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ABSTRACT 

 

This work explores the quantum limit of Surface Plasmon Polariton (SPP) 

generation based on Bohr’s Correspondence Principle, i.e. that the quantum 

description of a phenomenon must converge to its classical counterpart in the limit of 

large numbers. Specifically, this work addresses the excitation and detection of single-

photon SPPs. This is accomplished by first exploring whether SPPs can be excited 

using an extremely low intensity pump beam and traditional SPP fluorescence 

generation in a Kreschmann configuration setup; and then by using Spontaneous 

Paramedic Down-Conversion (SPDC) as a source of SPP excitation in a gold-gold 

grating. The detectors used for the experiment are Single Photon Counting Modules 

(SPCM) that have the ability to detect low intensity light, in the realm of single 

photons. The granular effect of light is demonstrated by integrating the Hanbury 

Brown and Twiss experiment into the  SPP detection scheme and measuring the 

degree of second order coherence g
(2)

(0) of both the SPP excitation beam and the SPP 

leakage radiation. The results demonstrate that by using a beam of single photons as a 

source of excitation, one can indeed generate single-photon SPP’s whose leakage 

radiation remains temporally spaced. 
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CHAPTER I 

INTRODUCTION 

  

The physics of classical (macroscopic) interactions has been developed over 

time to great extents leaving little to the imagination and the unknown. Amazingly, all 

of these macroscopic interactions are the manifestation of collective quantum 

interactions that, until recently, compared to the history of science, have gone 

unnoticed. The correspondence principle, as defined by Niels Bohr [1], states that the 

quantum description of a phenomenon must converge to its classical counterpart in the 

limit of large numbers (i.e. energies, states, events, etc.). In this work I explore this 

limit by first attempting to generate Surface Plasmon Polaritions (SPP) using a very 

low intensity light, such that the SPP leakage radiation is dim enough to only be 

detected by single photon counting modules. A more conclusive approach is also taken 

by generating SPPs in a gold-gold grating using a beam of temporally spaced (anti-

bunched) single photons generated through the Spontaneous Parametric Down-

Conversion (SPDC) process. The novelty of this approach, in contrast to other 

attempts at single-photon SPP excitation [2], [3], is having a relatively strong SPP 

signal and being able to distinguish the pump beam from the actual SPP leakage 

radiation. The purpose of this section is to lightly introduce the theory behind SPP 

generation, non-linear processes and SPDC, coincidence counting, and the calculation 

of the degree of second order coherence. 

 

Surface Plasmon Polariton Excitation and Detection 

Surface Plasmon Polaritons are collective free-electron density oscillations 

(surface plasmons), coupled to an electromagnetic wave (polariton), that exist at the 

interface between a material of negative permittivity (usually a metal) and dielectric. 

Like light, SPP’s can be classically described using Maxwell’s equations , but SPP’s 

can also be quantum mechanically described as being particles with discrete energy 

and momentum [4]. The metal-dielectric samples used in this experiment are 

variations of the standard SPP sample which is prepared by taking a glass substrate, 
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applying a thin 1nm layer of chromium (for proper gold to substrate adhesion), and 

then evaporating 50nm gold on to the chromium.  For SPP generation to occur, the 

component of the wavevector parallel to the interface of the incident light must match 

the wavevector of the surface plasmon in the metal. The relationship describing this 

interaction can be neatly summarized by the equation 

sind m
spp p x p o spp

d m

k n k n k
ε ε

θ
ε ε

= = =
+

                   (1) 

where ko is the vacuum wave vector of the incident light, kspp is the SPP wavevector, np 

is the refractive index of the prism, θspp is the angle of incidence of the photon that 

generates SPPs (and also the angle at which leakage radiation of SPP is emitted), εd  is 

the permittivity of the dielectric, and εm is the dielectric constant of the metal. This 

seems like a trivial task, but it is quickly seen that meeting such a condition is 

impossible at the air-metal interface. An easy remedy for this problem is to place a 

high index prism on the metal’s surface (Fig 1.1(a)). As seen in the reflectivity vs. 

angle plot in figure 1.1(b), light incident at θspp is almost completely coupled to SPPs 

resulting in no reflectivity.  

 

 

Fig 1.1: a) Schematic of Kreschmann Configuration, prism sits on a layer of gold and 

followed by a layer of glass, b) Plot of effect of polarization on SPP excitation, red is 

TE polarized light, black is TM polarized light, and green is TM polarized light in the 

prism without the metal layer. 
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 The plot was developed using Fresnel’s equations and the Mathematica program. The 

green points illustrate that total internal reflection would occur at an air-glass 

interface, i.e. no metal present, before the SPP angle (in black) is reached, and 

therefore show the need for a prism and metal in SPP sample arrangements. This 

system of SPP excitation is known as the Kreschmann configuration [4]. In modern 

setups, a half-ball prism or an oil immersion objective lens takes the place of the 

traditional triangular prism, and oil, with similar refractive index to the lens/objective 

lens, is added between the gold and the prism/objective lens to minimize reflections at 

the interface (Fig 1.2).  

 

Fig 1.2:  a) Schematic of microscope used for SPP microscopy, b) Schematic of half-

ball SPP system.  
 

SPP leakage-based microscopes with imaging software, like the one in figure 1.2(a), 

have the ability to image the surface of the sample and the back-focal-plane (BFP). 

The surface plane (SP) gives information about the sample structure and the SPP 

propagation directions on the sample as would be seen by a human eye. The BFP is 

the Fourier transform of the SP, and is therefore viewed as a representation of the 

momentum space of the SPPs propagating along the sample surface. The BFP can 



Texas Tech University, Daniel Dominguez, May 2012 

4 

easily be obtained by inserting a lens along the image trajectory at the lens’ focal point 

[5],[6]. Analysis of both the SP and BFP reveals that SPPs are polarization dependent, 

seen in Figure 1.1(b), a fact that will come in handy later analyses. 

Other methods can be used to excite SPPs; two that are of interest to this 

experiment are excitation through fluorescence and excitation from scattering on a 

grating. For the fluorescence scheme, the sample is prepared in the same manner as in 

Figure 1.1(a) except that an additional layer of PolyMethylMethAcrylate (PMMA), 

doped with Rhodamine G6, is deposited on top of the gold (Fig 1.3(a)).  

 

Fig 1.3:  Diagrams of SPP excitation from a) fluorescence (not scaled) with half-ball 

prism and b) grating (error in Fig. 1.3a) 

 

Laser light that is focused on the PMMA will cause the Rhodamine 6G to fluoresce in 

all directions, but some of the fluorescence that is emitted parallel to the metal-

dielectric interface will excite SPPs. By placing either a circular prism or an oil-

immersed objective lens with a high NA on substrate of the sample, the SPPs can be 

successfully “captured” and imaged on to a screen, CCD camera, or sent to a 

photodiode. This arrangement is known as the reverse Kreschmann configuration, 

since the fluorescence excites SPPs from the gold side which leak out (with the help of 

prism) through the substrate side. 

SPP excitation via grating relies on the same principles as the ordinary and 

fluorescence methods, namely wave-vector matching between the incident photon and 

the surface plasmon. Bragg scattering is the mechanism of SPP excitation in grating 

samples patterned with PMMA or gold. As a result, integer multiples of the grating 



Texas Tech University, Daniel Dominguez, May 2012 

5 

vector must be added to the photon wavevector to match the SPP wavevector [4]. 

Thus, equation (1) now becomes 

spp xk k mK= +
� � �

          (2) 

where 2 ˆ
d

K gπ=
�

 is the grating vector, d is the grating spacing, ĝ  is the direction 

perpendicular to the direction of the grating grooves, and m is an integer. For a grating 

oriented in the direction shown in Figure 1.3(b), equation (2) can be written out to 

account for the azimuthal angle φ of incidence with respect to the grating direction as 

follows: 

0

2
ˆ ˆ ˆ[(sin cos ) (sin sin ) ] .

spp d

m
k n k x y y

d

π
θ ϕ θ ϕ= + +

�
      (3) 

The ideal angle for SPP excitation can be calculated by taking the magnitude of the 

right hand side of (3) and the magnitude of the middle part of (2), and setting them 

equal to each other. For a gold-gold grating, like the one used in this experiment, θspp 

is less than one degree, which is ideal for the experimental setup since the excitation 

light source will be focused using an objective lens that is placed perpendicular to the 

sample surface. 

 

Non-linear Optics 

 Normal optical processes in everyday materials, such as sunlight propagating 

though glass, can be described as the interaction between an oscillating electric field 

and the induced dipole moments of a material [7].  The relationship between an 

induced dipole p
�

 and the electric field can be written as 

.p Eα=
��

                      (4) 

The atomic polarizability α in equation (4)  is defined as  

0
Vα ε χ=

                  (5) 

where ε0 is the permittivity of free space, χ is the electric susceptibility, and V is a 

volume of interaction in the material. A natural representation, which relates the effect 

of dipoles in a given volume to an applied electric field, thus arises 
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0

E
P E

V

α
ε χ= =

�
� �

                               (6) 

where P
�

, the polarization, is the dipole moment per unit volume  [7].  Under normal 

circumstances, the induced electric dipoles have no trouble oscillating at the frequency 

of the incident electric field; but when high intensities or high frequencies are used, 

the dipoles can no longer keep up [6]. The use of a laser, an intense light source with 

variable frequencies, is therefore necessary to generate nonlinear effects. In such 

scenarios, it is convenient to expand the polarization definition (equation (6)) in a 

Taylor series to find 

(1) (2) (2) (1) (2) 2 (3) 3P P P P E E Eχ χ χ= + + +⋅⋅⋅ = + + +⋅⋅⋅                   (7) 

where 
( )nχ  is a tensor of rank n+1. We note the behavior of the polarization because, 

as indicated earlier, the polarization is a direct representation of the induced dipoles. 

Thus, if the polarization gains nonlinear terms, so will the total induced electric 

dipoles and furthermore the emitted dipole radiation. 

It has been shown [6] that for dielectrics with typical second-order nonlinear 

susceptibilities on the in the range of 10
-10 

m/V to 10
-13

 m/V, one would need an 

electric field with amplitude E0 ~ 10
10

 V/m to see a 1% nonlinear contribution to the 

polarization of a material. This can be achieved using a laser whose power output is on 

the order of 100MW. The higher the order of the susceptibility used, the more power 

is needed to generate an electric-field component whose amplitude is large enough to 

produce noticeable non-linear effects.  The nonlinear response of a material can also 

be amplified if material is tailored such that the electrons have poor response to the 

electric field. This can happen if the atoms in the materials have tightly bound 

electrons so that they confined to areas close to the atom. In such a case, the electrons 

will, in turn, not respond “linearly” to an oscillating electric field.  

 

Spontaneous Parametric Down-Conversion 

SPDC is a non-linear process that takes one pump photon of frequency ωp and 

“splits” it in to two photons lower frequency ωs and ωi (known as the signal and idler 

photons). SPDC is known as “spontaneous” because the signal and idler beams are 
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randomly generated in the crystal, parametric because it depends on electric-field of 

the pump beam not just the beam intensity, and down-conversion because the signal 

and idler photons have lower frequencies that the pump photons [8]. There are two 

types of SPDC which are characterized by the polarization state of the signal and idler 

photons with respect to the pump photon. In type-I SPDC, both the down-converted 

photons and the pump photon have the same polarization, while in type-II SPDC the 

polarization state of the down-converted photon is perpendicular to that of the pump 

photon [9].  

The energy and momentum of the pump photon must be conserved and thus 

one can expect SPDC to produce pairs of photons having specific energies and 

trajectories. The momentum of a photon is related to its wave vector k, where 

2k k π λ= =
�

 and λ is the wavelength, by the relation p k=
��
� , where �  is Planck’s 

constant divided by 2π. Likewise, the energy of a photon is given by E ω= � , where 

ω is the angular frequency of the light. The down-converted photons are thereby 

constrained by the conservation equations p s iω ω ω= +   and 
s ik k k= +

� � �
. Note that 

many values can satisfy the above equations, as such, SPDC photons are emitted at 

various angles, tracing circles [10]. In this project, we are interested in frequencies 

where 1
2p sω ω=  and s i

ω ω= , and with momentum that satisfy 1
2p sk k= and s i

k k=  

(Fig. 1.4).  

 

Fig. 1.4: a) Vector representation of conservation of momentum between the signal, 

idler, and pump beams. b) Diagram of energy conservation. c) Illustration of the 

SPDC process.  
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It is clear that SPDC differs from typical beam splitting (for example, by using a half-

silvered mirror), because in SPDC a pump photon is physically divided into two new 

photons of different wavelength, while in normal beam splitting, the intensity of the 

pump beam is divided all the while maintaining the original wavelength. 

The crystal used in this experiment is a negative, uniaxial, 5×5×3mm Beta 

Barium Borate (BBO) crystal which produces non-collinear beams of Type-II down-

converted photons at three degrees from the pump beam. The generation of non-

collinear down-converted beams, opposed to collinear beams, is due to the phase 

matching requirements for the crystal that are manifestations of the conservation of 

momentum principle. In his paper [9], Galvez clearly demonstrates that conservation 

of momentum cannot be upheld inside a normal isotropic crystal if the down-

converted beams propagate at a nonzero angle from the pump beam. Galvez then goes 

on to show that momentum can be conserved by using a nonlinear crystal (like the 

BBO crystal used in this experiment) that fulfills the phase-matching condition.  

   

Coincidence Counting 

 Demonstrating that SPDC has occurred and that the down-converted beams are 

indeed made up of temporally spaced single photons is pivotal to the results of the 

experiment. One very effective way to observe that SPDC has occurred is by setting 

up a detection system at the signal and idler beam trajectories capable of resolving 

time differences between spontaneous measurements. If two separate detections are 

made within a predefined time window, then the event is known as a coincidence. 

Because signal and idler photon pairs are produce in sub-picosecond time range that is 

well beyond the resolution of the equipment used in this experiment [11], one can 

anticipate simultaneous detections of photons and thus, a very narrow coincidence 

window. Unfortunately, both detector and coincidence-analysis equipment efficiencies 

limit the measurement resolution, one will therefore have to determine an appropriate 

time-window so that such that the coincidence detection is still true (explained in the 

next chapter).  
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Degree of Second Order Coherence 

There are two experimental setups that can be used to determine if a beam of  

light is made up of anti-bunched photons, both which rely on a simple experiment 

developed by R. Hanbury Brown and R.Q. Twiss [12] (Fig 1.5).  

 

 

Fig: 1.5: a) Two-detector and  b) three-detector schemes for g
(2) 

measurement
 

 

The experiments are based on a straightforward premise neatly summarized by 

Grangier et.al. : “a single photon can only be detected once’’ [13]. In the Hanbury 

Brown and Twiss (HBT) setup, the beam in question is sent to a 50/50 beam splitter 

that allows the intensity of the incident beam to be split in to transmitted (T) and 

reflected (R) beams each having half of the incident intensity (Fig 1.5(a)). If a beam 

truly is made up of single temporally-spaced photons, then one would not expect to 

find any coincidence counts (simultaneous measurements) from the T and R detectors 

since the photons would either be transmitted or reflected, not both. An alternative 

setup can be used that takes advantage of another beam (call it G) to condition all 

subsequent measurements through a “gated” detection of G first (Fig 1.5(b)). This 

setup is typically used for processes, like SPDC, that produce two beams. The 

characterization of light as a beam of single, anti-bunched, or uncorrelated photons is 

determined by the degree of coherence of the light beam. The measure of coherence in 

a beam is, in simple terms, the measure of a phase relationship between two beams; 
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beams that exhibit a definite phase relationship are said to be coherent [14].  Each 

specific order of coherence being calculated has an individual physical property being 

measured. For example, the degree of first order coherence g
(1)

 measures correlations 

between fields, while the degree of second order coherence g
(2)

 measures correlations 

between intensities [15].  

In his paper [15], Dr. Beck derives the equations for g
(2)

 for classical fields, 

and the variations of g
(2)

 that are applicable in the setup used for this experiment, and 

can be summarized as follows. The degree of second order coherence is a function of 

the time delay (τ) between intensity measurements at the T and R detectors after the 

beam splitter (Figure 1.5(a)), and can be expressed as 

 
(2)

( ) ( )
( )

( ) ( )

T R

T R

I t I t
g

I t I t

τ
τ

τ

+
=

+
          (8) 

where IT is the Intensity of the transmitted beam, and IR is the intensity of the reflected 

beam [14], [15]. If the beam statistics do no change in time, then the field is said to be 

stationary and the brakets can be seen as ensemble averages. In this experiment the 

beam will be evenly split thus, 1 1
2 2I T R

I I I= + ; and the measurement being done will 

look for pairs of down-converted photons that are produced almost simultaneously 

therefore, τ =0. Equation (8) can thus be re-written as  

 

2

(2) (2)

2

[ ( )]
( ) (0)

( )

I

I

I t
g g

I t
τ → = .         (9) 

Comparing this result to the Schwartz inequality ( |A B A B≤ ) reveals that, for 

classical fields, the degree of second order coherence must be greater than or equal to 

unity (
(2)(0) 1g ≥ ). If the experiment were to yield a

(2)g value that is less than unity, 

then the beam being analyzed is said to be a quantum field, or made up of single 

temporally-spaced photons. The greatest violation of the inequality would be zero for 

which one would have a perfect Fock state [15]. 

 Since SPCMs do not measure intensity, rather current produced by photo-

electrons, equation (9) must be reworked to give 
(2) (0)g  from the SPCM outputs. For 

this situation, the intensity can be written in terms of photon counting probabilities. 
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Specifically, following Dr. Beck’s example [15], the probability of a detection 

occurring P within a certain time ∆t is proportional to the intensity of the light 

illuminating the detector within the same time: 

 ( )d d dP t I t tη∆ = ∆         (10) 

where the d subscript identifies the detector making the measurement, and ηd is the 

efficiency of the detector. This approach is derived from the semi-classical theory of 

light detection in which light behaves classically, like a wave, while the detector 

behaves quantum mechanically, i.e. making quantized detections [15]. The joint 

probability of making detections at detector T and R can be similarly written as 

 2( ) ( )TR T R T RP t I t I t tη η τ∆ = + ∆ .       (11) 

Furthermore, to simplify the data taking process, one can define the probability of 

making a detection within a certain time, and from steady source, as the number of 

photons production rate by the source: 

 d

d

N
P t

T
= ∆

∆                        
 (12)  

where Nd is the number of photons produced during ∆T time. Since a classical beam 

incident on a 50/50 beam splitter will produce a transmitted beam and reflected beam 

with equal intensities, equation (11) can be seen as the total number of photons hitting 

the beam splitter. Therefore, one can combine (12), (11), and (9) and apply the 

condition for simultaneous detections to get  

2

(2)
(0)D

TR

T R

N T
g

N N t

∆ 
=  

∆ 
.       (13) 

where NTR is a coincidence measurement between detectors T and R, ∆T is the total 

running time, ∆t is the coincidence window, and the 2D subscript is used to denote 

that a 2-detector measurement is being made. It is clear to see that the detector 

efficiencies will cancel out if identical detectors are used. 

The alternative conditional-measurement setup in figure 1.5(b) can be used in 

this experiment for more reliable results since SPDC is expected to produce photon 

pairs. In this situation, the beam not aimed at the beam splitter will be used to create a 

parameter (gated detection) that will ensure true detections are made at T and R. The 
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conditional measurement of the degree of second order coherence is written in terms 

of photons counts from a simultaneous production source, as  

3

(2) (0)D

GTR G

GT GR

N N
g

N N
=              (14) 

where NGTR is a three way measurement between the gate, transmitted, and reflected 

photons [10]. It is worth noting that a separate TAC/SCA is needed for each 

coincidence measurement, thus the 2-detector scheme only requires one TAC/SCA, 

and the 3-detector setup requires three TAC/SCA modules each with its own 

independent coincidence window. A final modification can be made to equitation (14) 

to help minimize error. Most TAC/SCA modules come equipped with a VALID 

START (VS) output that produces a pulse every time a START pulse triggers a 

coincidence count, thereby minimizing “false” counts. As discussed in [15], equation 

(14) can be rewritten as 

( )
3

2

(2) (0)D

GTR Gvs

GT GR G

N N
g

N N N
=                          (15) 

where NGvs is the number of G counts that produced coincidence counts. This equation 

will be used for the degree of second order coherence test for the SPDC beams. 
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CHAPTER II 

EXPERIMENT EQUIPMENT 

 

Experimental Set-up 

The experimental setup used for coincidence detection between SPDC beams 

and SPPs is relatively simple (Fig 2.1).  

 

Fig. 2.1: The drawing of the experimental setup. “A” and “B” are the detector names. 

The SPP detection system (left-most arrangement) is placed in the section marked by 

the dashed box for the SPP measurement experiments, otherwise it is not needed. 

 

A 405 nm, 50mW diode laser is mounted facing a series of mirrors that are used to 

properly direct the pump beam through a half-wave plate, and to the BBO crystal. The 

half-wave plate will be used to maximize the down-conversion process by rotating the 

polarization of the beam by 2θ, where θ is the angle the fast axis makes with the initial 

angle of the beam’s polarization.  The pump beam is blocked after the BBO crystal 

and the 810nm signal and idler beams, produced by SPDC in the BBO, travel down 

the optical bench to fiber-coupled (FC) collimators which, in turn, direct the 810nm 

beams to Avalanche Photodiodes (APD) through single mode-fiber optic cables. To 
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ensure proper detection is made and ambient light is eliminated, the collimators are 

mounted behind a RG780 high-pass filter which transmits 50% of all incident 

radiation at 780nm wavelength or greater and blocks everything else. The RG780 filter 

transmits 90% of incident light of 810nm wavelength, and block 100%of the light 

below 700nm wavelengths. A green LED light is thus used to illuminate the room 

thereby reducing the background light that can be coupled by the collimators form 

ordinary light sources.  Every time a photon is detected by the APD, an electric signal 

is sent to the analysis and counting equipment. The data is then interfaced to a 

computer where it is displayed using LabVIEW and Maestro.   

The two- or three-detector HBT setup must be placed in one of the down-

converted beams when determining whether the SPDC beam is made of anti-bunched 

single photons (Fig 2.2). In this experiment, the HBT setup consists of a half-wave 

plate and a polarizing beam splitter. The polarizing beam splitter will transmit or 

reflect light depending on its polarization; the half-wave plate is thus used to adjust the 

polarization such that transmitted and reflected beams have the same intensity thereby 

creating a perfect 50/50 beam splitter. The other down-converted beam can be used for 

the three-detector conditional measurement of g
(2)

(0), and need not be modified. 

 

Fig. 2.2: a) Two- and b) Three-detector HBT setups. PBS is the polarizing beam 

splitter; λ/2 is the half-wave plate. Note: the red arrows indicate polarization direction; 

the crossed red arrows indicate arbitrary polarization. 
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The SPP detection setup is a little more involved (Fig. 2.1 SPP setup). Because 

SPP excitation is polarization-dependent, a half-wave place must first be placed in a 

SPDC beam thereby ensuring maximum SPP-excitation conditions. A 20× focusing 

objective is then used to focus the down-converted photons on to the sample structure; 

in this case, the structure is a gold-gold grating. A 100×, 1.30NA oil immersion 

objective lens is mounted on the opposite side of the sample and is used to collect the 

SPP leakage radiation. A series of lenses then help focus the beam to an FC coupled 

collimator, but not before a spatial filter is used to block the excitation beam thereby 

leaving only SPP leakage radiation to be detected. 

Finally, to measure degree of second order coherence, one must simply 

introduce a beam splitter after the system of system of lenses and follow the normal 

procedure for the HBT setup (Fig 2.2). 

 

The Detectors 

The success of this experiment relies on the precision of the photon detectors 

and the counting equipment. It is therefore necessary to elaborate on the internal 

functions and limits of this hardware. The APD’s used are Perkin Elmer Single Photon 

Counting Modules AQRH-13 (SPCM’s) which are silicone based and operate in 

Geiger (high bias) mode. Any photon incident on the active region of the detector will 

release a photo-electron that will then be accelerated, by the bias potential, toward a 

series of dynodes, where the electron multiplication occurs in an “avalanche” fashion 

[16]. By the time the first photoelectron reaches the end of the APD, enough electrons 

have been accumulated to generate a measureable signal, i.e. a “photon count”. The 

disadvantages of using the SPCM’s are the manifestation of signal when no light is 

present (known as dark counts), intrinsic recovery time needed before another photon 

can be detected (known as dead time), and the relative efficiency of detection. The 

SPCM’s used in this experiment are rated to have a dead time of 50ns, produce a 35ns 

wide 2.5V TTL pulse for every photon detected,  operate with a 200 count per second 

(cps) dark count rate, and have a photon detection efficiency of ~50% at 810nm. My 

experimental set up detects signal and idler beams that on average produce 750,000 
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cps when optimized, which corresponds detecting one-count every 1.33µs. Given the 

high signal and adequate count-rate, it can be affirmed that the dark count rate is 

negligible, the accuracy of the photon counts will not be hindered by the dead time, 

and that the greatest source of error in detection will be an underestimation of photon 

counts due to the SPCM efficiency. 

 

Coincidence Counting Equipment 

The TTL pulses produced by the SPCM’s are directed to the coincidence 

counting equipment and the counters. The coincidence counter is the Canberra 2145 

Time-to-Amplitude Converter/Single Channel Analyzer (TAC/SCA) nuclear 

instrument module which takes two input pulses (START and STOP) and analyzes the 

time delay between them. A pulse incident on the START input will initialize the TAC 

circuit, the STOP pulse will close the circuit, and a time measurement will be 

determined therein. The TAC will output a rectangular pulse whose height is 

proportional to the time delay between the START and STOP signal, while the SCA 

will output a 25ns TTL pulse if the delay time between the START and STOP pulses 

falls within a user-selected window. Dead time effects in the TAC are only an issue 

when a high count-rate is present on the START input, thereby preventing additional 

START pulses from triggering the circuit. One can minimize the dead time effects by 

using the coincidence window to eliminate all background pulses thereby ensuring 

most START pulses (coming from the signal beam) have a STOP pulse (from the idler 

beam) to close the circuit.  

To ensure that the START pulse precedes the STOP pulse, a 3.6-meter cable is 

used to send signals from detector A to the START input, and a 7.64-meter cable is 

used to send the signals from detector B to the STOP inputs. The induced delay from 

the cable length differences can be calculated using the transmission coefficient, 

describing the speed of signal, in a coaxial cable (typically .66c). For the wires used in 

this experiment, a delay of 23.31ns is expected. A function generator can be used to 

properly calibrate the histogram by splitting the generator output, and sending the 

signals through wires of different lengths. The goal is to have a calibrated histogram 
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with time delay on the x-axis and photon counts on the y-axis before using the pulses 

generated by the signal and idler beams. The SCA window can easily be set by 

looking at the coincidence peak produced in the histogram, from the TAC output of 

the signal and idler time-delay analysis, and narrowing the window values to exclude 

all coincidence counts that do not form the peak. 

 

 

Fig 2.3: A picture of the Maestro histogram showing the coincidence peak for SPDC 

beams. The window should include the peak (yellow lines) and discriminate against 

everything else. 
 

Random detections will produce a plateau in the histogram, indicating that the 

coincidences happen at random times and revealing a source of uncorrelated photon 

production.  

 

LabVIEW, Maestro, and Data Acquisition 

The TTL pulses from both the SPCM’s and the TAC/SCA module are sent to a 

data acquisition board (DAQ) that digitizes the signal and sends it to the Maestro or 

LabVIEW program. Maestro is a Multi Channel Analyzer (MCA) program that will 

take the pulses from the TAC, measure the size of the pulse, and plot the number of 

events having a specific voltage (y-axis) per channel (x-axis) in a histogram. As 

mentioned above, proper calibration of the channels needs to be performed so that the 
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histogram can properly display the number of events per given time delay.  LabVIEW 

is an interface program that can be used to control various electronic components 

(such as linear and rotational stages) through one screen on the computer. In this 

experiment, LabVIEW has been programmed to calculate signal, idler, and 

coincidence counts and count rates, as well as the degree of second order coherence. 

 



 

As stated earlier, the first step in exploring the correspondence principle for 
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measured at such low intensities that the SPP signal is only 
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CHAPTER III 

LOW INTENSITY SPP GENERATION 

As stated earlier, the first step in exploring the correspondence principle for 

photon SPP generation is to first determine whether or not SPP’s can be 

measured at such low intensities that the SPP signal is only detected by SPCMs.

sample for this experiment consisted of a glass substrate with a 1nm of chromium 

, on to which a 50nm layer of gold was deposited, followed

MA doped with Rhodamine 6G. The addition of the Rhodamine

PMMA was to simplify the SPP excitation process as discussed in Chapter 1.

sample did not contain any structures; therefore the SPP excitation was expected to 

occur in all directions in the plane of the sample. A 532nm laser (the pump source)

coupled to a fiber using a mirror and a FC collimator so that beam intensity reaching 

the SPP sample could be reduced by moving the mirror off optimal 

a half-ball prism (see Figure 1.2(b)) allowed for direct observation

hich a circular ring was imaged. The ring implies (as stated a

SPPs on the surface are traveling in all directions, and with equal momentum, 

parallel to the sample surface (Fig 3.1(a)). 

 

A BFP image of the SPP leakage radiation from fluorescence excitation. 

picture setup with a band pass filter inserted before the camera. The 

yellow line tracks the detector path. 
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A system of lenses is mounted to redirect the beam in such a way that a detector 

scanning transversally over the lens-system will reveal the intensity distribution 

related to the SPP leakage radiation. To accomplish this, a FC coupled collimator, that 

will direct all incident light to SPCMs, is mounted on a linear actuator that can move 

horizontally across the lens system following the path marked by the yellow line in 

Figure 3.1(b). Although the laser used in this experiment is green (532nm), Figure 

3.1(a) also shows red and yellow rings. These rings are also SPPs and are attributed to 

the different emission wavelength of the fluorophores in the Rhodamine 6G. Also, 

note that the square visible in figure 3.1(a) is a spatial filter used to block the main 

pump beam thereby preventing camera saturation and allowing the rings to be 

photographed. In figure 3.2(b), a band-pass filter was inserted after the sample, but 

before the camera, to remove the all excess light including the 532nm light from the 

laser. The green ring that is left over is from the Rhodamine fluorescence only and 

thus has a different wavelength than the laser. 

LabVIEW was programmed to control the actuator and collect the SPP 

intensity at different scanning position across the lens system. Figure 3.2(a) displays 

the SPP count-rate for various arbitrarily pump intensities, and figure 3.2(b) shows 

that there is a limit to the achievable resolution using this setup. 

 

  

Fig 3.2: a) SPP leakage radiation intensity for various pump intensities. b) Plot of 

lowest SPP intensity that is resolvable by this system.   
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The peak to peak distance visible in the plots, which represents the diameter of the 

BFP of the SPP leakage radiation, is the projected BFP image that has been enlarged 

in the lens system. Since the BFP is the SPP momentum space, the diameter holds no 

other meaning than to tell us the magnitude of the momentum is equal in all directions 

for SPPs. Thus, the x-axis scale serves to show the relative spacing of the peaks in 

order to give a sense of the resolution obtained from this detection scheme.  

It is worth noting that all the measurements taken to produce the above plots 

were performed using laser light that was too dim to be seen by both the experimenter 

and a typical camera. The pictures shown in Figure 3.1 were taken using very intense 

levels of the laser radiation. It is also important to note that not all of the laser 

radiation excites fluorophores, not all fluorescence is coupled to SPPs, and that not all 

SPPs leak (some are completely absorbed by the metal). The results are thus an effect 

of random fluorophore excitation, random fluorescence radiation, and random SPP 

leakage radiation. 

These results demonstrate that SPPs can be excited at such low pump 

intensities that leakage radiation can be produced at levels where detection rates are as 

low as 1count-per-millisecond. The argument for the correspondence principle and 

single-photon SPP-excitation seems to be justified. Yet, given that the true source of 

SPP excitation is the fluorescence and not the laser, there is no way to prove that the 

SPP excitation was the product of one fluorescence-photon, and therefore one cannot 

prove that single-photon SPPs were generated. Additionally, the degree of second 

order coherence test (to determine that the production of temporally spaced photons 

occurred through fluorescence) cannot be applied to the fluorophores, since 

fluorescence occurs in the PMMA layer,  

A new light source that generates single photons, along with a sample that will 

take one photon and directly couple it as an SPP, is therefore required. 
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CHAPTER IV 

SINGLE-PHOTON SPP GENERATION 

 

 The legitimacy of a measurement claiming to generate single-photon SPPs 

relies heavily on the ability of the pump beam to produce single photons, and on the 

equipment making the measurement. Before any attempt at measuring single-photon 

SPPs is made, the pump beam and equipment must be tested to ensure true results.  

 

SPDC Photons and Coincidences 

The source used to generate single-photon SPPs for this portion of the 

experiment will be the down-converted photons produced through SPDC. The setup 

used to verify that SPDC photons are the ones being detected is the same as in Figure 

2.1. The detectors A and B are positioned 3
o
 from the pump, and are covered with the 

RG780 filters, thereby ensuring that the light detected is not background light.  After 

careful alignment and calibration of the histogram, the following coincidence peak 

was obtained (Fig. 4.1). 

 

Fig 4.1: A histogram of the coincidence between the two SPDC beams. The black dots 

are the data points taken, the red fill is the area under a Gaussian fit, and the blue lines 

show the window width. 
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Maestro was set to analyze data for 120 seconds during which 1.290×10
8
 counts were 

measured by detector A, 1.284×10
8
 counts were measured by detector B, and 

4.501×10
6
 coincidence counts were detected in a 100ns coincidence window.  The 

histogram shows only a part of the full 100ns coincidence window range, where a 

prominent peak centered at 23.18 ns time delay is clearly visible. The theoretical 

calculated delay for the two wires going from detectors A and B to the START and 

STOP inputs of the TAC/SCA is 23.31 nm, giving a 0.5%  measurement error. It is 

worth reiterating that a delay is purposefully induced to ensure that the START signal 

precedes the STOP signal in the TAC/SCA, and that simultaneous measurements are 

detected at a delay time equal to the one induced. Utilizing the Maestro and the TAC 

output, a coincidence window of 3ns was obtained by looking at the SCA output while 

narrowing the window-range to the point where a small change in the window created 

a large change in coincidence counts. The purpose of setting up this window is to 

reduce the amount of background coincidences counted, while keeping most of the 

coincidences from simultaneous detections. As a check of my window-setting 

capabilities, a fitting program was used to fit the coincidence-peak-data to a standard 

Gaussian distribution 
2 2( ) 21

2
( ) x

f x e
µ σ

σ π

− −= . The standard deviation σ was then 

determined to be 0.7309 ns; the time window manually chosen therefore corresponds 

to an approximate 4σ (FWTM) spread centered at 23.18ns, indicating that more than 

99.99% of all coincidence counts would fall within this window if the coincidence 

peak were a perfect normal distribution [17]. The chosen window thus allows almost 

all the counts found within 4σ of the coincidence-peak center to be counted as true 

counts, and disregard the rest. Since the experiment is not ideal, we can expect to find 

that many more than 0.01% of all coincidence counts will not be within the window. 

Comparing the total counts measured in the full 100ns window range (4.501×10
6 

counts), with the counts found within the 3 ns window set by on the TAC (2.488×10
6
 

counts), reveals that 55.2% of the total coincidence counts are made within the 3ns 

window. This result agrees with Figure 4.1, where the background counts are seen to 

plateau at a non-zero value before and after the coincidence peak, and are seen to 
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broaden at the base of the peak, thereby becoming a sizable contribution to the total 

coincidence counts of the histogram. 

 Finally, comparing the number of detections at A or B and the number of 

coincidences seen, shows that if a count was made at A(B), then a count was also made 

at B(A) 7% of the time, and of these only 55.2% fall within the window (which agrees 

with other similar experimental setups [8], [9]). Despite the low coincidence 

production efficiency, a steady count rate on the order of 27,000 cps is observed 

making statistically significant measurement attainable in relatively short time periods. 

The fit analysis serves to demonstrate the importance of window-setting, since the 

TAC does not operate perfectly and the background coincidences made are not 

ignorable. It also helps strengthen the idea that the coincidence counts being measured 

within the 3ns window are the results of true simultaneous detections.  

A final check was done to see that the coincidence peak produces was made by 

SPDC photons and not because of the setup. The test was very simple: instead of 

illuminating the detectors with the SPDC beams, light from an almost thoroughly 

covered lamp was allowed to escape into the experiment’s room, acting as source and 

creating an acceptable detection rate at the A and B detectors. The SCA window was 

opened completely to see the coincidence rates for a 100ns range, but no coincidence 

peak was detected.  

 The data clearly shows that SPDC did in fact occur within the crystal and was 

measured. From the coincidence peak, one can infer that most of the photons detected 

were created simultaneously, and the coincidence peak is only made when the A and B 

detectors a positioned at 3
o
 from the pump beam. 

 

g(2)(0) Measurement for SPDC Photons 

 The conditional degree of second order coherence test was performed on the 

SPDC beams to see if the signal and idler beams are in fact made up of temporally 

spaced photons. It is worth remembering the conservation of energy and momentum 

requirements imposed on the SPDC photons can be satisfied in many ways and 
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therefore not every photon incident on detector A will have its photon pair detected at 

B. Yet the signal and idler beam compositions may still contain temporally spaced 

photons, and this is what the g
(2)

(0) test measures. Later, we will use another 

coincidence measurement to discriminate against the unpaired photons. The 

experiment setup used is the 3–detector scheme like the one in Figure 2.2.  The 

TAC/SCA modules are arranged as described in Chapter II while remembering that 

the time delay between G and T must be different from the delay between G and R, if 

we expect to see a gated coincidence between T and R.  Specifically, for a conditional 

coincidence (GTR), the G pulse must arrive at the TAC/SCA first, followed by the T 

pulse, and then the R pulse; therefore, different wire lengths must be used to induce 

appropriate delays. The SCA coincidence windows were then set (following the 

procedure from the previous section) at 3ns centered on the coincidence peak for each 

delay time. Given that in a true beam of temporally-spaced photons, a photon will be 

either transmitted or reflected, the GTR coincidences are expected to be minimal. As 

such, a coincidence peak was barely resolvable and a slightly larger coincidence 

window, centered on the theoretically calculated time delay, was used to be on the safe 

side. The results are shown in (Table 4.1). 

 

Table 4.1:  
All the parameters needed to calculate the degree of second order coherence and the calculated value of 

(2)g  for the SPDC beams. 

Time 

(sec) 

Single Counts Coincidence Counts (2)g   for 

SPDC 
NG NGvs NGT NGR NGTR 

10 6,296,159 3,478,983 91,523 116,821 1002 0.1793±.0054 

30 18,895,468 10,449,260 273,041 352,207 3004 0.1849±.0048 

60 37,760,616 20,924,575 548,494 702,065 5,979 0.1806±.0027 

120 75,581,752 41,692,236 1,102,081 1,411,223 12,071 0.1755±.0034 

300 188,701,5750 104,870,181 2,755,590 3,519,051 30,070 0.1817±.0027 
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Clearly the SPDC beams violate the classical inequality 
(2) (0)g ≥≥≥≥1. To verify that the 

results produced by equation (15) are in fact dependent on the type of source and not a 

feature of the equation, the same experiment was re-done this time using a lamp as the 

source. Several test runs were taken for different intervals of time, and the results of 

the measurement for the lamp are shown in Table 4.2. 

 

Table 4.2:  

All the parameters needed to calculate the degree of second order coherence and the calculated value of 
(2)g  for the lamp source. 

Time 

(sec) 

Single Counts Coincidence Counts (2)g   for 

Lamp 
NG NGvs NGT NGR NGTR 

10 3,688,173 3,500,729 5,011 4,389 406 62.96±3.62 

30 11,100,754 10,416,057 14,965 13.062 1178 57.8±2.14 

60 22,201,624 21,221,962 30,887 26,511 2,375 57.18±2.27 

120 44,403,881 43,141,835 62,905 54,130 4,958 60.78±4.33 

300 110,678,186 103,960,348 155,131 135,890 13,180 61.05 

 

The SPDC beam violates the 
(2)g  inequality, while the lamp clearly adheres to it. The 

(2)g value for the lamp seemed troublesomely high, and so further analysis was done 

to see if it is even possible to bias an experiment such that an arbitrary source can be 

measured to violate the 
(2)g  inequality. It was clear from Table 4.1 that the 

(2)g  

obtained were independent of the analysis time, so the only thing that could be 

changed as an independent variable was the coincidence window. Figure 4.2 shows 

the behavior of (2)g for the lamp source as a function of the increase in coincidence 

window. The (2)
g  trend follows a trend that starts to converge to one (red line) at large 

coincidence windows which is also where the inequality is violated. This is no cause 

for concern since it is clear that the inequality was violated only when the window was 

50ns long, implying that the GT/GR coincidence counts are no longer simultaneous. 
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On top of that, no coincidence peak was visible for either GT or GR coincidences 

when looking at the histogram for the lamp source. The 
(2)g  value obtained was thus a 

result of excessive background coincidence counts from random photon emission and 

not a feature of simultaneous or correlated detections (as expected).  

 

Fig 4.2: The effect of the coincidence window width on the ( 2 )
g measurement. 

 

One can certainly appreciate the importance of proper-window setting from this 

analysis. The results presented in this section unambiguously prove that SPDC light is 

indeed made up of temporally-spaced photons. If the temporal spacing is even 

throughout, then, for the highest count rate achieved of 750,000 cps, one can expect to 

count one photon every 1.33µs. This corresponds to an approximate physical spacing 

between sequential photons of 400m, which is 50 times longer than the optical bench 

used. 

   

SPP Excitation in a Grating 

 Unlike the fluorescence setup, generating SPPs that can stand the test of 

second order coherence requires a sample that will take incident light and convert it 

directly to SPPs. The sample chosen for this experiment will be a 40nm high gold 

grating, with an 800nm period, patterned on a 50nm layer of gold that sits on a glass 

substrate (Fig 4.3(a)). This construction was chosen for its ease of use and relatively 
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efficient excitation [4]. The parameters used to design the sample were determined 

through a Mathematica simulation that was provided by Cambridge Press (the 

publisher of [4]). The grating amplitude optimization results are shown in Figure 

4.3(b), and similar methods were applied to optimize the period (not shown). 

 

 

Fig 4.3: a) A schematic of the grating sample with the dimensions labeled. b) The 

grating amplitude optimization curves for 800nm period. Clearly 40nm amplitude is 

the best. 
 

Two things become obvious from Figure 4.2(b): First, the grating amplitude which 

gives the best SPP coupling is 40nm tall, and second, SPP coupling happens at very 

shallow angles (nearly perpendicular to the sample surface) so SPP excitation will not 

be tedious. After the sample was manufactured, a preliminary analysis was done on 

the sample to determine whether it can be used for SPP excitation. But, a small 

problem had to first be overcome. The SPDC beams that are going to be used for the 

experiment cannot be seen by the human eye for the following two reasons: 1) the 

down-converted light is very dim (can only be detected by SPCMs), and 2) the down-

converted light is in the near-infrared spectrum and consequently invisible to humans 

[6]. A 785 nm laser was therefore chosen to be used for the preliminary analysis and 

sample characterization since it is relatively close in wavelength to the 810nm down-

converted light, so we can expect light from both sources to behave similarly, and 
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because it can be detected by both human eyes and cameras. The SPP sample with the 

grating structure was first placed in a microscope setup like the one seen in Figure 4.3 

(with the 785nm laser instead of the green laser), and both the SP and BFP were 

imaged (Fig 4.4(a) and (b)).  

 

Fig. 4.4: a) Surface plane and b) Back Focal Plane images of SPP images obtained 

from an SPP microscopy setup. Figures c) and d) illustrate the SPP’s dependence on 

polarization. The pass axis of the polarizer is oriented along the white arrow. 

 

From [5] it was determined that SPP leakage radiation was polarization dependent. A 

polarizer was thus used to see whether the bright spots in the BFP that are to the left 

and right of the center spot were actually SPP’s and not a diffraction order. The white 

arrows indicate the orientation of the pass axis of the polarizer (Fig. 4.4(c) and (d)). 

The outermost bright spots are highly responsive to the orientation of the polarizer, 

while the center spot is not; indicating that the outer spots are a result of SPPs 

generation and leakage, and the center spot is part of the excitation beam that got 

through the thin sample.  

The analysis results are promising and so the sample is removed from the 

microscope and re-mounted in similar setup that was constructed to lie in the path of 

one of the SPDC beams (Fig. 2.1) where the final measurements will be made. For all 

practical purposes, the setup used is exactly like the microscope configuration except 

it is built horizontally on the optical bench with all the optical components exposed. A 

quick check with the camera and the 785nm laser as a source confirms that the two 

spots are still present in the BFP of the new setup (Fig 4.5).  
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Fig. 4.5: Pictures of the grating sample taken from the setup on the optical bench. b ) 

and c) reinforce the SPP polarization dependency established from Figure 4.4.  

 

Note that a spatial filter will be used to block out the central spot. Additionally, a 

comparison done on the relative intensity between the 785nm laser, as a pump source, 

and the consequent SPP leakage hints at what magnitude of SPP generation-efficiency 

to expect. Repeated measurements, at different pump intensities, average to an 

expected pump-intensity vs. SPP-intensity ratio of 370:1. Since the sample is tailored 

for 810nm light, one expects the ratio to be smaller for the SPDC beams. 

 

Coincidence and g(2)(0) Measurement for SPP Leakage Radiation 

 With the sample in position and the optics optimized (and SPP detection from 

SPDC excitation determined), the first measurement done is a check to determine if 

coincidences can be found between the SPPs leakage radiation (from one SPDC beam) 

and the other SPDC beam. Finding coincidences implies that the photon from one of 

the SPDC beams became an SPP, and then was radiated from the sample. The set up 

used for this experiment is very similar to the one used for the coincidence 

measurement between the two SPDC beams (Fig. 2.1), except that one of the SPDC 

beams is sent to the SPP sample, and the from the sample leakage radiation is 

analyzed with the other SPDC beam. The reader is encouraged to refer to the 

coincidence measurement section of this chapter, and the coincidence setup in Chapter 

II for better understanding. The results for SPP-SPDC coincidences are shown below 

(Fig. 4.6). The peak is well defined, and the event rates are clearly high enough to 

dispel any ideas about the signal being accidental. Yet, the coincidence peak seen in 
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the histogram is much smaller than the one obtained for SPDC-SPDC detections. The 

total coincidence events detected in 120 seconds for a full window were 98075 counts, 

and 29144 for a 3 ns window. This discrepancy is attributed to the low efficiency of 

photon-to-SPP-to-photon conversion. To support this claim, the total photons counts 

made at detectors A and B are compared. In 120 seconds, detector A (measuring the 

SPDC beam) counted 8.882×10
7 

counts,
 
and detector B (measuring the SPP leakage 

radiation) counted 1.2683×10
6
 counts.  

 

Fig. 4.6: The histogram peak for the SPP-SPDC coincidence with the 3ns window 

marked. 
 

The SPDC beam being directed at the sample was made to have equal intensity to the 

SPDC being measured at detector B, thus the ratio of SPDC-intensity vs. SPP-intensity 

is 70:1. This ratio is much better that that for SPP excitation via the 785nm laser, as 

expected.  Additionally, the coincidence peak is seen to have shifted from being 

centered at 23.19ns for SPDC-SPDC coincidences to being centered at 24.61ns. The 

disparity in time delay can be almost completely resolved when a closer look at the 

setup is done. It is not clear from Figure 2.1, though it may be inferred, that detector A 

(the one measuring the SPP leakage radiation) was moved forward to be at the focal 
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point of the lens system. The distance moved was approximately a foot or 0.0348m. 

This change in detector position shortened the path that the photon traveling to 

detector A had to traverse by 1.016ns. As a result the delay between the pulse sent 

from detector A and the one sent from detector B was 1.016 ns longer. Subtracting this 

value from the measured delay of 24.61ns gives 23.59ns which gives 1.2% error from 

the theoretical value.  

 Considering the fact that the degree of second order coherence test ensures that 

the SPDC beam is made of single photons, and the calculations made in the 

coincidence-detection section of this chapter show how far apart (temporally and 

spatially) consecutive photons are, it is very apparent to see that single-photon SPPs 

were in fact generated. Yet still, one last check can be made to definitively prove that 

single-photon SPPs were excited. If single, temporally spaced, photons are incident on 

the SPP sample, and single, temporally spaced photons are detected from the leakage 

radiation, then it is obvious to assume that single-photon SPPs were excited. A 

second- degree of second order coherence test can be carried out to determine if the 

leakage radiation is made up of anti-bunched photons. Unfortunately the SPP leakage 

radiation intensity is much lower than the SPDC intensity and so the 3-detector test 

cannot be carried out [18], but the two detector test is still valid. Using a modified 

setup (a combination of Figure 2.1 and 2.2(a)) with a 23.31ns induced delay, the 2-

detector degree of second order coherence test gave a value of 0.1162 for a 120 second 

run, thereby violating the classical inequality
(2)(0) 1g ≥ .  
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CHAPTER V 

 CONCLUSION 

 

The experiments described in this report explored Bohr’s correspondence 

principle, i.e. that quantum description of a phenomenon must converge to its classical 

counterpart in the limit of large numbers, for Surface Plasmon Polaritons. This was 

done by first exploring the limit of SPP generation by fluorescence using an extremely 

low intensity excitation source, and then successfully exciting single-photon SPPs 

using single temporally-spaced photos created by the Spontaneous Parametric Down-

Conversion process.  

 The results indicated that single-photon SPP measurements are only 

meaningful because it was first proven that the SPDC process did occur in the Beta 

Barium Borate crystal by checking for simultaneous, albeit purposely delayed, 

generation of photon pairs. Afterward, using the Hanbury Brown and Twiss setup, the 

SPDC beams were examined to see if they were composed of anti-bunched (or 

temporally spaced) photons. Having passed the HBT test by violating the classical 

inequality set forth by the degree of second order coherence test, the SPDC beam was 

used as the pump source to excite SPPs in a gold-gold grating. As a final test, the SPP 

leakage radiation was tested using another version of the HBT setup for which, to no 

surprise, also violated the degree of second order coherence test. If temporally spaced 

photons were used to excite SPPS, and temporally spaced photons were detected from 

the SPP radiation, then is it obvious to conclude that single-photon SPPs were 

generated thereby confirming that Surface Plasmon Polaritons do exist at the quantum 

level. 
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