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List of abbreviations
BBO - βBaB2O4 - beta barium borate
CCD - Charge-Coupled Device
e polarization - extraordinary polarization
FWHM - Full Width at Half Maximum
KDP - KH2PO4 - potassium dihydrophosphate
LED - Light-Emitting Diode
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Introduction

The 20th century was especially rich in scientific discoveries. One of the most
prominent and the most important scientific works - the laser - widely opened the
door to new areas of research. The laser has become an integral tool in various sci-
entific laboratories where the properties of light and light interaction with materials
is explored. For the first few years of its existence, the laser has been studied on a
wide variety of optical phenomena that occur in ultra-intense light field interaction
with materials - the second harmonic generation, optical parametric oscillation or
parametric amplification [1]. During theoretical research on the optical paramet-
ric amplifier noise, spontaneous parametric down conversion (SPDC) was discovered
[2, 3]. Several years passed, and theoretical considerations have been realized ex-
perimentally in the LiNbO3 crystal using an argon laser [4, 5]. Over time, research
on SPDC increased and the scientific community firmly established the tradition of
pumping SPDC with laser radiation.

SPDC could be called the pump photon scatter, because the pump photon splits
into two parametric photons of lower frequency due to energy and momentum con-
servation laws. Parametric twin photons under the agreement are called the signal
(higher frequency) and idler (lower frequency) photons. This parametric radiation
can also be called a biphoton field, because it consists of a pair of photons born from
individual pump photons. The biphoton field has a characteristic spatial photon
distribution cone due to the quadratic nonlinearity of nonlinear, media dispersion
and phase-matching conditions. A special biphoton field case is entangled photons,
photons which are concerned to each another in energy, polarization and propagation
direction. Entangled photons are widely used in a wide spectrum of quantum optics
experiments [6–12]. For this reason, one of the main applications of the SPDC is
entangled photon generation [13].

Although SPDC is usually excited by laser radiation, experimental examples can
be found in the scientific literature, where SPDC is generated using spatially incoher-
ent radiation - a mercury lamp spectral line [15]. On the other hand, there have been
no scientific studies to determine whether a biphoton field can be excited using both
spatially and temporally incoherent radiation. It is well known that SPDC power
directly depends on the pumping power but not on the intensity when parametric
amplification does not occur [1]. This raises the question as to whether it is possible
to register SPDC, pumped by simple LED radiation, and what kind of features such
a biphoton field will have.

The main aim of this thesis was experimentally to investigate the ability to
generate an SPDC pumping by both temporal and spatially incoherent radiation
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- a high-power blue LED. In addition, it aimed to determine the influence of the
spatial and spectral composition of the pump radiation field on the biphoton field
properties, investigate the opportunities for changing biphoton field structure, to
explore the possibilities of applying a biphoton field pumped by the blue LED in
quantum optics experiments.

Tasks
During the thesis preparation period the following tasks were completed:

1. Research on incoherent source application for SPDC excitation in various non-
linear crystals (KDP, LiIO3, BBO). Research on SPDC spatial distribution
dependence on pump beam spatial and frequency spectral characteristics.

2. Development of the SPDC simulation program. Theoretical analysis of experi-
mental data in order to explain both the spatial and spectral characteristics of
the PF beam.

3. Research on the statistical properties of the biphoton field when excited with
an incoherent light source. Analysis of detectors afterpulse generation influence
on the statistical distribution of the biphoton field.

4. Experimental research on biphoton field photon coincidences using an incoher-
ent pump source. Research of pump beam spatial and spectral characteristics,
detection spatial and spectral characteristics and orientation of nonlinear crys-
tal influence on biphoton field singles and coincidences both quantitative and
qualitative properties.

5. Development of photon coincidences simulation program.

6. Theoretical research on the perspectives of incoherent source application for the
excitation of a qualitative biphoton field

7. Theoretical research on biphoton field pumped with an incoherent light source
in dispersive medium quantitative parameters using both limited and unlimited
detection channel apertures.

8. Theoretical analysis of experimental photon coincidences data in order to quan-
titatively explain the spectral and spatial properties of single photons and pho-
ton coincidences.

Novelty
1. The generation of SPDC pumped with incoherent radiation - high-power blue

LED was experimentally demonstrated in large aperture nonlinear media for
the first time. It was experimentally demonstrated that it is possible to register
a weak SPDC signal using high sensitivity modern detectors.
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2. The influence of pump beam spatial and spectral characteristics on spatial dis-
tribution of the SPDC power was theoretically investigated for the first time.
The original theoretical simulation program allows for both qualitatively and
quantitatively describing the spatial and spectral properties of the biphoton
field pumped with incoherent radiation. Using the numerical simulation re-
sults, it is possible to determine the optimal experimental conditions for the
excitation of the desired SPDC field spectral characteristics.

3. A statistical analysis of a biphoton field pumped with incoherent radiation was
performed. It was found to be impossible to describe the quality of broadband
light field statistical properties using experimental conditions. A negative bi-
nomial distribution mode parameter was proposed, which describes the spatial
and spectral modes number of the emitted light field. Some modifications of
the experimental conditions were suggested, which would enable one to perform
a correct statistical analysis of the broadband biphoton field.

4. Biphoton field pumped with an incoherent radiation photon coincidence mea-
surements were experimentally demonstrated for the first time. These mea-
surements allow us to qualitatively describe the biphoton field and define its
suitability for quantum optics experiments. Sufficiently large experimentally
recorded photon coincidences and the average relative coincidences suggest that
incoherent radiation can be applied for the quantum optics experiments as an
average quality biphoton field pump source.

5. Theoretically investigated the perspectives of broadband incoherent radiation
for the biphoton field excitation. Theoretically determined spatial and spectral
pump field characteristics influence on the properties of photon coincidences.
It was found that biphoton fields pumped with broadband incoherent radiation
are qualitatively similar to a biphoton field pumped with broadband laser ra-
diation. The theoretical modeling program allows us to determine the optimal
spatial and spectral parameters of a detection channel for high-quality photon
coincidence generation.

Practical value
The main practical value of the research is that it was experimentally revealed

that incoherent sources are appropriate for biphoton field generation and application
to quantum optics experiments. It is obvious that coherent laser radiation can excite
the best spatial characteristics biphoton field with an extremely high biphoton flux
due to the high irradiance of laser radiation. On the other hand incoherent sources
could be an excellent alternative to laser systems for medium quality biphoton flux
applications. The main advantages of the incoherent sources are low cost, simple pro-
duction technology and the huge commercial variety of different wavelength sources.
One of the most important application of biphoton fields pumped with incoherent
radiation could be quantum tomography. In this case, a small coherent biphoton field
has a great advantage, because it leads to high resolution in quantum tomography.
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The simulation program developed for the SPDC power distributions allows one
to choose the optimal pump beam, SPDC generation and detection conditions, and to
be able to generate a biphoton field with the desired spectral and spatial properties.
The simulation program also allows one to evaluate the quality of the biphoton field
for selected initial conditions.

Statements to defend
1. Both temporally and spatially incoherent radiation can be used for SPDC exci-

tation. Modern CCD cameras can be used for the detection of SPDC radiation
excited with the incoherent sources which spectral irradiance is significantly
lower than the solar spectral irradiance. Generated SPDC power is directly
proportional to the incoherent pump power.

2. The power spatial distribution of an SPDC, pumped with the incoherent sources
depends on the nonlinear media dispersion properties and the spatial and spec-
tral composition of the pump radiation. KDP crystal dispersion properties
determine that the SPDC power distribution essentially depends only on the
pump spectrum - for the wider spectrum asymmetry of the SPDC power distri-
bution is more visible. In LiIO3 crystal case SPDC power distribution essentially
depend on the spatial spectrum of the pump - wider spatial spectrum of the
pump determines wider SPDC spatial distribution.

3. A biphoton field pumped with incoherent radiation in LiIO3 crystal has quite
large coincidences flow and relative coincidence number. These parameters di-
rectly depend on the number of pump components involved in the nonlinear
interaction: the maximum photon coincidences flux is achieved with the high-
est pump power, the relative coincidence number is highest for the smallest
diameter and divergence of the pump beam.

4. A biphoton field pumped with broadband incoherent radiation has high quality,
equivalent to a biphoton field pumped with laser radiation. Photon coincidence
results can be evaluated both qualitatively as well as quantitatively using the
theoretical model of SPDC excited with both spatially and temporally incoher-
ent radiation.

Approbation
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A1 G. Tamošauskas, J. Galinis, A. Dubietis, and A. Piskarskas, Observation of
spontaneous parametric down-conversion excited by high brightness blue LED,
Opt. Express 18, 4310-4315 (2010).

A2 J. Galinis, M. Karpiński, G. Tamošauskas, K. Dobek, and A. Piskarskas, Pho-
ton coincidences in spontaneous parametric down-converted radiation excited
by a blue LED in bulk LiIO3 crystal, Optics Express 19, 10351-10358 (2011).
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Conference presentations
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• J. Galinis, M. Karpiński, G. Tamošauskas, K. Dobek, and A. Piskarskas,
Photon coincidences and statistics in spontaneous parametric down-converted
radiation excited by a blue LED in LiIO3 crystal, Abstr. of 39th Lithuanian
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• G. Tamošauskas, J. Galinis, A. Dubietis, and A. Piskarskas, Observation of
spontaneous parametric down-conversion excited by high-brightness blue LED,
Abstr. and Oral presentation at the Advanced Photonics 2010 - Nonlinear
Photonics Topical Meeting, Karlsruhe (Germany), NThC5, June 21-24 2010.

• J. Galinis, Observation of spontaneous parametric down-conversion excited
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All the theoretical simulations described in this dissertation were performed by the
author himself, all the experiments were performed in collaboration with coworkers.
Therefore it is important to distinguish the contribution from these co-authors:

• prof. A. P. Piskarskas created an idea to pump SPDC with incoherent
sources, initiated the research, advised on scientific issues in the research, ini-
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• prof. A. Dubietis consulted on various scientific topics during the research,
meaningly contributed to [A1] paper writing.

• dr. G. Tamošauskas supervised all research progress, was one of the main
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• dr. K. Dobek was one of the co-workers preparing photon coincidences ex-
periments in Toruń.

Discussions with prof. A. Stabinis, Dr. V. Jukna were useful for theoretical
simulations. Dr. V. Jarutis, prof. M. Bondani consulted about quantum optics
topics.

Structure of the thesis
The thesis is divided into six main chapters. The first chapter provides the SPDC

introduction, explains the nature of this phenomenon and the spatial features of the
semi-classical description of the SPDC. In the second chapter experimental SPDC
pumped with high-power blue LED results are presented. The experimental scheme
and SPDC power distributions in three different nonlinear crystals are presented.
In the third chapter theoretical analysis of SPDC pumped with a high-power blue
LED is described. The numerical simulation program for SPDC power distribu-
tion is described; the causes of the spatial distribution of SPDC are analyzed. In
the fourth chapter, the experimental biphoton field statistical analysis is presented.
Various light fields statistical studies in the scientific literature are overviewed, the
experimental setup is described, the biphoton field is characterized using the negative
binomial distribution and the influence of detectors afterpulses generation probability
on the statistical results is discussed. In the fifth chapter, the experimental results of
photon coincidences are described. An overview of quantum optics research related to
the entangled states in the scientific literature is presented, the photon coincidences
registration method is overviewed, the experimental scheme and experimental results
of photon coincidences pumped with different diameter and divergence pump beam
are presented. In Chapter Six, theoretical results of biphoton field photon coincidence
are presented. The numerical simulation program for photon coincidences theoretical
analysis is presented, theoretical perspectives of broadband incoherent light usage for
the excitation of the biphoton field is evaluated and the experimental data presented
in Chapter 5 are analyzed. The conclusions and references are presented at the end
of the dissertation.
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1

Nature of spontaneous
parametric down-conversion

Spontaneous parametric down-conversion (SPDC) is a nonlinear process in which
pump wave scattering appears due to the quantized field fluctuations in the quadratic
nonlinear materials. The high-frequency pump wave splits into two lower frequency
parametric waves. The parametric wave frequency and direction is determined by en-
ergy and momentum conservation laws. The energy conservation law defines that the
sum of generated parametric wave frequencies must be equal to the pump frequency
(ωp = Ωs + ωi). Under an agreement the higher frequency parametric wave is called
a signal, lower frequency – an idler. The momentum conservation law (kp = ks + ki,
k - wave number, Fig. 1.1), also known as phase matching, determines the direc-
tions in which the parametric waves will propagate. These couples of waves are also
called biphotons or photon twins, because they were born from the same individual
pump photon at the same time. Biphotons are unique because they are related to
each another by the frequency, propagation direction and polarization [16]. In short,
SPDC can be thought of as a non-coherent light scatter, during which real material
excitation does not exist [1].

Figure 1.1: SPDC phase matching; here kp - pump wavenumber ks - signal
wavenumber ki - idler wavenumber, φ - angle between signal and pump waves, ψ
- angle between idler and pump waves.

Two types of nonlinear interactions can be excited in the negative uniaxial crys-
tals. In the type I interaction (e - oo) one extraordinary (e) polarization of the
pump photon mixing with the ordinary (o) polarized idler photon creates an ordi-
nary polarized signal photon. In the type II interaction (e - eo) the e polarized pump
photon splits into two different polarized photons: e signal and o idler photons and
vice versa. Under the agreement, o polarized waves are those waves for which the
electric field vector oscillates perpendicularly to the optical axis of the crystal, while
e polarization waves - in parallel. The SPDC field is cone shaped in the negative
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uniaxial crystals, because the probability of creating parametric wave pairs in all
phase-matching directions is the same. During the Type I nonlinear interaction, po-
larization of the signal and idler waves is the same, therefore the integral SPDC light
field is a uniform cone symmetrically located around the pump wave (Fig. 1.2 (a)) .

Figure 1.2: SPDC field cones spatial location during Type I (a) and Type II (b)
nonlinear interaction in negative uniaxial crystals; kp - pump wavenumber, k⊥ -
orthogonal (o) polarization wavenumber k‖ - parallel (e) polarization wavenumber.

In Type II parametric interaction, different polarization (o and e) parametric
waves are created. Extraordinary polarized waves are characterized by the fact that
their phase velocity (also the refractive index) in nonlinear media depends on the
propagation direction in the media (deviation angle φ from the crystal optical axis).
The light wavenumber is inversely proportional to the phase velocity of light vf :
k = ω

vf
= nω

c , here n – refraction index, ω - frequency, c – speed of light in a vac-
uum. In other words, the extraordinary polarized light waveumber decreases with
the increasing angle of φ. Due to the geometric features of the phase-matching con-
ditions the type II SPDC beam consists of two different polarization (e and o) light
cones, whose axes do not coincide with the pumping wave (Fig. 1.2 (b)) and are
mutually separated by the walk-off angle γ. These type II PF spatial characteristics
are unique in that entangled photon states are created along the intersection axes of
both cones. These entangled states are one of the most important quantum optics
research objects [13].

Let us consider the theoretical model of the SPDC power output in a nonlinear
crystal pumped by a monochromatic plane pump wave. In this thesis a semi-classical
model is applied calculating SPDC power. The result of the semi-classical model
fully coincides with the result of the quantum theory. The mathematical model of
the SPDC will be explored using the simpler Type I (e-oo) parametric interaction in
nonlinear crystals [5]. In this case, the nonlinear crystal is pumped by e polarization
pump waves and o polarization signal and idler wave couples are created, making
φ and ψ angles with the pump wave respectively (Fig. 1.1). There is always some
probability that the pump wave will split into the signal and idler waves in the case
of a weak pump when no parametric amplification appears.

During the nonlinear interaction all the participating waves mix with each other
due to the nonlinear polarizability [5]. Signal and idler waves are generated by the
pump wave mixing with the quantum noise. In this case it is assumed that pump
beam depletion does not occur (parametric power conversion reaches about 10−6),
and that the created signal and idler waves are too weak to create an interaction
with the other waves involved in the process. The total power of the SPDC process
Ps is calculated:
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Ps = L2Pp

∞∫
0

π/2∫
−π/2

π/2∫
−π/2

ω4
sωid

2
ef~ns

4π3ε0c5ninp
sinc2

∆kL

2
dϕdθdωs. (1.1)

here L – length of the nonlinear medium, Pp - pump power, ωs - signal frequency, ωi -
idler frequency, def– effective nonlinear coeficient, ~ – reduced Planck constant, ns –
signal wave refraction index, ε0– electric constant, c – speed of light, ni – idler wave
refraction index, np – pump wave refraction index, ∆k - phase mismatching which is
equal to the variance of all wavenumbers participating in the process along the pump
wave direction:

∆k = kp − ki cosφ− ks cosψ; (1.2)

here φ – angle between pump and idler waves, ϕ – angle between pump and signal
waves (Fig. 1.1). Parametric interaction is the most effective when phase mismatch
is equal to zero.

It is not possible to write down a general analytical expression for the (1.1) for-
mula, therefore SPDC power is calculated using numerical simulations. On the other
hand, using certain simplifications for the small detection angles and narrow signal
wave spectra we can evaluate the general SPDC power tendencies:

Ps =
βLPp
b

πθ2; (1.3)

here β – parametric conversion constant, b = ∂ks
∂ωs
− ∂ki
∂ωi

– frequency dispersive constant
[17]. Invoking the (1.3) formula it can be concluded that SPDC power is proportional
to the signal spatial angle πθ2, pump power and nonlinear interaction length.
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2

Research on SPDC pumped
with a high-power blue LED

Material related with this chapter was published in paper [A1]

SPDC was experimentally observed and studied for the first time [4, 5, 18] 7 years
after the first laser demonstration in 1960. With the development of light sources,
detectors and other optical technologies, this phenomenon quite quickly began to be
used as a biphoton source [13, 14, 19] in quantum optics experiments [6–12]. SPDC is
also applied in detector quantum efficiency [20] and nonlinear crystals second-order
nonlinearity coefficients [21, 22] measurements. The tradition of pumping SPDC
with laser radiation was established from the early experiments. As far as is known,
only one researcher, D. L. Weinberg, applied the spatially incoherent radiation, mer-
cury lamp single spectral line, for SPDC excitation [15]. However, both temporally
and spatially incoherent sources for SPDC excitation were not used. (1.3) formula
shows that this phenomenon depends only on the pump beam power, and not on
its intensity, and it is not necessary to use high-intensity laser radiation for efficient
SPDC generation. On the other hand, SPDC pumped with a laser has much higher
irradiance, which is a big advantage for practical applications; therefore lasers com-
pletely dominant as pump sources. With the development of high power and low
cost light sources, such as LEDs operating in the blue - green spectral range [23],
it became possible to use both temporally and spatially incoherent light sources as
pump sources in nonlinear optical studies.

In this chapter the first experimental results of SPDC pumped with high-power
blue LED in different nonlinear crystals are presented.

2.1 Experimental setup
The experimental setup is schematically depicted in Fig. 2.1. The whole setup is

assembled in a single black box and consists of three compartments isolated by the
optical filters. The first section is dedicated to the pump beam formation, second
- nonlinear interaction, third - detection. As a pump source a high-brightness blue
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LED is used, emitting 2,5 W power radiation, whose central wavelength is 457 nm,
spectral width (FWHM) - 24 nm (Fig. 2.2 (a)). A Glan prism linearly polarizes the
LED radiation. The pump beam is shaped with a set of lenses (L1 = +22 mm and
L2 = +200 mm) and apertures (D1 and D2). Maximum pump beam power is 0,53
mW The color glass filter F1 is used to block the long-wave radiation (>560 mn).

Figure 2.1: SPDC pumped with the high-power blue LED experimental setup; D1
and D2 - apertures, L1, L2, L3 - lenses, Glan – Glan prism, F1 – filter blocking
the long-wave radiation, F2 – filter blocking the short-wave radiation, PP - the film
polarizer, f2 - L2 lens focal length, f3 - L3 lens focal length.

Figure 2.2: a) Emission spectrum of the LED and detection system quantum effi-
ciency; (b) Typical pump beam spatial spectrum.

The second section consists of the nonlinear crystal which is mounted on a mo-
torized rotation stage, with rotation in the phase matching θ plane. We used three
different nonlinear media: 20 mm thick KDP and LiIO3 crystals, both cut for type I
phase matching, and 8 mm thick BBO cut for type II phase matching. Filter F2 is
used to absorb visible and some part of infrared radiation (<850 nm), blocking the
pump beam from the detection system.

The third section consists of high dynamic range (16 bits) CCD camera (ANDOR
DV420A-OE), thermoelectrically cooled down to -50◦C. SPDC radiation is collected
into the CCD camera using L3 composite lens, whose focal length is f3=+54,6 mm.
The CCD camera is placed in the focus of the L3 lens. In this way, an angular
distribution pattern of SPDC is formed on the plane of the CCD sensor. The film
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polarizer PP is used to analyze the polarization of the SPDC. The entire detection
system quantum efficiency spectrum around the degeneracy (λ=914 nm), is illus-
trated in Fig. 2.2 (a). Detection quantum efficiency is obtained combining the data
of the filter transmittance and the quantum efficiency of the CCD camera provided
by the manufacturer.

2.2 Angular distributions of SPDC
It is known from theory that SPDC radiation has a cone shape. If the image

of the central part of the nonlinear crystal is formed on the CCD matrix plane, it
is possible to register the spatial distribution of SPDC. Spatial distribution of cone
radiation is a ring shape which means that all SPDC components diverge from the
pump beam with the same angle in all directions. By rotating the nonlinear crystal
in the higher angle direction, it was experimentally observed how SPDC radiation
appeared to be axial and later transformed into conical radiation. By increasing
the crystal orientation angles, it was observed how the angle of conical radiation
increases.

Figure 2.3: Angular SPDC distributions in LiIO3 (a-c), KDP (d-f) and BBO (g-i)
crystals for different crystal orientation angles. In the case of LiIO3 (a-c) and KDP
(d-f) crystals, the Glan prism is rotated at the angle to transmit e polarization pump
radiation, in the case of BBO (g-i) crystal, the Glan prism is rotated at a 45◦ angle.
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Angular distributions of SPDC excited in various nonlinear crystals are displayed
in Fig. 2.3: (a - c) – pumping type I LiIO3 crystal, (d - f) – type I KDP crystal
and (g - i) – type II BBO crystal. The color coding represents the detected number
of photons per second emitted into µsr solid angle. LiIO3 and KDP crystals were
excited using 0,21 mW power pump, BBO – 77 µW. Angular distributions of SPDC in
Fig. 2.3 are displayed from left to right in order of crystal angles. Nonlinear crystals
orientation angle θs match the scalar phase matching angle at the degeneracy: LiIO3

- 35,6◦, KDP – 41,9◦ and BBO – 36,9◦.
Comparing SPDC distributions in type I KDP (Fig. 2.3 (a – c)) and LiIO3 (Fig.

2.3 (d – f)) crystals, the differences of nonlinear media dispersion are well revealed.
Phase-matching angles in KDP vary much more slowly than in LiIO3, therefore
conical radiation is less spread in the space for KDP crystal. The parametric cone
widens much faster in the LiIO3 crystal than in the KDP crystal for the very same
reason.

During type II nonlinear interaction in BBO crystal, two parametric cones are
generated whose axes do not coincide in space and are symmetrically displaced from
the pump beam in θ plane (Fig. 2.3 (g – i)). Those angular distributions were
recorded with a film polarizer rotated at 45◦ angle. The two cones correspond to
different polarization photons (o and e): the e polarization parametric cone is dis-
placed to smaller crystal orientation angles while the o parametric cone is displaced
with the same angle to the bigger crystal angles. In the overlapping axes of different
polarization cones (Fig. 2.3 (h), (i)) conditions are created for generating entangled
photons which are widely used in quantum optics experiments.

2.3 Power analysis of type I SPDC

Figure 2.4: SPDC photon flux and spectral flux dependence on pump power in
KDP (empty blue diamonds) and LiIO3 crystals (red circles); solid lines represent
linear approximation of experimental values, dashed lines – simulation results.

In order to evaluate the detection system’s ability to reliably record weak SPDC
signals, SPDC power dependence on the pump power was investigated (Fig. 2.4) in
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type I KDP and LiIO3 crystals. The power of SPDC was obtained by integrating
the spatial distribution of the SPDC. It was found that the power of SPDC pumped
by incoherent sources is linearly dependent on the pump power - in our experimental
conditions any other parametric processes depending on the pump intensity (such as
parametric amplification) did not occur.

Fig. 2.4 shows that parametric power conversion in LiIO3 crystal is two orders of
magnitude higher than in the case of KDP crystal. It is directly related to the crystal
effective second-order nonlinearity: nonlinearity of LiIO3 crystal (5,2 pm/V for 800
nm wavelength) is an order of magnitude higher than KDP (0,4 pm/V for 1,064 µm
wavelength) [24]. Simulation results presented in Fig. 2.4 were obtained using an
SPDC theoretical model, which was developed using formula (1.1). The model will
be introduced in a subsequent section. SPDC was recorded pumping up to 0,5 µW
power pump. LED spectral irradiance is several times lower than the solar spectral
irradiance.

2.4 Summary
In this chapter the first experimental analysis of SPDC excited by an incoherent

source - high-power blue LED was presented. Angular SPDC power distributions
were experimentally recorded in type I KDP and LiIO3 and type II BBO crystals.
It was found that SPDC spatial properties essentially depend on the properties of
nonlinear dispersive media. It was also found that the SPDC power directly de-
pends on the pump power - it has been shown that only parametric scatter of pump
photons was observed and other nonlinear processes did not occur. It should be men-
tioned that the capabilities of the detection system enabled us to record SPDC signal
pumped up to 0.5 µW power pump beam. In addition, the spectral irradiance of the
LED was significantly lower than the spectral irradiance of the Sun. Therefore, both
natural and artificial incoherent light sources can be used as an alternative to laser
radiation for biphoton field excitation suitable for various applications in quantum
optics. Nowadays, due to the development of optoelectronic technology, LEDs radi-
ating in a wide optical spectrum are commercially available. This means that SPDC
pumped with incoherent radiation can be used in metrology to investigate crystals
effective second-order nonlinearity in a wide spectrum. Extremely cheap, compact
incoherent light sources capable of emitting wide spectrum light can replace lasers in
research areas where the spatial and temporal coherence of biphotons is not critical.
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3

Simulation of SPDC pumped
by a high power LED

Material related with this chapter was published in papers [A1, A3]

The experimental results of SPDC pumped by blue LED revealed the ability to
generate SPDC excited by incoherent light sources. SPDC power differences in KDP
and LiIO3 crystals can be easily explained by the difference of the crystals’ effective
second-order nonlinearities. On the other hand, the reasons for the spatial SPDC
power distribution differences are not so trivial. Therefore, in order to qualitatively
explain the differences of spatial SPDC power distributions theoretical simulations
were carried out. In this chapter a theoretical SPDC model adapted for the incoherent
pump beam is introduced and experimental spatial SPDC power distributions are
simulated.

3.1 Theoretical model of SPDC excited by inco-
herent light sources

The theoretical model for the incoherent pump sources is based on the (1.1)
formula. The key assumptions in the theoretical model development were as follows:
pump depletion did not occur (parametric power conversion was approximately 10−6),
signal and idler waves are too weak to generate the interaction with the other waves
involved in the process, pump waves do not interact with each other due to the low
spatial and temporal coherency. Based on these assumptions, the pump beam can
be described as a classical superposition of a plane wave and the pump power can be
described as:

Pp(ωp, ϕ, θ) =
∑
zxy

S(ωpz)S(ϕx, θy)P0; (3.1)

here S(ωpz) and S(ϕx, θy) are frequencies and spatial spectra distribution functions,
P0 – total pump power.

SPDC signals generated by the individual pump components do not interact with
each other. This opens up many possibilities for the numerical simulation to examine
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the SPDC power distribution dependence on various pump and detection parameters.
Total SPDC signal is the integral of the six parameters - two pump parameters
which describe the propagation angles, one - the pump frequency, two parameters
- the signal propagation angles and one - the signal frequency. These parameters
are not independent of each other - the phase matching conditions depend on both
the pump as well as the signal frequency and propagation direction, so during the
initial integration the order of parameters is important. However, the SPDC power
distribution function for all six parameters which is the result of the initial integration
can be analyzed for the freely selected initial conditions. The order of the parameters
during the integration of the SPDC power distribution function become unimportant.
The desired pump and signal spectral components can be freely chosen independently
of the amount of the other interacting components. Using the SPDC pumped by the
plane monochromatic wave power expression (formula (1.1)) SPDC pumped by the
incoherent radiation power expression can be written:

Ps = P0L
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here q(ωs) – detection quantum efficiency function, equal to a product of all opti-
cal elements used in detection system transmission functions and photon counter
quantum efficiency function.

A unique software code was developed with MATLAB scientific computing soft-
ware using formula (3.2). Simulations were performed in KDP, LiIO3 and BBO
crystals whose dispersion properties are described using Sellmeier formulas from D.
N. Nikogosyan book [24]. Temporal and spatial pump beam distribution in the the-
oretical model was equivalent to the experimental conditions. The simulation results
are SPDC angular distribution in θ plane. The quality of simulation depends on the
discretization step size and computation time. The main result of the simulation is
a data "cube" in which the biphoton flux - parametric cone waves power distribution
over pump and signal spatial and temporal frequencies is recorded. SPDC power
distribution is represented using this data cube: the parametric power distribution
over the pump and detection both spatial and temporal spectra is displayed, and
total parametric power is calculated.

3.2 Theoretical characterization of the experimen-
tal SPDC power distribution

In order to apply SPDC excited by incoherent radiation in quantum optics or
other research areas, it is important to be able to define and modify the spatial
distribution of the SPDC waves. Therefore, a theoretical and experimental analysis
of the spatial SPDC power distribution dependence on the temporal and the spatial
pump beam spectra was performed (Fig. 3.1). A 24 nm (FWHM) spectral width
and 38 mrad (FWHM) width of the spatial spectrum pump beam was used. The
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theoretical simulation was performed narrowing only one type of spectrum – either
spatial or temporal.

Figure 3.1: Cross-sections of SPDC spatial power distributions: (a) exciting LiIO3

crystal with different spectral width radiation and (c) exciting KDP crystal with
different spatial spectrum width radiation. (b) pump beam frequencies spectra used
for the LiIO3 crystal excitation, (d) pump beam spatial spectra used for the KDP
crystal excitation.

Performing the simulation, it was found that in the case of LiIO3 crystal SPDC
power distribution practically does not depend on the spatial spectrum of the pump,
but varies substantially as the width of the pump frequency spectrum narrows from
24 nm to 7 nm (Fig. 3.1 (a - b)). Narrowing the pump temporal spectrum SPDC
power distribution in LiIO3 crystal more and more localizes into a narrow conical
radiation and the asymmetry of the SPDC power distribution increases: right-hand
SPDC SPDC cone wall spectral intensity becomes lower than the left-hand. Spatial
distribution of the SPDC power in KDP crystal does not vary as the temporal spec-
trum of the pump narrows, but is modified by diminishing the pump beam spatial
spectral width from 38 mrad to 14 mrad (FWHM) (Fig. 3.1 (c - d)). Asymmetry of
the SPDC cone decreases for the narrower pump spatial spectrum.

SPDC power components were analyzed in a three-dimensional data cube in which
the axes correspond to the radial pump spatial spectrum, pump temporal spectrum
and detection spatial spectrum in θ plane. Choosing different data cube cut directions
it is possible to analyze how SPDC biphoton field properties depend on the various
parameters. The main simulation results are shown in Fig. 3.2. They consist of three
pictures for each crystal: spatial spectrum of the biphoton field in phase matching
θ plane dependence on the pump temporal (a-c) and radial spatial spectrum (d-f)
and the integral spatial spectrum of the biphoton field in phase matching θ plane
(g-i). Nonlinear crystals were chosen equivalent to the experimental conditions (Fig.
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2.3 (b), (e) ir (i)): 20 mm type I KDP crystal, oriented by θ=46,9◦ angle (spatial
SPDEC power distribution corresponds the Fig. 2.3 (e)), 20 mm type I LiIO3 crystal,
oriented at θ=37,1◦ angle (Fig. 2.3 (b)) and 8 mm type II BBO crystal, oriented at
θ=40,9◦ angle (Fig. 2.3 (i)).

Figure 3.2: Theoretical SPDC pumped by the blue LED power distributions for
KDP (a, d, g), LiIO3 (b, e, f) and BBO (c, f, i) crystals. In (a - c) angular SPDC
power distribution dependence on the pump wavelengths is displayed, (d - f) – angular
SPDC power distribution dependence on the pump waves angle in the phase-matching
plane, (g - i) – SPDC power distribution cross-section in the phase-matching plane;
here e (red dashed line) – extraordinary polarization, o (black solid line) – ordinary
polarization SPDC beam. Angles correspond to the internal angles in nonlinear
crystals.

In the KDP case, asymmetry of the biphoton field spatial spectrum (Fig. 3.2 (g))
emerges due to the strong phase matching angles dependence on the pump spatial
spectrum (Fig. 3.2 (d)). In the LiIO3 case, the pump temporal spectrum has the
major impact on the SPDC spatial distributions (Fig. 3.2 (b)). With an increase in
the pump wavelength, the biphoton field radiation changes from a broad axial (for
∼445 nm pump wave, Fig. 3.2 (b)) to a broad conical (for ∼460 nm pump wave)
radiation. In type II BBO crysta,l while the pump wavelength increases (Fig. 3.2 (c))
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the e polarization parametric cone width does not change while the o polarization
parametric cone width increases [25]. As the pump spatial spectrum width increases
(Fig. 3.2 (f)) both o and e polarization cones width increases [26]. In other words,
narrowing only the spatial spectrum or only the temporal spectrum does not have a
major impact on the spatial coherence of SPDC radiation in type II BBO crystal.

3.3 Summary
In this chapter the theoretical model used for the analysis of SPDC power spatial

distribution pumped by incoherent radiation was introduced. It was found that the
SPDC power spatial distribution is determined by the individual dispersion charac-
teristics of the nonlinear media. Spatial properties of SPDC radiation generated in
the KDP crystal are mainly determined by the pump beam spatial spectrum, while
in the LiIO3 case the dominant influence is made by the pump temporal spectrum.
High spatial biphoton field coherency in the KDP crystal may give optimistic expec-
tations for the incoherent radiation wide applications as a pump source for biphoton
field generation. However, in the BBO crystal, which is one of the most popular
nonlinear crystals for biphoton field generation in quantum optics, the creation of a
spatially coherent biphoton field is not possible by narrowing only the spatial or only
the frequency pump spectrum. In order to generate a qualitative biphoton field in
type II BBO crystals, it is best to use laser radiation as the pump source, with which
it is possible to achieve high spectral irradiance and high temporal coherence of the
biphoton field. On the other hand, results of the theoretical simulation showed that,
in some cases, incoherent radiation can be applied to spatially qualitative SPDC
generation.

23



4

Statistical analysis of a
biphoton field excited by a
blue LED

Material related with this chapter was published in paper [A4]

Since the first statistical experiments, photon number distribution measurements
are usually carried out in order to fully describe the statistical properties of the light
field [27]. In the scientific literature, the light field photon distributions are usually
compared with the Poisson statistics describing the coherent light field. Poisson
distribution variance is equal to the mean value (σ2 = µ) [28]. When the variance
is greater than the average (σ2 > µ), we have a super-Poisson distribution - the
classical thermal light, when lower (σ2 < µ) - sub-Poisson distribution - non-classical
light [29–31]. There are many ways to generate non-classical light: the fluorescence
of a single atom or ion, quantum dots in semiconductors [29], as well as the SPDC.
For this reason, biphoton field statistics studied in various scientific laboratories are
commonly described by sub-Poisson distribution [32–35]. While using a classical light
field for biphoton field excitation, the question appears as to whether the statistics
of this biphoton field differ from the biphoton field excited by laser radiation. In this
chapter, the statistical properties of a biphoton field excited by incoherent radiation
and the detectors afterpulses influence on the light field statistical properties will be
analyzed.

4.1 Experimental setup
The experimental setup for the biphoton field statistical analysis is displayed in

Fig. 4.1. Modified blue LED radiation was used for the biphoton field excitations,
with central wavelength 404 nm and spectral width FWHM=14 nm. A pump beam
was formed using lenses and irises system forming 0,8 mm diameter and three different
spatial spectrum (9, 15 and 40 mrad) beam. The biphoton field is generated in a
2 cm length LiIO3 crystal, oriented at 43,4◦ with respect to the pump beam. Two
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Figure 4.1: Experimental setup for the biphoton field statistical analysis, here L1
- L4 - lenses, IF1 and IF2 – interference filters in the first and second detection
channels, FB1 ad FB2 - fibers. D1 and D2 - photon counters.

detection channels were chosen in the biphoton field cone. Detection channels are
placed on the opposite cone walls symmetrically at a 50 mrad angle from the pump
beam axis in noncritical phase matching φ plane. The signal is coupled to D1 and D2

photon counters using multimode fibers. 38,5 nm spectral width interference filters
(IF1 and IF2) are used in the detection channels. The photon counters detection
time interval was chosen at 20 µs.

4.2 Research on the biphoton statistical distribu-
tion

Photon number measurement in both detection channels showed that with the
increase of the pump spatial spectral width, the average recorded photon number
increases (9 mrad case - 0,023 photons/element, 15 mrad - 0,061 photons/element,
40 mrad - 0,447 photons/element). It was expected that the photon statistics in both
detection channels would be multimode, reflecting the detector Poisson distribution.
Analysis of the data with the Matlab software Pearson chi-square test package showed
that the distribution of the biphotons does not satisfy the Poisson distribution. We
observed experimentally only the SPDC process, therefore it was predicted that the
deviation from the Poisson distribution is determined by the statistical properties of
the detector. In order to determine the detector influence on statistical distribution,
it was decided to investigate the photon sample statistics using a negative binomial
distribution function, which also can describe the multimode radiation. The negative
binomial distribution describes the distribution of the events which we do not expect:

f(k) =
Γ(k + r)

Γ(k + 1)Γ(r)
(1− p)pk (4.1)

here Γ(x) - Gamma function, r – number of failures until the experiment is stopped
and p - success probability in each experiment. Negative binomial distribution pa-
rameters r and p do not describe directly properties of the light field, therefore the
distribution mode parameter was introduced:

Nmodes =
1

1− p
(4.2)
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The statistical parameters of the biphoton field excited by the different spectral
width pump beam and recorded with both detectors are shown in Table 4.1. It can
be clearly seen that the values of the distribution mode parameter differ greater for
the different detectors.
Table 4.1: Biphoton field statistical parameters: r - number of failures until the
experiment is stopped, p - success probability in each experiment, Nmodes - photon
number distribution mode parameter.

Detection
channel
number

Pump spa-
tial spectrum
width

r p Nmodes

D1

9 mrad 4,54 0,9949 196
15 mrad 11,2 0,9945 181
40 mrad 111 0,996 250

D2

9 mrad 0,77 0,968 31,6
15 mrad 2,41 0,972 35,8
40 mrad 18,5 0,973 37

The very large mode parameter difference is determined by the detector afterpulse
generation probability, which often distorts the recorded light statistical properties
[36, 37]. In order to find the afterpulse probability and the negative binomial distri-
bution mode parameter correlation a theoretical simulation was performed. First of
all, we numerically simulated the Poisson distribution photo events sequence, that
sample size and the average number of photo events are equivalent to the exper-
imental photon distribution. The simulated photo event sample was modified by
randomly adding secondary photo events with an afterpulse generation probability.
The negative binomial distribution was adapted for the modified photo events sample
and the distribution mode parameter was determined. The simulation showed that
the mode parameter is inversely proportional to the probability of afterpulse genera-
tion. Based on the simulation results it was determined that the mode parameter in
the first detection channel D1 is equivalent to 0.31% afterpulse generation probability
and in the second channel D2 - 1,9%. These values match whose supplied by the
detector manufacturers.

4.3 Summary
Summing up the statistical analysis of the experimental biphoton field excited by

the blue LED, we can say that the temporal resolution of the experimental conditions
was not sufficient to qualitatively record biphoton statistical properties. The distri-
bution mode parameter was introduced, which allows us to quantitatively determine
the avalanche photodiodes afterpulse generation probability. Numerical simulation
showed that the mode parameter decreases with increasing afterpulse probability.
This law is not universal, but depends on the average number of photo events in
the detection channel. It was also found that by using the photon counters a suffi-
ciently large photon flux could be registered that photon coincidence studies could
be performed on the biphoton field excited by incoherent radiation.
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5

Research on SPDC excited
by a blue LED in LiIO3

crystal photon coincidences

Material related with this chapter was published in papers [A2, A4]

For many decades SPDC has been applied in quantum optics as an entangled
photon source, exciting a nonlinear medium by coherent laser radiation. Nonlinear
interactions at both temporal and spatial properties of the laser radiation coherence
are transmitted directly to the biphoton radiation via nonlinear interaction. Research
on experimental and theoretical SPDC excited by incoherent radiation revealed that,
under certain conditions, high spatial biphoton coherence can be achieved. This
raises a natural question: is it possible to apply this type of radiation in quantum
optics experiments? This section presents the methodology for recording the photon
coincidences and presents experimental results of photon coincidences when exciting
the LiIO3 crystal with a blue LED.

5.1 Principles of photon coincidence measurements
One of the main biphoton field characterization methods is photon coincidence

counting. Photon detection is performed with two photon counters from the spe-
cific directions where the twin photon flux propagates in as narrow as possible time
window, and the photon coincidences - the number of photons recorded by both
detectors in the same time window - are counted [14]. Optimal directions in which
photon coincidence measurements can be carried out are schematically displayed in
Fig. 5.1. In type I SPDC case (Fig. 5.1 (a)) the opposite direction on the cone walls
in ϕ plane are selected, as in this case twin photons are scattered symmetrically on
opposite sides of the pump photon flux . In type II SPDC case photon coincidences
are recorded in the directions in which the two light cones intersect (Fig. 5.1 (b)),
because in those directions entangled photon states are created.

Usually the photon coincidence measurement time window is set to several nanosec-
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Figure 5.1: SPDC photon coincidence measurement scheme for type I (a) and type
II parametric interaction (b); here black circles – detection areas. Photon counts
detection areas for the type II interaction (b) were chosen in the directions, where
the entangled photons propagate.

onds [38, 39]. It should be longer than the twin photons’ coherence time, which is
usually as long as tens of femtoseconds [40]. On the other hand, the coincidence time
window should be as short as possible to avoid accidental coincidences that can be
analytically estimated as [41]:

A1,2 = N1N2(τ1 + τ2); (5.1)

here N1 and N2 – photon number in the first and the second detection channel, τ1
and τ2 – detection time intervals in the first and the second detection channel.

5.2 Experimental setup
The experimental setup for the SPDC pumped by blue LED photon coincidence

measurement is displayed in Fig. 5.2. A high spectral irradiance blue LED was
used as a pump source. Total LED power was 0.9 W, central wavelength – 403.5
nm, spectral width (FWHM) 14.4 nm. Both pump spatial spectrum and pump beam
diameter in an experiment were changed discreetly: 9, 15, 25 or 40 mrad pump spatial
spectrum and 0.8, 1.8, 3, 5 or 8 mm diameter beam were formed. Pump power varied
from 1.64 µW to 3.26 mW; spatial pump power distribution was practically uniform.
A 2 cm type I LiIO3 crystal was used for the biphoton field generation, oriented at
a 43.4◦ angle with respect to the pump beam. A Glan polarizer in the pump source
was used to linearly polarize the pump beam. It was also used for registering the
background - choosing pump waves o polarization, which do not take part in the
nonlinear SPDC interaction.

Two directions for photon detection were chosen in the opposite 0,1 rad angle
light cone walls (Fig. 5.1 (a)), symmetrically propagating 50 mrad from the pump
beam axis in non-critical phase matching ϕ plane. Two identical detection channels
were formed in those directions, consisting of 37.5 nm spectral width interference
filters IF1 and IF2, transmitting the radiation in degeneracy range, and L5 and L6
lenses, with which parametric radiation was coupled into fibers. In the experiment,
we used a step refraction index 105 µm core diameter, NA=0.22 numerical apertures
multimode fibers, with which the signal was coupled into PerkinElmer Inc. D1 and
D2 photon counters (SPCM-AQRH-14-FC). TTL pulses emitted from the photon
counters were directed into a coincidence circuit with a coincidence window of 7 ns.
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Figure 5.2: Experimental setup of the SPDC pumped by blue LED photon coinci-
dence measurement; A1 and A2 - irises, L1 - L6 - lenses, Glan - Glan polarizer, IF1
and IF2 – interference filters in the first and the second detection channel, FB1 and
FB2 - fibers, D1 and D2 - photon counters.

5.3 Coincidence results for twin photons pumped
by different parameter pump beams

Fig. 5.3 presents the main measurement results: single photon flux (a) and photon
coincidences flux (b) dependence on the pump power and the pump beam parameters.
The single photon flux value is the average value of single-photon fluxes recorded in
both photon counters with subtraction of the detectors dark counts and background
fluorescence. The photon coincidences flow corresponds to the photon number over-
lapping coincidence time window in both detection channels. It is recorded with the
subtraction of the accidental coincidences calculated using (5.1) formula. The experi-
mental values are connected with curves corresponding to the same pump parameter;
the black curve connects points corresponding to the constant pump diameter, the
violet curve – constant spatial pump spectrum.

It was determined that the single photon flux is directly proportional to the pump
power, which depends on the square of the spectral pump width (Fig. 5.3 (a)).
Photon coincidences also depend on the square of the spectral pump width for a
small and medium divergence of the pump beam but for the higher spectral pump
width values photon coincidences start to increase more slowly than the single photon
flux (Fig. 5.3 (b)). Comparing the influence of the pump beam diameter, it was
found that, with the increasing pump beam diameter, the single-photon flux increases
approach saturation. Photon coincidences also increase with the pumping beam
diameter, but reach saturation more quickly than the single photon flux.

The quality of the photon coincidences is determined by the photon coincidence
ratio, which describes what part of a single photon flux takes the photon coinci-
dences: C = Ncoin

Nsingles
, here Ncoin - number of photon coincidences, Nsingles - number

of single photons. Using the smallest divergence and the smallest diameter pump
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Figure 5.3: Singles (a) and photon coincidences (b) flux dependence on the pump
power for the different characteristics of the pump beam. Black curves join the
constant pump beam diameter (0,8, 1,8, 3, 5 and 8 mm) values, violet curves join
the constant pump beam spatial spectrum (9, 15, 25 and 40 mrad) values.

beam an 11.5% photon coincidence ratio was achieved, because the narrow and low
divergence pump beam nonlinear interaction volume is coupled the most effectively
into detection channels. This corresponds to 49% of photon coincidence ratio if the
detection system were ideal – no optical losses would exist in any optical elements
and detector quantum efficiency would be maximum (100%). Using a large diameter
(5 and 8 mm) pump beam, the photon coincidence ratio evenly decreased (from 5%

to 2.8%) while increasing spatial spectrum of the pump. The reason is that spatial
scattering of the twin photons increases and a smaller number of photon coincidences
are coupled into the detection channels.

While changing the spatial position of the detector, it was found that photon
coincidence ratio dependence on the detectors position is bell-shaped for the biphoton
field excited by the 25 mrad divergence and 5 mm diameter pump beam. Photon
coincidence ratio varies considerably faster when changing the position of the detector
in θ plane (FWHM = 125 µm), in which the photon coincidence area is directly
limited by multimode fiber core, than in ϕ plane (FWHM = 245 µm). When changing
the crystal angle with respect to the pump beam, it was found that both single photon
flux and photon coincidences are not sensitive to the crystal orientation compared
with the biphoton field pumped by laser radiation. Half width (FWHM) of single
photon flux dependence on crystal angle function is 2.1◦, photon coincidences – 1.3◦.

In order to determine photon coincidence flux in one spatial mode, measure-
ments were performed using a single-mode and multimode fiber. An average spatial
properties (25 mrad divergence and 5 mm diameter) pump beam was used. The
multimode fiber FB1 (Fig. 5.2) used in the first detection channel was replaced
by the single-mode fiber Thorlabs 780 HP, with 5 µm core diameter and NA=0.13
numerical aperture. Single photon flux was 17.5 photons/s (in the multimode fiber
case – 29·103 photons/s – 1650 times bigger). Comparing the fiber diameter and
the numerical aperture, it can be evaluated that the single-mode fiber acceptance
area is 1270 times smaller than the multimode fiber. The single photon flux drop is
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very close to this value, therefore it can be concluded that the biphoton field is dis-
tributed evenly in the detection space. Photon coincidences for the one single-mode
and one multimode fiber case were 1.31 coincidences/s (in two multimode fibers case
- 1230 coincidences/s. The photon coincidence ratio for the one single-mode and one
multimode fiber significantly increased (from 4.2% to 7.5%).

5.4 Summary
In this chapter, the first photon coincidences results for an experimental biphoton

field excited in LiIO3 crystal by incoherent radiation were analyzed. It was found that
the single photon flux linearly proportional to the pump power broadening the pump
spatial spectrum. Single photon flux depends on the pump beam diameter in the
following way: it significantly grows only for small diameter values (0.8 and 1.8 mm)
and saturates for the bigger diameters of pump beam. The photon coincidence flux
essentially duplicates the characteristics of the single photon flux variations. The
single photon flux (1077 photons/s), the photon coincidences (122 coincidences/s)
and the photon coincidence ratio (11,5%) recorded with the smallest pump power
are large enough that the incoherent pump radiation would be a perspective pump
source for medium quality biphoton field excitation and its application in various
quantum optics experiments.

Photon coincidence ratio dependence on the detector position is bell-shaped; the
effective photon coincidence detection area in ϕ plane is twice wider than in θ plane.
Orientation of the nonlinear medium with respect to the pump beam is not criti-
cally important. Photon coincidence measurements using multimode and single-mode
fibers showed that the single photons (17.5 photons/s) and the photon coincidence
flux (1.31 coincidences/s) are big enough to be successfully registered.
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6

Theoretical analysis of a
biphoton field excited by
incoherent radiation

Material related with this chapter was published in papers [A2-A4]

Experimental results for photon coincidences excited by incoherent radiation pro-
vide high hopes for applying the incoherent sources in entangled photon experiments.
In order to find the optimal pump and detection systems characteristics for achieving
the highest quality biphoton field, a nonlinear response of incoherent radiation in var-
ious nonlinear media was theoretically analyzed. In this section, a theoretical model
for the twin photon coincidences will be presented. The spatial SPDC distributions in
LiNbO3, LiIO3 and BBO crystals excited by broadband incoherent radiation will be
examined. Experimental biphoton field photon coincidences in LiIO3 crystal results
presented in the previous chapter will be theoretically analyzed.

6.1 Theoretical model of the SPDC photon coin-
cidences

Photon coincidences are theoretically analyzed using the modified theoretical
model for SPDC power distribution introduced in chapter 3.1. In this model, the
interaction between pump components is not taken into account and it is assumed
that the pump beam is a linear superposition of pump waves involved in nonlinear
interaction ((3.1) formula). The biphoton SPDC field is a linear superposition of
separate SPDC waves generated by each pump component ((3.2) formula). In the
theoretical model, spatial filtering for photon detection is applied - a circular detec-
tion area mask is created – a matrix of 0 and 1, where 1 denotes the spatial region
in which the photon flux is registered, 0 - the area in which the photon flux is not
registered. During integration of the total photon flux, a mask is positioned in the
selected point in space and is applied to each signal component separately. The pho-
ton coincidence flux is directly dependent on the detection space position and size of
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the detection area, therefore the detection channel parameters can be selected only
before the initial integration. After the initial integration, single photon and pho-
ton coincidence flux density matrixes for 6 parameters are created. Further analysis
can be carried out in freely selected initial conditions. The desired pump and signal
spectral components can be freely chosen.

Using (3.2) formula the equation for the single photon number in the detection
channel calculation can be written down:

Ns,i =
∞∫
0

L2

~ωs,i

±θD+ψdet∫
±θD−ψdet

ϕD+ψdet∫
ϕD−ψdet

P (ωp, ϕ, θ)βS(ϕD,±θD, ψdet)q(ωs,i)sinc2(∆kL
2 )dϕdθdωs,i; (6.1)

here L – length of the nonlinear medium, ωs,i - signal or idler wave frequency,
P (ωp, ϕ, θ) - pump beam distribution described by the (3.1) formula, β - parametric
conversion coefficient, S(ϕD,±θD, ψdet) – detection space mask function, where ψdet -
spatial spectrum radius, (ϕD,±θD) – detectors position in spatial coordinates, q(ωs,i)
– detectors quantum efficiency, ∆k – phase mismatching,

Calculating the phase-matching conditions in the theoretical simulation, we can
describe the idler photons spatial position and calculate what number of idler pho-
tons, twinned with signal photons, are recorded in the detection channel. This allows
us to spatially relate the twin photons and theoretically investigate the photon coin-
cidences – to calculate the number of idler photons recorded in the second detection
channel which are related with the signal photons recorded in the first detection in
[ωs1, ωs2] frequency range. The first detection channel is described by the coordinates
(−θD, ϕD) and angular width ψdet), the second channel - ((θD, ϕD) and ψdet). Pho-
ton coincidence ratio C is calculated by dividing the photon coincidences number by
the number of single photons detected in the second detection channel in [ωs1, ωs2]
spectrum range. This condition in the theoretical model is described with Heaviside
step function H(ωi − ωs1) and H(ωs2 − ωi), here ωi – idler wave frequency. The total
photon coincidence ratio can be expressed:

C(ωp, ϕ, θ) =

ωp−ωs1∫
ωp−ωs2

L2

~ωi
H(ωi−ωs1)H(ωs2−ωi)

−θD+ψdet∫
−θD−ψdet

ϕD+ψdet∫
ϕD−ψdet

βS(ϕD,−θD,ψdet)q(ωi)sinc2( ∆kL
2

)dϕdθdωi

ωs2∫
ωs1

L2

~ωs

θD+ψdet∫
θD−ψdet

ϕD+ψdet∫
ϕD−ψdet

βS(ϕD,θD,ψdet)q(ωs)sinc2( ∆kL
2

)dϕdθdωs

. (6.2)

The numerator of the photon coincidence ratio can be understood as the number
of signal and idler photon twins whose distribution functions overlap in spectral and
spatial area (Ni ∩Ns):

C =
Ni ∩Ns
Ns

. (6.3)

Those equations ((6.2), (6.3)) express the quality of the biphoton field – the
probability of recording the photon coincidences in a particular coincidence time
window using ideal photon detectors.
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6.1.1 Geometric factor
Equations for the single photon ((6.1) formula) and photon coincidence ((6.2)

formula) fluxes were written down considering that all pump components participate
in the nonlinear interaction. However in reality, the wide pump beam occupies a
particular volume of the nonlinear medium and just a part of the interaction volume
is coupled into the detectors. In order to qualitatively and quantitatively evaluate
the experimental photon coincidence results, pumped by incoherent radiation, the
concept of the geometric factor was introduced describing the ratio of space coupled
into the detector and nonlinear interaction space. Those spaces are visually displayed
in Fig. 6.1.

Figure 6.1: Model of the geometric factor for the single photons and photon coin-
cidences calculations; here L - lens, FB1 – fiber in the first detection channel.

In the geometric factor calculation, we consider that the pump beam is uniform
and has a rectangular shaped spatial distribution, space in all the crystal volume
is uniformly coupled into the detection channel, the detection space is limited by
the numerical aperture of imaging lenses and optical fibers. The ideally nonlinear
medium coupled spaces into detectors are shown in Fig. 6.1 as red areas. The 1.05
mm diameter nonlinear medium space is coupled into multimode optical fiber in
our experimental conditions. We used quite wide pump beams (from 0.8 to 8 mm
diameter), therefore the usually nonlinear interaction space, limited by the pump
beam (shown as blue in Fig. (6.1), was much larger than the space coupled into the
detectors. The geometric factor of single photons is equal to the ratio of interaction
volume (Vj ∩ Vk) coupled into detection channel j to nonlinear interaction volume
(Vk). The number of single photons is expressed:

Nj =
Vj ∩ Vk
Vk

Ns. (6.4)

The geometric factor of photon coincidences is equal to the overlap ratio of vol-

34



umes coupled into both detection channels to the nonlinear interaction volume. The
number of photon coincidences is expressed:

C12 =
V1 ∩ V2 ∩ Vk

Vk
C. (6.5)

6.2 Theoretical simulation of a broadband bipho-
ton field excited in dispersive media

To determine the differences between biphoton fields, the incoherent and coherent
radiation characteristics of a biphoton field excited in a LiNbO3 crystal were ana-
lyzed. Three cases were studied (Fig. 6.2): with uniform power distribution both in
frequencies and spatial spectra incoherent radiation exciting a 1 mm (Fig. 6.2 (a))
and 10 µm (Fig. 6.2 (c)) length LiNbO3 crystal, and with uniform power distribution
over spatial spectrum monochromatic radiation exciting a 1 mm length LiNbO3 crys-
tal (Fig. 6.2 (b)). Biphoton distributions are displayed in Fig. 6.2 both in detection
(a-c) and in pump (d-f) spatial and frequencies spectra. Biphoton density in this
case is described as parametric wavenumbers (ks and ki) density. In Fig. 6.2 (a-c)
vertical axis biphoton propagation angles are plotted with respect to LiNbO3 crystal
which is oriented in 90◦ synchronism.

The twin photon density distribution shows which pump spectral part is respon-
sible for the biphoton generation (Fig. 6.2 (d - f)). It is noticeable that biphotons
from the narrow frequencies spectral band can be spread over a large spatial area.
This biphoton characteristic is best expressed in the coherent pump case (Fig. 6.2 (a)
and (c)). On the other hand, biphotons pumped by coherent radiation (Fig. 6.2 (b))
can be distributed in the wide frequencies band but are well localized in the narrow
propagation angles range. The spatial distribution of photon pairs is important when
the biphoton field transformation is analyzed in the example of second harmonic gen-
eration [19]. Biphotons pumped by coherent radiation maintain a coherent relation
with each other and, in the second harmonic generation case, the pump beam could
be reconstructed. The second harmonic generation from the biphotons pumped by
incoherent radiation would generate photons in a much wider spatial area, therefore
it would provide much more capability for reforming spectral characteristics of the
pump radiation.

We should now discuss the photon coincidence dependence on the detection chan-
nels’ spatial and frequencies spectral width. As the pump source the blue LED will
be chosen emitting 456 nm central wavelength, 24 nm (FWHM) spectral width, 19
mrad spatial spectral width radiation. A biphoton field is excited in type I θ = 37.1◦

LiIO3 and type II θ = 40.9◦ BBO crystals. The detection area in the theoretical
model is determined by the detection masks whose position and diameter can be
freely chosen. Detection channels in the LiIO3 case are positioned symmetrically on
the opposite sides from the pump beam in noncritical phase-matching ϕ plane (Fig.
5.1 (a)), while in the BBO case, detection channels are localized in the directions
where o and e parametric cones overlap (Fig. 5.1 (b)).

Single photons and photon coincidences are calculated using respectively (6.1)
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Figure 6.2: Frequency-angular distribution of biphoton density in detection band
((a - c)). Distribution of the aggregate biphoton field in pump spatial and frequency
bands ((d - f)). Theoretical simulation was performed with the central frequency
ωe = 5.68 · 1014 Hz incoherent radiation exciting a 1 mm ((a), (d)) and 10 µm ((c),
(f)) length LiNbO3 crystal and with the monochromatic plane wave exciting a 1
mm length LiNbO3 crystal ((b), (e)). Contour lines with corresponding numbers are
plotted with respect to the maximal value.

and (6.2) equations. It is considered that optical losses in the detection system do
not exist. Simulation results (Fig. 6.3) reveal that a high (up to 70%) photon coinci-
dence ratio can be expected in real experimental conditions. In the LiIO3 crystal case
(Fig. 6.3 (a)), a photon coincidence ratio increase was observed in 5-50 nm spectral
width range broadening the detection spatial spectrum (2-20 mrad), however, for
broader detection the spatial spectra photon coincidence ratio started to decrease.
The photon coincidence ratio becomes saturated for the broader detection spatial
spectra. Small diameter apertures couple biphotons generated by the pump compo-
nents from the relatively narrow space, therefore the photon coincidence ratio, which
is determined by the ratio of effective pump spectral width to the detection spectral
band, increases. In the BBO crystal case (Fig. 6.3 (b)), the photon coincidence ratio
increases broadening detection spatial and frequency spectrum.

Simulation results show that incoherent sources can be used for high-quality
biphoton field generation, equivalent to the quality of biphoton field excited by laser
radiation. In order to maintain the high quality of photon coincidences, pump fre-
quency spectrum must be narrower than the detection spectrum. When the pump
spectral width is much narrower than the spectral width of the detection, the relative
number of photon twins is mainly determined by the spectral width of the pump.
Narrowing the pump spectrum to monochromatic radiation, the photon coincidence
ratio approaches C = 1 value, but the pump power approaches zero values.
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Figure 6.3: Photon coincidence probability dependence on the spatial and wave-
length bandwidths of detection in type I LiIO3 (a) and type II BBO (b) crystals.

6.3 Theoretical simulation of experimental pho-
ton coincidence results

The theoretical model of biphoton field quality can now be used to analyze the
experimental results discussed in chapter 5.3. Single photons are calculated using
(6.1) and (6.4) formulas, photon coincidences - (6.2) and (6.5) formulas. In the
theoretical model, factors are included such as the pump beam spatial dimensions,
the pump beam walk-off in a nonlinear medium, the detection system transmittance,
and so on. It is considered that the spatial range of the detector has a rectangular
shape - all the waves that propagate within the numerical aperture of the fiber and
the detection system spectral bandwidth are detected.

One of the most important experimental results - the single photon and pho-
ton coincidence dependence on the pump spatial spectral width and diameter. The
simulation results qualitatively replicate the experimental values (Fig. 6.4). Single
photons depend on the square of the pump spatial spectral width (Fig. 6.4 (a) the
violet curve marks the values for the constant 0.8 mm pump diameter and different
pump spatial spectral widths, the blue curve – constant 8 mm beam diameter), be-
cause pump power depends on the pump spatial spectral width by the same square
law. The simulation also shows that single photon flux increases and becomes satu-
rated with increasing pump beam diameter (Fig. 6.4 (a) the green curve corresponds
to a constant 9 mrad pump spatial spectral width, the red curve - 40 mrad). Exactly
the same tendencies regarding the pump spatial parameters are monitored in the
photon coincidence simulation results (Fig. 6.4 (b)).

Comparing the simulation results with the experimental ones (Fig. 6.4, × marks
constant pump diameter, � - spatial spectral width) it can be seen that these results
qualitatively coincide. Small quantitative differences for the biggest pump beam
diameter could be related to the incorrect evaluation of the geometric factor both for
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Figure 6.4: Single photons (a) and photon coincidence (b) flux dependence on the
pump diameter and spatial spectrum. Experimental points correspond the values
obtained using different pump spatial spectrum widths (9, 15, 25 ir 40 mrad) and
constant pump diameter (×) and using different pump diameter (0.8, 1.8, 3, 5 ir 8
mm) and constant spatial spectral width (�). Solid lines correspond the theoretical
simulations results obtained for the constant respective pump parameter.

single photons and photon coincidences due to the theoretical assumptions explained
in chapter 6.1.1.

Figure 6.5: Single photons (red line and red rounds) and photon coincidences (blue
line and blue circles) dependence on the LiIO3 crystal angle in θ plane with respect
to the pump beam. Solid lines – simulation results, circles and rounds – experimental
results.

Detector spatial position influence on the photon coincidences was theoretically
analyzed investigating the geometric factor changes displacing the detection areas
in particular directions in respect to the crystal. The results of the theoretical sim-
ulation reproduce the experimental tendencies. Detection channels inclination in
respect to the pump beam (Fig. 6.1) is realized in ϕ plane. Meanwhile, detection
channels and pump beam in the θ plane propagate in the same direction. Therefore,
by displacing one detector in θ plane, the detection volume directly travels out from
the photon coincidence space and the photon coincidence ratio is determined by the
core diameter of the fiber (105 µm). In the meantime, by displacing a detector in ϕ
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plane, the detection volume also travels out from the photon coincidence space but
at the same time photon coincidence volume travels to the beginning or to the end
of the crystal. Due to the drift of the photon coincidence volume center along the
length of the crystal, the function of the photon coincidence ratio dependence on the
detectors position in ϕ plane is twice as wide as in θ plane.

The simulation results for the single photon and photon coincidence flux depen-
dence on crystal orientation are presented in Fig. 6.5. It can be seen that the
theoretical results (solid curves) qualitatively coincide with the experimental results
(circles and rounds). The quantitative difference between the results is related to the
previously listed reasons - incorrect evaluation of the detection areas and positions,
etc. Maximal theoretical values for both single photons and photon coincidences
coincide with the experimental ones. Crystal orientation angles which correspond
to the maximal values of both parameters differ by 0.3◦. Also, the width of depen-
dence functions is the same both for theoretical and experimental values. Thus, it
can be concluded that changes of the parameters in respect to crystal angles are di-
rectly determined by the pump spatial and spectral properties and by the dispersion
properties of the nonlinear medium.

6.4 Summary
In this chapter, a theoretical analysis was presented of biphoton field quality

when exciting by incoherent radiation. The simulation of photon pair distribution
in LiNbO3 crystal results show that it is possible to generate a biphoton field whose
quality would be equivalent to the biphoton field excited by coherent sources. In
order to create a high quality biphoton field, the pump frequency spectrum must
be narrower than the detection frequency spectrum, whereas broadband pump fre-
quency components, displaced far from the pump central frequency, could not create
photon pairs in the detection spectral band. The simulation of photon coincidence
experimental results in BBO and LiIO3 crystals showed that, with a real spectral
features pump beam - blue LED, it is possible to generate sufficiently high photon
coincidence ratios (up to 70%), depending on the spatial properties of detection. The
theoretical model is well fitted to explain the experimental results.
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Conclusions

• First statement of defence is defended by this conclusion:

1. For the first time, SPDC radiation was experimentally excited in type
I KDP and LiIO3 and type II BBO crystals using 0.5 µW – 0.53 mW
power broadband 457 nm central wavelength blue LED radiation as a pump
source. It was determined that the power of SPDC excited by the incoher-
ent radiation linearly depends on the pump power.

• Second statement of defence is defended by these conclusions:

2. An SPDC theoretical simulation program was created that can simulate
the spatial distribution of the SPDC excited by both spatially and tempo-
rally incoherent radiation. The program can be used to take into account
such factors as the pump frequencies and spatial spectrum, the detection
frequency range, nonlinear medium orientation with respect to the pump
beam.

3. It was determined that SPDC spatial distribution in various nonlinear crys-
tals is determined by the individual dispersion characteristics of the media.
The spatial characteristics of SPDC generated in type I KDP crystal are
mainly determined by the pump beam spatial spectrum - increasing the
pumping divergence, biphoton field asymmetry in the phase-matching θ

plane emerges. In smaller crystal angles side, the biphoton field is spa-
tially more homogeneous and has higher spectral irradiance than in the
bigger crystal angles side. Meanwhile, in the LiIO3 crystal case, the pump
frequencies spectrum has the dominant influence – for the broader pump
spectrum, the spread of the biphoton field increases.

• Third statement of defence is defended by these conclusions:

4. For the first time, the biphoton field excited in LiIO3 crystal photon coin-
cidence measurements were performed using 1.64 µW – 3.26 mW power
broadband 404 nm central wavelength blue LED radiation as a pump
source. Using the lowest pump power 1077 single photons/s and 122 coin-
cidences/s fluxes were coupled into 105 µm core diameter multimode fibers
using 7 ns coincidence time window. As high as 11.5% photon coincidence
ratio was recorded.

5. It was determined that biphoton field pumped by the incoherent radiation
single photon flux linearly depends on the pump power broadening spatial
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pump distribution, while increasing the pump beam diameter the single
photon flux significantly grows only for small diameter values (0.8 and 1.8
mm) and saturates increasing pump beam diameter. Photon coincidence
flux duplicates characteristics of the single photon flux variation. The
main differences are: the photon coincidence flux saturates more quickly
with increasing the pump beam diameter, partial saturation of photon
coincidence flux is observed also for the broadest pump spatial spectrum.

• Fourth statement of defence is defended by these conclusions:

6. The theoretical biphoton field excited by broadband incoherent radiation
studies revealed that it is possible to achieve optimum conditions for quali-
tative and quantitative biphoton field generation with the proper selection
of both the detection and the pump spectral properties. Modeling of spa-
tial photon pairs distribution in the dispersing medium (LiNbO3 crystal)
showed that it is possible to create a biphoton field with an equivalent
quality to the biphoton fields excited by coherent sources. Biphotons are
located in a relatively narrow spatial area even with a very broad pump
spatial spectrum. Theoretical modeling indicates that, in order to create a
qualitative biphoton field the pump frequency spectrum must be narrower
than the detection frequency spectrum.

7. It was determined that the photon coincidence ratio depends only on the
broadband incoherent pump radiation frequencies spectrum and does not
depend on pump spatial spectrum. On the other hand, the photon pairs
flux is bigger when both frequency and spatial spectra are wider.

• Other conclusions:

8. A negative binomial distribution mode parameter was introduced which
allows us to determine the avalanche photo detectors afterpulse generation
probability performing statistical biphoton field analysis. Theoretical anal-
ysis showed that the distribution mode parameter is inversely proportional
to the detectors afterpulse generation probability.

9. The biphoton field pumped by incoherent radiation photon coincidence ra-
tio dependence on the detector position is bell-shaped. In the θ plane,
effective photon coincidence detection is limited by the fiber core - efficient
detection area coincides with the fiber core diameter. Meanwhile, in the ϕ
plane, the effective photon coincidence detection area is twice as broad. It
was also found that the nonlinear medium orientation with respect to the
pump beam is not critically important in the experimental conditions. Us-
ing the average parameters of the pump beam, effective photon coincidence
detection is possible in quite a large range of crystal orientations. By tilting
the crystal ±0.65◦ from the angle corresponding to the maximum photon
coincidence ratio value, this value does not decrease more than twice.

10. It was determined that the biphoton field is widely spread over many spatial
modes performing the photon coincidence measurement with one single-
mode and one multimode fiber. Single photon flux in a single-mode fiber
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was as high as 17.5 photons/s, photon coincidence flux – 1.31 coincidences/s
using 25 mrad and 5 mm diameter pump beam.
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Santrauka
PARAMETRINĖS FLUORESCENCIJOS

ŽADINAMOS NEKOHERETINIAIS ŠVIESOS
ŠALTINIAIS TYRIMAS

Parametrinė fluorescencija – nekoherentinė šviesos sklaida – yra vienas pagrin-
dinių susietųjų fotonų šaltinių taikomų kvantinės optikos eksperimentuose. Nuo pat
pirmųjų parametrinės fluorescencijos eksperimentinių tyrimų 1968 metais įsigalėjo
tradicija šį reiškinį žadinti išimtinai lazerine spinduliuote.

Šios disertacijos tikslas – eksperimentiškai ištirti galimybę generuoti parametrinę
fluorescenciją tiek laikiškai, tiek ir erdviškai nekoherentine spinduliuote – didelės
galios šviesos diodu. Taip pat nustatyti, kokią įtaką turi erdvinė ir spektrinė kaupin-
imo spinduliuotės sudėtis dvyninio lauko savybėms, nustatyti galimybes keisti dvy-
ninio lauko struktūrą, išnagrinėti galimybes dvyninį lauką, žadinamą mėlynu šviesos
diodu, taikyti kvantinės optikos eksperimentuose.

Atliekant tyrimus didelio jautrio CCD kamera buvo registruojami silpni paramet-
rinės fluroescencijos signalai, pavienių fotonų skaitliukais buvo registruojami fotonų
sutapimai, kurie yra vienas pagrindinių parametrų, kuriuo charakterizuojami susi-
etųjų fotonų šaltiniai kvantinės optikos eksperimentuose. Lygiagrečiai eksperimen-
tiniams tyrimams buvo atliekami teoriniai skaičiavimai. Šiuo tikslu buvo parašytas
matematinio modeliavimo programinis kodas, skirtas įvertinti parametrinės fluores-
cencijos erdvinį galios pasiskirstymą bei modeliuoti fotonų sutapimų eksperimentą,
keičiant kaupinimo pluošto tiek erdvines, tiek ir spektrines savybes, keičiant detek-
cijos sistemos erdvines ir spektrines savybes.

Šio darbo rezultatai atskleidžia, kad nekoherentiniai šaltiniai gali būti puiki al-
ternatyva lazerinėms sistemoms siekiant žadinti vidutinės kokybės dvyninius laukus,
ypatingai tokiose tyrimų srityse, kuriose mažas dvyninio lauko koherentiškumas būtų
didžiulis privalumas. Pagrindiniai nekoherentinių šaltinių pranašumai prieš lazerines
sistemas: maža kaina, paprasta gamybos technologija ir didžiulė komercinė skirtingo
bangos ilgio šaltinių įvairovė.
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