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• Interconnect power limits chip performance
– ~ 50% of µprocessor power was interconnects in 2002

• Expected to rise to 80%
• Chip power limited to ~ 200 W from now on 

• System power is financially significant
– The cost of powering a server is now comparable to the 

purchase cost of the server hardware 
• System power is environmentally significant

– Data centers consumed ~ 1.5% of US electricity in 2006
• Power expected to double by 2011
• Server interconnect power already larger than solar 

power generation in the US
• Information technology has as much energy and carbon 

impact as the airline industry
• Conclusion - Any new interconnect solution must take less power, 

but optics fundamentally can do this 

Energy efficiency in high performance computing
D. A. B. Miller, Proc. IEEE 97, 1166 (2009)







(nano)Photonic integration: on the roadmap?



Nonlinear nanophotonics: back to the future?
P. W. Smith, Phil. Trans. R. Soc. Lond. A 313, 349 (1984)
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“This  noise will depend 
on the number of light 
photons, or number of 
absorbing  atoms, 
involved in the 
switching operation.   I 
have somewhat 
arbitrarily selected 103

photons  as the number 
necessary for low-noise 
operation…”

Quantum noise of classical switching devices
P. W. Smith, Phil. Trans. R. Soc. Lond. A 313, 349 (1984)



Cavity QED with strong coupling

H. J. Kimble (Caltech) A. Scherer (Caltech)
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Experiment: m0 ¼ 3£10-4 N0 ¼ 6£10-3

Projected: m0 ¼ 6£10-6 N0 ¼ 2£10-4

Projected: m0 ¼ 8£10-9 N0 ¼ 6£10-5

H. J. Kimble, Physica Scripta 176, 127 (1998)



Quantum fluctuations in absorptive bistability

semi-classical nonlinear dynamics un-localized in phase portrait
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C. Savage and H. J. Carmichael IEEE J. Quantum Electron. 24, 1495 (1988)



Single-atom absorptive “bistability”

Ã Kimble and co-workers (‘98)

M. Armen and HM, PRA 73, 063801 (2006)



Spontaneous switching in attojoule “bistability”

Cs

J. Kerckhoff, M. A. Armen and HM, Opt. Express 19, 24468 (2011)

P. W. Smith, Phil. Trans. R. Soc. Lond. A 313, 349 (1984)



Kinetic (as opposed to equilibrium) hysteresis
J. Kerckhoff, M. A. Armen and HM, Opt. Express 19, 24468 (2011)



Phase switching in single-atom cavity QED

Cs

• single-atom cavity QED w/ strong driving
• spontaneous dressed-state polarization
• random binary phase-shift keying
• switching dissipates » 0.23 aJ per edge

J. Kerckhoff, M. A. Armen, D. S. Pavlichin and HM, Opt. Express 19, 6478 (2011)



Experimental single-atom cavity QED



Experimental schematic





Ultra-low power nanophotonic circuit theory

PLINC exploits cavity-enhanced nonlinearity and circuit-scale 

optical coherence to implement attojoule photonic logic

PLINC is a natural scheme for near-future integrated 

nanophotonics, testable today using single-atom cavity QED

PLINC circuit theory = coherent-feedback quantum control
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1. Develop QHDL, a subset of 
industry-standard VHDL for 
the specification of PLINC 
circuits

2. Develop software for 
compiling QHDL into rigorous 
quantum optical models

3. Use QHDL toolbox + high-
performance numerical 
simulation for analysis and 
design of functional circuits

4. Validate key coherent 
feedback concepts in single-
atom cavity QED experiments

HM, Appl. Phys. Lett. 98, 193109 & 99, 153103 (2011) 

PLINC:  Photonic Logic via Interferometry with Nonlinear Components



http://www.rfdesignline.com/howto/209400216
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Feedback (control) motifs in circuit design

Stabilization
(robustness)

Synthesis

Steady-state analysis can be intuitive, but need theory for dynamics (transients), noise
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Attojoule nanophotonic switch stabilization
HM, Appl. Phys. Lett. 98, 193109 (2011)
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Attojoule nanophotonic switch stabilization
HM, Appl. Phys. Lett. 98, 193109 (2011)



Hierarchical Design

SR NAND latch

NAND gate

Quantum models for attojoule photonic switching
HM, Appl. Phys. Lett. 99, 153103 (2011)

N. Tezak, A. Niederberger, D. S. Pavlichin, G. Sarma and HM, Phil. Trans. Roy. Soc. A 370, 5270 (2012)

http://mabuchilab.github.com/QNET/



The QNET simulation package (GitHub)
N. Tezak, A. Niederberger, D. S. Pavlichin, G. Sarma and HM, Phil. Trans. Roy. Soc. A 370, 5270 (2012)

* Interaction with ARL/CDQI *



Quantum noise in large-scale coherent circuits
C. Santori et al. (HP Labs + Stanford), Phys. Rev. Appl. 1, 054005 (2014)

4-bit ripple counter

= 4 flip-flops

= 88 resonators



D. Pavlichin and HM, New J. Phys. 16, 105017 (2014)

Message passing in nanophotonic circuits



En
er

gy
U

101 102

Time t

N=2-5 Free-Carrier Ising Machine

100 101 102 103

Time t

10-1

100

101

102

En
er

gy
U
−

U
m

in

16-
Gon

100 101 102 103

Time t

10-1

100

101

102

Frustrated 16-
Gon

20 40 60 80
t

100 120 140

30
20
10
0
10
20
30
40
50

0

R
e[
α]

0 50 100
Re[βout]

150 200

20

10

0

40

30

50

Im
[β

ou
t]

0  1000 2000 3000 4000 5000
Nph

0

500

1000

2500

2000

1500

N
c

Limit-cycle oscillators, synchronization and Ising-XY
Ryan Hamerly and HM, Phys. Rev. Appl. 4, 024016 (2015)

Role of entanglement?  Y. Yamamoto et al., PRA 92, 043821



Coherent perceptron for all-optical machine learning
N. Tezak and HM, EPJ Quantum Technology 2:10 (2015)
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