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 Experimental setup.

 Electromagnetically induced transparency (EIT), slow light, and
storage of light.

 Low-light-level cross-phase modulation and all-optical switching.

 Stationary light pulses.

 Outlook.

Outline



 Typically, we trap 109 atoms at a temperature of about 200 K in a MOT.
 The probe, coupling, and signal lasers are switched by AOM for the study of the

light storage.
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Light Storage Experiment



Trapping Cell and Magnets



The Phenomenon of
Electromagnetically Induced Transparency (EIT)
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Transition probability of |1 |2= | Ai + Aii + Aiii + ....... |2

EIT is the destructive interference between Ai , Aii , Aiii , .......

 The probe absorption is suppressed.

Quantum Interference
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Narrow-Width and High-Contrast EIT Spectrum

 The optical density (OD) is larger than 7 (Iout = Iin e-OD) and probe transmission
is less than 0.1% near the resonance.

 Transmission is nearly 100% at the resonance and the transparency window is
much narrower than the natural linewidth, .

OD > 7

< 

Y. F. Chen, Z. H. Tsai, Y. C. Liu, & IAYIAY, Opt. Lett. 30, 3207 (2005).
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Steep Change in Refractive Index
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Probe Detuning ()

 Due to the refractive index, the probe laser acquires a phase shift after passing
through the atoms.

 The EIT effect results in a very large (dn/d).



Chromatic Dispersion and Slow Light

ω
ω

ω
ω
1

k
ω

v

c
ω

k

g

d
dn

n

c

d
dn

cc
nd

d

n









106

narrow-width & high-contrast
absorption profile


steep change in the refractive index


large chromatic dispersion

 The group velocity is reduced by six orders
of magnitude.

 The dispersion is inversely proportional to
the coupling intensity, i.e.   .1ωω 2

cddn 



Input Pulse

Output Pulse

Coupling Field

Stored and, then,
Retrievedwithout

Storage

Delay Time~3 s

Storage
Time~5 s

 In the constant presence of the coupling, speed of the light pulse 600 m/s.
 As the second half of the probe pulse remains in the medium, the coupling field is

quickly turned off. The gap of ~5 s in the probe signal demonstrates the storage
of the probe pulse.

Slow Light and Storage of Light



Storage Time
~10 s

100%

37% = e-1

 Storage time ~ 10 s and slice the probe pulse with the coupling field.
 What is the difference between the EIT storage and the CD or DVD storage?



Phase Coherence of the EIT Storage

Phase Coherent

Coherent
Storage

Beat-Note
Interferometer

 Developed the beat-note interferometer to demonstrate that the stored probe pulse
maintains its phase coherence.

Y. F. Chen, Y. C. Liu, Z. H. Tsai, S. H. Wang, & IAYIAY, PRA 72, 033812 (2005).
Y. F. Chen, Y. M. Kao, W. H. Lin, & IAYIAY, PRA 74, 063807 (2006).
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i) The storing process
induces the two-photon
transition that absorbs
probe photons and
stimulated emits
coupling photons.

iii) The retrieval is the
reversal process.

ii) After the coupling is turned off,
all the probe photons disappear and
the ground-state coherence or spin
excitation still remains in the atoms.

Exchange between EM Wave and Atomic Wave Function
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Manipulate Retrieved Frequency

 The first demonstration that the stored and retrieved pulses have different frequencies
but maintain phase coherent.

Y. F. Chen, P. C. Kuan, S. H. Wang, C. Y. Wang, & IAYIAY, Opt. Lett. 31, 3511 (2006).



Manipulate Retrieved Polarization

 The first demonstration that a light pulse is stored with the + polarization and
released with the polarization or both polarizations.

P. C. Guan, Y. F. Chen, & IAYIAY, PRA 75, 013812 (2007).
P. C. Guan & IAYIAY, PRA 76, 033817 (2007).

Store a probe
and retrieve a 
probe by using
the reading
field.
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Manipulate Retrieved Pulse Width
Y. F. Chen, S. H. Wang, C. Y. Wang, & IAYIAY, PRA 72, 053803 (2005).

 The first demonstration of manipulating the retrieved pulse width. There is no phase
jitter or jump caused by the manipulation of retrieval.

 Stronger Ic retrieves a larger Ip0 and
a narrower p. Energy is the same.

 p 1/ Ic



Manipulation of Retrieval

 The light storage based on the EIT effect provides the method for exchange of wave
functions between photons and atoms.

 The stored atomic coherence is equivalent to the probe pulse.
 The retrieved probe pulse and the reading coupling field always maintain the two-

photon resonance and the phase matching.
 Photons as the information carrier can change properties, but the carried information

is intact.
 Nevertheless, light is not actually stopped in the medium.
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A Quantum Computer
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 Light is an ideal carrier of quantum information or wave functions, because of being
inert to the environment during the information transportation.

 A quantum computer may consist of different types of quantum devices made by
various kinds of media. The light storage can bridge different quantum devices,
each of which only interacts with light of specific properties.



Cross-Phase Modulation Based on Light Storage
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Y. F. Chen, C. Y. Wang, S. H. Wang, and IAYIAY, PRL 96, 043603 (2006).

 During the storage, a signal pulse induces the AC Stark shift and changes the
frequency and, hence, the phase of the ground-state coherence.

 The stored coherence is equivalent to the probe pulse. Therefore, the phase of the
retrieved probe pulse is also modulated.



 A phase shift of 44and energy transmission of 65% is obtained at 6
photons per 2/(2).

 Phase shifts of the order of with single signal photons can be achievable.
 Quantum nondemolition measurements, quantum phase gates, entangled

photon pairs.



Quantum Logic Gates
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Entangled Photon Pairs
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All-Optical Switching via Light Storage
C. Y. Wang, Y. F. Chen, S. C. Lin, W. H. Lin, P. C. Kuan, & IAYIAY, Opt. Lett. 31, 2350 (2006).
W. H. Lin, W. T. Liao, C. Y. Wang, Y. F. Lee, & IAYIAY, PRA 78, 033807 (2008).

 An on-off ratio of 10 dB was achieved in the all-optical switching.
 Single photon switched by another is achievable.
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Motivation of Stationary Light Pulses (SLPs)

 )2/(expnattenuatio 2  All-Optical Switching:

 2 is proportional to the intensity of the signal pulse and is the
interaction time between the light and the atoms (and, equivalently, is
the signal pulse width).

 A shorter pulse width does not help the XPM or switching efficiency,
because 2is still fixed at a given photon energy.

 Nevertheless, 2can be greatly enhanced or is not limited to the
pulse width by making the light pulse motionless, i.e., a stationary
light pulse.

 Single-photon XPM and all-optical switching become more feasible.

Cross-Phase Modulation (XPM):
22
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Stationary Light
Pulses (SLPs)
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maintaining its EM wave.
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 Lukin’s group proposed and demonstrated the stationary pulse in a hot atomic gas.
 Retrieve the stored atomic coherence by forward and backward coupling fields.
 The two couplings fields with equal intensities form a standing wave whose nodes

and anti-nodes create periodic modulation of atomic absorption, i.e. a Bragg grating.
 The Bragg grating similar to a photonic bandgap material results in vanishing

group velocity of the probe pulse.

Mechanism of SLPs
Nature 426, 638 (2003).



Equations for SLPs
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Neglect einkz terms for n 2

 The formation of SLPs requires a medium of large optical density (OD).
 SLPs do not require the standing wave or Bragg grating formed by the coupling

fields, i.e., it is not necessary that k+ = k.

Timing Sequence of Coupling Fields Forward and Backward Probe Pulses as Functions of z and t



Develop Cigar-Shaped Cold Atom Clouds

 The formation of SLPs requires a medium of large optical density (OD).
 The slow light data show OD = 38 which is enough large that a Gaussian pulse

can be entirely stored in the atom cloud.
 The light storage data shows the coherence time is 49 s.

Y. W. Lin, H. C. Chou, P. P. Dwivedi, Y. C. Chen, & IAYIAY, Opt. Express 16, 3753 (2008).
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Raman Excitations in SLPs
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 Figures (a) and (b) show the Raman excitations driven by co-propagating
coupling and probe fields. Figures (c) and (d) show the Raman excitations driven
by counter-propagating coupling and probe fields.

 For hot media, only (a) and (b) need to be considered; (c) and (d) are negligible
because the EIT resonance condition can not be satisfied due to the Doppler shift.

 For cold media such as cold atoms, Bose condensates, and color-center crystals,
(c) and (d) have to be considered.



Co- and Counter-Propagating Slow Light Pulses
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 Data in Fig. (a) can be obtained in both cold media and hot samples.
 Data in Fig. (b) can only be obtained in cold media, but not in hot samples.



Equations for Cold Atomic Media

 In order to take the counter-propagating Raman excitations into account, we
modify the optical Bloch equations.



 is resulted from the co-propagating Raman excitations.
 and are resulted from the counter-propagating Raman excitations.
 For hot media,
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Predictions from Cold-Atom Equations

 In (b), the counter-propagating Raman excitations are set to zero.
 In (c), the counter-propagating Raman excitations are considered. No SLP is

formed. Instead, the probe pulse splits up into two counter-propagating pulses.
 In (d), a detuning is applied in the backward coupling field to destroy the

counter-propagating Raman excitations.



Realization of SLPs in Cold Atoms

 The pulse visible for t > 4.5 s represents the remaining energy of the initial
probe pulse after a SLP duration of 1.5 s.

 While the SLP was established, the probe signals leaked out of the medium in
the forward and backward directions.

 We demonstrated a SLP in cold atoms.  An optical cavity of Q ~ 109.

Y. W. Lin, W. T. Liao, T. Peters, H. C. Chou, J. S. Wang, H. W. Cho, P. C. Kuan, & IAYIAY,
PRL 102, 213601 (2009).
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Outlook — Stored Light Switched by Stationary Light
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 Store P2 light in the
atoms and create P1
stationary light in the
same medium.

 Use P1 to switch P2.
 Ideally, the interaction

time can be as long as
possible.

Two EIT
Systems



Outlook — BEC for Single-Photon Experiments

21 ms TOF, 850850 m2, Tc ~ 250nK, N = 4.9104.

H. W. Cho, Y. C. He, T. Peters, Y. H. Chen, H. C. Chen, S. C. Lin, Y. C. Lee, & IAYIAY,
Opt. Express 15, 12114 (2007).

 Tightly focus single-photon pulses to maximize the intensity. The smallest size is
the order of and, hence, the Gaussian beam diverges in a distance of .

 The BEC density is well above 1013 atoms/cm3 (5 atoms per 3)..
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Outlook — Cold Atoms in a Photonic Crystal Fiber

 Laser beams propagate a long distance through optical fibers and still
maintain a rather small beam waist.

 Cold atoms will be trapped in a hollow-core photonic crystal fiber by an
optical dipole beam.

 If we can trap 100,000 atoms in the PCF, the optical density can be on
the order of magnitude of a few hundreds.

 Manipulation of quantum information
becomes practical.

 Quantum nondemolition measurement,
quantum phase gates, and entangled
photon pairs.
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Thank you for your attention.
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