
From laser physics to quantum dynamics of single atoms & photons  
•  Jaynes’ neo-classical radiation theory 
•  Optical bistability è cavity QED 
•  Atom-photon physics with 1-d photonic crystals 

Strong Interactions of Single Atoms & Photons 
in 1 and 2-Dimensional Photonic Crystals 
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IQI Alumni: Postdocs 

34 former IQI postdocs hold faculty positions (or the equivalent). 
13 US, 8 Canada, 7 Europe, 2 Asia, 2 Australia, 2 Middle East 

 

Also: Dave Bacon (Google), Robin Blume-Kohout (Sandia), Sergio Boixo (ISI), Jon Yard (Microsoft) 



An NSF Physics Frontiers Center with support from the 
Gordon and Betty Moore Foundation 



IQIM at the Entanglement Frontier 
è A quest for qualitatively new physics in the quantum realm 

Grand Challenges Spanning across the IQIM 
 
1.  Are all quantum systems in Nature computationally equivalent (i.e., is there a 

“Quantum Church-Turing” theorem)?  
 

2.  Is there an exhaustive classification of the quantum phases of matter? What 
are the topological properties of these phases? 
 

3.  How do we best discover highly entangled quantum states in Nature? Will 
fundamental insights in physics emerge? 
 

4.  Can we “build” exotic quantum systems? Will such systems be “useful” (e.g., to 
realize a universal quantum simulator, to enhance quantum metrology, …)? 
 

5.  How do we robustly measure entanglement in quantum many-body systems?  
 

6.  How do we best realize nonabelian anyons and confirm their exotic statistics? 
 

7.  What are the physical limitations on quantum computation? 



IQIM Professorial Faculty and Vision 
Caltech Institute for Quantum Information and Matter 
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Rana Adhikari 
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Jeff Kimble 
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IQIM Professorial Faculty – 19 
≈ 30% of Caltech physics faculty 

IQIM Vision 
 

•  The IQIM is driven by the belief that there is a rare convergence of 
theoretical insights and experimental capabilities that offers 
remarkable opportunities for discoveries of new principles and 
phenomena at the multidisciplinary interfaces of Physics and Quantum 
Information Science (QIS). 

•  We are merging analytic tools from the IQI with emerging laboratory 
capabilities in CMP, AMOP, and QMMS for the discovery of new exotic 
quantum states of matter and the advancement of core issues in physics. 
 



Friday afternoon, 	

4:30 –5:15pm	


Afterwards 5:15 – ?:??pm  
Refreshments 	


and social interactions	


IQIM Young Person’s Seminar���
Organized by and for Students & Postdocs      	
!""

IQIM$

IQIM Postdocs -       34 

IQIM Senior Research Fellows - 3 

IQIM Graduate Students - 48 

IQIM Undergraduates - 11 



•  Permanent home for NSF-sponsored Institute for Quantum Information - IQI 
•  Annenberg Center for Information Science and Technology 

•  Funding from the Gordon and Betty Moore Foundation (November, 2010) 
•  Brings together the diverse Caltech communities who focus on Quantum Mechanics 
at the table-top scale. Expands and substantiates our IQIM programs. 

•  Kavli Nanoscience Institute – KNI 
•  KNI’s mission is to advance the state of the art in nanofabrication 

•  Renovation of historic Bridge Building for IQIM faculty 
•  Has brought together in one building many of the researchers that form IQIM  

IQIM spans across Caltech with significant institute support 

The infamous “3J” Gang: 
Jim (eisenstein) 
John (preskill) 
Jeff (kimble) 



http://iqim.caltech.edu/ 



Quantum Networks  
➪ Fundamental Scientific Question and Diverse Technical Challenges 

Quantum Node- 
process / store  

quantum information 

Quantum Channel - 
transport / distribute 
 quantum entanglement 

Theoretical issues 
•  Does it “work” – capabilities beyond any classical system  

•  Characterization of entangled states ➪ Computationally intractable? 
 

Experimental implementation 
•  Physical processes for reliable generation, processing, & transport 

of quantum states 



Distribution of Entanglement across Quantum Networks 



Quantum Networks for Quantum Simulation 

“spin” 

“interaction” 

R. P. Feynman, “Simulating Physics with Computers,” 
Intl. J. of Th. Physics 21, 467 (1982)   

“spin” 

L. Amico, R. Fazio, A. Osterloh, & V. Vedral,  
“Entanglement in many-body systems,” Rev. Mod. Phys. 80, 517 (2008) 



Building Exotic Quantum Systems - 
➪ “Lego blocks” for the realization of complex quantum systems 

➪ Fundamental scientific question and diverse technical challenges 

•  Quantum information processing 
•  Quantum measurement 

•  Quantum simulation 

Characterization and verification 
of entanglement for multipartite dystems – 

 

Laboratory realization of physical systems 
different in kind than have heretofore existed 

for N  qubits, 22N  elements of ρ̂.



1) A Quantum Interface 
between Matter and Light 

What’s inside here? 

•  Strongly coupled atom – photon 
 via cavity QED 

  χ  (κ ,γ )
Atoms Photons 

•  Cirac, Zoller, Kimble & Mabuchi, PRL 78, 3221 (1997) 



2) A Quantum Interface 
between Matter and Light 

What’s inside here? 

•  Ensemble of ~ 105 atoms 
•  Strong interaction of single photons and collective spin excitations 
•  Raymer; Bigelow, Kuzmich, Mandel, Polzik; …., Fleischhauer, Lukin, … 

Field 1 Write 

Field 2 Read 

Writing and Reading 
single spin excitations 
via Raman processes 

•  Duan, Cirac, Lukin & Zoller – DLCZ, Nature 414, 413 (2001) 



3) A Quantum Interface 
between Matter and Light 

What’s inside here? 

•  Strong focusing of one photon onto a localized atom 
•  Efficient collection of atomic emission of single photons 

“Single atom in free space as a quantum aperture,” 
 van Enk & Kimble, PRL 61, 051802 (2000) 



A Quantum Interface between Matter and Light 

What’s inside here? 

2. Large optical depth (e.g., atomic ensembles) 

3. Strong focusing (localization) of light  

1. Multi-pass interactions and small mode volume in an optical cavity (cQED) 

A new frontier to achieve 1), 2), 3) in one setting 

Ø   Strong interactions of single photons with material systems  



Quantum computation, communication & metrology 
Quantum many-body physics 

“spin” 

“interaction” 

“spin” 1.4µm

�	  �	  �	   �	  �	  �	  γ
1	  atom	   single	  photon	  	  

 
!
n ! 0.43µm

γγ

1	  atom	  

photonic 

phononic 

• 	  How	  to	  realize	  such	  systems	  in	  the	  laboratory?	  
• 	  Strong	  collabora9on	  between	  Physics	  and	  Applied	  Physics	  (Kimble,	  Painter,	  Vahala)	  

• 	  What	  physics	  to	  an9cipate	  from	  such	  systems?	  
• 	  Refael,	  QMBP	  in	  Condensed	  MaIer;	  IQIM	  visitors:	  Chang,	  Cirac,	  van	  Enk	  

• 	  Robust	  characteriza9on	  of	  laboratory	  systems	  
• 	  IQI	  –	  Preskill	  &	  Refael,	  entanglement	  verifica9on?	  
• 	  IQI	  &	  CMP	  –	  physical	  manifesta9ons	  of	  entanglement?	  

• 	  Strong	  interac9ons	  of	  single	  atoms,	  photons,	  &	  phonons	  
• 	  Painter	  &	  Vahala,	  opto-‐mechanical	  crystals	  

Quantum Networks in Quantum Optics           CMP to IQI ⇔



A State-Insensitive, Compensated Nanofiber Trap 
C. Lacroute et al., New J. Phys.14, 023056 (2012) 

  

SiO2 nano-fiber 
diameter = 430nm 

Trap parameters 



Ding	
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Muniz Silva	


Nano-Fiber Crew – 	


Martin Pototschnig	


Kyung Choi (KIST) 	


Chen-Lung	

Hung	


Jae Hoon Lee	


Akihisa Goban	





Etransmitted

Ein

Demonstration of a State-Insensitive Nanofiber Trap 
A.  Goban et al., Phys. Rev. Lett. 109, 033603 (2012); arXiv:1203.5108v1 

ba

tapered'
fiber

nanofiber 

Nano-fiber 


Etransmitted

Ein

Ereflected

~1000 atoms  



Absorption Spectroscopy for a Nano-Fiber Trap 
A.  Goban et al., Phys. Rev. Lett. 109, 033603 (2012); arXiv:1203.5108v1 

(trap at τ ≈ 300 ms) 
Linewidth = 5.7 ± 0.1 MHz  
(4.94 + 0.32) MHz ~ 5.26 MHz 
Frequency shift < 0.5 MHz 

(trap at τ ≈ 1 ms) 
Optical depth ≈ 66 ± 17 
OD/atom ~ 8% 
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NA	  ≈	  800	  trapped	  atoms;	  f	  ≈	  0.2	  frac9on	  of	  sites	  occupied	  	  	  

T (δ ) =
Ein

2

Etransmitted
2

Recall Vetsch et al. (2010) 
OD/atom ~ 0.65% 



Single atom coupling 

Ein

t1Einr1Ein

Γ1D

′Γ

Atomic Bragg mirror with NM atoms 

j =1

dM

j = NM


tNM

Ein

Ein

rNM
Ein j = 2

An Atomic Chain Coupled to a Nano-Fiber Waveguide 

kprobe × dM = πr1 =
Γ1D
′Γ + Γ1D

= 0.2

 

Current experiment - r1  0.07
Projected - r1  0.9

Input 

Transmission 

Reflection 

Dielectric Mirror 

I.	  Deutsch,	  R.	  Spreeuw,	  S.	  Rolston	  &	  W.	  Phillips,	  Phys.	  Rev.	  A52,	  1394	  (1995)	  
Y.	  Chang,	  Z.	  R.	  Gong	  &	  C.	  P.	  Sun,	  Phys.	  Rev.	  A83,	  013825	  (2011);	  A.	  Schilke,	  C.	  Zimmermann,	  	  
P.	  W.	  Courteille	  and	  W.	  Guerin,	  Phys.	  Rev.	  LeI.	  106	  223903	  (2011);	  …	  

FNM

NM

δ A = 0

δ A = 30

Atomic	  Mirror	  
Finesse	  è	  number	  of	  “bounces”	  
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Mirror atoms Mirror atoms Impurity 
 atom 

Mirrors as coherent quantum memories 
strongly coupled to single impurity atom 

nano-‐fiber	  

Input	  

Reflec9on	  

Cavity QED 

In	   Out	  

Quantum protocols 
-Single photon generation 
-Entanglement distribution 
-Quantum logic  

 - atoms 
 - photons 

- … 

Cavity QED with Atomic Mirrors 
D. Chang, L. Jiang, A. Gorshkov & H.J. Kimble, N. J. Phys. 14 063003 (2012); arXiv:1201.0643 



Building Blocks for Scalable Quantum Information Processing* 

*D. Chang, L. Jiang, A. Gorshkov & H.J. Kimble, 
New J. Phys. 14 063003 (2012); arXiv:1201.0643 

dI

   

dM
 

p q
Fidelity F Example – 

Quantum state transfer from  
atom p  to atom q 

c1 sp + c2 gp( )⊗ gq

↓

gp ⊗ c1 sq + c2 gq( )

High	  fidelity	  
quantum	  bus	  



Photon-Mediated Dipole-Dipole Interactions* 

è “Infinite” range spin-spin interactions with sinusoidal coupling set by Γ1D 
  

Master equation for the atomic density matrix ρ
ρ = −i[Hdd ,ρ]+Ldd[ρ],
where

Hdd = (Γ1D / 2) sin
j ,k
∑ kA | z j − zk |σ eg

j σ ge
k  

and

Ldd[ρ]= −(Γ1D / 2) cos
j ,k
∑ kA | z j − zk | σ eg

j σ ge
k ρ + ρσ eg

j σ ge
k − 2σ ge

k ρσ eg
j( )

π



*D. Chang, L. Jiang, A. Gorshkov & H.J. Kimble, N. J. Phys. 14 063003 (2012) 

Le Kien F, Dutta Gupta S, Nayak K P and Hakuta K, Phys. Rev. A 72 063815 (2005) 
Shen J T and Fan S 2005, Opt. Lett. 30 2001 (2005) 
Zoubi H and Ritsch H, New J. Phys. 12 103014 (2010) 
Dzsotjan AS, Sørensen, and Fleischhauer, Phys. Rev. B 82, 075427 (2010) 

Hdd – coherent dipole-dipole coupling 
between atoms j, k 

Ldd – cooperative atomic emission 
(e.g., super- and sub-radiance) 



Self Organization of Atoms along a 1-D Waveguide  
D. Chang, I. Cirac, & H.J. Kimble, arXiv1211.5660v1 (2012); PRL (2013) 

N = 10 atoms



Self Organization of Atoms along a 1-D Waveguide  
D. Chang, I. Cirac, & H.J. Kimble, arXiv1211.5660v1 (2012); PRL (2013) 

 

Γ1D
′Γ = 0.25→ r1 =

Γ1D
′Γ + Γ1D

= 0.2

N = 150 atoms



Self Organization of Atoms along a 1-D Waveguide  
D. Chang, I. Cirac, & H.J. Kimble, arXiv1211.5660v1 (2012); PRL (2013) 
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Spectrum of phonon frequencies  

Γ1D
′Γ = 0.25→ r1 =

Γ1D
′Γ + Γ1D

= 0.2

N = 150 atoms



Self Organization of Atoms along a 1-D Waveguide  
D. Chang, I. Cirac, & H.J. Kimble, , arXiv1211.5660v1 (2012); PRL (2013) 

Probing 1-d self-organized “lattices” 
Reflection spectra R(δ) 

Transmission spectra T(δ) 
Γ1D

′Γ = 0.25→ r1 =
Γ1D
′Γ + Γ1D

= 0.2

N = 150 atoms


Etransmitted

Ein

Ereflected

R(δ) 

T(δ) 

Mirror atoms Mirror atoms 

+1 +1+1 +1−1 −1−1 −1   



A Exciting Way Forward - 
Quantum Optics and Atomic Physics 
with 1-D and 2-D Photonic Bandgap Structures 

Kimble – Painter at Caltech 
D. Chang at ICFO 
I. Cirac at MPQ 
K. Choi at KIST 

Oskar Painter 
Caltech 

~400 nm 



Quantum Optics with 1-d Photonic Structures  

Ø Strong coupling in cQED 
 

Single-photon Rabi frequency Ω11 GHz  
Critical photon number n0 10−6  photons 

0.0 0.5 1.0 1.5
0.0

0.5

1.0

1.5

2.0ω (k)

k

ω 2

ω1

k1 = k2

Ø Wave-vector “engineering” 

Ø  Large atom-photon interaction 
 

Γ1D
′Γ
 20→ r1 =

Γ1D
′Γ + Γ1D

 0.95

Long-range atom-atom interactions  
mediated by single photons  
 
Quantum many-body physics for  
internal & external degrees of freedom 



Magic Wavelength Optical Trap at 792nm for Atomic Cesium 
C.-L. Lung Hung, S. Meenehan, D. Chang, O. Painter, J. Kimble, arXiv:1301.5252 
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Magic Wavelength Optical Trap at 792nm for Atomic Cesium – 
Hybrid trap from optical and vacuum forces 

C.-L. Hung, S. Meenehan, D. Chang, O. Painter, J. Kimble, arXiv:1301.5252 
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1-atom refection:

r1 =
γ 1−d

γ 1−d + ′γ
 0.95

1-atom transmission:
T = (1− r1)2  0.003

C.-L. Hung, S. Meenehan, D. Chang, 
O. Painter, J. Kimble, arXiv:1301.5252 

Total spontaneous decay rate γ tot  for 1 atom in a 1-D photonic crystal
Cesium 6P3/2 ,F = 5→ 6S1/2 ,F = 4



2	  μm	  

1	  mm	  

100	  μm	  

2	  μm	  

•  Efficient “on chip” quantum connectivity 
provided by photons over integrated optical networks. 

Evanescent atom-light coupling	  

Efficient butt-coupled fiber	  

Photonic crystal mirrors/cavities	  

Device Design and Fabrication 
1-d photonic waveguide butt coupled to conventional optical fiber 



Progress in the Laboratory – Kimble1 & Painter2 Groups 

Ni ~ 107 Cs atoms 
at ρ ~ 1012/cm3  

T ~ 10µK 

2. Sean Meenehan 
Justin Cohen 
Richard Norte 

1a) Aki Goban 
Chen-Lung Hung 
Jonathan Hood 
Su-Peng Yu 

Nf ~ 106 Cs atoms 
at ρ ~ 1011/cm3  

T ~ 100µK 

1.5mm 

Optical fiber 
butt-coupled 
to SiN device 

SiN device – 
~ 300nm x 200nm 

waveguide 
terminated by 

1-d mirror 

2	  μm	  

Evanescent 
atom-light coupling 

1b) Ding Ding 
Jae Lee  
Juan Muniz 

1c) Daniel Alton 
Pol Forn Diaz 
Andrew McClung 
Martin Pototschnig 



Mini	  MOT	  

Probe	  (0.2ms)	   Reference	  (0.2ms)	  

No	  atoms	  Time	  of	  flight:	  
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 0.5pW
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 10pW

R
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0

Δ (MHz)

Probe	  power	  

Recent lab progress – Reflection measurement: power dependence  



Chen-‐Lung	  Hung	   Aki	  Goban	   Jon	  Hood	   Su-‐Peng	  Yu	  

Construction of a New Apparatus 
for Atom Trapping in 1-d Photonic Crystals 



IQIM video available at 
http://iqim.caltech.edu/outreach/index.html 
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