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Abstract

Quantum sensing and metrology have emerged as rapidly growing fields, offering un-
paralleled precision and accuracy in measuring physical parameters. These quantum-
based technologies have surpassed classical physics-based approaches and have en-
abled the measurement of various key quantities such as electric fields, magnetic fields,
temperature, and pressure with unprecedented levels of precision. Among different
quantum sensing techniques, Hong-Ou-Mandel (HOM) interferometry has gained sig-
nificant prominence due to its ease of development, implementation, and sensitivity to

photon group delay rather than phase shifts.

The basic principle of HOM interferometry relies on the generation and manip-
ulation of indistinguishable paired photons. Typically, the paired photon is generated
through a second-order nonlinear optical process called spontaneous parametric down-
conversion (SPDC) and indistinguishable in all degrees-of-freedom incident on a bal-
anced beam splitter, they always bunched together through one of the output ports,
resulting in the phenomenon known as the HOM dip. This dip in the interference pat-
tern provides valuable information about the relative optical delay between the photons
and allows for measuring various properties, including the group index of dispersive
materials. Due to the intrinsic dispersion cancellation, HOM interferometry is utilized
to sense the characteristic parameters of a sample material, enabling high-resolution
imaging of surface features, depth profiling of different layers, and the measurement

of group index variations.

However, for reliable and fast sensing with high accuracy and resolution, the indis-
tinguishable photon source must have high brightness, broad spectral bandwidth, and
stability against external perturbations. To address these requirements, we have opti-
mized the generation and coupling of paired photons into single-mode fibers. Carefully
selecting the periodically poled KTP (PPKTP) crystal due to their high parametric gain,
we have achieved high generation rates of indistinguishable paired photons. The cou-

pling efficiency was optimized by adjusting the spot size of the coupling photons. By
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employing a 30 mm long PPKTP crystal, we have coupled paired photons at rates as
high as 1692 kHz/mW with a maximum efficiency of 32%. We have also observed
that one cannot simultaneously access the highest pair collection efficiency and the
highest coincidence counts. Therefore, depending on the need and available resources,
one can find the trade-off between the overall coincidence counts and the pair coupling

efficiency.

We have also addressed the stability of the paired photon source. The control of
phase-matching parameters in the SPDC process allows manipulation of various char-
acteristics of the paired photons but also makes the source sensitive to small changes
in pump wavelength, crystal temperature, and axial orientation. To enhance stability,
we have devised a novel system architecture by developing a hybrid linear and non-
linear approach. A lens-axicon pair, combined with nonlinear crystals like PPKTP
and BiB306, we have increased the source’s tolerance to environmental perturbations
while maintaining spectral brightness. This solution enables robust quantum sources

suitable for any quantum optics experiments outside lab conditions.

Having achieved high pair photon coupling efficiency and robustness against ex-
ternal perturbations, we used the robust paired photon source in HOM interferometry-
based quantum sensing applications. The resolution of HOM interferometry is de-
termined by the spectral bandwidth of the indistinguishable photons. While ultra-
fast lasers have traditionally been used to achieve broad spectral bandwidth, they
are not suitable for in-field applications. To overcome this limitation, we have used
a single-frequency continuous-wave diode laser to generate down-converted photons
with broad spectral bandwidth. By adjusting the length of the nonlinear crystal in the
SPDC process, we have controlled the spectral bandwidth of the down-converted pho-
tons. This approach enabled high-precision, real-time sensing of static displacements
of 60 nm and vibrations with sub-micron amplitudes and frequencies up to 8 Hz. Using
Fisher information analysis; we successfully measured the vibrations with nanometer-
scale precision limited by the Cramer Rao bound. The high brightness of the paired

photon source allowed for faster statistics-driven measurements compared to previous



approaches.

With the successful measurement of fast-changing optical delays between pair pho-
tons and improved precision and long dynamic range, we used the HOM interferome-
try technique to measure the temperature-dependent group index of nonlinear crystals.
Using a 1 mm PPKTP crystal producing paired photons, we measured the temperature-
dependent group index of a PPKTP crystal sample with a precision on the order of
107¢ per centimeter of sample length. This precision exceeded previous achievements
by over 400%. We enhanced the measurement range without compromising preci-
sion by compensating for the temperature-induced changes in the group index using
an optical delay stage. Experimentally we have measured the group index variation
of PPKTP with a precision of approximately 10~ over a temperature variation up to
200°C. These findings have implications for quantum optical coherence tomography,

enabling high-precision and long-range measurements in this field.

Keywords: Nonlinear optics, spontaneous parametric down-conversion, quantum

sensing, Hong-Ou-Mandel interferometry, quantum optical coherence tomography
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Chapter 1

Introduction

The field of optics, however, dates back centuries, but we really began to appreciate the
behavior of light in the 19th century when a British physicist James Clerk Maxwell,
presented it in a very concise manner in the form of four partial differential equations,
now famously known as Maxwell equations [1]. In these equations, the electric and
magnetic fields appear as continuous variables dependent on each other, suggesting a
wave nature of light. However, at the beginning of the 20th century, the experimental
observations of the photoelectric effect made by Albert Einstein proposed the need to
consider light as if it is made of some sort of particle. These are not the usual material
particles we observe in our daily life but some kind of compromise between the wave
and particle character [2]. Later these particles of light were termed photons by G. N.
Lewis [3]. The formal treatment of quantizing the electromagnetic field performed by
P. A. M. Dirac suggested the photon be the fundamental excitation of the quantized
electromagnetic field [4]. The aspect of optics fundamentally utilizes the quantized
electromagnetic field known as the field of quantum optics. In 1935, Albert Einstein,
Boris Podolsky, and Nathan Rosen questioned the quantum mechanical description of
physical reality as this theory led to the origin of quantum entanglement. Rather unsat-
isfied with the non-deterministic behavior of nature proposed by quantum theory, the
trio proposed the idea of hidden variables which can provide a deterministic behavior

of natural phenomenons. The idea of hidden variables was put forward as a possible
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way to explain the apparent randomness and non-locality observed in quantum phe-

nomena [5].

However, in 1965 John Stewart Bell, through his mathematical formulation, found
that the outcomes proposed by the hidden variable theory were completely incompati-
ble with the quantum theory [6]. He proposed a mathematical inequality now famously
known as Bell’s inequality, which involves a set of measurements to be performed on
the entangled particles to confirm the non-local correlations between them. Inspired
by Bell’s inequality in 1969, Clauser et. al. performed experiments using atom spin
systems and demonstrated the violations of hidden variable theory experimentally [7,
8]. The work on the experimental tests on quantum entanglement and its applications
in various fields was further demonstrated by Alain Aspect [9] and Anton Zellinger
[10]. One of the most widely known approaches to preparing correlated photons in
various degrees-of-freedom is spontaneous parametric down-conversion (SPDC) in a
second-order nonlinear optical medium. Recent technological advancements have sig-
nificantly improved the quantum efficiencies of single-photon detectors and non-linear
crystals with higher coefficients of non-linearity and have spurred the applications of
SPDC in various fields of quantum information processing such as quantum commu-
nication [11], quantum imaging [12], to test fundamental laws of quantum mechanics

[13], quantum cryptography [14].

One of the frontier fields of quantum information processing, utilizing the extreme
sensitivity of quantum systems against environmental perturbations to achieve mea-
surement precision better than the classical methods, is quantum sensing. In connec-
tion with Hong-Ou-Mandel interferometry and paired photon generated from SPDC,
quantum sensing gives rise to the emerging field of quantum optical coherence tomog-
raphy (QOCT). It is a technique used for high-resolution imaging of biological speci-
mens or a dispersive medium. Empowered with the dispersion cancellation features of
SPDC photons, QOCT outperforms its classical counterpart, which has a measurement
resolution no higher than 1073, Tt is observed experimentally that the measurement

outcomes of QOCT are significantly influenced by the properties of the paired photons
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employed in the experiment. For optimal performance of QOCT, it is essential for an
all-complete pair photon source to possess a combination of three key characteristics: a
high photon count rate, superior measurement resolution, and high stability. However,
previous methodologies have solely focused on addressing these challenges individu-
ally, failing to provide a comprehensive solution that simultaneously satisfies all three

requirements [15—17]. In this thesis, we attempted to address all three key problems.

1.1 Thesis structure

The primary objective of this thesis is to generate and characterize SPDC-based pair-
photon sources for various quantum sensing applications. This thesis is organized into
seven chapters; to accomplish the goal of better quantum sensing using pair photons
generated through the SPDC process. We have individually addressed all three afore-
mentioned issues present in the earlier configuration of quantum sensing. Figure 1.1
shows the flowchart of the approach involved in the thesis to achieve an all-completer
solution of pair photon source for quantum sensing applications. To provide a better
perspective on the field, we have discussed the fundamental principles and theoretical
framework to understand non-linear optics, spontaneous parametric down-conversion,

pair photon source, and Hong-Ou-Mandel interferometry in the second chapter.
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Figure 1.1: Flow chart of thesis structure

Chapter 3 is dedicated to meeting the first objective of improving the pair photon
rate and their coupling efficiency into single-mode fibers. We have first studied var-
ious parameters affecting the pair photon rate and photon pair coupling efficiency in
periodically-poled non-linear (e.g., PPKTP) crystal designed for quasi-phase matching
criterion. The motivation behind choosing the PPKTP crystal is its high non-linear gain
of the PPKTP, but still, there is not much in-depth study on the factors affecting the
photon pair coupling efficiency in periodically poled crystals. We have studied how
the various parameters of quasi-phase matching conditions, such as crystal tempera-
ture, pump beam spot size, and the collection beam spot size, affect the photon pair
coupling efficiency. It is observed that both the pump intensity at the crystal center
and the divergence of the SPDC photons play a crucial role in the collection of pair
photons into single-mode fibers. By controlling these parameters, we can optimize the
pair photon pair in single photon fibers. While the pair coupling efficiency is majorly
controlled by the divergence of the pump and, thus, the divergence of SPDC photons.
The rate of generation of photons does not seem to alter the pair coupling efficiency.
This conclusion supports the experimental observation that for a fixed collection beam

waist, the pump beam waist providing the maximum pair coupling efficiency is differ-
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ent from the providing maximum coincidence counts. Crystal temperature is another
parameter that can be utilized to change the radius of the SPDC ring and, thus, the
photon density at the fiber coupler. It is observed that a linear decrease in the radius
of the SPDC ring provides a quadratic increase in the pair photon rate collected by

single-mode fibers and becomes highest near the collinear geometry of SPDC.

Next, in Chapter 4, we have addressed the issue of the stability of the pair photons.
The phase-matching parameters of the SPDC process give the freedom to control the
various parameters of the entangled photons. This versatility derives from the sim-
ple manipulation and control of the different characteristics of down-converted pho-
tons, such as wavelength, polarization, and spatial geometry, by adjusting the phase-
matching parameters of nonlinear interactions, such as temperature, crystal inclination,
and pump wavelength. Nonetheless, this adaptable control over the various parame-
ters of down-converted photons renders the SPDC process sensitive to small changes
in pump wavelength, crystal temperature, and crystal axial orientation. Such intoler-
ance for fluctuating environmental factors prohibits the deployment of SPDC-based
sources in non-ideal environments outside of laboratory settings. To address this is-
sue, we developed a novel system architecture based on a hybrid linear and non-linear
solution that increases the source’s tolerance without diminishing its spectral bright-
ness. This linear solution is a lens-axicon pair, judiciously placed and tested with two
common non-linear crystals, quasi-phase-matched periodically-poled KTiOPO4 and
birefringent-phase-matched BiB306. Such a solution provides a novel approach to
deployable high-brightness quantum sources that are environment-resilient, such as in

satellite-based quantum applications.

In Chapter 5, we attempted to improve the precision of measurement obtained using
Hong-Ou-Mandel interferometry. It is the phenomenon of bunching two indistinguish-
able photons on a balanced beam splitter. As the photons become completely indistin-
guishable, the coincidence detection probability of the interfering photons at the two
output ports of the balanced beam splitter falls to zero; this decrease in the coincidence

counts is referred to in the scientific literature as the HOM dip. The interference dip has
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an FWHM width proportional to the coherence length of the indistinguishable photons
bunching on the beam splitter or inversely proportional to their spectral bandwidth.
It is generally accepted that the resolution of any quantum sensing measurement uti-
lizing HOM interference is constrained by the width of the HOM dip. Consequently,
the spectral bandwidth of interfering pair photons has a significant impact on the res-
olution of HOM-based sensors. The requirement of indistinguishable photons is gen-
erally fulfilled through the parametric down conversion by employing ultrashort pulse
lasers so that the broad spectral bandwidth of the pump photons can be translated to the
down-converted photons. However, these lasers are highly expensive and bulky in size,
limiting their use in space-constrained environments. We address this issue by using a
much more economical and small-sized single-frequency, continuous-wave diode laser
to generate down-converted photons with broad spectral bandwidth. Using the length
of the non-linear crystal as a control parameter, the spectral bandwidth of the down-
converted photons is altered. Later we used broad spectrum indistinguishable photons
in connection with HOM interferometry for high-precision, real-time sensing of static
displacements and vibrations with sub-micron amplitudes and up to 8 Hz frequency.
In addition, we have incorporated the use of Fisher information to measure vibrations

with a precision limited by the Cramer Rao bound.

In Chapter 6, the precision-enhanced HOM interference technique developed in
the previous study can be used to measure the small optical delays introduced between
the interfering indistinguishable photons, which in turn tells us the information of the
physical parameter related to the optical delay. One such physical parameter is the
group index, which is a characteristic parameter of a dispersive material and a measure
of the group velocity of light traveling through it. The group index has a wide range
of applications in material characterization, optical coherence tomography, and fiber
optics. Specifically, to shape single-mode operation in high-power optical fibers, a
precise understanding of the optical properties of the gain medium is required. This
necessitates accurate measurements of the group index of the core of the optical fiber
and the difference in refractive index (n) between the core and cladding of the fiber.

We used HOM interferometry in connection with broadband photons to measure the
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precise optical delays introduced by the group index of some non-linear crystals, which

in turn can be used as a pointer to measure the group index of the material.

Finally, in Chapter 7, we have concluded the thesis by providing an exhaustive and

insightful future outlook on the presented research thesis.






Chapter 2

Fundamental Principles

This chapter offers a thorough introduction to the prominent field of heralded single-
photon sources (HSPS) based on the spontaneous parametric downconversion (SPDC)
process. In the first section, we will explore the fundamental conditions required for
the SPDC process and the various important characteristics of the SPDC photons. In
addition, we will investigate its application in the design of a robust entangled photon
source, as well as the phase-matching parameters that influence both the qualitative
and quantitative characteristics of HSPS. In subsequent sections, we will examine the
use of HSPS in Hong Ou Mandel (HOM) interferometry. With knowledge of both
the qualitative as well as quantitative components of HOM interferometry, we will

investigate its application in precision augmented sensing of optical delays.

2.1 Single photon source

A photon is usually defined as the quanta of an electromagnetic (EM) field or a fun-
damental excitation of the quantized EM field[18]. A single photon originating from
the field quantized mode v, has an energy of hvy , where h is the Plank’s constant
and k, u are the wave-vector and z-component of the photon spin. The monochro-
matic definition of a photon necessitates the temporal delocalization of single-photon
states. But in reality, the single-photon states are localized in both time and space to a

certain extent. Such kind of single-photon states can be realized in terms of the super-
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position of monochromatic photon modes[19]. In the field of experimental quantum
optics, the operational definition of a single photon state is defined in the following
manner: given a single-photon detector capable of measuring the number of incident
single photons (having some finite frequency bandwidth) with a quantum efficiency
of unity, a single-photon state (localized to some degree in both space and time) is an
excitation of the EM field that the detector counts exactly one photon for each incident
state[20]. In other words, a single photon state can be defined as one whose photon
number statistics has mean photon number one and variance of zero[21]. However,
in realistic conditions, the losses in the measurement procedure must be taken into

account while determining the photon number statistics.

The major driving factor for research in the field of single photon sources (SPSs) is the
rapid growth in the area of quantum information science over the last few decades[22].
These techniques utilizing quantum information science based on the principle of
quantum mechanics are capable of outperforming their classical counterparts. SPSs are
one of the key ingredients of the experimental procedures exploring the immense po-
tential of quantum information science. Some of the broad areas of research demand-
ing SPSs are the quantum internet[23, 24], a fundamentally secure global quantum
network[25], quantum cryptography[26], quantum random number generators [14,
27], quantum metrology [12, 28]. In addition to the fundamental research in quan-
tum information science, SPSs are also useful in a wide range of applications such
as DNA sequencing[29-32], bio-luminescence detection[33], light detection and rang-
ing (LIDAR) for remote sensing[34, 35], picosecond imaging circuit analysis[36, 37],
optical time domain reflectometry[38, 39], single-molecule spectroscopy[40, 41] and

bio-medical applications such as optical coherence tomography[42].

2.1.1 Deterministic single-photon source

An ideal single-photon source would be one where a single photon can be emitted at
any user-defined arbitrary time (one can say that the source is deterministic or ~’on-

demand”), the probability of emitting a single photon is 100% while of multiple pho-
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tons is 0%, subsequent photons are completely indistinguishable in nature, and the rate
of emission can be set to any speed with an upper limit determined by the temporal
with of the photon wave-packets[43]. In realistic situations, the single photon sources
usually have some deviations from these ideal traits, which are always taken into ac-
count while planning the experimental procedures and the analysis of the outcomes.
Depending upon the working mechanism of a single photon source, it can be catego-
rized as either deterministic (or “on demand”) or probabilistic in nature. Some of the
widely used deterministic single-photon sources are based on quantum dots[44—46],
color centers[47, 48], single ions[49], single atoms[50]. However, all of these methods
employ a unique material framework but work on almost similar operational princi-
ples. When single-photon emission is desired, external control is used to place the
system in an excited state that emits a single photon upon relaxation to a lower-energy
state. Frequently, optical cavity coupling techniques are used to manipulate the emis-
sion characteristics. Though the deterministic SPSs possess high state purity but suffer
from lower emissions rates which restricts their use in areas demanding high photon

emission rates such as quantum imaging and quantum communication [20, 51].

2.1.2 Probabilistic single-photon source

The other major branch of single-photon sources is the probabilistic single-photon
source. It relies on the parametric down-conversion (PDC) in waveguides[52], bulk
optical crystals[53, 54], and four-wave mixing methods in optical fibers[55, 56]. In
this case, instead of just a single photon but a pair of photons is created probabilisti-
cally rather than deterministically. Due to the fact that photons are generated in pairs,
one photon (the heralding photon) can be used to confirm the creation of the other
photon (the heralded single photon). Although the deterministic and probabilistic sin-
gle photon sources can be distinguished in principle based on the inherent generation
mechanism, however, in practice, this distinction can get a little blurred. Loss in photon
extraction from the deterministic source’s region of generation is a major contributory
factor to this. As these losses increase, the operation of a source that is principally

deterministic becomes more probabilistic. However, the deterministic single-photon
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sources possess high purity of the single photon states; their low photon generation
rate puts a hurdle in practical implementation in some key areas of quantum informa-
tion processing such as quantum key distribution[57, 58] and quantum imaging[12,
59] which demand a high spectral brightness[11]. The most widely used alternative in
these areas is spontaneous parametric down-conversion (SPDC) based single photon
sources. In the next section, we will have a comprehensive study of SPDC and its

implementation in single and entangled photon sources[11, 60].

2.2 Spontaneous parametric down conversion

Spontaneous Parametric Down Conversion (SPDC) is a nonlinear optical process that
occursinay () non-linear crystal. In this case, when a () non-linear crystal is illumi-
nated by a pump laser, one of the pump photons splits into two lower-energy daughter
photons while obeying energy and momentum conservation. Fig. 2.1 a) shows the pic-
torial representation of the SPDC process, while 2.1 b), c¢) depict the energy and mo-
mentum conservation, respectively. @, ; and k, ;; represents the angular frequency
and wave-vector of pump, signal, and idler photons, respectively and p,s and i stands
for pump, signal, and idler. These low-energy daughter photons are often referred to
as signal and idler photons having high and low energy, respectively. The energy and
momentum conservation conditions determine the possible relation between the wave
vectors of the two downconverted photons, collectively known as phase-matching con-
ditions ( see section phase-matching conditions 2.2.1). SPDC is a quantum counterpart
of the difference frequency generation process [61]; if the input field contains the field
at frequency y, then generation at @; = ), — @y gets stimulated, and it results in a
highly efficient process commonly known as optical parametric amplification. How-
ever, in the case of SPDC, this stimulation is provided by the vacuum modes present at
s owing to quantum vacuum fluctuations, which makes this process very inefficient.
Even in state-of-the-art experimental conditions, only 1 out of 10 photons gets down
converted[62]. Fig. 2.1 (b) depicts the energy level diagram for the SPDC process. A
pump photon of frequency @, gets absorbed by the non-linear medium and excited to

a virtual state. This excited state, later on, gets stimulated by a vacuum mode present
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Figure 2.1: a) pictorial representation of the parametric down-conversion process in
ay () hon-linear medium, b),c) pictorial representation of the energy and momentum
conservation between the pump and down-converted photons

at (wy) and decays to the ground state, which results in two down-converted photons.
Fig. 2.1 (c) demonstrates the ideal case of momentum conservation between the pump
and down-converted photons; however, a momentum mismatch is always observed
under experimental conditions. The constraints imposed by energy and momentum
conservation entangle the two downconverted particles in various degrees of freedom,
including position-momentum [63, 64], angular position-orbital angular momentum
[65, 66], polarization [64, 67], and energy-time [68].

First theoretical predictions of SPDC were made by Louisell et al. in 1961 [69],
but its application as a source of non-classical light was first suggested by Zeldovich
and Klyshko in 1969 [70]. The first experimental observations of SPDC were recorded
in 1970 by taking notice of coincidences between the photons produced by an ammo-
nium dihydrogen phosphate crystal pumped by a 325-nm He-Cd laser[71]. However,
its potential was only fully realized till the beginning of the 1990s. Since then, this pro-
cedure has been at the center of several quantum optics experiments for applications

of quantum communication [11, 60], quantum metrology [72], quantum cryptography
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[14], and quantum computing [73], to test fundamental laws of quantum mechanics
[13], quantum teleportation [10], quantum lithography [74], entangled photon source
[60], indistinguishable photons [75].

SPDC process is second order non-linear process which occurs only in y () _non-
linear, electrically anisotropic crystals, such as periodically poled potassium titanyl
phosphate or commonly known as PPKTP [11, 60]. The interaction of pump photons
with the non-linear crystal induces a non-linear polarization wave in the non-linear
medium. The instantaneous value of this non-linear polarization can be related to elec-

tric displacement vector D(r,t)1 inside the non-linear crystal as follows; [62, 76];
D(r,t) = &E(r,t)+P(r,t) (2.1)

where P(r,t) is the polarization induced in the medium, & is the permittivity of free
space, and E(r,t) represents the electric field of the pump field in the crystal. In the
presence of strong pump field strength in the non-linear crystal, the polarization also
has higher order contributions, which can be written as a power series in terms of

E(r,t) as follows:

P(r,t) = e xVE(r,0) + e xPE(r,0) E(r,t) + & x O E(r,t)E(r,t)E(r,t) + 02
=PD )+ PO, t) + PO (r0) + ...

where y (1) is the linear susceptibility, while x(z) and x(3) are known as second- and
third-order non-linear susceptibilities respectively. Similarly P is the linear polariza-
tion while P®) and PP are called as second-order and third-order non-linear polariza-
tion respectively. Generally the value of x(z) and %(3) is 12 and 24 orders of magnitude
smaller than the y (| which makes x(z) and )((3) non-linear effects considerable only
at high optical field strengths [62]. In the case of SPDC, we are only concerned with

x(z) optical non-linearity, so the second-order non-linear polarization can be explicitly

bold symbol is preserved for the vector quantity
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written in electric field components of the applied fields as follows;
P = eyl (E)m(E 23
) goxlmn( )m( )n ( . )

Here xlzmn is the second-order susceptibility tensor of the crystal medium, while I,m,
and n are the cartesian coordinates [77]. Using Eq. 2.3 and Ref. [78, 79], interaction
Hamiltonian for the interaction among pump, signal, and idler photons can be written

in spherical polar coordinates as follows;

H(1) = /V KiownEp () Es () Ei(r,t) ndr (2.4)

The integration extends over the entire region of the non-linear crystal. Due to the fact
that the down-conversion process depends on the polarizations of the pump, signal,
and idler fields, the above equation is written employing the vectorial nature of the
electric fields. Nevertheless, working with vectorial fields complicates the calculations
considerably. So we can first determine the allowed combinations of polarization states
for the signal, idler, and pump photons and then calculate the detection probabilities
for the down-converted photons using the scalar fields for each combination. In order

to do so, the Eq. 2.4 can be rewritten as follows;
Hi(r) = / 2PE, (n)Es(n) E:(nt)dr 2.5)
1%

where E,(nt), Es(r,t) and E;(rt) represents the scaler electric fields for the permitted
combination of polarizations for the pump, signal, and idler fields and x> represents the
element of the second-order non-linearity tensor for this combination of polarizations.

In the interaction picture of the quantum formalism, Eq. 2.5 can be rewritten as follows
A1) = / 2E, (OB () Ei(nt)dr 2.6)
14

Where E s E, and E; represents the field operators for the pump signal and idler fields.
Employing the formalization of complex analytic signal representation, each field op-

erator can be expressed in terms of its positive and negative frequency components[80].
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In addition, keeping in view the fact that SPDC is a very weak process, which signi-
fies that the pump intensity is several orders higher than the signal and idler fields, the
pump field can be treated classically [81]. In addition, energy conservation permits
only particular combinations of these field operators, which ultimately results in the

following expression of the interaction Hamiltonian;

H(t) = e x*A,ALA] / d’r / / dapdwdo;
\%
X / / d*q,d*q,d’q,V (0p,q,)

x expli(q, —q,—4q;) - p+ilkp; — ks — kiz)Z]

2.7)

X e(i(wY)+wi_w1’)taAT (qsv COS)aAT (qh (Ui) +H.c.

where A, 5 ; is a constant parameter related to the electric field amplitudes for the pump,
signal, and idler fields, respectively. k = (ky,ky,k;) = (q,k;), where g is the projection
of wave-vector lying in a plane transverse to the direction of the propagation of the
field. a(q,, ®,) and a'(q;, ®;) are the creation operators for the signal and idler fields
respectively. Eq. 2.7 shows a general form of the interaction Hamiltonian for the
parametric down-conversion process. Now to derive a general form of the state of the
generated photons through the SPDC process, let us consider a () _non-linear crystal
of interaction length L (see Fig. 2.2) interacting with pump field at @w,. With the
assumption that the pump photon begins interacting with the non-linear medium at
time t =7, and at that instant of time, the state |y (—#)) of the down-converted photons
can be expressed in terms of the vacuum modes given by |y(—ty)) = |vac) |vac),. So,

the output state of SPDC at time t = 0 can be written as follows;

0

w0 =~ [ Ae)dry(—) @8)

Here the third and higher-order perturbation terms representing the states of four- and
higher-photon fields are neglected since their generation probability is negligible [81].
Now by substituting Eq. 2.7 in Eq. 2.8, we can derive the expression for the two-

photon state of down-converted photons at the output facet of the non-linear crystal, as
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Figure 2.2: a) A conventional experimental configuration for SPDC in a non-linear
crystal of interaction length L in the laboratory frame of reference. b) transverse profile
of SPDC photons

follows;

|W(O)> :A//dwsda),-//dzqsdzqu(ws+a)i,s+qi)

X q)(w57 wiaqmqi) |qs7 wS>S |qi7 wi>i

(2.9)

where A = % X ()4 pAA;. The term ®(w,, w;,q,,q;) is commonly known as the joint
spectral amplitude. In the majority of cases, the pump field is assumed to be a Gaussian
beam, and the location of its beam waist is assumed to coincide with the center of
the crystal. The spatial and spectral characteristics of the SPDC process are greatly
affected by the pump beam parameters, such as the location of the pump beam w.r.t to
the center of the crystal, a spatial distribution profile of the pump, effective interaction
length of the non-linear crystal [59, 82—-85]. Fig. 2.2 (b) demonstrates the transverse
profile of SPDC photons generated using a 30mm PPKTP in the laboratory. The two
circular white rings on the two diametrically opposite points of the SPDC ring indicate
the positions of a correlated signal and idler photons. The radius of the SPDC ring
can be altered by adjusting crystal parameters, such as crystal temperature. [60].In

the following section, we will discuss the phase-matching conditions of the SPDC
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procedure in greater depth.

2.2.1 Phase matching

The constraints imposed by the conservation of energy and momentum, as appear in
Eq. 2.10 and 2.11, govern the generation and emission directions of SPDC photons,

customarily known as phase-matching conditions [62].

ho, = ho, + ho; (2.10)
ky = ky+k; 2.11a)
N =k, —k;—k; (2.11b)

On the basis of the propagation direction of the pump and down-converted photons,
it is essentially divided into collinear and non-collinear phase matching categories.
In collinear phase matching (Fig. 2.3(a)), the signal and idler photons propagate in
the same direction as the pump photon, while, in non-collinear phase matching (Fig.
2.3(b)), the signal and idler photons propagate in different directions w.r.t the pump
photons. In principle, momentum conservation imposes that Eq.2.11a has to be satis-
fied for the SPDC to occur. But in realistic experimental conditions, there is always
a finite amount of momentum mismatch, Ak, between the pump and down-converted
photons (Eq. 2.11b), which must be taken into account while designing an experiment.
The phase-matching diagrams in the light of finite momentum-mismatch between the
pump and down-converted photons can be depicted as shown in Fig. 2.3 (c) and (d).
This finite amount of Ak results in a finite width of the spatial distribution (Gaussian
in collinear and annular in non-collinear case) of downconverted photons, as can be
verified from Fig. 2.3(e) and (f). These images depict the experimental observations
of the intensity profiles of the SPDC ring generated using a 30mm PPKTP crystal.

These phase-matching constraints are both advantageous and restrictive at the same

time. The emitted SPDC photons are highly directional (can be predicted from the
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Figure 2.3: (a) and (c) represent ideal and experimental phase-matching diagrams for
collinear emission geometries, while (c) and (d) represents the same for non-collinear
emission geometries. (€) and (f) represents the experimental observations of the trans-
verse profile of the down-converted photons in collinear and non-collinear geometries.

momentum conservation), which is advantageous for the majority of applications in
which optical alignment plays a highly crucial role [11, 60]. Disadvantageous in
that the inherent dispersion of transparent non-linear crystal is generally intractable,
thereby limiting the spatial and spectral properties of down-converted photons [86].
These phase-matching constraints can be surmounted in different methods, which can
broadly be classified into birefringence [81] and quasi-phase matching techniques [11,
60, 87]. There are three types of polarization phase-matching techniques possible
in SPDC; type-I, where both down-converted photons have the same polarization but
orthogonal to the pump photons, type-II, where the down-converted photons have or-
thogonal polarization and type-0, where all the three photons(pump, signal, idler) have
the same polarization. However, it is to be noted that type-0 phase-matching can only
be achieved using specially engineered periodically poled crystals[62]. From Eq. 2.9,
it can be deduced that for a non-linear crystal of length L, the intensity distribution of

the downconverted photons may be shown as follows;

Isppe ~ Sinc*(AkL/2) (2.12)



20 Chapter 2. Fundamental Principles

It can easily be inferred from Eq. 2.12 that intensity of the SPDC process will be
maximum only when Ak =0, i.e., when all the interacting waves are in phase with each
other, also shown in Fig. 2.4(a) shows the dependence of the gain of the SPDC process
on the total mismatch (AkL/2).This momentum mismatch is caused by the wavelength
dependence of the index of refraction, which results in different phase velocities for
various wavelengths within the medium. It inevitably results in oscillations of the
relative phase between the pump and down-converted photons, which in turn results in

the oscillations of SPDC intensity (see 2.4(b)) with the crystal length.
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Figure 2.4: Variation of SPDC efficiency with respect to phase mismatch AkL/2 (b)
Comparison of SPDC efficiency with and without phase-matching conditions

Birefringence phase-matching

Now we have learned that the perfect phase-matching (Ak = 0) can only be obtained
by matching the refractive index for pump and SPDC photons, i.e. (ny = ng2). Nor-
mal dispersion, wherein the material’s refractive index rises with frequency, makes
phase matching difficult in the majority of non-linear interactions. Birefringence, on
the other hand, could be advantageous in this situation, which states that the refractive
index for a polarized wave depends upon its direction of propagation inside the mate-
rial. So, in the case of BPM, the interacting waves of different frequencies are polar-
ized differently so that their respective phase velocities can be altered using a unique
propagation direction in the crystal while their wave vectors satisfy phase-matching

conditions [62]. Nonlinear crystals may be uniaxial (one optical axis) or biaxial (two
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optical axes), depending on the number of anisotropy axes present. All EM waves
polarized in a plane transverse to the optical axis and traveling along it will have the
same refractive index. We will only consider uniaxial crystals to comprehend BPM for
simplicity’s sake. Birefringence can be formalized in a uniaxial crystal by designating
two distinct refractive indices: the ordinary refractive index (n,) and the extraordi-
nary refractive index (n.). The EM wave polarized perpendicular to the optical axis
will always experience the ordinary refractive index (n,), regardless of the direction
of propagation, and is known as the ordinary wave. On the other hand, the EM wave
polarized orthogonally to the ordinary wave, lying in the plane swept by the optical
axis, known as an extra-ordinary wave, will endure a refractive index, n.(0), which
depends upon its projection on the optic axis. The refractive index for an extraordinary

wave propagating at an angle (8) w.r.t. optic axis can be written as follows;

1 cos*(0)  sin*(0)
= 2.13
@ &1

The index ellipsoids for positive (n, < n.) and negative (n, > n.) uniaxial crystals

are shown in Fig. 2.5 a) and b), respectively. Fig. 2.6 a) shows that there exists

2) Optic axis b) Optic axis

=
=

e —ray
index surface

0 —ray
index surface

Figure 2.5: Index ellipsoids for (a) positive uniaxial crystals and (b) negative uniaxial
crystals.

a propagation direction at an angle (6) where the refractive index (ng,) of an ordinary
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wave at frequency, @, becomes equal to the refractive index (n;, /2) of the extraordinary
wave at frequency, @ /2. The point of intersection of the index ellipsoid is denoted by a
red dot to facilitate comprehension. The same can be inferred from 2.6 b) regarding the
BPM for negative uniaxial crystals. The most commonly used )((2) non-linear crystals
for SPDC generation using BPM are BBO negative (beta barium borate, BaB,Oy) [81]
and BIBO (Bismuth Borate, BizBOg) [88].

Optic axis Optic axis

Figure 2.6: An illustration of the BPM for a) positive and b) negative uniaxial crystals.

Quasi phase-matching

Quasi-phase-matching (QPM), developed by Armstrong et al. in 1962 [89], is an alter-
nate method to BPM for correcting the phase mismatch brought on by the chromatic
dispersion of the nonlinear crystal. The commonly used crystals for SPDC genera-
tion using QPM are potassium titanyl phosphate (KTiOPOy) [11, 60], lithium nio-
bate (LiNDO3) [90]. Unlike BPM, QPM phase matching is not ideal phase-matching
technique, as it allows for some phase mismatch between the interacting waves. In
the course of interaction in the crystal, as the interacting waves propagate, a distance
equivalent to their coherence length (L.), the phase difference between them becomes
7 (leads to zero parametric gain) an additional phase difference of 7 is introduced

between the interacting waves, which makes them come into phase once again. This
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technique maintains gradual power flow from the pump beam to downconverted pho-
tons. This extra phase of 7 is introduced by periodical reversal of the ferroelectric
domains of the non-linear crystal [11, 91], which in turn alters the coefficient of non-
linearity of the medium with a period (Ag, commonly known as poling period) of twice
the coherence length, as shown in Fig.2.7. For an optimum duty factor of 50 %, the

effective nonlinearity factor of a first-order QPM is represented as follows; [62]

Z-axis

iR

deff  ~depp Gefr  -depr Gefr  -depp depr  -depp defr  -degy

Figure 2.7: side profile of a periodically poled non-linear crystal showing periodic
reversion of nonlinear coefficient

2
defy = ——dix (2.14)

In fact, the possibility of all interacting waves being polarized in the same direction
outweighs the theoretic decrease of the nonlinear coefficient as it enables access to
the largest nonlinear tensor element of the data. The main advantage of QPM is that
it can be used for material with minimal birefringence, which can not be used with
birefringence phase-matching (BPM). In fact, QPM can be used for non-critical phase
matching for any non-linear interaction permitted within the transparency range of the

non-linear crystal used.

2.3 Entangled photon source

The SPDC process can be used to produce heralded single-photon source as well as an
entangled photons source. The entanglement between the idler and signal photons is
primarily caused by vacuum fluctuations and conservation principles. Entanglement is

a vital resource for quantum computing and communications and may be produced in a
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variety of degrees of freedom, including polarization [11, 64, 67], position-momentum
[63, 64], energy and time [68], and orbital angular momentum [66, 92], depending
on the configuration of the generation process. The signal and idler photons must be
generated in at least a two-mode state, such as with horizontal and vertical polarization,

to obtain entanglement.

2.3.1 Polarization entanglement

The polarization basis is the most preferred choice to generate entangled pairs due to
the relatively easy architecture of the generation and detection techniques of entangled
pairs in polarization basis. It can be written in terms of horizontal, |H) and vertical,
|V') polarization or right circular, |R) and left circular,|L) polarization or diagonal,|D)
and anti-diagonal,|A) polarization. A simple qubit can be written in the polarization

bases as follows;

LRy + 1)) =

1
= 5(H) V) = —

W) 7

1
E(!D> +14)) (2.15)

and their corresponding maximally entangled Bell states can be written as follows;
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All four Bell states violate the CHSH Bell’s inequality. For entanglement verifi-
cation of a prepared polarization entangled state, the value of Bell’s parameter, S > 2

with an upper bound of 2/2, while for a separable state S < 2.
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2.3.2 Entanglement generation

For type-0 and I SPDC [11, 60], the signal and idler photons are consistently generated

with the same polarization, so the output is as follows;

lv) = [H), |H); (2.17)

However, several experimental configurations, such as a Sagnac cavity [11, 60], can
be employed to produce a Bell state out of this state. In contrast, for type II SPDC
[93], signal and idlers are generated with orthogonal polarizations, making it possible

to acquire an entangled state, which can be written as follows;

W) e = [H) V)i + V) [H); (2.18)

Several entanglement-based protocols such as E91 [57], BB92 [94] have been put
forward to utilize the potential of quantum entanglement in quantum cryptography
through QKD, where ’two parties each share a component of a bipartite entangled
state. By exploiting the collapse of the wave function following measurement, which
is experimentally measured by an increase in the quantum bit error rate, eavesdrop-
ping can be detected. Primarily, the entangled pair is considered to be the most secure
method of information transfer because: (i) it is impossible to measure the quantum
state of a system without disturbing it; (ii) a single photon cannot be measured partly
due to its status as the utmost quanta of electromagnetic radiation (iii) it is impossible
to perfectly clone an unknown quantum state as suggested by no-cloning theorem [95,
96]. The amount of information that each qubit can carry during the QKD process
increases with the dimensionality of the entangled state. For this goal, other degrees
of freedom have also been studied to have information capacity, including space [97],

time [98], frequency [99], and orbital angular momentum [66].
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2.4 Hong Ou Mandel interferometry

Hong-Ou-Mandel (HOM) interference is a phenomenon in which two indistin-
guishable photons, incident on the two separate input ports of a balanced beam splitter
(50:50), interfere and then emerge out together through one of the output ports [100].
The experimental demonstration of the two-photon interference finds its origin in the
profound understanding of the action of a beam splitter (BS), which leads to the cou-
pling between the input and output modes of a BS through a unitary transformation
[101, 102]. However, this phenomenon is famously known as Hong-Ou-Mandel in-
terference, but it was reported by Fearn et al. [103] and experimentally observed by
Rarity et al. [92, 104] at nearly the same time. To under the basic action of a balance
BS, let’s denote its two input and output ports a, b and c, d, respectively, as shown in
Fig. 2.8 a). By employing the second field quantization formalism, a unitary transfor-

mation between the input and output modes can be made as follows;

o o+d
a=

A\@J (2.19)
h="

Let us consider two photons completely indistinguishable in all degrees of freedom
except for their time of arrival, separated by a time 7 at the BS. Then using Eq. 2.19 to

implement the action of the BS, the output state from the BS can be written as follows;

aib]10) 25 26 1) e~ df ) 10)
(2.20)
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Now from Eq. 2.20, we can infer that there are four possibilities of interaction on the

BS as shown in Fig. 2.8 b); the first and last terms correspond to the case where both

photons emerge out of the same output port, known as bunching, while the middle two

terms of Eq. 2.20 refers to the case when the two photons emerge out of the different

output ports, known as anti-bunching. The HOM interference occurs only when the
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‘n
—

Anti — bunching

Bunching

Figure 2.8: a.) A balanced beam splitter with input ports designated a and b, and
output ports designated ¢ and d. ,b.) Four possibilities of interaction of two photons at
the input ports of BS

two photons are completely indistinguishable in all degrees of freedom, including their
time of arrival at the BS. Therefore setting 7 = 0 in Eq. 2.20 and using the standard

bosonic commutation relations, we get the following expression;
AT 7 BS AT A A A
ajby10) = 5 (el el —&di+étdi —dj d])|0)

1
= E(I%-I%)

| =

(2.21)

The preceding equations lay the groundwork for the Hong-Ou-Mandel (HOM) interfer-
ence. Physically distinct from the interference of a single photon or classical fields, it is
the interference of the two-photon states as a whole that occurs [92, 103]. In this case,
we witness destructive interference between the two-photon states that correspond to
photons departing through opposite output ports and constructive interference between
the two-photon states that correspond to photons exiting through the same output ports
[101]. In spite of this, destructive and constructive interference can be modified by
modifying the degree of symmetry of the overall two-photon input state [12]. In prac-
tical situations, a photon wave packet is localized in space and time to some extent, or
in other words, the temporal mode function of the photon has some finite width [20],

which can further be related to the coherence time of the interfering photons at the BS.
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So, in actual practice, HOM is characterized by a fall in the coincidence probability of
the indistinguishable photons at the output of the BS; when the difference between the
time of arrival of the photons at the BS is less than the coherence time of the photon

wave packets. This sharp fall in the coincidence counts is famously known as the HOM

A indistinguishable

T

>

A partially distinguishable
/\ /\\ distinguishable

a
»

direction of propagation

Figure 2.9: Demonstration of the temporal distinguishability of the photon wave-
packets having finite temporal widths

dip [100]. The coincidence probability for two photons interfering on the BS is given

as follows;

P.= ———/da)1 | ¢ (o) ’“’”/da)z | ¢ () |? &7 (2.22)

Where ¢ (®;2) and o, » represent the spectral amplitudes functions and the angular
frequencies of the two photons, while 7 is the temporal gap between the two photons.
In case both the photon spectral amplitude function modeled by Gaussian function of

equal width, the Eq.2.22 can be simplified as follow [105];

e ? (2.23)
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Figure 2.10 shows how the coincidence detection rate falls as the photons are made
indistinguishable in their time of arrival (in femtoseconds) at the BS (7 = 0). Ex-
perimental observations (black dots) are well approximated by the inverted Gaussian
profile (solid red line), indicating the temporal mode profile of the photons. The width

of the HOM curve is found to be o = 147.2 femtoseconds.
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Figure 2.10: Experimental observation of the HOM curve profile

Interference visibility for this HOM curve is 96%; another characteristic parameter
related to the mode purity of the interfering photons is the visibility of the interference,
which can be calculated using Eq. 2.24.

Cinax — Crin

Vigoy = —nax_—_ —min (2.24)
HOM Cmax

HOM is used in a plethora of applications, including quantum information process-
ing[106—-108], plasmonics [109], quantum key distribution [110, 111], quantum metrol-
ogy [65, 112, 113], precision timing measurements [114—117], quantum optical co-

herence tomography [118-121], quantum imaging [12, 59], quantum communication
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[122], quantum computing [123—-126].

2.5 HOM-based quantum sensing

The study of optical phase measurements, as well as other physical parameters related
to the optical delay, is covered within the discipline of photonic quantum sensing. It
encompasses all those quantum protocols of estimating physical parameters using the
laws of quantum physics that can outperform precision and accuracy achieved using
any classical techniques[28]. It makes use of crucial quantum phenomena, including
squeezed states, single-photon states, and quantum entanglement, which greatly in-
crease the accuracy and precision of measurement. Basically, it exploits the extreme
sensitivity of quantum systems to their environmental perturbations. HOM interfer-
ence is widely used in the field of photonic quantum sensing through the measurement

of optical delays with higher precision than its classical counterparts.



Chapter 3

Characterization of spontaneous
parametric down-conversion

for optimum paired photon rate

3.1 Introduction

In the last two decades, spontaneous parametric down-conversion (SPDC) has emerged
as a pivotal tool for generating heralded single photons and entangled photon pairs
[127]. It provides a comprehensive solution to produce entangled pairs in various
degrees-of-freedom (DOFs) of the photon pairs, such as polarization [11, 60], energy-
time [68], position-momentum [64], and angular momentum [66]. This underlying
versatility of the SPDC process enables it to be an all-encompassing method to cater
to the demand for entangled photon pairs across diverse areas of quantum information
processing such as quantum communications [128], quantum sensing [129], quantum
imaging [59], and quantum random number generation [130]. The effective implemen-
tation of entangled photon sources based on the SPDC process in the aforementioned
fields necessitates the requirement of not only high fidelity of the entangled state [131]
but also of a substantially high photon rate to attain high signal-to-noise ratio (SNR)

[23]. For instance, in the context of free-space quantum key distribution, the high pho-

31
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ton rate becomes one of the imperative prerequisites to counterbalance the scattering
loss in photon rate caused by atmospheric turbulence [132]. The high photon count
also provides an upper hand in achieving fast quantum sensing of subtle optical de-
lays using Hong-Ou-Mandel interferometry [129], fast scanning in quantum optical
coherence tomography (QOCT) [133], and better signal-to-noise ratio (SNR) in fast
quantum imaging techniques [12, 59].

The final goal of achieving a high rate of paired photons generation based on the SPDC
can broadly be addressed through two distinct tasks: first, achieving a high generation
rate of down-converted paired photons by playing with the optical gain of the non-
linear process, and second, efficient collection of these generated photon pairs by the
single-photon detectors. As far as the generation part is concerned SPDC process only
takes place in non-centrosymmetric non-linear materials possessing x> non-linearity.
The most commonly employed non-linear crystals to generate paired photons are bire-
fringence phase-matched (BPM) -bismuth borate (BBO) and barium borate (BIBO).
These crystals require an additional phase compensating mechanism to generate en-
tangled photon pairs with high quantum state fidelity, which is a somehow achievable
task. The major drawback of these crystals is the low generation rate [127]. This is pri-
marily due to their inherent lower nonlinearity coefficient (d,rr ~ 2.2 - 3.4 pm/V) and
the restriction on the increase of effective interaction length due to the spatial walk-off
effects [134, 135]. Despite the immense efforts aimed at enhancing the collection of
generated photon pair, no considerable improvement has been observed in the effec-
tive photon pair rate (see ref. [136]). However, In recent years, an alternative to BPM,
quasi-phase-matching (QPM) based periodically poled nonlinear crystals (periodically
poled potassium titanyl phosphate (PPKTP) and periodically poled lithium niobate
(PPLN), has gained notable interest due to the ease of accessing higher non-linearity
coefficients using QPM amid the absence of a spatial walk-off effect. These two key
features collectively lead to a substantial increase in the generation rate of paired pho-
tons while simultaneously relaxing the restriction on the effective interaction length of
the non-linear crystal leading to a further increase in the rate of generation of paired

photons with high spectral indistinguishability [11, 60, 137, 138]. Keeping in view
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the availability of single photons detectors with high quantum efficiency in the visible
region, PPKTP crystal-based type-0, non-collinear, degenerate phase-matching geom-
etry has been demonstrated to provide high photon generation rate along with high
quantum state fidelity of the entangled photons. This specific configuration is able to
achieve a high non-linear gain for SPDC majorly due to the large effective non-linearity
coefficient (d.sr ~ 16.9 pm/V) of the PPKTP crystal involved[11].

However, having high non-linear gain through the utilization of a specific phase-matching
configuration is not enough to ensure a paired photons source with large counts. It
is equally important to employ an optimally efficient photon collection mechanism.
Again optimal coupling varies with the phase-matching configuration used for pho-
ton generation. For example, the experimental conditional for the optimal collection
of paired photons generated by birefringent crystals given their spatial walk-off might
not be an optimal condition for paired photons generated through type-0, non-collinear
phase-matching in PPKTP crystals [127]. While efforts have been made to find optimal
conditions to improve generation rate and overall collection efficiency for paired pho-
ton sources based on birefringent crystals, no comprehensive study has been conducted
to determine the experimental conditions for optimal coupling of generated paired
photons in quasi-phase-matched crystals into single mode fibers. Here we present a
comprehensive study conducted to examine the effect of pump beam waist (®,) and
collection beam waist (w,) on the coincidence count rate and the paired photon cou-
pling efficiency for type-0, PPKTP crystal based degenerate source. We observed a
maximum number of collected coincidence counts of 1692.3 & 4.1 kHz/mW for w),
=42 um and @, = 57 um at a crystal temperature of 29.5°C. However, the maximum

coupling efficiency of 32.1 4= 0.6 % is observed for @, = 84 um and . = 109 um.

3.2 Collection mechanism

A general approach for the collection of paired photons is achieved through the cou-
pling of photons into fiber through the use of a coupler, basically an objective lens of
high numerical aperture housed within a mechanical mount. The single-mode fibers

(SMFs) are observed to be a preferred choice, owing to their ability to support the prop-
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agation of only a specific spatial mode, known as the fundamental mode. The SMFs
maintain high spatial purity of the paired photons as required in certain quantum infor-
mation processing tasks, including Hong-Ou-Mandel interferometry-based quantum
sensing [129], and quantum imaging [23]. Typically the optical fibers are defined in
terms of the mode-field diameter (MFD), the width of an irradiance distribution across
the end face of a single-mode fiber. To attain high coupling of pair photons into the
fiber, the effective diameter of the photon beam must match the MFD of the fiber. To
accomplish this goal, the crystal center (region of the crystal having the highest rate of
generation of pair photons) needs to be properly imaged on the core of SMF with an
appropriate 2f-2f imaging mechanism, comprising of f> and f3, as depicted in Fig. 3.1.
Since an SMF has a small enough MFD (~ 5 um at 810 nm) to restrict the propagation
of higher-order spatial mode, this also necessitates the SMF to have a low numerical
aperture (NA, 0.13 at 810 nm). So, it becomes essential that the pair photons to be
coupled should be within the numerical aperture of the SMF in order to ensure effi-

cient coupling. In practical scenarios, as shown in Fig. 3.1, the clear aperture of the

Figure 3.1: Pictorial representation of the generation and collection mechanism of pair
photons in a non-linear crystal of length, L.

objective lens, OL, (f3) is quite smaller (~ 5 mm) in comparison to the other lens, L2,
(~25.4 mm and focal length, f;) due to its small focal length. Therefore, it is essential

to ensure the SPDC beam size is well within the clear aperture of the objective lens.
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Since the fiber is placed at the back focal plane of the objective lens, the incident SPDC
should have a collimated spatial distribution. Such collimation is controlled through
the proper choice of the focal length of the pump focusing lens, L1 (focal length, f;),
and the collimating lens, L2 (focal length, f,), i.e., by controlling the pump beam waist,
o), and the collection beam waist, @.

The pair photon coupling efficiency (1)) is a measure of the fraction of coincidence
counts for a given number of singles count. It is calculated using the following expres-
sion,

Ne = Ne/V/NsN; (3.1

where, N, is the coincidence count rate, while Ny and N; are single photon count rates

for signal and idler photons, respectively.

3.3 Experimental setup

The schematic diagram of the experimental setup used for optimum paired photon cou-
pling is shown in Fig. 3.2. A 405 nm continuous wave (CW) laser having a maximum
output power of 100 mW and linewidth < 8 MHz is used as a pump laser. To ensure
the spatial mode of the laser output is in TEy, a spatial filtering unit comprised of two
fiber couplers, C1, C2, and an SMF, is employed. A half-wave plate (A/2 plate) and
a polarising beam splitter cube (PBS) are collectively used to control the pump power
supplied to the non-linear crystal. The second half-wave plate A/2 is used to adjust the
polarization of the pump beam in accordance with the poling direction of the non-linear
crystal to achieve optimal phase-matching. The plano-convex lens, L1, of focal length
f1 =50 mm, is used to focus the pump beam at the center of the crystal to a beam waist
radius (full width at half maximum) of ~ 25 um. C is a periodically-poled potassium
titanyl phosphate (PPKTP) crystal of 30 mm interaction length and having a single
grating period of 3.425 um. To ensure the optimal criteria of quasi-phase matching,
the PPKTP crystal is housed in an oven with the temperature stability of + 0.1°C. The
pump photons, upon interaction with the PPKTP crystal, get downconverted into two

daughter photons having a transverse profile in the form of an annular ring owing to the
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Figure 3.2: Schematic of the experimental setup. C1-4: fiber couplers, SMF: single-
mode fiber, A/2: half-wave plate; PBS: polarizing beam splitter cube; L1-2: plano-
convex lenses, PPKTP: periodically poled KTP crystal; NF: Notch filter; PM: prism
mirror, f1-2: interference filter; SPCM1-2: single-photon counting modules; TDC:
time to digital converter.

type-0 (e — e + e), degenerate, non-collinear phase-matching configuration. Any two
diametrically opposite points of the annual ring possess the correlated pair of signal
and idler photons. After removing the residual pump beam from the down-converted
photons using a notch filer (NF), the SPDC ring is further collimated using another
plano-convex lens L2 of focal length f = 50 mm. The signal and idler photons from
the two diametrically opposite points of the SPDC ring are separated using a prism-
shaped mirror PM and subsequently collected by fiber couplers C3 and C4. Each of
the fiber couplers has an objective lens (OL, Thorlabs PAF2-7B) of focal length of f3
= 7.5 mm, clear aperture of ~ 4.5 mm, and numerical aperture of 0.3, enabling cou-
pling of pair photons into the SMF of mode field diameter of ~ 5 wm at 850 nm and
a numerical aperture of 0.13. The interference filters (F1,2) act as narrow bandpass
filters centered at 810 nm to remove residual photons. The SMFs are connected to
the single photon counting modules SPCM (AQRH-14-FC, Excelitas). The output of
the SPCMs are connected to a time-to-digital converter (TDC, idquantique-1d800) for

photon counting.
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3.4 Results and Discussions

In order to investigate the effect of the pump beam waist (@,) and collection beam
waist (ws) on the effective collection of pair photons, a systematic study has been
carried out. The experimental observation for coincidence counts coupling to SMF is
recorded using an interference filter of 810 + 3.2 nm and at a coincidence window of
1.6 nanoseconds for various combinations of the pump (®),) and collection beam waist
(@,) measured and estimated at the crystal center. The pump beam waist at the crystal
center @, was varied from 25, 30, 42, 53, 71, and 84 um by employing the lens L1 of
different focal lengths, f1 = 50, 100, 150, 200, 300, and 400 mm, respectively.

3.4.1 Coincidence counts coupling

Keeping the fixed collection lens, L2 of focal length f, = 50 mm, corresponding to the
collection beam waist radius of @, =29 um is achieved at the crystal center, we varied
the pump beam waist radius, @, from 25 um to 84 um with the appropriate choice of
the focal length of L1. The crystal temperature is kept fixed at 26°C. The coincidence
counts as a function of the pump beam waist is shown in Fig. 3.3. As evident from
Fig. 3.3, for a fixed collection beam waist radius, @, = 29 um, the optimized coinci-
dence count (black dots) decreases from the maximum value of 481.8 £ 3.6 kHz/mW
to 105 4= 2.4 kHz/mW with the increase of @), from 25 pum to 84 um. Such decrease in
coincidence counts with the increase of pump beam waist radius, @,, can be attributed
to the decrease of the parametric gain due to the decrease of pump intensity with the
increase of pump waist radius ®), for a fixed pump power and crystal parameters. On
the other hand, the increase of the pump beam waist radius for a fixed de-magnification
factor of the collection system (f3/f> = 7.5/50 = 0.15) results in the beam waist radius
of the collected photons exceeding the MFD of the SMF. As a result, the number of
photons falling within the MFD of the SMF decreases with the increase of pump beam
waist radius and overall coupling efficiency.

Next, to understand the effect of collection beam waist radius (®,) on paired photon
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Figure 3.3: Variation of coincidence counts as a function of pump beam waist radius
for different collection beam waist radius.

coupling, we have increased @, to 39 pm (f; = 100 mm) and repeated the measure-
ment of coincidence counts with varying pump beam waist radius. As evident from
Fig. 3.3, the coincidence counts (red dots) vary from 192.6 & 4.5 kHz/mW for w),
= 25 pum, to 239.2 & 2.9 kHz/mW corresponding to @, = 84 pum clearly showing a
maximum coincidence counts of more than 450 + 4.5 kHz/mW for @, =42 um. Such
variation can be understood as follows. The tighter focusing increases the divergence
of the pump beam at the center of the nonlinear crystal (focal plane of the lens) and,
thus, the divergence of the paired photons owing to the momentum conservation be-
tween the pump and down-converted pairs. As a result, the tighter focusing reduces
the effective interaction length of the nonlinear crystal generating paired photons and
increases of divergence of the pair photons missing the NA of the collecting fiber. On
the other hand, the increase of the pump beam waist radius for a fixed pump power and
crystal length decreases the generation rate of the paired photons. Therefore, there is
a certain range of pump beam waist radius for the fixed collection beam waist radius,
pump power, and crystal parameters providing the optimum coincidence counts. As

expected, we observed a similar trend in coincidence counts for higher values of .
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as shown by green, blue, and purple dots. However, it is interesting to note that the
increasing waist radius, @,, of the collection beam results in maximum coincidence
counts at higher pump beam waist radius, ®,. From Fig. 3.3, it is evident that the
optimum coupling is observed for the ratio of @,, and @, close to unity, however, the
maximum coincidence counts (see the peak of each curve of Fig. 3.3) decreases with
the increase of pump beam waist.

These optimized values of the coincidence counts, as presented in Fig. 3.3, are achieved
amid the various types of losses involved in the experimental setup. To keep things in
perspective, the interference filter used for extraction of paired photons from the back-
ground photons has a transmission of ~ 90 %. On the other hand, the single-photon
detectors have a maximum quantum efficiency of ~ 55 % at 810 nm. Additionally, the
non-deal anti-reflection coating at the surface of optical components (dielectric mirrors
and lenses) also contributes to the overall losses to the system. Apart from these losses,
the coupling of paired photons into SMF encounters losses due to the mismatch in the
numerical aperture of the objective lens of fiber couplers. Therefore, properly selecting
all the components to minimize the overall loss can provide coincidence counts higher

than the presented values.

3.4.2 Pair coupling efficiency

The pair coupling efficiency is a metric indicating the percentage of coincidence counts
registered by the counter relative to single counts. It is also known as heralding ef-
ficiency [139]. The Fig. 3.4 shows the experimental observations of pair coupling
efficiency of pair photons coupling into SMFs for various combinations of pump and
collection beam waist, ®, and o, respectively. As evident from Fig. 3.4, the pair
coupling efficiency for w, = 29 pm (shown by black dots) remains almost unchanged
(~ 22 %) for the entire available range of @, from 25 um to 84 um. Contrary to the
decrease of coincidence counts with pump beam waist radius (as shown by black dots
of Fig. 3.3), the constant pair coupling efficiency implies the decrease of single photon

coupling due to the lower generation rate of paired photons as explained in sec. 3.4.1.
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Figure 3.4: variation of the pair coupling efficiency to single-mode fiber for various
combinations of pump and collection beam waist at the center of the crystal

However, for higher values of @, = 39 (red dots), 57 (green dots), 79 (blue dots),
and 109 pum (purple dots), we observe the increase of pair coupling efficiency up to
their respective pump waist radius providing maximum coincidence counts. Further
increase of pump beam waist radius does not increase the pair coupling efficiency. It
is also interesting to note that even though the overall maximum coincidence counts
decrease with the increase of the waist radius of the coupled photons, as shown in
Fig. 3.3, we observe an overall increase in the maximum pair coupling efficiency
(Ne) from ~ 9 % to ~32 % for the increase of coupled photon beam waist radius,
@, from 29 pm to 109 pm. Such observation confirms that one can get a higher
pair collection efficiency with loose focusing of the pump beam, however, at the cost
of a lower paired photon number. Therefore, one has to find a trade-off between the
required number of paired photons and the overall pair coupling efficiency depending

upon the applications, as both these parameters can not be made high simultaneously.
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3.4.3 Effect of crystal temperature on photon coupling

Knowing the effect of the pump beam waist radius and the coupled beam waist ra-
dius on the overall coincidence counts and pair coupling efficiency, we have studied
the effect of phase-matching temperature of the crystal producing paired photons on
pair coupling efficiency, and coincidence counts. It is known that the radius of the
annular ring of the paired photon distribution generated through type-0, degenerate,
non-collinear phase-matching of PPKTP crystal depends on the crystal temperature
[140] as explained in chapter 2. The inset images of Fig. 3.5 show the transverse in-
tensity profile of the SPDC ring recorded using an EMCCD camera with the change
in crystal temperature. Using the transverse intensity profile of the SPDC ring, we
measured the change of the SPDC ring radius from 6.75 £ 0.03 mm to 1.03 £ 0.03
mm for the crystal temperature variation from 20°C to 29.5°C. Again, for a fixed pump
power and crystal parameters, the generation rate of the degenerate paired photons is
constant irrespective of the crystal temperature for non-collinear phase-matching. As
in the case of the PPPKTP crystal, the decrease of crystal temperature below the de-
generate collinear phase matching temperature increases the radius of the annular ring,
we expect the decrease of paired photon density over the fixed collection area [140].
Keeping the pump and collection beam waists, @, =42 pum (f; = 150 mm) and @, = 57
um pm (f> = 150 mm) fixed, we measured the coincidence counts and pair coupling
efficiency with the results shown in Fig. 3.5. At every step of change in crystal temper-
ature, we have optimized values of the coincidence count and pair coupling efficiency.

As evident from Fig. 3.5, the coincidence counts (black dots) increase quadratically
from 160.9 4+ 3.3 kHz/mW to 1692.3 + 4.1 kHz/mW for the increase of crystal tem-
perature from 20°C to 29.5°C, showing a 10 x enhancement in the overall coincidence
counts rate. The red dot on the coincidence counts data corresponding to a crystal tem-
perature of 26°C is the observation point for experimental observations discussed in
the previous section. However, a further increase in the crystal temperature sharply
reduces the overall coincidence counts as the spectrum of the generated photons goes

beyond the transmission window of the interference filter (&= 3.2 nm centered at 810
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Figure 3.5: variation in the coincidence count (black dots, left axis) and pair photon
coupling efficiency (blue dots, right axis) with the change in crystal temperature

nm). Therefore, we need to keep the crystal temperature below 29.5°C for any practical
purpose. On the other hand, despite the substantial increase in the overall coincidence
count with crystal temperature towards degenerate phase-matching temperature, the
pair coupling efficiency (blue dots) remains almost unchanged at ~ 28%. Such obser-
vation confirms that the pair coupling efficiency depends only on the focusing parame-
ters of the pump and collection beams. Again, beyond the degenerated phase-matched
temperature, the collection efficiency sharply decreases, similar to the variation of the
coincidence counts (black dots). Such observation confirms the possibility of genera-
tion and subsequent collection of paired photons, enabling the development of bright
paired photon sources for any practical application in quantum communication and

quantum sensing.

3.5 Conclusions

In conclusion, we have successfully demonstrated the effect of the pump beam waist

(wp) and the collection beam waist (®.) on the coincidence count collection and the
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pair coupling efficiency to single mode fibers to develop high brightness paired photon
source. Using the optimized parameters for generation and detection, we achieved a
maximum coincidence count of 1692.3 &+ 8.5 kHz/mW for @, =42 um (f; = 150 mm)
and @, = 57 pm pm (f, = 150 mm) at a crystal temperature of 29.5°C. We have ob-
served a maximum coupling efficiency of 32.1 &£ 0.6 % for the optimum combination
of waist radius of pump, ®, = 84 um and collected photons, @, = 109 um at a crystal
temperature of 26°C. It is observed that both the pump intensity at the crystal center
and the divergence of the SPDC photons play a crucial role in the overall brightness
of the paired photons source. We have also observed that one can not access both
the highest pair collection efficiency and the highest coincidence counts. Therefore,
depending on the need and available resources, one can find the trade-off between
the overall coincidence counts and the pair coupling efficiency. Such a study sets the

foundation for the current thesis.






Chapter 4

Improving the performance of the
spontaneous parametric
down-conversion based source to the

external perturbations

Spontaneous parametric down-conversion (SPDC) in nonlinear optical materials has
evolved as the primary resource of photonic quantum entangled states but suffers from
a strong dependence on the intrinsic phase matching condition. This makes it suscepti-
ble to changes in factors such as the pump wavelength, crystal temperature, and crystal
axes orientation, with improved stability often at the expense of spectral brightness.
This intolerant to changing environmental factors prohibits its deployment in non-ideal
environments outside controlled laboratories. Here, we report on a novel system archi-
tecture based on a hybrid linear and non-linear solution that we show makes the source
tolerance enhanced without sacrificing brightness. Our linear solution is a lens-axicon
pair, judiciously placed, which we test together with two common non-linear crystals,
quasi-phase-matched periodically-poled KTP, and birefringent-phase-matched BIBO.
We show that despite variations of the SPDC output, the hybrid system’s performance

remains nearly constant across extreme environmental condition changes. Our ap-
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proach has the benefit of simultaneous tolerance to the environment and high bright-
ness, which we demonstrate by using the proposed architecture as a stable entangled
photon source and report a spectral brightness as high as 22.58+0.15 kHz/mW with a
state fidelity of 0.95+0.02, yet requiring a crystal temperature stability of only +0.8°C,
a 5x enhanced tolerance as compared to the conventional high brightness SPDC con-
figurations. Our solution offers a new approach to deployable high brightness quantum
sources that are robust to their environment, for instance, in satellite-based quantum

applications.

4.1 Introduction

The most prominent manifestation of non-locality proposed by quantum mechanics,
commonly known as quantum entanglement [141], has found its implications in vari-
ous domains, including quantum information, quantum communication, quantum metrol-
ogy, and quantum computation [10, 11, 14, 73, 142—-145]. The central point of conver-
gence of all these quantum technologies is to enhance information security by estab-
lishing a global-scale network of quantum internet [23, 142] interconnected through
different nodes and channels at various locations of the earth while accessing the
advantage of quantum communication. Quantum communication, such as quantum
key distribution (QKD) [10, 143, 146], is considered superior to its classical coun-
terpart due to the encryption of the information through the use of the resourceful-
ness of photonic entanglement. Core to QKD is the need for an entangled photon
source (EPS)[127, 147-149] with high state fidelity, while long-distance QKD net-
works through optical fiber or free-space channels demand high brightness EPSs. One
of the straightforward approaches to achieve this is to enhance the brightness of the
EPS based on spontaneous parametric down-conversion (SPDC) in x () nonlinear op-
tical crystals [11, 69, 71, 127, 147, 148]. Efforts in this regard include replacing crit-
ically phase-matched crystals [127, 147, 149] with quasi-phase-matched periodically
poled crystals [11, 90], including Potassium Titanyl Phosphate (PPKTP) crystals in
a type-II phase-matching geometry [150-152], as well as in a type-0 phase-matching
geometry [137]. Among all the nonlinear crystals, PPKTP crystals in type-II phase-
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matching geometry have been used widely for entangled photon sources [152] despite
exploring the full benefits of long interaction length and the high nonlinear coefficient
as achieved in type-0 phase-matching geometry. This is due to the practical limita-
tions in separating and detecting collinear, co-polarized paired photons of the same
wavelength individually. Unfortunately in such crystals the refractive index is strongly
dependent [81, 153, 154] on temperature, the wavelength of the interacting radiation,
and the angle of the optic axis, so that the key SPDC features such as cone angle and
the ring radius of the SPDC photons changes with any of these physical parameters.
As a result, typical laboratory based SPDC experiments have careful selection of the
laser, stringent stabilization of the pump wavelength to avoid mode hopping and mode
jitter, and dynamic control of the crystal temperature (for quasi-phase matched crys-
tals) or precise angle control (for birefringent phase matched crystals). Although these
stringent requirements are easily addressable in laboratory conditions, deploying such
sources outside the laboratory is hindered by the complexity of the solution, for ex-
ample, satellite-based applications demands a stringent mass and power budget [155]
so a wish-list of solutions is not viable. Therefore, it is essential to develop entangled
photon sources with relaxed tolerance to such environmental factors.

Here, we report on a hybrid linear and non-linear solution for a stable and bright
quantum source with relaxed tolerances in the stabilization of the crystal temperature,
mode hopping, and jitter of the pump laser, as well as the angle of the nonlinear crys-
tal. To verify the concept we have used both PPKTP crystal and BIBO (bismuth bo-
rate) crystals producing non-collinear, degenerated down-converted photons through
quasi-phase-matching (QPM) and birefringent phase-matching (BPM), respectively,
and transformed the annular SPDC ring into what we call a perfect ring using an axicon
and Fourier transforming lens. We show that while the SPDC output varies tremen-
dously with changing conditions, the hybrid system produces a stable output across a
wide variation in external factors. The result is a bright entangled photon source that
is tolerance-enhanced, making this approach suitable for deployable quantum sources

in non-ideal environments.
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4.2 Theory and Experiment

The intensity distribution of the downconverted photons for a nonlinear crystal of

length, L, can be represented as
Isppc ~ sinc? (AkL/2) (4.1)

where the momentum mismatch Ak for the non-collinear, degenerate photons for type-

0, first order quasi-phase matching, and type-I birefringent phase matching are given

as
2n
Ak:kp—kscos((p)—kicos((p)—X (4.2)
and
Ak =k, —kgcos(¢) —kicos(¢) 4.3)
27Tnp sy . . . .
Here, kp 5, = 7 —- 18 the wavevector and n,, 5 ; is the refractive index of the medium
DSy

for the pump, A, signal, A,, and idler, 4;, wavelengths. A is the period of the periodi-
cally poled nonlinear crystal and ¢ is the angle the signal and idler wave vectors make
with the pump wave vector along the propagation direction. For degenerate (A, = A
= 21, ), non-collinear, type-0 (e—e+e) and type-1 (o—e+e) phase matching, the cone
angle, ¢, of the down-converted photons can be represented using Eq. (4.2) and Eq.
(4.3) as

0 "y Ay (4.4)
= arccos| — — —— .
QPM né  néA
and
n()
@ppM = arccos (n;? (’:9)) (4.5)

where QPM and BPM refer to quasi-phase matching and birefringent phase match-
ing, respectively. Here, 6 is the angle of the optic axis with the propagation direction.

We plot the effect of this in 4.1 with the help of the dispersion relations of PPKTP
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[156] and BIBO [157] crystals, clearly showing how the environmental factors influ-

ence cone angle and thus the shape and size of the SPDC output. To circumvent this
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Figure 4.1: Variation of the SPDC cone angle, ¢, with the crystal temperature (top
panel) and laser frequency shift (middle panel) for the quasi phase matching condition
(QPM) given in Eq. (4.4). In the bottom panel the results are shown for the birefringent
phase matching (BPM) condition given by Eq. (4.4), here as a function of crystal tilt
angle.

we adopt the approach illustrated in 4.2(a). The core idea is to treat the SPDC ring
as similar to a hollow Gaussian beam (HGB): a dark core beam with annular inten-
sity distribution and plane wavefront. What happens when such a beam is incident
on an axicon? The answer is that it forms a displaced Bessel beam, the displacement
determined by the annular ring radius [158]. Interestingly, the Bessel beam itself re-
mains unchanged with ring size as its radial structure is determined by the cone angle
of the axicon. On the other hand, it is well known that the Fourier transformation
of a Bessel beam results in a perfect annular intensity distribution with a ring radius
that depends on the radial wavevector of the Bessel beam [140, 159]. Therefore, for
a fixed radial distribution of the Bessel beam, the position and size of the perfect ring
is constant and independent of the change in the input beam to the axicon. To see

how this can be exploited in SPDC experiments, consider the present experiment: a
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pump photon on propagation through the nonlinear crystal (PPKTP or BIBO) splits
into pairs of degenerate daughter photons, obeying conservation of momentum and
energy. The generated photons are distributed over an annular ring with an intensity
distribution given by Eq. (4.1). After collimation by lens L1, the spatial distribution
of the photons is transformed into a zero-order Bessel beam of fixed radial wavevector
after propagation through the axicon. Given that the Fourier transformation can be
possible by putting the object after the lens [160], the lens L2 of focal length, f, in
combination with the axicon placed at a distance f — D behind the lens Fourier trans-
forms the zero-order Bessel beam into a perfect annular ring at the back focal plane of
the lens, independent to the change in the spatial distribution of the generated photons.
Here, D is the distance of the axicon from the back focal plane of the lens, L2. One

can then write the intensity distribution of the perfect annular ring as

2 f 2
w 2(p5 —pr)
IPerfect = _2g exXp _D—2 (46)
Wb Wb

where w, is the beam waist radius of the Gaussian beam confining the Bessel Gauss
beam. The perfect annular ring of width, 2wp = 1.65 wg, (wg is the Gaussian beam
waist at the focus), is formed at, p = ? pr with a modified ring radius, p, = Dsin((n — 1)),
where n and o are the refractive index and the apex angle of the axicon.

As a result, a perfect annular ring of constant width is formed irrespective of the
ring size of the SPDC photons generated by the crystals, making the downconverted
photons insensitive to the fluctuations of the phase-matching parameters to external en-
vironments. To validate our approach, we have devised the experiment shown schemat-
ically in 4.2(b). A continuous-wave, single-frequency (linewidth ~12 MHz) laser pro-
viding output power of 50 mW at a wavelength of 405 nm was used as a pump source.
The mode filtering system comprised of two fiber collimators, C1 and C2, and a sin-
gle mode fiber, SMF, was used to transform the laser output in a Gaussian beam. A
combination of the A/2 plate and the polarizing beam splitter (PBS) cube was used to
control the pump power in the experiment. A second A/2 plate was used to transform

the horizontal polarization state of the pump into a diagonal to maintain equal pump
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Figure 4.2: (a) Pictorial representation of the basic principle of downconverted pho-
tons with “perfect” annular intensity distribution. (b) Schematic of the experimental
setup. A/2: half-wave plates; PBS: polarizing beam splitter cube; DM: dichroic mirror;
L1-2: lenses; M1-2: mirrors; PPKTP: periodically poled KTP crystal; F: interference
filter; PM: prism mirror, C1-4: fiber couplers, SMF: single-mode fiber, SPCM1-2:
single-photon counting modules; TDC: time to digital converter. (Inset) ICCD image
of the spatial profile of single photons.

power of the clock-wise and counter-clockwise beams of the polarization in the Sagnac
interferometer, the latter was comprised of a dual-wavelength PBS (D-PBS) and two
plane mirrors, M1 and M2. A 20-mm long and 2 x 1 mm? PPKTP crystal placed at
the center of the Sagnac interferometer between mirrors, M1 and M2, and was pumped
from both sides using the plano-convex lens (L1) of focal length, f = 150 mm. The
PPKTP crystal had a single grating period, A = 3.425 um, and was housed in an oven

with temperature stability of +0.1°C to produce degenerate down-converted photons
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at a wavelength of 810 nm owing to type-0 (e—e+e), non-collinear, phase matching of
the pump photons. The dual-wavelength A/2 plate (D-A/2), at both 405 nm and 810
nm, transformed the polarization of both pump and the down-converted photons from
horizontal to vertical and vice versa. The counter-propagating SPDC photons of the
polarization Sagnac interferometer on recombination by the D-PBS resulted in a Bell
state [11]. After collimation by the lens, L1, and subsequent extraction by the dichroic
mirror, DM, the down-converted photons in the annular intensity profile (see inset im-
age) were transformed into an annular ring of fixed diameter using a combination of
lens and axicon. The Fourier transform of the Bessel beam generated by the axicon
placed after the lens [140, 160] was transformed into an annular ring at the back fo-
cal plane of the lens L2, of focal length, f =100 mm. The apex angle of the axicon
was 178.4°C. The annular intensity profile of the down-converted photons was divided
into two symmetric half rings (see the inset images) using the prism mirror, PM (gold-
coated right-angle prism). The pair photons were collected by the fiber couplers, C3
and C4, placed at the focal plane of the lens, L2. The polarization states of the photons
were studied using the combination of A/2 plate and PBS. The interference filter, F, of
spectral width 3.2 nm centered at 810 nm, was used to extract down-converted photons
from the background. The single-photon counting modules, SPCM1-2, connected to
the fiber couplers, C3 and C4, using single mode fiber (SMF) or multimode fibers, and
the time-to-digital converter (TDC) were used to measure the single counts and coin-
cidence counts. The temporal coincidence window for all the measurements was 1.6

ns.

The size of the annular intensity profile and corresponding photon density depends
on the position of the axicon from the Fourier plane. However, placing the axicon
close to the Fourier plane to increase the overall photon counts adds mechanical con-
straints to the detection and analyzer systems. In such a case, a 4-f imaging system (not
shown here) is used to collect and analyze the down-converted photons. Note that this
approach also works with type-0 phase-matching by sandwiching two type-0 crystals

with orthogonal poling period direction in a dual-crystal scheme.
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4.3 Results

To verify the concept of the SPDC perfect ring, we have measured the spatial distri-
bution of the down-converted photons before the lens, L2, and at it’s Fourier plane
while varying the pump wavelength, crystal angle, and crystal temperature. The re-
sults are shown in 4.3. For this study, we have used the polarization state of the input
laser to be either horizontal for BiBO crystal or vertical for PPKTP crystal. As evi-
dent from the first column, (a-c), of 4.3, the spatial distribution of the SDPC photons
generated by the PPKTP crystal at a temperature of 25°C changes from the collinear
Gaussian distribution to the non-collinear annular ring for pump wavelengths 408.96
nm, 405.01 nm, and 405.13 nm. However, the diameter of the “perfect” ring as shown
in the second column, (d-f), of 4.3, recorded at the Fourier plane, is the same for all
pump wavelengths and independent of the spatial distribution of the SPDC photons.
Similarly pumping the BIBO crystal having cut angle, 6 = 151.7° (¢ = 90°) in opti-
cal yz-plane for perfect phase-matching of non-collinear type-I (o—e+e) degenerate
down-converted photons at 810 nm, with the laser wavelength 7Lp = 405.01 nm, we
have varied the crystal angle and recorded the intensity distribution of the SPDC ring
and the “perfect” ring as shown in the third column, (g-i), and forth column, (j-1), of
4.3, respectively. As expected, the spatial distribution of the SPDC photons changes
from the collinear geometry to non-collinear geometry with increasing diameter of the
annular ring for the crystal tilt angle 1°, 3° and 5°, whereas the diameter of the “per-
fect” ring is constant for all crystal angles. On the other hand, to verify the “perfect”
ring for the variation of crystal temperature, we pumped the PPKTP crystal with the
laser wavelength of A,=405.01 nm, and recorded the intensity profile of the SPDC ring
and the “perfect” ring for crystal temperature 28°C, 27°C, and 25°C. As evident from
the fifth column, (m-0), of 4.3, the spatial distribution of the SPDC photons changes
from the collinear geometry at 28°C to the non-collinear annular ring of increasing
diameter with the crystal temperature 27°C and 25°C. However, the diameter of the
“perfect” ring as shown in the sixth column, (p-r), of 4.3 irrespective of the change

in the spatial profile of the SPDC photons due to the change in the phase-matching
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condition. The current results reveal that the position and size of the “perfect” ring
of the down-converted photons are insensitive to the physical parameters influencing
the phase-matching condition. As a result, the photon collection optics set to couple
the pair photons on the diametrically opposite side of the annular ring does not see
any effect of the change in the physical parameters responsible for the phase-matching
of the nonlinear crystal. Therefore, the present technique enables the use of relaxed
phase-matching parameters for the practical implementation of the down-converted
photon-based quantum sources.

To gain further insight, we have recorded the spatial profile of the SPDC ring and the

Wavelength Temperature

Crystal Angle

3 mm

High

Figure 4.3: Variation of the spatial distribution of the (a-c) SPDC ring and (d-f) perfect
ring as a function of pump wavelength for a fixed temperature of 25°C of PPKTP crys-
tal. Dependence of the spatial distribution of the (g-1) SPDC ring and (j-1) perfect ring
as a function of phase matching angle of BIBO crystal for a fixed pump wavelength
of 405.01 nm. Variation of the spatial distribution of the (m-o) SPDC ring and (p-r)
perfect ring as a function of PPKTP crystal temperature for a fixed pump wavelength
of 405.01 nm.

perfect ring with the increase of crystal temperature from 21°C with a step of 0.5°C for
the PPKTP crystal and the tilt of BIBO crystal and measured the diameter and the width

of the rings with results shown in 4.4. As evident from 4.4(a), the radius of the SPDC
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ring (black squares) increases with the PPKTP crystal temperature, AT =T, — T, away
from the degenerate collinear phase-matching temperature, 7, = 28°C. However, the
radius of the perfect SPDC ring (red circles) remains constant at ~2.73 mm. The vari-
ation in the cone angle or the diameter of the annular ring of the SPDC photons with
temperature is the same as that of the previous report [11] and closely matches the
theoretical fit (black line) based on Eq. (4.4) and the dispersion relation of Ref. [156].
However, the shift in the temperature of the degenerate collinear SPDC photons from
36°C as shown in the report [11] to 28°C can be attributed to the change in the laser
wavelength. On the other hand, the width (FWHM) of the SPDC ring (open squares),
as shown in 4.4(a), remains constant for all phase matching temperatures, but the width
of the perfect SPDC ring (open circles) is constant (~200 um) with temperature (up
to 3°C) and increases to 380 um at 7°C. In literature, it is observed that the width of
the perfect vortex increases with the order of the input vortex [161]. Therefore, to get
a better perspective on the variation of the width of the SPDC perfect ring, we have
calculated the vortex ring radius with the order using Eq. (3) of Ref. [162] and fit
(blue line) to the experimental results (black square) in 4.4(a). As evident from 4.4(a),
the rate of increase of the SPDC ring radius with temperature is faster than that of the
vortex ring radius with its order. The change in the SPDC ring radius for the crystal
temperature 7°C away from the collinear phase-matching temperature (28°C) is equiv-
alent to the change in the ring radius of the vortex beam for an order increase of 50.
Therefore, using the similar analogy of Ref. [161], we can confirm that the increase
in the width of the SPDC perfect ring (open circles of 4.4(a)) is due to the increase in
the SPDC ring radius with crystal temperature. One can use the similar treatment of
Ref. [161] to reduce the width of the SPDC perfect ring by increasing the radius of the
perfect ring by simply moving the axicon close to the lens L2. However, such a propo-
sition will reduce the photon number density collected by the fibers and the overall
brightness of the paired photon source. Similarly, as evident from 4.4(b), the radius of
the SPDC ring (black dots) increases with the tilt angle of BIBO crystal, A6 = 6, — 0,
away from the degenerate collinear phase-matching angle, 6, = 152°. However, the

radius of the perfect SPDC ring (red dots) remains constant at ~2 mm. The variation in
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Figure 4.4: (a) Variation of the radius of the SPDC ring (black dots), and the SPDC
perfect ring (red dots) with the PPKTP crystal temperature away from degeneracy at
T,=28°C. The black line is the theoretical fit of Eq. (4.4) to the experimental results
and the blue line represents the variation of vortex beam radius with its order. Varia-
tion of the width of the SPDC ring (open square) and perfect ring (open circle) with
the crystal temperature. Lines are guide to eyes. (b) Variation of the radius of the
SPDC ring (black dots) and the SPDC perfect ring (red dots) with the tilt in the phase-
matching angle of the BIBO crystal away from degenerate collinear phase-matching
angle, 6, = 152°. The black line is the theoretical fit of Eq. (4.5) to the experimental
results.

the cone angle or the diameter of the annular ring of the SPDC photons with tilt closely
matches the theoretical fit (black line) based on Eq. (4.5) and the dispersion relation of
Ref. [157]. On the other hand, due to the unavailability of suitable laser diodes with
controlled wavelength variation in the lab, we could not test the current scheme for
more wavelengths. However, it is evident from the first and second columns of 4.3 that
the radius of the SPDC perfect ring is constant despite the variation of the SPDC ring
radius due to the change in the pump wavelength by +150 GHz making the quantum

source insensitive to the mode hop and wavelength jitter of the pump laser.

Proving the generation of the “perfect” SPDC ring insensitive to the external phys-
ical parameters influencing the phase-matching process of the nonlinear medium, we
have studied the coincidence counts of the photons collected from diametrically two
opposite points on the SPDC ring and the perfect ring. The results are shown in 4.5.
Keeping the laser wavelength and the crystal temperature constant at 405.01 nm and

25°C, respectively, we have measured the coincidence counts while varying the crys-
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tal temperature with the results shown in the first panel of 4.5(a). As evident from
4.5(a), the coincidence counts (red dots) between the pair photons collected using
the single-mode fiber from the SPDC ring optimized for a crystal temperature (say,
25°C) decreases for the crystal temperature away from 25°C with a temperature band-
width (FWHM) of 1°C. However, the coincidence counts for the photons collected
using single-mode (black dots) and multimode (blue dots) from the SPDC perfect ring
have a temperature bandwidth of 3.2°C and 6.5°C, resulting in a 3.2 and 6.5 times
enhancement in the temperature bandwidth. Further analysis reveals that a 10% peak-
to-peak fluctuation in the coincidence counts requires the crystal temperature stabi-
lization within +0.15°C for the SPDC ring. However, the use of the “perfect” SPDC
ring relaxes the temperature stability requirement of +0.8°C, and +1.25°C for photon
collection using single-mode and multimode fibers, respectively. Similarly, pumping
the BIBO crystal with a laser wavelength of 405.01 nm, we have measured the co-
incidence counts for the SPDC ring and the perfect ring while varying the tilt of the
BIBO crystal away from degenerate collinear phase-matching angle, 6, = 152° with
the results shown in the second panel of 4.5(a). As evident from 4.5(a), the coinci-
dence counts (black dots) between the pair photons collected using the single-mode
fiber from the SPDC ring optimized for a cone angle of 3° vary with the crystal tilt
resulting in an angular bandwidth (FWHM) of ~2.5°. However, under the same ex-
perimental condition, the angular bandwidth (FWHM) for the “perfect” ring is ~6°,
more than two times broader than the SPDC ring. Further analysis reveals that a 10%
peak-to-peak fluctuation in the coincidence counts requires the crystal angle stabiliza-
tion within 22 mrad for the “perfect” ring, almost three times relaxation as compared
to the SPDC ring (angle stabilization within +-8 mrad. Using the PPKTP crystal, we
have also measured the stability of the coincidence counts of the “perfect” ring, SPDC
ring over 15 min with the wavelength jittering of the laser diode with the results shown
in 4.5(b). In doing so, we switched off the temperature stabilization of the laser diode
and measured the wavelength using the high-resolution wavemeter (HighFinnese). As
evident from 4.5(b), the laser diode has a frequency shift of 6 GHz in 15 min. The

simultaneous measurement of the coincidence counts reveals that the quantum source
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based on the “perfect” ring has a counts fluctuation (standard deviation) of 4.8%, 2.5
times better stable than that of the SPDC ring (standard deviation ~12.6%) for the
pump frequency shift of 6 GHz over 15 min. Due to the unavailability of a suitable
laser diode with the controlled variation of frequency, we could not characterize the
current technique for higher frequency shift. However, using the dispersion relations
[156] of PPKTP crystal and the temperature acceptance bandwidth we can estimate the
stable performance of the “perfect” ring-based quantum source for the laser frequency

shift of ~100 GHz.
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Figure 4.5: (a) Variation of coincidence counts of the paired photons collected from
the diametrically opposite points of the SPDC ring and “perfect” ring with PPKTP
crystal temperature and the tilt angle of the BIBO crystal. (b) Stability of the coinci-
dence counts of the quantum source based on the “perfect” ring and SPDC ring with
the variation of laser frequency over 15 min.

Confirming the performance of the SPDC source of new architecture requiring re-
laxed constrain in the physical parameters influencing the phase-matching condition,
we have designed the polarization-entangled photon source and characterized it us-
ing the standard coincidence measurement technique. Keeping the polarization of the
pump laser diagonal, we have rotated the polarization state of one of the pair pho-
tons using the analyzer and measured the coincidence with its partner photon collected
from the diametrically opposite point of the SPDC perfect ring at a fixed polarization
state, H (horizontal), D (diagonal), V (vertical), and A (anti-diagonal). The results are

shown in 4.6(a). As evident from 4.6(a), we observe a typical quantum interference
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of the polarized entangled photons for H (black dots), V (blue dots), D (red dots), and
A (green dots) projections at the crystal temperature of 25°C. The solid lines are the
best fit for the experimental data. The number of detected entangled paired photons
have maximum and minimum values of ~2.2 x 10* Hz/mW and 7 x 10> Hz/mW for
all polarization projections. The raw fringe visibility for polarization correlation is
94.240.06% in H/V bases and 93.84+-0.06% in D/A bases confirming the non-local be-
havior of quantum entanglement. We also have calculated the Bell’s parameter to be
S =2.64+0.03, corresponding to a violation of 21 standard deviations, confirming the

generation of high-quality entangled photons. Further, we have measured the quantum
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Figure 4.6: (a) Quantum interference of the entangled photons projected at different
polarization states, H, D, V, and A. (b) Variation of quantum interference visibility
(black dots) and coupling efficiency (red dots) with crystal temperature. (Inset) Graph-
ical representation of the absolute values of the density matrix of the entangled photon
states. Lines are the guide to the eyes.

interference visibility and the coupling efficiency (ratio of the coincidence counts to
the square root of the product of the singles counts of two detectors) of the source at
different crystal temperatures with the results shown in 4.6(b). As evident from 4.6(b),
the interference visibility and the coupling efficiency are constant at ~93% and 7%,
respectively, for almost the entire temperature range; however, the coupling efficiency
decreases with crystal temperature toward the collinear phase-matching.

Since we are using the highest figure-of-merit of the nonlinear process to generate
entangled photons, the growing demands of multiple entangled pairs desirable for ad-

vanced quantum optics and information experiments can only be addressed by increas-
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ing the coupling/collection efficiency. It is evident from the literature [163—165] that
the coupling efficiency depends on the size of fibers effectively imaged onto the crystal
plane and the crystal length, scaled to the pump beam waist into the crystal. Therefore,
by optimizing these parameters, one can increase the overall entangled photon pair rate
of the EPS. Such a study in itself is an interesting topic but beyond the scope of the
current work as we have mostly focused on the tolerance of the EPS performance to
external perturbations. Again, it is worth noting that the current system architecture
results in entangled pair counts of > 0.3 MHz/mW without considering the losses in
the experiment and the efficiency of the detectors. Since the quality of the generated
quantum state does not depend on the collection efficiency, we have measured the de-
gree of entanglement of the photon states using the linear tomographic technique [166].
The results are shown in the inset of 4.6(b). From the graphical representation of the

absolute values of the density matrix of the generated states (see inset of 4.6(b)), we
1
V2

As explained previously [11], we can transform the generated state to another Bell’s

determine the state to be, |y >= —(|HH > —|VV >), with a state fidelity of 0.95.

state by adjusting the position of the crystal [167] in the Sagnac interferometer.

4.4 Discussion

The approach we have outlined has the benefit of improving the tolerance of EPSs
without sacrificing brightness performance, the only approach to allow both to be opti-
mized simultaneously. To see this, consider the comparative analysis of our approach
versus other standard approaches based on bulk nonlinear crystals given in Table 1.
We see that EPSs based on BPM nonlinear crystals such as bismuth borate (BBO) and
BIBO can produce entangled states with high fidelity (> 0.95) but have exceptionally
lower spectral brightness (~ 2 kHz/mW) due to their intrinsic lower nonlinear coef-
ficient (defr ~ 2.2 — 3.4 pm/V) and small effective interaction length avoiding spatial
walk-off effect [134, 135], severely restricting their usefulness for practical applica-
tions. Again, the strong dependence of the refractive index on the orientation of the

optics axis of such crystal and the wavelength of the interacting radiations demands
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Entanglement Tolerance to external
properties parameters
P':a;?' NonITeiar Spectral  Fidelity Temperature Crystal Pump
maxcing Cysias brightness angle wavelength
BPM BBO/BIBO Low High - Low Low
Other [40,41]
studies PPLN  Moderate  High High ; Low
QPM [21, 22, 42-44]
PPKTP High High Low - Moderate
[9,19,46]
Current BPM BIBO Low High - High High
study
QPM PPKTP High High High - High

Table 4.1: Qualitative comparison of entanglement properties and the tolerance param-
eters of entangled photon sources

a tight control in the crystal angle and pump wavelength for stable operation of the
EPS. Naturally, efforts have been made to explore QPM-based nonlinear crystals with
higher nonlinear coefficients, including periodically poled lithium niobate (PPLN) and
PPKTP to improve the spectral brightness of the EPS. However, due to the practical
limitation of fabricating a small poling period, the PPLN crystals are used for EPSs
in the telecommunication wavelength range [137, 138, 152, 168, 169], where the sin-
gle photon detectors are either bulky or inefficient. Exploiting the dispersion relations
of PPLN crystal in type-II phase-matching, efforts have been made to improve the
tolerance in the crystal temperature [152]; however, such efforts are very wavelength
selective and not possible to achieve for EPSs of other wavelengths.

On the other hand, to access the benefits of the compact Si-based single photon de-
tectors with a relatively higher quantum efficiency [20], bright EPSs are developed
using PPKTP crystals. While type-II phase-matched PPKTP crystals offer advantages
in terms of simpler experimental setup and the use of longer interaction lengths lead
to high spectral brightness (> 10 kHz/mW), and quantum state fidelity, however, such
sources have low to moderate tolerance to the external perturbations including crystal
temperature and pump wavelength variation. Additionally, the sources require pre or
post phase compensation between the pair photons to maintain high quantum state fi-
delity [93, 150].

Recently, PPKTP [11] and PPLN [137] crystals in type-0, non-collinear phase-matching
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configuration have been explored to develop bright EPSs of degenerate photons in sim-
ple and compact experimental configuration without the need for any phase-compensation.
While these sources have very high spectral brightness due to the use of the highest
figure-of-merit of the nonlinear crystal and state fidelity [11, 137], they have low to
moderate tolerance to the perturbation of external parameters, including crystal tem-
perature and pump wavelength due to the change in the spatial distribution to the SPDC
photons with respect to the fixed photon detection systems. Contrary to all the previ-
ous reports on EPSs, the current system architecture enhances the tolerance of the EPS
to external perturbations in terms of phase-matching angle, temperature, and pump
wavelength while maintaining high spectral brightness and quantum state fidelity. As
evident from Table 1, while prior approaches each tick some of the boxes, our approach

ticks all the salient boxes.

4.5 Conclusion

In conclusion, we have demonstrated a novel SPDC configuration where a hybrid so-
lution that incorporates a lens-axicon pair, commonly available in an optics laboratory,
was shown to have transformed the conventional SPDC annular ring into a new ring
that is insensitive to perturbations, including the variation of the crystal temperature
and laser wavelength. The generic experimental scheme, useful for the development
of entangled photons at any desired wavelength and time scale, relaxes the stringent
temperature stabilization of the crystal by five times and mode hopping and wave-
length jitter by 100 GHz. Such demonstration opens up a new approach to robust
SPDC sources for reliable deployment in the field demonstration of quantum optics

experiments.



Chapter 5

Near video frame quantum sensing
using Hong-Ou-Mandel

interferometry

Hong-Ou-Mandel (HOM) interference, bunching of two indistinguishable photons on
a balanced beam-splitter, has emerged as a promising tool for quantum sensing. The
interference dip-width, thus the spectral-bandwidth of interfering pair-photons, highly
influences the resolution of HOM-based sensors. Typically, the photon-pairs band-
width, generated through parametric down-conversion, is increased using bulky and
expensive ultrafast lasers, limiting their use outside the lab. Here we show the gener-
ation of photon-pairs with flexible spectral-bandwidth even using single-frequency,
continuous-wave diode laser enabling high-precision, real-time sensing. Using 1-
mm-long periodically-poled KTP crystal, we produced degenerate, high-brightness,
photon-pairs with spectral-bandwidth of 163.4241.68 nm resulting in a HOM-dip
width of 4.01£0.04 pm to measure a displacement of 60 nm, and vibration ampli-
tude of 205 +0.75 nm with increment (resolution) of ~80 nm, and frequency of 8 Hz.
Deployment of Fisher-information and maximum likelihood estimator enables optical
delay measurement as small as 4.97 nm with precision (Cramér-Rao bound) and accu-

racy of 0.89 and 0.54 nm, respectively. The 17x enhancement of Fisher-information

63
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for the use of 1 mm crystal over 30 mm empowers the HOM-based sensor achieving
any arbitrary precision (say ~5 nm) in small number of iterations (~3300) and time
(19 minutes); establishing it’s capability for real-time, precision-augmented, in-field

quantum sensing applications.

5.1 Introduction

Quantum sensing and metrology is a rapidly growing field due to its outstanding
features in measuring physical parameters with great precision and accuracy, outper-
forming the pre-existing technologies based on the principles of classical physics [28].
In recent years, quantum sensing has enabled the measurement of several key physi-
cal quantities, including the measurement of the electrical field [170], magnetic field
[171], vacuum [172], temperature [173], and pressure [174] with unprecedented pre-
cision and accuracy. Among various quantum sensors as presented in Ref. [175],
Hong-Ou-Mandel (HOM) interferometry, since its discovery [100], has found a large
number of applications within quantum optics for a variety of advantages, including
easy development and implementation, sensitivity only to photon group delay and not
to phase shifts [176].

HOM interference, purely a non-classical phenomenon, is observed for two pho-
tons that are identical in all degrees of freedom, including spin, frequency, and spatial
mode, when simultaneously entering on a lossless, 50:50 beam splitter through differ-
ent input ports bunch together into one of the output ports. The coincidence probability
between the two output ports shows a characteristic low or zero coincidence, known as
the HOM interference dip, directly related to the level of indistinguishability or the de-
gree of purity of the photons [177]. As aresult, the change in coincidence counts can be
treated as a pointer to estimate the time delay between photon properties, forming the
basis of the HOM interferometer-based quantum sensors to sense any physical process
influencing the photon delay. As such, efforts have been made to use the HOM-based
quantum sensors to characterize the single photon sources [177], precise measurement
of time delays between two paths [100, 178, 179], characterization of ultrafast pro-

cesses[180], measurement of frequency shifts [181, 182] and the spatial shift [12]. On
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the other hand, the use of Fisher Information (FI), a measure of the mutual informa-
tion between the interfering photons, has enabled the maximum precision to access a
lower limit decided by the Cramér-Rao bound [183, 184]. In fact, the use of peak FI of
the HOM interferometer, the point of maximum sensitivity, has enabled five orders of
magnitude enhancement in the resolution of time delay measurements [178, 179, 185].
A typical FI-based measurement approach involves tuning the HOM interferometer for
the peak FI point and performing iterative measurement to estimate any optical delay
between the two photons. However, the number of iterations/measurements and hence
the total time needed to reach the targeted precision decreases with the increase of FI
value. On the other hand, the FI value can be increased by optimizing the parame-
ters affecting the visibility and the width of the HOM interference dip. Despite the
experimental demonstration of nanometer path length (few-attosecond timing) preci-
sion [178, 186] and a recent theoretical study on the tailoring of the spectral properties
[187, 188] of photon pairs to achieve precision beyond the value reported in the lab-
oratory condition, the width of the HOM interference dip governed by the bandwidth
of the pair photons remained the limiting factor for optimal measurement precision
[178, 179, 189, 190] in HOM interferometer based dynamic (real-time) or fast sensing
applications. As such, ultra-broadband photon sources have long been hailed as a vital
prerequisite for ultra-precise HOM interferometry. While the dynamic sensing process
requires the single-photon source to have high brightness. On the other hand, a new
strategy has been reported very recently where the frequency entangled photons have
been used to produce the HOM beating effect [186]. As the frequency of the beating is
proportional to the frequency detuning of the entangled photons [179, 186], the HOM
beating, in conjunction with FI analysis, enabled the measurement of low-frequency
(0.5 - 1 Hz) vibration with a precision of ~2.3 nm using low (18000) number of pho-
tons pairs [186]. Despite the commendable precision measurement, such a strategy
needs photons at two different wavelengths (one of them in infrared) and correspond-
ing photon detection systems.

Nonlinear spontaneous parametric down-conversion (SPDC) [62, 191] process-

based sources, where the annihilation of a high energy pump photon produces two
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daughter photons simultaneously, have evolved as a workhorse for quantum optics ex-
periments, including HOM based sensors. However, the development of high bright-
ness single-photon source requires a nonlinear crystal with high figure-of-merit (FOM)
[192], long crystal length, and high intensity of the pump beam. As such, periodically
poled nonlinear crystals can be used due to their high intrinsic FOM. However, the in-
crease in the crystal length reduces the spectral bandwidth of the single-photon source.
On the other hand, the increase of input pump intensity and spectral bandwidth of the
generated photons using ultrafast laser [15] has its own limitations in terms of expen-
sive and bulky system architecture for any practical on-field uses. Therefore, it is im-
perative to explore a continuous-wave (CW) pump-based bright single-photon source
with high brightness and spectral bandwidth for ultra-precise HOM interferometry.
Recently, we reported a CW pumped high brightness, degenerate single-photon
source at 810 nm using periodically-poled potassium titanyl phosphate (PPKTP) crys-
tal in non-collinear, type-0, phase-matched geometry [11, 60]. Using the same phase-
matching geometry, here, we report on the experimental demonstration showing the
dependence of spectral bandwidth of degenerate SPDC photons and subsequent change
in the HOM interference dip width on the length of the PPKTP crystal. Pumping the
PPKTP crystal of length 1 mm, using a single-frequency, CW diode laser at 405.4 nm
we observed the spectral width of the SPDC photons to be as high as 163.42 + 1.68
nm producing a HOM interference dip having a full-width-at-half-maximum (FWHM)
as small as 4.01 £ 0.04 um. Using such small HOM interference dip width, we have
dynamically measured the threshold vibration amplitude corresponding to the optical
delay (twice the vibration amplitude of the piezo mirror) introduced between the pho-
tons as small as 20540.75 nm at a frequency as high as 8 Hz. On the other hand, the
reduction of crystal length from 30 mm to 1 mm shows a 17 times enhancement in the
magnitude of the peak FI value and achieves a targeted precision (say ~5 nm or ~16.7
attosecond optical delay) for a number of iterations/measurements (or the total exper-
iment time) as low as 3300 (19 minutes).The experimental value of the FI throughout
the report, if otherwise not defined, represents the FI of a single measurement/iteration.

Completion of each measurement/iteration requires 100 milliseconds.
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5.2 'Theoretical Background

The spectral brightness of SPDC photons generated from a nonlinear crystal of

length, L can be expressed as follows,
Isppc ~ sinc? (AkL/2) (5.1)

where Ak is the momentum mismatch among the interacting photons (pump and down-

converted pair-photons) given as follows

27Tm
Ak =k, —ky—ki — —— (5.2)
A
27np s . . . .
Here, kj ;= 1 ~~ is the wavevector and n,, 5 ; is the refractive index of the nonlinear
DSl

crystal for the pump, A, signal, Ay, and idler, A;, wavelengths. A is the grating period
of the periodically-poled nonlinear crystal to satisfy the quasi-phase-matching (QPM)
condition. The odd integer number, m, is the QPM order. For maximum efficiency,
we consider m = 1. The momentum mismatch between degenerate photons around the

central angular frequency, @, /2, can be represented as [193, 194]
1
Ak = Akl g—a, /2 + M| y—, 2 A® + EK]w:wp PA®*+ ... (5.3)

Assuming the QPM is achieved at degenerate SPDC photons with angular frequencies
of pump, signal, and idler as @,, @y, and @;, respectively, for the grating period, A, the
first term of the right-hand of Eq. (5.3) can be made zero. In this situation, owing to
the energy conservation, @, = @ + ®;, the spectral bandwidth of the down-converted
photons for the fixed pump frequency defined as Aw = Awy = -Aw; =0 — @, /2, is de-
cided by the second term, M = [dk;/d® — dk;/d ®W]v-q, . known as group-velocity
mismatch. However, for degenerate (@; = w; = w,/2), type-0 SPDC process, the
group-velocity mismatch term vanishes or has negligible value. Under this condition,

the spectral acceptance bandwidth of the SPDC photons is essentially determined by
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the much smaller third term of Eq. (5.3), commonly known as group-velocity dis-
persion with a mathematical form K = 82k/ 80)2|a,:wp - Under this condition, the

spectral bandwidth of the SPDC photons can be written as,

1
AW < —— 4
0} T 5.4

Thus, one can utilize the length of the nonlinear crystal as the control parameter in the
SPDC process to generate paired photons of broad spectral bandwidth near the degen-
eracy. On the other hand, it is well known that the optical delay range or the width, o,
of the HOM interference is proportional to the coherence length of the photon wave
packets [121, 176] or the ensemble dephasing time of SPDC photons [195] bunching
on the beam splitter. Although one can find the width, o, of the HOM interference dip
from the Fourier transform of the spectral density function of the paired photons [121,
196], we used the coherence length, L., of the photon wave packets and Eq. (5.4) to

find the dependence of HOM interference dip width on the crystal length as,
o ~ L. «< 2mwcvKL (5.5

where c is the speed of light in vacuum. It is evident from Eq. (5.5) that the width,
o, of the HOM interference dip can be controlled by simply varying the crystal length

even in presence of the single-frequency, CW diode laser as the pump.

5.3 Experimental setup

The schematic of the experimental configuration is shown in Fig. 5.1. A single-
frequency, CW diode laser providing 20 mW of output power at 405.4 nm is used as
the pump laser in the experiment. The spatial mode filtering unit comprised of a pair
of fiber couplers (C1 and C2) and a single-mode fiber (SMF1) is used to transform the
laser output in a Gaussian (TEMyp mode) beam profile. The laser power in the exper-
iment is controlled using a combination of A/2 plate (HWP1) and a polarizing beam

splitter cube (PBS1). The second A/2 plate (HWP2) is used to adjust the direction
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Figure 5.1: Schematic of the experimental setup. C1-4: fiber coupler, SMF1-3:
single-mode fiber, HWP1-2: half-wave plate, PBS1-2: polarizing beam splitter cube,
L1-2: lenses, NC: PPKTP crystal of grating period = 3.425 um, NF: notch filter, PM:
prism mirror, M1-4: dielectric mirrors, QWP: quarter wave plate, BS: 50:50 beam
splitter cube, F1,2: high-pass filter, SPCM1-2: single photon counting module, TDC:
time-to-digital converter.

of linear polarization of the pump laser with respect to the orientation of the crystal
poling direction to ensure optimum phase matching conditions. The pump laser is fo-
cused at the center of the nonlinear crystal (NC) using the plano-convex lens, L1, of
focal length, f1 =75 mm to a beam waist radius of w, = 58 um. Periodically poled
KTiOPO4 (PPKTP) crystals of 1 x 2 mm? aperture but of five different interaction
lengths, L =1, 2, 10, 20, and 30 mm, are used as the nonlinear crystal (NC) in the ex-
periment. The crystals have a single grating period of A = 3.425 pum corresponding to
the degenerate, type-0 (e—e + e) phase-matched parametric down-conversion (PDC)
of 405 nm at 810 nm. To ensure quasi-phase-matching, the PPKTP crystals are housed
in an oven whose temperature can be varied from room temperature to 200°C with tem-
perature stability of +0.1°C. The down-converted photon pairs, after separation from

the pump photons using a notch filter (NF), are collimated using the plano-convex lens,
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L2 of focal length, 2 = 100 mm. Due to the non-collinear phase-matching, the cor-
related pair (commonly identified as “signal” and “idler”’) of down-converted photons
have annular ring spatial distribution with signal and idler photons on diametrically
opposite points. Using a prism mirror (PM), the signal and idler photons are separated
and guided in two different paths and finally made to interact on the two separate input
ports of a balanced beam splitter (BS). Since we need to vary temporal delay between
the photons at the BS, and the translation of the optical component disturbs the align-
ment, we have devised the alignment preserving delay path consisting of a mirror, M1,
A /2 plate (HWP3), PBS2, A /4 plate (QWP), mirror, M2 on the delay stage, and finally,
the beam splitter, BS. The A /2 plate rotates the photon’s polarization state from verti-
cal to horizontal to ensure complete transmission through PBS2. The A /4 having the
fast axis at +45° to its polarization axis transforms the photon polarization (horizontal)
into circular (left circular). However, the handedness of the photon polarization gets
reversed (right circular) on reflection from the mirror, M2, at normal incidence. On
the return pass through the A /4 plate, the right circular polarized photons convert into
vertical polarized photons and are subsequently reflected from the PBS?2 to one of the
input ports of the BS. Due to the normal incident of the photons on the moving mirror,
M2, the varying delay of the photons does not require tweaking of the experiment. The
combination of the piezo-electric actuator (PEA) (NF15AP25), placed on a motorized
linear translation stage (MTS25-Z8), is used to provide both fine and coarse optical
delay. The range (resolution) of the PEA and motorized linear stage as specified by
the product catalog is 25 pm (0.75 nm), and 25 mm (29 nm), respectively. Throughout
the report, the optical delay of the photon is twice the displacement of the mirror, M2,
if otherwise mentioned. On the other hand, the photons of the other arm are guided
using mirrors, M3 and M4, to the second input port of BS such that the optical path
length of both arms are the same. The photons from the output ports of the BS, after
being extracted by long pass filters (F1, F2), are coupled into the single mode fibers,
SMF2 and SMF3, through the fiber couplers, C3, and C4, respectively. The collected
photons are detected using the single-photon counting modules, SPCM1-2 (AQRH-

14-FC, Excelitas), and counted using the time-to-digital converter (TDC). All optical
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components used in the experiment are selected for optimum performance at both the
pump and SPDC wavelengths. All the data is recorded at a typical pump power of 0.25

mW with a coincidence window of 1.6 nanoseconds.

5.4 Characterization of HOM interference

First, we verified the dependence of HOM characteristics on the length of the non-
linear crystal. Keeping the input pump power to the crystal and the temporal coin-
cidence window of the TDC constant at 0.25 mW and 1.6 ns, respectively, we have
recorded the variation of coincidence counts as a function of the relative optical delay
between the photons. As evident from Fig. 5.2(a), the variation of coincidence counts
with the relative optical path delay has the characteristic HOM interference dip pro-
file, approximated by an inverted Gaussian function (owing to the temporal Gaussian
profile of signal and idler). However, it is interesting to note that the HOM visibilities
calculated using the formula given in [178] remain constant in the range of 86 - 94 %
despite appreciable variation in the span of the HOM interference dip profile.

To gain further insights, we measured the FWHM width of the HOM interference
dip and estimated the corresponding spectral bandwidth of the photon pairs using Eq.
(5.4) and (5.5). The results are shown in Fig. 5.2(b). It is evident from Fig. 5.2(b)
that the HOM interference dip has FWHM width (red dots) of 4.01 £ 0.04, 6.16 +
0.05, 13.33 £ 0.40, 17.32 4+ 0.08 and 21.19 + 0.13 um corresponding to the estimated
FWHM spectral bandwidth (black dots) of SPDC photons of 163 4 1.68, 106 4= 0.93,
49 £ 1.44, 38 £ 0.20 and 30 + 0.18 nm for the crystal lengths of 1, 2, 5, 10, 20, and
30 mm are in close agreement with the Eq. 5.5 (solid black lines). Using the avail-
able pump power, we experimentally measured the spectral bandwidth of the SPDC
photons using the spectrometer (HR-4000, Ocean Optics) to be ~30 nm, same as our
previous report [11] and ~37 nm for 30 mm and 20 mm long crystals, respectively
The relatively low parametric gain has restricted the experimental measurement of the
SPDC spectrum for smaller crystal lengths. However, it is important to note that the

experimentally measured spectral bandwidth is matching with the estimated spectral
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Figure 5.2: a. Variation of HOM interference dip profiles with the length of the non-
linear crystals. b. Dependence of spectral bandwidth (black dots) and the FWHM
width of HOM interference profile (red dots) of SPDC photons on the length of the
non-linear crystal. The solid black line is the theoretical fit to the experimental data.

bandwidth as shown in Fig. 5.2(b). Interestingly, the decrease of crystal length from 30

mm to 1 mm results in a decrease (increase) of HOM interference dip width (spectral

width of SPDC photons) by more than five times. As a result, one can see the sharp

variation (see black and red dots of Fig. 5.2(a)) in the coincidence counts for the small
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changes in the optical delay away from the zero-point optical delay for HOM interfer-
ence with smaller dip width. Such amplification in the rate of change of coincidence
counts with optical delay, i.e., the increase of sensitivity of the HOM interferometer
with the decrease in crystal length, can be useful for designing HOM interferometer-
based sensor to measure any physical process influencing the optical delay between
the photons.

To gain further perspective, we have selected half of the HOM curve of Fig. 5.2(a)
showing coincidence counts variation from minimum to maximum with positive op-
tical delay for crystal lengths, L = 1, 2, 10, 20 and 30 mm. The results are shown
in Fig. 5.3(a). Since the maximum coincidence counts per second at a fixed pump
power of the HOM curve directly depend on the pair generation rate and hence the
interaction length of the non-linear crystal used, for comparative study of the slopes of
HOM curves for different crystal lengths, we have normalized the coincidence counts
with their maxima. It is visually evident from Fig. 5.3(a) that the slope of the HOM
curve is gradually increasing with the decrease of crystal length from L = 30 mm to
1 mm. However, for quantitative estimation, we have used a linear fit (solid lines) to
the experimental data (points) as shown in Fig. 5.3(a), and measured the variation of
the HOM dip gradient with crystal length. The results are shown in Fig. 5.3(b). It
is evident that the gradient of the HOM curve decreases (red dot and line) with the
crystal length from a maximum of 0.215 um~! for L =1 mm to 0.051 um ™! for L = 30
mm. Since the slope of the HOM curve reflects the measurement sensitivity, we can
conclude that for the measurement of any physical parameter influencing the relative
optical delay between the photons with high sensitivity, one needs a HOM interferom-
eter with a shorter nonlinear crystal length.

However, it is well known from the literature [197, 198] that the gain of the parametric
process is a function of crystal length. Therefore, a decrease in crystal length to access
the higher sensitivity of the HOM-interferometer-based sensor results in a decrease in
the generation rate of paired photons. To get a better perspective on the generation
rate of paired photons useful for quantum sensing, we have measured the coincidence

counts with the change in crystal length while keeping the pump focusing waist radius
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(wp =29 um) and waist radius (w; /s = 39 um) of the collected signal/idler constant. As
shown in Fig. 5.3(b), the coincidence counts (black dot and line) for the fixed pump
power of 0.25 mW increase from 89.5 kHz to 245.3 kHz for crystal lengths ranging
from L = 1 mm to 30 mm with a maximum of 329 kHz for crystal length of L = 10
mm. This is due to the fact that the pump focusing and collection beam waist are
optimized for the crystal length, L = 10 mm. While one can access more counts for
each crystal length by utilizing the optimum focusing conditions, it is evident from the
current study that despite the use of thin crystal lengths (required for the high sensitiv-
ity of the quantum sensor), the coincidence counts are sufficiently large for practical
applications. In terms of the coincidence counts, the slopes of the HOM curve for 1
mm and 30 mm crystals are found to be 450 um ™' and 260 pm ™!, respectively, at a
pump power of 0.25 mW and exposure time at 20 ms. Although in the present study,
we have collected the photons with a single mode fiber, thus eliminating the photons
generated in higher order modes, it is observed in literature [199] that the use of thin
crystal can lead to the generation of broadband spatial modes. Therefore, the use of
broadband spatial modes generated in the current experiment can lead to additional
experiments in the future. On the other hand, here, we have used a CW diode laser to
implement the system in outdoor applications. However, using an ultrafast pump laser
in combination with the thin crystal for lab-based experiments, one can further en-
hance the sensitivity of the HOM interferometer due to the increase of overall spectral
bandwidth (decrease of HOM interference dip width) of the down-converted photons
and pair photon generation rate for small crystal length. Similarly, with the use of
periodically-poled crystals with chirped grating, one can use long crystal lengths to

generate broadband pair photons with a high generation rate [200].
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5.4.1 Displacement sensing using HOM interferometer

Knowing the dependence of the sensitivity on the crystal length, we have studied the
performance of the HOM interferometer to measure the static displacement of the mir-
ror, introducing an optical delay between the photons. Using the 1 mm long PPKTP
crystal resulting in HOM interference dip width of 4.01 + 0.04 pm, we have moved
the mirror using the motorized stage to a displacement of ~ 1.25 um away from the
zero-optical delay position. This translation resulted in a positive optical delay of ~
2.5 pum corresponding to the region having maximum sensitivity of the HOM region
of the sensor. We moved the mirror in a step of 60 nm (resulting optical delay of 200
attoseconds) and measured the coincidence counts. The results are shown in Fig. 5.4.
It is evident from Fig. 5.4(a), the displacement of the mirror by 60 nm results in the
change of the coincidence counts of more than 50 per 20 ms of integration time. Such
a large change in the coincidence count, much higher than the dark count and acci-
dental counts, confirms the possibility of measurement of static displacement as low
as 60 nm. Such a change in the coincidence count is easily detectable, confirming the
displacement measurement as small as 60 nm. Further, to confirm the reliability of
the measurement, we measured the temporal variation of the coincidence counts over
10 minutes for each mirror position. It is evident from Fig. 5.4(b), that the temporal
variation (with standard deviation ~ 7.4%) of the coincidence counts due to various
parameters, including the laser intensity fluctuation, air current, and local temperature
instability in the laboratory, is much smaller than the change in the coincidence counts
due to the static displacement of the mirror. The possibility of smaller static displace-
ment can be possible by suitably reducing the fluctuation of the coincidence counts in

the experiment.

5.4.2 Calibration of piezo actuator

After successful characterization and static displacement measurement, we used a

piezo-electric actuator (PEA) (NF15AP25), having a travel range of 25 pum for the
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Figure 5.4: a. Variation in the coincidence counts (CC) with nanometer displacement
of the optical delay mirror, M2. b. Temporal stability of coincidence counts at different
positions of the delay mirror, M2.

applied voltage 0 - 75 V to study the performance of the HOM interferometer for
dynamic optical delay or mirror vibration sensing applications. However, due to the
unavailability of closed-loop feedback for the PEA, we had to calibrate the PEA to
estimate the displacement with the applied voltage. In doing so, we have attached the
mirror M2 (see Fig. 5.1) to PEA placed over the motorized linear translation stage
(MTS25-Z8). Using a crystal of length 20 mm corresponding to the HOM curve rep-
resented by the green dots in Fig. 5.2, we have adjusted the initial position of the linear
stage corresponding to a positive delay of ~10 um so that the coincidence count is
50% of maximum value. We moved the linear stage by ~0.5 um corresponding to
the optical delay of ~1 pm towards the zero-delay point resulting in a change in the
coincidence counts. Such change in the coincidence counts is reset by increasing the
applied voltage to the PEA. Under this condition, the applied voltage to the PEA makes
a displacement corresponding to the displacement of the linear stage in the opposite
direction. We have repeated this exercise in steps of ~0.5 um up to the allowed PEA
voltage of 75 V with the results shown in Fig. 5.5. It is evident from Fig. 5.5 that

the displacement (blue dots) of the PEA is linear to the applied voltage producing a
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Figure 5.5: Linear displacement of the PEA stage as a function of applied voltage.

maximum displacement of 35 pm, more than the manufacturer’s specification (25 pm)
for the maximum allowed voltage of 75 V. Using the linear fit (red line) to the exper-
imental data (black dots) we find the displacement of the PEA to be 0.48 + 0.02 um
per volt. As expected, the calibration of PEA using the HOM interferometer based on
a 1 mm long crystal (black dots) coincides with the results obtained using the 20 mm

long crystal (blue dots).

5.4.3 Dynamic vibration sensing using HOM interferometer

Having the calibration data for the piezo for static displacement, we have studied the
performance of the HOM interferometer for a dynamic signal. In doing so, we have
used the 1 mm long PPKTP crystal corresponding to the HOM interference dip width
(FWHM) of 4.01 um and adjusted the initial positive delay by a value of ~3 pwm. Driv-
ing the PEA with a periodic voltage signal in a triangular wavefront of controllable
frequency and amplitude, we have recorded the temporal variation of the coincidence

counts of the HOM with the results shown in Fig. 5.6. As evident from Fig. 5.6(a), the
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vibrations of the PEA with a periodic triangular signal of period 1 Hz and the peak-
to-peak voltage of 1 V corresponding to a peak-to-peak optical delay of ~1.0 pm, as
estimated from the calibration data of section. 5.4.2), produces a peak-to-peak vari-
ation in the coincidence counts of ~400 over the mean value of 960 at a period of 1
Hz, the same as the driving frequency. Further, we changed the peak-to-peak vibration
amplitude of PEA from the calibration data of Fig. 5.4.2 and measured the peak-to-
peak optical delay from the coincidence counts with the results shown in Fig. 5.6(b).
We have repeated this exercise twice and termed the results as set-1 (red data points)
and set-2 (blue data points). As evident from Fig. 5.6(b), the peak-to-peak optical
delay (which is twice the displacement of the PEA) measured using the change in the
coincidence counts of HOM exactly follows the set delay at a slope of 0.835 4 0.004.
Ideally, the slope should have a value of 1 to maintain one-to-one correspondence of
the set and measured values. The discrepancy between the experimental slope with
respect to the ideal value can be attributed to the error in the coupling of the applied
voltage to the PEA and piezo hysteresis [201, 202], which can be minimized by the
unidirectional motion of the PEA and allowing sufficient relaxation time to achieve
the intended position decided by the input voltage (see the PEA calibration, as shown
in Fig. 5.5, having the slope near 1). Since the slope of Fig. 5.6(b) is a very impor-
tant parameter for dynamic sensing applications, we have taken care of the deviation
of the slope value from the ideal value in all experimental measurements throughout
the manuscript. While increasing the PEA vibration amplitude through the applied
voltage signal, we realized that the threshold (to replicate the shape of the input wave-
form exactly) peak-to-peak vibration amplitude, which can be measured dynamically
using this technique, is found to be 205 4-0.75. Subsequently, the average maximum
attainable resolution between two consecutive vibration amplitudes is found to be ~
80 nm. However, one can access smaller peak-to-peak vibration amplitude (< 50 nm)
(without replicating the shape of the input wavefront) from the peak-to-peak variation
of the coincidence counts. As the HOM interferometer deals with single photons, it
is essential to integrate the detected coincidence events for a substantial time to get

a tangible number of coincidence counts while making any measurement. Again the
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required integration time is highly influenced by the brightness of the single-photon
source. In the current experiment, we used high brightness single photon source based
on PPKTP crystal [11, 60]. As a result, we can keep the integration time as low as a
few tens of milliseconds. Here, we have also tested the HOM interferometer to mea-
sure the vibration frequency of the PEA.

Keeping the experimental parameters the same as previous, we have changed the fre-
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Figure 5.6: Vibration measurement using HOM interferometer sensor. a. Variation of
coincidence counts for periodic triangular voltage signal of peak-to-peak amplitude 1
V at 1 Hz applied to the PZT stage. b. Variation of PEA displacement, and c. driving
frequency measured from the coincidence counts with respect to the set values. d. Fast
Fourier transformation of the time-varying coincidence counts measuring the driving
frequency of the applied voltage signal.

quency of the triangular voltage signal to the PEA at the constant peak-to-peak voltage
of 1 V corresponding to the optical delay of ~1.00 um. While we adjusted the set
frequency from the function generator, we recorded the temporal variation of the co-

incidence counts for each driving frequency and performed the fast Fourier transform
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(FFT) to experimentally measure the driving frequency. As evident from Fig. 5.6(c),
the measured frequency using the coincidence data exactly matches the driving fre-
quency. The linear fit (line) to the experimental data (dots) shows a slope of 1, con-
firming the reliable measurement of the frequency of the driving field. However, we
have restricted our measurement to 8 Hz as the FFT signal amplitude, despite having
the peak at the driving frequency, as shown in Fig. 5.6(d), decreases with the increase
of the driving frequency. Such a decrease can be understood as follows. In FFT anal-
ysis, the accuracy depends on the number of acquired samples from the experimental
data. For example, the higher resolution in estimating the driving frequency using FFT
analysis requires many data points. Again, the number of samples/data points can be
increased by increasing the sampling rate. However, in the present case, the sampling
rate is restricted to 50 Hz due to the requirement of a high exposure/integration time
of 20 milliseconds limited by the generation rate of the SPDC source and the process-
ing speed of the TDC. Although we have 50 data points to perform FFT analysis for
a driving frequency of 1 Hz, the available data points vary inverse to the driving fre-
quency as M = 50/ f, where M is the number of samples available for FFT analysis
and f is the driving frequency. As a result, it becomes difficult to retrace the waveform
of the input signal at an increased frequency which leads to the gradual decrease in
the FFT signal amplitude (increase in signal-to-noise, SNR, value) and the subsequent
appearance of its second harmonic peak. Further, an increase in the driving frequency
requires a decrease in data integration time (to achieve a higher sampling rate) through
the increase of the photon generation rate of the source and the use of TDC with low
data acquisition latency. However, in the best-case scenario, one can, in practice, use
HOM interferometer-based sensor to measure dynamic vibration signals of unknown
frequency restricted to a few tens of hertz only.

After complete characterization of the HOM interferometer-based quantum sensor
in terms of static and dynamic displacement measurement, we verify its performance
to measure any arbitrary vibration signal. We adjusted the initial position of the optical
delay mirror, M2, like the previous studies, to access the high-sensitivity region of the

HOM interference dip based on a 1 mm-long PPKTP crystal. Considering the initial
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position as the zero displacement point, we drove the PEA with an external voltage sig-
nal to the PEA in the triangular waveform of varying amplitude (peak-to-peak voltage
range of 0.7 to 2 V) and frequency (1 Hz to 8 Hz). The results are shown in Fig. 5.7.
As evident from Fig. 5.7(a), the displacement of the PEA measured from the calibra-
tion curve (see Fig. 5.5) shows a temporal variation in both amplitude and frequency,
confirming the arbitrary vibration. However, as evident from Fig. 5.5(b), the variation
of the coincidence counts recorded for an integration time of 20 ms exactly follows
the applied signal. Such observation confirms the possibility of measurement of any
arbitrary vibration, for example, low amplitude and frequency seismic S- and P-waves,
using a HOM interferometer-based quantum sensor.

The current study establishes the potential of the HOM interferometer as a quan-
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Figure 5.7: a. Temporal variation of PEA displacement and b. corresponding variation
in the coincidence counts of the HOM interferometer for the external vibration.

tum sensor for real-time detection of time-varying signals in the frequency ranging
from 1 Hz to 8 Hz and any physical process producing optical delays as low as 0.41 +
0.06 um with a precision of ~0.19 um. While the frequency range can further be
increased to tens of hertz by reducing the exposure time of the measurement, the pre-
cision in the real-time measurement of lower optical delay is fundamentally limited by

the statistical and systematic error, especially at lower variation in coincidence counts
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[21]. As such, one needs to explore the statistical concept of Fisher information to
attain a precision that has a lower limit governed by the Cramér-Rao bound [178, 179,

185].

5.5 Precision augmented sensing

The ultimate limit on the precision in measurement is decided by the Cramér-Rao

bound [183, 184] defined as,

Var(x) >

NF(x) (56)

where X represents an unbiased estimator to estimate the physical parameter and var(¥)
is the variance in the measurement. F(x) represents the Fisher information (FI), a met-
ric describing the amount of information available from a probability distribution of an
unknown parameter, for estimating the information of the parameter x in a single mea-
surement, and N is the total number of measurements performed in the experiment. In
the case of HOM interference, the mathematical form of FI is primarily determined by
the temporal mode profile of the signal and idler photons [178]. As the down-converted
photons generated through the type-0 SPDC process have a Gaussian spectral profile,
the FI can be modeled as,
4o (y—1)*(1+7)

Fe— k (5.7)
(e — o) (o — ay+es(1+3y))o?

here, o, 7, and ¢ represent the HOM interference visibility, the rate of loss in photon
detection, and the FWHM width of the HOM curve, respectively. s = g is the param-
eter controlling the distinguishability of the photon arriving at the beam splitter.

As evident from Eq. (5.7), keeping all parameters constant, one can increase the
magnitude of FI, F by employing the HOM interference of smaller dip width (o).

Again, it is evident from Eq. 5.5 that for a given laser parameter, the dip width of the
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HOM interference varies with the square root of the crystal length. Since the crystal
length, a physical parameter controllable in the experiment, using Eq. (5.5) in Eq.

(5.7), we can derive a general expression for FI in terms of crystal length, L, as,

4o (y—1)*(1+7)

= 2 2
A%(ea’t —a) (o — ay+ea’ (14 3y))L?

(5.8)

Here, A is a constant determined by the crystal properties. It is evident from Eq. (5.6)
that for a fixed number of measurements/iterations, N, the precision can be enhanced,
or for a fixed precision, the number of measurements/iterations, N, can be reduced with
the increase of the magnitude of F while saturating the Cramér-Rao bound. Therefore,
Eq. (5.8) sets the foundation for our further study of precision augmented quantum
sensing.

To get a better perspective on the dependence of FI on the crystal length, we have
plotted Eq. (5.8) as the function of optical delay, x while keeping the experimentally
measured values of o and Y as constant. We have used crystal lengths, L =1, 2, 10, 20,
and 30 mm, as available in our lab. The results are shown in Fig. 5.8(a). As evident
from Fig. 5.8(a), the FI has the double-peak profiles for HOM visibility o < 1. It
has been previously observed [178] that the HOM visibility, o influences the magni-
tude and the separation between two peaks of FI, respectively. However, in the current
experiment, we observed that for a fixed value of HOM interferometer visibility, the
shape and peak value of FI depend on the value of HOM interference dip width, o. As
evident from Fig. 5.8(a), the decrease in the width of the HOM interference dip due to
the decrease of crystal length (see Eq. (5.5)) not only reduces the separation of the two
peaks of FI but also show a substantial increase in their respective peak values. To put
things in perspective, using the experimental parameters in Eq. (5.8), we estimated the
peak values of FI for crystal lengths 1, 2, 10, 20, and 30 mm. The results are shown in
Fig. 5.8(b).

The solid dots represent the peak value of FI, calculated using experimentally mea-
sured values of &, ¥, and o for each crystal length. On the other hand, the theoretical

fit to the experimental results is calculated using Eq. 5.8 for fixed values of & and y for
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Figure 5.8: a. Variation of Fisher information as a function of optical delay, x, between
the signal and idler photons for different crystal lengths. b. Dependence of the peak FI
value with the length of the nonlinear crystal. Solid line is the theoretical fit (Eq. 5.8)
to the experimental data.

all crystal lengths. It is evident from Fig. 5.8(b) that the peak value of FI (black dots)
decreases from 35.06 + 1.65) x 10~% um_z to (2.07 £ 0.19) x 1074 um_z for the in-
crease of the crystal length from 1 mm to 30 mm due to the corresponding increase in
the FWHM width of the HOM interference dip from 4 pum to 21.2 um (see Fig. 5.2).

Such observation clearly shows the enhancement in peak value of FI (here 17x) by
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simply reducing the nonlinear crystal length (here 1/30) even using a single-frequency
diode laser. It is also interesting to note that the current peak value of FI shows a ~24 x
enhancement as compared to the FI value under similar measurement conditions using
an ultrafast laser [178], with further possibility of enhancement by using an ultrafast
laser generating SPDC photons in a thin nonlinear crystal. Such an increase in the
peak value of FI can be useful in faster saturation of the Cramér-Rao bound as defined
in Eq. (5.6) at the lower number of measurements/iterations to achieving a predefined

precision in the measurement of optical delay.

5.5.1 FI based measurement

The precise estimation of a physical parameter such as optical delay, x, can be obtained
through the maximum likelihood estimator [178]. In the current study, the estimator of

the maximum likelihood function for measuring the optical delay can be defined as,

=40 |in <M> (5.9)
N )

113
—Nz(lT,z/

Here, N1 and N, represent singles and coincidence counts, respectively. The optical
delay introduced between the signal and idler photons can be estimated using Eq. (5.9)
with the proper knowledge of Ny and N,. To perform the FI-based measurements on
the small optical delay between the paired photons, we first calibrated the 1 mm long
PPKTP crystal-based HOM interferometer to estimate the parameters, ¢, ¥, and . We
performed 16 scans of the HOM dip to ascertain the precise values of these defining pa-
rameters of the HOM interferometer. We tried to resolve between two selected points
on the HOM interference curve having the positive optical delays of, say, x; and x;
with a separation of ~5.51 nm apart. The optical delay corresponding to the maximum
peak value of FI lies between points x; and x;. We set the voltage to the PEA accord-
ing to the calibration data shown in Fig. 5.5 to make the back-and-forth movement
between the positions x| and x; and recorded the singles count, Ny, and coincidence

counts, N, at both points. Although the exposure time for this iterative measurement
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was set to 50 ms, the electronic response and delay of the Piezo controller and TDC
restricted the effective data acquisition frequency to ~6 Hz. Using all the experimen-
tal parameters in Eq. (5.9), we have estimated the values of x; and x; with the results
shown in Fig. 5.9. As evident from Fig. 5.9(a), the cumulative estimates for x; (black
line) and x; (red line) with the increase in the number of iterations/measurements show
a drift due to the drift in the piezo position over the measurement time. However, the
separation between the estimated values of x; and x,, as shown by the inset image
of Fig. 5.9(a), remains almost constant. We have estimated the separation between
the set points as a function of the number of iterations with the results shown in Fig.
5.9(b). As evident from Fig. 5.9(b), we observe a large uncertainty in estimating the
separation between the set positions for the initial measurements, which settles quickly
toward the set value with the increase in the number of measurements/iterations. For
the set separation value of dx ~ 5.514+0.75 nm estimated from the difference in the
applied voltage to the PEA, we measured the optical delay to be 4.97 + 0.89 nm even
for the experimental measurements/iterations as low as 3300 (as shown in the inset of
Fig. 5.9(b)). The achievable precision for the complete range of the measurements can
be calculated as \/W , where N is the total number of independent measure-
ments performed for the cumulative estimation.

The minute drift in the cumulative estimated data (see from Fig. 5.9(a)), due to the
drift in the piezo position over the large experiment time (as high as ~ 139 minutes),
can easily be mitigated by adjusting the frequency of back-and-forth movement of ~ 6
Hz; a rate much faster than the rate of drift in the position of PEA. Despite such drift, it
is to be noted that the PEA position remains well inside the region (~ 200 nm), having
maximum FI value, adding to the reliability of the acquired data. Although we have
performed about 25000 independent measurements over an experiment time of ~139
minutes, one can easily notice from Fig. 5.9(b) that the true value has been achieved
through the saturation of Cramér-Rao bound for the experimental measurements/iter-
ations as low as 3380 corresponding to the experiment time as low as ~19 minutes.
This was possible due to the increase of the peak FI value through manipulating the

spectral bandwidth of the SPDC photons. Further reduction in the experiment time
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Figure 5.9: Variation of a. cumulative estimates for the PZT positions, x; and x,, and
b. the estimated optical delay between signal and idler photons as a function of the
number of measurements.

to reach such high sensitivity can be possible by further enhancing the FI using the
ultrafast pump laser generating SPDC photons in thin crystals.
We repeated these measurements over a wide range of optical delays using PPKTP
crystals of lengths 1, 2, 10, 20, and 30 mm. The estimated optical delays calculated
from the cumulative estimates are shown in Fig. 5.10. As evident from Fig. 5.10, the
experimental values of the cumulative estimates (solid dots) of the optical delay in the
range of ~3 nm to ~80 nm measured using different crystal lengths exactly follow the
set true value of d.x (black line) derived from the peak-to-peak amplitude of the voltage
signal applied for the back-and-forth motion of the PEA. It is worth mentioning that we
have incorporated the piezo hysteresis as shown in Fig. 5.6 (b) in all the measurement
data. The close agreement of the experimental values of the cumulative estimate with
the set true values of dx, for all crystal lengths confirms the reliability and robustness
of the current experimental scheme.

We further experimentally verify the dependence of the value of FI and the min-
imum number of required iterations/measurements while achieving a fixed precision.

It is evident from Eq. (5.6) and Eq. (5.8) that for a given precision, the increase in
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Figure 5.10: Variation of optical delay measured using the FI analysis with the set
optical delays for different crystal lengths. Solid line represents the true values.

the value of peak FI reduces the required number of iterations/measurements. For ex-
perimental verification, we set, for example, the precision of the optical delay between
the pair photons to be ~5 nm and observed the minimum number of measurements/it-
erations (N) required to achieve this precision for all available PPKTP crystals. The
results are shown in Fig. 5.11. For better understanding, we have also shown the vari-
ation of the peak value of FI with crystal length. As evident from Fig. 5.11, to achieve
a set precision, the number of minimum iterations/measurements (red dots) increases
from 3380 to 17500 for the increase of crystal length from 1 mm to 30 mm due to
the subsequent decrease of peak FI value (black dots) from ~35 x 10 to ~2 x 10
pum-2. It is interesting to note that the inverse of the product of the number of minimum
iterations/measurements (N) and the square root of the peak value of FI forming the
precision [179] is exactly matching with set precision and independent to the increase
of crystal length from 1 mm to 30 mm. The black line is the theoretical fit to the ex-
perimental data as reproduced from Fig. 5.8. From this experiment, it is evident that
a further increase of the peak value of FI through the increase of spectral bandwidth

of the SPDC photon using of ultrafast pump can lead to the realization of FI-based
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tions/measurement required to achieve a fixed precision as a function of crystal length.

ultra-sensitive measurements in real-time applications.

5.6 Conclusions

In conclusion, we have experimentally demonstrated easy control in the spectral band-
width of the pair-photons through proper selection of the length of the non-linear crys-
tal. Using a 1 mm long PPKTP crystal, we have generated paired photons with spec-
tral width as high as 163.4241.68 nm even in the presence of a single-frequency, CW,
diode laser as the pump. The use of photon pairs with such a high spectral bandwidth
in a HOM interferometer results in a narrow-width HOM interference dip enabling
sensing of static displacement as low as 60 nm and threshold vibration amplitude as
low as ~205 nm with a resolution of ~80 nm at a frequency measurement up to 8 Hz.
Further, we experimentally observed the dependence of FI on the spectral bandwidth
of the pair photons and hence the length of the nonlinear crystal. We observed a 17
times enhancement in the FI value while reducing the crystal length from 30 mm to

I mm. Such an increase in the peak FI value (35.06 £ 1.65) x 10* um™, which is
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nearly 24 times higher than the previous study [178], saturates the Cramér-Rao bound
to achieve any arbitrary precision (say ~5 nm) in a lower number of iterations (~
3300), ~11 times lower than the previous reports. Multiplying the number of coin-
cidence counts by the number of iterations; one can find the total number of photons
used in the experiment to achieve such high precision. In our case, this provides 2 x
10° number of photon pairs to achieve the desired precision. This is somewhat higher
than the 2 x 10* photons used e.g., in the experiments by Kwait et.al.[186]. However,
our total measurement time is still lower thanks to the high photon flux rates, therefore
allowing us to achieve overall faster sampling rates and sensitivity to higher vibration
frequencies. The accessibility of high precision in lower iterations or time establishes
the potential of HOM-based sensors for real-time, precision-augmented, in-field quan-
tum sensing applications. Unlike the use of bulky and expensive ultrafast pump lasers
of broad spectral bandwidth to enhance the spectral bandwidth of the down-converted
photons, the generation of broadband photons using a single-frequency diode laser in

small crystal length is beneficial for any practical applications.






Chapter 6

Measurement of high precision
refractive index using
Hong-Ou-Mandel interferometer

based quantum sensor

Hong-Ou-Mandel (HOM) interferometry has emerged as a valuable tool for quantum
sensing applications, particularly in measuring physical parameters that influence the
relative optical delay between paired photons. Unlike classical techniques, HOM-
based quantum sensors offer higher resolution due to their intrinsic dispersion cancella-
tion property. However, achieving precise measurements of optical delay is crucial for
practical applications, and integration of traditional statistical methods with HOM in-
terferometry can be time-consuming. To address this challenge, we recently measured
the optical delay with high precision while maintaining fast detection and high photon
counts by suitably selecting the length of nonlinear crystal for pair photon generation.
Using periodically-poled KTP (PPKTP) crystal of length 1 mm, we report on the mea-
surement of the temperature-dependent group index of nonlinear crystal with a preci-
sion in the order of 107, Our achieved precision of ~ 6.75 x 106 per centimeter of

sample length exceeds the previously achieved maximum precision of ~ 3 x 107> /cm
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by a remarkable margin of >400%. Although the use of the HOM curve limits the mea-
surement range, compensating the photon delay mediated by the temperature-induced
changes in the group index using an optical delay stage, we can enhance the measure-
ment range without compromising precision. For proof-of-principle, we have mea-
sured the group index variation of PPKTP over allowed temperature variation up to
200°C crystal with a precision of ~107°. The implications of this research extend
to quantum optical coherence tomography, opening the avenue for high-precision and

long-range measurements in this field.

6.1 Introduction

The deterministic coalescence of two indistinguishable photons on a balanced beam
splitter, called Hong-Ou-Mandel interference (HOM) [100], apparently has demon-
strated its substantial potential for precise optical delay measurements [178]. It enables
high-precision measurements in various fields of quantum metrology such as quantum
microscopy [12], quantum optical coherence tomography [121], and displacement vi-
bration sensing [129]. The group index of a dispersive material, a metric that quantifies
the velocity of a light pulse or a photon wave packet through the said material [203],
can be reliably calculated using HOM interferometry. It is widely used in many areas of
research, such as spectral mode shaping in optical fibers [204], quantum optical coher-
ence tomography [118], the free spectral range of cavity resonators[205]. For the fabri-
cation of optical fibers that support only specific modes, the size of the core is a crucial
parameter, necessitating the precise determination of the group index of its core with a
precision greater than 107 [203]. Earlier techniques for measuring the high-precision
group index did not adequately address the requirement for enhancing the precision of
HOM interferometry. To achieve the desired levels of precision, these methodologies
frequently suffer from stringent prerequisites, such as the long interaction length of the
specimen and subsequent post-processing of large data accumulated iteratively [17].
It not only lengthens the measurement process but, in some cases, such as the case of
non-linear crystals, specimens with long interaction lengths are exceedingly fragile and

difficult to grow [206]. This challenge necessitates the use of much more sophisticated
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methods of crystal growth, making them highly cost-intensive [207]. Therefore, it is
essential to alleviate the two above-said stringent requirements in order to maximize
cost and time efficiency while simultaneously enhancing measurement precision..

We address the issue of lower precision of a HOM interferometer by employing in-
distinguishable photons with broad spectral bandwidth generated through parametric
down-conversion in periodically-poled potassium titanyl phosphate (PPKTP) crystal
with short interaction length. We used a 1 mm long PPKTP crystal to generate down-
converted 162 £ 1.12 nm and then employed them in the HOM interferometer to pro-
duce HOM curves with full width at half maxima (FWHM) of 4.05 4 0.03 um. Using
these HOM curves, we measured the group indices of different sample materials by
measuring the group delay introduced by them. We observed that the resolution of
group index measurement increases from ~ 8.2 X 10~% to ~ 8 x 107> when the spec-
tral bandwidth of down-converted photons increases from 3.2 + 0.01 nm to 162 +
1.12 nm. We further used the increased slope of this narrow HOM curve and ob-
tained a maximum achievable resolution of ~ 2.25 x 10~% with a range of measure-
ment ~ 7.3 x 107>, The group index (n,) of a dispersive can be related to the refractive

index (n) of the material as follows [208];

1
o 6.1)
TR A=A

Where c, v, are the velocity of light in vacuum and group velocity of light in the sample
material. Where A, is the central wavelength of the photon wave packet traveling
through the dispersive material. Eq. 6.1 equation suggests that in the regime of normal
dispersion, the group index of material will always be lower than its refractive index. In
HOM interference, if Ax is the optical delay introduced by the sample material having

an effective interaction length of L, its group index can be written as follows;

ne=", (6.2)
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From Eq. 6.2, it can be deduced that the precision of measuring the group index, ng, of
a specimen depends upon the precision of measuring the optical delay introduced by it

and the precision with its length is known.

6.2 Experimental setup

The schematic of Fig. 6.1(a) shows the concept of quantum sensing using HOM
interferometry. The detailed experiment scheme is the same as the experimental setup
shown in Ref. [129]. A single-frequency, linearly polarized (vertical polarization),
continuous-wave (CW), fiber-coupled diode laser providing 20 mW of output power

at 405.4 nm is used as the pump laser in the experiment. The pump laser is focused
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Figure 6.1: a) Schematic of the experimental setup. NC: PPKTP crystal of grating
period = 3.425 um, NF: notch filter, S: Specimen, M1-2: dielectric mirrors, BS: 50:50
beam splitter, C1,2: Fiber couplers, b) HOM curve profiles for the four cases of SPDC
photons having different spectral bandwidth

at the center of the nonlinear crystal for the optimum rate of pair-photon generation.
Two periodically poled KTiOPO,4 (PPKTP) crystals of the same aperture (1 x 2 mm?)

but of different interaction lengths, L = 1, and 20 are used as the nonlinear crystal
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(NC) of the experiment. Both the nonlinear crystals have a single grating period of A
= 3.425 pum designed for the degenerate, type-0 (e— e 4 ¢) phase-matched parametric
down-conversion (PDC) of 405 nm to 810 nm. To set out quasi-phase-matching, the
PPKTP crystals are kept in an oven having dynamic temperature control over room
temperature to 200°C with temperature stability of +0.1°C. After being separated from
the pump, the non-collinear, down-converted pair photons are collimated and guided

in two different paths to interfere with the balanced (50:50) beam splitter (BS).

To relative optical delay between the pair photons is adjusted using the optical
delay line in the path of one of the photons. On the other hand, the sample, S, un-
der study is placed in the path of another photon. The photons at the output ports of
the BS are collected using single-mode fiber connected to the single-photon counting
modules, D1 and D2 (AQRH-14-FC, Excelitas). Further, the time-to-digital converter,
TDC (ID-800), is used to measure the single and coincidence counts. All optical com-
ponents used in the setup are selected for optimal performance at both the pump and
SPDC wavelengths. All the data is recorded at a coincidence window of 1.6 ns and a

typical pump power of 0.25 mW.

6.3 Results and Discussions

We first studied the performance of the HOM interferometer for four different spec-
tral widths of the pair photons. It is evident from Ref. [129] that the pair photons
generated from PPKTP crystal of length, L = 1 mm, and 20 mm, have a spectral width
of 162 £ 1.12 nm, and 39 £ 0.2 nm. To reduce the spectral width, we have filtered
the pair-photons using interference filters with transmission bandwidths of 3.2 nm and
10 nm centered at 810 nm. Using the pair-photons with four different spectral band-
widths, we measured the HOM interference by recording the coincidence counts with
the relative optical delay. The results are shown in Fig. 6.1(b). As expected from the
previous report [129], the FWHM width of the HOM dip increases from 4.05 + 0.01,
16.9 + 0.03,42.4 + 0.06 and 144.5 4 0.08 wm with the decrease of spectral bandwidth
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of the pair photons from 162 £ 1.12 nm (crystal length 1 mm), 39 4+ 0.2 nm (crystal
length 20 mm), 10 4+ 0.01 (10 nm interference filter) and 3.2 + 0.01 nm (3.2 nm
interference filter). Interestingly, the HOM curve (purple color) for the pair-photons
with a spectral bandwidth of 3.2 nm can be approximated by an inverted Gaussian
profile. Such observation confirms that the pair photons carry a Gaussian temporal
profile. On the other hand, we observe the oscillatory fluctuation of the coincidence
counts (black dots) with diminishing amplitude away from the HOM dip in the case of
broadband (spectral width of 162 nm) pair-photons due to the beating of the probabil-
ity amplitudes of the two-photon wave packet [179]. To gain further perspective, we
have magnified the minimum coincidence section of the HOM curves with the results
shown in the inset of Fig. 6.1(b). It is interesting to note that for the optical delay in
the range of =2 um, the minimum coincidence counts for pair-photons with spectral
widths of 3.2 nm, 10 nm, and 39 nm are the same. As a result, one can encounter
significant errors while determining the optical delay corresponding to the minimum
coincidence counts and subsequent inaccuracies in the measurements of any physical
parameter (e.g., the refractive index of a sample) while using the shift of HOM dip. On
the other hand, the fast variation in coincidence counts with optical delay, as observed
for the HOM curve (black dots) of pair-photons with broad spectra, results in relatively
higher accuracy in identifying and measuring optical delay corresponding to the min-
imum coincidence. Therefore, the narrow HOM curve is preferred for high-accuracy

measurements in quantum sensing applications.

Further, to establish the need for a narrow HOM curve for high-resolution HOM-
based quantum sensors, we have used HOM interferometry to measure the optical de-
lay between the pair photons introduced by a dispersive material with different group
indexes. Using the measured group index and the dispersion relations, one can deter-
mine the refractive index of the material. For group index measurement, we have used
five different samples (S), including the commonly used periodically poled nonlinear
crystals, KTP (KTP), Mgo-doped stoichiometric grown lithium tantalate (SLT), and
MgO-doped congruent grown lithium niobate (CLN) of lengths, 5.07, 5.18, and 10.03
mm, respectively and two glass slabs, named as Gls1 (Schott glass) and Gls2 (BK7) of
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Figure 6.2: Group index measurements of PPKTP crystal with photons having dif-
ferent spectral bandwidth, b) Group index measurement for different sample materials
with photons of different spectral bandwidth

lengths, 3.10, and 1.15 mm, respectively. As expected, the insertion of the sample (S)
in one of the arms of the HOM interferometer shifts the HOM curve. We retrieved the
HOM curve using the delay stage employed in the other arm of the HOM interferom-
eter. Subsequently, using the overall shift (Ax) of the interference minima due to the
presence of the samples for all four spectral widths of the pair-photons, we calculated
the group index using Eq. 6.2. The results are shown in Fig. 6.2. As evident from Fig.
6.2(a), the pair photons generated by a PPKTP crystal of length 1 mm have a symmetric
HOM curve in the absence of any sample with an FWHM width (obtained using Gaus-
sian fit to the experimental data) of 4.06 + 0.02 pm. The minimum coincidence point
of the HOM curve is achieved for the linear stage reading of 21.554 mm. However, the
insertion of the sample (PPKTP crystal of length, L = 5 mm) shifts the HOM curve,
as shown in Fig. 6.2(b). The HOM curve has an asymmetry, but the FWHM width
of 4.11 £ 0.03 um is almost the same as the FWHM width of the HOM curve in the
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absence of the sample. Such observation confirms the dispersion cancellation property
of the HOM interferometer [15]. The minimum coincidence point of the HOM curve
in the presence of a 5 mm long PPKTP sample is obtained at a linear stage reading of
26.164 mm. The overall change in the optical delay can be written as Ax = (ng-1)x L =
4.61 mm. Using this optical delay; we can measure the group index of the sample. We
repeated the same measurement for different samples of varying lengths and the spec-
tral width of the paired photon and measured the group index. The results are shown
in Fig. 6.2(c). It is observed that the group index of all five samples measured (dots)
using pair-photons of different spectral bandwidths matches the group index calculated
using the respective Sellmeier equation (line). Such observation establishes the capa-
bility and reliability of the HOM interferometer as a potential refractometer to measure
the group index of any dispersive materials. In this measurement, all materials were
kept at room temperature. However, to observe the accuracy of the measured group
index due to possible estimation errors in the measurement parameter, (Ax), while us-
ing different spectral widths of the pair-photons, we have magnified the scale of the
group index data recorded for PPKTP crystal. The results are shown in Fig. 6.2(d). As
evident from Fig. 6.2(d), the group index (dots) of the PPKTP crystal measured using
different spectral widths of the pair-photons lies close to the theoretical value (blue
line) calculated using the dispersion relations [156] of the PPKTP crystal. However,
careful observation reveals that the improvement in the measurement precision from
+83x10 % to &1 x 10~%, an 8 x enhancement for the use of HOM interference with
pair-photons of broad spectral width, 162 nm, over 3.2 nm. Such improvement can be
attributed to the improved accuracy in measuring the HOM curve shift while using a
narrow HOM dip due to the broad spectra of the pair-photons. However, the dispersion
of the sample in the presence of different spectral widths of the pair photons showed
almost no change in the resolution. This is due to the dispersion cancelation charac-
teristics of the HOM interferometer, as evident from Fig. 6.2 and also observed in
the case of two-photon interferometry-based quantum optical coherence tomography

using ultra-broadband pair-photon [15].

Therefore, one can use the shift of the HOM curve as a pointer to measure the



6.3. Results and Discussions 101

group index of any dispersive medium with an accuracy in the range of +1 x 10~*
while using the broad spectral bandwidth of the pair-photons. Similar performances
are observed for group index measurement of all the material. To better understand, we
have tabulated all the group index measurement parameters in Table 6.1. The length
of the samples is measured value in the lab using vernier calipers. These measured
lengths exactly match the tolerance range specified by the supplier of the samples.
The spectral width of the pair-photons used in this measurement is 162 nm. As evi-
dent from Table 6.1, the measurement accuracy of the group index of all the disper-
sive mediums with different lengths is expectedly in the range of £1 X 1074, simi-
lar to the order of precision achieved by optical coherence tomography (OCT) [209,
210]. However, we can not use this technique to measure the temperature-dependent
group index (thermo-optic dispersion) variation of different nonlinear crystals useful
for quasi-phase-matched nonlinear parametric processes due to their weak temperature
dependence (in the range of 107%-107 /°C. Therefore, we need the precision at least
one order of magnitude lower, i.e., ~ 10~°. On the other hand, we have demonstrated
the measurement of static optical delay of 60 nm using HOM interferometry with pair
photons of broad spectral width [129]. As the optical delay is defined as the product
refractive index, n, and physical length, L, of a medium, i.e., n X L, one can easily
measure the change in the refractive index smaller than ~107° by suitably selecting

the physical length of the medium.

Table 6.1: Group index (ng) of different materials at room temperature.

Sample Length Theory Measured  Accuracy  Sellmeier
(mm) ng ng equation
PPKTP crystal 507 1.90949 190944 1.02x 10~* [156]
PPSLT crystal 518 221997 221994 897 x 107> [211]
MCLN crystal 10.03 227129 227132 8.04 x 107° [211]
Schott Glass (Gls1) 1.15  1.52927 1.52924 1.05 x 1074 [212]
Glass slab (Gls2) 3.10 1.50778 1.50773 8.97 x 107° [213]

To verify the possibility of measuring the temperature-dependent group index (thermo-
optic dispersion) of periodically poled crystal, we have selected PPKTP crystal. Two

advantages justify such selection; firstly, the experimental observations can be vali-
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dated using standard data from available Sellmeier equations [156], and secondly, the
PPKTP crystal exhibits ~ 15 times less susceptibility to temperature fluctuations as
compared to the other popular periodically poled crystals such as PPSLT and MCLN
[211, 214].

However, before the experimental observations, we analytically calculated the vari-
ations in the group index of PPKTP crystal as a function of crystal temperature. Let us
assume that x(75) is the optical delay between the pair photons due to the PPKTP crys-
tal of length L and group index n, at initial temperature 7,. The x(7;) can be written
as,

X(To) = ng(Ty) x L(T,) (6.3)

Now the change in crystal temperature by AT leads to the change in its group index
and effective interaction length due to thermo-optic dispersion and thermal expansion,
respectively. Therefore, the temperature-dependent the optical delay, x(7, + AT), can

be written as,
X(To +AT) = (ng(To) + Ang(AT)) x (L(To) + AL(AT)) (6.4)

where An,(AT) and AL(AT') denote the change in group index and the effective inter-
action length of the crystal, respectively, due to the change in crystal temperature of
AT. The net change in the relative optical delay corresponding to the change in crystal

temperature can be written as,
Ax(AT) = x(T, + AT) — x(To) (6.5)

Using Eq. 6.3 and Eq. 6.4 in Eq. 6.5 and neglecting the term An,(AT)AL(AT) due
to its small (10~'?) magnitude as compared to the measurement accuracy, we can
represent the temperature-dependent group index change as,

Ax(AT) — ngAL(AT)

Ang(AT) ~ 7

(6.6)
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The second term in the numerator of Eq. 6.6 accounts for the change in relative optical
delay between the signal and idler of the paired photons due to the thermal expansion
of the PPKTP crystal placed in one of the arms of the HOM interferometer. Since
the refractive index and crystal lengths vary simultaneously with the temperature, we
can measure one of the parameters at a time for a given value of the other parameter.
Therefore, we used the available thermal expansion data of PPKTP crystal from the
literature using Ref. [215] and measured the temperature-dependent group index vari-
ation of the PPKTP crystal.

As evident from Eq. 6.6, for a given crystal length, L, by measuring the change in
optical delay, Ax(AT), one can easily find the temperature-dependent group index of
the crystal. In doing so, we have reconstructed the HOM curve in the presence of the
sample (PPKTP crystal of measured length, L = 30.12 mm) in one of the arms of the
HOM interferometer. In this case, the temperature of the sample is kept fixed (26°C).
As the presence of the sample does not change the width of the HOM curve due to its
intrinsic dispersion cancellation property as observed in Fig. 6.2 and Ref. [15], we
obtained the HOM curve of FWHM width same as the HOM curve presented in Fig.
6.2(b)).

Further, we adjusted the delay line such that the initial point corresponding to the
crystal temperature, T, = 26°C, results in an optical delay of +1 um (see Fig. 6.2(b)).
Such selection is purposefully made to access the majority of the linear range of the
HOM curve, thus enhancing the measurement range. Now we change the temperature
of the sample (PPKTP crystal) in a step of 0.1°C allowed by the oven. Since such
small increments are close to the stability range of the oven, for each temperature rise,
we allowed the oven and crystal sufficient time (~ 2 minutes) to settle the temperature
rise and finally recorded the coincidence counts data for a total of 200 iterations to en-
hance the precision of measurement. Using these coincidence counts and comparing
them with the HOM curve (see Fig. 6.2(b)), we estimate the optical delay as a function
of the crystal temperature. The results are shown in Fig. 6.3. As evident from Fig.
6.3(a), the optical delay due to the change in the group index of the sample (PPKTP

crystal) increases linearly with the crystal temperature in the range of 26 - 29°C with a
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Figure 6.3: Variation in the coincidence counts of HOM interferometer with the rela-
tive optical delay between signal and idler introduced through the movement of mirror
M2 (black dots), and through the temperature change of the crystal (red dots), b) Tem-
poral stability of the coincidence counts for a period of 10 minutes at each increment
in the crystal temperature

slop of 1.158 um/°C of the crystal temperature. Further increase in crystal temperature
pushes the optical delay out of the linearity range and provides arbitrary results. How-
ever, by adjusting the initial point, we can measure the group index of the nonlinear
crystal over a range of 3°C. To confirm the reliability of the experiment, we recorded
the variation of coincidence counts over 10 minutes for each step change (0.1°C) of
the crystal temperature across 27.1 - 28°C. The results are shown in Fig. 6.3(b). It
is evident from Fig. 6.3(b) that the change of crystal temperature by 0.1°C results in
a change of the coincidence counts of more than 100 per 100 ms of integration time.
Such a large change in the coincidence count, much higher than the dark count and ac-
cidental counts, confirms the possibility of measurement of the change of group index
of nonlinear crystal with temperature change smaller than 0.1°C. We could not access
the lower step of the temperature change due to the unavailability of a suitable oven in
our lab. As observed previously [129], the temporal variation of the coincidence counts
is due to various parameters, including the laser intensity fluctuation, air current, and
local temperature instability in the laboratory. However, such change in coincidence
counts resulting from different external perturbations is much smaller than the change
in the coincidence counts due to the change in the group index of the sample (nonlin-

ear crystal). Using the optical delay corresponding to change in crystal (length, L =
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Figure 6.4: a),b) variation in the group index of PPKTP crystal with the change in its
temperature measured using indistinguishable photons of spectral bandwidth 162, 39,
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30.12 mm) temperature from Fig. 6.3(a), the group index value from Table 6.1 and
the thermal expansion of the crystal, AL(AT) from [215] in Eq. 6.6, we calculated the
temperature-dependent group index, Ang(A T), of the PPKTP crystal. The results are
shown in Fig. 6.4. As evident from Fig. 6.4(a), the temperature-dependent group in-
dex (red dots) measured using the HOM curve of FWHM width around 4.11 pwm has a
temperature range of 3°C at any initial point and the corresponding range group index
variation of ~7.3 x 107°. The measurement of group index for the minimum change
of crystal temperature, 0.1°C, sets the resolution of the HOM-based quantum sensor to
be ~ 2.25 x 10~ for sample length of 30.12 mm. Using the dispersion relations of the
PPKTP crystal from Ref. [156, 215], we calculated the temperature-dependent group
index variation (blue dots) in close agreement with the experimental results (red dots).
As compared to previous report on high precision group index measurements [17] of a
sample (optical fiber) length of 50 cm having precision of 3 x 10~>/cm (absolute value
of 6 x1077 for 50 cm sample) our measurement precision, 6.75 X 1076/cm, show an
unprecedented enhancement by ~ 444%. Such enhancement was possible due to the
narrow HOM-curve resulting from the control in the length of the nonlinear crystal
producing broadband paired photons [129]. To measure the group index variation over
a wider temperature range, we have repeated the measurement using the HOM curve

with an FWHM width of 144.5 £ 0.08 pm with the results shown in Fig. 6.4(b). As ex-
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pected, the experimental results (red dots) are closely matching with theoretical results
(blue). It is also evident that the range of temperature and corresponding group index
has increased to 80°C and ~ 386.1 x 10> but with lower resolution (~4.5x% 1072 ).
To avoid the range-dependent resolution and enhance the range while keeping the high
resolution (~ 2.25 X 10_6), we have used the technique reported in Ref. [129] to cal-
ibrate the open loop piezo system. In this technique, we have used the HOM-curve of
FWHM dip width of 4.11 um and adjusted the optical delay corresponding to the initial
crystal temperature at the middle of the linearity region of the HOM curve. Knowing
the coincidence counts for the initial point; we have adjusted the optical delay stage to
compensate for the temperature-dependent group, index-mediated coincidence counts.
Since the entire HOM curve is not being used for this experiment, we can access the
unlimited range with the finest accuracy determined by the narrow HOM curve. In the
current experiment, we have measured the group index variation of the PPKTP crys-
tal from room temperature to the allowed maximum temperature of 200°C with the

precision of ~ 2.25 x 1076,

6.4 Conclusion

In conclusion, we have successfully demonstrated a HOM interferometer-based
quantum sensor for the measurement of group index variation of nonlinear crystals
with high precision. Using the HOM curve of FWHM width of 4.11 um resulting
from the paired photons generated by a PPKTP crystal of length 1 mm, we have mea-
sured the temperature-dependent group index of PPKTP crystal over a temperature
range of 3°C at any arbitrary initial temperature with a resolution of 6.75 x 1076 per
centimeter length of the sample. This resolution is >400% better than the previous
group index measurement [17]. Such enhancement was possible due to the control of
the spectral of the paired photon; thus, the width of the HOM curve using the opti-
mized length of the nonlinear crystal produced paired photons with a high generation
rate. Using compensation of group index mediated optical delay by the linear optical
delay stage, we observed the possibility of measuring group index with high precision

over an unlimited temperate range. The current demonstration opens up the possibility
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of HOM-based quantum sensors for quantum optical coherence tomography with high

resolution and measurement range.






Chapter 7

Conclusions and Future Plans

7.1 Conclusions

This thesis is primarily focused on the study of the generation and characterization
of pair photon sources based on spontaneous parametric down-conversion in non-linear
crystals and their applications in quantum sensing applications. We addressed three
key challenges of quantum sensing, such as low pair photon rate, low stability of the

pair photon source, and lower measurement resolution.

In Chapter 3, we have investigated the effect of the phase-matching parameters,
such as the pump beam waist (®),), collection beam waist (@), and crystal temperature
on the coincidence count collection, and the pair coupling efficiency to single mode
fibers. A maximum coincidence count of 1692.3 + 8.5 KHz/mW for @, =42 pum and
. = 57 um has been achieved at a crystal temperature of 29.5°C, while a maximum
coupling efficiency of 32.1 & 0.6 % is observed for @, = 84 um and @, = 109 um at
a crystal temperature of 26°C. It is observed that both the pump intensity at the crystal
center and the divergence of the SPDC photons play a crucial role in the collection of
pair photons into single-mode fibers, while the pair coupling efficiency (7.) is majorly
controlled by the divergence of the pump and, thus, the divergence of SPDC photons.
The rate of generation of photons does not seem to alter the pair coupling efficiency.

This conclusion supports the experimental observation that for a fixed collection beam
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waist @, the pump beam waist (@,) providing the maximum pair coupling efficiency

is different from the @, providing maximum coincidence counts.

In Chapter 4, we have demonstrated a novel configuration for a spontaneous para-
metric down-conversion process to enhance the tolerance of generated pair photons
against the perturbations in the phase-matching parameters such as pump wavelength,
crystal temperature, and the tilt of the crystal w.r.t to the propagation direction of the
pump beam. This new configuration involves a hybrid solution that incorporates a lens-
axicon pair, commonly available in an optics laboratory, to transform the conventional
SPDC annular ring into a new ring. This new SPDC ring enhances the tolerance of the
SPDC ring to external perturbations in phase-matching parameters without sacrificing
the spectral brightness of the source. The spectral brightness of the source is observed
to be as high as 22.58+0.15 kHz/mW with a state fidelity of 0.9540.02, yet requiring
a crystal temperature stability of only +0.8°C, a 5x enhanced tolerance as compared
to the conventional high brightness SPDC configurations. It also relaxes crystal tilt
stability by more than 3 and the wavelength stability of the pump laser by more than
100 GHz. This new configuration for the generation of pair photons through SPDC is
highly useful in quantum sensing experiments of QOCT, and the experiments required

field deployment of pair photon source.

In Chapter 5, we characterized the Hong-Ou-Mandel interferometer for high-precision
sensing of small changes in the optical delay between the indistinguishable photons.
We experimentally demonstrated an easy control of the spectral bandwidth of the pair
photons through proper selection of the length of the non-linear crystal used for the
generation of pair photons. Using a 1 mm long PPKTP crystal, we have generated
paired photons with spectral width as high as 163.42 + 1.68 nm even in the presence
of a single-frequency, CW, diode laser as the pump. The use of photon pairs with such
a high spectral bandwidth in a HOM interferometer results in a narrow-width HOM
interference dip having an FWHM of 4.01£0.04 um enabling the real-time sensing of
static displacement as low as 60 nm and threshold vibration amplitude as low as ~205

nm with a resolution of ~80 nm at a frequency measurement up to 8 Hz. Further,
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we experimentally observed the dependence of FI on the spectral bandwidth of the
pair photons and hence the length of the nonlinear crystal. We observed a 17 times en-
hancement in the FI value while reducing the crystal length from 30 mm to I mm. Such
an increase in the peak FI value (35.06 + 1.65) x 10* um™, which is nearly 24 times
higher than the previous study, saturates the Cramér-Rao bound to achieve any arbi-
trary precision (say ~5 nm) in a lower number of iterations (~ 3300), ~11 times lower
than the previous reports. The accessibility of high precision in lower iterations or time
establishes the potential of HOM-based sensors for real-time, precision-augmented, in-

field quantum sensing applications.

In Chapter 6, we successfully demonstrated the application of HOM interferometer-
based quantum sensors for the measurement of group index variation of nonlinear crys-
tals with high precision. Using the HOM curve of FWHM width of 4.11 um resulting
from the paired photons generated by a PPKTP crystal of length 1 mm, we have mea-
sured the temperature-dependent group index of PPKTP crystal over a temperature
range of 3°C at any arbitrary initial temperature with a resolution of 6.75 x 1076 per
centimeter length of the sample. This resolution is >400% better than the previous
group index measurement [17]. Such enhancement was possible due to the control of
the spectral of the paired photon; thus, the width of the HOM curve using the opti-
mized length of the nonlinear crystal produced paired photons with a high generation
rate. Using compensation of group index mediated optical delay by the linear optical
delay stage, we observed the possibility of measuring group index with high precision
over an unlimited temperate range. The current demonstration opens up the possibility
of HOM-based quantum sensors for quantum optical coherence tomography with high

resolution and measurement range.

7.2 Future Plans

In the work presented here so far, we have explored HOM-based quantum sensing
utilizing the time of arrival of pair photons on the beam splitter. However, as a prospect

for future research, we intend to broaden the scope of HOM-based quantum sensing
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to include the polarization degree of freedom. The indistinguishable photons bunching
on the beam splitter have the same polarization states. However, even a small change
in the polarization state of any individual photon from the pair will render them again
distinguishability, but now in their polarization degree of freedom. This further leads
to an equivalent change in the coincidence counts, which can be used as a pointer to
sense those small alterations in the polarization direction of the pair photons. Such
kind of changes in the polarization direction of photons can be induced by propagating
them through optically active materials, where circular birefringence of the optically
active material rotates the polarization direction of light. This change in the polariza-
tion direction is a characteristic parameter of the material and intrinsically a measure
of its optical activity. One such optical active material is a sample of sugar solution
with a known concentration and interaction length. The previous approaches for op-
tical activity measurements are based on classical light interferometry and have lower
sensitivity for the optical activity, which necessitates either a high concentration of the
optically active material or longer interaction lengths of the sample. We would like to
extend the application of the high sensitivity of HOM-based quantum sensing for mea-
suring the optical activity of an optically active material even with a low concentration

of the sample or having shorter interaction sample lengths.

We would also like to explore quantum imaging in conjunction with HOM-based
quantum sensing. It is a technique where a high-resolution 3-D surface profile of a
sample material is constructed using shifts in relative optical delays of pair photons
carrying the information about the surface depth profile of the sample. In contrast
to classical imagining techniques, quantum imaging is benefitted from additional ad-
vantages such as robust sensing even with low light. The previous techniques for
HOM-based quantum imaging are able to attain a surface depth profile with a maxi-
mum average resolution limit of ~ 8 um. This limit is decided by the sensitivity of
the HOM-based sensor involved in the imaging process. However, we have developed
a high-precision HOM-based sensor with the potential to measure the static displace-

ment at a resolution of ~ 60 nm. The application of our approach for HOM-based
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quantum sensing can greatly overcome the earlier attained resolution limits, which

give rise to HOM-based quantum imaging with sub-micron resolution.
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