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Abstract: We communicate the theoretical results in the study of utilizing the quantum phenomena1

in optical current for quantum computation in the context of high precision voltage measurements.2

These results can be used around computation by quantum sampling and quantum communication3

as the basis for further research and physical implementations. We propose a Main Optical4

Setup (MOS) for such computation which allows to make a superstructure to implement specific5

computations and algorithms. To create MOS we used the nonlinear units (e.g., beta- barium6

borate crystal), arranged in series, powered with pulsed laser pump, and ended with the beam7

splitter to generate the output state of a number of entangled photon pairs. The computation is8

made by propagation of entanglement with beam splitters applied crossword and adjustable phase9

shifters that are tools for parameter steering. We show how to implement the series of cosine-based10

components on the example of two-component case. The results opens a broad area for future11

research in the area of building quantum optimizer using the quantum sampling methods and in12

the area of high precision temporal measurement of voltage, which is the important process for13

building high-fidelity devices.14

Keywords: quantum computing, quantum optics, quantum optimization, photon entanglement,15

coincidence measure, photodiodes current measure, voltage measurement16

1. Introduction17

Quantum phenomena arising in optical current can be utilized in quantum com-18

putation and quantum communication, specifically basing on those phenomena. There19

are many optical-based implementation of quantum computation task, e.g.: the KLM20

protocol proposed by Kneel et al. in [1], Photonic [2] or cat-qubits by Mirrahimi [3].21

In this paper we propose a new concept of implementation quantum computation in22

optical current utilizing the distortion of homogeneous probability distribution over23

photo detectors, caused by phase shifts between rails. We show how to implement in24

optical current one component of Cosine series sampled operator (QCoSamp), that was25

described in our previous work: [4].26

It is important, for all methods, the issue of measurement of the voltage caused by27

photo-diode sensors, that we use as the terminal of optical current. It can work in one28

of two modes: photovoltaic or photoconductive, however, due to necessity of, usually29

weak, signal amplification, at the measurement point, we obtain the voltage, and it is at30

the range of [−3.5, 3.5]mV, in our case.The mentioned protocols needs the high-precision31

(in time domain) voltage measurement e.g., KLM.32

The three phenomena are indispensable for making the quantum computation and33

communication: superposition, interference and entanglement. However the super-34

position and interference arises in the streams of photons spontaneously, because of35
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the nature of light (specifically the fact that photons „moves” with the speed of light),36

the entanglement does not appear in that simple way. It can be produced using SPDC37

(Spontaneous Parametric Down Conversion) process, described by Couteau in [5]. While38

the beam from laser pump goes through non-linear crystal, four times in a million, one39

photon is converted into two photons, which are correlated in time, certainly. Because40

of the energy conservation, the correlated photon pairs has doubled wavelength (or41

half frequency) as the original one and their paths are diverted. Depending on the42

crystal, there exists three types of SPDC: type 0, where the polarization of both photons43

are the same and same as the polarization of the input laser beam, type I, where the44

polarization of photons is still the same but orthogonal to the laser, and type II, where45

the polarization of the photons is orthogonal each other. We focused on the SPDC46

type II taking place in BBO (β barium borate) cristal, which has the additional property47

that the correlated pairs are diverged symmetrically. Therefore there arises two cones48

of light that intersect in two points, due to properly shaped geometry of the crystal.49

Historically, we name one of such a point "signal" and the second one "idler", however50

those two rays are nowadays combined to obtain greater beam intensity. Hence in the51

resulting ray, there appears time-correlated (which mean indistinguishable) photon pairs52

with cross - correlation. They are superposed as well, certainly. Therefore, after going53

through the beam splitter, we obtain two cross-polarized rays. Because the photons are54

superposed and time indistinguishable, they are entangled, which manifests itself in55

measuring the time correlation of set of photons (see Magnitskiy et al. in [6]). It was56

proven experimentally for ten photons entanglement by Wang et al. in [7] or for twelve57

by Zhong et al. in [8]. The prove lays on the detection of time coincidence of photons58

obtained in the photon detector. The laser beam is very narrow down to 10 fs with up to59

20M beams per second. The measurement is made by photon counters ending each ray,60

and the Correlation Counter, which returns the number of photons which appears in both61

detectors in the same time interval of the 81ps length.62

In this context we communicate the idea how to implement the QCoSamp compo-63

nent. It was described in our previous work [4], leads to obtain the function 1
2 (1− cos(x)).64

In this work, the changes of the variable x are achieved by changing the phase in phase65

gate Pφ. Hence, the idea is to prepare the quantum state in such a way that with changing66

the parameter φ we obtain the desired value. If we dispose such a component we can67

add a number of them to generate the series. We proved (ibidem) that such a series68

maps into Fourier series. Therefore using it together with other quantum techniques,69

like distributed phase encoding (Ruiz-Perez et al. in [9]) and amplitude amplification70

(see [10,11]) we can create a number of algorithms, e.g., curve fitting, and even signal71

and image extraction.72

2. Materials and methods73

In this section we present the quantum description of optical phenomena used in74

quantum computation. Then we present selected protocols of quantum computation.75

Finally we present the optical setup that was used in our experiments.76

2.1. Quantum description of optical phenomena77

The quantum mechanical description of optical elements is based on two concepts.78

Firstly, we will use the Fock space, which describes the quantum state made of many pho-79

tons. Consider, that eigen basis of the photons consists of k eigen states (e.g. polarization).80

The basis state of the whole system of n photons is the sequence of numbers ϕj being81

cardinalities of photons which are in the state j. The states are called modes; the state82

|0⟩ = |0...0⟩ is called vacuum. Secondly we define the annihilation â and creation â† opera-83

tors as follows: â|0⟩ = 0, â|n⟩ =
√

n|n − 1⟩, â†|n⟩ =
√

n + 1|n + 1⟩. The Lie algebra of84

such operators is given by commutators: [âk, â†
m] = δ(k − m), [âk, âm] = [â†

k , â†
m] = 085

With such tools we can define optical devices (after Kok et al. [12]) by defining the86

number of inputs and outputs, set of parameters, and evolution operator acting on the87
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photons going through the device. Those operators will be defined as a set of creation88

operators for each output separately, depending on parameters and creation operators89

for inputs.90

The simplest optical device is the single-mode phase shifter (PS) changing the phase91

of incoming photons by phase φ that has one input Si and one output So. Its evolution92

operator is defined as follows:93

Ŝ†
o = eiφŜ†

i (1)

Beam splitter (BS) or Polarization rotator has two inputs Bi1, Bi2, two outputs Bo1, Bo294

and is parametrized by R = cos2θ reflection rate and T = 1 − R = sin2θ transmission95

rate. Furthermore we assume that the incoming waves can differ by the phase φ. In that96

case:97

B̂†
o1 = cosθB̂†

i1 + ie−iφsinθB†
i2

B̂†
o2 = ieiφsinθB†

i1 + cosθB̂†
i2 (2)

Qubit is represented by element of SU(2). The photon-based implementation of98

such a group can be made using the photon polarization creating polarization qubits. It99

can be utilized in two ways: one-rail, where photons with different polarization exists in100

one ray, called spatial mode; dual-rail, where there are two spatial modes - one for each101

orthogonal polarization. The modes can be easily switched using beam splitter and102

phase rotators. Let’s assume that vertically polarized qubit will be denoted |V⟩ and103

horizontally - |H⟩ in Hilbert space. The Fock state will have two slots - one for vertical104

and one for horizontal polarization: |1, 0⟩ = |H⟩ and |0, 1⟩ = |V⟩. The general state of105

one qubit is defined as follows:106

|q⟩ = a|V⟩+ b|H⟩ = a|0, 1⟩F + b|1, 0⟩F (3)

Let’s assume, that on the input of beam splitter, there appears n photons to the o1
input and m photons to the o2 input. We can formally denote it with annihilation and
creation operator in Fock space: |n, m⟩F = [B̂†

i1]
n[B̂†

i2]
m|0⟩F. After coming through the

beam splitter this input operators will change to the output operator that transforms
according to the eq. 2. Using this transformation (and Pythagorean identity) we can
write the input operator in therms of output operators, as follows:

B̂†
i1 = cosθB̂†

o1 − ie−iφsinθB̂†
o2

B̂†
i2 = cosθB̂†

o2 − ieiφsinθB̂†
o1 (4)

Hence, the output state of the beam splitter for an input |n, m⟩F is equal to:[
cosθB̂†

o1 − ie−iφsinθB̂†
o2
]n[cosθB̂†

o2 − ieiφsinθB̂†
o1
]m|0⟩F (5)

2.2. KLM protocol107

Let’s consider the system of two qubits, one polarized vertically and one horizon-108

tally and let them pass through the beam splitter. Using creation operator notation, on109

the output of the beam splitter we obtain both output operators acting on the vacuum:110

|x, y⟩F = B̂†
o1B̂†

o2|0⟩, where index F means that we consider the Fock state. Now, applying111

eq. 5 and remembering that commutator for two creation operators zeroes, we obtain:112
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|1, 1⟩F = B̂†
i1B̂†

i2|0⟩F
BS−→[

cos(θ)B̂†
o1 − ie−iφsin(θ)B̂†

o2
][

cos(θ)B̂†
o2 − ieiφsin(θ)B̂†

o1
]
|0⟩F =[

cos(2θ)B̂†
o1B̂†

o2 −
i
2

sin(2θ)
(
eiφ[B̂†

o1
]2

+ e−iφ[B̂†
o2
]2
]
|0⟩F =

cos(2θ)|1, 1⟩F −
1√
2

isin(2θ)
(
eiφ|2, 0⟩F + e−iφ|0, 2⟩F

)
(6)

If we consider BS with R = T = 1/2, (hence θ = π/4) and phase φ = π/2 then
sin(2θ) = 1, cos(2θ) = 0 and eiπ/2 = −1, e−iπ/2 = 1 and the system is described as
follows:

1√
2

(
|0, 2⟩F − |2, 0⟩F

)
(7)

The above equation means the absence of the output state |1, 1⟩, which means that after113

passing through beam splitter both photons has the same polarity. This is completely114

quantum effect, because classically nothing shall prevent the pair of cross-polarized115

photons to have orthogonal polarizations after passing the beam splitter 1. Photons pair116

off together has a name of photon bunching. Complementary, the absence of |1, 1⟩ state117

has the name Hong-Ou-Mandel effect described in [13]. Photon bunching is one of the118

pillars of the KLM (Knil et al., ibidem) scheme and its extensions.119

The second one is nonlinear sign (NS) gate, which is the building block of other120

KLM gates. Let’s consider a state |ψ⟩ = a|0⟩ + b|1⟩ + c|2⟩ in Fock space. The NS121

gate acts by changing the last coordinate c to −c. For example of using those two122

notions let us to construct the simple two-qubit controlled Z gate, that flips the sign123

of |H⟩ ⊗ |H⟩ = |1, 0, 1, 0⟩ coordinate, while the others remain unchanged. Thus let’s124

consider two-qubit, separable state |x⟩ ⊗ |y⟩ = (α|0, 1⟩+ β|1, 0⟩)(γ|0, 1⟩+ ψ|1, 0⟩) The125

CZ gate should change the βψ to −βψ so the application of NS gate is tempting, however126

in the last state there are no two photons in the same mode. But if we connect first127

(α|0, 1⟩) and third γ|0, 1⟩) with beam splitter, the photon bunching arise (see eq. 7) and128

on output of beam splitter are the state, which can be changed by NS applied to the same129

modes. Finally we act on the same modes with beam splitter once again and we obtain130

the final state equal to CZ|x⟩ ⊗ |y⟩.131

Unfortunately, the NS gate cannot be constructed using linear optics element. The132

only thing we can do is to create a gate that will work like CZ gate with the given proba-133

bility of success and indicates the proper result with an additional outputs. Therefore134

such gates name is probabilistic gates. Knill in [14] proved that the upper bound of such a135

probability is equal to 1/2. The physical implementations probabilities are in the range136

0.075 to 0.22 - see Kok et al. (ibidem) for details. The fidelity of those implementation is137

80% (e.g. 79% by O’Brian or 84% by Gasparoni et al.)2
138

One of the most major reason for this relatively low fidelity is necessity of measure139

the correlation between the output and the indicator of correctness. Both the result and140

the indicator are measured using photo detectors, which uses photo-voltaic effect to141

build up the voltage proportional to the energy of incoming light. Since the wavelength142

of the source is known the photon count can be computed basing on the output voltage.143

2.3. Measurement setup144

The measurement setup consists of: (1) photon-to-voltage converters, based on145

photo-diodes, (2) amplifiers (optionally) and (3) coincidence counter. Photon-to-voltage146

can work in one or both of tribes: photovoltaic or photoconductive. The first one gives147

more robust results but is slightly slower, the second one creates the dark current and148

1 Moreover the state |1, 1⟩, classically, has probability 1/2, because it covers two states: |V⟩ ⊗ |H⟩ and |H⟩ ⊗ |V⟩ that are indistinguishable.
2 We don’t put here references due to lack of place. It can be found in Kok et al. (ibidem) review.
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Figure 1. 6 photon entanglement setup. Firstly, the two pairs of photons are generated by nonlinear
unit in series, here BBO crystal. Then one photon from each pair is connected with the remaining
part of the system using polarization beam splitter. The connection points are places, where
entanglement propagates trough the whole system and creates the GHZ states, finally.

there arises the Johnson–Nyquist noise sometimes, hence is faster. The avalanche photo-149

diodes, working in Geiger mode can notice separate photons, however they need high150

voltage and has relatively low level of saturation, therefore they are not proper for the151

beams with high energy.152

Existing photon-to-voltage converters has relatively long rise/fall time. For exam-153

ple: the silicon continuous photo-diode from Thorlabs SM05PD2A has this parameter154

equal to 1ns, the maximum reverse - bias voltage 25V and quantum efficiency on the level155

of 0.41; Indium gallium arsenide (InGaAs) biased, high speed detector DET08CL/M has156

70ps/110ps rise/fall, 22V bias, 5GHz measurement frequency and quantum efficiency157

0.47. In the area of coincidence counter the solution widely used is ID Quantique 800158

from Photonics, which has coincidence time-interval equal to 81ps and 2MHz frequency,159

ID 900 time controller with precision 20ps with possible 20M measurement cycles per160

second.161

3. Results162

In our previous work, we defined theoretically the QCoSamp method of quan-
tum computation [4], basing on the quantum sampling, which creates the probability
distribution over the measurement basis. The results are interpreted in the context
of trigonometric series made of components: 1

2 (1 + cos(nx + r)). The light creates a
probability distribution over the detectors, that could be recognized as the measurement
basis of the optical quantum system. On the other hand, the state of the photon on
the output of the BBO crystal in SPDC phenomenon is equal to (after Magnitskiy et al.,
ibidem, pg. 620):

|HV⟩+ eiδ|VH⟩√
2

(8)
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Figure 2. The main optical setup (MOS) of the system (left side) and the Fock state meaning (right
side). BBO is a crystal realizing the SPDC, BS-Beam Splitter and PS - phase shifter. The signal and
output rails from BBOs are marked by colors: red and orange (first BBO) and dark and light blue
(second BBO). The lines crossing on the scheme should not cross in real setup. The rails beginning
in two BBOs (1,2) and (3,4) contains the stream of entangled photon pairs in a state described

by Magnitskiy et al., ibidem : |HV⟩+eiδ |VH⟩√
2

. Then they goes through the 50%/50% beam splitters
(pairs from each BBO separately). The circles outside the area of MOS symbolize its 4 output rails.
Because of Hong-Ou-Mandel effect they groups in one of beam splitter outputs, so on the output
we obtain |20⟩ or |02⟩ states. The final state is the tensor product of those two, so we obtain one of
4 states |2000⟩, |0200⟩, |0020⟩, |0002⟩. Nevertheless, this description of state is not sufficient, since
the cross-Kerr non-linearities generates the entanglement in the polarization domain, which is not
covered in this description. Therefore, we propose the notation of state visualized on the right side
of figure above, where for each mode there are two slots in the ket: first for horizontal polarization
and second for vertical one. This notation will be called rail-polarization (RP) notation.

Wang et al. [7] and Zhong et al. [8] uses SPDC with more sophisticated nonlinear
units for generation of 10 and 12 photons. They uses the polarization beam splitter to
obtain so called Greenberger–Horne–Zeilinger (GHZ) state for n photons:

|GHZn⟩ =
1√
2

(
|H⟩⊗n + |V⟩⊗n) (9)

The technique (see fig. 1 involves to create n
2 pairs of photons using nonlinear unit (e.g.,163

BBO) in series. Then the entanglement is propagated by n
2 polarizing beam splitters.164

Each of them connects the existing entanglement with the next pair generated in the165

line. In our work, we use similar setup, but for computation we need more states then166

just GHZ, therefore, we connect both sides of the outputs from non-linear unit and we167

use non-polarizing beam splitter, which creates together very interesting states, from168

quantum computation perspective.169

3.1. The optical setup for QCoSamp implementation170

Let’s apply the 50:50 beam splitter on this state for obtaining the two building
blocks of the optical setup (see fig. 2). Since the input state is |1, 1⟩F, we will use eq.
4. The parameter θ is still equal to π/4, so cos(2θ) = 0, sin(2θ) = 1. We assume here
for simplicity that the phase δ is equal to zero, nonetheless we have to remember, that
without any involvement, this will not be a case. how to achieve it will be described
later during defining the setup calibration process. The Magnitskiy equation 8 in the
rail-polarization (RP) notation (see right part of fig. 2) will be denoted3:

1√
2

(
|10, 01⟩+ |01, 10⟩

)
. (10)

3 For one BBO we have two rails, so RP state will have four slots, we omit, for simplicity, the vacuum state of the remaining rail, since it is not involved
in the process.
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Figure 3. Beam splitter (left side) and polarization beam splitter (right side) acting on the two-rail
states with polarization involved.

Moreover, we will denote the creation operators for the first input of a beam splitter with171

â†
h, â†

v, respectively for horizontal and vertical polarized photons, b̂†
h, b̂†

v for the second172

input, ĉ†
h, ĉ†

v for the first output and d̂†
h, d̂†

v for the second output, like on the fig. 3.173

Here we will provide a list of two and four creation operators, that will be useful
in the remaining part of this work. Right now we need just two of them (namely:
â†

h b̂†
v + â†

v b̂†
h), but it is convenient to have them in one place. We don’t provide proofs

because one can easily derive them using the fact that creation operators commutes each
other and expand the formula 5. We assume that the BS is 50%-50% and on the one
output it has the phase shifter with the relative phase φ. The list is as follows:

â†
h b̂†

v = −1
2

i
(
eiφ ĉ†

h ĉ†
v + e−iφd̂†

hd̂†
v
)

â†
v b̂†

h = −1
2

i
(
eiφ ĉ†

h ĉ†
v + e−iφd̂†

hd̂†
v
)

â†
h b̂†

h = −1
2

i
(
eiφ[ĉ†

h
]2

+ e−iφ[d̂†
h
]2)

â†
v b̂†

v = −1
2

i
(
eiφ[ĉ†

v
]2

+ e−iφ[d̂†
v
]2)

â†
h â†

v =
1
2
(
ĉ†

h ĉ†
v − ie−iφ ĉ†

hd̂†
v − ie−iφ ĉ†

vd̂†
h − e−i2φd̂†

hd̂†
v
)

b̂†
h b̂†

v =
1
2
(
d̂†

hd̂†
v − ie−iφ ĉ†

hd̂†
v − ie−iφ ĉ†

vd̂†
h − e−i2φ ĉ†

h ĉ†
v
)

â†
h â†

v b̂†
h b̂†

v = −1
4
(
ei2φ

[
ĉ†

h
]2[ĉ†

v
]2

+
[
ĉ†

h
]2[d̂†

v
]2

+
[
ĉ†

v
]2[d̂†

h
]2

+ e−i2φ
[
d̂†

h
]2[d̂†

v
]2) (11)
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To have all our puzzles together, we create the list describing the transformations of
states needed in our computation model, twin to aforementioned list of operators, as
follows:

|10, 01⟩ BS−→− 1
2

i
(
eiφ|11, 00⟩+ e−iφ|00, 11⟩

)
|01, 10⟩ BS−→− 1

2
i
(
eiφ|11, 00⟩+ e−iφ|00, 11⟩

)
|10, 10⟩ BS−→− 1

2
i
(
eiφ|20, 00⟩+ e−iφ|00, 20⟩

)
|01, 01⟩ BS−→− 1

2
i
(
eiφ|02, 00⟩+ e−iφ|00, 02⟩

)
|11, 00⟩ BS−→1

2
(
|11, 00⟩ − ie−iφ|01, 10⟩ − ie−iφ|10, 01⟩ − e−i2φ|00, 11⟩

)
|00, 11⟩ BS−→1

2
(
|00, 11⟩ − ie−iφ|01, 10⟩ − ie−iφ|10, 01⟩ − e−i2φ|11, 00⟩

)
|11, 11⟩ BS−→− 1

4
(
|20, 02⟩+ |02, 20⟩+ ei2φ|22, 00⟩+ ei2φ|00, 22⟩

)
(12)

In the virtue of above, the acting of BS (50%-50%, φ = 0) on the state on the output of
BBO crystal is as follows:

1√
2

(
|10, 01⟩+ |01, 10⟩

) BS−→
[

1√
2
(â†

h b̂†
v + â†

v b̂†
h)

]
|0⟩ = − 1√

2
i
(
|11, 00⟩+ |00, 11⟩

)
= |Ψ⟩

(13)

The above equation means, that while two entangled photons just after leaving the174

nonlinear unit are not in the same rail, after crossing in beam splitter are both in „left” or175

„right’ rail. Nevertheless the original state (eq. 8) doesn’t change at all.176

MSO (see fig. 2) consists of two such operations, therefore at the output there are
four rails and four photons, entangled in pairs, for now. Therefore the final output state
|MSO⟩ is a tensor product of two states |Ψ1⟩ for the first nonlinear unit and |Ψ2⟩ for the
second one. Therefore, we can write the final state of MSO as follows:

|MSO⟩ =|Ψ1⟩ ⊗ |Ψ2⟩ =

=− 1
2
(
|11, 00; 11, 00⟩+ |11, 00; 0011⟩+ |00, 11; 11, 00⟩+ |00, 11; 00, 11⟩

)
(14)

We have so far assumed that the relative phases of the light in both nonlinear177

units and beam splitters are equal to zero. However it not achievable situation in178

practical implementations. Therefore, we have to compensate the phases arising using179

the adjustable phase shifters placed on the one of the output of both beam splitters as180

is shown of fig. 2. The adjustable phase shifter is implemented by electro-optic phase181

modulator that shifts the phase of light in the range [−π, π]. The shift is a linear function182

of applied voltage. The process of such a compensation we will call the setup calibration.183

Because, so far, the optical currents for each nonlinear unit are separated, the calibration184

can be done for each of them separately. The problem is that the relative phase is not185

measurable directly - both states in eq. 13 has the same probability of obtaining it186

in measurement. Therefore we have to use the Mach-Zehnder interferometer [15–17],187

which help us to extract the phase. Hence the procedure of calibration can be done in188

two steps:189

• Extend the optical current for the given nonlinear unit by Mach-Zehnder interfer-190

ometer.191

• Change the phase of light using the adjustable phase-shifter until the both output192

from the interferometer will have the same intensity.193
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Figure 4. The scheme of the optical current (left side) and the tables with coefficients for two states
after applying this current.

The calibration has to be done every time the setup will be changed and after a long194

period of time since the last one.195

3.2. QCoSamp component implementation using MSO196

In this section we present the general method of QCoSamp Component implemen-197

tation and their addition. The optical current that implements two components and add198

them is presented on the fig 4. It starts with pre-prepared and calibrated MOS, which has199

four output rails. Its state is given by eq. 14. The rails: one and two contains entangled200

photon pairs and the other pair exists on the rails three and four. Hence we have two201

entangled system separated. Now, we propagate the entanglement (using the method of202

Wang [7] and Zhong [8]) to the whole system using two beam splitters, marked on that203

figure with yellow and green. On the one of outputs of beam splitters there is a phase204

shifter which serve us as the tool for introduce the parameter of the components: φ, γ.205

Then the rails, where exists horizontal and vertical polarized photon are divided with206

polarizing beam splitter. After that on the separate lines there are photon with the same207

polarization. Afterwards we measure those lines with photo detectors to obtain the state208

in a way shown on the bottom of the scheme. This procedure leads, in the context of209

state notation in Fock space to the connection of two middle pairs (marked with green210

color on the scheme) and two outboard pairs.211

The acting of beam splitter on two pairs out of four leaves the remaining part of
the state untouched. For example, let’s consider we act on the middle two pairs of the
state |11, 00; 11, 00⟩, which gives us „middle” state: |·, 00; 11, ·⟩. We use the list of state
transformation by beam splitter with relative phase (eq. 12) for the state |00, 11⟩ hence
we obtain:

|·, 00; 11, ·⟩ BS−→ 1
2
(
|·, 00; 11, ·⟩ − ie−iφ|·, 01; 10, ·⟩ − ie−iφ|·, 10; 01, ·⟩ − e−i2φ|·, 11; 00, ·⟩

)
(15)

On the other hand, if we consider the acting of the second beam splitter we obtain the
„outboard” input state: |11, ·; ·, 00⟩, and the output will be as follows:

|11, ·; ·, 00⟩ BS−→ 1
2
(
|11, ·; ·, 00⟩ − ie−iφ|01, ·; ·, 10⟩ − ie−iφ|10, ·; ·, 01⟩ − e−i2φ|00, ·; ·, 11⟩

)
(16)

Connecting those two states together, we have to make everyone-to-everyone connection212

of both output states where coefficients has to be multiplied, which is shown on the213

fig. 4 on the right-top table. The right-middle table shows the same operation for the214
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state |00, 11; 00, 11⟩. As one can easily see those two input states (|11, 00; 11, 00⟩ and215

|00, 11; 00, 11⟩ produces the same output state list but with different coefficients which216

are the functions of relative phases: φ, γ. This is the crucial observation, because the217

coefficient for the same output state will add, hence measuring of the state will extract the218

differences of the phases, just like last Hadamard operation in QCoSamp. For example219

the state |00, 01; 10, 11⟩ (cell (1, 2) in mentioned tables, highlighted with yellow color),220

will have the coefficient: iei(−2γ+φ) − ie−iφ = ie−iφ(e−i2φ − 1).. The probability4 of221

obtaining this state will be equal to: ie−iφ(e−i2φ − 1) · −ieiφ(ei2φ − 1) = 2 − 2cos(2φ). So222

if we assume that x = 2φ we obtain the value of the QCoSamp component.223

On the mentioned figure in right-bottom table there are listed all probabilities5 that224

we obtain the state relative to given cell. We can see there that our setup in fact encodes225

five functions because the values repeats. One can extract any of such function and its226

sums, but for us the important cells are marked by yellow and green color.227

The remaining two states (|11, 00; 00, 11⟩, |00, 11; 11, 00⟩ will transform as follows:

|11, 11⟩ BS−→ −1
4
(
|20, 02⟩+ |02, 20⟩+ ei2φ|22, 00⟩+ ei2φ|00, 22⟩

)
. (17)

They will not add-up because they will obtain 2 in the crossed sections. Therefore, we228

cannot obtain the phases - the probability of obtaining them will be equal to 1
16 . Since229

there are 8 such states they will take 1
2 of the probability. We can omit them in our230

considerations and treat as a noise.231

The last question in out computation model is, how, in fact, is a qubit represented in232

our system. We can say that each pair (polarization, rail) represents qubit. However, there233

are two problems with such representation - we have to measure each photon separately,234

and there will be a huge number of photons that don’t represent qubits. Moreover235

there is no way to distinguish which photons are qubits and which not observing just236

one photon. It can be done by observing temporal coincidence of four photons. The237

correlated fours points the photon being qubits. Because of that, the other approach238

is more natural. We can use 4 dimension qudits, instead of qubit. We will call them239

ququartits6. The ququartit is represented by a number of time correlated photons in240

one rail. Therefore one ququartit can have one of values: |00⟩, |01⟩, |10⟩, |11⟩ or in short:241

|0⟩, |1⟩, |2⟩, |3⟩.242

In above representation we can observe just first and second ququartit. We sum-up243

the probability distribution obtained for this ququartits for the basis states: |01⟩, |02⟩ for244

the parameter φ and |31⟩, |32⟩ for the parameter γ.245

Now, if we apply the value of x to the top -left beam splitter, 2x to the top-right,
the value r to the bottom - left and s to the bottom right (see fig. 4, and the resulting
probability distributions will be multiplied by 4 we obtain the final function in the form:

µ(x) =
1 + cos(x + r)

2
+

1 + cos(2x + s)
2

. (18)

This function is the realization of QCoSamp made of two components.246

To conclude the method we have to indicate what part of the whole current is a247

single QCoSamp Component and the method of addition of two or more component.248

Well, because of the nature of our system the components are not clearly separated. We249

can say, with a rough approximation, that the beam splitters applied on the output of250

MOS with phase shifters on one output designates the separate components, since using251

the phases of phase shifters we change the argument of the component. The addition is252

realized by entanglement propagation made by rail cross application of beam splitters253

4 This is not normalized value, to obtain the proper probability one should account the normalization coefficients: 1
2 from two last equations and − 1

2
from the output state of MOS, which gives 1

16 normalization factor for probability. It was omitted in this considerations for simplicity.
5 ditto
6 Three dimension qudits are called: qutrits
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Using more non-linear units and crossing theirs output as was described above, one can254

construct the setups for more components.255

4. Discussion and Conclusions256

In current work we showed how to build an optical setup to create single component257

for QCoSamp operator and how to add two or more components to create a series258

described in our previous work [4]. Nonetheless the described setup offers more forms259

of an output. Looking once again on the table with probabilities (fig. 4 right-bottom260

table), we see that there are encoded other functions of x, r, s, e.g. 4cos2(x − y), when we261

measure first and third ququartit and we take the probability for basis states: |11⟩. This262

creates the opportunity to generate other forms of series that can be used for optimization263

algorithms.264

This work opens further researches in several areas:265

• The detection of temporal correlation of 4 and more photons in two polarization states.266

For the purpose of our setup there is a need of specific detection that will point the267

ququartits states. So for example the state |00⟩ has to be detected by observing the268

remaining part of the system. On the other hand the states with two photon on the269

same rail with the same polarization (e.g, |20⟩) has to be rejected, since we don’t270

use it for computations.271

• The implementation of distributed phase encoding [4,9], which is needed for imple-272

mentation of quantum algorithms like quantum summations [18] or optimization273

[19].274

• The implementation of amplitude amplification algorithm [10,11], which the core275

of optimization methods that can be applied in QCoSamp.276
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