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ability to perform multiple operations simultaneously [7–
12]. The generation of single photons via spontaneous para-
metric down-conversion (SPDC) has further expanded the 
potential of optical computing by enabling the integration 
of quantum states of light into computational frameworks 
[13–15]. SPDC provides a robust source of single photons 
with high purity and entanglement capabilities, making it 
an ideal candidate for realizing parallel optical computing 
systems with quantum-enhanced functionalities [16, 17] as 
explored in several tasks over recent years, including the 
creation of quantum algorithms [18–20], quantum cryptog-
raphy and quantum key distribution [21–24]. Also, the spa-
tial degree of freedom is utilized in ghost imaging [25–27], 
the creation of high-dimensional Hilbert space [28, 29], and 
other applications [30–32].

In this work, we present an optical computing architec-
ture that leverages single photons generated through SPDC 
to perform computational tasks. By exploiting the quantum 
properties of single photons and correlations between the 
signal and idler photons, it’s possible to achieve the simul-
taneous execution of multiple operations, offering a signifi-
cant advantage over classical computing approaches. For 
example, the integration of SPDC-based single photons into 

1  Introduction

The rapid growth of computational demands in fields such as 
artificial intelligence, cryptography, and large-scale simula-
tions has spurred the search for novel computing paradigms 
that transcend the limitations of classical electronic systems 
[1]. Optical computing, which uses photons as informa-
tion carriers, has emerged as a promising alternative due 
to its inherent advantages in speed, parallelism, and energy 
efficiency [2–6]. Among the various approaches to opti-
cal computing, parallel architectures that exploit the wave 
nature of light have received significant attention for their 
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Abstract
In this work, we demonstrate optical integration using heralded single photons and explore the influence of spatial correla-
tions between photons on this process. Specifically, we experimentally harness the transverse spatial degrees of freedom 
of light within an optical processing framework based on heralded single photons. The integration is performed over 
binary phase patterns encoded via a phase-only spatial light modulator, with polarization serving as an auxiliary degree 
of freedom. Our findings reveal a distinct contrast in how spatial correlations affect image analysis: spatially uncorrelated 
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here bears a strong conceptual and operational resemblance to the DQC1 (Deterministic Quantum Computation with One 
Qubit) model. This connection underscores the potential of our approach for quantum-enhanced information processing, 
even in regimes where entanglement is minimal or absent.
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optical circuits allows for the realization of highly parallel-
ized computations, with applications that include quantum 
simulation, optimization, and classical data processing [33, 
34].

Here, we experimentally investigate an optical process-
ing scheme based on the use of heralded single photons 
produced in SPDC, phase modulation with a spatial light 
modulator (SLM), and polarization-assisted phase-to-
amplitude conversion. We perform optical integration of 
binary functions and compare the performance of the sys-
tem for two types of SPDC spatial correlation engineering.

2  Experiment

Let us start by describing the experimental setup, illustrated 
in Fig. 1. It is designed to investigate the integration of 
single-photon spatial encoding, using coincidence detec-
tion to perform the optical computation. In the process, the 
idler photon is detected and heralds a single-photon state, 
populating a superposition of states with some angular spec-
trum. This photon is incident on an SLM and its wavefront 
is modulated, encoding a programmed binary function. The 
signal photon count rate is proportional to the integral of the 
binary function modulated on the SLM.

The laser source is a diode laser operating in continu-
ous wave at 405 nm. It pumps a BBO nonlinear crystal cut 
for type I phase matching, producing SPDC photon pairs 
emitted in a non-collinear configuration and degenerate 
in frequency. Signal and idler photons are collected using 
bandpass interference filters centered at 810 nm with a 10 
nm bandwidth.

The signal photon is sent through two optical systems: 
First, lens L1 realizes the optical Fourier Transform of the 
field on the crystal plane onto the plane of the SLM, where 

phase modulation takes place. Second, the plane of the 
SLM is imaged onto D1 detection plane. The idler photon 
is sent through an imaging system from the crystal to mirror 
M1. After reflection by M1, the idler beam goes through an 
imaging or Fourier transform lens system, depending on the 
optical processing configuration selected.

If imaging is selected, we have an overall imaging of 
the crystal plane onto the D2 idler detection plane and an 
overall Fourier transform of the crystal plane onto the D1 
signal detection plane. In this case, there will be no cor-
relation between the detection positions of signal and idler 
photons. However, if the Fourier transform lens system is 
chosen, there is an overall Fourier transform of the crystal 
plane onto detection planes D1 signal and D2 idler. In this 
case, there will be a correlation between the detection posi-
tions of signal and idler photons.

Our goal is to analyze the performance of the optical pro-
cessing scheme in these two configurations, spatially cor-
related and uncorrelated photon pairs. Both configurations 
impact the state preparation of the heralded single photon 
state and the performance of the processor.

3  Two-photon Quantum State and SPDC 
Spatial Correlations

In this section, we calculate the coincidence counting rate 
for signal and idler photons for the two experimental config-
urations we have explored and mentioned above: spatially 
correlated and uncorrelated photon pairs.

The quantum state of the light emitted in spontaneous 
parametric down conversion is often approximated by [35]:

|ψ⟩ =
ˆˆ

dq1dq2 Ψ(q1, q2)|q1⟩|q2⟩,� (1)

Fig. 1  Experimental setup for optical 
processing with single photons: A laser 
of 405 nm in CW regime pumps a type-II 
nonlinear crystal. The 810 nm SPDC pho-
tons are selected using a frequency filter. 
The signal photon passes through a phase-
to-amplitude modulation system composed 
of a sequence of optical elements; along 
this path, it experiences both a Fourier lens 
and an imaging system, and is detected 
at D1. The idler photon passes through 
an imaging system followed by another 
system that can be configured either as a 
Fourier lens or as an imaging setup, and is 
detected at D2
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where |q⟩ represents a single-photon state with transverse 
momentum q and indices 1 and 2 refer to signal and idler 
modes, respectively. The function

Ψ(q1, q2) = v(q1 + q2) γ(q1 − q2),� (2)

represents the biphoton joint amplitude, where v(q) denotes 
the normalized angular spectrum of the pump beam at the 
crystal’s exit plane, and γ(q1 − q2) is the phase-matching 
function.

The coincidence detection probability as a function of the 
transverse coordinates at the detection planes ρ1 and ρ2 is 
proportional to the function [35]

P (ρ1, ρ2) ∝ ⟨ψ|E†
1(ρ1)E†

2(ρ2)E1(ρ1)E2(ρ2)|ψ⟩,� (3)

where E(ρ) is the electric field operator at position ρ. For 
weak pump beam it is usual to associate a wave function Ψ 
to the two photon state so that P (ρ1, ρ2) = |Ψ(ρ1, ρ2)|2, 
and

Ψ(ρ1, ρ2) = ⟨0|E1(ρ1)E2(ρ2)|ψ⟩.� (4)

This approach is intuitive and provides a field-like represen-
tation for the two-photon coincidence probability distribu-
tion. The electric field operator is given by

E1(2)(ρ1(2)) =
ˆ

dq1(2) e−iq1(2).ρ1(2)a1(2)(q1(2)),� (5)

where the annihilation operator a1(2)(q1(2)) annihilates 
photons in the optical mode with transverse momentum 
component q1(2).

Using these operators in (4) we obtain the two-photon 
wave function:

Ψ(ρ1, ρ2) =
ˆˆ

dq1dq2 Ψ(q1 q2) e−iq1.ρ1 e−iq2.ρ2 , � (6)

If the crystal is thin enough so that the phase matching func-
tion is constant in the paraxial region γ(q) ∝ 1, then the 
wave function is

Ψ(ρ1, ρ2) =
ˆˆ

dq1dq2 v(q1 + q2) e−iq1.ρ1 e−iq2.ρ2 . � (7)

3.1  COR and UNC Configurations

Let us now apply (7) to our experimental system in two dif-
ferent configurations called COR and UNC, whose meaning 
will become clear later. The COR configuration corresponds 
to the experimental scheme where the idler beam is imaged 

onto mirror M1 and Fourier transformed from M1 to D2 
detection plane, while the signal beam is Fourier trans-
formed from the crystal plane to the SLM and then imaged 
to D1 detection plane. In this case, the wave function is 
given by:

Ψ(ρ1, ρ2) =
ˆˆ

dq1dq2 v(q1 + q2) A(q1)

× δ(q1 − ρ1) δ(q2 − ρ2).
� (8)

In this wavefunction, A(q1) represents the modulation by 
the SLM after the Fourier transforming operation imple-
mented by L1. δ(q1 − ρ1) represents the mapping of the 
momentum q1 at the source into position ρ1 at the SLM 
plane, which is imaged to D1 detection plane. δ(q2 − ρ2) 
represents the mapping of the momentum q2 onto position 
ρ2 realized by lenses L5 and L6.

Finally, we assume the plane wave approximation for the 
pump, which allows replacing v(q1 + q2) with δ(q1 + q2). 
Performing the integrations in q1 and q2 we obtain:

Ψ(ρ1, ρ2) = A(ρ1) δ(ρ1 + ρ2).� (9)

The coincidence counting rate is:

P (ρ1, ρ2) =
∣∣A(ρ1) δ(ρ1 + ρ2)

∣∣2
.� (10)

This result emphasizes the spatial correlations between sig-
nal and idler photons given by the delta function and justi-
fies the choice of the term COR for this configuration. We 
can also observe the effect of the SLM modulation given by 
A(ρ1).

For the UNC configuration, the wavefunction is given 
by:

Ψ(ρ1, ρ2) =
ˆˆ

dq1dq2 v(q1 + q2) A(q1)

× δ(q1 − ρ1) eiq2.ρ2 .

� (11)

Notice that the only difference from the previous case is the 
presence of the term eiq2.ρ2  instead of δ(q2 − ρ2). The rea-
son is that lenses L5 and L6 now form an imaging system 
from mirror M1 to detection plane D2. As a result, the crys-
tal plane is also imaged onto D2, and the mapping between 
momentum and position variables no longer occurs.

Using the plane wave approximation for the pump angu-
lar spectrum again and performing the integrals, we get

Ψ(ρ1, ρ2) = A(q1) e−i(ρ1−ρ2) ,� (12)

and the coincidence count rate is
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The intensity of the ĥ and v̂ polarization components can 
be measured with a polarizing beam splitter. Moreover, in 
the present work, we are interested in measuring the whole 
transverse distribution using a bucket detector:

Iĥ(v̂) = |E0|2
√

2
ˆ

R2
(1 ± cos[f(x, y)]) dxdy.� (17)

If we choose the modulation function to be 
f(x, y) = arccos[g(x, y)], the quantity T = Iĥ − Iv̂ gives 
the integral of g(x, y):

T ∝
ˆ

R2
g(x, y) dxdy.� (18)

In this section, we demonstrated that polarization can serve 
to convert phase modulations into amplitude modulations, 
enabling optical integration in a manner analogous to that 
described in Ref. [36]. It should be noted that this is a 
fully classical approach, for which the spatial correlations 
between the SPDC photon pairs are not yet relevant.

5  DQC1 and Spatial Correlations

Deterministic quantum computation with one qubit (DQC1) 
(see Fig. 2) is a method that allows the calculation of the 
trace of a normalized unitary matrix U. It only requires one 
qubit prepared as |+⟩ = 1√

2 (|0⟩ + |1⟩) and a maximally 
mixed state ρt. The unitary is conditionally applied to ρt 
and measuring the qubit provides the necessary information 
to calculate the trace of U.

In fact, Ref. [37] has shown that implementing DQC1 
using single-photon polarization to encode the qubit and 
spatial light modulation to perform the unitary U is the 
quantum analogue of classical optical integration with an 
SLM [36]. Therefore, the present experimental scheme can 
be interpreted both as a quantum optical integrator and as 
a photonic realization of DQC1. In the following, we sum-
marize the main ideas presented in Ref. [37].

We begin with a single photon with diagonal polariza-
tion representing the qubit |+⟩. The transverse mode of the 
photon should be evenly distributed over the SLM plane. In 
mathematical terms, it compares to the maximally mixed 
state

ρt = C
∑
i,j

|i, j⟩⟨i, j|,� (19)

P (ρ1, ρ2) =
∣∣A(ρ1)

∣∣2
.� (13)

This result shows that the coincidence count rate is indepen-
dent of the position ρ2 of detector D2, which justifies the 
term UNC. Nevertheless, the coincidence rate still depends 
on the SLM modulation function.

It is also important to note that the temporal correlation 
between the signal and idler photons is always present; oth-
erwise, coincidence detections would not be observed.

4  Polarization Assisted Optical Integrator

The phase-only SLM can be converted into an amplitude 
modulator for the purpose of binary encoding and reading. 
In order to realize this operation, we use the polarization 
of the incident light on the SLM and its technical charac-
teristic that it only modulates the horizontal polarization 
component.

After modulating the horizontal component and not the 
vertical, we can project the polarization state onto the diago-
nal polarization basis. This causes interference between the 
modulated and unmodulated components, and the result 
ranges from zero to a maximum value depending on the 
modulation phase.

This operation can be described by considering the case 
of a light field incident on the SLM that is constant in the 
transverse spatial plane, approximately like a plane wave. 
The polarization state is prepared in the linear diagonal state 
with the aid of a half-wave plate. Therefore, the field right 
before the SLM is given by:

E⃗in(x, y) = E0
ĥ + v̂√

2
,� (14)

where E0 is constant and ĥ (v̂) is a unit vector in the hori-
zontal (vertical) direction.

The SLM modulates only the horizontal ĥ component, 
and the field after modulation writes:

E⃗in(x, y) = E0
ĥeif(x,y) + v̂√

2
,� (15)

where f(x, y) is the modulation function.
After the SLM, the field propagates through a second 

half-wave plate, which rotates ĥ(v̂) vector to diagonal (anti-
diagonal) ĥ+v̂√

2 ( ĥ−v̂√
2 ). The rotated field is given by:

E⃗(x, y) = E0√
2

{[1 + eif(x,y)]ĥ − [1 − eif(x,y)]v̂}.� (16)
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pixels (ϕ = 0) and black pixels (ϕ = π). The integral of the 
binary function can then be retrieved using the expression 
N/2 × (1 + ⟨σx⟩), where N is the total number of pixels.

In summary, DQC1 computes the trace of a normalized 
unitary matrix through measurements on a single-photon 
state. This represents the quantum and discrete analogue 
of the optical integration described in the previous section: 
quantum, because it involves single-photon states; and dis-
crete, because it operates on discrete matrices.

An important remark here is that all other degrees of free-
dom of the photon are traced out, and only the polarization 
state is measured.

6  Result and Discussion

6.1  Integration of a Binary Function

We analyze the optical integration with heralded single pho-
tons and binary functions. The SLM is programmed with 
binary masks, meaning that “white” (W) cells apply phase 
0 and “black” (B) cells apply phase π. Therefore, the light 
reflected by a W cell is transmitted through the polarizing 
beam splitter (PBS) before the signal detector, and the light 
reflected by B cells is reflected by the PBS. The percentage 
of W and B cells is varied: 50/50%, 30/70% and 10/90%. 
For each percentage, the number of cells in the matrices is 
also varied. The SLM masks are displayed in Fig. 3.

Figure  4 shows the measurement results. 
C+(%) = C+/(C+ + C−), where C+ and C− are the 
coincidence rates at the transmission and reflection outputs 
of the PBS, respectively. In other words, the measured coin-
cidence rate is equal to the integral of the binary function, 
expressed as a percentage of W cells for C+(%) and B cells 
for C−(%).

The measurements are performed in two different 
arrangements. When the optical system L5/L6 implements 

where |i, j⟩ represents a single-photon state with transverse 
mode localized at the pixel position (i, j), and C is a normal-
ization constant.

A controlled operation S is implemented on the tranverse 
degrees of freedom using the SLM, which is capable of 
modulating only the horizontal component. We can describe 
such an operation as

S = |H⟩⟨H| ⊗ U + |V ⟩⟨V | ⊗ ⊮,� (20)

in which |H⟩ and |V ⟩ are the horizontal and vertical polar-
ization states, respectively, and

U =
∑
i,j

e−iϕij |i, j⟩⟨i, j|,� (21)

where ϕij  is the phase applied in the SLM’s cell (i, j). Note 
that U is a diagonal matrix with trace 

∑
i,j e−iϕij .

The polarization and spatial degrees of freedom of the 
modulated light are entangled, such that the reduced density 
matrix of the qubit, which is obtained by tracing out the spa-
tial degree of freedom, is given by [37]:

ρ = 1
2

(
1 C

∑
i,j e−iϕij

C
∑

i,j eiϕij 1

)
.� (22)

It is important to note that the sum of all SLM phase factors 
appears in the off-diagonal terms of the density matrix. Con-
sequently, the expectation values of the Pauli operators σx 
and σy for this state are given by ⟨σx⟩ = C

∑
i,j cos ϕij  and 

⟨σy⟩ = C
∑

i,j sin ϕij . Therefore, measuring both σx and 
σy provides direct access to Tr(U) =

∑
i,j e−iϕij .

For optical integration based on binary encoding, the 
phase ϕij  can only take the values 0 and π, as discussed 
in the next section. In this case, ⟨σy⟩ = 0, while ⟨σx⟩ is 
proportional to the difference between the number of white 

Fig. 2  Quantum circuit diagram 
for Deterministic Quantum 
Computation with one qubit. 
The Hadamard gate H acts on 
qubit |0⟩ producing the state 
|+⟩ = 1√

2
(|0⟩ + |1⟩), while 

the controlled operation U acts 
on the system represented by 
density matrix ρt
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imaging of mirror M1 onto D2 detector in the idler beam, 
we have no spatial correlations between signal and idler 
photons (UNC). From the perspective of the heralded single 
photon, the absence of correlations means that the transverse 
spatial degrees of freedom are traced out (circles). When L5
/L6 implements a Fourier Transform, we have spatially cor-
related signal and idler photons (COR). This means that the 
spatial degrees of freedom of the heralded single photon are 
not traced out (squares).

The three plots show that the results for the UNC case 
approach the percentage imprinted in the SLM, represented 
by the black line, better than the COR case. This means that 
the integration works better with UNC photons than with 
COR ones. At first sight, this result may seem surprising. 
However, this is expected when we analyze it from the 
DQC1 perspective: the UNC configuration traces out the 
spatial degrees of freedom and fits the DQC1 operation 
conditions.

6.2  Spatial Sampling Capability

In a second set of measurements, we evaluate the ability of 
the single-photon wave packet to sample the spatial modu-
lation at the SLM surface. The goal is to realize the remote 
state preparation of the heralded photon so that it is as 
transversely broad as possible, allowing a single photon to 
interact with the largest possible surface on the SLM. In this 
experiment, we do not use a matrix, but only a one-dimen-
sional encoding. The D1 detector is kept and in bulked 
detection, while D2 is displaced along the vertical direction 
with single slit (with aperture ∼ 0.3 mm), while the SLM is 
prepared with a binary mask consisting of alternating W and 
B stripes of 70 pixels each (∼0.56 mm).

Figure 5 shows the measurement results. The visibility 
is given by v = (C+ − C−)/(C+ + C−), where C+ (C−) 
is the coincidence counting rate at the W (B) output of the 
PBS. Negative visibility simply means that C− > C+. 
The results show that using the UNC configuration leads 

Fig. 5  Coincidence visibility as a function of 
D1 displacement for three measurement sets. 
The UNC cases A and B are measured by 
initially centering detector D1 (imaging plane) 
at exemplified points A and B of the modulated 
mask shown in b)

 

Fig. 4  Percentage coincidence counting rate C+, with error bars due 
to poissonian statistics, as a function of N, where N is the dimension 
of the modulated square matrix N × N  on the mask generated by the 
SLM (some examples are illustrated in Fig. 3). Each set of measure-
ments was taken with different proportions of white and black blocks: 
a) 50%/50%, b) 70%/30%, and c) 90%/10%

 

Fig. 3  Binary maps prepared in the SLM mask. White cells are groups 
of pixels of the SLM modulating with phase ϕ = 0. Black cells are 
groups of pixels of the SLM modulating with phase ϕ = π
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to nearly constant visibility as a function of the D2 vertical 
position. Each plot (circles and diamonds) corresponds to a 
different D1 vertical position. For the COR configuration, 
the visibility changes from a maximum positive to a maxi-
mum negative when D2 is scanned (triangles).

We interpret the results as an indication that the UNC 
configuration better approaches the goal of producing a 
broad heralded single photon than the COR configuration. 
The reason is that the change from positive to negative vis-
ibility shows that both W and B stripes interact with the 
photon wave packet on the SLM, while in the COR case, 
the wave packet only interacts with W in one instance or 
B in another. This result is also consistent with the better 
performance of the UNC case for the integration scheme 
presented previously.

We observe that the UNC regime performs better in 
capturing the global features of the modulated mask, even 
through detection region (limited by the slit in D1) is smaller 
than that individual stripes and even more to the length of 
the total modulated field. This behavior is evidenced by the 
relatively constant visibility observed in D1 displaced. In 
the ideal case, it would be possible to infer the ratio between 
white and black regions of the mask from a single coinci-
dence event. In contrast, under the COR regime, the system 
is able to capture the local features; however, the amount of 
information that can be extracted is limited by the size of the 
detection region.

7  Conclusion

In conclusion, we have performed an experimental inves-
tigation concerning the use of heralded single photons for 
optical processing through the transverse spatial degrees of 
freedom of light. We present two theoretical approaches that 
can be used to describe the system and compare the perfor-
mance for two types of heralding of the single photon state. 
In the COR configuration, the spatial correlations between 
the gating photon and the heralded one are preserved, while 
in the UNC configuration, they are canceled. Our results 
indicate that the UNC configuration is more useful for 
reading the information programmed on the SLM surface 
and performing the integration operation. These results are 
consistent with the interpretation of the scheme as a DQC1 
algorithm, where the trace over the spatial degrees of free-
dom of the photonic qubit is performed. These are the first 
steps toward optical processing in the quantum regime and 
using single-photon states to process large amounts of infor-
mation encoded in the transverse spatial degrees of freedom 
of light.
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