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Correlatioiis aud spectral properties of thermal 
light have been the subject of many studies since 
the developmeut ofstatistical optics aid modern 
coherence In most of the studies, the 
nonradiating (near field) part ofthe emitted light 
is disregarded, because it plays no role in the 
Car-field emission properties of planar sources. 
Neveitlieless, recent interest in microscale and 
nanoscale radiative transfer? together with the 
development o l  local-probe thermal micros- 
copy and the observation of coherent thermal 
emission from doped silicon and silicon carbide 
(Sic) gratings? have raised new challenges. In 
fact, all these topics have in common the substan- 
tial role of the non-radiating (evanescent) ther- 
mal fields. 

Spatial correlations of the near field ther- 
inally emitted by a planar opaque surlace were 
studied The strong influence of the 
non-propagating components of the field was 
put forward. In particular, it was shown that 
resonant surface excitations (surface-plasmon 
or surface-phonon polaritons) lead to long- 
range spatial correlations.6 This phenomenon 
is at the origin of spatially-coherent thermal 
emission of doped silicon and Sic  g r a t i ~ g s . ~  

In this work, we concentrate on the spectral 
properties ofthe therinally emitted near field. Our 
approach is based on fluctuational electrody- 
namics and the fluctuation-dissipation theo- 
rem.2 The basic quantity to compute is the cross- 
spectral density tensor ofthe electric field: 

(E,(r,, w)E;(rz, w ’ ) )  = W,dr,, r2, w) 

x S(w ~ U’), (1) 

where E(r, w) is the time-doniaiu Fourier 
transform of tlie electric field and the brackets 
denotes an average over the ensemble of real- 
izations of the field. The electric energy density 
is obtained by: 

The method leads to an exact expression ofthe 
energy density Ue(r,w), which is valid in both 
near field and far field. In particular, the role of 
the interface and the existeuce of surface elec- 
tromagnetic modes is taken into account. 

We show that near-field excitations dramati- 
cally influence thespectrum ofthe emittedradia- 
tion. For exaniple, we study a Sic  surface in the 
infrared part ofthe spectrum. The energy density 
has a spectrum which changes strongly during 
the transition from the near field to tlie far field 
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QMF7 Fig. 1. Nornialized near-field spec- 
trum in a plane at a cvustaiit distance z from a 
planar Sic surface. 
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(Fig. 1). The near-field spectrum is a sigoature of 
the excitatiou of surface-phonon polaritons at 
wavelengths around X = 11,3 p,m. We show that 
the features oltliis spectrum can be interpreted 
using lhe density of states of the surface modes.’ 

This work provides a powerful tool to de- 
scribe near-field spectroscopic effects in ther- 
mal emission of light. Doc to the possihility of 
measuring near-field spectra hy using uear- 
field optics techniques, this work could find 
applications in solid-stale spectroscopy. It 
should also he helpful in modeling llanoscale 
radiative trausfer of energy, where transfer 
through non-radiating modes is of fundamen- 
tal importance. 
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We have performed real-time and orientation 
resolved measurements of single fluorescent 
molecules (DiIC18) in thin films ofPMMAand 
polystyrene at ambient and reduced oxygeu 
conditions. Fluorescent time trajectories of 
single molecules have been recorded using a 

QMF8 Fig. 1. (a) Single inolectlle fluorcs- 
ceiice tinictriice with 57 k s  iutegration time per 
point. l’he flnorcsceuce drops repeatedly to a low 
leveldue tv transitions l o  T,. (b) linage with 3.5 s 
of fluorescence blinking. The gray level reprcsenls 
the photon count rate during a 57 p,s bin: bright 
stredks are due to S,,-S c cling; dark streaks rep- 
resent residence in the triplet state. ’ ?  

two-channel near-field optical microscope,’ 
with 30-ps real-time resolution, 

A typical fluorescence trajectory is shown in  
Fig. 1, covering 3.5 sec with 5 orders of magni- 
tude dynamic range. Real-time singlet-triplet 
jumps (S,-T,) are directly obsemed. 

We liud that both triplet state Metime and 
crossing yield vary in time due to the local 
heterogeneity of the polymeric host.’,\ A triplet 
lifetime distrihution, both in space and in 
time, is c(instructed from the data. The triplet 
liletiuie distribution for PMMA peaks at 180 
ps with 130 ps PWHM, a s  compared to 50 ks, 
20 ps FWHM, for polystyrene. The main cause 
is a difference in oxygen solubility and mobil- 
ity, as confirmed by varying the oxygen con- 
centration of tlie sample. Within the triplet 
lifetime we determine an average nuinber of 
collisions with oxygen of 3 and 11 Tor l’MMA 
and polyst yrcne, respectively. 

‘The inter-system crossing yield appear to be 
hardly correlated to the triplet lifetime, with 
only weak effect of the presence of oxygen. 

Photo-dissociation occurs after emitting 
loG or lo7 photons typically for I’MMA and 
polystyrene, respectively. Dissociation due to 
singlet oxygen would be most likely. Yet, again 
the dissociation probability shows no correla- 
tion with triplet lifetime or  inter-system cross- 
ing yield for either of the iuvestigated environ- 
ments, in contrast to other observations.” 

Finally discrete rotational jumping between 
two conforinationally defined orientatious is 
observed. 

New insight in the photo-dynamics and ori- 
entational mobility of iiidividual molecules is 
obtained using single molecule delection: 
time-varying heterogeneity, correlations and 
distributions of photo dynamic parameters. 
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Correlated and entangled single photon states 
have made possible many fundamental studies in 
quantum optics such as Bell-type test of liidden 
variables and non-locality, explorations of quan- 
tum interfereme properties, and investigations 
of quantum information processing and quan- 
~ in i i  communications technologies such as 
quantum cryptography, qilantum computing, 
and quantum teleportation. These correlated 
single photon states arc traditionally generated 
via a spontaneous parametric down-conversion 
process using a ~ ( ' 1  material. 

In this work, we propose aiid analyze the 
generation of entangled single photons using 
x ( ~ '  parametric processes in optical fibers. 
Such processes provide a simple and inexpen- 
sive correlated photon source readily compat- 
ible with commercial communications tech- 
nologies. It further affords high efficiency for 
coupling into single-mode fibers for applica- 
tions in quantum cryptography. 

We show that lor the case when Ak = k, + 
k, - 2k, = PznZ < 0, efficient conversion o l  
the pump pulse to corrclated Stvkes and Anti- 
Slokes single photon pairs can be obtained 
because the phase-matching condition is satis- 
fied and maintained for a long propagation 
distance inside the fiber. Here p, is the GVD 
parameter at the pump wavelength and n is 
the frequency offset for the Stokes sideband. 

An apparatus designed at the NHC Research 
Institute to denionstrate correlated photon-pair 
generation is shown scheinatically in Fig. 1. A 
multiple cladding single-mode fiber with ii sniall 
or negative GVD paranleter is pumped with a 
1.5-micron picosecond laser. At the exit of the 
fiber, a nokh filter F, blocks the p u n y  laser 
pulses and a wavelcnglh demultiplexer F2 is used 
to direct the signal and the idler beams to two 
single photon detectors. Two narrow-hand filters 
F, aiid F, are placed in front of detectors Ds and 
Dl to help distingoish the sigual and idler pho- 
tons. The photoelectric signals produced by the 
dctectors are fed to two counters and a correlator 

We estitnale the rate of detection using a 
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QMGl Fig. I .  Schemalic of an apparatus lor 
correlated signal-idler photon generation and de- 
tection. 

10' 

1 le 

;~lvb 9 ID' 

10' 
~. .. . . 

SPA W d q h  cab, I" 

QMGl Fig. 2. calculated counting rates o l  
correlatcd signal-idler photon delectioii as a 
function of the sigilal beam wavclcngtli offset for 
a 5 in fiber. 

realistic value for tile tiber nonlinear coeffi- 
cient: y = 2.5/kinW. We use a fiber length L = 
5 m, a pump laser repetition rate of R = 100 
MHz, and a combined quantum efficiency of 
10%. In Fig, 2, we plot the calculated rate of 
single photon deteclion for p i m p  pulse ener- 
gies ofhotli 10 pJ and 50 pJ as a function ofthe 
Stokes sideband wavelength offset. 

In conclusion, we propose and analyze n 
method for generating correlated photon pairs 
via fvur-wave mixing parametric processes in- 
side a single-mode optical fiber. We have treated 
the four-wave-mixing process in both the classi- 
cal and quantum mechanical regimes and found 
that they are in close parallel with the convcii- 
tional three-wave-mixing process. We describe 
an experimental scheme that is currently under 
iinplerneiitation and present numerical results 
using realistic physical parameters. 
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Several experiments have been perfurmed in 
optical fibers to generate photon-numher 
squeezed pulses of light.' Among these, arc 
experiments employing a spectral filter to cx- 
ploit the spectral correlativns created during 
pulse propagation along a 

We recently reported the generation of 
photon-niunber squeezing in an AlGaAs 
waveguide' as a result ofmulti-photon ahsorp- 
tion and we now extend this work to show an  
incrcase in the degree o i  squeezing oblained 
with appropriate spectral filtering. Unlike 
niuch of the fiber work, which used long 
propagation diskinces, the results berc are pro- 

2-111111-long semiconductor 
he waveguide structure is coni- 

posed of AlGaAs grown on a GaAs substrate 
and consisted of a I - p i  planar high-index 
waveguiding layer with lateral confinement 
provided by a surface rib. The estimated effec- 
tive modal area is 6 p" 

An optical parametric oscillator puniped by a 
mode-hicked TkSapphire laser is used as a source 
of -115 fs pulses at a repetition rate or81 MHz. 
l'he wavelength is 1.5 (pm corresponding to phw 
ton energies just below the half handgap energy 
(0.845 cV) where three-photon absorption gives 
rise to some background photon-number 
squeezing at high powers.' 

SelS-phase modulation causes a strong, 
intensity-dependelit modification of the spec- 
trum. With the subsequent inclusion of a spec- 
tral filter, a system having a nonlinear outyut- 
input puwer ratio is created. Following an 
appropriate choice of spectral filter, a mean 
input power can be selected so as 10 position 
the system in a flat region of the output-inpot 
curve aiid noise reduction results. 

L o w  (Fig. 1) and high-pass filtering both 
show increased photon-number squeezing (up 
to 0.8 dLI) when one tail of the spectrum is re- 
moved. With inore than hall of the spectrum 
removed, excess noise is observed. Band-pass fil- 
tcriug is also seen to lcad to squeezing (Fig. 2) and 
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QMGZ Pig. 1. Photon-~iumber squcezing hy 
low-wavelength pass filtering. Illustrated are IC- 

sults for input powers of 19.6 niW (crosses), 9.8 
n 1 W  (circles) and 4.74 mW (squares). 

QMGZ Fig. 2. Photon-number sqneczing by 
band-pass spectral filtering. Rcsulh for lilter 
widths of 30 inn (circles), 40 inn (triangles), 50 
nni (squares) and 60 nin (crosses) are shown. 


