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Introduction to single photon generation



Single Photon SourceSingle Photon Source

Deterministic 

On demand

High generation rate

Narrow bandwidth

Built-in memory



Single Photon SourceSingle Photon Source

Nonlinear crystal (Parametric down conversion)

Cavity-based single atom

Quantum dot

Atomic ensembles (many atoms system)



Nonlinear CrystalNonlinear Crystal



Parametric Down ConversionParametric Down Conversion

-- P. G. Kwiat, K. Mattle, H. Weinfurter, and A. Zeilinger,  Phys. Rev. Lett. 75, 4337 (1995)

Beta Barium Borate (BBO) : 硼酸鋇

351.1nm Argon ion laser (150mW)

Coincidence rate > 1500 per second



CavityCavity--based Single Atombased Single Atom

85Rb
1mm cavity with a finesse of 60000

TEM00 mode waist of the cavity = 35 μm

Velocity of atoms ~ 2 m/s

The interaction time ~ 17.5 μs

One mirror has a 25 times larger  

transmission than the other



Experiment : CavityExperiment : Cavity--based Single Atombased Single Atom

-- Axel Kuhn, Markus Hennrich, and Gerhard Rempe, Phys. Rev. Lett. 89, 067901 (2002)

On average, 3.4 atoms per ms enter the cavity

Single-photon generation rate ~ 15000 per second

The correlation function oscillates with the same  

periodicity as the sequence of pump pulses 



Quantum DotQuantum Dot

Distributed-Bragg Reflector (DBR) microcavity

Contain self-assembled InAs Quantum dots



-- Matthew Pelton et al., Phys. Rev. Lett. 89, 233602 (2002)

Experiment : Quantum DotExperiment : Quantum Dot

Operation temperature 5 K

High single-photon generation rate



Interaction between Light and Single AtomInteraction between Light and Single Atom

|g〉

|e〉

ωge

Resonant interaction of an atom with light allows 
coherent manipulation of light and atomic states

However, single atom absorption cross-section ~λ2

Cavity QED : fascinating but not easy experiment!!

K. Vahala (Caltech)
J.Kimble (Caltech)
G.Rempe (MPQ)
H.Walter (MPQ)
Y.Yamamoto (Stanford)

-- Kerry J. Vahala, Nature 424, 839 (2003)



Atomic EnsemblesAtomic Ensembles--Light InteractionLight Interaction

Interaction of light field and many atoms is strong (collective enhancement), but 
incoherent (spontaneous emission)

Need : techniques for coherent control of resonant optical properties

Idea : suppress the resonant absorption & coherent control light propagating 
in many atom system (atomic ensembles)

-- M. Fleischhauer and M. D. Lukin, Phys. Rev. Lett. 84, 5094 (2000)

Electromagnetically Induced Transparency (EIT)

Coupled propagation of photonic and spin wave : dark-state polaritons



Experiment : Atomic EnsemblesExperiment : Atomic Ensembles

Hot atomsCold atomsCold atoms

Walsworth’s group
U. Harvard

Kimble’s group
Caltech

Our group
U. Cheng Kung
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光學糖蜜(Optical Molasses)

MagnetoMagneto--optical Trap (MOT)optical Trap (MOT)

Ultracold atoms produced by laser cooling and trapping



8787Rb Cold AtomsRb Cold Atoms

5 mm



The Nobel Prize in Physics 1997
"for development of methods to cool and trap atoms with laser light"

b. 1948b. 1933
(in Constantine, Algeria)

b. 1948

National Institute of 
Standards and 
Technology 
Gaithersburg, MD, USA 

Collège de France; École
Normale Supérieure
Paris, France 

Stanford University 
Stanford, CA, USA 

USA France USA 

1/3 of the prize 1/3 of the prize 1/3 of the prize 

William D. PhillipsClaude Cohen-TannoudjiSteven Chu



Single photon generation with atomic ensembles 
(DLCZ scheme)



DLCZDLCZ schemescheme

L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, Nature 414, 413 (2001)

Stokes photon
Write laser

Entangled state



““CollectiveCollective”” atomic spin stateatomic spin state

Write pulse and 1 Stokes photon lead to state   
with 1 quantum of atomic ensemble excitation

Initial state

All atoms in 
ground state g

Zero photons in 
Stokes mode

1 quantum of excitation 
in collective atomic mode

1 quantum of excitation
in Stokes mode

L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, Nature 414, 413 (2001)

Nothing happen

Collective atomic mode operator 

Single photon generation Single photon generation 
on demand !!!on demand !!!

Stokes photon
Write laser



Experiment : DLCZ SchemeExperiment : DLCZ Scheme



SingleSingle--photon Generation via Fourphoton Generation via Four--wave Mixingwave Mixing



Single Photon Storage (Hot atoms)Single Photon Storage (Hot atoms)

M. D. Eisaman et al., Nature (London)  438, 837 (2005)



Single Photon Storage (Cold atoms)Single Photon Storage (Cold atoms)

T. Chaneliere et al., Nature (London)  438, 833 (2005).



Electromagnetically Induced Transparency



Electromagnetically Induced TransparencyElectromagnetically Induced Transparency

Probe

Coupling

|g2〉
|g1〉

|e〉

Δp



Probe

Coupling

|g2〉

|g1〉

|e〉

= + + + .......

path i path ii path iii .......

|g2〉

|g1〉

|e〉

|g2〉

|g1〉

|e〉

|g2〉

|g1〉

|e〉

Transition Amplitudes    : Ai Aii Aiii

Transition probability of |g1〉 → |e〉 =  | Ai + Aii + Aiii + ....... |2

EIT is the destructive interference between Ai , Aii , Aiii , ....... 
⇒ The probe absorption is suppressed.

.......

EIT : Quantum InterferenceEIT : Quantum Interference
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Hau group : Cover of Nature associated with 
article in Nature 397, 594 (1999)

““Slow LightSlow Light”” in Cold Na Atomsin Cold Na Atoms



“Stopped” light (Quantum memory technique)



-- M. Fleischhauer and M. D. Lukin, Phys. Rev. Lett. 84, 5094 (2000)

Strong coupling field (θ → 0) : 
Polaritons : purely photonic wave

Weak coupling field (θ → π/2) :
Polaritons : larger parts in spin wave

Dark-State Polaritons : 
Coupled propagation of photonic and spin wave



Cold atoms
Hot atoms

Light Storage and Retrieval (Experiment)Light Storage and Retrieval (Experiment)

D. Phillips et al. PRL 86, 783 (2001)

C. Liu t al. Nature 409, 490 (2001)
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Light Storage and Retrieval Twice (Reversible)Light Storage and Retrieval Twice (Reversible)

Storage time  ~ 15 μs

|g1〉

|g2〉

|e〉

Probe
Coupling

Spin Coherence

Write Read

|g2〉
|g1〉

|e〉



Images StorageImages Storage



Phase ?Phase ?



Zeroth-Order Beam

BS
AOM

M

PD1

PD2

OSC

Atoms
From
Laser

Reference Beat Note

Probe Beat Note

First-Order Beam

Beam 1

Beam 2

Reference Beat Note: Ez
2 + Ef(t)2 + 2Ez Ef(t) cos(ωat+ϕr)

Probe Beat Note: Ez
2 + Ef(t)2 +2Ez Ef(t) cos(ωat+ϕp+Δϕ)

Ez

Ef(t)

 ϕr and ϕp are the phases that result from the optical paths, the AOM 
switching, or other factors. 

 Δϕ is the phase shift induced by the atoms. 
 Although ϕr and ϕp vary from one pulse to another, their difference is
always fixed. 

ωa

BeatBeat--note Interferometernote Interferometer

Phys. Rev. A 72, 033812 (2005) 



Phase Coherence of Storage and RetrievalPhase Coherence of Storage and Retrieval

Phys. Rev. A 72, 033812 (2005)
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Phase measurement of weak probe 
pulses with peak power ~ 400 pW

LowLow--lightlight--level Phase Measurementlevel Phase Measurement

Phys. Rev. A 72, 033812 (2005)



UltralowUltralow--lightlight--level Beatlevel Beat--note Interferometernote Interferometer
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UltralowUltralow--lightlight--level Beatlevel Beat--note Interferometernote Interferometer

Reference beat note

Probe beat note



EIT Transmission Spectrum by BeatEIT Transmission Spectrum by Beat--note Interferometernote Interferometer

-20 -15 -10 -5 0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

Probe laser detuning (MHz)

Tr
an

sm
is

si
on -1.2 -1 -0.8 -0.6 -0.4 -0.2

0
0.2
0.4
0.6
0.8

1

Probe laser detuning (MHz)

Tr
an

sm
is

si
on(a)



EIT Phase Measurement at Ultralow Light LevelEIT Phase Measurement at Ultralow Light Level
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Amplitude and Phase Error of Beat NotesAmplitude and Phase Error of Beat Notes
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Cross phase modulation (XPM) with EIT



H. Schmidt and A. Imamoğlu, Opt. Lett. 21, 1936 (1996). 

Giant Kerr Effect with EITGiant Kerr Effect with EIT



H. Kang and Y. Zhu, Phys. Rev. Lett. 91, 093601 (2003).
Is ~ 1 mW/cm2 Φ~ 0.2 radians



ProbeProbe
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PRL 96, 043603 (2006) 

Light storage CrossLight storage Cross--Phase Modulation (XPM) SchemePhase Modulation (XPM) Scheme
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Light storage CrossLight storage Cross--Phase Modulation (XPM) Scheme Phase Modulation (XPM) Scheme 

PRL 96, 043603 (2006) 

Is ~ 1 mW/cm2 Φ~ 1.0 radians



Cavity EIT : SingleCavity EIT : Single--photon photon ππ--phase gate ?phase gate ?

Single-photon π-phase gate may be possible !
But still need more efforts !!!

AtomsAtoms

Probe photonSignal photon

Ts : Spin coherence lifetime

|g1〉
|g2〉

|e〉

Coupling Retrieved photon

π phase shiftCavity



Nobuyuki Matsuda et al., Nat. Photonics  3, 95 (2009).



Summary & OutlookSummary & Outlook

Toward single photon generation with atomic ensembles

Ultralow-light-level phase measurement by beat-note interferometer

Study EIT-based XPM at low-light level
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