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There have been two decades of intense research on photonic crystals to control spontaneousemission in different devices [1]. In this work we show  that photonic crystals (PC) can be used also to tune quantum 
fluctuations  in  the  context  of  spontaneous  pattern  formation  in  optics.  Extended  nonlinear  optical  devices  are  known  to  develop  instabilities  towards  spatially  multimode  structures  and  it  was  recently  proposed  and 
experimentally confirmed the use of PC to inhibit such modulation instabilities in presence of photonic bandgaps [2]. Moreover, nonlinear optical devices are common sources of nonclassical light beams. In particular, 
multimode  optical  parametric  oscillators  emit  light  exhibiting  subPoissonian  fluctuations,  squeezing  and  entanglement  between  frequency,  polarization  and  spatial  components.  In  the  last  decade,  spatial  quantum 
correlations have found applications in quantum information and imaging [3]. 

Our analysis predicts the possibility to control the signal emission threshold of a type I degenerate OPO with intracavity PC (PCOPO) when the unstable wavelength is in the bandgap. The instability can be inhibited 
(as in [2]) but also stimulated.  When considering quantum fluctuations, we find that PC can be used to tune spatial squeezing leading also to EPR entanglement above threshold [4].  

■ Photonic Crystals allow to tune parametric and modulational instability threshold in 
optical parametric oscillators. They are a versatile tool to control the pump energy 
needed to obtain signal emission.
■ Squeezing above threshold is improved: quadrature squeezing appears over a wider 
angular  range in presence of Photonic Crystals due to translational symmetry breaking. 
■ For a not translational invariant system, we find significant regions in which both EPR 
paradox and state inseparability [4] are predicted. Spatial entanglement appears due to 
the introduction of the PC in the OPO.

Conclusions

maria@ifisc.uib-csic.es

http://ifisc.uibcsic.es

EinsteinPodolskiRosen entanglement in PCOPO

Type I degenerate OPO 
with Intracavity Photonic Crystal 

MULTIPLICATIVE
 WHITE NOISE

pump (ordinary polarization):

signal (extraordinary polarization):

LOSSES

DETUNING
DIFFRACTION

MULTIMODE & NON-LINEAR

Langevin equations in the Q representation
Spatial Instabilities 

in OPOs

Quantum fluctuations in PCOPO

R=1

R=1R=1

T<<1
LASER

E

xy

z

(2)

DEGENERATE PARAMETRIC DOWN  CONVERSION

n(x,y)

2ω,kpump=(0,kz)
 ω,ksignal=(k⊥,kz/2)

ω,kidler=(-k⊥,kz/2)

PHOTONIC CRYSTAL

TWO IMPORTANT SPATIAL SCALES  → kc and kpin the following kp=2kc (Band-gap)

NON-LINEARITY
LOSSES

DIFFRACTION
NEGATIVE Δ1

PATTERN FORMATION
 IN THE TRANSVERSE PROFILE 

ABOVE THRESHOLD 
AT kc  

[1] E. Yablonovith, Phys. Rev. Lett. 58, 2059, (1987); S.John and J. Wang, Phys. Rev. Lett. 64, 2418, (1990); S. Noda, M. Fujita 
and T. Asano, Nature Photonics, 1, 449, (2007).
[2] D. Gomila, R. Zambrini and GL. Oppo, Phys.Rev. Lett. 92, 253904 (2004);  D. Gomila and GL. Oppo, Phys.Rev. E, 72, 
016614 (2005);  B. Terhalle, N. Radwell, P. Rose, C. Denz and T. Ackemann, Appl. Phys. Lett. 93, 151114 (2008); N. Marsal, D. 
Wolfersberger, M. Sciamanna, G. Montemezzani and D.N. Neshev,  Opt. Lett. 33, 25092511 (2008). 
[3] M. I. Kolobov (ed.), Quantum Imaging, Springer (2006).
[4] (a) LM. Duan, G.Giedke, J.I. Cirac and P. Zoller, Phys. Rev. Lett., 84, 2722 (2000);  (b)M.D. Reid and P.D. Drummond, Phys. 
Rev. A 40, 4493 (1989); (c) M. D. Reid, P. D. Drummond, E. G. Cavalcanti, W. P. Bowen, P. K. Lam, H. A. Bachor, U. L. 
Andersen, G. Leuchs, Rev. Mod. Phys. 81, 1727 (2009)
[5] GL. Oppo et al. Phys. Rev. A  49 (1994) 

References

Without 
PC

 M0=M1

E th
r

 1.3

 0.9

 1.2

 1.1

 1.0

 1.5  1.0  0.5  0.0

*

STIMULATION

INHIBITION

*
Without 

PC

PHOTONIC CRYSTALS can either 

STIMULATE  or  INHIBIT the pattern  

Parametric and Instability Threshold Control

MODULATION 
IN PUMP  & 

SIGNAL:
M0=M1=0.5

 Ethr=0.96

MODULATION 
ONLY IN THE  

PUMP: 
M0=0.5 

Ethr=0.93

WITHOUT 
PHOTONIC 
CRYSTAL :
 M0=M1=0.0

Ethr=1.00

x

t

MODULATION 
ONLY IN 

THE 
SIGNAL:

M1=0.5

Ethr=1.03

pump   signal

a
b
o
v
e
  
  
  
  

b
e
lo

w

pump   signalpump   signal pump   signal

dots [5]

Efficiency of down conversion process

In presence of PC noisy precursors have a fixed phase.

PHOTONIC CRYSTAL CREATES SIGNIFICANT REGIONS 
(limited by white dashed lines) WHERE EPR PARADOX
 AND STATE SEPARABILITY [4] CONDITIONS ARE FULFILLED 

Duan et al. non separability criterion 
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We find that squeezing
achieves similar values 
in the OPO (black line) 

and in the PCOPO
modulating pump 

and/or signal detuning, 
as shown

in Fig. a (same legend 
as before). 

2% above 
threshold.

A strong noise reduction 
in the PCOPO: in Fig. b
there are two orders of 
magnitude between the 
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and the OPO (black 
line), as highlighted by 
the horizontal grey line.

Reid et al. EPR entanglement criterion 
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