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The Periodically Poled Potassium Tytanil Phosphate (PPKTP) is a type of non linear crystal that
serves as a source of production of entangled pairs of photons. The produced pair of photons, known
as the signal and idler photons, possess unique characteristics within their entanglement that allow
the production of new technologies such as quantum cryptography and quantum teleportation. The
creation of the signal and idler photons occur through a process named Spontaneous Parametric
Down Conversion (SPDC), which occurs when the pump laser beam penetrates a non linear medium.
SPDC follows conservation of momentum and energy, thus imposing phase matching conditions on
the generated photon pairs. These conditions result in specific space and frequency correlations of
the photons. The aim of this project is to characterize the entangled photon pairs in their frequency

spectrum, known as the Joint Spectrum.

I. INTRODUCTION

The interaction of a laser light source with a second
order nonlinear crystal (with high second order electric
susceptibility) produces entangled pairs of photons of lo-
wer energies via the process of Spontaneous Parametric
Down Conversion (SPDC)[3][4]. These photons have been
the source and protagonists of developments of quantum
computing, quantum cryptography, quantum communi-
cations and others [7, 8, 12, [17].

To introduce the behavior of non linear crystals, con-
sider the general definition of the polarization vector
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where x(™) represent the nt”" order electric suscepti-
bility and E the interacting electric field. For a second
order non linear crystal, the x(?) is not negligible, so
the polarization of the particles in the crystal is no lon-
ger linear with the interacting electric field, allowing for
SPDC process to take place. With that said, the pro-
duction of entangled photons, or SPDC, will occur when
a laser beam penetrates a second order nonlinear crys-
tal and the beam photons, known as the Pump photons,
interact with the crystalline molecules to generate two
lower frequency photons known as the signal and idler
photons [6].

With the pump, signal and idler photons traveling th-
rough the crystal at different frequencies, it is expected
that the index of refraction experienced by each wave
is different. Also, accounting for the possibility that the
photons have different polarization due to birefringence
in the crystal, the paths they take through the crystal will
depend on this parameter. This means that the index of
refraction shall depend on the frequency and polarization
of each photon, meaning that there is no obligation for
them to be affected by the same index of refraction. This
implies that the phase accumulated by each photon in
the crystal can be different [6].

For the photons to be seen it is relevant that construc-
tive interference takes place. That is, that the overall
difference in phase is of multiples of 27. This is known

as phase matching. With birefringence, it’s possible to
make this happen by adjusting the angle of incidence.
In the case where every photon is identically polarized,
the effect of birefringence is negligible, making the phase
matching conditions unattainable by angle tuning. The
crystal to be studied at the laboratory has no birefringen-
ce. The SPDC that takes place within makes signal and
idler photons with the same polarization as the Pump
photon. In this scenario, the phase matching conditions
must be attained by temperature tuning. This consists
in modifying the temperature of the crystal so that the
length is such that the accumulated phase between the
entangled photons allows for constructive interference to
happen.

The requirement that phase matching takes place poses
restrictions on the angle at which the signal photon is
emitted 6,.
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From the definition of 6, the analytical characteriza-
tion of the PPKTP source is performed. This gives the
experimental approach two different objectives: the cha-
racterization of the spacial profile and the relationship
between the wavelengths of the produced photon pairs,
known joint spectrum. The remaining objective, which is
to be accomplished before the joint spectrum, is the tem-
poral correlation between the signal and idler photons.

II. THEORETICAL BACKGROUND

The SPDC pocess follows conservation of momentum
and conservation of energy, conditions that are expressed
as

wp = wg + w; (3)

and



[3, 4, 6 [ [15].
In the case of a PPKTP crystal, the poling period indu-

ces an extra k, vector that fixes the mismatch [9], making
equation take the form of

Apy=ky—ks—ki—ky=0 (5)
. An analysis of equation on the longitudinal axis
of the crystal and the transversal plane of the crystal
yields an expression for the angle of emission of the signal
photon, denoted 6, which is the angle between the wave
vectors k‘:, and k; and depends on the temperature of the
crystal and the wavelength of the pump photon [2, @] [10].
With some algebra, it’s possible to isolate 6, from Eq. ()
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Since the refractive index depends on the wavelength
of the traveling wave, 65 has explicit and implicit depen-
dence on the frequencies of the pump, signal and idler
photons. Also, since the index of refraction and the po-
ling period of the PPKTP crystal depend on temperatu-
re, 65 has implicit dependence on the temperature of the
crystal.

From Eq. (6)) it is possible to obtain a relationship
between 6, and the temperature of the crystal for a de-
generate case of A; and \;. This relationship is shown in

Fig.
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Figura 1. 65 vs Temperature for two different A\p: A\, = 404,8
nm and A, = 405,1 nm, with A\, being the value in vacuum

It is evident that 6 does not reach 0 °. For that to hap-
pen, the crystal must be heated up until it reaches the
threshold temperature T}, which is when the entangled
photon pairs become collinear. Consequently, the signal
and idler photons become non degenerate with the crys-
tal temperature above T},. Because of this, it is of interest
to understand the difference between the signal and idler

wavelength AX as the temperature increases beyond 1.
For a pump wavelength of A\, = 405,26 nm, such rela-
tionship is shown by Fig. 2]
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Figura 2. AN VS Temperature for Ap = 405,26 nm at tem-
peratures above threshold.

Analytically, in order to see high values of A\, the
temperature of the crystal must be increased. Clearly, it
is expected to see different combinations of Ay and \;
for different configurations of I\, and temperature of the
crystal. The values of A\g and A; that the signal and idler
photons may have simultaneously are expressed by the
joint spectrum.

The joint spectrum may be calculated with time depen-
dent perturbation theory. The relevant integrals yield the
conservation of momentum and conservation of energy
conditions [11], 13} [15]. From there, the joint spectrum is
obtained as
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which corresponds to the probability of finding a pair of
signal and idler photons at any particular combination of
As and A;. Visually, equation is represented by Fig.
Bl
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Figura 3. Analytical joint spectrum of the signal and idler
photons.

III. EXPERIMENTAL SETUP

As mentioned previously, the goal of this project is to
characterize the entangled photon pairs produced by a
PPKTP crystal. This means that we will attempt to mea-
sure the spatial profile of entangled photon pairs created,
the time correlation between the signal and idler photons,
and their corresponding joint spectrum. Since SPDC con-
sists in the absorption of a pump photon to produce two
entangled photons, the experimental setup will require an
adequate pump light beam to optimize the second order
non linear interaction within our PPKTP crystal. Then,
once the optimal pump beam is obtained for our speci-
fic PPKTP crystal, the spatial profile, time correlation,
and joint spectrum of the entangled photon pairs will be
measured. Consequently, the experimental setup is divi-
ded into three different parts: the pump light beam, the
PPKTP crystal, and the characterization.

A. Pump Light Beam

The creation of entangled photon pairs within a
PPKTP crystal requires that the pump photons respect
three conditions. First of all, they must be single fre-
quency because even though SPDC can still occur with
different pump wavelengths, the lack of a unique wave-
length within the pump beam will invalidate any informa-
tion from the data obtained. Specifically, the wavelength
of the pump light beam will play the role of either inde-
pendent variable or controlled variable in the experiment,
reason for which it must be well defined at one precise
value for an entire set of data. Second of all, since a set of
data requires a unique frequency among the pump pho-
tons, the pump light source must provide a stable single

frequency beam for a relatively long period of time. Fi-
nally, the pump light beam must behave as a Gaussian
beam so that it takes the form of a plane wave at the fo-
cus because this allows optimal second order non linear
interaction within the crystal [T, Bl [14].

With the requirements stated, the proper light source
for the experiment is a Light Amplification by Stimula-
ted Emission Radiation (LASER) because of its potential
of providing a stable single frequency Gaussian beam.
Specifically, the LASER to be used is diode Thorlabs
DL5146 — 1018, which radiates at 405 nm with maxi-
mum power of 40 mW. Although it is said to radiate at
405 nm, the actual wavelength will vary according to the
current and temperature at which the diode is working.
At the laboratory the wavelength is then tuned with a
current and a temperature controller of the diode.

Now, in order to fulfill the requirements of the pump
light beam, the experimental setup to be implemented
consists of three sub-setups: the external cavity LASER
diode Littrow Configuration, the alignment setup, and
the Spatial Filter. The Littrow Configuration makes the
pump light source a single frequency source of high fre-
quency stability. The alignment setup is implemented to
ensure that the light beam travels through the desired
path. The Spatial Filter makes the spacial profile of the
light beam more Gaussian-like by removing noise from
the light source and allowing the manipulation of the
spatial profile with different lenses.

1. Ezternal Cavity LASER Diode Littrow Configuration

The goal of this setup is to provide higher stability
in single frequency modes to the LASER diode. This
is achieved by placing a diffraction grating (Thorlabs
GH25 — 24V), which has 2400 lines per mm, in front
of the LASER beam. The function of the grating is to
generate feedback, which means to return a portion of
light back to the LASER diode to create an external ca-
vity and make the light source more single frequency. To
maximize the feedback, the grating is placed at a critical
angle with respect to the propagation vector of the pump
beam. The current controller allows the measurement of
the feedback, making it possible to find the optimal angle
of the grating. The Littrow configuration may be appre-
ciated in Fig.
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Figura 4. Littrow configuration setup design. Image taken

from [9].

2. Alignment Setup

The main goal of this setup is to guide the LASER
beam through a convenient path. It is desired that the
light beam travels perfectly through the spatial filter,
which, depending on the lenses used, may be as long as
10 cm. This means that the light beam must be aligned
so that it is perfectly parallel to the path of the spa-
tial filter. In order to perform such alignment, a mirror
of high reflectivity of blue light Thorlabs BB1 — E02
(E02) and a Dichroic Mirror EKSMA HR/HT 405/810
(DM) is used. The DM serves the same alignment task
as another BB1 — F02, while it also allows some infrared
light within the source to be removed from the experi-
ment [16]. The alignment consists in making sure that
the light passes through two consecutive, yet far apart
from each other, holes known as iris, which are placed at
the exact same height. The guidance of the light beam
through both iris is done by adjusting the horizontal and
vertical directions of the beam in each of both mirrors.
The optimization of this process is made by measuring
and maximizing the power that is allowed to go through
each iris. The idea is that if the iris are well apart from
each other and maximum power is allowed to go through
each iris, then the light beam is traveling parallel to the
line that joins both iris. Once the path is well defined,
the spatial filter may be implemented. Figure [fillustrates
the setup described.
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Figura 5. Alignment setup

8. Spacial Filter

Once the light beam is perfectly aligned, the spacial
filter may be placed. This setup consists in focusing all
of the pump light into a pinhole of 25 pym diameter. To
do that, lens Thorlabs LA1027 — A with focal length of
35 mm (F35) is placed right after the DM. At the focus of
the F35 lens is placed the 25 pm diameter pinhole. After
the pinhole the light is set to diverge, reason for which it
is focused to lens T'horlabs LB1471 — A with focal length
of 50 mm (F50). The setup and function of the spatial
filter may be observed in Fig. [6]

Limitting
f\ “Noise" Pinhole

Wave- —
Frons !

Figura 6. spatial filter. First lens focuses light into pinhole to
clean the pump bean from noise. Second lens is used to focus
light beam into the posterior setup.

Naturally, the incoming light beam has an elliptical
spacial profile. After the spacial filter the light comes
out with a circular profile and a Gaussian intensity. Such
change may be visualized in Fig. [7] where the left image
corresponds to the spacial profile of the original LASER
beam and the right image represents the LASER beam
after the spacial filter.
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Figura 7. spatial profile of pump beam at a distance of 65cm
from source. Left: before spatial filter. Right: after spatial
filter.

Although the spacial filter makes the light beam very
convenient spatially, it does reduce the power of the
pump beam. In theory, the loss of light corresponds to
60 percent of the original, however, it was seen that the
implemented spacial filter removed 77 percent of the in-
coming light beam.

Now, given that lenses may be subject to small im-
perfections, the spatial filter ruins the perfect alignment.
This means that two other E02 mirrors will be placed
to perfectly align the beam through the PPKTP crystal.
This process is conceptually identical to the one illustra-
ted in Fig.



B. PPKTP Setup

Now that an optimal light beam has been created, the
setup of the PPKTP crystal may be implemented. The
goal is to make sure that a stable single frequency light
beam is interacting with the molecules in the PPKTP
crystal. Although the first part of the setup provides a
stable single frequency LASER beam, it is possible that
at any moment the single frequency characteristic ends.
For this reason, this part of the setup must allow conti-
nuous knowledge of the pump wavelength and whether
it is single frequency or not. Simultaneously, to optimize
the second order non linear interaction of the pump LA-
SER beam with the PPKTP crystal, the proper study of
the spacial profile of the pump beam must be made.

To guarantee a continuous knowledge of the state of the
pump LASER beam, a microscope glass (MG) is placed
right before the PPKTP crystal. This will reflect around
10% of the light into a Single Mode Fiber Thorlabs
FT030 —Y (SMF), which guides the pump beam to the
wavelength meter (High Finesse WS/6 — 200).

Regarding the spatial profile of the pump beam, the
PPKTP crystal at the laboratory has dimensions of 15
mm X 2mm X 1 mm. The crystal is placed inside an oven
that allows temperature tuning of the material. This oven
is 40 mm long. Now, to maximize entangled photon pair
production, the LASER beam must behave as a plane
wave inside the crystal. Since the spatial filter provided
a clean Gaussian beam, the pump wave is set to behave
as a plane wave at the focus. The length of the region at
which the light beam remains a plane wave is known as
the Rayleigh Range [1I, B, [14]. It is then pertinent that
the light beam has waist less than 1 mm throughout a
Rayleigh Range greater than 40 mm long so that no pho-
ton is allowed to hit with the borders of the crystal or the
oven. To achieve such conditions, the second lens of the
spatial filter is moved either closer or further away from
the pinhole until the desired waist and Rayleigh range are
observed. After this was executed, the observed spacial
profile at the focus is illustrated by Fig. |8l The obtained
waist has a value of 147,2 ym with a Rayleigh range of
5,0 £0,5 cm.
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Figura 8. spatial profile of pump beam at the focus. The waist
measured is of 147,2 ym

With the proper spatial profile of the pump wave, the
oven with the PPKTP is placed anywhere within the Ra-
leigh Range. The overall setup until the PPKTP crystal

is illustrated in Fig. [9]
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Figura 9. Main Setup
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C. Characterization
1. Spacial Correlation

With a setup that optimizes the entangled photon pair
production, it is now possible to describe the actual cha-
racterization in space, time, and frequency of the signal
and idler photons. As seen in Ch. 77, the spacial profile of
the entangled photon pairs will be circular. These rings
are visualized with the use of a CCD Camera with long-
pass filters Thorlabs F ELT50 to neutralize the remaining
pump photons. These rings depend on the temperature
of the crystal. Such dependence can be appreciated with
Fig. [10] where the left image shows the spacial profile of
the photon pairs produced with the crystal at a tempe-
rature of 34 °C and the right image represents the ring
produced at a temperature of 42 °C. Both rings in Fig. [I0]
were created with a pump wavelength of Ap = 405,4712
nm.

Figura 10. Spatial Profile of produced photon pairs with Ap =
405,4712 nm. Left: temperature of the crystal at 34 °C. Right:
temperature of the crystal at 42 °C

From the rings it is possible to obtain the angle of
propagation of the signal photon.

2. Temporal Correlation

Once the crystal is producing entangled photon pairs
through SPDC, the next step is to measure the time co-



rrelation of the photon pairs. In order to do so, the pho-
tons will be separated with the use of a beam splitter and
coupled to identical multi.mode fibers to separate Single
Photon Counters. The photon detectors are connected to
the FPGA, which determines the time difference between
the counts received by the detectors. This procedure re-
quires to solve two main problems: the photon pairs must
be aligned and collimated to ensure that as they travel th-
rough space they don’t get further away from each other,
and the blue pump photons that were not absorbed must
be removed.

First, in order to collimate the photon pairs, a lens
Thorlabs L1027 — B is placed in front of the PPKTP
crystal. The CCD Camera is used to study how the rings
grow as they travel through space. The goal is to place
the lens in a position where the rings will not diverge
as the CCD Camera is placed further away. After this is
accomplished, one iris is placed right after the lens, while
the other is placed right before the beam splitter. The
distance between the lens and the beam splitter should
be as long as the available space allows. The idea behind
the iris is that they are placed exactly where the rings
are, so that a similar aligning procedure as that described
in the previous part of the setup can take place. After
the photons have been collimated, the beam splitter is
set and two paths of equal length are designed. For each
path, two infrared reflecting mirrors Throlabs BB1 —
E03 are used for proper alignment. Each path ends at a
lens with focal length of 11 mm to couple the photons
to identical multi-mode fibers, which guide each photon
into single photon counters. The photon detectors are
electronically connected to the Qu-Tau, which is a tool
used to detect time difference in the arrival of the signal
and idler photons. Finally, the undesired light is filtered
with two long-pass filters Thorlabs FEL 750. Figure
illustrates the described setup.
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Figura 11. Temporal correlations experimental setup to study
the time delay between the signal and idler photons.
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The corresponding data regarding time correlations
obtained is visualized in Fig. which illustrates a Start-
Stop histogram. The start-stop histogram is a graph with
number of coincidences in the y axis and time delay bet-
ween the signal and idler photons in the x axis. It tells us

how many coincidences were detected at any given time
delay.

Start-Stop Histogram
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Figura 12. Temporal Correlations measured. The peak indica-
tes that the produced photon pairs have temporal correlation
and that their specific time delay is centered at around 5,5 ns

8. Frequency Correlation: Joint Spectrum

Now that the spatial and temporal correlations have
been measured, we proceed to adjust the setup to facili-
tate the measurement of the joint spectrum. For this, its
important to recall the meaning of a joint spectrum. As
studied in Ch. 7?7, the joint spectrum is the square of a
probability density function known as the joint spectral
amplitude. To measure the probability of finding a pair
of photons at any combination of A\; and )\;, the experi-
mental setup for this measurement must be able to count
the number of pairs that have wavelengths A; and A\; and
plot that count as an intensity. To achieve the measure-
ment, we will use two monochromators, one for the signal
photons and the other for the idler photons. To explain
the setup it is important to understand the functioning
of the monochromators.

A monochromator makes use of dispersion in order to
filter every photon that is not at a specific wavelength
value. The way it does this is by allowing all light that
enters through an entering opening to go through a prism
where the incident photons get dispersed. Given that the
angle at which each photon is dispersed depends on its
wavelength, it is possible to place the prism in such a
way that only one specific and desired wavelength is dis-
persed in the direction of the exit opening. The previous
description is appreciated in Fig.
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Figura 13. Illustration of the functioning of a monochroma-
tor. Incident light with multiple frequencies gets dispersed
by a grating of 800 lines/mm so that a desired wavelength
is not filtered out. The grating may be rotated to measure
any wavelength within the specified domain. Image taken
from |https://asdlib.org/imageandvideoexchangeforum/
wavelength-selection-using-a-monochromator/

With two monochromators, the idea is to fix one mo-
nochromator to measure a specific wavelength while the
other loops over a specified range of wavelengths. After
the loop is done, the first monochromator is fixed at the
next wavelength value and the second repeats the loop.
This takes place until both monochromators have mea-
sured every wavelength within the chosen range, or, in
other words, until every possible combination of As and
A; is covered. In our experiment, due to the conservation
of energy, the possible wavelength value of the entan-
gled photon pairs will be centered at 810 nm for a 405
nm pump LASER beam. This means that the range of
wavelengths for our measurement of the joint spectrum
may be chosen so that the central wavelength is 810 nm.
The measurement that is intended is to count the num-
ber of entangled pairs of photons that were detected at
each specific combination. For example, when the sig-
nal and idler monochromators takes the values of 805,6
nm and 808 nm respectively, the corresponding measu-
rement is the amount of coincidences that have a signal
photon with wavelength of 805,6 nm and an idler photon
with wavelength of 808 nm. The joint spectrum will then
follow by plotting the number of coincidences of each
(As, A;) coordinate as an intensity.

To minimize the error in the measurements, the mono-
chromators must be calibrated. This consists in making
sure that both of them are allowing the measurement of
the wavelength that was specified by the user. In order
to do this, an argon calibration source is used. This tool,
provided by Ocean Optics, sends light emitted by excited
argon through a multi-mode fiber. Since the argon emis-
sion spectrum with the intensity of each emitted wave-
length is well known, sending the argon light through the
monochromators will allow us to know if they are making
proper wavelength measurements. For illustration, consi-
der the image in Fig. which refers to the analytical
spectrum of the emitted light by Argon
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Figura 14. Analytical Argon spectrum

The spectrum of Argon, as measured by the monochro-
mators at the laboratory are seen in Fig.
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Figura 15. Argon spectrum as measured by both monochro-
mators at the laboratory. Left: spectrum measured by mono-
chromator 1. Right: spectrum measured by monochromator
2.

To implement the measurement of the joint spectrum
experimentally, a similar setup as the time correlation
setup will be assembled. However, instead of sending the
created photons directly into the single photon counters,
the signal and idler photons will go to the monochroma-
tors. From there, the photons are sent through a multi-
mode fiber to the single photon counters. The single pho-
ton counters are connected to the FPGA, which is an al-
ternate tool to the QuTau to measure time correlations.
Then, if the FPGA detects a coincidence of two photons,
one count is added to the coordinate corresponding to
the A\s and \; value in the joint spectrum.
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Figura 16. Joint Spectrum setup. signal and idler photons are
sent to monochromators, where only specific values of wave-
length pass through and into multi-mode fibers for the single
photon counters. A count of coincidences at As and \; takes
place and is plotted as an intensity in the joint spectrum

Intuitively, since the joint spectrum depends on coinci-
dences, and since the amount of coincidences depends on
the rate at which the PPKTP generates entangled photon
pairs, then the longer the measurement is programmed to
be, the more coincidences may occur per combination of
As and A;. The time taken to count coincidences per each
combination of A\; and \; may be fixed with the FPGA.
The specific values depend on the stability of the pump
beam.

IV. RESULTS

The conservation of momentum restriction over the en-
tangled photon pairs result in a circular spacial profile
like represented by Fig. From these rings, an experi-
mental analysis of the relationship between ©4 and the
temperature o the crystal can be made with the use of
simple geometric tools.

From the experimental setup one knows the distance
from the center of the crystal to the camera. One also
has knowledge of the length of the crystal. A potential
triangle is obtained with a line joining the crystal and
the camera and with the radius of the measured rings.
The radius may be obtained using the camera’s software,
which informs the x and y coordinate of any pixel in
the image. Knowing the x coordinates, one may get the
diameter of the circle by subtracting the x value of two
pixels in opposite ends of the circle. In the camera, one
pixel corresponds to 9 pum in distance, making the radius
accessible in cm. The triangle looks like the one in Fig.
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Figura 17. Triangle formed by pump wave and signal wave.
The radius of the ring is measured in pixels and converted to
distance. In the CCD Camera, one pixel corresponds to 9 um.

In the experiment, the distance between the crystal
and the camera was measured to be 3,0 cm. Since the
exact position of the screen inside the camera is unknown,
an error of 0,5 cm is accounted for. With the crystal
being 1,5 mm long, and assuming that the SPDC process
took place in the middle of the crystal in average, the
horizontal component of the triangle in Fig. [17] takes the
value of 3,75 £+ 0,5 cm. Regarding the radius, since SPDC
was assumed to take place in the middle of the crystal,
the diameter of the rings were measured according to the
pixel in the middle of the circumference. This pixel is
selected with an error of 5 pixels to each side, meaning
that any measured diameter will be z + 10 pixels long.
From there the radius is obtained. If the distance between
the camera algld the crystal is D and the radius is R, then

s = arctan 5.

In the experiment, the value for A, was 405,4712 nm.
For temperatures of 39 °C, 43 °C, and 45 °C the spacial
profile of the entangled photon pairs was measured. The
obtained results may be appreciated in Fig. and
[20] respectively.
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Figura 18. A\, = 405,4712 nm. Ring measured with the crystal
at 39 °C

Clearly, as the temperature of the crystal increases,
the radius of the rings plotted by the camera decreases.
A value of 0 is obtained for each image and is graphed
with respect to the temperature of the crystal alongside
the analytical curve. Such graph is seen in Fig.



Lambda_Pump = 4054712 nm, Temperature = 43 °C

Figura 19. A\, = 405,4712 nm. Ring measured with the crystal
at 43 °C

Figura 20. A\, = 405,4712 nm. Ring measured with the crystal
at 45 °C
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Figura 21. 05 vs temperature of the crystal. The blue curve
represents the expected behaviour of 6s with respect to the
temperature of the crystal according to theory. The red scatte-
red curve represents the experimental values for 8, measured
at different temperatures.

The experimental behaviour of 8, as the crystal is hea-
ted up has a similar form of that expressed by the theory.
However, the experimental curve is shifted by roughly 10
°C with respect to the analytical curve. This error in the
measurement may be due to a possible lack of calibration

in the wavelength meter.

V. TEMPORAL CORRELATION

From the time correlation setup in Fig. the num-
ber of coincidences at different time delays between the
signal and idler photons may be measured. A start stop
histogram was obtained for entangled photon pairs at a
pump wavelength of 405,4712 nm and a crystal tempera-
ture of 43 °C. The corresponding graph is shown in Fig.
22

Start-Stop Histogram

Coincidencias

Tau (ns)

Figura 22. Start stop histogram centered at 5,5 nm.

In theory, the entangled photon pairs are created si-
multaneously, meaning that their relative time delay
should be at 0 ns. In the experiment performed, the de-
lay is centered at 5,5 nm due to possible differences in
length of the paths travelled by each photon or a setting
in the software. However, the existence of a peak indica-
tes that the photon pairs created by the PPKTP crystal
are entangled, otherwise no correlation would be seen in
the start stop histogram.

VI. JOINT SPECTRUM

During the measurement of the joint spectrum it was
observed that, when using the FELT750, the only light
that would come out of the monochromators was pure
noise. The data shown by the single photon counters did
not change if the light from the experiment was enti-
rely blocked. For this reason, the solution to use neutral
density filters instead of the long-pass filters was imple-
mented. This was supported by the idea that the mo-
nochromators would not allow any unwanted blue light
into the detectors when measuring infrared signal and
idler photons.



A. With Neutral Density Filters

The available stable pump wavelength was A, =
405,2106 nm. At this pump wavelength the threshold
temperature takes value of 29 °C. Two measurements of
the joint spectrum were made: one at threshold tempera-
ture and the other beyond threshold temperature. This
was done to visualize the change in the signal and idler
spectrum as they are allowed into a more non degenerate
case.

g1 /Pt Spectrum Measured with Neutral Density ilters 3t Threshold Temperature
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Figura 23. Measurements of the joint spectrum made with
Neutral density filters and crystal at 29 °C, which corresponds
to threshold temperature for the used A,.

Blzhﬂmt Spectrum Measured with Neutral Density Filters above Threshold Temperature
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Figura 24. Measurements of the joint spectrum made with
Neutral density filters and crystal at 40 °C', which corresponds
to threshold temperature for the used A,.
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It was seen that the entangled photon pairs exist with
high intensity at the degenerate region, which was ex-
pected for temperatures below and not far above the th-
reshold temperature, as seen in Ch. ??7. Figure 7?7 shows
that this was obtained for the measurement at the th-
reshold temperature. However, it was also expected to
see that the intensity of photon pairs with non degenera-
te values of Ag and A; take non zero values. According to
Fig. 77, this was not observed, since both graphs behave
similarly in the non degenerate regions. Since this re-
sult is far from the analytical joint spectrum, the lack
of long-pass filters may be the problem. It is suspected
that, even though the monochromators are set to measu-
re in the infrared spectrum, they are still able to measure
second modes within the pump beam, allowing measure-
ments of infrared light that is not related to the photon
pairs created.

VII. CONCLUSIONS

The results obtained in the experiment for the spacial
profile and time correlations do agree with the theaory.
Although the relationship between A, and the tempera-
ture of the crystal is shifted from the analytical curve, the
behaviour is similar. On the other hand, the result obtai-
ned for the joint spectrum does not agree with the one
reported by the theory. Although the time correlation
between the photons produced in the experiment does
exist, the information is lost as they travel through the
monochromators. This is concluded because the analyti-
cal value of signal wavelength is not being detected af-
ter the monochromators. Regardless, the measured joint
spectrum turned out to be a false alarm. This is simply
due to the fact that the long pass filters do not neutralize
the entangled photon pairs and should not be an obstacle
in the measurement.

[1] R. S. Bennink. Optimal collinear gaussian beams for
spontaneous parametric down-conversion. Physical Re-

view A, 81(5), may 2010.
[2] R. W. Boyd. Nonlinear optics. Academic press, 2020.



[3] C. Couteau. Spontaneous parametric down-conversion.
Contemporary Physics, 59(3):291-304, 2018.

[4] Y. Fainman and D. Marom. Ultrafast technology — ul-
trafast illumination and processing. In R. D. Guenther,
editor, Encyclopedia of Modern Optics, pages 264—273.
Elsevier, Oxford, 2005.

[5] T. Guerreiro, A. Martin, B. Sanguinetti, N. Bruno,
H. Zbinden, and R. T. Thew. High efficiency coupling
of photon pairs in practice. Opt. Ezpress, 21(23):27641—
27651, Nov 2013.

[6] J. Hirohashi. Characterization of domain switching and
optical damage properties in ferroelectrics. PhD thesis,
09 2006.

[7] T. Jennewein, C. Simon, G. Weihs, H. Weinfurter, and
A. Zeilinger. Quantum cryptography with entangled pho-
tons. Physical Review Letters, 84(20):4729-4732, may
2000.

[8] O. O. Kuzucu. Ultrafast sources of entangled photons for
quantum information processing. Technical report, 2008.

[9] M. F. Morris. Implementation of a bright frequency co-
rrelated photon pairs source based on a PPKTP crystal.
B.S. Thesis, 2021.

[10] E. Romero. Desarrollo de una nueva fuente altamente
eficiente de parejas de fotones entrelazados. PhD thesis,
12 2013.

[11] M. H. Rubin, D. N. Klyshko, Y. Shih, and A. Sergien-
ko. Theory of two-photon entanglement in type-ii op-

(12]

(13]

(14]

11

tical parametric down-conversion. Physical Review A,
50(6):5122, 1994.

S. I. Salim, A. Quaium, S. Chellappan, and A. B. M. A.
Al Islam. Enhancing fidelity of quantum cryptography
using maximally entangled qubits. In GLOBECOM 2020
- 2020 IEEE Global Communications Conference, pages
1-6, 2020.

X. Shi. Spectrum shaping of paired photos. PhD thesis,
Universitat Politécnica de Catalunya (UPC), 2010.

J.-L. Smirr, M. Deconinck, R. Frey, I. Agha, E. Dia-
manti, and I. Zaquine. Optimal photon-pair single-mode
coupling in narrow-band spontaneous parametric down-
conversion with arbitrary pump profile. J. Opt. Soc. Am.
B, 30(2):288-301, Feb 2013.

J. F. Sudrez Pérez. Control Experimental de las Correla-
ciones en Frecuencia de pares de Fotones para una Fuente
de Fotones Individuales Anunciados. PhD thesis, Univer-
sidad de los Andes, 2018.

Thorlabs.

H. Weinfurter, D. Bouwmeester, M. Daniell, T. Jenne-
wein, J.-W. Pan, C. Simon, G. Weihs, and A. Zeilinger.
Quantum communication and entanglement. volume 2,
pages 236 — 239 vol.2, 02 2000.



	Characterization of Entangled Photon Pairs Produced by a PPKTP Crystal
	Resumen
	Introduction
	Theoretical Background
	Experimental Setup
	Pump Light Beam
	External Cavity LASER Diode Littrow Configuration
	Alignment Setup
	Spacial Filter

	PPKTP Setup
	Characterization
	Spacial Correlation
	Temporal Correlation
	Frequency Correlation: Joint Spectrum


	Results
	Temporal Correlation
	Joint Spectrum
	With Neutral Density Filters

	Conclusions
	Referencias


