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Abstract

We have used the traditional SU(3) group theoretical approach to study the
quantum interferometry by using the bi-photon pulses. For this purpose, we have
reviewed research articles focusing on the quantum interferometry of three photon
by injecting single-photon in each of the input port of the six channel passive
quantum optical interferometer (three input and three output channels) using
SU(3) group theoretical approach. The investigation of the symmetries in the
different coincidence landscapes by using the SU(3) plus the permutation group
theory and the study of the relation between the immanants, Wigner D functions
and distinguishability. Where these Wigner d functions also shows some properties
like permutational symmetry partially. The observation of the permutational
symmetries in the different kind of the output coincidence with multi-photon
quantum interferometry (with the injection of combinations of bi-photon and
single photon input pulses). These of all techniques are extensions of the general
Hong-Ou-Mandel dip analysis of the two photon quantum interferometry to the
multi-photon quantum interferometry.

We have used the same traditional SU(3) group theoretical approach to study
the quantum interferometry by the injecting bi-photon input pulses at input ports
of the 6-channel passive quantum optical interferometer. We have also calculated
the coincidence probabilities for all possible output coincidence patterns and then
plotted these coincidence probabilities against the time-delay 7 introduced between
the arrivals of these photons at input ports to study different properties of the
SU(3) transission matrix and the scattering matrix. We have developed special
condition to maximize the probability of getting desired output coincidence pattern
to study different properties of the SU(3) transition matrix and the scattering
matrix. We have also observed the peaks and the dips for different coincidences
with different occurrences of the photons at output ports.
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Introduction

Theory that laid the foundation of the quantum theory, was not the part of the
main aspects or theories of the atomic physics. When any matter is being heated,
it changes its color, first it turns red at comparatively low temperature and then
turns white at comparatively high temperature. Material’s surface was not really
thing on which this change of the color depends and especially for the black bodies,
the main reason behind is temperature. So the absorption and emission of the
radiations at comparatively high temperature from black body became the hot
topic for the researchers of that time. It should had been easy for the researcher
to give an suitable explanation on the basis of the known laws of physics related
to the heat and radiation. An attempt was made at the end of 19th century by
Jeans and Rayleigh but they failed. They faced some serious difficulties. Those
difficulties are not really relevant, so we move towards the actual explanation. It
should be enough to say that the explanation in terms of the known laws of the
physics, did not provide us with the required results.

In 1895, Plank was also researching in this field of the heat and radiation, so he
tried to explain this phenomenon by shifting the focus from radiation prospective
towards the radiating atom prospective. But this shift served him as he expected
and failed to explain. He could not remove the difficulties present in previous
explanation, but one thing productive happened was the simplification of the
interpretation of the observed facts about the black body radiation. At the same
time in beginning of the 19th century a very impressive work was done by Rubens
and Curlbaum. They gave us almost perfect spectrum of the heat radiation. Plank
started the development of the mathematical relation for this astonishing spectrum
of the heat radiations as soon as he came to know about those spectrum. His result
was quite similar with the results he got while developing his theory on the relation
between radiations and heat. This relation afterward became the mild-stone of
Plank’s radiation law discovery.

Plank’s suggested results for the spectrum was in complete agreement with
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result that Rubens found recently, which they discussed with each over a tea
at Plank’s house. This was the meeting that laid the foundation of the Plank’s
discovery of the radiation law. After the development of the Plank’s formula, some
very astonishing facts were come out. these results were going to astonish and
stumble the world of known physics. It was very easy for the Plank to give his
formula a suitable state-mental form on the basis of the theory he developed earlier.
As he elaborated his formula for a radiating atom (Later known as the oscillator).
He found something so unbelievable and astonishing that an oscillator (radiating
atom) can only have discrete values of the energy (known as quanta). This was the
fact that can not be comprehended by the known classical physics at that time. For
a while Plank himself could not accept these results and refused to believe them to
be true. It was the time when development in this field was happening intensively.
In summer of same year 1900, he thought that there is no way of running away
from these results and conclusions.

Plank thought that he had made the life-time discovery of so importance that
his theory is somewhat of the same rank of the discoveries of the Newton. During
a talk Plank’s son reveled this and told that during a walk his father shared his
new ideas about his discovery on the road of Grunewald. Grunewald is a German
famous forest which is on the western-side of the Berlin. This shows that Plank was
well aware of the consequences that his theory is going to touch the foundational
description of the nature. And he also believed that due to his discovery the
foundational description is going to discover new horizons of the knowledge that
are unknown to human race. He made his publication in last month of the same
year 1900 on his discovery, even though he was conservative in his nature and was
well aware of the aftereffects of his discovery. When he received the criticism and
contradiction, he ignored these things by saying that his interpretation is some
thing that is mush ahead of his time.

Planks interpretation of energy quantization, the emission and absorption of
the energy from a material can only happen in discrete values of energy. This new
theory can not be comprehended by all known laws physics at that time. When
Plank himself tried to interpret his results in terms of the classical theory, he failed
dramatically because he was missing all necessary points. It took almost five years
to make any progress in this new direction. Plank’s assumption influenced many
new researchers to think out of the box. One of them was young dynamic genius
Albert Einstein. He was the kind of researcher who was not afraid of rejecting
old ways and accepting new ideas. When he read about Plank’s interpretation, he
had two problems in his mind in which he could use that. One problem he had in
his mind was the emission of electrons from surface of metal when suitable light
is thrown on it. It was the famous photoelectric effect. It had already be shown
that this emission of electrons is independent of intensity of light and depends on
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frequency of light by Lenard in experiments. It was almost impossible to explain
this effect by using classical theory of radiations but can be explained by Plank’s
energy quantization theory. So this is what Einstein did, he said that light is a
form of energy so light is also quantized and light is made-up small energy packets
known as photons. And this photon can only have value given by the product of
wavelength of the light and Plank’s constant. The second thing Einstein had in his
mind was the specific heat energy of solids, which is suitable to discuss here [1, 2].

Now we move forward towards interaction between this quantized light and
matter which is known as quantum optics.

Along with development of the photon statistics theory, the researchers started
their search for the coherence in the interaction between the light and the matter
particles(Atoms and molecules)[3]. In the period of the Ramsey, Rabi and the other
well known scientists were very active in this newly developed field of quantum
optics, with there study spectroscopy (Radio-frequency) with atomic beam has
already been begun. Brossel, series, Koestler, Dodd and well known scientists in
the era of 1950s and 1960s developed the interaction of the light and atoms using
the sensitive optical pumping probes [3].

Now we should move towards the main problem of this thesis, which is one of most
important application of the quantum optics is quantum interferometry.

1.1 Quantum Interferometry

Passive optical interferometer is a device, which is comprised of elements like beam-
splitter, phase-shifter and mirrors and is used for the scattering of light coherently.
It works quantum mechanically and shows the quantum mechanical effects when
we inject non-classical light at its input ports and observe the coincidence or count
the number of photons on each of its output ports. From those outputs we can
predict the results or do the post-selection for the rest of the output states. This
post-selection of the output states is very important for the function of the quantum
commutations and quantum-gates [4-6].

One of the most important application of the quantum passive optical interfer-
ometer is the Hong-Ou-Mandel-dip. The Hong-Ou-Mandel-dip is a phenomenon in
which we shine two identical-photons at the two input ports of a 4-port (2-Inputs
and 2-Output ports) passive quantum optical interferometer with adjustable time-
delays between the arrival of the both of these photons. These two photons have
two ways to leave the output ports either they can leave from the same output
port or they can leave from the separate output ports. These two possibilities
can be distinguished by the coincidence-dip measurement of these two photons.
We can calculate the coincidence measurement by just taking the product of the
number of the clicks, we are having on each the output-port. Such that if both
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these photons leave the same output-port it yields the coincidence zero(0) because
both photons are leaving from one output-port and nothing from the other output
port so, according to defined rule for the coincidence measurement ”2 %0 = 0”. On
the other hand, if both these photons leave from the different output-ports yield
the coincidence one(1) according to the same rule 71 % 1 = 1”7. Measurement of
the coincidence of the two photon leaving the output-ports of a passive quantum
optical interferometer covers most of the field of quantum interferometry. The
word passive refers to that there are no active components like parametric or linear
amplifiers involved in the operation of the quantum interferometry [4, 7, 8].

The Hong-Ou-Mandel dip actually deals with the decrease in the rate of the
coincidence of the two photons at nearly zero time-delay between the arrival of
the two identical single-photons at the ports of a 50/50 beam-splitter. The Hong-
Ou-Mandel coincidence dip can be extended and generalized for the coincidence
at more than two number of channels and we can extend it to the case where we
inject single-photons and the vacuum states in different ports of the interferometer
instead of entering the single-photons on each port of the passive quantum optical
interferometer. One can also observe the Hong-Ou-Mandel coincidence dip for more
than two number of photons at more than two number of the input ports. Suppose
we have the 8-port quantum interferometer with 4-input ports and 4-output ports,
with ’a’, 'b’, ¢’ and 'd’ be the 4-output ports and we shine 4 single-identical-photons
on input ports and the detectors attached to each of the output ports click. Four
photons B,, By, B. and By are detected at each of the output port for this the
coincidence is defined as:

II &

i€(a,b,c,d)

We can have the coincidence Hie(mb@ o Bi, this shows that we shall get 1 only for
the case where all the detectors click once and 0 for all rest of the cases, where
more than one photon can be detected at any of the output ports and nothing
on the other. Which means, we can only have the non-zero coincidence for the
case where we get the click on each of the output detector. The total number
of the photons detected at output detectors are Zie(a@c’ A B; <4, one can easily
understand why this inequality sign is placed in the expression. In the process of
the interferometry any of the photons can be lost in the system. Similarly, we can
generalized the Hong-Ou-Mandel coincidence dip for the higher order cases, where
multiple photons can be placed on multiple input ports [4].

The recent problem of boson-sampling (Boson-sampling is a simplified model
for quantum computing that may hold the key to implementing the first ever post-
classical quantum computer) is one of the inportant application of the quantum
interferometry and Hong-Ou-Mandel effect. Boson-sampling is a non-universal
quantum computer that is significantly more straightforward to build than any
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universal quantum computer proposed so far [9]. The Hong-Ou-Mandel dip was the
top priority of the researchers. This problem of the boson-sampling requires the case
where we inject vacuum-states and single photon states at the different input-ports
of the quantum interferometer. The computation of the such coincidence dip is very
difficult to do classically but with the help of the optical quantum interferometer
this can be done conveniently (with the some assumptions about the scalability
and conjectures) [10]. The Boson-sampling problem made the theoretical and
experimental verification of the Hong-Ou-Mandel dip, on the basis of which many
successful experiment have been done [11-18].

In general the Hong-Ou-Mandel dip deals with the arrival of the single identical
photons at the input ports simultaneously. When the arbitrary time-delays are
introduced between the arrival of the single identical photons, the Hilbert-space
become very large. Due to the introduction of the time delays between the arrival
of the photons, the Hilbert-space deals with single-mode of each photon which
gives us the continuum of infinite-many temporal-states for every input photon.
In Hong-Ou-Mandel dip (generalized), there is another complication that is the
number of the output ports (m) become much larger than the total number of
the photons(n) arriving [4]. For this generalized case the dimension of the Hilbert-
space can be written as dimH =m". When there are no time-delays between the
arrival of the photons, there is no need to treat each of the photons separately
every photon now can be treated in Hilbert-space within a single-mode framework
and under any exchange, the collection of all photons remains symmetric. This
forms a subspace within the complete Hilbert-space whose support (i.e. the largest
subspace which gives non-zero value when the single photon subspace overlaps
with the multi-photon subspace) is not zero. This is the only subspace within the
Hilbert-space that remains completely symmetric when frequencies of the photons
being permuted. This is also the largest subspace which gives non-zero value
when the single photon subspace overlaps with the multi-photon subspace. Such
Hilbert-space also has the much smaller dimensions,

m+n—1

"
From this one can observe that how different these types of the Hong-Ou-Mandel
dips are, one with the adjustable delays between the arrival of the single identical
photons and the other with the simultaneous arrival of the photons at the input
ports. The adjustable time-delays(7) between the arrival of the photons at the
input-ports is very important for the verification of the dip that it is giving us
the expected results and also for the calibration of the coincidence dips with the
coincidence rates [4]. Recently this dip is also been observed for the bi-photons
arrival at the input-ports of the beam-splitters. It has also been shown that at the
input states the complete permutation symmetric can broken with non-simultaneity.
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Figure 1.1:

It has also been observed that at output state the coincidence-rate depends on
the immanants of the transition matrix, when there is no permutation symmetry
present. We shall discuss that what these immanants are in this coming sections.

1.1.0.1 Beam Splitter

In this section, I shall discus the quantum mechanical properties of the beam-splitter.
If we use the classical approach of the beam-splitter for the level, where we are
dealing with the single photon or a very few number of photons it will mislead us to
the false results [3]. First of all, we shall try to explain how the classical approach
mislead us to the false result. Consider a very simple example where a classical
light is injected into the loss-less beam-splitter as showm in Fig.1.1(a) and the
beam-splitter splits the beam into reflected beam and transmitted beam. Let’s say
Eq, Es and E3 be the complex amplitudes of the incident, reflected and transmitted
beams respectively. The complex amplitudes of the reflected and transmitted
beams can be written in terms of the complex amplitude of the incident beam as

E2 = TE1 and E3 = tEl (11)

where r and t be the coefficients of reflection and transmission respectively and
for the balanced beam-splitter have the values |r| = |t| = 1/v/2. The sum of
the intensities of the reflected and the transmitted beams should be equal to the
intensity of the incident beam, because we are using the lossless beam-splitter

|E\? = | Bof” + | B, (1.2)
which can eventually be written as

1= |rf? + 2. (1.3)
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When we treat the beam quantum mechanically, the complex amplitudes should
be replaced with the annihilation operators as shown in Fig.1.1(b). Let a; be
the annihilation operator of the incident beam, so @, and ag, are the annihilation
operators for the reflected and the transmitted beam can be written as

dg = ’T‘dl and dg = tdl (14)

These operators should satisfy the commutation relations

A

[dma aj.l] = 5mn7

toaf

[, an] =0=1al ,al], (1.5)

such that, (m,n = 1,2,3) The annihilation operators defined above do not satisfy
the commutation relations:

(A, ab] = |r[ar,al] = |r°, (a5, 6] = |t[*[ar, al) = [t°, and [a5,a]] = rt* #0.
(1.6)

So from this, one can easily see that the classical approach cannot give us the
results for the quantum mechanical effects of the beam-splitter [3].
When we deal classically with beam-splitter and incident a photons state at one
ports of the beam-splitter(say beam-splitter have two input ports) and nothing on
the other port, then classically there will be no effect of the empty port on the
output. But quantum mechanically this empty port is also containing a vacuum
state. As we know the vacuum fluctuation gives birth to many quantum mechanical
phenomena. The vacuum state effects are no exception for the beam-splitters. Now
we inject another photon state at the empty port of the beam-splitter having, the
annihilation operator Gg as shown in Fig.1.1(c). The transformation equations for
the case can be written as

&2 = t/do + 7’&1 and dg = T/do + tdl (17)

and in matrix form can be written as

From this one can easily see under mentioned conditions these operators satisfy
the commutation relations

vl =", 1=, [tP+]|r)>=1, tr*+t' =0, and "' +tr* =0.
(1.9)
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These conditions are also known as the reciprocity relations [3].

We have used the passive quantum optical interferometer with 6-ports (3-input
ports and 3-output ports) and injected two bi-photon input pulses on any of the
two input ports. To distinguish the photons from each other, a frequency profile is
given to them and introduced the time-delays between the arrivals of the photons.
I shall discuss this how we achieved this purpose in the later sections. I have
calculated the coincidence probabilities for different possible output for the given
inputs and then plotted these coincidence probabilities against the time-delays
introduced between the arrivals of the photons.

1.2 Hong-Ou-Mandel Effect

Hong -Ou-Mandel dip is a phenomenon, when two distinguishable photons enter
the input ports of a four port 50 : 50 beam splitter (two input ports and two output
ports), one photon in each input port. The photons can be detected at output
ports in four ways such as shown in Fig.(1.2),

A AO A

R

< (a) O < (b) A O (o O @ AO

Figure 1.2: This diagram shows that if two distinguishable photons enter the input
ports of a beam splitter, they can exit the output ports or detected at output ports
in four different ways. (a) they can be detected on the same side as they entered,
(b) they can be detected on the opposite sides as they entered, (c¢) both of them
can be detected on one output port or (d) both of them can be detected on other
output port.

This case represents the situation where photons are distinguishable as shown
Fig.(1.2). So the final output will be superposition of the four types of the output
patterns as mentioned above. As we know the photons are indistinguishable
generally. Then for the case where the photons are indistinguishable, the first two
output states will collapse and cancel each other because they have negative sign
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between them as we can see in Fig.(1.2). So, we will be left with the patterns where
both of the photons are detected at either of the output port Fig.(1.3).

A ® A ® A o0 A

Figure 1.3: The diagram represents the situation where the photons are indistin-
guishable at output ports. As we can see in this diagram that first two patterns
are the same under this situation. They will collapse and cancel each other out
because they have a negative sign between them and we will be left with the last
two patterns.

So when each photon leaves at different output ports, the states interfere
destructively, that means each of the photon must be detected either on the one
output port or the other. This effect is known as the Hong-Ou-Mandel effect. So
when plot the coincidence probability of such case we get a dip for indistinguishable
photons as shown in Fig.(2.2) [7].

We can analyze photon interferometry by using group theoretical approach. In
the next section, I shall introduce this group theoretical approach.
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Figure 1.4: Coincidence probability plot against the time delay 7 introduced
introduced between the arrival of the photons at input ports of the case where
we have injected a single photon at each input port of the four passive quantum
optical interferometer with two input ports and two output ports. Observed the
coincidence probability of having single photon click at each of the output ports
with time delay 7 introduced between the arrival of these photons at input ports.

1.3 Group Theory

Here, I discuss the essentials of the group theory. Consider a group A, a set of the
operations, a;,

Such that ¢ varies from 1 to n. There are two type of groups, finite ones and infinite
ones. For the finite groups, order of the group is the number of the elements n in
the group. For better understanding, let us consider S3 permutation group of three
objects. Let these three objects be X, Y and Z. We can arrange these three objects
in six ways. We can define different operations as the elements of the group by
shuffling the arrangements of these three objects. Let us now write the elements
of the S3 permutation group A in the form of the operators from which one can
easily understand how they will permute these three objects.

ay=1=1[123], ay=[231], as=[312],
a; =[132], as=[213] and ag = [321]. (1.10)

Now, we will explain how these elements(i.e. operations) will act on the arrange-
ments of these three objects X, Y and Z.

a (XY Z) = [123)(XY Z) = (XY Z),as(XY Z) = [231|(XY Z) = (Y ZX),
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as(XY Z) = [312)(XY Z) = (ZXY),as(XY Z) = [132)(XY Z) = (X ZY),
as(XYZ) = R13|(XYZ) = (YXZ) and ag(XYZ)=[321](XYZ) = ZY X,
(1.11)

which shows, as a; is an identity element when there in no permutation of the
objects, in as operation second object changes its place with first object, third
object with the second object and first with the third object, in a3 operation
third object changes its place with first object, first with second object and second
with third object, in a4 operation first remains at its place and other two objects
interchange their places, in a5 operation third object remains at its place and other
two objects interchange their places and in ag operation second object remains
at its position and other two objects interchange their places. This is how, there
elements(operations) of the S5 permutation group operate as defined in Eq.(1.11).
Just the set of these operations does not constitute a group, but a group must
satisfy a certain definition of the product, that is when more then one operation is
applied on arrangements of the objects simultaneously. The resultant arrangement
must be within the arrangements defined by any other element of this group A. Let
us check this property of the group A by applying two operation simultaneously on
the arrangement of the objects X, Y and Z i.e.

as(a3 (XY Z)) = [231]([312](XY Z)) = [231)(ZXY)
XYZ)=I(XYZ)=[123)(XY 2)

a (XY Z). (1.12)

From this one can conclude that when we apply more than one operation
simultaneously on an arrangement, we get an arrangement which is already defined
by another operation within this group. So, one can write the product of the
operations from the above Eq.(1.12) as,

a20(a3(XY Z)) = agoa3(XY Z) = a1 (XY Z), (1.13)
(2003 = ay, (1.14)
231)0[312] = [123]. (1.15)

We have used a symbol "o’ between the two elements in above Eq.(1.14) for the
product, which just means that the product of the group elements must be defined
in such a way that result of the such product must be a element of the group. In
Tablel.1, we have defined all possible product of the group elements and this table
is known as the multiplication table of the group A.
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Table 1.1: Multiplication table of S3 permutation group

o | [123] | [231] | [312] | [132] | [213] | [321]
[123] | [123] | [231] | [312] | [132] | [213] | [321]
[231] | [231] | [312] | [123] | [321] | [132] | [213
[312] | [312] | [123] | [231] | [213] | [321] | [132]
[132] | [132] | [213] | [321] | [123] | [231] | [312]
[213] | [213] | [321] | [132] | [312] | [123] | [231]
[321] | [321] | [132] | [213] | [231] | [312] | [123]

A group under the defined product for its elements must satisfy the properties
mentioned below:

1. Must satisfy the associative property under the defined product.

(a;0a;)oa, = a;0(a;oay) (1.16)

2. It must contain the identity element(operation) under the defined product.

ay=1=[123 ie a(XYZ)=[123](XYZ)=(XYZ) (1.17)

3. There must exist the inverse elements for each of element of the group.
aoa” ' =atoa =1, (1.18)
such that [ = 171,

asoas = asoay = I = [231][312] = [312][231] = [123]. (1.19)

4. Cleasure property, that is if a; and a; are the elements of the set A, then
a;oa; must be the element of the set A.

One can find the inverse element for each element of the group A in the multiplication
table(1.1). There are some elements present which are their own inverses and the
commutation property do not hold for every group. Such group for whom the
commutation property exists are known as the Abelian groups.

1.3.1 Special Unitary SU(2) Group

Let us consider, we have two vectors x and y in 2-dimensional vector space which
is defined over the complex numbers field [19]. When we apply the rotational
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transformation on these vectors x and y their linear transformation equations can
be written as

¥ =azr+by, v =cr+dy;

or

[, y] = [2,y] (Z 2) : (1.20)

where a, b, ¢, d are the transformation coefficients(complex numbers) and hence
there are 8-parameters involved in the transformation matrix. For the case, where
we only consider such rotations which leaves zx* + yy* = |z|? + |y|*invariant, we
can see that the above matrix defined in Eq.(1.20) is a unitary matrix. Specifically,
if we want that |2/|> + [y/|? = |z|* + |y|?, we can get the conditions from Eq.(1.20)

aa+cc=1, bb+d'd=1, ba+dc=0. (1.21)

As these scalars are complex and Eq.(1.21) is the sum of the two conditions. The
condition defined in Eq.(1.21) reduces the 8 parameters defined in Eq.(1.20) to
four parameters. Now by using these all conditions defined in Eq.(1.21) we can
defined a unitary matrix(most general) containing these real four parameters of
order-2 and such matrix can written as

( cos(f)e sin(6)e” ) 7 (1.22)

—sin(A)e!B=)  cos(f)e =)

with e the determinant of this matrix. Here v, 3, v and @ be the 4-real parameters.

All those conditions or transformation equation defined in Eq.(1.21) are from a
U(2) group which is similar to the group which is made up of all second order unitary
matrices. Precisely saying, this group is a compact, four-parameter, continuous,
Lie group.

U(2) group has a subgroup which contains all second order matrices with
determinant 1, is the group in which physics and specifically our work is interested.
A general element for this group is written in form given below:

(i _si > with ss* +tt" = 1. (1.23)

This group which contains only the second order matrices is known as the unitary
uni-modular group or known as special unitary group and is symbolized by SU(2).
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1.3.2 Generator of U(n) and SU(n)

A group which contains all unitary matrices of order-n is known as the unitary group
and is denoted by U(n). On the other hand, such group which contains all unitary
matrices with determinant 1 is known as the special unitary group and is denoted by
SU(n). One can clearly see that SU(n) is a subgroup of U(n) group. As there are n?
elements in a unitary matrix of order n, so it is a n? parameters, connected, compact,
continuous, Lie group. There is one additional property to satisfy for the special
unitary group(SU(n)), that is it has the unitary matrices whose determinants are
1, so special unitary group is a (n? — 1) parameter, continuous, compact, connected,
Lie group. The generators of the U(n) are comparatively easy to obtain. The term
el represent a unitary matrix, when H is a hermitian matrix. We can also see
this in another way, if U is a unitary matrix we can represent this in the form

U=et, (1.24)

where H is a hermitian matrix. Linear combination of any number of hermitian
matrices which contain the real coefficients is also a hermitian matrix. The number
of the hermitian matrices(independent) of order n can never exceed the number n?.
Let us say we have Hy, Ho, ...... , Hy hermitian matrices of order n, where we are
assuming N = n? for our convenience. Let us say, we have n? a;(1 < j < N) real
independent parameters. Now any unitary matrix of order n can be written as

U= ¢ Ximaif; (1.25)

or we can say now any element of the unitary group can be written by using the
expression given in Eq.(1.25), just by putting the suitable values of the n real
independent parameter a;. So, we can say these n hermitian matrices are the
generators of the U(n) unitary group and obviously they are not unique because
for any n, the generator of U(n) unitary group can be the linear combination of
these hermitian matrices.

Consider a square matrix B, we can written an expression for this matrix i.e.

det(e?) = e'raeeB, (1.26)
By using the Eq.(1.24) we can see that
det(U) = det(e) = eitraceH (1.27)

As we known all of the diagonal element of these hermitain matrices are real, so
we can write that traceH = 3 which is a real number.

Turning our attention towards the SU(n), we take into account the very fact
that elements of the this group have their determinants equal to 1. Therefore, if
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an element of SU(n) is represented by Uy = €%, then the condition det(U;) = 1
demands the trace of Hy to be equal to 0. We have seen before that the maximum
number of the independent trace-less hermitian matrices of order-n is n? — 1. Also
a convenient choice of these matrices can be made to be the generators of SU(n)
having n? — 1 real independent parameters. It is easy to choose n? — 1 generators
initially and add to this set of the unit matrices of order-n afterwards in order to
get n? generators of U(n).

As an example, we know that the three generators of SU(2) serve to be the
Pauli spin matrices,

azz(? (1]) o—y:(? BZ> and ((1) _01). (1.28)

Which make a set of three independent trace-less hermitian matrices of order-2.
For the generators of U(2) one can choose the set (E,0,,0,,0,) where E is the
unit matrix of order-2.

1.3.3 Special Unitary SU(3) Group

It is clear from the name that SU(3) is the group of all unitary matrices of the
order-3 having determinant equal to 1. The SU(3) group has n* —1=3% —1=8
generators. These 8 generators can be represented as Ai, Ao, Az, ....... , Ag. Although
there are many ways one can choose, the generators of SU(3) group and the
following trace-less matrices are used as the generators of SU(3) conventionally,

010 0 —i 0 1 0 0
M=[100], =i 0 0], x=[0 -1 0],
000 0 0 0 0 0 0
001 00 —i 000
M=[000], xs=[00 0], =00 1],
100 i 00 010
00 0 L (10 0
M=100 —i|, =—[01 0]. (1.29)
0 i 0 V3l 0 -2

The commutators of these generators can be found out to be,

A, k] = Qiijkl/\z, (1.30)
I



24 1. INTRODUCTION

where the only non-vanishing components of the f;; are
f123 = 1a

1
f147 = f516 = f246 = f257 = f345 = f537 = 57

Jass = fers = \/7? (1.31)

and all the permutations with proper signs. One must have the realization that
these structures constants happen to be a characteristic property of the SU(3) and
they do not depend on the particular representation chosen in Eq.(1.29). It can be
seen from Eq.(1.29) that A3 and Ag are diagonal matrices and hence they commute
with each other. It can be verified that no other matrix commute with both Az
and Ag. Therefore the rank of the SU(3) is 2. Therefore, the group SU(3) has two
Casimir operators. One is the quadratic combination of generators.

8
Cr=>Y X (1.32)
=1

Without difficulty it can be shown that C'; commutes with all other generators
ie. [C2,\;] = 0. The other Casimir operators come out as a complex tri-linear
combination of the generators.

One can use two running indices to label the eigen values of the two Casimir
operators of SU(3). The irreducible representations can than be denoted by (p, q),
where p and ¢ can have all non-negative integral values. The dimensions of this
irreducible representation come out to be,

d=1+p)1+q)2+p+q)/2. (1.33)

As a convention, an irreducible representation can be denoted merely by its di-
mension. This means that instead of (p,¢), an irreducible representation can be
denoted by d and d* depending upon p < q or p > q. when p = ¢, there exist
only one irreducible representation of the corresponding dimension denoted by
d. Therefore p = ¢ =0 or (0,0) = 1 corresponds to the lowest order irreducible
representation. Some other irreducible representation are (0,1) = 3, (1,0) = 3%,
(0,2) =6, (2,0) =6%, (1,1) =8, (0,3) = 10, etc.

The direction product of these irreducible representation can be taken and it
can also be reduced in terms of the irreducible representations. we provide a few
specific cases of the decomposition without going into details,

303 =063
303 =81,
30393=1008®8a 1. (1.34)
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and many other.

Grou theoretical concepts are useful in understanding scattering operation of
S, matrix and the distribution of photons at the input and output ports under
permutation group .S5,.

1.4 Outline of thesis

Now in the coming sections, we have discussed the quantum interferometry using
the above-mentioned formalism and have discussed different cases with different
input patterns and then we have observed coincidence counts for each type of the
input pattern.

In chapter 2, We have reviewed SU(2) and S(3) quantum interferometry. In
Sec.2.1 we have discussed the SU(2) quantum interferometry using a four-port
quantum interferometer(two input ports and two output ports) by shining single
photon input pulse on each of the two input port and then observed the coincidence
for the single click on each of the output port. Then we have plotted the coincidence
probability against the time delays introduced between the arrivals of the photons
at input ports and observed how the coincidence probability varies with the length
of the time delays.

In the Sec.2.2, we have discussed the SU(3) quantum interferometry using
six port quantum interferometer(three input ports and three output ports) by
shining single photon input pulse on each of the input port and then observed the
coincidence probability for a single click on each of the output port. Then plotted
this coincidence probability against the time delays introduced between the arrival
of the photons at input ports and observed the variation in the output coincidence
probability with the change in the length of the time delays.

In chapter 3, we have discussed the SU(3) quantum interferometry using six
port quantum interferometer(three input ports and three output ports) by shining
bi-photon input pulse on any two input ports and then observed the coincidence
probability for all possible output coincidence patterns. For example, we have
injected a bi-photon input pulse in the input port-1 and one in input port-2 and
then observed coincidence probability for all possible output coincidence patterns.
In the Sec.3.5, we have generated a special condition for the which we got the
maximum probability for single type output pattern by adjusting the values of
octuples Q(ay, ag, aig, B1, B2, P3, 7172) of the transformation matrix in Eq.(2.13). We
have observed that by using the created condition we get the maximum probability
of getting a tetra-photon click at one of the output port.

In the Sec.3.4, we have discussed the comparison between the same kind of
output patterns and their plots of coincidence probabilities against the time delays
introduced between the arrival of the photons at input ports for a different type of
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input pulses. Also, we have observed the variation and the similarities between
these plots to predict a pattern.

In the Sec.3.6, we have discussed the permanents of the scattering matrix and
the formation of the scattering matrix [20]. Where the permanent is a special
case of the square matrix which is similar to the determinant of a matrix, both
these determinants and permanents are the polynomials of the entries of the
square matrix, but in permanents all signs in between the terms are positive [21].
Permanent is discussed thoroughly in the Sec.3.6. It is observed that in the plots of
the coincidence probabilities against the time delays introduced between the arrival
of the photons at input ports that value of the coincidence probability we get, when
there are no time delays between the arrival of the photons or when the photon
enters simultaneously the input ports of the passive quantum optical interferometer
is equal to the value permanent of the adjacent scattering matrix. The formation
that that scattering matrix is also discussed thoroughly in the Sec.3.6.

In the last chapter 4, we have concluded our work.
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Quantum Interferometry with
Single-Photon Input Pulses

In this section we shall see the action of the four port beam splitter two input
ports and two output ports on two monochromatic photons. We have shinned
a single-photon on each input port and then counted the number of stricks on
each output port. The single-photon state is written as |1(w)) = a!(w)]0), with i
representing the input port number(i=1,2.) and the rounded bra-ket here represents
the frequency-explicit states and a!(w) is the creation operator [4, 5].

[af (w,), d}(wb)] = 0;j0(wy — wp)1, (2.1)

where 7 and j represent the input port numbers and vary from 1 to 3. The
single-photon state can also be written as,

1)) = [ o)) 0} 22)
with,

/OO (a2 = 1, (2.3)

—00

For convenience, we have taken the normalized Gaussian distribution function,
1 —[w — wol?

P(w) = exp
[27{0’8]& 408

(2.4)

where ¢(w) is a probability density function (with wy, oo and o2 as the mean value,
standard deviation and variance of the distribution function respectively.) of the
Gaussian distribution which is also known as the normal distribution. Normal
distribution is one of the very well known continuous distribution of random
variables [5, 22].

27
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2.1 SU(2)Quantum Interferometry with Single-
Photon Input Pulses

In this case, we have taken the four port passive quantum optical interferometer(2-
input ports and 2-output ports) and injection two single photons at two input ports
of this passive quantum optical interferometer as shown in Fig.(2.1). For this case
the transformation matrix of the beam-splitter action is defined as,

Input state Output state

11(1)) @ ®

— >

|1{®2)) @ [

Figure 2.1: This diagram shows the simplest case where we have injected a single
photon at each input port of the four passive quantum optical interferometer with
two input ports and two output ports. Observed the coincidence probability of
having single photon click at each of the output ports with time delay 7 introduced
between the arrival of these photons at input ports.

U= R(Q) <e¢ 9-4)) : (2.5)

To ensure the photon number conservation the transformation matrix of the beam-
splitter is to be taken as the unitary matrix (such that UUT = UTU = 1). Here
R(2) is the special unitary matrix with Q contains «, 5 and 7. As R(Q) €
SU(2) the reason behind, why we have used the group SU(2) as the beam-splitter
transformation matrix is because, we are using the loss-less passive quantum optical
interferometer. The loss-less passive quantum optical interferometer conserves the
total number of the photons that are entering the system through input ports and
leaving the system through output ports [4]. The R(S?) is define as,

e~ Ut/ 2 cos(3/2) —eHaTN/2 sin(ﬁ/Q))

R(&) = ( e e=N2gin(B/2) €@t N/2cos(B/2) (2.6)
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We have injected two photons with frequencies w, at time 7, and w, at time
To in input port 1 and 2 of the 50/50 beam-splitter respectively and calculated
the coincidence probability for the single click on each of the output ports. The
coincidence probability is defined as,

Py = (11 U'lL ® ILU [11)°, (2.7)

here Py 11 shows we have injected single photon on each of the input port and the
collected single photon at each output port[20]. Where II; are the single-photon
output detection operators with,

th = [ () 0) 0] s ) (2.8)
and
I, = /_ il (wq) [0) (0] g (wqe)dws. (2.9)

The action of the beam splitter is defined as,

Ud}in(wd)dgin(wb) |OO> = Adlout(wa)d;out (wb) |OO> + Bdgout(wa)diouwa) |00> )
(2.10)
where A and B are the probability coefficients such that,

A= U11U22, and B = U21U12. (211)

The coincidence probability for the dip where both of the output ports click
is(forr; =0, 7, = 7 and 09 = 0.1)

Piy11 = —2sin’ (g) cos’ (g) e’ 4 sin’ (g) + cos® (g) . (2.12)

As the coincidence is symmetric under the permutation of the frequencies, we can
set f=m/2.
The coincidence probability plot for the case when both of the output ports click once



30 2. QUANTUM INTERFEROMETRY WITH SINGLE-PHOTON INPUT PULSES

P11,14
0.4;
0.3;
o.z}
o1}

I S S S I S S S S EN SO S RS S IS S ST SN NS SR N S | r

-15 -10 -5 F 5 10 15

Figure 2.2: Coincidence probability plot against the time delay 7 introduced
introduced between the arrival of the photons at input ports of the case where
we have injected a single photon at each input port of the four passive quantum
optical interferometer with two input ports and two output ports. Observed the
coincidence probability of having single photon click at each of the output ports
with time delay 7 introduced between the arrival of these photons at input ports.

This plot in Fig.(2.2) shows, how the coincidence probability of having the
single photon on each of the two output ports. As we can see the coincidence
probability have the least value when there is no time delay between the arrival
of the photons but it increases when we introduce the time interval between the
arrival of the single photons. This means when there is no time delay between the
arrival of the photon at input ports, the photons are identical in every manner. So,
the probability that both photons will exit the different output port become zero,
because they perfectly interfere destructively in time. Which means either both of
the photons will exit one output port or the other and this effect is known as the
Hong-Ou-mandel effect.

2.2 SU(3)Quantum Interferometry with Single-
Photon Input Pulses

In this case, we have taken a six-port passive quantum optical interferometer (three-
input ports and three-output ports) and injected three identical single-photons,
one in each of the input ports with three different frequencies and separate them
by introducing three time delays between the their arrival as shown in Fig.(2.3).
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For this purpose the beam-splitter transformation matrix is

Input State Output State
11(®1) @ ®
PY ” |:: - @
|1(®3) @ @
Figure 2.3: This diagram shows, we have injected three single photon one at each
input port of the beam splitter and attached different frequency profile to each

photon and then collected one photon at each output port with no specific frequency
profile, which shows we are not interested in path of any photon.

es 0 0
U=RQ)|[ o e3 0 |, (2.13)
0 0 es

to conserve the total number of photons, the U matrix is taken to the unitary
matrix. Here R(2) is the special unitary matrix with €2 as the 8-tuple of angles [4].
The R(2) matrix is as a product

R(Q) = Tas(an, B, —a1)Tia(ag, B2, —a)Tas(as, B3, —as) D (71, 72), (2.14)

with
0= Q<a17a27a37ﬁl75276377172)' (215>

The T;;(c, B, v) matrix can be written as,

e N2 cos(5/2) —e UM/ 25in(B/2) 0
Tio(a,8,7) = | €@ D2sin(8j2) @ 2cos(8/2) 0|,  (2.16)
0 0 1
which is the beam-splitter between the port-1 and port-2.
1 0 0
Ty, 8,7) = |0 e /2 cos(8/2) —e~i(a—/2sin(6/2) (2.17)

0 €@ M2sin(B/2)  eet/2cos(B/2)
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which is the beam-splitter between the port-2 and port-3 and

e~ 2m 0 0
Dy, p)=| 0 0 . (2.18)
0 0 et(n+12/2)

is the phase shifter. Thus SU(3) operations are the phase shifter operations followed
by the beam-splitters. The coincidence probability for case when each of the output
detectors clicks once is,

P = (LU @ T, @ U [111)° (2.19)

and represents that we have injected single photon at each input port and collected
single photon at each output ports. Here II; are the single photon output detection
operators and defined as,

M — /_ Tl (@) 10 (0] ay (ws) e, (2.20)

I, = /Oo al(ws) 0) (0] dg(ws)dws (2.21)
and -

I, — /_ 1 (ws) [0) (0] s (e e (2.22)

The input state is

1111)° = /OO d(w1)p(w2)p(ws3) exp (—iwi ) exp (—iweTy) exp (—iwsT3)

al (wy)ad (ws)ak (ws) [000) dw; dw,dws, (2.23)
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where X’s are the probability coefficients

X1 = UnUxUss;  Xo = UpnUxUsy; Xz = UppUz Uss;

Xy = UpUpsUsz; X5 = UraUnUsg; X = Ur3Ua2Us; (2.25)
P111,111
0'14j
0.10 -
0.08
0.06;
G5 0 s T s T s T
Figure 2.4: (with  7(m,72,73) = 7(-7,0,7), o, = 0.1 and

Q(alu Qg, a3, 617 ﬁ27 /837 7172) = Q(Ov 07 07 7T/27 7T/27 7T/27 07 0))

The plot in Fig.(2.4) shows, how the coincidence probability of having the single
photon on each of the three output ports varies with time-delay 7. Here each of
the input pulse is delayed with respect to next one by time 7. As we can see the
coincidence probability have the least value when there is no time delay between
the arrival of the photons but it increases when we introduce the time interval
between the arrival of the single photons and again decreases when the time delay
exceeds a certain limit.

In this section, we have discussed the quantum interferometry for the case, where
we injected single photon at each input port then calculated and plotted the
coincidence probability rate against the time-delays introduced between the arrival
of the photons at input ports. Now in the next chapter, we shall discuss the
quantum interferometry with bi-photon input pulses at two of the three input ports
of a six channel beam splitter with three input ports and three output ports and
then discuss the coincidence probabilities for all possible output form one by one.



Quantum Interferometry with
Bi-Photon Input Pulses

The calculation of the coincidence probability for the case, where single photon
input pulses have injected at input ports of four-port passive quantum optical
interferometer (with 2 input ports and 2 output ports) and six-port passive quan-
tum optical interferometer (with 3 input ports and 3 output ports) and observing
single photon clicks at output ports have already been done [4, 5]. The coincidence
probability for the case where a combination of single photon input pulses and
bi-photon pulses have injected at input ports of six port passive quantum optical
interferometer (with 3 input ports and 3 output ports) and observed the output
coincidence patterns in which we got bi-photon clicks at output ports have already
been done [20].

We have regenerated the results for the single photon pulses at input ports of
four port passive quantum optical interferometer and six port passive quantum
optical interferometer. We have discussed the regenerated results in chapter 2.

We have calculated the coincidence probabilities for the cases where we have
injected bi-photon input pulses at any two input ports of the six-port passive
quantum optical interferometer and observed all possible output coincidence pat-
terns. And then analyzed these coincidence probabilities against the time delays 7
introduced between the arrival of the photons at input ports.

34
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3.1 Bi-Photon Input pulses at Input-1 and Input-
2

In this case, we have taken conventional 6-port beam splitter and injected four
photons with different frequency profiles, two in each of the input-1 and input-2
(nothing at input-3) as shown in Fig.(3.1) and introduced a time delay 7 between the
arrival of each of the photon at the input ports. Here we shall discuss the coincidence
probabilities for different possible outputs and see how these coincidences vary with
the change in the length of the time-delays introduced between the arrival of the
photons at input ports.

3.1.1 Bi-Photon Clicks on Output-1 and Output-2

In this section, we have injected four photons at input ports such that two at
each of the input port-1 and input port-2. To create distinguishibility, we have
introduced a time-delay 7 between the arrival of each of the photon ai input ports
and then calculated the coincidence probability for the output coincidence pattern
where we have a bi-photon clicks at output port-1 and output port-2 as shown in
Fig.(3.1). The coincidence probability for such problem can be written as,

[1(w1)1(wa)) (a)

—>

(c)

Input State Output States

Figure 3.1: This diagram shows we have injected two bi-photon input pulses, one
at input port-1 and one at input port-2 and then collected two bi-photon pulses at
any of the two output ports as shown above.

Paoga90 = (11117 U @ TLU [1111)°, (3.1)

the output operators for the cases where we get the bi-photon click on any of the
two output ports are defined as

I, = / h il (ws)al (ws) 00) (00| dy (ws)éy (ws)dwsdws, (3.2)

[e.o]
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II, = /OO il (we)ak(we) |00 (00| da(we ) as (we) dwgdws, (3.3)
and .
s = /_ @(wﬁ&%(wm) |OO> <00‘ &3(w7)d3(w10)dw7dw10, (3.4)

the output operators used for this specific case are defined in Eq.(3.2) and Eq.(3.3)
and the input state is define as

|1111>s:/ d(w1)P(wa)P(w3)P(wy) exp (—iw1T1) exp (—iwaTe) exp (—iwsTs)
exp (—iwyms)al (wr)al (we)ad (ws)ad (ws) [0000) dwydwydwsdwy, (3.5)

S0,
Pyog 200 =A1 (A e A, (A3)*e =30 44, (Ay) e =300 44, (As) "e —5o27? |
2 2 2_2

Aﬁ *6—807' —|—A2(A1)* —o272 +A2(A3)*—07' +A2(A4) O'T_|_
A5 *6—207' +A2(A6)* —50272 —I—Ag(Al)* —30272 +A3(A2>*_UT
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(A2)

(Ae)

2 (As) +
(4)*6—207 +A3(A5)* —o272 +A3(A6)*—307' +A4(A)*—30T+
<A2)*6—a27 +A4(A3)*6—207' + Ay (As) e —o%r? + Ay (Ag) e —3ar+
(A1) +
(Ae)
(A4) e
(Aa)”
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N

N
S~
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) *6—5027—2 + A5 (A2) % —202712 + A5 (Ag) —o272 + A5 (A4) —o272

Aﬁ *6—027 _I_Aﬁ(A)*—SaT +A6(A2)*—507' +A6(A3)*—307—2+

6 (Ag) *e 30 +A6(A5)* —tT LA (A1) "+ Az (Ag) " + Az (As) "+
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& &
N

i

Where the A’s are the probability coefficients and are defined as

Ay = U121U222, Ay = UnUnUiaUsy; Az = UpnnUn1UnUsa; Ay = Un U1 U1 Usy;
AS = U21U11U22U12, A6 = U21U12; A? = U11U32, AS = U11U31U12U227

Ag = U U UsoUs;  Asg = UsnUnUiaUsg; Ay = UsyU UsoUsa; Arg = Uy Uly;
Az = U221U322; A1y = UnUnUppUsz; A1 = UnUs1UspUsz; Arg = Uz Ua1 UnaUsg;
Arr = Us\Us UsoUso;  Avs = U3 U3y, (3.7)

The plot of the coincidence probability against the time delays introduced between
the arrival of the photons at input ports is shown in the Fig.(3.2). This plot shows
that we get the maximum probability of having the desired the output when there
is no time-delays between the arrival of the photons at input ports and this value of
the coincidence probability for this case with zero time delay is equal to the value
of the permanent of the adjacent scattering matrix. The probability of having the
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desired output starts decreasing as the length of time delays between the arrival of
the photons at input ports start increasing as shown in Fig.(3.2). Rest of the cases
as mentioned in Fig.(3.1) are discussed in Appendix(A.1,A.2.)

P220 220

P T S S S P [ PR —" P S " PR —" r

C
-15 -10 -5

Figure 3.2: (with T(m,7,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(Oélu0427043,51,5275377172) - Q(O7070771-/2771—/2’71—/27070))

3.1.2 Bi-Photon Click on Output-1 and Single-Photon Click
on Output-2 and Output-3

W

[1(w1)1(wa)) (a) (b) (c)
e o ® ®
. —> o e o
[ ] ® ..

Input State Output States

Figure 3.3: The input pattern is the same as before but in this case the output
coincidence pattern is such that a bi-photon click on any of the one output ports
and a single-photon click on each rest of the output ports.
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In this case, we shall discuss the coincidence probability for a bi-photon click
on the output port-1 and a single-photon click on output port-2 and output port-3
for the same input state, in which we inject bi-photon input pulse in input port-1
and input port-2 with time-delay between every arrival of the photons at input
ports as shown in Fig.(3.3). The input state for this case is the same as defined
before in the Eq.(3.5). The output operators for this case are defined as

I, = / h al (ws)al (ws) |00 (00| ay (ws)a (ws)dwsdws, (3.8)
I, = / h al(we) 0) (0] dg(we)dws, (3.9)

and -
Il; = /_ ak(wr) [0) (0] dg(wy)dwr, (3.10)

the coincidence probability for this case is defined as

Paop 011 = (1111)° U @ I, @ HaU [1111)° (3.11)
The probability coefficients for this case are defined as,

L, = U121U22U32; Ly = U121U22U32; L3 = Ui1UioUs1Usy; Ly = Ui1U12UsaUsy;

Ls = UnUoUa1Usg; L = Un\Ui2UsUsi; Ly = UnUioUaUsy; Ly = Uy Ui2UpUsy;

Ly = Uy1UoUs1Usa;  Lig = UniU1oUxUsy; Ly = U122U21U31; Ly = U122U21U31§
(3.12)

so the coincidence probability for this case is,

Pagoo11 = (L1) L1 + e o (Lo) "Ly + e (L3) L1+ e 3 (La) "L+

e 37T (Lg) *Ly 4+ ¢4 (L) "Ly + €727 (Ly) "Ly + ¢ (Lg) “Ly+

e (Lo) "Ly + €77 (Lyg) "Ly 4 €777 (Lyy) *Ly 4+ €797 (Lyy) *Ly+
e~ (L1) "Ly + (La) “La + €37 (Ls) *Lo + ¢ "™ (L4) * Lo+

e 47 (Ls) "Ly + €77 (Lg) *Lo + €77 (Ly) "Ly + 757" (Lg) * Lo+

P (Lo) Lo | 50T L)L e 9% (L11) " Lo + e80T (L12) " Lo+
e (L) Ly + e (L) L3 + (Lg) "Ly+e T (La) "Lyt
e (Ls) "Ly + €7 (Lg) "Ly + €77 (L) "Ly + ¢ (Ls) *Ly+
e 2 (Lo) *Ly + ¢ (Lyo) "Ly + ¢ > ™ (L1y) "Ly + e (Lyg) *La+

7307' (Ll) L4+€ o2 Q(LQ)*L4_‘_6740'272 (L3>*L4+(L4)*L4+

(
N



3.1. BI-PHOTON INPUT PULSES AT INPUT-1 AND INPUT-2 39

e (Ls) Lo+ e 7 (Le) " Lu+ € ™7 (Lg) "Ly + ¢ (Lg) " Ly+
€57 (Lg) *La + €727 (L1g) *La + €™ (Lny) "L + €77 (L) *Lt
e 3 (L) Ly + e 47" (Ly) "Ly + € 7 (Ls) "Ly + € %" (L) * L+
(Ls) "Ly + e (Lg) "Ly + ¢ 2™ (Ly) "Ly + ¢ 77" (Lg) "Lyt
e (Lg)*Ls + e 3T (L1o) “Ls + et (L11) "Ls + ¢ s (L12) " Lo+
e (L)) *Lo + €737 (Ln) "Lg + €377 (Ly) *"Lg + ¢~ (La) *Lo+
o2 (Ls) *L¢ + (L) *Lg + e’ (L7)"Le + e 2 (Ls) "Le+
3 (L) Lo + e (Lio) "L + e~177 (Lny) *Ls + €7 (L1a) * Lo+
o~ 3072 (L1)"L7 +e ~Gotr (L2) " L7 + e (Ls) L7 + e (La) " Lat
o~ 20272 (Ls) "Ly + e (Lg) "Lz + (L7) "L7 + e 9T (Ls) " L7+
e 7T (Lg) Lo+ €7 7™ (Lyg) *Ly 4+ €777 (Lyy) *Ly 4+ €797 (Lyy) * Lo+
e 0T (L)) Ly + 7% (La)*Lg + e T 3) " Ls + e (La)"Ls+
)
)
2)

(L1) (L

e —bo’T? (Ls) *Ls + e—20%7° (Lg *L8+e_9"272(L) Ls + (Ls) “Ls+
e T (Lo) *Lg + €77 (Lyo) "Lg + €757 (Lyy) *Ls + 7277 (L1y) *Lg+
e (L) Lo+ ¢ 777 (Ly) *Lo + ¢ 277 (Ly) *Lg + ¢~ (L) * Lo +
e (Ls) *Lo 4+ ¢ (Lg) *Lo + ¢ 77 (L7)* Lo +e_7‘7272 (Ls)* Lo+
(Lg) *Lg + %™ (L1g) "Ly + ¢ (L11) "Ly 4+ €377 (L13) * Lo+

ool (L1) *Lyo + e—bo?T? (Ly)*Lyo + o 60°7? (L3) *Lo + o 2077 (Ls) *Lio+
e 37T (Ls) " Lo + e 7T (L) "L1o + e T (L7)"Lio + e (Lg) "Lio+
e 47 (Lg) "L + (L1o) "Lao + €™ (L11) *Lig+

e (L12) " Lo + e 8T (L1) L1y +e 90t (L2) *L1y + e 5T (L3) "L+
ool (L) *Lyy + e —30°T? (Ls)*Ly; + p—do?r? (Lg) *L11 + p—30°T? (L7)*Lii+
e 07T (Lg) " L1 + e T (Lg) "L11 + e 3T (L1o) *L1y + (L11) " La+

e o (L12) " L1 + e 9T (L1) "Ly + e 8T (L2) "L + e 1T (L) " Lo+
e —bo’T? (Ly) *Lis + p—do?r? (Ls)*Lys + p—30°T? (Lg) *Lis + o —60°7? (L7)*Lio+
e (Lg) “Lia + e 3T (Lg) " L1 + e T (L1o) "L12 + e T (L11) "Lz +
(L12) " Lya. (3.13)

The plot of the coincidence probability against the time delays introduced between
the arrival of the photons at input ports is shown in Fig.(3.4).This plot shows that
the probability of having the desired output pattern is comparatively high, when
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there is no time delays 7 between the arrival of the photon at input ports and this
value of the coincidence probability with zero time delay is equal to the value of
the permanent of the adjacent scattering matrix for this specific case. Afterwards
it slightly increases with increase in the length of the time delay 7 and we two
adjacent peaks and then we get a sharp drop with further increase in the length
of the time delays. Rest of the cases as mentioned in Fig.(3.1) are discussed in
Appendix(A.3,A.4).

P220,211
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-15 -10 -5

Figure 3.4: (with T(m,7m,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(a17a2705375175275377172) = Q(0,0,0,71'/2,71'/2,71’/2,0,0))

3.1.3 Tri-Photon Click on Output-1, Single-Photon Click
on Output-2 and no click on Output-3

In this section, we shall discuss the coincidence probability for the case when we
get a tri-photon click and a single photon click simultaneously for the incidence of
bi-photon clicks on input port-1 and input port-2 with time-delay 7 is introduced
between the arrival of photons at input ports. As we can see from the Fig.(3.5).
For this specific case, we shall discuss first output in above Fig.(3.5). in which we
get a tri-photon click at output port-1 and a single photon click at output port-2.
The Input state will be same as we defined in Eq.(3.5) and the output operators
for this case are defined as,

I, = / il (ws)al (ws)al (wir) [000) (000] @y (ws)as (ws )y (w1 )dwsdwsdwsy, (3.14)

o0



3.1. BI-PHOTON INPUT PULSES AT INPUT-1 AND INPUT-2 41

|L(w1)1(wn)) (a) ©
.. [ : e
. |:> . o
Input State Output States
2 .
A 1
(d) (f)

Figure 3.5: As we can see the input state is same but this time the output pattern
is different in which we have observed the coincidence probabilities for the cases
where we get a tri-photon click at one of the output ports, a single-photon click at
another of output ports and one remains in click-less.

and -
I, = / al(we) |0Y (0] ad (we)dws, (3.15)

—00

the coincidence probability for this case ca be written as
Pagoz10 = * (1111 U, @ TI,U [1111)°, (3.16)
the probability coefficients for this case are defined as

D, = U121U12U22; Dy = U121U12U22; D3 = U11U122U21; Dy = U11U122U21;

Ds = UnUnUy;  Dg = UpnUnUsyy; Dy =UpUs Usy;  Dg = UpnUs; Us;

Dy = U121U12U32; Dyy = U121U12U32; Dy = U11U122U31; Dy = U11U122U31;
Di3 = U221U22U32; Dy = U221U22U32;; D5 = U21U222U31; Dy = U21U222U31;
Di7 = UnUn U3y, Dig = U UsUsy;  Dig = UraU3Usy; Doy = UpaUs Uss;

Dy = U21U31U3?2; Dyy = U21U31U§2; Doz = U22U§1U32; Dyy = U22U;§1U32;
(3.17)

so the Coincidence probability for this case is

2.2

T2 + D1 (Dg) *6730272 + D1 (D4> *6760272 + D2 (Dl) *efa T 4

2

Pyop 310 =Dy (D) "e™°
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2 2.2

D2 (D3) *e—a 72 + D2 <D4) *6—30272 + D3 (Dl) *6—3027'2 + D3 (D2) *e—a T +

2 2.2

D3 (D4) *o—O 72 + D4 (Dl) *6—60272 + D4 (DQ) *6—3027'2 + D4 (D3) x0T +
Dy (Dy)* + Dy (Dy)* + D5 (Ds)* + Dy (Dy) " (3.18)

The plot for the coincidence probability against the time-delay introduced between
the arrival of the photons at input ports is shown in Fig.(3.6). This plot shows that
the coincidence probability of having the a tri-photon click at output port-1 and a
single-photon click at the output port-2 for the case when we inject a bi-photon
pulse in the input port-1 and input port-2 of the balanced beam splitter such there
is a time-delay 7 between the arrival of the each photon is maximum, when there
is no time delay 7 introduced between the arrival of the input photons and is equal
to the value of the permanent of the adjacent scattering matrix. the coincidence
probability starts gradually decreasing as the length of the time delay 7 increases.
Rest of the cases as mentioned in Fig.(3.1) are discussed in Appendix(A.5,...,A.9).

P202,310
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Figure 3.6: (with T(m,7,13,74) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,0527043,61,52,&3,’)/1’)/2) = Q(O707077T/277T/277T/27070))

3.1.4 Tetra-Photon Click on Output-1 and no Click on
Output-2 and Output-3

In this section, we shall discuss the coincidence probability of having a tetra-photon
click on any of the three output ports, when we inject bi-photon pulses at input
port-1 and input port-2 of a balanced beam-splitter. Which can be visualized from
Fig.(3.7) First of all, we shall discuss the coincidence probability for the first output
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Figure 3.7

[1(w1)1(wa))

Input State Qutput States

in Fig.(3.7), which shows that we get a tetra-photon pulse at output port-1 and no
clicks on output port-2 and output port-3. The input state for this case is same as
defined in Eq.(3.5) and the output operator for this specific case is define as,

I, = / al (ws)al (ws)al (wir)al (wig) [0000) (0000] éy (ws)ay (ws )i (w1 )y (wia)dwsdwsdw; dwyy,

—00

the coincidence probability for this case can be written as, 319
Paoga0 = S (1111 UL U |1111)°, (3.20)
and the probability coefficient for this case are defined as,
Vi = Up Uy, (3.21)
S0, coincidence probability for this case is
Pago.a00 = Vi (V1) ™. (3.22)

We can clearly see. the coincidence probability for this specific case does not depend
on the time delay introduced between the arrival of the photons at input ports of a
balanced beam splitter. Rest of the cases as mentioned in Fig.(3.1) are discussed
in Appendix(A.10,A.11).

3.2 Bi-Photon Input pulses at Input-1 and Input-
3

In this section, we shall discuss the coincidence probabilities for all possible output
coincidence patterns for the case, where we have injected a bi-photon pulses in
input port-1 and in input port-3 but the input port-2 remains in dark. After
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calculating these coincidence probabilities, we shall plot them against the time-
delays introduced between the arrivals of these input photons at input ports and
shall see how these coincidence probabilities varies with the increase and decease
in lengths of the time-delays ”7” introduced between the arrival of the photons at
input ports.

3.2.1 Bi-Photon Click on Output-1 and Output-2 and no
Click on Output-3

In this case, we shall discuss the coincidence probability for one of the possible
output coincidence pattern such that we have a bi-photon click at output port-1
and at output port-2. For this kind of the output we have taken the same input
pattern in which, we have injected a bi-photon pulse in input port-1 and in input
port-3 as shown in Fig.(3.8). The output operators for this specific case are the
same as defined in Eq.(3.2) and Eq.(3.3) and the input state is defined as

(a) ()
..
[ ] ®
¢>O. O
(]
)1(ws)) °

1111)° / P(w1)(w2)P(ws)p(wa) exp (—iw1T1) exp (—iwaT) exp (—iw;T3)

exp (—2w474)aJ{ (wl)ai (cug)a; (cug)ag(cm) |0000) dw; dwsdwsdwsy,
(3.23)

[1(w1)1(ca))
e

Input State ‘ l(‘“d

Figure 3.8

the coincidence probability for this case is defined as
Pogoao = * (1111 U, @ T,U |1111)° (3.24)

the probability coefficients defined for the cases where we get bi-photon pulses at
output ports are defined as

By = U11U23, By = Up1Ua1Ui3Usz; Bz = UnUnUa3Uss; By = U1 U1 U13Uss;
Bs = UnUnUsUss;  Bs = U221U13; Br = U121U§3; Bg = Un1U31U13Uss;
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By = U U3 UssUys; By = UsiUnUpsUss; By = Us Uy UssUss;  Bio = Ug Uls;
Bis = U221U§3; By = UnU31UasUss;  Bis = Uy 1Us1UssUss;  Big = Uz Ua UasUss;

Bir = UsnUnUssUss;  Bis = U3 Uss; (3.25)
S0,

Pogz,200 =By (B2) e 4 B, (Bs) e B (By)"e B (Bs) e Rt
B, (Bﬁ)*e*&’ 72 + B, (31)* —o272 1 B, (Bg)* —o272 1+ B, (34) —o r2+
BZ(BS)*€72UT + By (Bg) e —50272 + By (By) e —30272 + By (By) e —o?r? |
33(34)*6720 72 + By (Bs) e —o272 + By (Bg) e —30272 + By (By) e ~3027% |
B, (BQ)*efaQT 1+ B, (B )*6720 72 1+ B, (35) —o2r? + B, (Bﬁ)* —30272 +
Bs (Bl)*eﬁaa 72 1 Bs (B2>* —20272 1 Bs (33)* —o272 1+ Bs (34) —o2r? +
B5(Bﬁ)*€7o- 72 +B6(Bl)* —80272 +B6(Bg)* —50272 +B6(Bg)* —30 72+
Be (By)*e¢ > + Bg (Bs)*e """ + By (By)* + By (By) * + Bs (Bs) *+
By(By)"+ Bs (Bs) "+ Bs (Bg) ™. (3.26)

The plot of the coincidence probability against the time-delays introduced
between the arrivals of the photons at input ports of a balanced beam-splitter is
shown in Fig.(3.9). This plot shows that the coincidence probability of getting a
bi-photon click at output port-1 and output port-2 is minimum but not zero when
there is no time-delay introduced between the arrival of the photons at input ports
and is equal to the value of the permanent of the adjacent scattering matrix. The
coincidence probability of having this output increases with the increase in length
of the time-delay 7 between the arrival of the photons at input ports but at specific
point it again starts decreasing. Rest of the cases as mentioned in Fig.(3.1) are
discussed in Appendix(B.1,B.2).

3.2.2 Bi-Photon Click on Output-1 and Single-Photon Click
on Output-2 and Output-3

In this section, we shall discuss one of the possible output coincidence pattern such
that each of the output detectors clicks. As we have four incident photons these
four photons are distributed over the output ports in such way that one of the
output port clicks twice and rest of the two output port click once. Such output
can be observed in three different ways which can be visualized from Fig.(3.10).
First of all, we discuss the first output state from the left, which shows the output
port-1 clicks twice but output port-2 and output port-3 click once. The input state
for this case has already been defined in Eq.(3.23) and the output operators are
defined as
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Figure 3.9: (with T(m,7,13,7) = T(-7,0,7,27), 0, = 0.1 and
Q(alaa27a37617627ﬁ377172) = 9(0707077T/277T/277T/27070))
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Figure 3.10
I, = / il (ws)al (ws) 00 (00| dy (ws)éy (ws)dwsdws, (3.27)
M, — / 5 (ws) 0 (0] ta (e ) e, (3.28)
and -
I, = / 61 (wr) 0 (0] tg (cr)der, (3.29)

the coincidence probability for this case is defined as

Pogon = (1111)° UL @ T, @ U |1111)° (3.30)

so the coincidence probability for this case is,
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eI (09) *O10 + (010) *O10 + €777 (011) *Oro + €777 (O12) *Oro+

2.2

e 37 (01) "0 + € 90t (O2) 011 + e 5T (O3) "On1 + e T (O4) "O11+
37T (O5) O + eiotr (Os) "On1 + e (O7)"O11 + e 0o (Og) “O11+
e o (Og) 011 + e (010) *O11 + (O11) "O11 + e (O12) "O11+
e 97 (O1) "O12 + e 8T (O2) " 012 + e 1T (O3) "O12 + e 0T (O4) *O12+
e~ (O5) "O12 + e 3T (Os) "O12 + e 0T (O7) "O12 + e 3T (Og) “O12+

)

2.2 2

e 37T (Og) *O1p+ €77 . (O10) "O12 + e o (011) *O12 + (O12) *O1s.
(3.31)

Where O’s are the probability coefficients and are given as

O, = U11U23U337 O, = U11U23U33, O3 = UnUi3U21Uss; O, = UnUi3Us3Usy;
05 = U11U13U21U33; 06 = U11U13U23U31, 07 = U11U13U21U33; 08 = U11U13U23U31;

Og = U\ U3UnUss;  Oyg = U UisUpsUsy;  Oyy = URUnUsy; Oy = URUn Usy;
(3.32)

The coincidence probability plot for the case when we have above defined output
coincidence pattern against time-delays 7 introduced between the arrival photons at
input ports is shown in Fig.(3.11). The plot shows that the coincidence probability
of having the above defined output coincidence pattern is relatively high and equal
to the value of the permanent of the adjacent scattering matrix, when time-delays
7 introduced between the arrival of the incident photons is zero. As the length
of the time-delays 7 introduced between the arrival of the photon at input ports
increases we get a slightly increase in the value of the coincidence probability and
we get two relative maximas. With further increase in the length of the time-delays
we get a sharp decrease in the value of the coincidence probability. Rest of the
cases as mentioned in Fig.(3.1) are discussed in Appendix(B.3,B.4).

3.2.3 Tri-Photon Click on Output-1, Single-Photon Click
on Output-2 and no click on Output-3

In this section, we shall discuss the coincidence probability for the case when we
get a tri-photon click at one output port and a single photon click one the other
output port simultaneously for the incidence of bi-photon pulse at input port-1
and input port-3 with time-delay 7 introduced between arrival of the photons at
input ports. The input state has already been defined in Eq.(3.23). This kind of
input and output pattern can be visualized from Fig.(3.12). For this specific case,
we shall discuss the coincidence probability of first output coincidence pattern as
shown in Fig.(3.12), in which we have a tri-photon click at output port-1 and a
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Figure 3.11: (with T(m,7,73,7w) = T1(-7,0,7,27), 0, = 0.1 and
Q(abo@a&37B17527ﬁ37’71’72) = Q(Oa070777-/2771-/277‘-/27070))

single-photon click at output port-2. The output operators for this case are defined
as

H1 = /Oo 11-((,«}5) J{(u)g) (wn) |000> <000| dl(a}g,)&l(WS)d1<W11)dW5dw8de7 (333)

[e.9]

and

1l = [ a0 [0) 0] )k, (3.34)

—00

the coincidence probability for this case ca be written as
P202’310 =7 <1111‘ UTH1 ® HQU |1111>s 5 (335)

so the coincidence probability is

2

Pz 310 =Fy (Fio) ™7 + Fy (Fia) e ™77 + Fy (Fia) "™ +
Fyo (Fy) e 4 Fg (F11)"e ~°T 4 Fig (Fi2) ™ e 3
Fyy (Fy) TS LBy (F1o0) T Py (Fi2) e —Ty
Fiy (Fy) e ot + Fig (Flo)*efgo r + Fio (F11) e —rtT
Fy (Fy) ™ 4 Fio (Fio) " + Fu1 (Fi1) ™ + Fia (Fi2) (3.36)

Where F’s are the probability coefficients and are given as

Fl U11U13U337 F2 U11U13U337 F3 U11U13U317 F4 U11U13U317
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Figure 3.12

F5 = U11U31U§3; Fg = U11U31U3?3; Fr = U13U§1U33; Fy = U13U§1U33;

Fy = U121U13U23; Fio = U121U13U23; Fiy = U11U123U21; Fip = U11U123U21;

Fi3 = UnUnUsy;  Fiuy = UnUnUsy;  Fis = UsUs Uss;  Fig = UrsU3, Uss;

Fir = U221U23U33; Fig = U221U23U33; Fig = U21U223U31; Foy = U21U223U313

Fy = UnUsnUsy;  Fop = UnUs Usy;  Fog = UggUs Uss;  Fog = U23U§1U(33; )
3.37

The coincidence probability plot against the time-delays introduced between the
arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(3.13). This Coincidence probability plot shows that the probability of having
the above defined output coincidence pattern is minimum and is equal to the value
of the permanent of the adjacent scattering matrix, when there is no time-delays
introduced between the arrival of the photon at the input ports. This Coincidence
probability increases with the increase in the length of the time-delays introduced
between the arrival of the photons till specific point and then again starts decreasing.
Rest of the cases as mentioned in Fig.(3.1) are discussed in Appendix(B.5,...,B.9).

3.2.4 Tetra-Photon Click on Output-1 and no Click on
Output-2 and Output-3
In this section, we shall discuss the coincidence probability of having a tetra-photon

click on any of the three output ports when we inject bi-photon pulses at input
port-1 and at input port-3 of a balanced beam-splitter. Which can be visualized



3.2. BI-PHOTON INPUT PULSES AT INPUT-1 AND INPUT-3 o1

) S S S T S S S SR SN S S S NS S I S S ST SN ST SO ST S | T

-15 -10 -5 5 10 15

Figure 3.13: (with T(m,72,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(ala Qg, 3, Bl) B?) 537 71’}/2) = Q(Oa 07 Oa 7T/2a 7T/2a 7T/2, 07 0))
from Fig.(3.14) First of all, we shall discuss the coincidence probability for the first

[T{w1)1(wa)) (b) (c)
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Input State [1(ws) 1 (wa)) Output State-

Figure 3.14

output coincidence pattern in Fig.(3.14) which shows that we get a tetra-photon
click at output port-1 and no clicks on output port-2 and output port-3. The input
state for this case is same as defined in Eq.(3.23) and the output operator is define
as,

H1 = / CAZJ{((.ULL'))&J{ (U)g)&J{ (wn)di (w14) ‘OOOO> <OOOO‘ &1 (W5)d1 ((JJg)dl (wn)dl (w14)dw5dw8dw11dw14,

(3.38)
the coincidence probability for this case can be written as,

Paoga00 = (1111 UL U |1111)°, (3.39)
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the probability coefficient for this case are defined as,
Vi = Uj U (3.40)
S0,
Pgo. 400 = Vi (Vi) ™. (3.41)

One can clearly see from this relation, the coincidence probability for this case
does not depend of the time-delays 7 introduced between the arrival of the photons
at input ports of the balanced beam-splitter. Rest of the cases as mentioned in
Fig.(3.1) are discussed in Appendix(B.10,B.11).

3.3 Bi-Photon Input pulses at Input-2 and Input-
3

In this section, we shall discuss the possible output coincidence patterns for the
case, where we inject a bi-photon pulses in input port-2 and input port-3 but the
input port-1 remains in dark and shall calculate the coincidence probabilities for
these possible output coincidence patterns. After calculating these coincidence
probabilities, we shall plot them against the time-delays 7 introduced between the
arrivals of these input photons at input ports and shall see how these coincidence
probabilities varies with the increase and decease in the length of the time-delays
777 introduced between the arrival of the photons at input ports.

3.3.0.1 Bi-Photon Click on Output-1 and Output-2 and no Click on
Output-3

In this case, we shall discuss one of the possible output coincidence pattern, in
which we get a bi-photon click at output port-1 and output port-2 for the case
where we have injected a bi-photon pulse in input port-2 and port-3 as shown in
Fig.(3.15). The output operators for this specific case are the same as defined in
Eq.(3.2) and Eq.(3.3) and the input state is defined as

[1111)" = /OO P(w1)d(wa)p(ws)d(wa) exp (—iwi 1) exp (—iwaTs) exp (—iwsTs)

exp (—iw47'4)d£ (wl)dg (WQ)&:J; ((,L)g)dg (w4) ‘OOOO> dwldwgdW3dW4,
(3.42)

the coincidence probability for this case is defined as

Pogg oo = * (1111 U, @ TI,U [1111)° (3.43)
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Figure 3.15

the probability coefficients defined for the cases where we get bi-photon pulses at
output ports are defined as

Ci =
Cs =

Cy =

U122U223; Cy = U12UsU13Uss; Cs = U12UszUs3Us3; Cy = UU12U13Uss;
= UpUi2Us3U3; Ce = U222U123; C7 = U122U323; Cs = U12UsoU13Uss;
UroUsoUssUss;  Chg = UspUpoUisUss;  Cyy = UspyUyoUssUss;  Chp = U, U,

Ci3 = UpUZ;  Cuy = UgUsoUs3Usz;  Chs = UpgUsaUssUsg;  Clg = UspUsoUs3Uss;
Ciyr = UsUpUs3Uss;  Chg = UzyUsy; (3.44)

so the coincidence probability is

Psnno =C1 (C2) "¢ 7™ + €1 (C3) *e 7™ 4+ Cy (Cy) *e 37T + Oy (C5) *e 77
Cy(Cg) e ™ 4 Oy (C1) "7 + Cy (Cy) *e ™™™ + o (Cy) e +
Co (C5)*e 2™ 4 0y (Cg) "7 4+ Oy (Cy) *e 27 + Oy (Cy) e ™ +
C5(Cy) "2 4 C3 (Cs) Y™™ + O (Cg) e 37T + Oy (Cy) *e 37"
Cy (Co) e ™7™ + Oy (Cs) *e 2™ 4 Cy (Cs) e~ + Oy (Cg) e 7T +
C5 (C) *e™57 ™ 4 Oy (Co) "¢ 27T + Cs (C) e + C5(Cy) *e ™™ T+
Cs (Co) "¢ ™7™ + Cg (C1) *e 8™ 4 Cg (Cy) e + Cy (C3) *e 37"
Co (Cy) e 4 Cg (C5) *e ™77 + Oy (C1)* + Cy (Cy) * + C5 (C3) "+
Cy (Cy)* + C5(C5)* + Cs (Cg) ™. (3.45)

The plot of the coincidence probability against the time-delays 7 introduced between
the arrivals of the photons at input ports of a balanced beam-splitter is shown in
Fig.(3.16). This plot shows that the coincidence probability of getting a bi-photon
click at output port-1 and output port-2 is minimum and is equal to the value
of the permanent of the adjacent scattering matrix but not zero when there is
no time-delay introduced between the arrival of the photons at input ports. The
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coincidence probability of having this desired output increases with the increase
in length of the time-delay 7 but at specific point it gradually becomes constant.
Rest of the cases as mentioned in Fig.(3.1) are discussed in Appendix(C.1,C.2).

Po22.220
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Figure 3.16: (with T'(m,7m,73,7) = T(-1,0,7,27), 0, = 0.1 and
Q(Oél,0527043,61,52,&3,’)/1’)/2) = 9(0707077T/277T/277T/27 070))

3.3.1 Bi-Photon Click on Output-1 and Single-Photon Click
on Output-2 and Output-3

O=-0 00

Input State |l ws) Output States

Figure 3.17

In this section, we shall discuss the case where we get a bi-photon click at one
output port and single-photon clicks at other output ports. Four photons can be
distributed in this pattern in three ways which can be visualized from Fig.(3.17).
First of all, we shall discuss the first output coincidence pattern from the left in
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Fig.(??), which shows the output port-1 clicks twice and port-2 and port-3 click
once. The input state for this case is already been defined in Eq.(3.42) and the
output operators are defined as

I, = /_ h il (ws)al (ws) [00) (00] a1 (ws )iy (ws)dwsdws, (3.46)
M, — /_ " b (we) 10) (0] aa (w)dus, (3.47)

and -
Il; = /_ ak(wr) [0) (0| ag(wy)dw, (3.48)

the coincidence probability for this case is defined as

Pogoonn = (1111)° UL @ T, @ 30U |1111)° (3.49)

so the coincidence probability for this case is,

Pogaots = (R) "Ry + €77 (Ry)*Ry + e (Rs) "Ry + €2 (Ry) *Ry+
3077 (Rs)*Ry + g1t (Rg) "Ry + g3 (R7) "Ry + e 0o (Rs) "R+
e (Ro) "Ry + ¢ (Ryg) "Ry + %™ (Ryy) "Ry 4+ ¢ %™ (Ryy) *Ry+
¢~ (Ry) "Ry + (Ro) "Ry + ¢ 7™ (Ry) "Ry + ¢~ (Ry) "R+
0% (Rs)*Rs + e 30" (Rg) " Ra + i (R7) Ry + e s (Rs) " Rat
e (Rg)*Ry + ¢ ™ (Ryg) "Ra + ¢ (Ry1) "Ry + ¢ %™ (Ry2) "Ro+
"Ry + (Rs) "Ry + ¢ 777 (Ry) " Ry+

670272 (Rl *Rg -+ 673027—2 (RQ
“Ry + e (Rg)*Ry + ¢ "™ (R7) "Ry + ¢~ 77" (Rg) *Ry+

~—  —

)

e (Rs)
)

Ri)*Ry+e¢ " (Ry)*Ry+ ¢ (Ry)*Ry + (Ry) *Ry+

Rs)*Ry+e¢ " (Rg)* Ri+ ¢ 7 (R;)*Ry + ¢ 77 (Rg) *Ry+

)

e (R)*Rs + ¢ (Ry)*Rs + ¢ 7" (R3) "Ry + e (Ry) *Rs+

(Rs)*Rs + ¢ (Rg)*Rs + ¢ 2 (Ry)*Rs + ¢ "7 (Rg) *Rs+

e 7T (Rg)*Rs + ¢ ™ (Rig) *Rs + ¢ "7 (Ry1) *Rs + ¢ "™ (R13) *Rs+

e (R)) "Re + ¢ (Ry)*Rs + ¢ (Rs)*Re + ¢ 7 (Ry)*Re+

e 7" (Rs)*Rs + (R¢) *Rs + ¢ %" ™ (Ry) *Rg + ¢ 2" (Rs) * Rs+
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2.2 2
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e (R1) "Ry + e oo (Rs) *Rig + e~ o (R3) “Rio + g2 (Ry4) " Rio+
e 37 (Rs) "R + e (Re) "R + e (R7) "Ry + e o (Rg) " Rio+
e ™47 (Ry) *Rig + (Rio) *Rio + €77 (Ri) *Rig + €7 (Ri2) *Ruo+

(B1)"

(Rs)"

2

R + 6—6027

—20 2

~—~~ N —~

—707’ (

—8027'

’ Ry)"Ryy + e (R2) *Ry1 + e 07T (Rs)*Ry1 + e T (Ry4) "R+
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(3.50)

—30 T2

Where R’s are the probability coefficients and are defined as

Ry = U122U23U33; Ry = U122U23U33; Ry = UpUy3UUss; Ry = UpaUy3Uz3Usg;

Ry = U19U13U2Usz;  Re = UipUi3Ua3Usze; Ry = UpUisUxUss;  Rg = UiaU13UssUss;

Ry = U12U13UUsz;  Rig = UUi3UssUse;  Riy = U123U22U32; Ry = U123U22U323
(3.51)

The plot of coincidence probability against time-delays 7 introduced between the
incident photons at input ports of a balanced beam-splittre is shown in Fig.(3.18).
The plot shows the coincidence probability of having the above-mentioned output
coincidence pettern is maximum and is equal to the value of the permanent of
the adjacent scattering matrix when time-delays 7 introduced between the arrival
of the incident photons is zero. The coincidence probability decreases with the
increase in the length of the time-delays introduced between the arrival of the
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photons at input ports of the balanced beam-splitter and eventually becomes zero
at a specific value of the time-delay. Rest of the cases as mentioned in Fig.(3.1)
are discussed in Appendix(C.3,C.4).

Po22.211

0.40 -

PR R B
-15 -10 -5

Figure 3.18: (with T(m,7,73,74) = T1(-7,0,7,27), 0, = 0.1 and
Q(ala0527(13751)/827/8377172) - Q(O7070771-/2771—/2771—/27070))

3.3.2 Tri-Photon Click on Output-1, Single-Photon Click
on Output-2 and no click on Output-3

In this section, we shall discuss the coincidence probability for the case when we

get a tri-photon click at one output port, a single photon click at other output port

and one output port remains click-less as show in Fig.(3.19) for the incidence of

bi-photon clicks on input port-2 and input port-3 with time-delay 7 is introduced

between their arrival at input ports. The input state has already been defined in

Eq.(3.42). The probability coefficients for this kind of output coincidence pattern
are defined as,

G1 = UpUpUss; Gy = UpUpUss; Gy = UplUnUsy; Gy = UpUnUs,y
Gs = U22U32U§3; Ge = U22U32U323; Gr = U23U§2U33; Gs = U23U§2U33;
Gy = U122U13U23; G = U122U13U23; G = U12U123U22; G2 = U12U123U22§
Giz = UpUisUss;  Gu = ULUssUss;  Gis = UnsUfUss; Gig = UraUryUso;
Gir = U12U22U223; Gis = U12U22U223; Gy = U13U222U23; Goo = U13U222U23;

Go = U12U32U§3; G = U12U32U§3; Gos = U13U3?2U33; Goy = U13U3?2U33;
(3.52)
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For this specific case, we shall discuss coincidence probability of the first output
coincidence pattern as shown in Fig.(3.19, in which we get a tri-photon click at
output port-1, a single-photon click at output port-2 and no click at output port-3.
The Input state will be the same as we defined in Eq.(3.42) and the output operators
for this case are defined as,

I, = / h il (ws)al (ws)al (wir)]000) (000] ay (ws)an (ws)as (w1 )dwsdwsdwyy, (3.53)

o0

and -
I, = / b (ws) [0) (0] (w5 ), (3.54)

oo

the coincidence probability for this case ca be written as
Pagazi0 = * (1111 UM, @ TI,U [1111)°, (3.55)

so the coincidence probability is

2

Pagz.s10 =Clo (Gro) "¢ ™7™ + G (Gr1) "¢ ™27 + Gy (Gra) "¢ %™ +

2 2 2

)
Gio (Gy) *e™” ™+ G (Gu)*e™? ™+ G (G12)"e sty
G (Gy) ¢T3 4 G (G1o) ™ e + Gy (G12) e Ty
G2 (Gy)"e 6% 1 Gy (G1o) e = 1 G (Gu1) e Ty
Gg (Go) " + G10 (G10) "+ G11 (G11) " + G12(G12) ™. (3.56)
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The plot of coincidence probability against the time-delays introduced between
the arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(3.20). This plot shows that the probability of having the desired output is
relatively high and is equal to the value of the permanent of the adjacent scattering
matrix when the time-delays 7 introduced between the arrival of the photon at
inputs of the beam-splitter is zero. The coincidence probability slightly increases
with the increase in the length of the time-delays 7 and then gradually decreases
to zero with further increase in the length of the time-delays 7. Rest of the cases
as mentioned in Fig.(3.1) are discussed in Appendix(C.5,...,C.9).

Po22.310

0.034 |-

0.026

IR S T R R S S ' PR I S R R I S R
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Figure 3.20: (with T(m,7,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(abo@a0537B17B27ﬁ37’71’72) = 9(07070777'/2771./277‘-/27070))

3.3.3 Tetra-Photon Click on Output-1 and no Click on
Output-2 and Output-3

In this section, we shall discuss the coincidence probability of having a tetra-photon
click on any of the three output ports when we inject bi-photon pulses at input
port-2 and at input port-3 of a balanced beam-splitter. Which can be visualized
from Fig.(3.21)

First of all, we shall discuss the coincidence probability of the first output
coincidence pattern as shown Fig.(3.21) which shows that we get a tetra-photon
pulse at output port-1 and no clicks at output-2 and at output-3. The input state
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for this case is same as defined in Eq.(3.42) and the output operator is define as,

I, = / il (ws)al (ws)al (wir)al (wig) (0000 (0000] Gy (ws )iy (ws)éy (wi1)ar (wis)

dwsdwgdw1dwi, (3.57)
the coincidence probability for this case can be written as,
Pogo a0 = (1111 UL U |1111)°, (3.58)
the probability coefficient for this case are defined as,
Ve = UL,Uls; (3.59)
so the coincidence probability is
P2 400 = V7 (V2) ™. (3.60)

One can clearly see from this relation, the coincidence probability for this case
does not depend on the time-delays introduced between the arrival of the photons
at input ports of the balanced beam-splitter. Rest of the cases as mentioned in
Fig.(3.1) are discussed in Appendix(C.10,C.11).
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3.4 Comparison between the Coincidence Prob-
ability Plots

Here in the section we have compiled the coincidence probability plots to conclude
our work. We have compared the plots for the three type of input modes, we
discussed in earlier sections and divided them in three different types based on
the output modes. First mode in which two bi-photon clicks at any two output
ports(one on each) are observed, the second output mode is in which a bi-photon
click at one output port and two single-photon clicks at other two output port are
observed and the third output mode is in which a tri-photon click at one output
port, single-photon click at other output port and one output port remains click-less
are observed as shown in Fig.(3.1), Fig.(3.3) and Fig.(3.5) respectively and there
coincidence plot comparisons are shown in Fig.(3.22), Fig.(3.23) and Fig.(3.24)
respectively.

ngglgggi Pgoglggg P220.202: P202.22D
025

Figure 3.22: Comparison of the coincidence plots for the output mode when two
bi-photon clicks are observed at the output ports.
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Figure 3.23: Comparison of the coincidence plots for the output mode when a
bi-photon click and two single-photon clicks at output ports are observed.

P220,301, P202,310 P220.130, P202.103
0.13} 1

P220,310, P202,301

0020

0.0015

| 0.0010;
15 10 -5 T 18t 45 S0 5 8 10 15T <15 -0 -5 0 5 10 15

P220,0315 P202,013 P220.103, P202.130 P220,013. P202,031
I 0.100

0.0026!

0.0024|

0.080

RO ., .| SRR T 0.075
-5 0 -5 5 1 s 15 -0 -5 5 Mt goameeenele

5
Po22.310. Po22,301 Po22,103; Poz2,130 Po22.031. Po22,013
0.034 - X

S

L0085

Figure 3.24: Comparison of the coincidence plots for the output mode when a
tri-photon click and a single-photon click at any of the three output ports are

observed.
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3.5 Maximizing the Probabilities of the Outputs

We have generated a condition by varying the value of octuples Q(ay, aq, as, 51, B2, B3, 71, V2)
to reach a point where the distribution of the photon entering from input ports at
output port of a balanced beam-splitter breaks and we get the maximum probability

for one type of the output coincidence pattern and minimum for the other type of
output coincidence patterns. The condition is defined as,

Q(Ozh g, (3, 51, 62, 637 '71'72) = Q<O> 07 07 ™, T, T, 07 O)), (361>
for this condition, we get the matrix form such as
0 0 1
RQ)=10 -1 0]. (3.62)
1 0 0

By using this condition for first kind of the input state in which we have injected a
bi-photon pulse at input port-1 and port-2, we get maximum probability of having
a bi-photon click at output port-2 and port-3 and minimum for all rest of the
output coincidence patterns,

Pasgp22 = 1,

Pa20,220 = Pago202 = Pago211 = Pa20121 = Pago112 = Pazo310 = Pazo01 =

Proo 130 = Pa20,031 = Pa20103 = P220.013 = Pa20.400 = Pa20,010 = P220,004 = 0. (3.63)
For second kind of the input state in which we have injected a bi-photon pulse at
input port-1 and port-3, we get maximum probability of having a bi-photon click

at output port-1 and port-3 and minimum for all rest of the output coincidence
patterns,

Poga 002 = 1,

P02,220 = Pao2,022 = Pao2,211 = Pao2,121 = Pao2,112 = Pao2,310 = Pao2,301 =

Pro2 130 = Pao2,031 = Pao210s = Pa02,013 = Pa02,400 = Pao2,000 = Pao2,004 = 0. (3.64)
For third kind of the input state in which we have injected a bi-photon pulse at
input port-2 and port-3, we get maximum probability of having a bi-photon click

at output port-1 and port-2 and minimum for all rest of the output coincidence
patterns,

Pogo,220 = 1,
Po22.202 = Fo22,022 = Po22,.211 = Poao,i21 = Pooei12 = Fo22,310 = Po22,301 =
Poaz 130 = Po22,031 = Po22,103 = FPo22,013 = Po2z,400 = Po22,000 = Po22,004 = 0. (3.65)

We can maximize the probability of having any other kind of the output coincidence
by just adjusting the values of the octuples.
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3.6 Permanents and the Scattering Matrices

In this section we shall discuss, the permanents of matrices, the scattering matrices
and their formation.

3.6.1 Permanents

For a square matrix of any order, the permanents are similar kind of the function
to the determinants of the matrices. Both determinants and the permanents are
polynomials of the elements of the matrices. There is one function which more
general then the determinant and the permanent of a matrix is known as the
immanent of a matrix [21]. For a n x n matrix 7' = (¢;;) the permanent can be
written as

Perm(T) = Y [] tiow)- (3.66)

O'GSn i=1

Where we can see that summation in above equation is over all elements o of the .S,
symmetric group. Which covers all the numbers 1,2,3.....n and their permutations.
So the permanent of a 2 X 2 matrix can written as,

t t
Perm 1 12 = tlltgg + t12t21, (367)
ta1 192

now the permanent of a 3 x 3 matrix,

t11 ti2 ti3
Perm [ o1 oo toz | =tiitastss + tiitastse + tiatartss + tiatastsn
t31 32 133
+ tistaitse + tistaots - (3.68)

We can see the permanents are similar to the determinant, the only difference is
that in a permanent all signs between term are positive. That means all sign that
comes with permutations of the elements of the matrix 7" are ignored.

3.6.2 Scattering Matrices

The scattering matrix in reference to the combination of single photon pulses
and bi-photon pulses has been studied for the case where a bi-photon pulse and
two single photon pulses have injected at three input ports of a six port passive
quantum optical interferometer (with three input ports and three output ports)
and observed two bi-photon click at output ports [20]. We are using the same
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concept to calculate the scattering matrix for our work. The scattering matrix is

defined as
Tij = Ugp;- (3.69)

J

Where a; and b; show the number of clicks at input ports and at output ports
respectively. For example, for a case where we have injected a bi-photon pulse at
input port-1 and at input port-2 which can be written as a(220). Then observed
a bi-photon click at output port-1 and at output port-2 which can be written as
b(220). The scattering matrix for this case can be written as,

Un Un U Up
Un Un U Un

T = , 3.70
220,220 U U Uz Us ( )
Up Us Uy Un
permanent of this matrix is
Taa0.920 = 4UR U3y + 16U, Uy UopUsy + AU U, (3.71)

Now for the case where we have the same input pattern but observed a bi-photon
click at output port-1 and single-photon click at output port-2 and at output port-3.
The scattering matrix for this case can be written as,

Un U Uy Ui

T _ Un Un U U
220,211 Un Un Uz Uss |’

Uy U Usp Uss

(3.72)

permanent of this matrix is
T520,211 = 4U22U23U121 + 8U13U21 UgoUyy + 8U12Us1 Uas Uy + 4U12U13U221. (3.73)

Now for the case where we have the same input pattern but observed a tri-
photon click at output port-1, single-photon click at output port-2 and output
port-3 remains click-less. The scattering matrix for this case can be written as,

T = , 3.74
220310 Un Uz U Ux ( )
U U U Ux
permanent of this matrix is
Tyno,310 = 12U Upo U7y + 12U1,U3 Uny. (3.75)

Similarly, we can form the scattering matrices for all rest of the cases and can also
calculate the permanent of those matrices.
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Conclusion

We have studied SU(3) quantum photon interferometry using four photons with
bi-photon input pulses at each input port (at any two of three input ports) of the
6-channel passive optical quantum interferometer (three input and three output
channels).

We have observed all possible output coincidence patterns at output ports,
calculated their coincidence probabilities and plotted them against the time-delay 7
introduced between the arrival of the photons at input ports of the passive optical
quantum interferometer. For the ground knowledge of the quantum interferometry
and for the related knowledge of our problem, we have reviewed three research
papers. We have reviewed single-photon quantum interferometry by using the
SU(3) group theoretical approach and their coincidence landscape [4, 5] and the
quantum interferometry with multiple channel quantum interferometer and multiple
photons observing the permutational symmetries present in them [20].

We have then extensively studied various patterns in SU(3) quantum interferom-
etry with bi-photon injections, with time-delay 7 between the arrival of the photons
at input ports. We have observed the peaks and dips for different coincidence for
different occurrences of the output photons at output ports of a six-channel passive
quantum optical interferometer with same input states. These dips and the peaks
are occurring due to the different combinations of the transmissions and reflections
of the input photons at interferometer. These dips and the peaks of the coincidence
plots are equal to the value of the permanents of the adjacent scattering matrices
related to the different output coincidence patterns.

We got three different kind of the plots, dips, peaks and bi-model distributions.
According to Hong-Ou-Mandel effect when the photons reach the output ports
after combination of reflections and transmissions, they form a specific output
coincidence pattern. We get a dip in output coincidence probability plot when
the photons reaches the output ports after specific combination of reflections and
transmissions with zero time delay 7 between the arrival of the photons at input

66
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ports, destructively interfere at output ports to form a dip in coincidence pattern.
Similarly, we get a peak in output coincidence probability plot when the photons
reaches the output ports after specific combination of reflections and transmissions
with zero time delay 7 between the arrival of the photons at input ports, construc-
tively interfere at output ports to form a specific output coincidence pattern. We
get a bi-model distribution in coincidence probability plot when the photons reach
the output ports after specific combination of the transmissions and reflection
to form a specific output coincidence pattern, interfere constructively and equal
interfere destructively at output ports. We have also observed a pattern in the
occurrences of the dips and the peaks. According to that pattern, we get a peak
when the photons leave the output ports in the way that they entered the input
ports. Which mean we get a peak when the photons enter the input port-1 and
input port-2 and leave the output port-1 and output port-2 irrespective of the
arrangements of the clicks. In some cases we get a divergence from the pattern.
We have observed that by just adjusting the value of the octuples

Q(aq, ag, as, 1, B2, B3,7172), we can break the superposition between different out-
put coincidence patterns and can create condition to get maximum probability of
having the desired output coincidence pattern which can be helpful in many prob-
lems. By using this theory developed in our analysis, we can study the properties
of the SU(3) transition matrix.
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Appendix

A Rest of the Cases of Section 3.1

In this case, we have injected a bi-photon input pulse at input port 1, input port 2
and nothing input port 3 of a six port passive quantum optical interferometer and
then calculate and plotted the coincidence probabilities of all output coincidence
patterns as shown in Fig.3.1, Fig.3.3,Fig.3.5 and Fig.3.7.

A.1 Bi-Photon Clicks on Output-1 and Output-3

In this section, we shall discuss the coincidence probability for the case, where we
get a bi-photon clicks on the output port-1 and output port-3 and shall see how the
coincidence probability varies with the change in length of time-delays 7 between
the arrival of the photons at input ports as shown in Fig.(3.1). The coincidence
probability for this case is define as,

Pagg 02 = (1111)° UL @ T3U [1111)° (A1)

the output operators used for this specific case are already been defined in Eq.(3.2)
and Eq.(3.4) and the input state will be the same as before in Eq.(3.5). We
are discussing the different output for the same input state. The Coincidence
probability is defined as,

2

Pasoooz =Aq (Ag) e~ + A7 (Ag) *e 7™ 4+ Az (A10) "¢ 27T + Ar (Ayy) *e 2T
A7 (Ar) "¢ T 4 Ag (A7) *e™7 T 4 Ag (Ag) "¢ T + Ag (Ayy) e 7T +
Ag (An) "™ 4 Ag (Ap) *e ™7 4 Ag (A7) *e ™7 + Ag (Ag) "™ ™ +
Ag (Ayg) "¢ 2™ 4 Ag (A1) *e™7 T + Ag (A1g) "™ 4 Ay (A7) "¢ 4

Ao (Ag) e + A (Ag) *e 277 4 Ay (A11) "¢ T + Ay (App) e 277 +

68
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2 2.2

(A7) %777 4 Ay (Ag)*e 277 4 Ay (Ag) e ™ + Ay (Arg) "¢ 0 +
A (A1) "¢ ™7™ 4 Agg (A7) e 4+ Ayy (Ag) *e 27T 4 Ayg (Ag) "¢ 27 4
Arz (A1) *e ™™ + Aig (An) "¢ 7 + Ay (A7) * + Ag (Ag) * + Ag (Ag) *+
Aro (A1) "+ Ann (A1) " + Az (Ar2) ™ (A.2)

The probability coefficients are defined in Eq.(3.7) and the plot of the coincidence
probability against the time delay 7 introduced between the arrival of the photons
at input ports is shown in Fig.(A.1). This plot shows that the probability of
having the desired output is least when there is no time delay 7 introduced between
the arrival of the photons and this value of the coincidence probability with zero
time delay is equal to the permanent of adjacent scattering matrix and it starts
increasing as the length of the time-delay increases and at specific limit it again
starts decreasing as shown in Fig.(A.1).

P220 202

) S S T A S S S N SN SO S S IR S T T A S S S S SN S Y SO S | r
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Figure A.1: (with T(m,m,m3,7) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,06270é37ﬁ1,ﬁg,53,’)/1’}/2> - Q(Ov070771-/2771-/2771-/27070))

A.2 Bi-Photon Clicks on Output-2 and Output-3

In this section, we shall discuss the coincidence probability for the case, where we
get a bi-photon clicks on the output port-2 and output port-3 and shall see how
the coincidence probability changes with change in the length of the time-delays
7 between the arrival of the photons at input ports as shown in Fig.(3.1). The
coincidence probability for this case is defined as,

Pago 20 = (1111)° UL, @ TI3U [1111)°, (A.3)
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the output operators used for this specific case are are already been defined in
Eq.(3.3) and Eq.(3.4) but the input state will remain the same as defined before in
Eq.(3.5). We are discussing the different output pattern for the same input state.
The coincidence probability is,

2.2

Poo.020 =A13 (A14) e Az (Ags) ™ e 3 4 Az (Agg) e T4
Ay (Arr) e 4 A (Ag) e 8% 1 Ay (A1) "e —r
Ay (Ass) e Ay (Agg) e —ot Ay (Ar) ™ e 2 4
Ay (Agg) e 4 Ay (Auz) e =S 4 A (Aa) e T
Ass (Ase) 2T 4 Ags (Ai7) e —T 4 A (Asg) ™ ety
A (Ags) e300 Asg (Agy) e —t A (Ass) T2y
A (A7) e 7+ Agg (A1) *e ™77 4 Ayr (Ass) ety
Ayr (A) e 4 Ay (Ais) e+ Ay (Ass) et
A7 (Ass) e Ajg (Ags) e 8ot Asg (A1g) ey
Asg (Ass) e 84 A (Asg) "e 8 4 Ags (A7) " e 7+
Anz (Arz) ™ + Avg (Ara) " + Ass (Ais) ™ + Ase (Ass) "+
Av7 (Arr) "+ Asg (Aig) ™ (A.4)

where the probability coefficients are defined in Eq.(3.7) and the coincidence plot
against the time-delay 7 between the arrival of the photons at the input ports of
beam-splitter is shown in Fig.(A.2). This plot shows that the probability of having
the desired output is least when there is no time-delays between the arrival of the
photons at input ports and this value of the coincidence probability with no time
delay between the arrival of the photons at input ports is equal to the value of
the permanent of the adjacent scattering matrix. It starts increasing as the length
of the time-delay introduced between the arrival of the photons at input ports
increases as shown in Fig.(A.2).

A.3 Bi-Photon Click on Output-2 and Single-Photon Click
on Output-1 and Output-3

In this case, we shall discuss the coincidence probability for the bi-photon click on
the output port-2 and a single-photon click on output port-1 and output port-3
for the same input state in which we inject bi-photon pulse in input port-1 and
input port-2 with time-delay 7 between every arrival pf the photon at input ports
as shown in Fig.(3.3). The input state for this case is the same as defined before in
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P220.022
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Figure A.2: (with T(m,7m,7m3,7) = T(-7,0,7,27), 0, = 0.1 and
Q(alu Qg, a3, 617 ﬁ27 ﬁ37 7172) = Q(Ov 07 07 7T/27 7T/27 7T/27 07 0))
the Eq.(3.5). The output operators for this case are defined as,
M = [ ) 0} 0] 1 s, (A5)
I, = / 5 (we ) @b (wo) |00) (00] g (we )z (wo)dwsdw, (A.6)
and -
I, = / il (wr) 10) (0] i (wr)deor. (A7)
the coincidence probability for this case is defined as
Paoao1 = (1111)° UM @ Ty @ T30 [1111)° (A.8)

The probability coefficients for this case are defined as,

M, = U12U221U32; M,y = U12U221U32; Mz = UnUs1UxaUsg; My = UiaUp1 U Usy;
Ms = Un\Ua1UxUsg; Mg = UioUp1UsaUsy; My = U U\ UpaUsy; Mg = U12Up1 U Usy;

Mg = Uy U UpoUsg; Mg = UppUnUppUsy; My = U UsUsy;  Myy = U U, Usy;
(A.9)

so the coincidence probability for this case is

P2207121 —_ (Ml) *Ml + 67027—2 (MQ) *Ml + 67027—2 (M3) *Ml + 673027—2 <M4) *M1+
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2.2

e 73T (M) *My + €717 (M) *My + €737 (M7) * My + e~ 97" (M) * My +
6—50272 (M )*M1 + 6—70272 (Mm) *M, + 6—80272 <M11> M, + e —90272 <M12> * M+
™" (M) "My + (My) "My + €727 (My) "My + ™7 (My) " Ma+
e 1T (M) * My + €737 (M) *My + €757 (M7) * My + 777 (M) * My+
e (M) *My + €277 (Myg) "My + %77 (Myy) *My + 577 (Mys) * Mo+
—a 72 ( ) M3+e_3"2T2 (M )*M3—|—(M3)*M3+ —40272 (M4)*M3+
5) M+ 73T (Mg) * My + =77 (M7) *Ms + ¢ 777 (Mg) *Ms+

727 (Mo) "My + €7 (M) "M + 7™ (M) "Mz + e~ (May) "M+
e 37T (M) *My + e (Mg)*M4+e—4”2T2 (Ms) * My + (M) * M+
e 37T (Ms) *My + e 77 (Mg) *My+ e 77 (M) *My+ e (Mg) * My+
o —60°7? (M) * M. e 2077 (Mio) * My + € —To?72 (Myy) * My + e b0’ (Mio)* My+
e 37T (My) *Ms + 277 (M) *Ms 4 e~ (Ms) *Ms + e (My) *Ms+
(Ms)*Ms + e (M6) Ms + e 27 (My) *Ms + ¢ 7" (Mg) * M5+
e 7T (My)*Ms + e 377 (Myg) *Ms 4 €377 (My1) *Ms + e =477 (My) * M5+
e 1T (M) * Mg + 7277 (My) * M + €737 (Ms) *Mg + e~ 7 (M) * Mg+
0T (Ms)* Mg + (Mg) *Mg + € —50272 (M7)*M6+6—20T (Ms) * Mg+
e 37T (M) * Mg + €77 (Myg) *Mg + e 2™ (My1) *Mg + e (Mys) * Mg+
e 37T (My) * My + €77 (M) * My 4 77 (M3)* M7 + e 707 (My) * M7+

2 My + (M7)* My + %7 (Mg) * M7+

My + €377 (Myy) My 4 e 7577 (Myy) * Mo+

—0’7‘(

6—20 T (M >*M7 + 6—50272 (MG
—0’ 72 (Mg) M7 4 6—7027'2 (MIO

\_/\_/\_/\_/\_/\_/\_/\_/

™07 (M) "My + 7277 (My) "My + 777 (M) "My + 777 (My) " Ms+

e 57T (M) * Mg + €727 (Mg) *Mg + %" (M7) * Mg + (Mg) * Mg+

e T (M) * Mg + e (Mig) * Mg + €577 (My1) * Mg + €377 (M) * Mg+
—507’ ( ) 7o 272 (M “My + e —20272 (M)*M9+e—6027'2 (M4)*M9+

e (M;)* M9 + 6—302T2 (Mg) *Mg + € 7" (M7)*Mg + 77" (Mg) * Mo+
(M) *My + 47" (Myo) *My + 777 (M) "My + 7377 (Mya) * Mo+
e T (M) * Mg + €577 (M) * Mg + €577 (M) * Mg + €27 (M) * Mo+
e 37 (Ms)*Myo + e (Mg) *Myo + e 1 (Mz7) * Mo + e (Ms) " Mo+
g4 (Mg) * Mg + (Mhg) * Mo + e (M) * Mo + e (M) " Mo+
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eS8 (M) * My + €977 (Ma) *Myy + €577 (Ms) *Myy + e 777 (My) * My +
o307 (Mz)* My, + p—do?r? (Mg) *My; + e 3027 (M7) "My + e~ 677 (Mg) * M1+
e (M) *Myy + €737 (Myg) *Miy + (M) "My + 77 (Myg) "My +

e 97T (My) * My + €577 (Mo) *Mys + €777 (Ms) *Mys + €77 (My) * Mo+
e~ 4T (M) * My + €377 (Mg) * M + €577 (My) * My + €377 (Mg) * Mo+
)

e 30" (My) * Mo + e o (M) * My + e o (Mi1) * Mg + (Mi2) " M.
(A.10)

The plot of coincidence probability against the time-delays between the arrival of
the photons at input ports is shown Fig.(A.3). This plot shows, the coincidence
probability of having desired output pattern is maximum when the time-delays
between the arrival of the photons at input ports is zero and this value of the
coincidence probability with no time delay is equal to the value of the permanent
of the adjacent scattering matrix. Then coincidence probability gradually starts
decreasing as the length of the time-delays increases between the arrival of the
photons at the input ports, which can be visualized from Fig.(A.3)
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Figure A.3: (with T(m,7,73,7w) = T(-7,0,7,27), 0, = 0.1 and
Q(Oélaa%0537517B2>B37’71ﬁ)/2) = Q(0,0,0,7T/2,7T/2,7T/2,0,0))
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A.4 Bi-Photon Click on Output-3 and Single-Photon Click
on Output-1 and Output-2

In this case, we shall discuss the coincidence probability of a bi-photon click on
the output port-3 and a single-photon click on output port-1 and output port-2,
for the same input state with a bi-photon click on input port-1 and input port-2
with time-delay between arrival of every the photon as shown in Fig.(3.3). The
input state for this case is the same as defined before in the Eq.(3.5). The output
operators for this case are defined as,

I, = / al (ws) 0) (0] dy (ws)dws, (A.11)
1, = / 61 (ws) 10) (0] i (w) v, (A.12)

and -
Hg = / d;(cw)dg(wlo) |00> <00| &3(w7)d3(w10)dw7dw10, (A13)

the coincidence probability for this case is defined as,
Paao 112 = (11117 UL @ T, @ 30U |1111)° (A.14)
and the probability coefficients for this case are,

N, = U12U22U321; Ny = U12U22U§1; N3 = U UpUs1Usy; Ny = UiaUz1 Uz Usy;
N5 = Un\UUs1Usy;  Ng = U1oUa1U31Use; Ny = Up1\UpaUs1Usp; Ny = UioUz1 Uz Usa;

Ny = U1UUs1Use;  Nig = UroUs1Us1Usa;  Nip = U11U21U322§ Nig = U11U21U322;
(A.15)

so the coincidence probability is

Py i1z = (N1) "Ny + €77 (No) "Ny + e 77 (N3) "Ny + 377 (N;) "Ny +
€737 (N5) "Ny 4 747 (Ng) "Ny + e 7377 (N7) *Ny + 7577 (Ng) * Ny +
e (Ng) *Ny + e 77 (Nyg) *Ny + €377 (Ny3) *Ny + 7977 (Nyp) *Ny+

e (N}) *Ny 4 (No) *Ny 4 e 7377 (N3) *Ny + 777 (Ny) *No+

e 47 (N5) "Ny 4 €727 (Ng) "Ny + e 7577 (N7) *No + 7377 (Ng) *No+

e T (Ng) *Ny + 777 (Nyg) *Ny + %77 (Ny3) Ny + 7377 (Nyp) *No+
™™ (N1) "N3 + e 27" (Ny) N3 + (N3) "Ny + e 17" (Ny) N3+

2.2

efa T <N5) *Ng + 6730272 (NG) *Ng + 67027'2 (N7) *Ng + 6770272 (N8) *N3+
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—20 T2

(Ng) —60272 (NIO) *N3 + 6—5027'2 (Nll) *Ng 4 6—7027'2 (ng) *N3+
(Nl) N4 + e (NQ) *N4 =+ 6_4027—2 (N3) *N4 —|— (N4) *N4+

(N5) N4 + e —o? (N6) *N4 =+ 6_7027—2 (N7) N4 —|— 6_0 2 (NS) N4+

(Ng) “N.

(N1) "N

—3027'2

—3027'2

—60 T2

Ny e 20T (Nig) "Ny + e~ (N11) "Ny + e 07T (N12) *Ny+
M e 4T (NY) * Ny + €77 (N3) *Ns + e 77 (Ny) * N+
(N5)*Ns + e 77 (N6) N5+ €277 (N7) *N5 4+ ¢ 7" (Ng) *Ns+
T (Ng) *Ns + €737 (Nig) *Ni + €377 (Niy) *Ns + e 7477 (N1g) "Na+
6—40272 (N ) Ng + 6—30 72 (Ng) Ng + 6—30272 (Ng) *Ng + 6—0272 (N4) * N4
—a T2 (N5) NG + (N6> *NG + 6—50272 (N7) *NG + 6—20272 (NS) *N6+

e737° T (Ng) *Ng + ™7 (Nyo) "N + ¢ 477 (Nyy) N + 7377 (Nyg) * Ng+
2.2

e 37T (NY) "Ny 4 7% (Ny) *Ny 4+ 777 (N3) *Ny + ¢ 77 (Ny) *Ny+
6—2027'2 (N) N7+ —50272 ( 6) N7+(N7) N7+e—90272 (NS) *N7—|—

—30 T2

™7 (Ng) * Ny + e ™ (Nig) "Ny + e %7 (N11) "No + 757 (Nya) * Nyt
—60 72 ( ) —30 T2 ( 2) —70272 (Ng) *NS + 6—027—2 (N4) *N8+

e T (Ns) "Ny + €727 (Ng) "Ny + 6_9"272 (N7) " Ns + (Ns) Ng+

—70 T2 (Ng) N + 6—027' (NIO) N + 6—60272 (Nll) —30 272 (ng) *N8+
—507— ( ) —707 ( ) —207 ( )*N9+6—6ar (N)*NQ—I—

e (N5)* N9 + 6—30 ™ (Ng)* N9 + e (N7) *Nog + ¢ 7™ (Ng) *No+
(No) *No + 747" (Nyg) "Ny + ¢ (N11) *Ny + e 737 (N12) * No+
ool (N1) *Nig + e—bo’T? (Ng) Nio + e 6077 (N3) *Nyg + e 2077 (Ny) *Nio+
37T N5) *Nio + e (N6) *Nio + e T (N7) *Nig + e (Ng) *Nig+
Ny)*Nig + (N1g) *Nig + €737 (N11) *Nig + €77 (Ni2) *Nig+
Ni)*Nip+e —00%r (N2) "Ny + e 5o (N3) “Niy + e T (Ng) *Nii+
e 37T N5)*Nii + et (Ne) *Nu1 + e (N7) "Ny +e 6ot (Ng) *Nii+
e 7T (Ng) “Niy + e 3T (N1o) "Nip + (N11) "Niy + e (N12) "Nip+
e 97 (N1) "Nig + e —Sotr (Ng) ™ Nip+ e (Ns) Ny + 277 (Ng) *Nig+
e~ (N5) *Nig + e 3 (Ng) "Nz + e 0o (N7)*Niz + e 3T (Ng) “Niz+
( )’

Ng) *Nig + e (N1o) *Nia + e o (N11) *Nig + (Ni2) * Nyo.
(A.16)

—40 T2

—80 T

(
(
22(
(

—30 T2
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The plot of the coincidence probability against the time-delay 7 between the arrival
of the photons at input ports is shown in Fig.(A.4). This plot shows that the
coincidence probability of having a bi-photon click at output port-1 and a single-
photon click at the output port-1 and output port-2 simultaneously, for the case
when we incident a bi-photon pulse at input port-1 and input port-2 such that
there is a time delay 7 is introduced between the arrival of the each photon at input
port is minimum when there is no time delay between the arrival of the photons
which is equal to the value of the permanent of the adjacent scattering matrix, The
coincidence probability starts gradually increasing as the length of the time delay
T between the arrival of the photons at input ports of the balanced beam splitter
increases and after a specific increase in the length of the time-delay 7 it again
starts decreasing. As we can see from Fig.(A.4)
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Figure A.4: (with T(m,7,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(alv05270[3761aﬁ27/63)7172> = Q(O707077T/277T/277T/270)0))

A.5 Tri-Photon Click on Output-1, Single-Photon Click on
Output-3 and no click on Output-2

Now we shall discuss the coincidence probability for the output pattern, where we
get a tri-photon click at output port-1 and a single-photon click on output port-3
for the same input state as defined in Eq.(3.5). For this case the output operators
are defined as,
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I, = / al (ws)al (ws)al (wir) [000) (000] &l (ws)al (ws)al (wir)dwsdwsdewsy
- (A.17)
and

I, — /_ "l wr) 10 (0] s (ws)dwr, (A.18)

o0

the coincidence probability for this case can be written as
Pago 301 = * (1111 U, @ 113U [1111)° (A.19)

so, the coincidence probability for this case is

2 2.2

Pyog 301 =Dy (D1g) *e™7 o Dy (D1y)"e —dott Dy (D12) "e BT

2 2

)
Do (Dg) "e™? ™ + Dy (D11)*e™? ™ + Dy (D12) "e Bt

* _—30272 * _—a?r? —o272
Dy (Dy) *e™? + D11 (Do) "e + D11 (D12) "e +

* —60272 * _—30272 * —o27?
D5 (Dy) *e™® + Di3 (Dyg) *e™® + D12 (D11) "e +

Dy (Dg) ™ + D1g (D19) * + D11 (D11) " + D12 (D12) (A.20)

The plot of the coincidence probability for this specific output pattern against the
time-delays 7 between the arrival of the photons at input port of the balanced
beam-splitter is shown in the Fig.(A.5). This plot in shows that the coincidence
probability of having the desired output pattern, where we get a tri-photon click
at output port-1 and a single-photon click at output port-3 is minimum but not
zero, when the time-delay introduced between the arrival of the photons at the
input ports of the balanced beam-splitter is zero and is equal to the value of

the permanent of the adjacent scattering matrix. The coincidence probability

starts gradually increasing as the length of the time-delay 7 increases, as we see in
Fig.(A.5).

A.6 Tri-Photon Click on Output-2, Single-Photon Click on
Output-1 and no click on Output-3

Now we shall discuss the output state, when we get a tri-photon click at output
port-2 and a single-photon click at output port-1 for the input state as defined in
Eq.(3.5). For this case the output operators are defined as,

th = [ alws) 10) 0] o) s (A21)

—00
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Figure A.5:  (with T(m,7,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,ag,@3,51,52,53,’}/1’}/2) = Q(Oa07077T/277T/277T/27O?0))

and

HQ = / d;(wG)&E(WQﬁAL;(le) |000> <000| &2(&)6)&2(W9)d2(wlz)dw6dW9dwlg,

(A.22)
the coincidence probability for this case can be written as

Paog 130 = * (1111 UM, @ TI,U [1111)°, (A.23)

so, the coincidence probability for this case is

2.2

Proo 130 =D5 (Dg) "e —t D; (D7) *e 30t | D5 (Ds) gm0t Dg (Ds)"e™ "™ +
D6 (D7 *67027- + D6 (Dg) % —302712 4 D7 <D5) % —302712 4 D7 <D6) 0-27-2+
+

2

)
(DB) % —og2712 + Dy <D5) *6760 T2 1 Dyg (DG) *6730 T2 1 Dyg <D7) 670272
Ds (Ds)* + D (De)* + Dy (D+)* + D (Dg) *. (A.24)

The plot of the coincidence probability for this specific case against the time-delay
introduced between the arrival of the photons at input port of the balanced beam-
splitter is shown in the Fig.(A.6). This plot shows that the coincidence probability
of having the desired output pattern, where we get a tri-photon click at output
port-2 and a single-photon click at output port-1 is maximum when the length of
the time delay introduced between the arrival of the photons at the input ports of
the balanced beam-splitter is zero and is equal to the value of the permanent of
adjacent scattering matrix. The coincidence probability starts gradually decreasing
as the length of the time-delay 7 increases.
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Figure A.6: (with T(m,7m,7m3,7) = T(-7,0,7,27), 0, = 0.1 and
Q(alaa27a37ﬁ17ﬁ27ﬁ377172> - Q(O7070771-/2771-/2771—/27070))

A.7 Tri-Photon Click on Output-2, Single-Photon Click on
Output-3 and no click on Output-1

Now we shall discuss the coincidence probability for output pattern, where we get a
tri-photon click at output port-2 and a single-photon click on output port-3 for the
input state as defined in Wq(3.5). For this case the output operators are defined
as,

H2 = / CAL;(WG)CALE(WQ)CAL;@de) |000> <000‘ &2(CL)G)&Q<WQ)d2(W12)dW6dWQdW12,

[e.9]

(A.25)
and -
I, = / i (wr) 0) (0] daeor) ooy, (A.26)
the coincidence probability for this case can be written as
Payoo31 = * (1111 UM, @ U |1111)°, (A.27)

so0, the coincidence probability for this case is
Pso0,031 =D13 (D14) 7T 4 D3 (Dss) e300 D3 (D16) Rt
Dyy(Dq3)*e™ " D1y (Dy5) e

Di5 (D13) e300 Di5 (Dyy) "e™°

2 2.2

T2 4 D14 (D16) *6730' T +

2 2.2

72+D15 <D16>*€70—T +
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2.2

D16 (D13) *e=00% T + D16 (D14) Fem30tT + Dig (Dy5)"e™ 77 +
Di5(D13)™ + D1y (D14) ™ + D15 (D15) " + Dig (Dig) * (A.28)

The plot of the coincidence probability against the time delay 7 between the arrival
of the photons at input port of the balanced beam splitter is shown in the Fig.(A.7).
This plot shows that the probability of having the desired output is greater when
we introduce the time-delays between the arrival of the photon at input ports
of the beam splitter and is equal to the value of the permanent of the adjacent
scattering matrix. It slightly increases with the increase in the length of the time
delay and then gradually decreases to zero with further increase in the length of
the time-delay 7 introduced.
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Figure A.7: (with T(m,m,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,0527063,61,62,ﬁ3,’}/1’}/2) = Q(O707077T/277T/277T/27070))

A.8 Tri-Photon Click on Output-3, Single-Photon Click on
Output-1 and no click on Output-2

Now we shall discuss the coincidence probability of output pattern, where we get a
tri-photon click at output port-3 and a single-photon click on output port-1, for the
input state as defined in Eq.(3.5). For this case the output operators are defined
as,

M, — / "l (w5)10) (0] ] () v, (A.20)

(e o]
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and

Hg = / d;(w)g(wlo) (wlg) ‘OOO) <OOO| &3(w7)d3(wlo)dg(wlg)dw7dw10dw13,

(A.30)
the coincidence probability for this case can be written as

Paoo 103 = S (1111 U, @ TI3U [1111)°, (A.31)
so, the coincidence probability for this case is

Paso 03 =Dir (Dig) "€ " 4 Diz (D1g) *e ™7™ + Dyg (Dyg) *e ™07 +
Dis (D7) "¢ 7™ 4 Dig (D1g) *¢™% 7 + Dyg (Dgg) e 377 +
Dig (Di7)*e™*"™ + Dig (Dis) "¢ ™" + Dig (Dao) "¢ " +
(D17) "e
(D17) "

2.2

Doy (D17) * 6ot 4 Dyy (D) "e —3trt Doy (D1g) *e™ 77 +
+ D15 (D1g) * + Dig (D1g) * + Dag (Dag) * (A.32)

The plot of the coincidence probability against the time-delays between the arrival
of the photons at input port of the balanced beam-splitter is shown in the Fig.(A.8).
This plot shows that the coincidence probability of having tri-photon click at
output port-3 and a single-photon pulse at output port-1 is minimum, when the
time-delays introduced between the arrival of the photons at the input ports of the
balanced beam-splitter are zero and is equal to the value of the permanent of the
adjacent scattering matrix. The coincidence probability starts gradually increasing
as the length of time-delays 7 increases and then again decreases when the length
of the time-delays reaches a specific point.

A.9 Tri-Photon Click on Output-3, Single-Photon Click on
Output-2 and no click on Output-1

Now we shall discuss the coincidence probability of output pattern, where we get a

tri-photon click at output port-3 and a single-photon click on output port-2, for the

input state as defined in Eq.(3.5). For this case the output operators are defined
as,

I, = / " i (ws) [0) (0] i) v, (A.33)

—00

and

Tl = / 0} (wr) ] (wi0)ah (wis) [000) (000] ds(wr)ds(wio)is (wrs)dwrdewnoduwss,
(A.34)
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Figure A.8: (with T(m,7,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(ala G2, (v3, 617 ﬁ27 ﬁ37 7172) = Q(O7 07 07 7T/27 7T/27 7T/27 07 0))
the coincidence probability for this case can be written as

Paog o1z = * (1111 U, ® TI3U [1111)°, (A.35)

so, the coincidence probability for this case is

2

Pro.013 =D21 (Dag) *e™7 ~ 4 Doy (Dq3) "e Rt Doy (Day) e Bt
Das (Da1) e 4 Dy (Da3) e ~7° 1 Dy (D24) ™ e 37y
Das (Da1) ¢T3 4 Dy (Da2) e ~7° 1 Dy (D) e T
Dyy (Da1) 78 4 Dy, (Da2) e =37 4 Dy (Da3) e Rt
D31 (Da1) " + Doz (Dag) ™ + Da3 (Da3) ™ + Day (Dag) ™ (A.36)

The plot of the coincidence probability against the time delay 7 between the arrival
of the photons at input port of the balanced beam splitter is shown in the Fig.(A.9).
This plot shows that the probability of having the desire output is greater when
we introduce the time-delay between the arrival of the photon at input ports
of the balanced beam splitter and is equal to the value of the permanent of the
adjacent scattering matrix for this specific caes. The coincidence probability slightly
increases with the increase in the length of the time delay 7 and then gradually
decreases to zero with further increase in the length of the time delay introduced.
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P220,013

0.100 |-

) S S T A S S S N SN SO S S IR S T T A S S S S SN S Y SO S | r

-15 -10 -5 5 10 15

Figure A.9: (with T(m,7m,7m3,7) = T(-7,0,7,27), 0, = 0.1 and
Q(alaa27a37ﬁ17ﬁ27ﬁ377172> = Q(O7070771-/2771-/2771—/27070))

A.10 Tetra-Photon Click on Output-2 and no Click on
Output-1 and Output-3

In this case, we shall discuss the coincidence probability for the case when we get
a tetra-photon pulse at output port-2 and no click at output port-1 and output
port-3. For this case the input state will same as defined in Eq.(3.5) and the output
operators are defined as,

I, = / ab(we)ad (we)ak(wia)al (wys) [0000) (0000

[e.9]

dg(WG)dg(u}g)&g(wlg)&g(w15)dw6dWdelgdw15, (AS?)
the coincidence probability for this case can be written as,
Paogos0 = S (1111| UTTI,U |1111)°, (A.38)

and the probability coefficient for this case are defined as,

Vi = URUZ,; (A.39)
so, the coincidence probability for this case is
Paoo 000 = Vo (Vo) ™. (A.40)

We can clearly see. the coincidence probability for this specific case does not depend
on the time delay introduced between the arrival of the photons at input ports of a
balanced beam splitter.
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A.11 Tetra-Photon Click on Output-3 and no Click on
Output-1 and Output-2

In this case, we shall discuss the coincidence probability for the case when we get
a tetra-photon pulse at output port-3 and no click at output port-1 and output
port-2. For this case the input state will same as defined in Eq.(3.5) and the output
operators are defined as,

I = / ak(wr)ad (wio)alk (wis)al (wie) [0000) (0000

[e.o]

dg(w7)d3(wm)dg(wlg)dg(wm)dw?dwmdwlgdwm, (A41)
the coincidence probability for this case can be written as,
Paogoos = £ (1111 UTTIU |1111)°, (A.42)

and the probability coefficient for this case are defined as,

VE& = U??1U322 (A-43)

so, the coincidence probability for this case is
Pyogooa = V3 (V3) ™. (A.44)

We can clearly see. the coincidence probability for this specific case does not depend
on the time delay introduced between the arrival of the photons at input ports of a
balanced beam splitter.

B Rest of the Cases of Section 3.2

In this case, we have injected a bi-photon input pulse at input port 1, input port 3
and nothing input port 2 of a six port passive quantum optical interferometer and
then calculate and plotted the coincidence probabilities of all output coincidence
patterns as shown in Fig.3.8, Fig.3.10,Fig.3.12 and Fig.3.14.

B.1 Bi-Photon Click on Output-1 and Output-3 and no
Click on Output-2

In this case, we shall discuss the coincidence probability for one of the possible
output coincidence pattern such that we have a bi-photon click at output port-1
and at output port-3. For this kind of the output we have taken the same input
pattern in which, we have injected a bi-photon pulse in input port-1 and in input
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port-3 as shown in Fig.(3.8). The output operators for this specific case are the
same as defined in Eq.(3.2) and Eq.(3.4), the input state is same as defined in
Eq.(3.23) and the coincidence probability for this case can be written as,

Paggnoe = * (1111 UM, @ 113U [1111)° (B.1)

so, the coincidence probability is

2

Pagg 002 =B7 (Bg) e 4 B (By) "e —3°7 4 B, (Bio) e -3 4 B, (By1) e —botr?
(B1a *6_80 T + By (Br)*e ™ + Bs(By) """ + Bs(Bi) e " " +

(

(

2.2

)

) (Bia) *e "7 + By (B7)*e¢ ™2™ 4 By (Bs) "¢ 7" +

Bio) "¢ 2™ 4+ By (By1) e " + By (By2) "¢ 77 4 By (B;) e 3T 4
)" o + B (By) "2 L By, (B11) e 7 4 B (Bi2) ™ e 37 4
) +

BS) *6—20 72 + B11 ( 9

D

2

)
)*6—07' +B11 (BIO) —o272
B7> * —802712 + 312 (Bg) *6—50 72 4 B12 (Bg) * _—30 T2_|__
By (Byg) e —3otr | Biy (Bi1) "e —T B (B7)™ 4 Bg (Bg) * + By (By) "+

By (Bi1o) " + Bi1 (B11) " + B2 (Bi2) ™. (B.2)

Where B’s are the probability coefficients and already been defined in the Eq.(3.25).
The plot of the coincidence probability against the time-delay 7 introduced between
the arrival of the photons at input ports is shown in Fig.(B.1). The plot shows
that the coincidence probability of having the output coincidence pattern such that
we get a bi-photon click on output port-1 and output port-2 is maximum, when
the time delay 7 introduced between the arrival of the photon at input ports is
maximum and equal to the value of the permanent of adjacent scattering matrix.
This coincidence probability starts decreasing as the length of the time-delay
introduced between the arrival of the photons at input ports increases and there is
a point when the probability of having such output coincidence become zero.

B.2 Bi-Photon Click on Output-2 and Output-3 and no
Click on Output-1

In this section, we shall discuss the output coincidence pattern where have a
bi-photon click at output port-2 and at output port-3 and no click at output port-1,
for the input state as define in Eq.(3.23). The output operators for this case are
defined in Eq.(3.3) and Eq.(3.4) and the coincidence probability for this case can
be written as,

Paga oz = * (1111 U, ® T30 [1111)° (B.3)
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Figure B.1: (with T(m,7,73,7w) = T(-7,0,7,27), 0, = 0.1 and
Q(alaa27a3a61a5276377172> = Q(0,0,0,7T/2,7T/2,7T/2,0,0))

where B’s are the probability coefficients and already been defined in the Eq.(3.25).
The coincidence probability is

2

Pry2022 =B13 (B14) "¢ 7 T By (Bis) "e —3otrt B3 (Big) e —3irt Biz (Byr) *e ™77 +
B3 (Bis) e84 By (Bi3)"e ~" 1+ By (Bis) "e ~” 1 By (Bis) "e iy
B4 (Bi7) e 4 By (Big) “e =5 4 Bis (Bi) "e =37 4 Bis (Bu) e ot
Bis (Big) e 4 Bis (Bir) e ~” 1 B (Big) "e =3 4 Bug (Bi3)“e st
Bis (Ba) e 4 Byg (Bis) e ™ 4 Bis (Bir) e ~°™ 1 Byg (Big) "e st
Bz (Bi3) e 4 By (Bi) e —2° 4 By (Bis) "e ~*” 1 By (Bis) e -
Bz (Bis) "™ + By (Bi) "e 8 | Big (Bu) e 5 4 Big (Bis)"e st
Big (Big) "e =3 4 Big (Bir) e ~” 1 By (B13) ™ + Bia (Bia) " + Bis (Bis) *
Bis (Bis) ™ + Bir (Bir) ™ + Big (Big) ™. (B.4)

The coincidence probability plot against the time-delays introduced between the
arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(B.2). The plot shows that the coincidence probability of having a bi-photon
click at output port-2 and output port-3, when we have injection a bi-photon
click at input port-1 and input port-3 is minimum and equal to the value of
the permanent of the adjacent scattering matrix when there are no time-delays
7 introduced between the arrival of the photon at input ports of the balanced
beam-splitter. The coincidence probability starts increasing when the length of
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time-delays introduced between the arrival of the photons at input ports increases,
first sharply the slowly and after a specific increase in the length of the time-delay
the coincidence probability becomes constant.
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Figure B.2: (with T(m,7e,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,06270é37ﬁ1,ﬁg,53,’)/1’}/2> - Q(O7070771-/2771-/2771-/27070))

B.3 Bi-Photon Click on Output-2 and Single-Photon Click
on Output-1 and Output-3

In the section, we shall discuss the coincidence probability for the second output
pattern shown in Fig.(3.10). In this case we get a bi-photon click at output port-2
and single-photon clicks at output port-1 and output port-3. Input state has
already been defined in Eq.(3.23) and output operators are defined as

I, = / " (5)10) (0] s (w5, (B.5)
H2 == /_OO d;(u&;)&g(u@) |00> <00‘ dQ(WG>d2<W9)dW6dW9, (B6>

and -
T, = / il (wr) 0) (0] a5 (wr)dwr, (B.7)

the coincidence probability for this case can be written as

Pogo11 = (1111)° U @ Tl @ H3U [1111)° (B.8)
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so the coincidence probability is,

Pagior = (P)*Pi+ e 77 (P)*Pi+e %7 (P)*Pi+ e (P)* P+
e 3 (Py) * P 4 e 747" (Py) *Py + e 737" ()" Py + %7 (Py) " P+
e T (Py) Py 4 e (Pug)*Py+ e (Py) " P+ 7% (Pry) *Pit
e (P Py+ (Py) Py + ¢ (P)*Py+ 77 (Py)* Pyt
e (D) *Py 4 €737 (Py) *Py + e 757" () *Py + "7 (Py) * Pyt
e T (Py) Py €75 (Pg) *Py+ 7% (Pyy) Py + €737 (Pry) *Pot
e 7T (P) Py + ¢ (P) " Py + (P3) *Ps + "7 (P) * Pyt
e 7T (Ps) Py + e (Py)*Ps+ e 7 (P)*Py+e 7 (By)*Pat
e (Py)*Ps + ¢ %™ (Pio) *Py + 757 (Py) *Py + ¢ (Pry) *Ps+
37 (P1)*Py+ e (By) "Py+ e (Py) "Py + (Py) *Prt
e 3T (P) Py e (Py)*Py+e T (P)*Pu+ e T (By) Pyt
e T (Py) Py 4 e (Pyg) *Py+ e 707 (Pyy) " Py + €757 (Pry) *Pyt
e (P)*Ps+ e (Py) " Ps+ ¢ 77 (Py) Py + 7377 (Py) " Pot
(P5)*Ps+ e (Ps)*Ps+ e (P)*Ps + 77 (Py) * P+
e (Py)* Py + e 73 (Pyg) *Ps + ¢ 7377 (Pyy) *Ps + ¢ (Pry) * Pyt
e 1T (P) Py e (P)*Ps+ e (Py) Py + e 77 (Py)*Pet
e (Ps) P+ (Ps) "Ps+ ¢ (Py)*Ps + ¢ 27 (Ps)* Pyt
e 3T (Py) Py + e (Puo)*Ps+ e (Ppy)*Ps + €727 (Pyy) *Pet
e (P P4 e T (By) Py e (Py) P+ ¢ 77 (Py) " Prt
e 2T (P) Py + 75 (Ps) *Pr 4 (Py) *Py + %77 (Py) *Prt
e (Py)*Pr+ e (Pyg) *Pr 4¢3 (Pyy) "Py + ¢ (Pry) *Prt
e ST (P)*Ps+ e 7 (Py)*Ps+ ¢ 77 (Py) *Ps + ¢ 77 (Py) *Ps+
g —bo?T? (Ps) ™ Ps + e 20T (Ps) " Ps + e 0T Pr)"Ps + (Ps) " Ps+
ool (Py) ™ Ps + e (Pro) *Ps + e 07 Pri)"Ps + e (Pro) " Ps+
e (P) Py + e T (Py) *Py + €277 (Py) *Py + ¢ 57 (Py) *Py+
oo (Ps)*Py + e 30" (Ps) " Py + e o (Pr)*Py+ e T (Fy) " Pot+
(Py)*Py+ ¢4 (Pyg) *Po+ e 7 (Py) *Py+ ¢ (Prg) *Pot
e (PY)* P+ ¢ (Py) *Pyg + ¢ 7% (P) *Prg + €277 (Py)*Pio+

—20272

—30272

~—_— — — ~— — ~— ~— —

~—~~ N
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P5) “Po+e T (FPs) “Pro + e T (Pr)"Pio + e 7T (Ps) " Pio+
)" Pio + (Pio) *Pro + e (Pr1)"Pio+e ot (Pr2) " Pro+
)" P+ e 9o (P)"Piy+e —ootr (Ps) " P+ e 1o (Py) " P+
)" P+ eiot (Ps) " Py + e 37 (Pr)™ Py + e 6o (Pg) " P+
e 7T (Pg) Py +e%0T (Pro) "Pr1 + (Pr) Py + e ot (Pr2) " P+
( 1) *Pro+e 5T (P)"Pia+e Totr (P3)“Pig + e o (Py) " Pra+
eiot (Ps) " Pia + e (Ps)*Pra + 6_60 T (Pr) " Py + e (Pg) " Pra+
(P9) Py+e ™ (Pro) " Pra + e (Pn) “Pria + (Pr2) “Pra. B9)

Where P’s are the probability coefficients and are given as

P = U13U221U33; P, = U13U221U33; Py = Uy1UpUpsUss; Py = Ui3Up UpsUsy;
Ps = U1UpUpsUss;  Po = UigU UasUsy;  Pr = Ui U UgsUsz; Py = Uy3Us UazUsy;

Py = Uy1UyUpUss;  Pig = UisUnUszUsi; P = U11U223U31; Py = U11U223U31-
(B.10)

The coincidence probability plot against the time-delays introduced between
the arrival of the photons at the input of the balanced beam-splitter is shown
in Fig.(B.3). This Coincidence probability plot shows that the probability of
having the above defined output coincidence patter is minimum when there is no
time-delays introduced between the arrival of the photon at the input ports and is
equal the value of the permanent of the adjacent scattering matrix. The value of
the coincidence probability starts increases with the increase in the length of the
time-delays introduced between the arrival of the photons till specific point and
then again starts decreasing.

B.4 Bi-Photon Click on Output-3 and Single-Photon Click
on Output-1 and Output-2

In the section, we shall discuss the coincidence probability of the third output
coincidence pattern shown in Fig.(3.10). In this case we get a bi-photon click at
output port-3 and single-photon clicks at output port-1 and output port-2. Input
state has already been defined in Eq.(3.23) and output operators are defined as

I, = /OO al (ws) 0) (0] dy (ws)dws, (B.11)
HQ = /Oo CLT (WG) ((,Ug) |00> <00| &Q(WG)dg(WQ)dWGdWQ, (B12)
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Figure B.3: (with T'(m,7m,7m3,7) = T1(-7,0,7,27), 0, = 0.1 and
Q(aq, ag, ag, 1, B2, B3, 1172) = ©2(0,0,0,7/2,7/2,7/2,0,0))
and -
I = / a5 (wr)ak(wio) |00) (00] as(wr)as(wio)dwrdwo, (B.13)
the coincidence probability for this case can be written as
P12 = (1111)° UL @ T, @ U |1111)° (B.14)

so the coincidence probability for this case is,

Pagoiiz =(Q1) Qi+ 7T (Q) Q1+ e (Q3) Q1+ 727 (Q4) *Q1+
T (Qs) " Qu + e (Q6) " Qu + €T (Q) QU+ T (Qs) " Qut
e (Qo)*Qi 4 ¢ (Q10) Q1 + €75 (Qu1) " Q1 + €Y (Qua) *Qu+
e 7T (Q1) " Qa + (Q2)*Qa 4 7% (Q3)*Qa+ ¢ (Q4) *Qat
17 (Q5) Qo+ e (Q6) Qo+ €70 (Q) Qo + 7T (Qs) " Qot
e (Qo) *Qa 4 €77 (Q10) Qo+ €T (Q11) " Qo + €757 (Qua) *Qut
e Q1) Qs + e (Q2) Qs+ (Q) Qs + 7T (Qu) " Qut
e (Q5) Qs+ e T (Q6) Qs+ ¢ 7T (Qr)* Qs + €T (Qs) *Qat
e (Qo) *Qs + ¢ (Q10) Qs + €757 (Q11) " Qs + €T (Qa) *Qat
Q) Qa7 (Q2) Qa1 (Q5) "Qu + (Q) " Qut
e (Q5)*Qu+ e (Q6) Qut e (Qr) Qa7 (Qg) *Qut
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o 60272 (Qo)*Qu + e 207 (Q10) "Q4 + e T (Qu1)"Qa+ e (Q12) "Qu+
e 3T (Q1) Qs + e T (Q2) Qs+ €T (Qs) " Qs + 7T (Qu) * Qs+
(Q5) Qs + 777 (Q6)"Qs + 7277 (Qr) "Qs + 777 (Q5) Qs+
e 7™ (Q0)*Qs + ¢ ¥ (Qu0) *Qs + €73 (Qn) Qs + €T (Qu2) " Qs+
40?7 (Q1)*Qs + e—30°T? (Q2) "Q¢ + e 3T (@3) Qs + e (Q1) "Qe+
e (Qs) Qo+ (Q6) Qo+ ¢ (Q1)*Qs + €27 (Qs) "Qut
e Qo) Qo+ 77T (Qu0) Qs + 7T (Q11) " Qs + €73 (Qu2) *Qet
e Q1) Qe+ e T Q) Qe+ e 7T (Qs) Qr A ¢ (Qu) Qe+
o202 (Qs5)*Qr + e 50T (Qs) "Q7 + (Q7) "Q7 + e 97T (Qs) Q7+
e 7T (Q0)*Qr + ¢ (Quo) *Qr + €73 (Qu) *Qr + €57 (Qu2) *Qrt
6T Q1) * Qs + €T (Q2) " Qs + €T T (Q3) " Qs + €7 (Qu) *Qs+
(@Q5) Qs + e (Qo) Q)" Qs+ (Q8) Qs+
)
)

e
6—5027'
6—7027' 2

)

) “Og + €97
Qo) *Qs + €777 (Qu0)*Qs + % (Qu1) *Qs + 737 (Qua) *Qs+
e =50 Q1) Qo + e T (Q2) "Q9 + e 20T Q3) Qo + e 0o (Q4) Qo+
7T (@5) Qo+ e T (Q6) Qo+ e 7T (Qn) Qo+ €T (Qs) " Qot
(Q9)* Qo+ e (Q10) Qo + ™7™ (Qu1) Qo + ¢ (Q12) Qo+
e (Q1) " Quo + €757 (Q) *Quo + €T (Q3) *Quo + €72 T (Qu) *Quot
e (Q5)*Quo+ 7T (Q6) *Quo+ ¢ T (Q7) "Quo+ 7T (Qs) *Quot
e~ Qo) *Q10 + (Q10) “Q10 + e 37T (Qu1) Qo + e (Q12) Qo+
)
)

~~ I~ N

(
(
K
(

—do?r

Q1) Qu + e (Q2) "Qui + e 5o (@3) "Qui + e 17 (Qa) "Quit
e (Q5) *Quu + ¢4 (Q6) *Qui + €72 (Q) *Qui + 7T (Qs) "Quit
e (Q0) *Qui + €7 (Q10) *Qui + (Qu1) *Qu + €77 (Qu2) *Quit+
e Q1) Qua + €3 (Q2) *Qua + €T (Q3) *Quz + €7 T (Qu) *Qrat
e (Qs) *Qua + €737 (Q6) "Qua + €57 (Q7) *Qua + €T (Qs) *Quat
e 87T )

3ot Q9) “Qr2 + e (Q10) *Qn2 + e (Q11) "Q12 + (Q12) " Q12
(B.15)
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Where Q’s are the probability coefficients and are given as

Q1 = UisUnUsp; Q2 = UpsUssUsy; Q3 = UpUsgUs Uss;  Qq = UyaUs Uz Uss;
Q5 = U1U23U3,Uss; Qﬁ = U13U21U31Us3g; Q? = U1U23U31Uss; Qs = U13U21U31Us3g;
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Qo = U Us3Us1Usz; Q1o = UizUgiUsiUss; Qi1 = Uy UayUsy; Qo = Uy Ui Usy.
(B.16)

The coincidence probability plot against the time-delays introduced between
the arrival of the photons at the input of the balanced beam-splitter is shown in
Fig.(B.4). The coincidence probability plot shows that the coincidence probability
of getting a bi-photon click at output port-3 and single-photon clicks at output
port-1 and output port-2 is maximum and equal the value of the permanent of
adjacent scattering matrix, when the time-delays introduced between the arrival
of the photons at input ports of the balanced beam-splitter. The coincidence
probability starts decreasing as the length of the time-delay increases and gradually
drops to zero when length reaches a specific point.
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Figure B.4: (with T(m, 7,73, 74) = T(-7,0,7,27), 0, = 0.1 and
Q(alva27a3a61aﬁ27/83771’72> = Q(O7070771-/2771-/2’71-/2’070))

B.5 Tri-Photon Click on Output-1, Single-Photon Click on
Output-3 and no click on Output-2

In this case, we shall discuss second output in Fig.(3.12, in which we get a tri-photon
click at output port-1, a single-photon click at output port-3 and no click at output
detector-2. The Input state has already been defined in Eq.(3.23) and the output
operators for this case are defined as,

H1 = / CALJ{ (W5)(AZJ{ (CL)g)CAL]; (wn) |000> <000| &1 (W5)€L1 (wg)dl(wu)dw5dw8dw11,
(B.17)
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and -
I, = / ak(wr) [0) (0] ad (wy)dws, (B.18)

the coincidence probability for this case ca be written as
Pagazo1 = * (1111 U, @ 113U [1111)° (B.19)

the probability coefficients (F’s) have already been defined in Eq.(3.37). The
coincidence probability is

2.2

Pogoson =F1 (F2)*e ™7 + F

2.2

*6730272+F1(F4)*6760'T —|—F (Fl)* 707'_’_

)
) 2.2 2.2

( (Fy

(Fg) *67027 -|-F2 (F4 *6730 T +F3 (Fl) *6730 72 +F (FQ)* —o?7?
(F4) * _—g27r2 —+ F4 (F1> *676027-2 4 F4 (FQ) *6—30 T2 + F <F3) % 7027_2_’_
(£1)"

Fy(Fy) "+ Fy (Fy) ™ + F3 (F3) ™ + Fy (Fy) ™. (B.20)

The coincidence probability plot against the time-delays introduced between the
arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(B.5). The coincidence probability plot against the time-delays introduced
between the arrival of the photons at the input ports of the balanced beam-splitte
shows that the probability of having the above defined output coincidence pattern
is maximum and is equal to the value of the permanent of the adjacent scattering
matrix, when there is no time-delays introduced between the arrival of the photons.
The coincidence probability starts decreasing with the increase in the length of
the time-delays introduced between the arrival of the photons at input ports of
the balanced beam-splitter and gradually become zero when the length of the
time-delays increases to a specific point.

B.6 Tri-Photon Click on Output-2, Single-Photon Click on
Output-1 and no click on Output-3

In this case, we shall discuss the coincidence probability of having a tri-photon click
at output port-2 and a single-photon click at output port-1 as shown in Fig.(3.12).
The input state for this specific case is same as defined in Eq3.23 and the output
operators are defined as,

I, = /oo al(ws) 0) (0] dy (ws)dws, (B.21)

—00

and

H2 = / CLT (u)ﬁ) g(u);;)d;((,dlg) |000> <000‘ CALJé(Wﬁ)dg(Wg)dg(&)m)d&)ﬁdu)gdwlz,
- (B.22)
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Figure B.5: (with T(m, 7,73, 74) = T(-7,0,7,27), 0, = 0.1 and
Q(alv G2, (i3, 51’ 527 537 ’71’72) = Q(O7 07 07 7T/27 7T/2a 7T/2a 07 0))
the coincidence probability for this case can be written as,
Paogz0 = * (1111 UM, @ T,U [1111)°, (B.23)

the probability coefficients (F’s) have already been defined in Eq.(3.37). The
coincidence probability is

2

Pagz130 =F13 (F14) e ™ 4 i (F15) e IR o (Fi6) e 6oty
Fuy (F13) e 4 Fiy (F15) e — 4 Ry (Fi6)” e 37
Fis (Fls)*efsa ™+ Fis (Fua) e ~ 4 Fis (Fi6) e Ty
Fig (F13) e 0" 4 Fig (Fua) e =3 1 Fis (F15) e oy
Fig (Fi3) ™ + Fua (Fu) ™ + Fis (Fis) ™ + Fig (Fig) ™ (B.24)

The plot of the coincidence probability for this case against the time-delays in-
troduced between the arrival of the photon at input ports is shown in Fig.(B.6).
This plot of coincidence probability of having a tri-photon click at output port-2
and single-photon click at output port-2 shows that the coincidence probability
is minimum and equal to the value of the permanent of the adjacent scattering
matrix, when the time-delays 7 introduced between the arrival of the photons at
input ports of the balanced bean-splitter is zero. This coincidence probability of
having the above-mentioned output coincidence pattern increases with the increase
in the length of the time-delays 7 till a specific value of the time-delays and then
again decreases with any further increase in the length of the time-delays.
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Figure B.6: (with T(7m,7e,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(alaa27a37ﬁ17ﬁ27ﬁ377172> - Q(O7070771-/2771-/2771—/27070))

B.7 Tri-Photon Click on Output-2, Single-Photon Click on
Output-3 and no click on Output-1

In this case, we shall discuss the coincidence probability of having a tri-photon click

at output port-2 and a single-photon click at output port-3 as shown in Fig.(3.12).

The input state for this case is the same as defined in Eq.(3.23) and the output
operators are defined as,

Il = /_ h ak(wr) [0) (0| ag(wy)dws, (B.25)

and

I, = / Al (we)ad (we)alb (wi2) [000) (000| a (we)as (we ) s (wy2) dwgdwedws,

(B.26)
the coincidence probability for this case can be written as,

Paga oz = * (1111 U, @ 113U [1111)° (B.27)

the probability coefficients (F’s) have already been defined in Eq.(3.37). The
coincidence probability is

2

Pagg.o31 =Fi7 (Fis) €7 + Fiz (Fio) *e ™ + Fi7 (Fy) "¢ %™ 4

Pis (Fi7)"e™ " + Fis (Fig) "¢ 7" + Fis (Fy) "e ™ " +

2
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2 2.2

Fig (Fi7) e 3T L By (Fig) *e™? ™ 4 Fi (Fyo) *e 7T+
2.2

Fy (Fi7) 0 L By (Fig) 3T L By (Fio) e 7T+
Fi7 (Fi7)" + Fis (Fis) " 4 Fio (Fig) ™ + Fao (Fy) ™ (B.28)

The coincidence probability plot of having a tri-photon click at output port-2 and
single-photon click at output port-3 against the time-delays 7 introduced between
the arrival of the photons at input ports is shown in Fig.(B.7). The plot shows that
the coincidence probability of having the above defined output coincidence pattern
is relatively high and equal to the value of the permanent of the adjacent scattering
matrix, when time-delays 7 introduced between the arrival of the incident photons
at input ports is zero. The coincidence probability slightly increases as we increase
the length of the time-delays 7 then after a specific increase in the length of the
time-delay, coincidence probability starts to decrease and become zero when the
time-delays increases to a specific value.
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Figure B.7: (with T(m, 7,73, 74) = T(-7,0,7,27), 0, = 0.1 and
Q(alaa27a3a61’/6275377172) = 9(07070,71'/2,7T/2,7T/2,0,0))

B.8 Tri-Photon Click on Output-3, Single-Photon Click on
Output-1 and no click on Output-2

In this case, we shall discuss the coincidence probability of the output coincidence
pattern shown in Fig.(3.12), in which we get a tri-photon click at output port-3
and a single-photon click at output port-1. The input state is same as defined in
Eq.(3.23) and the output operator for this case are defined as
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I, = /_ h al (ws) 0) (0] dy (ws)dws, (B.29)

oo

and

H3 = / d;(wﬁdg(ww)d;(wlg) ‘000> <OOO| &:Tg(w7)d3(w10)d3(wlg)dw7dw10dw13,

(B.30)
the coincidence probability for this case can be written as

Pagg103 = * (1111 U, @ 113U [1111)°, (B.31)

the probability coefficients (F’s) have already been defined in Eq.(3.37). The
coincidence probability is

2

*6_0 72 + F5 (F7

2

*6_0 72 + F6 (Fg

2

2.2

FS) *6—6027'2 + F6 (F5) *6—0 T +

2.2

Pooa 103 =F5 (Fs ) e300 F5 (
F7 ) *6—30272 + F7 (F5) *6—3027'2 + F7 (FG) *6—0 T +
2,2

(F6)
(F7)
(FS) 72 + F8 (F5) *6—60272 + F8 (FG *6—3027'2 + FS (F7) *6—0 T +
Fy (F5) " + Fs (Fs) ™ 4 Fr (Fr) ™ 4 Fg (Fg) ™. (B.32)

B

*o—0

The coincidence probability plot against the time-delays introduced between the
arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(B.8). The coincidence probability plot shows that the probability of having
the above defined output coincidence pattern is maximum and is equal to the value
of the permanent of the adjacent matrix, when there is no time-delays introduced
between the arrival of the photons at input ports. The probability coincidence
starts decreasing with the increase in the length of the time-delays 7 introduced
between the arrival of the photons at input ports of the balanced beam-splitter and
gradually become zero when the length of the time-delays increases to a specific
point.

B.9 Tri-Photon Click on Output-3, Single-Photon Click on
Output-2 and no click on Output-1

In this case, we shall discuss the coincidence probability of the output coincidence
pattern shown in Fig.(3.12) in which we get a tri-photon click at output port-3
and a single-photon click at output port-2. The input state will same as defined in
Eq.(3.23) and the output operator for the case are defined as

I, = / " (06) 0) (0] dafows) v, (B.33)

—00
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Figure B.8: (with T'(m,7m,7m3,7) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,042,063,61,ﬁ2,ﬁ3,7172) = Q(O707077T/277T/277T/27070))

and

H3 = / CL3(W7) §<W10> (u]lg) |OOO> <000‘ d?;(w7)d3(wlo)dg(wlg)dw7dw10dw13,
(B.34)
the coincidence probability for this case can be written as

Pogoo13 = * (1111 U, @ U |1111)° (B.35)

the probability coefficients for this case have already been defined in Eq.(3.37).
The coincidence probability is

2

Pogo 013 =Fo1 (Fa) "e™° ~ 4 Fo1 (Fas) e —30trt | Fo1 (Fou) e ~0otr? 4
Foy (Foy) e 4 Fyy (Fa3) e ~ 1 Py (Fos) ™ e 3Ty
Foz (Fyr) 37T | Fy (Fo2) e ~ 4 Py (Fas) e oty
Foy (Foy) e 6 1y (Fo2) e 57 4 Fyy (Fa3) e i
Foy (Fop) ™+ Fog (Foo) ™ + Fas (Fog) ™ + Fog (Fhy) ™. (B.36)

The coincidence probability plot against the time-delays introduced between the
arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(B.9). The plot shows that the coincidence probability of having the above
defined output coincidence pattern is relatively high and equal to the value of the
permanent of the adjacent matrix, when time-delays 7 introduced between the
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arrival of the incident photons is zero. The coincidence probability slightly increases
as we increase the length of the time-delays 7 than after a specific increase in the
length of the time-delay, coincidence probability starts to decrease and become
zero when the time-delays 7 increases to a specific value.

P202,013

0.0022

) S S T T A S S S

-15 -10 -5

Figure B.9: (with T(m,7e,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,@2,@3,61,52,ﬁ3,7172) = Q(O7070771-/2771-/277‘-/27070))

B.10 Tetra-Photon Click on Output-2 and no Click on
Output-1 and Output-3

In this case, we shall discuss the coincidence probability for the case when we get
a tetra-photon click at output port-2 and no click at output port-1 and output
port-3, as shown in Fig.(3.14). For this case the input state will same as defined in
Eq.(3.23) and the output operators are defined as,

I, = / N b (we ) b (wy) @b (wiz) @] (wis) [0000) (0000]
a2 (we ) az (wo)as (wi2)as (w5 )dwsdwydwradwss, (B.37)

the coincidence probability for this case can be written as,
Paoo0a0 = (1111 U'TILU |1111)°, (B.38)

and the probability coefficient for this case are defined as,

Vs = U U, (B.39)
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so, the coincidence probability for this case is
Pogz a0 = V5 (V5) ™ (B.40)

We can clearly see that, the coincidence probability for this case do not depend on
the time-delays 7 introduced between the arrival of the photon at the input ports
of the balanced beam-splitter.

B.11 Tetra-Photon Click on Output-3 and no Click on
Output-1 and Output-2

In this case, we shall discuss the coincidence probability for the case when we get
a tetra-photon pulse at output port-3 and no click at output port-1 and output
port-2, as shown in Fig.(3.14). For this case the input state will same as defined in
Eq.(3.23) and the output operators are defined as,

I, = / N al(wr)ad(wio)al(wiz)al (wie) [0000) (0000
a3(wr)as(wip)as(wiz)as(wie)dwrdwipdwizdwse, (B.41)
the coincidence probability for this case can be written as,
Paoo 004 = (1111 UTTIU |1111)°, (B.42)
and the probability coefficient for this case are defined as,
Vs = U3\ Uss; (B.43)
so, the coincidence probability for this case is

Pao2000 = Vs (V6) ™. (B.44)

We can clearly see that, the coincidence probability for this case do not depend on
the time-delays 7 introduced between the arrival of the photon at the input ports
of the balanced beam-splitter.

C Rest of the Cases of Section 3.3

In this case, we have injected a bi-photon input pulse at input port 2, input port 3
and nothing input port 1 of a six port passive quantum optical interferometer and
then calculate and plotted the coincidence probabilities of all output coincidence
patterns as shown in Fig.3.15, Fig.3.17,Fig.3.19 and Fig.3.21.
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C.1 Bi-Photon Click on Output-1 and Output-3 and no
Click on Output-2

In this case, we shall discuss second output coincidence pattern in which we get a bi-
photon click at output port-1 and output port-3 for the case where we have injected
a bi-photon pulse in input port-2 and port-3 as shown in Fig.(3.15). The output
operators for this specific case are the same as defined in Eq.(3.2) and Eq.(3.4),
the input state is same as defined in Eq.(3.42) and the coincidence probability is

Poga ooy = * (1111 U, @ 11U [1111)°, (C.1)

the probability coefficients have already been defined in Eq.(3.44) and the coinci-
dence probability is

2

Possonz =C7 (Cs) *¢ 7™ 4 Cr (Co) *e 3™ 4+ C7 (Cho) e 7" + C7 (Chy) "¢ 27 ™ +

Cha) *e 8™ 4+ O (Cr) e + Cs (Co) e~ + Cg (Co) e 7" +
3T L Oy (Cy) Fe T
*o—30%7° + Cho (Cy) *6—302T2+
xe=0?m? 4 Cio (Ch2) *e=30%r% 4
e L Oy (Cho) *e T
*e=bo?r? | C1s (Cy) *e=30%r% 4
4 Cs (Cs)* + Co (Co) "+

Cio(Cro) " + C11 (C11) ™ + C12 (Cr2) ™ (C.2)

2

)

) ( )
Cho)*e 27" + Cy (C11) *e 7™ + Cy (C1a)

) (

)

A~~~ I~ —~

Cy) 72 L O (Cu
08) >z<€—20'27'2 + Cll (09
07) >z<€—80'27'2 + 012 (08

~— ~— ~— v

The plot of the coincidence probability against the time-delay 7 introduced
between the arrival of the photons at input ports is shown in Fig.(C.1). This plot
shows that the coincidence probability of getting a bi-photon click at output port-1
and output port-2 is minimum and is equal to the value of the permanent of the
adjacent scattering matrix but not zero when there is no time-delay introduced
between the arrival of the photons at input ports. The coincidence probability of
having this output increases with the increase in length of the time-delay 7 but at
specific point it gradually becomes constant.

C.2 Bi-Photon Click on Output-2 and Output-3 and no
Click on Output-1

In this case, we shall discuss the third output coincidence pattern in which we get
a bi-photon click at output port-2 and output port-3 and no click at output port-1.
The input state is the same as define in Eq.(3.42). The output operators for this
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Figure C.1: (with T(m,7m,m3,7) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,05270[3,61,62,&3,’)/1’}/2) = Q(O707077T/277T/277T/27070))

case are defined in Eq.(3.3) and Eq.(3.4) and the coincidence probability for this
case can be written as

Poga oo = * (1111 U, @ TIU [1111)°, (C.3)

where C’s are the probability coefficients and are already been defined in Eq.(3.44)
and the coincidence probability is

2

Poaz0220 =C13 (Cha) €77 e (C15) 3T 4 Oy (Ci6) 3T 4 Oy (C17) *g 07T’

Cis

2 2 2

Cis Fem8otT + C14 (Ch3) "e™° " Ci4(Ch5) e T Cia (Cig) "e™ T
Cir

2

(C1a)
(C1s)
(Chr)
(Che) *e 2™ + C15 (Che) e ™7 + 15 (Chg) *e ™7™ + O (Cha) e ™7
C16 (Cha) 7T Ci6 (Ci5) o200 Ci6 (Ci7) e Ci6 (Chs) *e 30T
(C13) *e ™2™ 4 Ci7 (Cra) €27 4 Oy (Chs) "¢ ™77 + Chz (Crg) "™
(Chs) "¢ 4 g (Crz) €37 + Chs (Cra) *e 27 + Cg (C5) Fe 30T
Cis (Ci6) "¢ ™37 + C1g (Cir) "¢ ™7™ + Ci3 (Ci) * + Cha (Cra) * + Ci5 (Cis) *
Ci6 (Ci6) " 4+ Ci7 (Ch7) ™ + Cis (Chs) ™. (C.4)

Q

18

The plot of coincidence probability against the time-delays 7 introduced between
the arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(C.2). The plot shows that the coincidence probability of having a bi-photon
click at output port-2 and output port-3, when we have injection a bi-photon

*6—2027—2 + 014 (018) *6—5027'2 + 015 (013) *6—3027'2 + 015 (C«14) *6—0272+
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pulse in input port-2 and input port-3 is maximum and is equal to the value of
the permanent of the adjacent scattering matrix when there are no time-delays
7 introduced between the arrival of the photons at input ports of the balanced
beam-splitter. The coincidence probability starts decreasing when the length of
time-delays introduced between the arrival of the photons at input ports increases,
first sharply then slowly and after a specific increase in the length of the time-delay
the coincidence probability becomes zero.

Po22,022

Ty T R T
Figure C.2: (with T(m,72,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(Oll,0[27013,B1,B2,53,’}/1’}/2) = 9(070,0,71'/2,71'/2,71’/2,0,0))

C.3 Bi-Photon Click on Output-2 and Single-Photon Click
on Output-1 and Output-3

In the case, we shall discuss the coincidence probability of the second output
coincidence pattern as shown in Fig.(3.17). In this case we get a bi-photon click at
output port-2 and single-photon clicks at output port-1 and port-3 and the input
state has already been defined in Eq.(3.42) and output operators are defined as

I, = /_oo al(ws) 0) (0] dy (ws)dws, (C.5)
H2 - /_oo d;(W(;)(AIJ;(WQ) |00> <00‘ dg(&)ﬁ)dQ(Wg)dWﬁde, (C6>

and -
I3 = / ak(wr) [0) (0| dg(wy)dws, (C.7)
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the coincidence probability for this case can be written as
Py 191 = (11117 U @ I, @ HgU [1111)° (C.8)
so the coincidence probability for this case is,

Prgaaor = (S1) Sy 4777 (85)*Sy + e 7T (S5)*Sy + e (Sy) *S1+
I (51)° 51 e (55) 8, + e (5781 e (5 5
e 07T (Sg) " Sy + e T (S10) * Sy + e (S1)* Sy + e (S,) * S+
€T (1) *Sy 4 (S2) * Sy + €737 (S5) *Sy + 77T (Sy) *Sat
o—do?? (S5)*Ss + e 30" (Se) *S2 + e 0777 (S7) " Sa + =37 (Ss) "Sa+
€T (89) * Sy + €77 (S10) * Sy + € 07T (S11) * Sy + € 37T (Shy) *Sat
o0 (S1)*Ss + e 30" (S2) *Ss + (S3) "S5 + e~ (S4) "S-+
o0 (S5) *Ss + e 30" (S6) * S5 + e (S7)"Ss + e T (S8) "Ss+
) "S5 + e 0T (S10) "S53 + e 0T (S11) "3 + e T (S12) "3+
)" Sa 4 €777 (S5) " Su + 74T (S5) " S + () St
S5)*Su+ e 7T (S6) *Sa+ T (S7) "y + e (Sg) St
)* Sy 4 €72 (S10) *Sa+ e (S11) * Sy + €75 (Sha) *Sat
) S5+ 77T (5) S5 + e (8) "S5 + 7 (1) " St
(S5)*Ss + "™ (S5) "S5 + €277 (S7) *S5 4+ 77 (Sg) "S5+
o0 (Sg) * S5 + e300 (S10) "S5 + e300 (S11) "S5 + et (S12) "S5+
e 47 (S1) S 4+ €73 (S) * S + €3 (S5) *Sg €77 T (S4) *Set
e (S5) *Sg + (S6) *Ss + €727 (S7) *Sg + €727 (Sg) *Se+
€737 (S9) *S6 + €77 (Sho) *Se + €72 (Sh1) *Se 4+ €73 (Sha) *Se+
e 37 (1) " S + €70 T (S5) *Sy + €T (S5)*Sy 4+ e (S4) * St
e 2% (S5) * Sy + 77T (S6) * Sy 4 (S7) *S7 + e (Sg) *Srt
T (Sg) *S7 + e T (S10) *S7 + e 3 (S11) *S7 + e 8 (S12) "5+
6027 (S1)" e80T (S2) *Ss + e~ o0 Ss) " Ss + e 7T (S1) "Ss+
e 5" (85) * e727° T (S6) *Ss + €27 (S7) *Ss + (Ss) *Ss+
ool (Sg) *Sg + e (S10) “Ss + e 07T Si1) *Ss + e i (512) "S-+
o507 (S1)*So + e 7T (S2) *So + e~20° S3) " Sy + =07 (S1) "So+

2.2

€7 (S5)*So 4+ €37 (Sg) S 4 €T (S7)* Sy + e 7 (Sg) *Sy+

Sg +
Sg +

2

e N N T N N N

o~ o~ o~ o~
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(S9)*Sg + €477 (S10) * Sy + €77 (S11) *Sy + €377 (S1a) *Sy+

T (1) * 810 + €7 (S5) *Sip + 7 (S5) *Sip + 277 (S4) *Siot+
S5) “S1o + e (S6) *S10 + e T (S7) " S0 + e (Ss) “S1o+
Sg) *S1o + (S10) “Sio + e (S11) “Sho + e (S12) “Sio+
)"
)"

—30 T2
—4027'2

—8027'2

S1)*Sy +e % i (S2) *S11 + g5 (S3)*S1 + e~ (S4) *S11+
S5)*Si1 + e 0T (S6) "
e (So) *S11 + e 3077 (S10) *S11 + (S11) *S11 + e o (S12) *Su+
(S1) "S12 + e 8" (S2) *S12 + e~ (S3)*S12 + e 5T (S4) *Si2+
—40 T2 (S5) 812 + 6—30 T2 ( 6) 312 + 6—60272 <S7) *512 + 6—3027'2 (58) *812+
( )"

Sg) *Sh2 + e (S10) *S12 + e o (S11) *S12 + (S12) *She.

—30 T2

~—~~ I~ N

Sll + 6—30272 (S )*Sll + 6—6027'2 (58) *Sll+

—90 T2

—30 T2

(C.9)
Where S’s are the probability coefficients and are defined as

S = U13U222U33; Sy = U13U222U33; Sz = U12Uz2Us3Uss; Sy = Ui3Uz2Us3Uss;
Ss = Ui2UzUs3Uss; Se = Ui3Uz2U3Us3s; S7 = Ui2UzUs3Uss; Sg = Ui3UzUs3Us3s;
Sg = U1oUpUp3Us3;  S1o = UrsUaaUssUse;  S11 = UraUpyUsa;  Sia = UpoUsaUsy; -

(C.10)

The plot of coincidence probability against the time-delays introduced between
the arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(C.3). This Coincidence probability plot shows that the probability of having
the above defined output coincidence pattern is minimum and is equal to the value
of the permanent of the adjacent scattering matrix but not zero when there is no
time-delays 7 introduced between the arrival of the photon at the input ports. The
coincidence probability increases with the increase in the length of the time-delays
introduced between the arrival of the photons till specific point and then again
starts decreasing.

C.4 Bi-Photon Click on Output-3 and Single-Photon Click
on Output-1 and Output-2

In the case, we shall discuss the coincidence probability of the third output coinci-
dence pattern shown in Fig.(3.17). In this case we get a bi-photon click at output
port-3 and single-photon clicks at output port-1 and output port-2. Input state
has already been defined in Eq.(3.23) and output operators are defined as

I, = /OO al (ws) 0) (0] dy (ws)dws, (C.11)

—00
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Figure C.3: (with T(m,7m,73,7) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,042,063,61,ﬁ2,53,’71’72) = Q(O707077T/277T/277T/27070))

I, — / 8 (ws)th (o) [00) (00] d (e )i (e ) gl (C.12)
and -
Hg = / &g(wﬁdg(ww) |00> <00‘ &3(&)7)&3(&}10)(1&)7(1&}10, <C13)

the coincidence probability for this case can be written as
Pogo12 = (1111)° UL @ T, @ U |1111)° (C.14)
so the coincidence probability for this case is,

Posaaiz = () *Ty + e 77 (Ty) " Ty 4+ e 77 (T3) *Ty + 777 (Ty) *Ty+
e 3T (TS) Ty + 74 (T) " Ty 4 7377 () "Iy + e (Ts) *Th+
e T (Ty) Ty 4 e (Tho) *Ty + 7377 (Thy) *Ty + % (Thy) *Th+
o0 (Th) Ty + (To) *T> + e 30" (T3) "1y + e (Ty) "o+
e (T) Ty 4 €737 (Tg) * Ty + €77 () Ty + €73 (T) T+
e T (Ty) Ty 4 €757 (Tho) *To + €777 (Thy) Ty + €3 (Thy) T+
e 7T () Ty + e (Ty) Ty + (T3) Ty + 777 (T0) “Ty+

o 2 <T5) *Tg € 6730272 (TG) *Tg + 670'27'2 (T7) *Tg 4 6770272 (Tg) *T3+
6720'27'2 (Tg) *Tg 4 6760272 (TIO) *Tg 4 6750272 (Tll) *Tg 4 677027'2 <T12> *T3+
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Ty+ e 0T (Ty) Ty + e (Ty) *Ty + (Ty) *Tu+
Ty+e " (Te) " Ty + e (T5) Ty + e 77 (Tg) *Ty+
(Tho) *Ty + e (Tn) * Ty + 757" (Tha) *Tu+
) Ty + e 0T (Ts) *Ts + e (Ty) *Ts+
(Ts)*Ts + e (T6) Ts + e 27 (Ty) * Ty + e 57 (T3) *Ts+
e (Ty) " Ty + €737 (Tho) *Ts + €377 (T1y) *Ts 4+ ¢ 747 (Th) *Ts+
6—40 72 (T ) Ty + 6—30272 (TQ) Ty + 6—30272 (Tg) Ty + 6—0272 (T4) “Ty+-
e 7T (Ts) *Ts + (Tg) *Ts + €57 (Ty) * Ty + 277 (Ty) *To+
e 3 (Ty) *Ts + e (Tho) *Ts + e Aot (Th1)"Ts + e 3ot (Th2) "Ts+
6—30 T2 (T ) *T7 + 6—60 T2 ( 2 T7 + 6—0 T2 (Tg) *T7 + 6—70 T2 (T4) *T7+
6—20 T2 (T ) *T7 +e —50272 ( 5 T7 + (T7) *T7 + 6—90 T2 (Tg) *T7+

)"

)

)"
e (Ty) Ty + e (Tho) “Tr + €737 (Tn) " Ty + €7 (Tha) "Tr
o —60°7? (T )*T8+6—3ar (Ty) * Ty +€—7a272(T) T8+€—0'T (T)*Tg—l—
e —bo’T? (T5) “Ty + e —20272 (Tg) *Tx +€—9a272 (T%)*T; ( ) Tyt
e (Ty) Ty + e 77 (Tho) *Ts + €577 (T1y) *Tg + €73 (Tyy) * T+
=57 (TV) " Ty + ¢ (Ty) *Ty + €27 (Ty) *Ty + =577 (T,) *Ty+

2.2

e7 T (T5) Ty + 727 (Tp) " T9 + 6—027 (Ty) *Ty + &7 (Tx) *To+
(To)*To + e (Tho) Ty + €77 (T11) Ty + 757 (T12) *To+
_70 T2 ( )*Tm + 6—50272 (T ) *Tho + 6—6027-2 (Tg) *Tho + 6—2027'2 (T4) T+
e (Ty) "Tho + €77 (Ts) "Tho + €77 (Ty) "Tho + e 7 (Tg) *Tho+
Ty) *Tro + (Tho) *Tho + e 3 (Th1)"Tho + e ot (Tha) *Tho+
)
)"

—40 T2

—80 T

T0) Ty +e %" (T2) *Tu1 + e 0T (T3) T + e T (Ty) "Tu+

e 3T (Ty) Ty + 74T (Ts) T + e 3 (T7) T + e 0o (Ts) "I+

e 7T (Ty) "T11 + e 3ot (Tho) "I + (Tha) *Tha + e (Th2) *Tui+

e 97 (T1) *Thz + e 8T (T2) *Tiz + e 1T (T3) "Tha + g5 (Ty) "Tio+

e~ (T5) "Tha + e 3T (Ts) "Tha + e 0o (T7) "Tha + e (Ts) “Ti2+
( )

e 37 Ty) *Tia + e 7T (Tlo “Tio + e (Th1) "Tia + (Th2) *Tho.
(C.15)

(
(
22(
(

Where T’s are the probability coefficients and are defined as
Ty = UpsUpUsy; Ty = UngUnpsUsy; Ty = UrgUnsUsoUsz; Ty = UraUzoUsoUss;
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Ts = UpUpsUsoUss; T = UisUaxoUsaUss;  I7 = UaUasUsaUss; Ty = UyzUsaUsaUss;
Ty = UroUa3UsoUss;  Tio = UrsUnpUsoUss;  Thy = UpaUasUsy;  Tig = UpaUsoUsy; .
(C.16)

The plot of coincidence probability against the time-delays introduced between
the arrival of the photons at the input port of the balanced beam-splitter is shown
in Fig.(C.4). This Coincidence probability plot shows that the probability of having
the above defined output coincidence pattern is minimum and is equal to the value
of the permanent of the adjacent scattering matrix but not zero when there is no
time-delays 7 introduced between the arrival of the photon at the input ports. The
coincidence probability increases with the increase in the length of the time-delays
introduced between the arrival of the photons till specific point and then again
starts decreasing.

Po22,112

0.30 |-

) S S S I S S S S B S SO S IR S ST A S S S S Y S S SO S | r

-15 -10 -5 5 10 15

Figure C.4: (with T(m,7m,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(ala05270437617B27/63)71’72> - Q(O707077T/277T/277T/270)0))

C.5 Tri-Photon Click on Output-1, Single-Photon Click on
Output-3 and no click on Output-2

In this case, we shall discuss second output coincidence pattern as shown in Fig.(3.19,
in which we get a tri-photon click at output port-1, a single-photon click at output
port-3 and no click at output port-2. The Input state will be the same as defined
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in Eq.(3.42) and the output operators for this case are defined as,

H1 = / &;(w5)dl (wg)di (UJH) |000> <000| fl,l (W5)d1 (wg)dl(wn)dw5dw8dwn,

—00

(C.17)
and -
I, = / al(wr) 10) (0] af(wr)dws, (C.18)
the coincidence probability for this case can be written as
Paoaso1 = * (1111 U, @ TI3U [1111)°, (C.19)

Where G’s are the probability coefficient and are defined in Eq.(3.52). So the
coincidence probability is

2

P2 301 =G3 (G1a) "€ 7 " Gh3 (Gis) "e —3otTE Gi3(Gig) e ~0otr? 4
G4 (Gh3) e G4 (Gy5) "e —otrt G4 (Gie) ™ e 3T 4
G5 (Ghs) o3 G5 (Gha) "e —t G5 (Gie) "e —rT
Gie (Gh3) "e 6ot Gie (Gha) "e —3trt Gie (G15) "e T
Gh3 (G13) ™ + G14 (G14) " + G15 (G15) " 4+ G16 (Gig) ™ (C.20)

The plot of coincidence probability against the time-delays introduced between
the arrival of the photons at input ports of the balanced beam-splitter is shown
in Fig.(C.5). This plot shows that the probability of having the desired output is
relatively high and is equal to the value of the permanent of the adjacent scattering
matrix when the time-delays 7 introduced between the arrival of the photon at
inputs of the beam-splitter is zero. The coincidence probability slightly increases
with the increase in the length of the time-delays 7 and then gradually decreases
to zero with further increase in the length of the time-delays 7.

C.6 Tri-Photon Click on Output-2, Single-Photon Click on
Output-1 and no click on Output-3

In this case, we shall discuss third output coincidence pattern as shown in Fig.(3.19,
in which we get a tri-photon click at output port-2, a single-photon click at output
port-1 and no click at output port-3. The Input state will be the same as defined
in Eq.(3.42) and the output operators for this case are defined as,

H2 = / CLT (u)ﬁ) g(u);;)d;((,dlg) |000> <000‘ &2(Wﬁ)dg(Wg)dg(&)m)d&)ﬁdu)gdwlz,
(C.21)



110 APPENDIX A. APPENDIX

Po22,301
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Figure C.5: (with T(m,7m,m3,7) = T(-7,0,7,27), 0, = 0.1 and
Q(Oél,05270[3,61,62,&3,’)/1’}/2) - Q(O707077T/277T/277T/27070))
and -
th = [ () [0) (0] (ws)dcn, (€.22)

the coincidence probability for this case ca be written as
Pogaazo = * (1111 U, @ TIU [1111)°, (C.23)

Where G’s are the probability coefficients and are defined in Eq.(3.52). So the
coincidence probability is

2

Pag2130 =Gh7 (G1s) e G17 (Gyo) "e —30%? G17 (Gy) *g—Bo?7
(Gir) "€~ + Gis (Gho) e ™7 4 G (Goo) "™
(Grr) "™ ™ + Gig (Gis) "€ + G (Gag) e ™77
Gao (Gi7) "€ ™7™ 4+ Gog (Gis) "€ ™27 4 Gop (Gg) "¢ +
Gi7 (Gi7) " + Gis (Gis) " + Gig (Grg) ™ + Gao (Go) (C.24)

The plot of coincidence probability against the time-delays introduced between
the arrival of the photons at input ports of the balanced beam-splitter is shown
in Fig.(C.6). This plot shows that the probability of having the desired output is
relatively high and is equal to the value of the permanent of the adjacent scattering
matrix when the time-delays 7 introduced between the arrival of the photon at
inputs of the beam-splitter is zero. The coincidence probability slightly increases
with the increase in the length of the time-delays 7 and then gradually decreases
to zero with further increase in the length of the time-delays 7.

+
+
+
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Figure C.6: (with T(m,7m,13,74) = T(-7,0,7,27), 0, = 0.1 and
Q(alaa2>O‘37B17ﬁ2>ﬁ3aﬁylﬁy2) = Q(0,0,0,71'/2,7T/2,7T/2,0,0))

C.7 Tri-Photon Click on Output-2, Single-Photon Click on
Output-3 and no click on Output-1

In this case, we shall discuss forth output coincidence pattern as shown in Fig.(3.19,

in which we get a tri-photon click at output port-2, a single-photon click at output

port-3 and no click at output port-1. The Input state will be the same as defined
in Eq.(3.42) and the output operators for this case are defined as,

I, = / Al (we)ad (we)alb (wi2) [000) (000| dg(we)as (we ) s (wys)dwgdwedws s,

(C.25)
and -
M= [ aj(wr)[0) (0]} wr)dor (C.26)
the coincidence probability for this case ca be written as
Pogo oz = * (1111 U, ® 30U |1111)° (C.27)

Where G’s are the probability coefficients and are defined in Eq.(3.52). So the
coincidence probability is

T2 4 Gl (Gg) *6730272 4 Gl (G4) *6760272 4 G2 (G1> *67027—2_’_

2.2

Pago 031 =G1 (Ga) "e™?
Gy (Gs) e ™ + Gy (Gy)*e 7™ 4 Gy (Gy) "¢ + Gy (Gy) *e ™ T +

G3(Ga) e ™™ + Gy (Gr) e 57 4 Gu(Ga) e T + Gy (Gs) e T +

2

2
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G1(G1)"+ Go(Ga) "+ G3(Gs) ™+ G4 (Ga) ™. (C.28)

The plot of coincidence probability against the time-delays introduced between
the arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(C.7). The plot shows that the coincidence probability of having the above-
mentioned output coincidence patter is maximum and is equal to the value of
the permanent of the adjacent scattering matrix when time-delays 7 introduced
between the arrival of the incident photons is zero. The coincidence probability
decreases with the increase in the length of the time-delays 7 introduced between
the arrival of the photons at input ports of the balanced beam-splitter increases
and eventually becomes zero at a specific value of the time-delay 7.

Po22,031
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Figure C.7: (with T(m,7m,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(alva27a3a61aﬁ27/83771’72> - Q(O7070771-/2771-/2’71-/2’070))

C.8 Tri-Photon Click on Output-3, Single-Photon Click on
Output-1 and no click on Output-2

In this case, we shall discuss fifth output coincidence pattern as shown in Fig.(3.19,
in which we get a tri-photon click at output port-3, a single-photon click at output
port-1 and no click at output port-2. The Input state will be the same as defined
in Eq.(3.42) and the output operators for this case are defined as,

I, = /OO al (ws) 0) (0] dy (ws)dws, (C.29)

(e o]
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and

Hg = / d;(w)g(wlo) (wlg) ‘OOO) <OOO| &g(w7)d3(wlo)dg(wlg)dw7dw10dw13,
(C.30)
the coincidence probability for this case can be written as

where G’s are the probability coefficients and are defined in Eq.(3.52). So the
coincidence probability is

2

Paz10s =Ga1 (G2) "€ ™7 + Gy (Gas) "e ™ + Gy (Gaa) "e 577 +
G2 (Go1) 7T Gao (Ga3) ™ e 4 Goo (Goy)* e30% |
Gas (Gar) 3T 4 Gy (Ga2) e —' T 4 Gl (Gay) *e —o?r?
Gay (Goy) e 6ot + Goy (Gog) e —30%7? + Gy (Gag) "e —o?r?
Ga1 (G21) ™ + Gaa (Ga2) ™ + Gas (Ga3) ™ + Gay (Gay) * (C.32)

The plot of coincidence probability against the time-delays introduced between
the arrival of the photons at input ports of the balanced beam-splitter is shown
in Fig.(C.8). This plot shows that the probability of having the desired output is
relatively high and is equal to the value of the permanent of the adjacent scattering
matrix when the time-delays 7 introduced between the arrival of the photon at
inputs of the beam-splitter is zero. The coincidence probability slightly increases
with the increase in the length of the time-delays 7 and then gradually decreases
to zero with further increase in the length of the time-delays 7.

C.9 Tri-Photon Click on Output-3, Single-Photon Click on
Output-2 and no click on Output-1

In this case, we shall discuss last output coincidence pattern as shown in Fig.(3.19,

in which we get a tri-photon click at output port-3, a single-photon click at output

port-2 and no click at output port-1. The Input state will be the same as defined
in Eq.(3.42) and the output operators for this case are defined as,

I, = / b al(we) 0) (0] dg(we)dws, (C.33)

—00

and

Il = / il (wr)al (wi0)al (wi) 1000 (000] & (wr)as(wio)as (wis)dwrdwiodwys,
(C.34)
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Figure C.8: (with T(m,7,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(alaa27a3a61a5276377172> = Q(0,0,0,7T/2,7T/2,7T/2,0,0))

the coincidence probability for this case can be written as
Poaaois = * (1111 UL, @ ;U [1111)° (C.35)

where G’s are the probability coefficients and are defined in Eq.(3.52). So the
coincidence probability is

G5 (Gs)" + G (Gg) "+ G7 (G7) " + Gs (Gs) ™. (C.36)

The plot of coincidence probability against the time-delays introduced between
the arrival of the photons at input ports of the balanced beam-splitter is shown in
Fig.(C.9). The plot shows that the coincidence probability of having the above-
mentioned output coincidence patter is maximum and is equal to the value of
the permanent of the adjacent scattering matrix when time-delays 7 introduced
between the arrival of the incident photons is zero. The coincidence probability
decreases with the increase in the length of the time-delays 7 introduced between
the arrival of the photons at input ports of the balanced beam-splitter increases
and eventually becomes zero at a specific value of the time-delay 7.
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Figure C.9: (with T(m,72,73,74) = T(-7,0,7,27), 0, = 0.1 and
Q(alaa27a3vﬁl75276377172) = Q(Oa07()’71-/2’71-/2771-/27070))

C.10 Tetra-Photon Click on Output-2 and no Click on
Output-1 and Output-3

In this case, we shall discuss the coincidence probability of the second output

coincidence pattern as shown Fig.(3.21) which shows that we get a tetra-photon

pulse at output port-2 and no clicks at output-1 and at output-3. The input state
for this case is same as defined in Eq.(3.42) and the output operator is define as,

I, = / ab(we)ak(we)al(wia)al (wis)]0000) (0000]

[e.e]

&2(w6)&2(w9)d2(w12)d2(w15)dw6dw9dw12dw15, (037)
the coincidence probability for this case can be written as,
P0227040 :8<1111|UTH2U|1111>S, (CB8)

and the probability coefficient for this case are defined as,

Vs = U3 U, (C.39)
so, the coincidence probability for this case is
Pago000 = Vs (V5) ™. (C.40)

We can clearly see that, the coincidence probability for this case do not depend on
the time-delays introduced between the arrival of the photon at the input ports of
the balanced beam-splitter.
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C.11 Tetra-Photon Click on Output-3 and no Click on
Output-1 and Output-2

In this case, we shall discuss the coincidence probability of the third output
coincidence pattern as shown Fig.(3.21) which shows that we get a tetra-photon
pulse at output port-3 and no clicks at output-1 and at output-2. The input state
for this case is same as defined in Eq.(3.42) and the output operator is define as,

I, = / N al(wr)ad(wio)al(wiz)al (wie) [0000) (0000
a3 (wr)ag(wio)as(wis)as(wie)dwrdwipdwzdwssg, (C.41)
the coincidence probability for this case can be written as,
Pogsoos = S (1111 UTTIU |1111)°, (C.42)
and the probability coefficient for this case are defined as,
Vo = U§2U§3; (C.43)
so, the coincidence probability for this case is

Poazooa = Vo (Vo) ™. (C.44)

We can clearly see that, the coincidence probability for this case do not depend on
the time-delays introduced between the arrival of the photon at the input ports of
the balanced beam-splitter.
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