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