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Resumen

La implementación de una fuente intensa de pares de fotones correlacionados utilizando

un cristal PPKTP requiere de dos partes principales: el proceso de emisión espontánea

paramétrica descendente SPDC teniendo en la cuenta las condiciones de cuasi empatamiento

de fase y una fuente de bombeo mono-modo con perfil Gaussiano estabilizada en una sola

frecuencia. En este proyecto se hace un estudio teórico del proceso SPDC y de las condiciones

necesarias para que haya una producción intensa de pares de fotones correlacionados; en

especial, de su dependencia con la temperatura del cristal y de la longitud de onda de bombeo.

Se implementa una fuente láser de bombeo en una sola frecuencia con un perfil gaussiano

enfocada en el cristal PPKTP. Se caracteriza la fuente de pares de fotones espacialmente, en

intensidad y en frecuencia. Se obtiene una fuente intensa de pares de fotones con una tasa

de coincidencias por mW de potencia de bombeo de 199±1 kHz/mW la cual es al menos tres

veces más grande que la tasa de producción de pares en el proceso de SPDC utilizando un

cristal no-lineal tradicional como el BBO.
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Abstract

The implementation of a bright frequency correlated photon pairs source based on a PPKTP

requires two principal parts: the process of Spontaneous Parametric Down-Conversion SPDC

taking into account the quasi-phase-matching conditions and a single-frequency-mode laser

source with a Gaussian profile. In this project, a theoretical approach of the SPDC process

and the conditions needed to have an intense source of correlated photon pairs source are

studied; especially, the process dependence of the temperature of the crystal and the pump

wavelength. A single-frequency-mode pump laser source is implemented and focused to a

PPKTP crystal. The photon pairs source is characterized spatially, in intensity and frequency.

Through this, a bright photon pairs source with a coincidence rate per mW of pump power of

199±1 kHz/mW is obtained, which is at least three times bigger than the rate of coincidences

of the SPDC process using a traditional nonlinear crystal as a BBO.
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Chapter 1

Introduction

Correlated photon pairs have shown their leading role in quantum technologies and demon-

strating quantum phenomena given their non-classical properties [1, 2, 3, 4]. Photon pairs are

commonly used in quantum communications [5, 6, 7], quantum cryptography [8, 7], quantum

computing [9], quantum teleportation [10], entangled two-photon absorption [11, 12], and

many other uses. The photon pairs sources are typically produced by the Spontaneous Para-

metric Down Conversion SPDC process, where the e↵ective parameters of a second order

nonlinear crystal produce the decay of a high-energy pump photon into two lower energy

photons, without any extra illumination [1].

The e�ciency of the photon pairs production is limited by the nonlinear coe�cient and the

length of the crystals to conserve the momentum of the light during the process [13, 14, 2]. In

order to improve quantum technologies new brighter photon pairs sources have been studied.

It has been demonstrated that micro-modifications of the crystals increase the photon pairs

production for longer crystals with a higher nonlinear coe�cient [15, 14, 16, 17].

At Universidad de Los Andes the correlated photon pairs source is performed through the

SPDC process with a bulk BBO (Ba(BO2)2) crystal, with typical photon pairs production

rates between 10kHz

mW
to 100kHz

mW
[18], which is a low rate for many application, such as en-

tangled two-photon absorption [18, 19] and to implement quantum communication protocols
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2 Chapter 1. Introduction

[10]. In this project, a brighter frequency-correlated photon pairs source is implemented with

a PPKTP (Periodically Poled KTiOPO4) crystal. This crystal is fabricated in a manner

that the sign of nonlinear coe�cient of the crystal oscillates as the light propagates inside it.

Therefore, the crystal is longer and the e↵ective nonlinearity is higher, increasing the rate of

photon pairs produced by the SPDC process [14, 13]. Reported results for a SPDC source

using a PPKTP has photon pair rates per mW of pump power of around 5.66MHz

mW
[20].

This work is divided into three principal parts represented in Fig. 1.1. The red box is

the central axis of the project which is the SPDC source using a PPKTP. The theoretical

considerations to understand the SPDC process with the quasi-phase-matching conditions

for a PPKTP crystal are studied in Chapter 2. In this analysis, a single-frequency-mode

laser with a Gaussian profile pump source is needed to pump the PPKTP crystal. The

implementation and characteristics of this laser source, symbolized by the gray box, are

presented in Chapter 3. Finally, the yellow box represents the experimental characterization

of the photon pairs produced using a PPKTP crystal. All the experimental results of this

characterization are presented in Chapter 4, where the spatial profile, the intensity and the

frequency correlation of the photon pairs are characterized.

Figure 1.1: Principal structure of this work that aims to produce a brighter source of photon
pairs using a PPKTP crystal.



Chapter 2

Spontaneous Parametric Down-

Conversion

To study the photon pairs production using a PPKTP, it will be taken into account that

the PPKTP is a non-linear crystal. The response of a nonlinear material to an electric field

is given by the polarization ~P that is defined as the dipole moment per unit volume. The

polarization can be written as

~P = �(1) ~E + �(2)
ijk

~E ~E + �(3)
ijkl

~E ~E ~E + ... , (2.1)

where ~E is the electric field function, and the �(m) is the mth nonlinear susceptibility tensor

[2]. The Spontaneous Parametric Down-Conversion (SPDC) is a nonlinear optical process

given by the electric susceptibility (�(2)) where a pump photon enters a crystal with second-

order nonlinear properties; then, it decays into two under energy photons [1]. These photons

must conserve energy and momentum, following the so-called phase matching (PM) condi-

tions

!p = !s + !i , (2.2)

~kp = ~ks + ~ki , (2.3)

3



4 Chapter 2. Spontaneous Parametric Down- Conversion

where !j and ~kj are the frequencies and the wave vectors. The energy of each photon is

given by Ej = h̄!j and the momentum by ~pj = h̄~kj with j = p, s, i standing for the pump

(p), signal (s) and idler (i) photons; the last two are the names for the produced pair of

photons [1]. These photon pairs can be correlated in di↵erent degrees of freedom such as

spatial [21, 22, 23], frequency [24], and can generate entanglement in polarization [25, 26, 27].

There are three types of SPDC, types 0, 1, and 2, depending on the polarization of the

interacting waves. For type 0, the signal and idler photons have the same polarization as

the pump photon. For type 1, the two photons produced have the same polarization, yet it

is orthogonal to the pump photon polarization. Finally, in type 2 the idler photon has the

same polarization as the pump photon and it is orthogonal to the signal polarization [13, 2].

The SPDC process occurs following the interaction Hamiltonian between the pump photon

and the nonlinear crystal given by [2]

Ĥint(t) = ✏o

Z
d3~ksd

3~ki �
(2)
lmn

Ê(+)
p l

Ê(�)
s m

Ê(�)
i n

�(~kp � ~ks � ~ki)e
i(!p�!s(~ks)�!i(~ki))t + h.c. . (2.4)

In this equation, the electric field operators, Ê(±), are given by

Ê(�)(~k) = i

r
2⇡h̄!

V
â†(~k) and Ê(+)(~k) = i

r
2⇡h̄!

V
â(~k). (2.5)

The operators depend on the frequency !, the wave vector ~k, the interaction volume V, and

the annihilation and creation operators â(~k) and â†(~k). In Eq. 2.4, the fields correspond

to the signal, idler and pump photons, in the l, m, n independent cartesian indices. The

Hamiltonian also shows that the phase matching conditions for momentum �(~kp � ~ks � ~ki)

and energy ei(!p�!s(~ks)�!i(~ki))t are essential for the SPDC process [2].

The photons produced may or may not have the same energy, when the !s = !i = !p/2 the

pairs of photons are called degenerate; while, when the photons have di↵erent frequencies,

the photons are non-degenerate. In both cases the mismatch conditions �! = !p � !s � !i

and �~k = ~kp � ~ks � ~ki must be equal to 0, which means that the phase-matching conditions
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are satisfied [2].

2.1 Phase Matching

To achieve an e�cient source of entangled photon pairs, the waves of the pump light and

the correlated photon pairs must have the same phase (phase-matching PM) at the end

of the crystal, conserving energy and momentum. This condition confirms that, up to a

coherent length Lcoh of the crystal, the waves will interfere constructively and the intensity

will increase. Two variables can be tuned to satisfy the PM conditions, the temperature of

the crystal or the angle between the direction of the wave vector of the pump light and the

optical axis of a nonlinear birefringent crystal [14].

The birefringent crystals have two or more refractive indices; therefore, an e↵ective refractive

index is used to study the interaction light-matter. This value depends on the direction of

polarization of the pump, signal and idler photons with respect to the plane defined by the

wave vector of the pump light ~kp and the optical axis of the crystal [14, 2]. The Fig. 2.1

shows the e↵ective refractive index as a function of the pump wavelength with temperature

corrections for three di↵erent temperatures. Then, for birefringent crystals, as BBO [14] or

KTP [28], it is possible to tune with the angle the e↵ective refractive index neff such that,

for a Lcoh, the pump, signal, and idler waves satisfy the PM conditions. In this case, the

mismatch of the wave vectors is

�~kPM = ~kp � ~ks � ~ki ⇡ 0. (2.6)

Phase matching by angle tuning is not always possible e.g. for a type 0 process; where, the

birefringence is useless because all the electric fields have the same polarization. Also, with

this type of tuning, the Lcoh is limited by the dispersion relations of the crystal. In these

cases, PM is achieved by tuning the temperature of the crystal. A detailed explanation of

the temperature tuning process will be given in Sec. 2.2 and Sec. 2.3.
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Figure 2.1: E↵ective refractive index for a PPKTP crystal as a function of the wavelength
of the light in µm at three di↵erent crystal temperatures. The blue one is at T = 20oC, red
at T = 120oC and green at T = 200oC.

The e�ciency of the photon pair production via SPDC as a function of the length of the

nonlinear crystal can be studied with the derivative of amplitude of the produced fields inside

the crystal in the direction of propagation of the pump light x as [14]

dAs

dx
= C(deff ,!s, nzs)A

⇤
i
Ape

�i�kx (2.7)

where the As,i,p are the signal (s), idler (i) and pump (p) electric field amplitudes and

C(deff ,!s, ns) is a constant that depends on the e↵ective nonlinear coupling coe�cient of

the crystal deff , the signal frequency !s and the e↵ective refractive index nzs experienced by

the signal wave. The idler amplitude expression is given by exchanging the s and i notation

in Eq. 2.7.

The Fig. 2.2 shows the solutions to the Eq. 2.7 depending on the value of �~k. The curve (a)

is for perfect phase-matching �~kPM = 0, where the derivative of the field amplitude becomes

a constant, then the field grows linearly as a function of the position x in the crystal. The

curve (c), is for real crystals where �~kPM 6= 0, therefore the electric field oscillates having

maxima every Lcoh. This shows that, in normal conditions, the field amplitude at the end
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of the crystal will never be greater than the amplitude at one Lcoh [14, 2]. To increase the

amplitude of the produced fields there must be an extra constant wave vector added to the

�~kPM in order to fix the mismatch and to make the field amplitude grow. To do so, a

longer crystal that is periodically poled is used, where the PM conditions are improved to

the so-called quasi-phase-matching conditions [14], making the amplitude of the produced

fields increase with x as shown in curve (b). This improvement was predicted by Armstrong

et al.[16] and was later demonstrated experimentally by Kwiat et al.[15]. Then, to have an

intense source of correlated photon pairs produced by the SPDC process a periodically poled

crystal that satisfies the quasi-phase-matching conditions is required.

Figure 2.2: Electric field amplitude of the produced pairs in an SPDC process as a function
of the length of the crystal, with (a) perfect phase-matching conditions, (b) quasi-phase-
matching conditions where the periodic polarization of the crystalline axis is switched every
coherent length (Lcoh), and (c) with phase mismatch. Figure from [14].

2.2 Quasi-Phase-Matching

A periodically poled PP crystal is fabricated in a manner that one of the crystalline axes

is inverted periodically as a function of the position in the crystal, inverting the sign of the
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nonlinear coupling coe�cient d. This grating-like structure, with period ⇤ = 2Lcoh, gives an

extra wave-vector to the phase-matching conditions called grating wave-vector |~kg| = 2⇡
⇤ that

fixes the nonzero mismatch. Therefore, the quasi-phase-mismatch condition can be written

as [14, 13]

�~kQPM = ~kp � ~ks � ~ki � ~kg ⇡ 0 . (2.8)

This quasi-phase-matching QPM condition is desired when the birefringence of the material

is not enough or is not useful to achieve the phase-matching conditions. For example, to

produce more photon pairs the largest nonlinear coe�cient d33 of the �(2) tensor is needed.

To achieve this coe�cient, the interacting waves must have the same polarization (SPDC

type 0); then, the birefringence of the crystal is useless.

For the SPDC process, given the PM conditions, the nonlinear coupling coe�cient d is related

to the second-order nonlinear susceptibility as

dijk =
✏0
2
�(2)
ijk
. (2.9)

From the Kleinman symmetry conditions [2] the crystal is assumed to be a lossless medium

and that the �(2) does not depend on the frequency of the interacting fields. This symmetry

condition states that the last two indices of the dijk tensor are symmetric, therefore, the

tensor is left with only two indices as the matrix dij where the d33 coe�cient is located [2].

Thus, the equation for the nonlinear coupling coe�cient d, taking the d33 and the periodic

sign alternation, is

d(x) = d33sign


cos

✓
2⇡x

⇤

◆�
, (2.10)

where ⇤ is the period of the poling, one pole up and one down in z-direction, as shown in

Fig. 2.3 [14, 13]. Every pole alternation accumulates a ⇡ phase creating the ~kg. This vector

depends on the Lcoh to compensate the �~kPM 6= 0. Then the Lcoh should be

Lcoh =
⇡

|�~kPM |
[13]. (2.11)
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Figure 2.3: Graphic representation of a periodically poled crystal with a period of poling
⇤(T ) and the oscillation of the nonlinear coupling coe�cient d(x). Figure from [13].

The illustration in Fig. 2.4 shows the QPM wave vectors in Eq. 2.8, where the signal

and idler directions depend on the wave-vector magnitudes of the interacting waves. These

magnitudes are kj = nzj!j, where nzj = nzj (!j, T ) are the e↵ective refractive indices in the

z-axis which is the light polarization direction, and !j = 2⇡c
�j

are the light frequencies, all

these for j = s, i, p and kg =
2⇡
⇤ [13].

Figure 2.4: Vector representation for the Quasi-Phase Matching condition inside the PPKTP
crystal, where ~kp, ~ks, ~ki and ~kg are the wave-vectors for pump, signal, idler and grating. The
angles ✓s and ✓i correspond to the vectors of the photon pairs produced with respect the
direction of propagation of the pump light.

The mismatch vector must be analyzed in its perpendicular and axial components to study
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the emission angles for the signal and idler photons. The mismatch of these components

should be zero as �k? = 0 and �kx = 0. The �k? perpendicular is

�k? = ks sin ✓s � ki sin ✓i = 0, (2.12)

with the QPM conditions and the respective wave vector magnitudes, the direction of the

idler photon is

✓i = arcsin

✓
nzs!s

nzi!i

sin ✓s

◆
. (2.13)

That depends on the frequencies of the photon pairs, the direction of the signal photon and

the e↵ective refractive indices. For the nzj value the temperature of the crystal must be taken

into account, as can be seen in Fig. 2.1, where the e↵ective refractive indices curves have

temperature-corrections for 20oC, 120oC and 200oC [29]. These corrections allow to achieve

the QPM conditions; then, the temperature tuning is needed for PP crystals as PPKTP or

PPLN [14].

On the other hand, the axial component mismatch is

�kx = kp � kg � ks cos ✓s � ki cos ✓i = 0, (2.14)

that with Eq. 2.13, the magnitudes of the wave vectors and some algebra it becomes

�kx ⇡ nzp!p

c
� nzs!s

c
� nzi!i

c
� 2⇡

⇤
+

nzs!s

c

✓2
s

2


1 +

nzs!s

nzi!i

�
= 0. (2.15)

Taking the QPM condition, the direction of the signal photon is

✓s ⇡ ±

s
2nzi!i

nzs!s


1 +

(2⇡c/⇤)� nzp!p

nzs!s + nzi!i

�
. (2.16)

The ± in this equation implies that the spatial profile of the photon pairs will have a ring

shape [13]. Moreover, the equation implies that the ring diameter can be modified by the
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pump wavelength and the crystal’s temperature given the nzj(!j, T ). The Fig. 2.5 shows

the emission angle of the signal photon as a function of the temperature of the crystal.

The curves are calculated for di↵erent wavelengths of the pump light where �s = �i = 2�p

which is the degenerated case. Therefore, the pairs produced with SPDC can have two

configurations, collinear and non-collinear. In the collinear configuration for type 0 SPDC

the pump, signal, and idler photons have the same direction ✓s = ✓i = ✓p = 0, then they are

spatially overlapped in the same point. In the other case, for the non-collinear configuration,

the pairs are spatially distributed in a ring; where, the emission angle from the crystal is the

angle that results by applying the Snell law to ✓s. Figure 2.5, obtained from Eq. 2.16 for the

degenerate case, shows that it is not possible to find collinear configuration, ✓s = 0, with the

degenerate case.

Figure 2.5: Emission angle ✓s in the degenerate SPDC process with respect to the crystal
temperature for two di↵erent pump light wavelengths, 404.8 nm and 405.1 nm.

Therefore, to have a collinear configuration source of photon pairs a minimum temperature

is required. This temperature, which we call threshold temperature for collinear quasi-phase-

matching TPM , depends on the pump wavelength and is chosen at the limit where the pro-

duced photon pairs start to be non-degenerated. For temperatures higher than the TPM

the process is collinear and non-degenerate [25]. There is a strong dependence between the

temperature of the crystal and the pump wavelength in order to satisfy the QPM condi-
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tions. The Fig. 2.6 shows the TPM for di↵erent wavelengths of the pump light. For example,

the temperature needed to achieve the collinear configuration of two near wavelengths as

404.8 nm and 405.1 nm has a di↵erence of about 15oC. For wrong temperatures at a given

�p, the photon pairs will have a big frequency di↵erence or will not be collinear [25]. This

narrow �p dependence in the photon pair production of the crystal requires a mono-mode

single-frequency pump laser; otherwise, the non-linear process will act independently in each

frequency mode and the process will have several noisy pairs produced besides the desired

ones.

Figure 2.6: Threshold quasi-phase-matching temperature TPM of the crystal with respect to
the pump wavelength �p. Vertical lines show the wavelengths for the range of temperatures
TPM that can be reached in the laboratory.

2.3 PPKTP

The crystal that is used in this project is a PPKTP, a periodically poled Potassium Titanyl

Phosphate KTiOPO4 (Raicol Crystals). This crystal is birefringent, biaxial positive, with a

periodically poled period of ⇤0 = 3.425 µm at 25oC with dimensions of 1.00⇥2.00⇥15.00 mm.

Also, it has the d33 coe�cient, which means that the three electric fields ~Ep, ~Es and ~Ei must
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be polarized in the z-direction, and the interactions take place in this axis. Therefore, the

SPDC is type 0.

As the crystal is PP, the QPM conditions should be satisfied to produce an e�cient source

of photon pairs. To do so, the e↵ective refractive index nz is tuned with temperature. The

nz is found with the Sellmeier equation [30]

nz =

s

A+
B

1� C/�2
+

D

1� E/�2
� F�2 +�nz(�, T ), (2.17)

that has a temperature correction found by Emanueli and Arie [29]

�nz(�, T ) = n1(�)(T � T0) + n2(�)(T � T0)
2 ; n1,2(�) =

3X

m=0

am
�m

. (2.18)

Where � is the wavelength in µm, T is the temperature of the crystal and A, B, C, D, E, F,

and am are the constants for a PPKTP found in Tables 2.1 (a,b) [29, 30].

(a)

Constant Value
A 2.12725
B 1.18431

C [µm2] 5.14852⇥10�2

D 0.6603
E [µm2] 100.00507
F [µm�2] 9.68956⇥10�3

(b)

am n1[10�6] n2[10�8]
a0 9.9587 -1.1882
a1 9.9228 10.459
a2 -8.9603 -9.8136
a3 4.1010 3.1481

Table 2.1: Experimental constants reported for the e↵ective refractive index of a type 0
PPKTP crystal with temperature correction for (a) Eq. 2.17 [30] and for (b) Eq. 2.18 [29].

The dependence of nz with the corrections �nz(�, T ) can be seen in the Fig. 2.1, where the

curve for the nz is shown for di↵erent temperatures of the PPKTP crystal. The e↵ective

refractive indices at di↵erent temperatures for the same wavelength variate starting from

the 4th decimal as nz(405 nm, 30oC) = 1.96252 and nz(405 nm, 40oC) = 1.96296. This

variation limits the range of temperatures and pump wavelengths where the QPM condition

can be achieved in the laboratory environment. The temperature range for the crystal, in the

experimental conditions, is tuned between 20.00oC and 60.00oC. For this range, the pump
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wavelength needed should be between 404.61 nm and 405.62 nm for the degenerate case

(�s = �i) as shown in Fig. 2.6. The following chapter shows the implementation of the

single-frequency laser required to pump this PPKTP crystal.



Chapter 3

Pump Light Source

An e�cient source of correlated photon pairs produced with a PPKTP crystal, as was shown

in Chapter 2, needs a single frequency laser with a Gaussian profile as a pump light source.

The laser diodes are good candidates as they are cheap and compact; however, they have a

multi-mode frequency oscillation and an elliptic spatial profile. In this chapter, the conditions

and implementation of a single frequency laser from a laser diode with a Gaussian profile are

presented.

3.1 Laser Diode

The word LASER stands for Light Amplification by the Stimulated Emission of Radiation. In

this process, the stimulation between two energetic levels produces an emission of radiation

that is highly directional, monochromatic and coherent. The laser typically has three parts,

the active medium, the energetic pump, and the optical resonator [31, 32]. As its name states,

the active medium is a medium where the electrons have access to di↵erent energetic levels

during a specific period of time. Then, the population of the active medium is related to the

number of electrons that are at a particular energy level. Because of the thermal equilibrium

in the active medium, normally, the population is in the lowest energy level. Then, when

there is an energetic pump the greatest part of the population changes its energy level to the

15
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highest level; this is known as population inversion. This population inversion induces the

emission of radiation that, with an optical resonator, will induce a photon avalanche known

as the stimulated emission. When the medium radiates at a higher rate than the losses of

the resonator the laser is in operation mode [33, 32].

A semiconductor laser has a working principle similar to a p-n diode that with an electric

current induces a direct polarization. In this case, the active medium is the interface gener-

ated by the recombination of the electrons n and holes p between the semiconductor bands.

The electric current is the energetic pump that induces the direct polarization in the diode,

producing the population inversion and the emission of the photon [31, 32]. The diode walls

work as an optical cavity where the photon produced travels through the active medium

several times, inducing the photon avalanche; the result is the laser radiation. Depending

on the active medium conditions and the optical resonator (inner optical cavity), several

modes exceed the threshold for stimulated emission and have laser operation resulting in a

multi-mode laser [34, 33, 32].

The output of the central wavelength of the laser depends on the temperature and the electric

current applied as energetic pump. The temperature dilates or compresses the optical cavity

length changing the modes in the optical resonator. Then, as the temperature increases,

the cavity is dilated and the wavelength in operation mode increases [33]. Similarly, when

the current increases more energy enters the cavity, then the temperature also grows, finally

increasing the output wavelength [33].

In this work, the diode laser changed several times; however, the working principle is the

same for all of them. The reference of the diodes are ThorLabs L405P20, L405P150 and

DL-5146-101S, the wavelength ranges variate between 404 nm and 411 nm, and the output

powers are 20 mW, 150 mW and 40 mW, respectively. Fig. 3.1(a) shows the spectrum of the

L405P20 diode given by the company for di↵erent temperatures. Here, as the temperature

changes from 10oC to 40oC the central wavelength increases from 401 nm to 404.5 nm [35],

showing the importance of the diode temperature to achieve the desired wavelength. Fig.
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3.1(b) shows the wavelength measured with the High Finesse WS6-200 wavelength meter, as

a function of the current. Every jump represents a change of the main frequency mode and,

for a given mode, the change in the wavelength is related to a slope that is around 7.2⇥10�3

nm/mA for the DL-5146-101S laser diode.

(a) Diode temperature (b) Electric current

Figure 3.1: (a) Dependence of a laser diode wavelength with temperature. (b) Wavelength
of the laser as a function of the current of the diode. Image in (a) is taken from [35].

For a correlated photon pairs source, a mono-mode single-frequency pump source is needed.

However, the optical cavity of the diode usually has more than one mode in laser operation.

Then, external cavities as the Littrow configuration are used to tune the pump wavelength

in a mono-mode frequency operation [33].

3.2 Littrow Configuration

The Littrow configuration, graphically represented in Fig. 3.2(a), is a configuration where

the laser light is di↵racted into more than one di↵raction order, in this case 0th and 1st

orders. The 0th order is the normal reflection with respect to the incidence light, and the

one that will be used in the experiment. The 1st order is back-propagated into the optical

resonator of the diode. This will induce a higher gain for one of the frequencies of the diode,

resulting in a single frequency operation laser [36, 33, 32].
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The mode can be selected by tuning the diode current, the diode temperature and the

distance from the grating to the diode by changing the angle of the grating. When one of

the modes is selected, the wavelength can be tuned by small changes in one of those three

parameters. Each of them has a counter e↵ect that should be taken into account: the current

changes the pump power, the distance changes the emission angle of the 0th order beam,

and the temperature is more likely to change the mode and the pump power as the optical

cavity of the diode is changing its size [33, 32]. The Littrow configuration implemented

experimentally in the laboratory is shown in Fig. 3.2(b). The di↵raction grating used has

2400 lines/mm (Thorlabs GH25-24V ) that di↵racts the light in 2 orders. The piezoelectric

(ThorLabs PA2JEW ) changes the angle of the grating, which also modifies the length of the

cavity. Finally, the diode current and temperature controllers are ThorLabs LDC205C and

TED200C, respectively.

(a) Graphic representation (b) Setup implemented in the
laboratory

Figure 3.2: Graphic representation and implemented setup of the Littrow configuration where
the laser diode (LD) pump is di↵racted in di↵erent orders by a di↵raction grating (Rejilla).
Image in (a) is taken from [33].

To measure the wavelength and to have the certainty that the pump laser is mono-mode, the

High Finesse WS6-200 wavelength meter is used. The working principle of this wavelength

meter is that the pump light enters a Fizeau interferometer, then the interferometric patterns

produced are compared with the calibration pattern (He-Ne laser), returning the wavelength
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of the unknown light [37, 33]. When the light is mono-mode single-frequency, the interference

pattern produced has clear peaks, as shown in Fig. 3.3(a). When the light has more frequency

modes, they will interfere in the Fizeau interferometer producing uneven peaks, as shown

in Fig. 3.3(b). To couple the light to the wavelength meter and to reduce the feedback-

propagation to the diode given by fibers, a microscope cover glass and a single-mode fiber

are used as shown in Fig. 3.2(b).

(a) mono-mode

(b) multi-mode

Figure 3.3: Interference pattern from the wavelength meter for (a) single-frequency laser
operation and (b) multi-mode frequency laser operation.

External cavities such as Littrow configuration are very unstable, which means that mechan-

ical vibrations, variations in the environmental temperature and the airflow that changes air

refractive index in the cavity will a↵ect the stability of the frequency mode. In Bogotá’s

conditions, the temperature of the environment changes around 5 � 10oC during the day,

changing constantly the wavelength of the pump light for the measurements. The Fig. 3.4(a)

shows the changes in the pump wavelength �p during the night. Between hours 2-7 the in-

stability of the cavity is due to, mainly, the temperature changes. During this period, the

wavelength jumps between 405.606 nm and 405.224 nm. In a closer look, for a time interval
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that looks stable in Fig. 3.4(a), such as hours 3-4.5 (Fig. 3.4(b)) the wavelength increases

through time from 405.448 nm to 405.458 nm with smaller frequency jumps. As studied

in Chapter 2 in Sec. 2.3 the process of production of photon pairs using a PPKTP crystal

requires a stable single-frequency mono-mode pump laser; therefore, the characterization of

the produced photon pairs will be a↵ected by these frequency jumps.

(a) 5 hours

(b) 1.5 hours

Figure 3.4: Variation of the pump laser wavelength measured as a function of time, during
one night.

Even though the pump source is not stable for long periods of time, the wavelength can be

tuned in the range from 404.5 nm to 406.0 nm. Especially, the wavelengths can be corrected

by changing the diode current and temperature, and changing the piezoelectric voltage in

order to have the same wavelength during the measurements. Now, to increase the e�ciency

of the photon pairs source, the pump light must have a Gaussian profile with a large Rayleigh
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range and a small waist. However, the spatial profile of the laser diode beam is elliptical and

the grating adds noise to the profile, therefore a spatial filter is used to achieve a Gaussian

profile.

3.3 Spatial Filter

For nonlinear optical interactions, as in SPDC, the aim is to have a source as e�cient as

possible. To do so, it is common to focus the light into the crystal; in this way, the interaction

occurs with a higher intensity beam [14]. Also, there is a trade-o↵ between the dimensions

of the crystal and the small waist desired for a high-e�ciency process.

(a) Before spatial filter. (b) After spatial filter.

Figure 3.5: Spatial profile of the laser diode light before and after the spatial filter.

The laser diode has an elliptical spatial profile as the one that is shown in Fig. 3.5(a). The

profile is measured with the BeamMaster-USB System BM-7 (UV). The graph shows that

the major-axis of the ellipse is greater than 4000 µm and the minor-axis is around 2000 µm,

which is far from being circular and doubles the size of the aperture of the crystal. The

grating makes the spatial profile of the light noisy, as can be seen in the center of Fig. 3.5(a),

as it has two peaks in yellow-pink, not just one as is expected. For these reasons, a spatial

filter is implemented.

The working principle of a spatial filter is shown in Fig. 3.6(a), where all the noise and extra
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illumination is removed by the di↵raction of the light in a pinhole creating a Gaussian spatial

beam profile [38, 39]. The experimental implementation is shown in Fig. 3.6(b), where the

light is focused using a bi-convex lens with a focal distance f=50 mm (ThorLabs LB1471-A)

to a pinhole with a 25 µm diameter hole. Then, the light goes to a second lens with f=35 mm

(ThorLabs LA1027-A) that focuses the light to the crystal located at 37.5 cm. The Rayleigh

range of the beam is around 7 cm and the waist is 95 µm at the crystal. The resulting spatial

profile is shown in Fig. 3.5(b).

(a) Graphic representation (b) Set-up implemented in the laboratory

Figure 3.6: Representation and implementation of a spatial filter. Image in (a) is taken from
[40].

Once the pump light is focused onto the PPKTP crystal, the photon pair source is ready

to be characterized. The spatial profile of the produced photon pairs will be studied with a

CCD camera, the intensity with the second-order correlation function g(2) and the frequency

correlation with the joint spectrum.
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Characterization of a PPKTP Photon

Pair Source

In this Chapter the characterization of the photon pairs source built with a PPKTP crystal

will be presented. The Fig. 4.1(a) shows the graphic representation of the setup that is

implemented in this project and Fig. 4.1(b) shows the picture of the setup in the laboratory.

The characteristics of the pump light source, represented by the gray box, are explained in

Chapter 3. In this box, the first dichroic mirror DM1 (Eksma HR 405 nm HT 810 nm,

see Appx. A) is used to remove an extra infrared light from the diode. After the spatial

filter the light goes through a microscope cover glass ML that allows a small portion of the

light to be reflected and coupled into a single-mode fiber SMF to control the wavelength

during the experiment. The transmitted light is focused on the PPKTP crystal, entering

the red box in Fig. 4.1. The crystal is mounted in an oven with a temperature controller

(SW A001290812 F Raicol Crystals) that allows to change the crystal’s temperature in steps

of 1.00oC in a range from 20.00oC to 60.00oC. After the crystal, some of the pump photons

have decayed into the photon pairs, which are collimated with the lens L4 and the residual

pump light is removed with a dichroic mirror DM2 (Eksma HR 405 nm HT 810 nm, see

Appx. A) and a long pass filter F (ThorLabs FEL0750, see Appx. A). The produced photon

23
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pairs are characterized in three di↵erent degrees of freedom in the yellow box of Fig. 4.1. The

setups and the results of the spatial, intensity and frequency characterization of the photon

pairs are presented in the following sections.

(a) Graphic representation

(b) Setup implemented in the laboratory.

Figure 4.1: Graphic representation and implementation of an intense photon pairs source
using a PPKTP crystal. LD: Laser diode. L: Lenses. M: Mirrors. DM: Dichroic mirror. PH:
Pinhole. ML: Microscope cover glass. SMF: Single-mode fiber.
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4.1 Photon Pairs Spatial Profile

The SPDC produces photon pairs in collinear and non-collinear configurations depending on

the crystal’s temperature and the pump laser wavelength to always satisfy the quasi-phase-

matching conditions as shown in Sec. 2.2. Following Fig. 2.6 and Fig. 2.5, the range of

wavelengths that should have collinear and non-collinear configuration in the experiment are

between 404.7 nm and 405.6 nm, with temperatures between 23oC and 60oC.

Figure 4.2: Setup implemented for the spatial characterization of the photon pairs. Violet
arrow represents the pump laser passing through the spatial filter and arriving to the crystal
and red arrow represents the photon pairs produced by the PPKTP crystal.

The spatial characterization of the produced photon pairs is achieved with a CCD camera

(STF-402M-C2 SBIG) that is placed after the crystal with a long pass filter (ThorLabs

FEL0750 ) to remove the pump light, as can be seen in Fig. 4.2. Using a �p=405.6 nm

and crystal’s temperatures of 55.00±0.01oC or lower the photon pairs are emitted in a non-

collinear configuration, while for higher temperatures the SPDC process is collinear. The Fig.

4.3 shows the transition from the non-collinear to the collinear configuration depending on

the crystal’s temperature. For temperatures as 53.00±0.01oC the emission angle is 0.8±0.1o,

while for temperatures as 35.00±0.01oC the angle is 2.9±0.3o. Then, the emission angle of

the crystal increases as the temperature decreases as expected from Fig. 2.5.

For the pump laser wavelength at 405.6 nm, the experimental threshold temperature for

collinear quasi-phase-matching is TPM = 55.00±0.01oC which is near to the theoretical value

TPM = 59.27oC calculated for Fig. 2.6. However, for lower pump wavelengths, such as

405.14 nm the theoretical TPM = 41.99oC and the experimental TPM = 31.00±0.01oC. From
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(a) Non-collinear 39oC (b) Non-collinear 53oC (c) Collinear

Figure 4.3: The spatial profile of the photon pairs changes from non-collinear to collinear by
increasing the PPKTP crystal’s temperature.

the experimental results, the pump laser wavelengths, where it is possible to have collinear

and non-collinear SPDC configurations within the oven’s temperature range, are between

405.05 nm and 405.65 nm. For 405.00 nm and lower pump wavelengths a non-collinear

configuration at 20oC is expected; however, this result is not observed in the experiment due

to the multi-mode frequency of the pump laser.

Figure 4.4 shows the importance of a single-frequency pump laser source in the spatial charac-

terization. For both images the wavelength meter measured a pump wavelength of 405.6 nm,

the di↵erence between them is that for the Fig. 4.4(a) the pump laser is single-frequency and

in Fig. 4.4(b) there are several frequency modes, at least three, in laser operation. In this

case, each frequency mode decays independently inside the crystal with di↵erent emission

angles of the SPDC photon pairs producing di↵erent size rings. To measure the experimental

TPM a stable single-frequency-mode laser is needed. The multi-mode frequency laser will later

a↵ect the intensity of the photon pairs, given that the pump power is distributed between

the di↵erent frequency modes.

4.2 Photon Pairs Temporal Correlation

The intensity correlation of the produced photon pairs is studied using a Hanbury Brown-

Twiss interferometer, where the photon pairs in the collinear configuration are divided by
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(a) Mono-mode (b) Multi-mode

Figure 4.4: Spatial profile of the produced photon pairs for a single-frequency pump laser
and a multi-mode frequency pump laser.

a beam splitter into two equal length paths, and detected with two single-photon counters

SPC [41]. The intensity correlation of the photon pair source is measured with the second-

order correlation function g(2)(~r1, t1; ~r2, t2) where ~r1,2 and t1,2 are the spatial and temporal

measurements in the first and second detector respectively. In this project the g(2)(⌧) is

studied as a function of the time di↵erence between the measurements ⌧ = t2 � t1 such that,

if t1 = t,

g(2)
si
(⌧) ⌘ hÊ†

s
(t+ ⌧)Ê†

i
(t)Êi(t)Ês(t+ ⌧)i

hÊ†
s(t+ ⌧)Ês(t+ ⌧)ihÊ†

i
(t)Êi(t)i

, (4.1)

where the Ês,i are electric field operators for signal and idler photons. The value of the

g(2)(⌧) is proportional to the conditional probability of detecting a second photon in a time

t2 = ⌧ + t given a first photon detection at t1 = t [41]. The g(2)(⌧) can be rewritten in terms

of the number of photons detected for the signal ns and for the idler ni as [42, 41]

g(2)
si
(⌧) =

hns(t)ni(t+ ⌧)i
hns(t)ihni(t+ ⌧)i =

Nsi(⌧)

R2(0)
, (4.2)

where Nsi is the rate of coincidences as a function of ⌧ and R2(0) is the product of the

individual counts in each detector [42, 41]. The time ⌧ of the measurements must be compared

to the coherence time ⌧c of the source. For ⌧ � ⌧c there is no correlation between the
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measurements of the two detectors. This means that expectation value of the multiplication

of the coincidences is the same as the multiplication of each of them independently, therefore

the value of the g(2)(⌧ � ⌧c) = 1. In the other hand, when ⌧ ⌧ ⌧c the photons detected are

correlated, then the g(2)(0) � 1 and g(2)(0) � g(2)(⌧) [41]. For example, for bunched light,

like the one from a thermal source, the g(2)(⌧) is between 1 and 2. For the SPDC photon

pairs source, the photons are always correlated in time; therefore, the values of the g(2)(⌧)

are greater than 2 and could have values up to thousands depending on the e�ciency of the

source.

(a) Graphic representation (b) Setup implementation

Figure 4.5: Graphic representation and implementation of the setup to measure the g(2)(⌧) .
BPF: Bandpass filter. LPF: Longpass filter. Red arrows represent the path followed by the
produced photon pairs and blue arrows represent the path of the pump laser.

Figure 4.5 shows the implemented setup for measuring the g(2)(⌧) function. The beam splitter

BS divides the light 40:60 into two equal length paths and it is coupled into two di↵erent

multi-mode fibers. The intensity of the photon pairs is measured with single-photon counters

SPC (Excelitas SPCM-AQRH-13-FC ). The g(2)(⌧) is measured with the quTAU (quTools)

electronic, that registers a time-tagging of the pulses in each detector as t1 and t2. The

electronics calculates the di↵erence ⌧ = t2 � t1 and makes a histogram with these numbers,
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resulting in the g(2)(⌧) function. The data are taken using two longpass filters ThorLabs

FEL0750, with a cuto↵ wavelength at 750 nm (see Appx. A) in each path to remove any

residual counts from the pump light source arriving to the detectors. At the beginning of the

characterization, an extra bandpass filter ThorLabs FBH810-10 is used. This filter allows to

pass only wavelengths at 810±5 nm (see Appx. A).

The Fig. 4.6 shows two g(2)(⌧) measurements where �p and the crystal’s temperatures are

405.0229 nm at 24oC and 405.1208 nm at 28oC respectively, with the same laser pump power

of 230 µW. For both pump wavelengths, the degenerate wavelength of the photon pairs

produced is centered in 810.0±0.2 nm. Therefore, if the bandpass filter is used, the only

photons that are measured are the ones produced by the crystal in the degenerate and near-

degenerate cases. The Fig. 4.6 shows the di↵erence of the g(2)(⌧) value with the bandpass

filter, Fig. 4.6(b), and without it, Fig. 4.6(a). With the bandpass filter + the long-pass filter,

only the degenerated photon pairs arrive to the SPC and the value of the g(2)(⌧) is greater

than 4000. However, the rate of coincidences is 119±10 Hz, which means that, even though

the g(2)(⌧) is big, many of the photon pairs produced are not measured. If the long-pass

filter is the only one used and the coupling of the photon pairs into the fibers is optimized,

the rate of coincidences is 10782±103 Hz with a g(2)(⌧) of 33.75. In this case, the number of

single-counts in each detector increases, not only because of the produced photon pairs but

also due to the extra laser frequency modes in the infrared and residual pump light, reducing

the g(2)(⌧) value.

The value of the g(2)(⌧) also changes depending on the relationship of the crystal’s temper-

ature and the pump wavelength. For T > TPM the process is collinear and non-degenerate;

while, for T < TPM the process is degenerate and non-collinear. The rate of photon pairs pro-

duced for a specific wavelength has a peak near the TPM where the process is near-degenerate.

Then, the maximum value of the coincidences and g(2)(⌧) is obtained at T ⇡ TPM , where

the process is near degenerate [25, 20, 13]. The two g(2)(⌧) measurements in Fig. 4.7

are in near-degenerate and degenerate cases of SPDC. The orange line corresponds to the
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(a) (b)

Figure 4.6: E↵ects of the filtering conditions in the measurement of the g(2)(⌧) function. The
data are taken for near-degenerated cases at their corresponding wavelengths.

g(2)(⌧) measurement in near-degenerate with �p = 405.1631 nm at T = 31.00± 0.01oC with

TPM = 33oC, while the blue line is the g(2)(⌧) measurement at the degenerate temperature

with �p = 405.1588 nm at T = TPM = 31.00±0.01oC. The value of g(2)(⌧) =18.99 with a rate

of coincidences of 6444±80 Hz for the near-degenerate case, while for the degenerate case the

g(2)(⌧) =18.10 with a rate of coincidences of 4341±66 Hz. The rate of coincidences changes

in more than 2000 Hz from the degenerate to the near-degenerate cases. These results are

consistent with previous measurements performed by Perez [20] where a clear dependence of

the rate of coincidences with the crystal’s temperature is shown .

The data in Fig. 4.6(a) are used to compare the e�ciency of the photon pairs production

using a PPKTP crystal with a bulk BBO crystal. These data are used given that they have

a high g(2)(⌧) value with the highest coincidence rate measured. The rate of coincidences

per pump power for the PPKTP is 46.8 ± 0.5 kHz/mW, while for the bulk BBO measured

in the university laboratory is 68.0 ± 0.5 kHz/mW [18]. From these measurements it seems

that the coincidence rates for the photon pair production through SPDC with a PPKTP and

a bulk BBO are in the same order of magnitude. This contradicts the expected behavior

for a PPKTP crystal. The rate of coincidences will be verified with the joint spectrum

characterization.
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Figure 4.7: Variation of the g(2)(⌧) function for the degenerated and near degenerated cases.
The di↵erence is given by the variation in the pump wavelength.

4.3 Joint Spectrum

Following the energy conservation of the phase-matching conditions for the SPDC process, it

is considered that �s = �i = 2�p in the degenerate case. Then, as the temperature increases,

the process starts to be non-degenerate, the �s and the �i start to have di↵erent wavelengths

in a manner that 1
�s

+ 1
�i

= 1
�p

is always satisfied. The shift in the wavelength is measured

with respect to the degenerated wavelength �s = �i = 2�p. In order to measure the spectrum

of each photon of the pair, the light is coupled to monochromators SCIENCETECH 9072

as shown in Fig. 4.8. The monochromator uses gratings to select a wavelength; after this

instrument, the light is coupled into a second fiber that goes to the SPC. Finally, the number

of single counts and coincidences are measured using a FPGA (Field Programmable Gate

Arrays, Orange Tree Technologies ZestSC2 ). The working principle of the FPGA is that,

when a photon arrives to detector 1, the FPGA opens a coincidence window of 9 ns where it

waits for a second photon to arrive in detector 2. When this happens, it counts a coincidence.

Then, the number of coincidences is measured, after the monochromators, for every (�s,�i)

in the scan.

Figure 4.9 shows the emission spectrum of the signal and idler photons, blue and green
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(a) Graphic representation (b) Monochromators MC

Figure 4.8: Setup to measure the joint spectrum of the produced photon pairs.

curves respectively, produced by the SPDC process with a �p = 405.02 nm and for crystal’s

temperatures of 30oC, 40oC, 50oC and 60oC with a pump power of 230 µW. The dashed

black line shows the value 2�p at 810.04 nm, and the dashed red and orange lines correspond

maximum intensity of the signal and idler wavelengths. The experimental TPM for �p =

405.02 nm is estimated from the measurements around 24oC; therefore, these graphs show the

non-degenerated processes, which means that the signal and idler have di↵erent wavelengths.

Compared with previous measurements [43], a temperature variation of 30oC from the TPM

produces a change in the non-degenerate wavelengths of 5 nm. From the results in Fig. 4.9,

it is observed that there is a change in the central wavelength of the spectra for the signal

and idler photons of only 2 nm with respect to the temperature. Then, to understand the

spectra in Fig. 4.9 a calibration of the monochromators is performed with an Argon lamp.

The calibration results show that the maximum of the peaks can be shifted up to 4 nm and

the resolution of the apparatus for this measurement is larger than 1 nm (see Appx. B). This
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means that the uncertainty of the apparatus does not allow to properly quantify the shift in

the wavelengths of the photon pairs and the frequency axis is not properly calibrated.

In order to see if the spectra of the photon pairs behave as expected, the same measurements

are performed for a di↵erent pump wavelength. In the Fig. 4.10 the signal and idler spectra

measured for a �p = 404.7 nm are presented. As expected, the center of the curves are shifted

to the 2�p = 809.4 nm in comparison with Fig. 4.9; also, they show the non-degenerated

behavior, ensuring that the photon pairs produced by the SPDC process with a PPKTP are

frequency correlated.

The joint spectrum of the photon pairs |f(⌫s, ⌫i)|2 can be seen as the two-dimensional prob-

ability distribution of the signal and idler wavelengths. The joint spectral amplitude for a

SPDC process can be written as [44]

f(⌫s, ⌫i) = M exp


�⌫2

s
+ ⌫2

i

2�2
� 2⌫s⌫i

2�2

�
, (4.3)

where M is a normalization constant, � is the pump bandwidth and the frequencies ⌫s,i are

the signal and idler frequencies such that ⌫s,i ⌘ !s,i�!0 with 2!0 the central frequency of the

pump spectral amplitude. The degree of correlation between the photon pairs is related to

the possibility to have separate functions to describe the spectral amplitudes of the signal and

idler independently [44]. In order to perform this measurement experimentally the signal and

idler photons are coupled into the monochromators with multi-mode fibers. The FPGA is set

to measure coincidences, while the idler wavelengths are scanned for each signal wavelength.

Then, it is possible to do a 2-dimensional density graph of the rate of coincidences, which is

precisely the joint spectrum.

The Figure 4.11 shows the measurement of the joint spectrum for the �p = 405.02 nm in

the wavelength meter, at the temperatures 30oC, 40oC, 50oC and 60oC of the crystal. The

measurements are in steps of 0.5 nm with an integration time of 1 s. The data in Fig. 4.11

correspond to the same data in the Fig. 4.9. As expected, there is a correlation between

the signal and idler wavelengths, where the maximum rate of coincidences occurs in a non-
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Figure 4.9: Signal and idler spectra for the photons produced by the SPDC process using
a PPKTP. The di↵erent graphs are for the temperatures of the crystal at 30oC, 40oC, 50oC
and 60oC, with a pump wavelength of 405.02 nm.

degenerate case with the signal shifted to higher wavelengths and the idler to smaller. For the

measurement in Fig. 4.11(a) the single-frequency mode laser changed constantly between two

near modes at 405.02 nm and 404.7 nm, this is the main reason for the gap in Fig. 4.11(a)

and the dip in Fig. 4.9(a). For the Figs. 4.11(b), 4.11(c), and 4.11(d), the experiments
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Figure 4.10: Signal and idler spectra for the photons produced by the SPDC process using a
PPKTP. The di↵erent graphs are for the temperatures of the crystal at 30oC and 50oC, with
a pump wavelength of 404.7 nm.

are taken in a way that the single-frequency operation of the laser is guaranteed. This can

be achieved by constant modifications of the diode temperature and its current in order to

maintain the pump wavelength and the pump power as stable as possible at �p = 405.02 nm

and 230 µW.

The measurement of the joint spectrum shows the frequency correlation between the photon

pairs and gives more information of the intensity of the PPKTP source as a function of the

temperature of the crystal, since no filters are used. The graphs in Fig. 4.11 are normalized

to the highest value of the Fig. 4.11(b). For temperatures nearer to the TPM as 40oC, in Fig.

4.11(b), the maximum rate of coincidences is 45878±214 Hz measured at �s = 810±5 nm and

�i = 809±5 nm. As the temperature increases, the rate of coincidences decreases, for T=50oC

in Fig. 4.11(c) the rate of coincidences decreases to 36433±191 Hz at �s = 809± 5 nm and

�i = 808±5 nm. Finally, for T=60oC in Fig. 4.11(d), the rate of coincidences is 24257±156 Hz

at �s = 810 ± 5 nm and �i = 808 ± 5 nm. Similar results of the rate of coincidences with

respect the crystal’s temperature are shown in literature [20, 25].

For the data shown in Fig. 4.11(a) for 30oC the wavelength of the pump light changed several
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Figure 4.11: Joint spectrum of the signal and idler photons produced by the SPDC process
using a PPKTP. The di↵erent graphs are for the temperatures of the crystal at 30oC, 40oC,
50oC and 60oC, with a pump wavelength of 405.02 nm.

times between the 405.02 nm and the 404.7 nm, showing a multi-mode frequency operation

of the laser. The intensity of joint spectrum measurements reflects the competition of the

two modes since the order of magnitude of the rate of coincidences is inconsistent with the

data of the other three temperatures.
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In Figure 4.12 the joint spectra for a �p = 404.7 nm at a crystal’s temperature of 30oC and

40oC are presented. The rate of coincidences at 30oC is 6320±79 Hz in �s = 811 ± 5 nm

and �i = 808 ± 5 nm, and for 40oC it has a rate of 3958±63 Hz in �s = 810 ± 5 nm

and �i = 808 ± 5 nm. The results in Fig. 4.12(a) are in the same order of magnitude as

the joint spectrum measured in 4.11(a), where the rate of coincidences is 8246±90 Hz at

�s = 810± 5 nm and �i = 809± 5 nm. Therefore, for the measurements in Fig. 4.11(a) the

dominant frequency-mode corresponds to �p = 404.7 nm.

Then, given the rates of coincidences that are represented by the color density in graphs of

Fig. 4.11 and Fig. 4.12, it is demonstrated the temperature dependence on the photon pairs

intensity. At high temperatures the amount of photon pairs produced is smaller than the

amount of photon pair nearer to the degeneracy.

Figure 4.12: Joint spectrum of the signal and idler photons produced by the SPDC process
using a PPKTP. The di↵erent graphs are for the temperatures of the crystal at 30oC and
50oC, with a pump wavelength of 404.7 nm.

In order to quantify properly the intensity of the PPKTP source, the joint spectrum must

be measured with a better resolution of the monochromators and with a single frequency

laser. The total number of coincidences of the joint spectrum corresponds to the intensity

of the PPKTP source. Also, it is expected that for lower temperatures with respect to the
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measured temperatures, the rate of coincidences is higher as it gets closer to the TPM .

Taking the data of the Fig. 4.11(b), which has the highest rate of coincidences we measured

for just one wavelength, 45878±214 Hz, the rate of coincidences per pump power with the

PPKTP is 199±1 kHz/mW. This rate is almost four times bigger than the rate of photon

pairs measured per mW of pump power with the g(2)(⌧) function (Sec. 4.2). These di↵erences

are caused by the filters and the coupling to the fibers. Since the joint spectrum does not

require the use of filters di↵erent than the dichroic mirror, the coincidences of the photon

pairs are nearer to the ones produced by the crystal. In this work, the SPDC photon pairs

source using a PPKTP crystal is at least three times brighter than the photon pairs source

measured at the Quantum Optics laboratory by Torres[18] with a BBO crystal.
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Conclusions and Perspectives

In this work, a bright frequency correlated photon pairs source based on a PPKTP crystal

is implemented. To do so, the background theory for the Spontaneous Parametric Down-

Conversion SPDC process using a periodically polled crystal is studied and applied for the

characteristics of the PPKTP crystal that is in the Quantum Optics Laboratory at the

Universidad de Los Andes.

The working principle of the SPDC process using a PPKTP crystal is understood from

a theoretical approach considering the quasi-phase-matching conditions. To achieve these

conditions, the role of the pump wavelength and the temperature of the crystal is studied. By

changing these two parameters the photon pairs’ emission angle changes from non-collinear

to collinear configuration and from having degenerated wavelengths to non-degenerated. The

theoretical calculations give a range of pump wavelengths where the process can be collinear

and non-collinear from 404.7 nm to 405.6 nm by changing the crystal’s temperature between

20.00oC and 60.00oC.

Considering the small size of the crystal’s aperture and the range of wavelengths where the

process can occur, a single-frequency-mode pump laser with a Gaussian profile is implemented

as the pump source. The characteristics of a laser diode with a Littrow configuration and a

spatial filter are studied and implemented. The pump laser can be tuned from 404.5 nm to

39
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406.0 nm; however, it has regular frequency-mode jumps that can be corrected by changing

the diode current and temperature and the Littrow cavity length.

The theoretical spatial profile of the photon pairs is experimentally demonstrated. During the

characterization, the photon pairs changed from non-collinear to collinear configuration by

changing the temperature of the crystal. The experimental range where it is possible to have

collinear and non-collinear configurations is determined between 405.05 nm and 405.65 nm.

Additionally, the photon pairs wavelengths are related to the pump wavelength as 2�p and

show a correlation between the signal and idler wavelengths for the non-degenerated cases.

The rate of coincidences shows a dependency of the crystal’s temperature, with a maximum

in the near-degenerate case. Additionally, the joint spectrum measurements showed to be

the best tool to study the SPDC process with a PPKTP; it gives information not only

of the produced photons wavelengths but also the rate of coincidences for each couple of

wavelengths. All of these results are consistent with the reported for PPKTP crystals [45,

43, 25, 13, 20].

The intensity of the SPDC source is characterized to compare the rate of photon pairs pro-

duced by using a PPKTP crystal with a bulk BBO crystal. The intensity was measured with

the g(2)(⌧) function; however, the results were not conclusive due to the filtering conditions.

Using the joint spectrum measurement, the lower limit for the rate of coincidences using a

PPKTP crystal is 199±1 kHz/mW [46]. Comparing this with the bulk BBO SPDC source at

Universidad de Los Andes, we achieved at least three times more intensity per mW of pump

power.

The principal drawback in this project is the lack of a constant single-frequency-mode pump

laser. Then, for future work, in order to have a more reliable characterization of the photon

pairs, the pump source must be upgraded into a more stable single-frequency pump laser to

pump the PPKTP crystal. On the other hand, to improve the joint spectrum measurements

and distinguish the signal and idler wavelengths, the monochromators must be re-aligned and

re-characterized for precise measurement. All these in order to use the frequency correlated
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photon pairs source for the entangled two-photon absorption project that is currently being

developed in the Quantum Optics laboratory.
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Appendix A

Filters

During the characterization photon pairs source, in order to get rid of the infrared and the

violet modes of the pump laser a dichroic mirror and two types of filters are used. The

longpass filter is ThorLabs FEL0750 and the bandpass filter is ThorLabs FBH810-10. The

two dichroic mirrors are Eksma by order 99.5% high refractive HR at 405 nm and 95% high

transmittive HT at 810 nm, for an incidence angle of 45o.

The transmission spectrum from the company for the FEL0750 is in Fig. A.1 [47]. The filter

removes all the pump laser light and, as the photon pairs have a wavelength centered in 810

nm, the number of transmitted photon pairs is around the 90% of the total photon pairs.

On the other hand, the transmission spectrum from the company for the bandpass filter

FBH810-10 is in Fig. A.2 [48]. This filter is modified from the regular 810 nm bandpass

filter in order to have almost a 100% of transmission for wavelengths between 807 nm and

815 nm excluding longer and shorter wavelengths, such as any frequency-modes of the laser

diode in the visible and infrared spectrum.
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Figure A.1: Transmission spectrum of the FEL0750 filter from ThorLabs [47].

Figure A.2: Transmission spectrum for the FBH810-10 filter from ThorLabs [48].



Appendix B

Monochromator calibration

In order to calibrate the monochromators the spectrum of an Argon lamp from 855 nm to

990 nm is measured with three di↵erent equipment, as shown in Fig. B.1. The first two

measurements are performed with so called signal and idler monochromators. The orange

and blue lines show the results of these measurements. The third measurement, black line in

Fig. B.1, is taken with the Ocean Optics spectrometer (HR4000CG-UV-NIR).

The FWHM of the peaks with the monochromators is greater than 10 nm, while with the

Spectrometer the FWHM is smaller than 2 nm. Therefore, the uncertainty of the monochro-

mators measurements is around 10 nm.

45
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Figure B.1: Spectrum for the signal and idler monochromators for an Argon lamp.
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