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Fig. 5. (left) Experimental g2(0) values vs heralding rate across
various pump repetition rates and (right) the zoomed version
of the box highlighted in the left figure. Error bars represent
standard deviation which is upto 10% of the corresponding
experimental values of g2(0).

respect to the fundamental input power in type-0 quasi phase
matching configuration. We have also investigated that how
SHG output changes at high pulse repetition rate. As the repeti-
tion rate decreases, the peak power increases leading to better
conversion efficiencies. We have reported the maximum SHG
conversion efficiency with this kind of waveguide till date.
In our experiment, we have successfully generated single pho-
tons at high rates using an all-fiber system with a PPLN waveg-
uide and a high-repetition-rate pulsed laser as the pump. In-
creasing the pump’s repetition rate can enhance single photon
rates, but it affects brightness, efficiency, autocorrelation func-
tions. Our research shows that using a high-repetition-rate pump
laser can achieve low g2(0)values, although it can compromise
brightness and efficiency, allowing customization for specific
applications. This work facilitates scaling up the SPDC pro-
cess in PPLN waveguides and simplifies integration due to the
fiber-based setup, eliminating complex alignments.
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Property Prepare and Measure QKD Entanglement QKD
Channel Fibre and Free-space Fibre and Free-space

Length (between 
nodes)

100km Can be more

Source Weak coherent pulses True quantum (SPDC)
Key rate at 50km In 10-100kbps In 5-50 kbps
Security of QKD Good Higher (entanglement distribution)
Type of Nodes Trusted (Secure) Nodes Can Lead to Trusted Node-free

Hacking Need countermeasures Even hacked source produces secure keys
Protocols DPS, BB84, COW E91, BBM92

Future Applications QKD QKD, Quantum Teleportation, Sensing, 
Absolute Metrology, Repeaters, etc.

55

QKD Protocols

BB84-type protocols BBM92-type protocols

• Party owning the entangled photon source can be malicious (untrusted) – Satellites!
• Distribution of entanglement important for many quantum technological applications

E. Wille et al., Free-Space Laser Communications XXXII, p. 21. (2020)
C. Bennett, G. Brassard, and N. Mermin, Physical review letters 68, 5 (1992)

Why focus on entanglement-based potocols? 



Fiber optic link distance: 100 km
Optical loss: 25-26 dB
Tx (Alice): Prayagraj
Rx (Bob): Vindhyanchal

DPS QKD demonstrations on commercial grade fiber
(Innovations in design and optimization of  parameters)

5

QBER: Less than 9%            
Sifted key rate: Up to 10 kbps

Intercity QKD for 100km fiber Trusted node free QKD for 380km fiber

11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15868  |  https://doi.org/10.1038/s41598-023-42445-y

www.nature.com/scientificreports/

replacing the current fiber with ultra-low loss (ULL) fiber having loss 0.15 dB per km, one can accomplish 0.11 
bits/s secure key rate at 432 km channel length.

Conclusion
In this work, we present a comprehensive model incorporating various sources of QBER in practical QKD 
systems similar to DPS QKD. We experimentally validate the outcomes of the theoretical model by performing 
one of the highest clock rate DPS QKD experiment so far (at 2.5 GHz) employing a portable FPGA for synchro-
nization. Thanks to the optimized parameters given by the model, QKD for fiber length of 265 km is achieved 
with a QBER of 2.36% and secure key rate of 193 bits/s. This successful demonstration paves a way for the 
straightforward implementation of the DPS QKD protocol with existing telecom infrastructure without specialty 
fibers and extending the scope for even higher clock rates in near future. The low QBER and its stability in this 
reported experiment makes the QKD link more tolerant against various environmental disturbances enabling 
for long time operation. The proposed theoretical model can be generalized to all those QKD protocol based 
practical systems that utilize coherent laser pulses, phase encoding, and Mach–Zehnder delay line interferometer 
leading to optimization of QKD systems using RRDPS, phase-based BB84, and COW protocol. This work also 
highlights that dispersion management using DCF is a compatible solution with the existing standard telecom 
system without needing dispersion-shifted fibers. By tuning the dark count rates of the detector, we show that the 
setup is capable of distributing secure keys for more than 380 km. This would significantly reduce the need for 
intermediate trusted nodes for such long distances, making the system more robust for ascertaining the security 
of QKD. This characterization method is a crucial step toward the commercial production of long distance secure 
practical QKD devices. This experiment motivates future developments enabling more than 432 km of secure key 
distribution with specialty low-loss fiber. With further development of high efficiency and low dark count single 
photon detectors, DPS QKD would be one of the top choices for metropolitan and intercity quantum networks.

Data availability
The data that support the findings of this study are available with the corresponding author upon reasonable 
request.
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Table 1.  Comparision of DPS QKD implementations. a data not available in the literature. b This work used 
dispersion-shifted fiber as the quantum channel. c The values show the performance at minimum dark count 
settings of detectors. The values in the parenthesis correspond to highest efficiency of the detectors.

Experiment Clock rate QBER Secure KR Channel length Year
Wang et al.28 2 GHz 3.45% N.A.a 260 km 2012
Diamanti et al.31 1 GHz 3.40% 166 bps 100 km 2006
Takesue et al.30 10 GHz > 4 % 12.1 bps 200 km 2007
Takesue et al.30 1 GHz > 2.3% 17 kbps 105 km 2007
Zhang et al.42 2 GHz 3% 1.3 Mbps 10 km 2009

Shibata et al.b33 1 GHz 2.93% 0.03 bps 336 km 2014

This workc 2.5 GHz 1.48% (2.36%) 0.11 bps (192.7 bps) 380 km (265 km) 2023

N. Pathak, S. Chaudhury, Sangeeta, B. Kanseri, 
Scientific Reports 13, 15868 (2023) 
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Entangled Photon Sources

Av. Visibility > 87%

Bell violation : 

S~2.60±0.02

NIR wavelength @810nm
Using PPKTP

All-guided wave @1550nm
Using PPLN

D2

1. Type 0 scheme    2. Type II scheme

Av. Visibility > 88%

Bell violation : 

S~2.61±0.05

Av. Visibility > 92%

Bell violation : 

S~2.71±0.03
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M1
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HWP
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Fibre entanglement distribution and QKD in lab

At Source

7

(b)(a)

(d)(c)

Figure 3: E↵ect of total channel length on various parameters is shown where the

horizontal green line represents the quantum-classical threshold. (a)Dependence of

entanglement visibility on fiber length. It is extended to show the dependence on a

large scale. The theoretical curves for 0.12 (solid cyan), 1(+ orange), 4(dashed magenta),

and 16(dotted green) times the obtained coincidence rates, CC, are shown, keeping the

visibility the same as in the experiment. (b) The e↵ect of channel length on raw and

corrected S parameters is shown with that on the secure key rate shown in the inset for

1 (solid yellow), 4 (dashed red), and 16 (dotted blue) times the CC. (c) and (d) shows

the visibility curves for 20 km and 50 km channel lengths, respectively.

The mean raw visibility for the four bases (H, D, V, A) was calculated and is

depicted in .Figure 3(a). We observe that, over shorter distances, the visibility remains

nearly constant, while the total coincidence rate decreases with increasing fiber length.

As predicted by Eq. (3), the visibility remains relatively stable at lower lengths, then

rapidly declines beyond a certain point, and ultimately approaches zero for very long

distances, as shown in Figure 3(a). To verify the trend, the experiment was repeated

at lower rates (0.12 times the original coincidence counts). This analytical model, given

by Eq. (3), corroborates the simulated trends reported by Bourgoin et al. [49]. The

experimental data in Figure 3(a) was fitted using Eq. (3). Notably, if an entangled

photon source with a coincidence count (CC) sixteen times higher than the current rate

would be employed, the visibility can remain above 70% for distances up to 200 km

which would be useful for intercity long distance communication.

50km 50km

Length
(km)

QBER 
%

Coin Rate (Ps) Secure KR 
(kbps)

0 3.29 31.1 k 10.51

20 2.58 10.56 k 3.45

50 2.77 3.10 k 1.43



Total length: 
Field: 7.8 km
Lab spool : ~10 km
Total Loss: -6.5dB + (-4.5dB)

Key rate achieved so far: 2kbps, QBER<3%

Field test of  entanglement-based fiber QKD
Underground fiber within IITD campus

Entanglement based QKD is compatible with field deployed 
telecom grade fiber

Lab fiber

Field Fiber

Nishant et al, Frontiers in optics (2024)
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Need to co-propagate signals through the same fiber 

Multiplexing of quantum and classical signals in same fiber:
Both signals pass through identical ambient conditions

Compensation of polarization and time delay fluctuations
High precision clock synchronization

Reduced infrastructure cost and increased bandwidth

Both quantum channels must be in C band for reduced losses and use 
of same off-the-shelf components
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Forward and Backward Raman Scattering in Fiber 
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model representing the entanglement and secure key rate degradation would help us
develop such technologies. Since polarization entanglement
has already been shown to have many applications, these
studies will guide several developments in the quantum
technology industry, ranging from MDI QKD, teleportation,
and sensing to computing.

In this work, polarization entangled photons are gener-
ated using type II spontaneous parametric downconversion
(SPDC). A novel analytical relation is presented to study the
impact of channel length and multiplexed quantum signal
on entanglement properties like visibility, Bell violation, and
secure key rate for QKD. The presented equations are verified
experimentally where we successfully distribute entangled
photons across 50 km of telecom fiber with a co-propagating
high power classical signal. The feasibility of simultaneous
propagation of polarization entangled photon pairs and
classical signals, both in the C band, are demonstrated
with classical powers su�cient for most popular modulation
protocols like BPSK, QPSK, and 16QAM.

This paper is organized in the following manner. Section
1 describes the theoretical background for generating secure
keys based on BBM92 protocol and presents an analytical
model to study the e�ect of channel length. This section
theoretically explains the behavior of spontaneous Raman
scattering in a fiber medium and its relation with entan-
glement properties. Section 2 describes the experimental
setup. In this section, our experimental finding on the
e�ect of channel length on entanglement quality, as indicated
by the Bell parameter and visibility, is reported. The
simultaneous propagation of quantum and classical signals
for the highest classical power possible is explored. Here, the
e�ect of classical power on the Bell parameter, Visibility, and
secure key rate for BBM92 protocol based on polarization-
entangled photons is reported. We justify our results by
giving analytical theoretical expressions for visibility and
secure key rates. Section 3 concludes the work by highlighting
the outcomes of this report.

1. Theoretical framework

In a typical setup to implement BBM92 QKD protocol, an
entangled photon source (Charlie) is located at the center, and
each photon is sent along two arms through a fiber channel
to Alice and Bob. A high visibility across bases at Alice and
Bob hints at the presence of entanglement. Direct estimation
of quantum bit error rate (QBER), Q from entanglement
visibility is commonly done as (44)

Q = 1 ≠ V

2 , [1]

where V is the entanglement visibility, defined as

V = Nc,max ≠ Nc,min

Nc,max + Nc,min
, [2]

where Nc,max and Nc,min represent the number of maximum
and minimum coincidence counts in a particular basis,
respectively. The Equation 2 is valid in the ideal case. In
practical scenarios, the visibility also has a noise component.
Considering Nacc as the number of accidental coincidences,
the e�ect of channel length can be introduced as follows.

With the increase in channel length, the coincidence counts
decrease exponentially due to losses in the fiber. The Nc,max

and Nc,min both reduce depending on the fiber attenuation
coe�cient, –, which is typically 0.2 dB/km for standard
telecom fibers. The factor that remains the same with length
is the coincidence due to ambient light and dark counts of
the detectors, Nacc. This should follow a Visibility,

V =
(Nc,max ≠ Nc,min)

(Nc,max + Nc,min) + 2Nacc/÷2 , [3]

where ÷ = 10≠–L/10 is the channel e�ciency, which is a
function of fiber length, and L is the length of fiber in one
arm. Note that in our analysis we assume symmetric fiber
length and loss coe�cients on both arms. For the case of
asymmetric losses, ÷

2 should be replaced by ÷a÷b, where the
subscript represents each arm.

The lower bound on the secure bit rate is given by

R Ø 1
2Nc[1 ≠ f(Q)H2(Q) ≠ H2(Q)], [4]

where Nc is the coincidence detection rate, f(Q) is the error
correction factor, and H2 is the binary entropy function
defined as,

H2(x) = ≠xlog2(x) ≠ (1 ≠ x)log2(1 ≠ x). [5]

The expression for channel length dependence on secure
key rate can be obtained from Equation 4 by substituting
Equation 3 in Equation 1 and using Nc = Nc,max,0÷

2 + Nacc,
where Nc,max,0 is the maxima of coincidence number at the
source.

When a classical signal is injected into the fiber, several
non-linear scattering occurs. Previously reported experiments
have shown that after 10 km, the Raman scattering is
the most dominant scattering that introduces noise in
the quantum channel(45), simultaneously propagating at a
di�erent wavelength. Raman scattering can span several
telecom channels with a spectral coverage of more than
200nm (34), which introduces noise in the quantum channel,
increasing QBER.

The spontaneous Raman noise contribution is given as,

Cco = P0z—(�‹)exp(≠–̄z)÷d
·

h‹
[6]

Ccounter = P0
2–

—(�‹)exp(≠–̄z)÷d
·

h‹
[7]

where P0 is the launched power, z is the fiber length,
–̄ is the average fiber attenuation coe�cient, —(�‹) is the
e�ective spontaneous Raman coe�cient at frequency shift of
�‹ between classical and quantum channel. ÷d is the e�ciency
of the detectors, · is the detection gate width, and h‹ is
the photon energy with frequency ‹. The value of Raman
coe�cients can be taken from (35). The co-propagating
Raman scattering increases with length up to a certain fiber
length (typically 10 km - 15 km) depending on the average
coe�cient –̄ and then decreases with distance. In contrast,
the counter-propagating scattering increases to a certain
distance and then saturates. It can be seen from Equations
6 and 7 that the counter-propagating scattering is generally
greater than the co-propagating case. Thus, co-propagating
classical signals should be used for multiplexed quantum-
classical communications for longer distances. The e�ect of
classical power on visibility (V) can be modified as,

V = Nc,max ≠ Nc,min

Nc,max + Nc,min + 2Nacc + 2A2P
2
0

, [8]

2 — www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX Pathak et al.

K. Patel et al, Appl. Phys. Lett. 104 (2014)

50km



Coexistence of  C Band Quantum & Classical Signals

SKR ~175bps for powers −20.0 dBm

S>2 for Pclassical ≈ -16.82 dBm

N. Pathak, A, Dulta, and B. Kanseri, Submitted (2024) 

Up to -12.2 dBm classical power can be 
propagated simultaneously with 

entanglement based QKD leading to 
multiple classical channels with standard 

internet traffic
21 dB higher than standard classical 

comm. power requirement



Motivation for using partial coherence 

“The detection probability of  the two-photon field is higher, and thus less susceptible to 
turbulence, if  the field is produced by a partially coherent pump beam.”

Qiu et al, Appl. Phys. B 108, 683 (2012), New Scientist, 9 June 2021

Application of  partially coherent (spatially) photons for free-space 
quantum communication and imaging/sensing

Gbur et al, J. Opt. Soc. Am. A 19, 1592 (2002), 

SPDC for quantum state generation

Pump

(s) signal

(i) idler

Partial coherence for resistance to losses



Partially-coherent optical beam

4

FIG. 2. (a) Scheme for generation of the polarization entan-
gled Bell sates using type-II SPDC. Half wave plate (HWP)
and Quarter wave plate (QWP) with proper setting in sig-
nal arm would generate any of the four Bell states. (b) The
spatial profile shows the intersection of signal and idler rings
where polarization entangled photons are obtained.

3. Pump beam considerations

The cross-spectral density for a Gaussian Schell model
partially spatially coherent pump with beam size �0, and
transverse correlation length lc in position basis is ex-
pressed as [37]

hV ⇤(r)V (r
0
)i / exp

n
� (r+ r

0
)2

8�2
0

o
exp

n
� (r� r

0
)2

2�2

o
,

(11)
where r and r

0
are the position vectors in the beam cross-

section, � is the e↵ective spectral width with 1
�2 = 1

l2c
+ 1

4�2
0

[37]. For a coherent beam, the transverse correlation
length is much larger than the beam size (lc >> �0). The
cross-spectral density in momentum basis is obtained by
the Fourier transformation of Eq. (11). We quantify
the degree of spatial coherence of pump beam using a
parameter A = �

2�0
, with 0  A  1, where 0 refers

to incoherence and 1 refers to complete coherence. The
variation of A with �0 and lc is plotted in Fig. 3. It is
apparent that for a particular value of transverse corre-
lation length, the small beam size would result in larger
spatial coherence compared to larger beam sizes and vice
versa. The maximum value of A is possible either for
infinite transverse correlation length (coherent case) or
for infinitesimal beam size (impractical). For a partic-
ular value of A, we can have various sets of beam sizes
and transverse correlation lengths chosen as per available
experimental conditions.

It can be noticed that after the integration of Eq.

(8) employing Eq. (11), the concurrence would depend
on three factors, beam size (�0), transverse correlation
length (lc) and crystal length (L). The dependence of
spatial coherence is introduced by the designated param-
eter A which interlinks the beam size and transverse cor-
relation length.

FIG. 3. Variation of A parameter (A = �
2�0

) with beam size

(�0) and transverse correlation length (lc) of the beam in 3-D
plot. The maximum value of A (A=1) is attained for small
beam size and large transverse correlation length.

B. Violation of CHSH inequality

This section comprises the test of local realism using
famous CHSH inequality [11] in polarization basis. This
well established test is derived from the Bell’s inequal-
ities, violation of which rules out the role of local hid-
den variables in quantum mechanics. This test is one
of the easiest ways to check non local correlations. The
requirement of minimum observables in this test o↵ers
the advantage to be used as an alternative method to
check quantum entanglement experimentally. The in-
equality states that a defined parameter S must lie be-
tween �2  S  2 in order to be categorized under clas-
sical domain (local and realistic). The parameter S in
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FIG. 2. (a) Scheme for generation of the polarization entan-
gled Bell sates using type-II SPDC. Half wave plate (HWP)
and Quarter wave plate (QWP) with proper setting in sig-
nal arm would generate any of the four Bell states. (b) The
spatial profile shows the intersection of signal and idler rings
where polarization entangled photons are obtained.

3. Pump beam considerations

The cross-spectral density for a Gaussian Schell model
partially spatially coherent pump with beam size �0, and
transverse correlation length lc in position basis is ex-
pressed as [37]
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[37]. For a coherent beam, the transverse correlation
length is much larger than the beam size (lc >> �0). The
cross-spectral density in momentum basis is obtained by
the Fourier transformation of Eq. (11). We quantify
the degree of spatial coherence of pump beam using a
parameter A = �

2�0
, with 0  A  1, where 0 refers

to incoherence and 1 refers to complete coherence. The
variation of A with �0 and lc is plotted in Fig. 3. It is
apparent that for a particular value of transverse corre-
lation length, the small beam size would result in larger
spatial coherence compared to larger beam sizes and vice
versa. The maximum value of A is possible either for
infinite transverse correlation length (coherent case) or
for infinitesimal beam size (impractical). For a partic-
ular value of A, we can have various sets of beam sizes
and transverse correlation lengths chosen as per available
experimental conditions.

It can be noticed that after the integration of Eq.

(8) employing Eq. (11), the concurrence would depend
on three factors, beam size (�0), transverse correlation
length (lc) and crystal length (L). The dependence of
spatial coherence is introduced by the designated param-
eter A which interlinks the beam size and transverse cor-
relation length.

FIG. 3. Variation of A parameter (A = �
2�0

) with beam size

(�0) and transverse correlation length (lc) of the beam in 3-D
plot. The maximum value of A (A=1) is attained for small
beam size and large transverse correlation length.
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Gaussian Schell Model pump beam (Spatial coherence)

0 ≤ DOC ≤ 1(Incoherent)           (Fully coherent)

Intermediate values of A refer to partial coherence

Applications of  optical coherence:
Astrophysics, optical communication, data encoding and transmission, 
imaging (optical coherence tomography), and microscopy, beam 
propagation in random media, beam shaping, quantum optics and 
information

Optical Coherence and Quantum Optics, L. Mandel and E. Wolf (1995)



Generation and characterization of  GSM pump beam 

RGGD: Rotating ground glass diffuser
GAF: Gaussian amplitude filter
DS: Double slit

P. Sharma, S. Rao and B. Kanseri, Physica Scripta 98, 65115 (2023)



B. Kanseri, H. Kumar, Optik 206, 163747 (2020)

0.40 ≤ DOC ≤ 0.830.20 ≤ DOP ≤ 0.98

Use of  van-Cittert Zernike theorem for DOC tunability

Variable DOC source 

Tunable polarization and partial coherence source



Experimental Results: Biphoton Profiles

Type I non-collinear

B. Kanseri and P. Sharma, JOSA B 45, 4815 (2020)
P. Sharma, S. Rao and B. Kanseri, Physica Scripta 98, 65115 (2023)
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Figure 3: Schematic to measure interference using double-slit in signal beam generated

from GSM pump.

function, pump envelope function and impulse response function from object to idler.

The term t(r) is the transfer function of the double-slit with slit width as a and slit

separation as d placed in the path of the generated beam. These terms are expressed

as [35]
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where �s is wavelength of signal with its wavevector defined by ks. The signal and idler

transverse wavevectors are represented by qs and qi, respectively, while z1 represents

the distance of the double-slit from the detector and z represents the distance of the

double-slit from the crystal. The electric field of the pump and the phase matching

function are denoted by Ep(qs + qi) and �(qs,qi) respectively. The interference is

calculated using the single-photon probability density. It is the probability of detecting

signal/idler without detecting the conjugate photon of the generated pair. The single-

photon probability density can be expressed as [36]
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We have considered the Gaussian Schell model beam of beam size w0 and transverse

correlation length lc with the expression for pump envelope function expressed in

momentum basis as [20]
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Figure 4: Experimental setup for the double-slit interference in photons generated using

non-collinear degenerate type-II SPDC with GSM pump beam. Notations: L5: lens;

DM: dichroic mirror; IF: interference filter; DS: double-slit. The dashed box represents

the Gaussian Schell model (GSM) pump beam.

generated partially spatially coherent pump beam is incident on type-II beta Barium

Figure 5: Intensity profile of interference fringes of photons captured using EMCCD

camera with variation in spatial coherence of pump (A). Markers with error bars

correspond to experimental data and solid lines are fitted theoretical curves.

Double-slit interference using signal beam of  single photons



Conditional probability distribution
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Figure 6: Plot of visibility of interference pattern of photons vs slit separation for

variation in spatial coherence of pump. Data points represent experimental observation

and solid lines correspond to the fitted theoretical curve.

Borate (BBO) crystal which generates down-converted photons represented by two cones

of orthogonal polarization. The pump beam is blocked using a dichroic mirror (DM).

The interference filter (IF) with a central wavelength at 810 nm with a bandwidth of

10 nm is used for the spectral selection of biphotons. The selection of the vertically

polarized signal beam for the double-slit interference is done by filtering the idler beam

from the output of type-II SPDC. This is done with the aid of a polarizer placed at 90�

with respect to the pass axis which separates the ordinary polarized beam (signal) from

the extraordinary beam (idler). The ordinary beam (signal) is then directed through

a double-slit of 0.15 mm slit width (a) placed before a 200 mm focal length lens (L5).

Using an electron-multiplying charge-coupled device (EMCCD) set in a photon counting

setting, 20000 images are accumulated with an exposure time of 20 ms to record the

interference pattern of the output beam. A zero point or reference point is designated

to a pixel position of the signal in the x direction. Image processing is used to extract

the intensity of each individual pixel in an image.

The experimentally observed intensity at each pixel is normalized and fitted with the

theory as shown in figure 5. This figure shows the interference pattern for various values

of pump spatial coherence with 0.25 mm slit separation (d). The intensity pattern of

Interference visibility 

Transfer for spatial coherence properties in SPDC process from pump 
to down converted photons

P. Sharma, S. Rao and B. Kanseri, Physica Scripta 98, 65115 (2023)

Demonstrates double-slit interference with single-photons is affected 
by partial spatial coherence of  photons



Effect of  partially coherent pump on Entanglement

2. Theoretical framework

2.1. Study of concurrence

The entanglement of formation (EoF) serves as a measure to quantify the entanglement. For any
arbitrary quantum state d, EoF is calculated by the relation [17]

⇢>� (d) = ⌘

⇣1 +
p

1 � ⇠
2

2

⌘
, (1)

with ⌘(0) = �0;>62 (0)� (1�0);>62 (1�0) and the concurrence is defined as⇠ = <0G{0,p41�p
42 �

p
43 �

p
44}. In this relation, 4<’s are eigenvalues of (dfH ⌦ fHd

⇤
fH ⌦ fH) in descending

order with fH being the Pauli matrix. Concurrence is related to entanglement of formation
through Eq. (1) and is itself a measure of entanglement. The value of concurrence varies from
unity (maximally entangled states) to zero (separable states). Concurrence of any pure state | i
can be calculated using the relation [17]

⇠ =
��h ⇤ |fH ⌦ fH | i

��
. (2)

The concurrence for an arbitrary two qubit state | i = 200 |00i + 201 |01i + 210 |10i + 211 |11i
thus reduces to ⇠ = 2 |200211 � 201210 | [18]. In the following, the theoretical treatment for the
quantification of polarization entanglement is carried out for the biphoton state generated in
non-collinear SPDC processes using paired type-I crystals.

2.1.1. Paired crystal using type-I SPDC

Let us consider that the polarization entangled state is generated through the SPDC process, on the
interaction of partially coherent pump beam propagating in the z-direction with a paired negative
uniaxial crystal (optic axis of both crystals orthogonal to each other) cut for non-collinear type-I
phase matching, as shown in Fig. 1. The pump beam is 45� linearly polarized, whose horizontal
and vertical component acts as an extraordinary pump in the respective crystals and results in
the generation of ordinary biphotons from both the crystals. The biphotons are polarization
entangled in the complete ring of the spatial profile as shown in Fig. 1(b). The output state
generated in above mentioned configuration is given by [27]

|ki� =
1p
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π
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(3)

The notations k?, l?; kB, lB, and k8 , l8 represent the wavevectors and angular frequencies
of pump, signal, and idler, respectively with the transverse wavevectors designated as k?

B
, k?

8

for signal and idler. � and + represent horizontal and vertical polarization, respectively. The
biphoton modefunction at the output of the concatenated scheme comprises contributions from
biphotons generated from both the crystals. The first part is modefunction �1 (lB ,l8 , k?

B
, k?

8
),

which constitutes the generation of biphotons along with spatial walk-o� of extraordinary pump
in the first crystal, and their spatial walk-o� on propagation through second crystal (owing to
orthogonal alignment of optic axis in the second crystal, biphotons would be extraordinary
polarized). The second part is modefunction �2 (lB ,l8 , k?

B
, k?

8
) due to the biphotons generated

in second crystal by extraordinary pump, which would not experience any spatial walk-o� because
of ordinary polarization. These modefunctions are expressed as
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Concurrence

No ap.

0.005 mm

0.5mm

1mm

PS, NKP and BK, Results in Physics 27, 104506 (2021)

Paired BBO crystal

Entanglement enhanced partially coherent Qubit



Entanglement Recovery in Partially Coherent Qubits

Multiple spatial-mode entanglement generation and single mode detection

SR, PS, and BK, Optics Letters 49, 1381-84 (2024)
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Coherence width
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transverse size and coherence width

in ghost-interference experiments
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Ghost interference is experimentally investigated by varying the pseudothermal light source’s transverse
size and coherence width. Our results show that by increasing the transverse size of the source the quality
of the interference pattern is improved, while the visibility is reduced. On the other hand, by increasing the
coherence width of the source, the visibility of the interference pattern is improved, while the quality is re-
duced. These experimental results corroborate previous theoretical results. © 2009 Optical Society of
America

OCIS codes: 030.0030, 110.1650.

Interference patterns can be attained in fourth-order
correlation measurements by using two spatially cor-
related light beams and placing an object in only one
of the beams. This effect is referred as ghost interfer-
ence, and it was first demonstrated using twin pho-
tons from spontaneous parametric downconversion
[1,2]. The observation of this effect was initially at-
tributed to quantum correlations associated with en-
tanglement in the transverse wavevectors of the twin
photons [3]. Recently, it was demonstrated that quan-
tum correlations were not necessary when a similar
effect was observed with a pseudothermal light
source possessing classical correlations [4–9]. Even
the so-called nonlocal ghost interference experiment
using twin photons [10] has been reproduced with
classical light [11]. However, the visibility of the
ghost-interference pattern using classical light is lim-
ited owing to the presence of an intrinsic background
in the second-order correlation function. The observa-
tion of ghost interference with classical light is un-
derstood as a consequence of the transverse wavevec-
tor correlations in a pseudothermal light source [12],
which are well known since the experiments of
Brown and Twiss [13–15].

The influence of pseudothermal light source’s prop-
erties on the ghost-interference patterns has been ex-
perimentally and theoretically investigated consider-
ing the coherence width of the light source [8,9], in
particular its influence on the signal-to-noise ratio or
visibility. However, the effects of both the source’s
transverse size !I and the coherence width !g were
not systematically investigated. Recently, Cai and
Zhu [16] theoretically addressed this issue, predict-
ing that the quality and visibility of the ghost-
interference pattern are determined by the param-
eters !I and !g. The quality of fringes gets better by
increasing !I or decreasing !g, while the visibility
gets worse by increasing !I or decreasing !g. In this
Letter, we experimentally studied the effects of the
parameters !I and !g on quality and visibility of
ghost-interference fringes, confirming the previously
reported theoretical results [16].

Following along the lines of [16], let us consider
two classically correlated beams from a pseudother-
mal light source, obeying Gaussian statistics, and an
object (for example, a double-slit) placed in the path
of one beam. The fourth-order correlation function is
given by

G!2"!u1,u2" = #E!u1"E!u2"E*!u1"E*!u2"$

= #I!u1"$#I!u2"$ + %"!u1,u2"%2, !1"

where u1 and u2 are one-dimensional spatial coordi-
nates at the detection plane and E!u1" and E!u2" are
the electric fields. In Eq. (1), #I!u1"$#I!u2"$ corre-
sponds to a background term in the second-order cor-
relation function and %"!u1 ,u2"%2 carries information
about any object present in the beam paths. In terms
of electric fields from the pseudothermal light source
E!x1" and E!x2" and the object response function
h!x1 ,u1", we can write "!u1 ,u2" as [16]

"!u1,u2" = &
−#

+# &
−#

+#

#E!x1"E*!x2"$

$h!x1,u1"h*!x2,u2"dx1dx2, !2"

where x1 and x2 are one-dimensional spatial coordi-
nates at the object and are parallel to u1 and u2, re-
spectively. h!x2 ,u2" represents the free-space re-
sponse function. Considering the Gaussian Schell
model, the second-order correlation function can be
written as [17]

#E!x1"E*!x2"$ = G0 exp'−
x1

2 + x2
2

4!I
2 −

!x1 − x2"2

2!g
2 ( . !3"

The result presented in Eq. (1) shows that a double-
slit interference pattern can be observed in the
second-order correlation function [16] if a double slit
is placed in one beam path. Following the definition
presented in [16], the visibility of the fourth-order in-
terference pattern is given by
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−#

+# &
−#

+#

#E!x1"E*!x2"$

$h!x1,u1"h*!x2,u2"dx1dx2, !2"

where x1 and x2 are one-dimensional spatial coordi-
nates at the object and are parallel to u1 and u2, re-
spectively. h!x2 ,u2" represents the free-space re-
sponse function. Considering the Gaussian Schell
model, the second-order correlation function can be
written as [17]

#E!x1"E*!x2"$ = G0 exp'−
x1

2 + x2
2

4!I
2 −

!x1 − x2"2

2!g
2 ( . !3"

The result presented in Eq. (1) shows that a double-
slit interference pattern can be observed in the
second-order correlation function [16] if a double slit
is placed in one beam path. Following the definition
presented in [16], the visibility of the fourth-order in-
terference pattern is given by

1450 OPTICS LETTERS / Vol. 34, No. 9 / May 1, 2009

0146-9592/09/091450-3/$15.00 © 2009 Optical Society of America

V =
!!max"u1 = 0,u2#!2

Gmax
"2# "u1 = 0,u2#

, "4#

and the quality of the fourth-order interference pat-
tern corresponds to the resolution that can be
achieved using a pseudothermal light source.

Let us now experimentally investigate the effects
of the pseudothermal light source’s transverse size
and coherence width in a ghost-interference pattern
formation. The experimental setup is shown in Fig. 1.
A pseudothermal light source [18] was built using an
Argon ion laser, operating at 514 nm, passing
through a rotating ground-glass disk D. Two lenses
L1 and L2, in a confocal configuration, control the
light beam’s transverse size. BS1 and BS2 are 50/50
nonpolarizing beam splitters. In BS1, the light beam
is split in reference R and test T beam. A Young
double slit was aligned along the path of the test
beam to BS2, and the reference beam freely propa-
gated to BS2. After BS2, the test and reference beams
were focused by a 190 mm focal length lens L3. This
lens adjusted the spot size of the beams in a CCD
camera. The measurements consisted in acquiring
images of the reference and test beams and convert-
ing them to a pair of 200"200 matrices, correspond-
ing to the intensity distribution in the transverse
plane. Images were captured at intervals of 200 ms
with a 100 #s CCD camera exposure time. The
ground-glass disk was rotated at 0.05 Hz to avoid the
influence of temporal correlations of the light source,
whose coherence time was of the order of 170 #s. The
one-dimensional intensity correlation was numeri-
cally calculated using the images of the beams’ inten-
sities for each shot of the CCD camera. This proce-
dure was repeated 200 times, and an average
intensity correlation function was obtained.

First, we have investigated the effect of the trans-
verse size of the light source $I by changing the focal
length of L1, keeping the confocal configuration,
while $g is fixed. This procedure does not change the

transverse coherence width of light source. The in-
tensity correlation was calculated for different values
of $I, and the results are shown in Fig. 2(a). As we
can see, when $I increases, the resolution [5] or qual-
ity [16] of the interference fringes gets better while
the visibility V gets worse. The improvement of the
interference pattern quality can be noted by a better
resolution of the maxima and minima. For a fixed
value of the focal length of L1, we have investigated
the effect of the source’s transverse coherence width
$g. Using distinct ground-glass disks with different
random groove densities, we generated pseudother-
mal light with different $g. Therefore the transverse
intensity distribution emerging from the disk pre-
sents different speckle sizes for a fixed source size.
The intensity correlation was calculated for each $g.
The experimental results are shown in Fig. 2(b).
From these results, we observe that when $g in-
creases, the resolution of the interference fringes gets
worse and the visibility V gets better. The experimen-
tal results shown in Fig. 2 corroborate the theoretical
model presented in [16], demonstrating that the
ghost-interference pattern depends on the param-
eters of the pseudothermal light source, namely,
transverse size and coherence width. The two sets of
measurements can be used to find proper $g and $I
parameters to perform ghost interference of a given

Fig. 1. (Color online) Experimental setup: S, pseudother-
mal light source; M1 and M2, mirrors; DS, a double slit with
a 148 #m slit width and a slit separation equal to 324 #m.

Fig. 2. Normalized intensity correlation for different
pseudothermal light source’s (a) transverse size and (b) co-
herence width: In (a) $g=29.5 #m, (b) $I=3.56 mm. The
solid curves are theoretical curves based on the theory from
[16].
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Ghost interference with partially coherent radiation sources is studied using optical coherence theory. The
visibility of the ghost interference fringes is strongly inf luenced by the transverse size and transverse coher-
ence width of the source. An increase of the transverse source size leads to a decrease of the fringes’ visibility.
An increase of the transverse coherence results in an increase of the visibility. The difference between ghost
interference formed with entangled photon pairs and with partially coherent light is discussed. © 2004 Op-
tical Society of America
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Ghost imaging and interference1 – 6 were f irst realized
in an experiment using entangled photon pairs in
1995.1,2 The term “ghost” comes from the fact that
an object in one path produces an image in another
path in the measurement of coincident counting rates.
This effect has great potential applications in quantum
metrology, lithography, and holography.7 – 10 Recently
there has been discussion about whether ghost imag-
ing and interference can be achieved with classical
light.11 –13 Bennink et al. presented their classical
ghost imaging and interference experiments using
classical coherent light.12,13 Gatti et al. theoretically
studied ghost imaging with incoherent radiation,
using quantum theory with a particular path configu-
ration.14 More recently, Cheng and Han studied
incoherent coincidence diffraction by use of classical
theory,15 where in fact the visibility is zero. In this
Letter we study ghost interference with partially
coherent radiation by use of classical optical coherence
theory and the inf luences of the transverse size and
the coherent width of the radiation source on the
visibility and quality of the interference fringes.

The scheme for ghost interference is shown in Fig. 1.
Partially coherent radiation first propagates through
a beam splitter, then propagates through paths one
and two to detectors one and two, respectively. Be-
tween the beam splitter and detector one, there is a
double-slit aperture with slit width a and slit sepa-
ration d. Path two is a free space. The coincident
counting rate is proportional to the fourth-order corre-
lation function, G!2"!u1, u2".

By use of optical coherence theory we can obtain the
fourth-order correlation function between the detectors
in one dimension16:

G !2"!u1,u2" ! #E!u1"E!u2"E!!u2"E!!u1"$

! #I !u1"$ #I !u2"$ 1 jG!u1,u2"j2, (1)
where

#I !ui"$ !
Z `

2`

Z `

2`
hi!x1,ui"hi

!!x2,ui"

3 #Es!x1"Es
!!x2"$dx1dx2 , i ! 1, 2 , (2)

G!u1,u2" !
Z `

2`

Z `

2`
#Es!x1"Es

!!x2"$

3 h1!x1,u1"h2
!!x2,u2"dx1dx2 , (3)

h1!x1,u1" and h2!x2,u2" are the response functions of
the two paths, #I !ui"$ is the intensity at the ith detec-
tor depending on the ith path only, and G!u1,u2" is the
second-order cross-correlation function at two differ-
ent points depending on both paths. #Es!x1"Es

!!x2"$
is the second-order correlation in the source plane. In
Eqs. (1)–(3) the source f ield f luctuations have been as-
sumed to be a Gaussian random process and to obey
Gaussian statistics, and the conditions of linear shift
invariance and paraxial regime are satisfied.

With the help of Collins’s integral formula,17 the
response functions of paths one and two can be ex-
pressed as

h1!u1,x1" !
µ

2
1

l2z1z2

∂1%2 Z `

2`
exp

∑

2
ip
lz1

!x1
2 2 2x1v1

1v12"
∏

H !v1"exp
∑

2
ip
lz2

!v12 2 2v1u1 1 u1
2"

∏

dv1 , (4)

h2!u2,x2" !
µ

2
i

lz

∂1%2
exp

∑

2
ip
lz

!x2
2 2 2x2u2 1 u2

2"
∏

,

(5)
where H !v" is the transmission function of the double
slits [H !v" ! 1 within the slit width and 0 otherwise].

We consider a typical partially coherent radiation
source, a partially coherent Gaussian–Schell model
(GSM) source, where Gaussian random processes and
a finite surface size of the source are assumed. The
second-order correlation function in the GSM source

Fig. 1. Scheme for ghost interference with partially coher-
ent radiation.
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FIG. 1. Interference pattern of the nonlocal double slit with partially spatially coherent qubits for di↵erent degree of spatial
coherence, red, A = 0.99;green, A = 0.65; purple, A = 0.4; blue, A = 0.1. The single wire width a = 100µm with di↵erent silt
width b. (a) for b = 0.2mm; (b) for b = 0.4mm; (c) for b = 0.6mm; and (d) for b = 0.8mm.

position of u1 = 0and u2 (scanning) described by the
fourth-order correlation function. The two-photon coin-
cidence probability for any given arbitrary quantum state
of light is proportional to the intensity correlation func-
tion, which is provided by by[41] The cross-spectral den-
sity in momentum basis for a GSM pump beam is char-
acterized by the transverse correlation length lc, beam
size �0 and the e↵ective spectral width � at the crystal
plane. In the provided equations, the functions h1(u1, r1)
and h⇤

2(u2, r2) denote the response function for the two
optical paths, taking on the following forms

h1(x,x0) =
1

�2zz1

Z Z
exp

h�◆k

2z
(x1 � x0)

2
i

⇥ exp
h�◆k
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i
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(7)
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coherence, red, A = 0.99;green, A = 0.65; purple, A = 0.4; blue, A = 0.1. The single wire width a = 100µm with di↵erent silt
width b. (a) for b = 0.2mm; (b) for b = 0.4mm; (c) for b = 0.6mm; and (d) for b = 0.8mm.
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providing a versatile platform for studying interference
form a nonlocal double slit. For the detection part, we
have used a single electron multiplying charge coupler
device (EMCCD). By observing the camera plane, we
can select the aperture positions at the correlation
points in the spatial profile. This setup will simplify the
scheme and also allow the capture of multiple modes
in single-shot measurement. By varying the degree of
spatial coherence of the GSM pump, we can explore how
changes in coherence a↵ect the resulting interference
pattern formed from the coincidence measurement. This
investigation is crucial for understanding the interplay
between visibility and quality in interference patterns,
as well as the potential applications of partially coherent
spatially entangled photons in various fields, such as
quantum metrology, Quantum sensing, and communica-
tion technologies[39, 40].

The structure of the paper is organized as follows:
In section II we discussed the theoretical framework to

study the e↵ect of spatial correlation of partially coher-
ent qubits generated with a GSM pump on the nonlocal
double-slit interference pattern. We derived the cross-
spectral density function of the partially coherent qubits
at the detection plane after scattering through the two
separated apertures. In section III we discussed the gen-
eration and characterization of a partially spatially co-
herent pump and outlined the experimental scheme for
the nonlocal double-slit interference using the partially
spatially coherent qubits. Section IV includes the results
and discussion, focusing on the impact of partial coher-
ence of the spatially correlated qubits on the quality and
visibility of the interference pattern. Finally, Section V
concludes the study.

II. THEORETICAL FRAMEWORK

The scheme for nonlocal quantum double- slit inter-
ference with partially coherent qubits is shown in Fig.
1. GSM beam is used to pump a type-2 nonlinear crys-
tal. The aperture A1 in the signal beam and A2 in the
idler beam are illuminated by the partially spatially cor-
related photons and coincidence detection between the
two detectors could form a nonlocal double slit interfer-
ence pattern. The quantum state generated by SPDC
process using a GSM beam is given by

| i =
ZZ

dxidxs�(xi, xs)a
+
1 (xi)a

+
2 (xs)|0, 0i (1)

Here, �(xi, xs) is the transverse profile of the twin beam
with |0, 0i is the vacuum state. Creation and annihi-
lation operator is given by a+ and a. The two-photon
wave packets for idler and signal photons of orthogonal
polarization have been generated in non-collinear type-II
SPDC configuration with the pump modeled as a Gaus-
sian Schell model beam. A = �

2�0
designates the pump’s

degree of spatial coherence. � is the e↵ective spectral

FIG. 1. Scheme for nonlocal interference with partially co-
herent qubits

width, which is defined as � =

r
1/

⇣
1
l2c
+ 1

4�2
0

⌘
and beam

size is �0) [18]. Spatially incoherent beams have a value
of A of 0; fully spatially coherent beams have a value
of 1; partially coherent beams have intermediate values
between 0 and 1.

The coincidence rate expression used to express the
distribution of these transmitted idler and signal photons
aimed at the camera is given by[41, 42].

Rsi(✓s, ✓i, rs, ri) = C1C2W
2((⇢s1, ⇢i1, ⇢s2, ⇢i2, ✓s, ✓i, z)

+ C2
1S

(2)((⇢s1, ⇢i1, ✓s, ✓i, z)

+ C2
2S

(2)((⇢s2, ⇢i2, ✓s, ✓i, z) + c.c
(2)

Here, C1 and C2 are constant and depend on the e�cien-
cies of the detectors, with

W (2)(u1, u2)

=

Z Z
Tr

h
 ̂Ê�

s1(~⇢, z)Ê
�
i1(~⇢, z)Ê

+
s2(~⇢, z)Ê

+
i2(~⇢, z)

i

⇥ h1(u1, r1)h
⇤
2(u2, r2)dr1dr2

(3)

is the two-photon cross-spectral density (CSD) function
at the detection plane with  ̂ be density matrix of SPDC
state. The resultant electric field operator using paraxial
approximation written as [42]

Ê+(~⇢, z) = exp(◆kjz)

Z
dqj â✓j ,~qj exp

⇣
◆(~q.~⇢�

~q2j
2kj

z)
⌘
.

(4)
Here, ◆ represents imaginary part, â(✓j ,~qj) denotes the
annihilation operator for the mode with a polarization
state at angle ✓j with respect to the x-axis and transverse
wave vector ~qj , ~q and ~⇢ are the transverse components
of momentum k and position ~r. S(2)((⇢s1, ⇢i1, ✓s, ✓i, z)
and S(2)((⇢s2, ⇢i2, ✓s, ✓i, z) are the two-photon analogs of
the spectral density function based on the second-order
coherence theory. The cross-spectral density function
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FIG. 4. Plot of normalized coincidence count vs pixel position at aperture A1 side of the detector by fixing the pixel position
of the A2 .

FIG. 5. Normalized visibility vs degree of spatial coherence
for fixed transverse coherence length and beam width

turbulent medium[27, 53]. In the interference from
a nonlocal double slit with partially coherent qubits,
the signal photon passes through the single slit and
falls on the screen. The presence of the wire near
the slit alters the conditions, leading to distinctive
patterns that can be analyzed to reveal the nonlocal
properties of the quantum state. The coincidence rate is
calculated as a function of the marked positions. This
experimental setup allows for investigating the quantum
correlations inherent in the spatially correlated photon
pairs produced through SPDC pumped with GSM
beam, contributing to a deeper understanding of the
nonlocal nature of quantum states and their potential
applications in quantum imaging and sensing.

Fig.4 shows the plot of the normalized coincidence
count with the translation in pixel position of the one
side where aperture A1 is placed while the other pixel
position is fixed[50, 54]. The quality of interference
fringes improves with the decrease in the spatial coher-
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FIG. 2. Experimental setup for generating spatially entangled photons using Gaussian Schell model (GSM) beam.
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To reconstruct the double-slit type pattern,
forth-order correlation measurements from two detectors
are conducted by scanning the detector in the transverse
direction.

The visibility of two-photon interference is given by

V =
Rsi(u1, u2)max �Rsi(u1, u2)min

Rsi(u1, u2)max +Rsi(u1, u2)min
(10)

Visibility will be a function of both source size and co-
herence length. It decreases as beam size increases but
increases monotonically as transverse coherence length
increases. Figure 1 displays the plot of the normalized
cross-spectral density function of a two-photon partially
coherent beam at the detection plane, with one side of the
detection translating while the other side remains fixed.
In these plots, we varied the single slit width while keep-
ing the wire width fixed at b = 100µm. The increase in
single slit width leads to more visible fringes in the same
total width of the pattern, and our results indicate that
as the degree of spatial coherence of the pump decreases,
the resolution of the fringes improves and thus making
them more finely detailed.

III. EXPERIMENT

The experimental setup for generating and character-
izing the partially spatially coherent pump is depicted

in Fig.2. The initial laser beam with a wavelength of
405nm is directed through lens L1 having a focal length
of 40mm, which focuses the beam onto the RGGD. The
RGGD serves to scatter the light, thereby creating an
incoherent beam. The degree of coherence can be con-
trolled by adjusting the position of L1, which in turn
a↵ects the spot size on the di↵user. Owing to the van
Cittert-Zernike theorem, a partially coherent beam is ob-
tained using the ground glass di↵user at the back focal
plane of a lens L2 with a focal length of 150mm. The out-
put collimated light is a partially coherent beam whose
spatial coherence varies with the spot size of the beam at
the di↵user. The partially coherent beam is then passed
through a Gaussian amplitude filter (GAF), and a Gaus-
sian Schell model beam is formed. Using this setup the
visibility of fringes for four double slits with slit width
be 0.15mm and slit separation 0.25mm, 0.5mm, 0.75mm
and 1mm is calculated equation with the expression

Visibility = |�(r1, r2, ⌧)| =
���2J1(⌫)

⌫

���, where �(r1, r2, ⌧) is

the degree of spatial coherence, ⌫ = kpd12as

f with kp = 2⇡
�p

as wavevector of the beam, d12 is distance between two
points, as is beam radius at surface of di↵user and f is
focal length of lens L.
After calculating the visibility, we fitted it with the

theoretical equation and by fitting, we estimated the spot
size at the di↵user with the translation of the di↵user
and thus calculated the transverse correlation length
lc =

3.832f
kpas

. We created a partially coherent source with

a tunable degree of coherence ranging from A = 0.76 to
A = 0.2 by varying the spot size at the di↵user. The
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RGGD serves to scatter the light, thereby creating an
incoherent beam. The degree of coherence can be con-
trolled by adjusting the position of L1, which in turn
a↵ects the spot size on the di↵user. Owing to the van
Cittert-Zernike theorem, a partially coherent beam is ob-
tained using the ground glass di↵user at the back focal
plane of a lens L2 with a focal length of 150mm. The out-
put collimated light is a partially coherent beam whose
spatial coherence varies with the spot size of the beam at
the di↵user. The partially coherent beam is then passed
through a Gaussian amplitude filter (GAF), and a Gaus-
sian Schell model beam is formed. Using this setup the
visibility of fringes for four double slits with slit width
be 0.15mm and slit separation 0.25mm, 0.5mm, 0.75mm
and 1mm is calculated equation with the expression

Visibility = |�(r1, r2, ⌧)| =
���2J1(⌫)

⌫

���, where �(r1, r2, ⌧) is

the degree of spatial coherence, ⌫ = kpd12as

f with kp = 2⇡
�p

as wavevector of the beam, d12 is distance between two
points, as is beam radius at surface of di↵user and f is
focal length of lens L.
After calculating the visibility, we fitted it with the

theoretical equation and by fitting, we estimated the spot
size at the di↵user with the translation of the di↵user
and thus calculated the transverse correlation length
lc =

3.832f
kpas

. We created a partially coherent source with

a tunable degree of coherence ranging from A = 0.76 to
A = 0.2 by varying the spot size at the di↵user. The
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providing a versatile platform for studying interference
form a nonlocal double slit. For the detection part, we
have used a single electron multiplying charge coupler
device (EMCCD). By observing the camera plane, we
can select the aperture positions at the correlation
points in the spatial profile. This setup will simplify the
scheme and also allow the capture of multiple modes
in single-shot measurement. By varying the degree of
spatial coherence of the GSM pump, we can explore how
changes in coherence a↵ect the resulting interference
pattern formed from the coincidence measurement. This
investigation is crucial for understanding the interplay
between visibility and quality in interference patterns,
as well as the potential applications of partially coherent
spatially entangled photons in various fields, such as
quantum metrology, Quantum sensing, and communica-
tion technologies[39, 40].

The structure of the paper is organized as follows:
In section II we discussed the theoretical framework to

study the e↵ect of spatial correlation of partially coher-
ent qubits generated with a GSM pump on the nonlocal
double-slit interference pattern. We derived the cross-
spectral density function of the partially coherent qubits
at the detection plane after scattering through the two
separated apertures. In section III we discussed the gen-
eration and characterization of a partially spatially co-
herent pump and outlined the experimental scheme for
the nonlocal double-slit interference using the partially
spatially coherent qubits. Section IV includes the results
and discussion, focusing on the impact of partial coher-
ence of the spatially correlated qubits on the quality and
visibility of the interference pattern. Finally, Section V
concludes the study.

II. THEORETICAL FRAMEWORK

The scheme for nonlocal quantum double- slit inter-
ference with partially coherent qubits is shown in Fig.
1. GSM beam is used to pump a type-2 nonlinear crys-
tal. The aperture A1 in the signal beam and A2 in the
idler beam are illuminated by the partially spatially cor-
related photons and coincidence detection between the
two detectors could form a nonlocal double slit interfer-
ence pattern. The quantum state generated by SPDC
process using a GSM beam is given by

| i =
ZZ

dxidxs�(xi, xs)a
+
1 (xi)a

+
2 (xs)|0, 0i (1)

Here, �(xi, xs) is the transverse profile of the twin beam
with |0, 0i is the vacuum state. Creation and annihi-
lation operator is given by a+ and a. The two-photon
wave packets for idler and signal photons of orthogonal
polarization have been generated in non-collinear type-II
SPDC configuration with the pump modeled as a Gaus-
sian Schell model beam. A = �

2�0
designates the pump’s

degree of spatial coherence. � is the e↵ective spectral

FIG. 1. Scheme for nonlocal interference with partially co-
herent qubits

width, which is defined as � =

r
1/

⇣
1
l2c
+ 1

4�2
0

⌘
and beam

size is �0) [18]. Spatially incoherent beams have a value
of A of 0; fully spatially coherent beams have a value
of 1; partially coherent beams have intermediate values
between 0 and 1.

The coincidence rate expression used to express the
distribution of these transmitted idler and signal photons
aimed at the camera is given by[41, 42].

Rsi(✓s, ✓i, rs, ri) = C1C2W
2((⇢s1, ⇢i1, ⇢s2, ⇢i2, ✓s, ✓i, z)

+ C2
1S

(2)((⇢s1, ⇢i1, ✓s, ✓i, z)

+ C2
2S

(2)((⇢s2, ⇢i2, ✓s, ✓i, z) + c.c
(2)

Here, C1 and C2 are constant and depend on the e�cien-
cies of the detectors, with

W (2)(u1, u2)

=

Z Z
Tr

h
 ̂Ê�

s1(~⇢, z)Ê
�
i1(~⇢, z)Ê

+
s2(~⇢, z)Ê

+
i2(~⇢, z)

i

⇥ h1(u1, r1)h
⇤
2(u2, r2)dr1dr2

(3)

is the two-photon cross-spectral density (CSD) function
at the detection plane with  ̂ be density matrix of SPDC
state. The resultant electric field operator using paraxial
approximation written as [42]

Ê+(~⇢, z) = exp(◆kjz)

Z
dqj â✓j ,~qj exp

⇣
◆(~q.~⇢�

~q2j
2kj

z)
⌘
.

(4)
Here, ◆ represents imaginary part, â(✓j ,~qj) denotes the
annihilation operator for the mode with a polarization
state at angle ✓j with respect to the x-axis and transverse
wave vector ~qj , ~q and ~⇢ are the transverse components
of momentum k and position ~r. S(2)((⇢s1, ⇢i1, ✓s, ✓i, z)
and S(2)((⇢s2, ⇢i2, ✓s, ✓i, z) are the two-photon analogs of
the spectral density function based on the second-order
coherence theory. The cross-spectral density function

Spatial Profile of Down-converted Photons in Type-II SPDC with Coherent Pump 
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