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Slow light

18 February 1999
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Three level A system

th hl/c
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Three level A system

@ Dark state
|D) ~ Qcl|g) — QplS)
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Three level A system

@ Dark state
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@ Transitions g — e and s — e interfere destructively
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Julius Ruseckas (Lithuania) Multi-component slow light September 3, 2011 5/33



Three level A system

@ Dark state
D) ~ Qclg) — Qpls)
@ Transitions g — e and s — e interfere destructively
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Three level A system

@ Dark state
D) ~ Qclg) — Qpls)
@ Transitions g — e and s — e interfere destructively
@ Cancellation of absorption
@ Electromagnetically induced transparency—EIT
@ Very fragile
@ Very narrow transparency window
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Slow light

0.8 |
07 a
06 |
05 |
04 |
03 |
02|
01 ]

Tranzmission

@ Narrow transparency window
Aw ~ 1 MHz

=30 =20 =10

1.006 |
1.004
1.002
1.000 -
0.098
0.996
0.994
80 —®m -0

Refractive index

I
a 10 20 20

Froba detuning (MHz)

Julius Ruseckas (Lithuania)

Multi-component slow light September 3, 2011 6/33



Slow light

o8 @ Narrow transparency window
08 | Aw ~ 1 MHz

04 @ Very dispersive medium
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Slow light

o7 s @ Narrow transparency window
£ zi Aw ~ 1MHz
E o4 @ Very dispersive medium
"o @ Small group velocity
B R w0 ™ ™ — slow light
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Storing of slow light

Nature, Hau et al, 2001
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Storing of slow light

@ Dark state
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Storing of slow light
@ Dark state

D)~ lg) - 219

@ Information on probe beam is contained in the atomic coherence
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Storing of slow light

@ Dark state Q
_ P
D)~ 19) = fls)

@ Information on probe beam is contained in the atomic coherence

@ Storing of light—switching off control beam;
information in the atomic coherence is retained

th hl/c
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Storing of slow light

@ Dark state Q
_ P
D)~ 19) = fls)

@ Information on probe beam is contained in the atomic coherence

@ Storing of light—switching off control beam;
information in the atomic coherence is retained

@ Releasing—switch on control beam

th hl/c
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Storing of slow light

@ Initial storage times (L. V. Hau et al, Nature 2001): 1 ms
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Storing of slow light

@ Initial storage times (L. V. Hau et al, Nature 2001): 1 ms
@ Recent improvement:
e Storage time 240 ms:

U. Schnorrberger et al, Phys. Rev. Lett. 103, 033003 (2009).
o storage time > 15

R. Zhang et al, Phys. Rev. Lett. 103, 233602 (2009).
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Stationary light

Stationary light:
Storing without switching off the control fields

Theory:
@ A. Moiseev and B. S. Ham, Phys. Rev. A 73, 033812 (2006).

@ F E. Zimmer, J. Otterbach, R. G. Unanyan, B. W. Shore, and M. Fleischhauer,

Phys. Rev. A 77, 063823 (2008).

@ M. Fleischhauer, J. Otterbach, and R. G. Unanyan, Phys. Rev. Lett. 101, 163601 (2008).

@ J. Otterbach, J. Ruseckas, R. G. Unanyan, G. Juzeliinas, and M. Fleischhauer,

Phys. Rev. Lett. 104, 033903 (2010).
Experiment:
@ Y-W.Lin etal, I. A. Yu, Phys. Rev. Lett. 102, 213601 (2009).
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Double A scheme

@ An additional excited state
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Double A scheme

@ An additional excited state
@ An additional, counter-propagating control laser beam
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Stationary light

-20 2 6
lg) k [€/c]

@ Quadratic dispersion
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NS4
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@ Quadratic dispersion
@ Stationary polariton (normal mode of the radiation) with
NnoN-zero Megt
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NS4
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@ Quadratic dispersion

@ Stationary polariton (normal mode of the radiation) with
NnoN-zero Megt

@ Stationary light
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Multi-component slow light

Slow light consisting of several connected fields?
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First try: double A scheme

Used for stationary light
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Double A scheme: bad for our purposes
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Double A scheme: bad for our purposes

@ Only one dark state can be formed
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Double A scheme: bad for our purposes

@ Only one dark state can be formed
@ Only one dark state polariton (propagating without absorbtion)
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Double A scheme: bad for our purposes

@ Only one dark state can be formed
@ Only one dark state polariton (propagating without absorbtion)
@ For multicomponent slow light we need to add more levels.
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Multi-component slow light

Use double tripod scheme

@ R. G. Unanyan, J. Otterbach, M. Fleischhauer, J. Ruseckas, V. Kudriasov, G. Juzeliinas,
Phys. Rev. Lett. 105, 173603 (2010).

@ J. Ruseckas, V. Kudriasov, G. Juzelitnas, R. G. Unanyan, J. Otterbach, M. Fleischhauer,
Phys. Rev. A 83, 063811 (2011).
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Double tripod setup
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Possible experimental realization

@ Atoms like rubidium or sodium.
@ Transitions between the magnetic states of two hyperfine levels
with F = 1 and 2 for the ground and excited state manifolds.

@ Both probe beams are circularly o+ polarized, all four control
beams are circularly o~ polarized.
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Double tripod setup

|B1) ~ Qu1]s1) + Qi2|s2) |B2) ~ Qa1]s1) + Qa2]s2)

&1 and &> drive different atomic transitions which are interconnected if
(Bi|B2) #0
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Double tripod setup

Limiting cases:

[B1) ~ Quis1) + Quals2) [Bz) ~ Qai1]s1) + Qaz|s2)

Julius Ruseckas (Lithuania) Multi-component slow light September 3, 2011 20/33



Double tripod setup

Limiting cases:
@ (By|By) = 0 — two not connected tripods

[B1) ~ Quis1) + Quals2) [Bz) ~ Qa1]s1) + Qaz|s2)
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Double tripod setup

Limiting cases:
@ (By|By) = 0 — two not connected tripods
@ (By|By) =1 — double Lambda setup

[B1) ~ Quis1) + Quals2) [Bz) ~ Qa1]s1) + Qaz|s2)
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Double tripod setup

Limiting cases:
@ (By|By) = 0 — two not connected tripods
@ (By|By) =1 — double Lambda setup
@ 0 < [(B4]|B2)| < 1 —two connected tripods

[B1) ~ Quis1) + Quals2) [Bz) ~ Qai1]s1) + Qaz|s2)
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Propagation of slow light

Matrix representation — Spinor slow light:

& A Q11 Q2 > 2 ( 6 0 )
£ = . O= . b=
< &2 > < Qo1 Q22 0 4

01 and d, are the detunings from two-photon resonance.
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Propagation of slow light

Matrix representation — Spinor slow light:

& A Q11 Q12> 2 (51 0 )
g = , Q= , 5 =
< & ) < Qo1 Qoo 0 4
01 and d, are the detunings from two-photon resonance.
Equation for two-component probe field in the atomic cloud:

aé’——VzE—kaJrlv HDe=0

1
(e + V)5 — 5k
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Propagation of slow light

Matrix representation — Spinor slow light:

& A Q11 Q12) 2 (51 0 )
E = , Q= , § =
< & ) < Qo1 Qoo 0 4
01 and d, are the detunings from two-photon resonance.
Equation for two-component probe field in the atomic cloud:

88——V25—7k5+1v HDe=0

1
(e + V)5 — 5k

Similar to the equation for probe field in A scheme, only with matrices.

Julius Ruseckas (Lithuania) Multi-component slow light September 3, 2011 21/38



Propagation of slow light

0 i i "
1,19 1 g2p 1 1R _
(c'+V )81‘8 ZkVE 2k8+1v DE=0
Here 5
A _ AR6-1 a9 a1
D = QoQ2 IQc’)tQ

is @ matrix due to two-photon detuning,
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Propagation of slow light

0

Te_Llvg2e_lkeiivbe=0

1 o
(7 +V )58 — 2k 2

Here 5
D =050 — i 2O
Pot
is @ matrix due to two-photon detuning,

2
1= %(QT)—@—‘

is a matrix of inverse group velocity (not necessarily diagonal).
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Photonic band-gap for two-component slow light

@ Counter-propagating beams Atomic cloud

Qump & <mmQy
-
e
912» & «922
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Photonic band-gap for two-component slow light

@ Counter-propagating beams Atomic cloud
@ Non-zero two photon detuning Oy & <mmQy
—

e
Qo & < Qo

(51:—525(5750
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Photonic band-gap for two-component slow light

@ Counter-propagating beams Atomic cloud
@ Non-zero two photon detuning Oy & <mmQy
—

(51 = —52 =4 75 0 <
@ Dirac type equation with non-zero mass for Qo & <4 Qy
two component slow light:

.0 & . 0 = ~
158 = —1Voaz§5 +doyE

cQ?

Here vy = on
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Photonic band-gap for two-component slow light

@ Counter-propagating beams Atomic cloud
@ Non-zero two photon detuning Oy & <mmQy
—

(51 = —52 =4 75 0 <
@ Dirac type equation with non-zero mass for Qo & <4 Qy
two component slow light:

ot 0z
Here vy = 2%;
@ A gap in dispersion (“electron-positron” type
spectrum)
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Photonic band-gap for two-component slow light

Aw/ Y,

AL VAo~ vwwar
\
s

vo Ak

@ Relativistic particle-antiparticle dispersion:
Aw* = £/ VEAK? + 52
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Photonic band-gap for two-component slow light

Aw/ Y,

AL VAo~ vwwar
\
s

vo Ak
@ Relativistic particle-antiparticle dispersion:
Aw* = £/ VEAK? + 52

@ 1= mvg — gap width, m — polariton effective mass
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Multi-component stationary light

How to create multi-component stationary light?
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Multi-component stationary light

@ Configuration with counter-propagating beams.

Atomic cloud

911» &1 «921
-
e
Qe & < Qx
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Multi-component stationary light

@ Configuration with counter-propagating beams.
@ Initially two-photon detuning ¢ is zero

Atomic cloud

911» &1 «921
-
e
Qe & < Qx
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Multi-component stationary light

@ Configuration with counter-propagating beams.
@ Initially two-photon detuning ¢ is zero

@ and only one probe beam &; with central frequency Aw =0 is
incident on the atomic cloud

Atomic cloud

911» &1 «921
-
e
Qe & < Qx
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Multi-component stationary light

@ Configuration with counter-propagating beams.
@ Initially two-photon detuning ¢ is zero

@ and only one probe beam &; with central frequency Aw =0 is
incident on the atomic cloud

@ resulting in slow light, propagating with the velocity vq

Atomic cloud

Qll» &1 «921
-
e
Qe & < Qx

Julius Ruseckas (Lithuania) Multi-component slow light September 3, 2011 26/33



Multi-component stationary light

@ When the wave packet of the beam &; is inside the cloud, the
two-photon detuning is suddenly increased from 0 to ¢
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Multi-component stationary light

@ When the wave packet of the beam &; is inside the cloud, the
two-photon detuning is suddenly increased from 0 to ¢

@ A gap in the dispersion forms
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Multi-component stationary light

@ When the wave packet of the beam &; is inside the cloud, the
two-photon detuning is suddenly increased from 0 to ¢

@ A gap in the dispersion forms

@ If the width in frequency space is smaller than the width
of the gap 20
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Multi-component stationary light

@ When the wave packet of the beam &; is inside the cloud, the
two-photon detuning is suddenly increased from 0 to ¢

@ A gap in the dispersion forms

@ If the width in frequency space is smaller than the width
of the gap 20

@ two-component stationary light is created
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Multi-component stationary light

VO Ak
Light is converted to superposition of eigenstates with positive and
negative frequencies.
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Multi-component stationary light

@ Instead of propagating, light oscillates between two probe fields:

(&)=(%6)
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Multi-component stationary light

@ Instead of propagating, light oscillates between two probe fields:
&\ _ [ cos(dt)
& )\ sin(dt)

@ At later time t = t,, decreasing the two-photon detuning ¢ back to
zero, the stationary light is converted back to slow light
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Multi-component stationary light

@ Instead of propagating, light oscillates between two probe fields:
&\ _ [ cos(dt)
& )\ sin(dt)

@ At later time t = t,, decreasing the two-photon detuning ¢ back to
zero, the stationary light is converted back to slow light

Probe beam can be frozen in the medium forming a two-component
stationary light and subsequently released.

J

Julius Ruseckas (Lithuania) Multi-component slow light September 3, 2011 29/383



Comparison with light storage in A scheme

Differences from storing of slow light in atomic medium:
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Comparison with light storage in A scheme

Differences from storing of slow light in atomic medium:
@ Control beams are not switched off
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Comparison with light storage in A scheme

Differences from storing of slow light in atomic medium:
@ Control beams are not switched off

@ Propagation of light is frozen instead of converted to the atomic
spin excitation
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Comparison with light storage in A scheme

Differences from storing of slow light in atomic medium:
@ Control beams are not switched off

@ Propagation of light is frozen instead of converted to the atomic
spin excitation

@ A second probe beam can be created
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Limiting factors

@ Spreading of the wave packet due to parabolic dispersion. Time to
double the width
V3o

f= ~—
d 202
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Limiting factors

@ Spreading of the wave packet due to parabolic dispersion. Time to
double the width
V36

202

w

la =

@ Diffusion due to non-adiabatic terms. Diffusion coefficient is
Lpsvo- Time to double the width

B 3 Vo
N 4L 502

la
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Limiting factors

@ Spreading of the wave packet due to parabolic dispersion. Time to
double the width
V36

202

w

la =

@ Diffusion due to non-adiabatic terms. Diffusion coefficient is
Lpsvo- Time to double the width

3vy

t—
d 4L 502

@ Decay of stationary light due to non-adiabatic terms. The effective
decay rate of the probe light fields

1 &

T :’7@
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@ Under certain conditions the slow light can be described by a
relativistic equation of the Dirac-type for a particle of a finite mass,
dispersion branches are separated by an energy gap.
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@ Under certain conditions the slow light can be described by a
relativistic equation of the Dirac-type for a particle of a finite mass,
dispersion branches are separated by an energy gap.

@ The propagation of the probe beam can then be controlled by
changing the relative phase of the control beams or introducing a
two-photon detuning.
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@ Under certain conditions the slow light can be described by a
relativistic equation of the Dirac-type for a particle of a finite mass,
dispersion branches are separated by an energy gap.

@ The propagation of the probe beam can then be controlled by
changing the relative phase of the control beams or introducing a
two-photon detuning.

@ Using these means the probe beams can be frozen in the medium
forming a two-component stationary light and subsequently
released.
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Thank you for your attention!
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