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Abstract: Correlated photon pairs produced by a spontaneous parametric down conversion
(SPDC) process can be used for secure quantum communication over long distances including
free space transmission over a link through turbulent atmosphere. We experimentally investigate
the possibility to utilize the intrinsic strong correlation between the pump and output photon
spatial modes to mitigate the negative targeting effects of atmospheric beam wander. Our
approach is based on a demonstration observing the deflection of the beam on a spatially resolved
array of single photon avalanche diodes (SPAD-array).

References and links
1. T. Schmitt-Manderbach, H. Weier, M. Fürst, R. Ursin, F. Tiefenbacher, T. Scheidl, J. Perdigues, Z. Sodnik, C. Kurt-

siefer, J. G. Rarity, A. Zeilinger, and H. Weinfurter, “Experimental demonstration of free-space decoy-state quantum
key distribution over 144 km,” Phys. Rev. Lett. 98, 010504 (2007).

2. J.-P. Bourgoin, E. Meyer-Scott, B. L. Higgins, B. Helou, C. Erven, H. Hübel, B. Kumar, D. Hudson, I. D’Souza,
R. Girard, R. Laflamme, and T. Jennewein, “A comprehensive design and performance analysis of low earth orbit
satellite quantum communication,” New J. Phys. 15, 023006 (2013).

3. C. Bonato, A. Tomaello, V. D. Deppo, G. Naletto, and P. Villoresi, “Feasibility of satellite quantum key distribution,”
New J. Phys. 11, 045017 (2009).

4. J. M. Beckers, “Adaptive optics for astronomy: principles, performance, and applications,” Annu. Rev. Astron.
Astrophys. 31, 13–62 (1993).

5. R. J. Lipinski, D. C. Meister, S. D. Tucker, R. Q. Fugate, P. Leatherman, C. F. Maes, W. J. Lange, W. D. Cowan,
A. Meulenberg, Jr., R. A. Cleis, J. M. Spinhirne, R. E. Ruane, R. B. Michie, and D. F. Vonderhaar, “Laser beaming
demonstrations to high-orbit satellites,” Proc. SPIE 2121, 222–231 (1994).

6. R. Ghosh and L. Mandel, “Observation of nonclassical effects in the interference of two photons,” Phys. Rev. Lett.
59, 1903–1905 (1987).

7. M. Minozzi, S. Bonora, A. V. Sergienko, G. Vallone, and P. Villoresi, “Optimization of two-photon wave function in
parametric down conversion by adaptive optics control of the pump radiation,” Opt. Lett. 38, 489–491 (2013).

8. L. A. P. Filpi, M. V. da Cunha Pereira, and C. H. Monken, “Experimental observation of aberration cancellation in
entangled two-photon beams,” Opt. Express 23, 3841–3850 (2015).

9. A. G. da Costa Moura, W. A. T. Nogueira, S. P. Walborn, and C. H. Monken, “Transverse spatial and frequency
properties of two-photon states generated by spontaneous parametric down-conversion,” arXiv:0806.4624 (2008).

10. F. M. Miatto, H. D. L. Pires, S. M. Barnett, and M. P. van Exter, “Schmidt modes generated in parametric downcon-
version,” Eur. Phys. J. D 66, 263 (2012).

11. O. Calderón-Losada, J. Flórez, J. P. Villabona-Monsalve, and A. Valencia, “Measuring different types of transverse
momentum correlations in the biphoton’s fourier plane,” Opt. Lett. 41, 1165 (2016).

12. A. Zeilinger, G. Weihs, T. Jennewein, and M. Aspelmeyer, “Happy centenary, photon,” Nature 433, 230–238 (2005).



13. L. Neves, G. Lima, E. J. S. Fonseca, L. Davidovich, and S. Pádua, “Characterizing entanglement in qubits created
with spatially correlated twin photons,” Phys. Rev. A 76, 032314 (2007).

14. G. Lima, F. A. Torres-Ruiz, L. Neves, A. Delgado, C. Saavedra, and S. Pádua, “Measurement of spatial qubits,” J.
Phys. B: At., Mol. Opt. Phys. 41, 185501 (2008).

15. G. Lima, L. Neves, R. Guzmán, E. S. Gómez, W. A. T. Nogueira, A. Delgado, A. Vargas, and C. Saavedra,
“Experimental quantum tomography of photonic qudits via mutually unbiased basis,” Opt. Express 19, 3542 (2011).

16. R. Fickler, M. Krenn, R. Lapkiewicz, S. Ramelow, and A. Zeilinger, “Real-time imaging of quantum entanglement,”
Sci. Rep. 3, 1914 (2013).

17. S. Prabhakar, S. Gangi Reddy, A. Aadhi, A. Kumar, P. Chithrabhanu, G. K. Samanta, and R. P. Singh, “Spatial
distribution of spontaneous parametric down-converted photons for higher order optical vortices,” Opt. Commun.
326, 64–69 (2014).

18. H. Di Lorenzo Pires, F. M. G. J. Coppens, and M. P. van Exter, “Type-I spontaneous parametric down-conversion
with a strongly focused pump,” Phys. Rev. A 83, 033837 (2011).

19. F. Zappa, S. Tisa, A. Tosi, and S. Cova, “Principles and features of single-photon avalanche diode arrays,” Sens.
Actuators, A 140, 103–112 (2007).

20. F. Guerrieri, S. Tisa, A. Tosi, and F. Zappa, “Two-dimensional SPAD imaging camera for photon counting,” IEEE
Photonics J. 2, 759 (2010).

21. C. Scarcella, A. Tosi, F. Villa, S. Tisa, and F. Zappa, “Low-noise low-jitter 32-pixels CMOS single-photon avalanche
diodes array for single-photon counting from 300 nm to 900 nm,” Rev. Sci. Instrum. 84, 123112 (2013).

22. P. Kolenderski, C. Scarcella, K. D. Johnsen, D. R. Hamel, C. Holloway, L. K. Shalm, S. Tisa, A. Tosi, K. J. Resch,
and T. Jennewein, “Time-resolved double-slit interference pattern measurement with entangled photons,” Sci. Rep. 4,
4685 (2014).

23. K. D. Johnsen, P. Kolenderski, C. Scarcella, M. Thibault, A. Tosi, and T. Jennewein, “Time and spectrum-resolving
multiphoton correlator for 300-900 nm,” J. Appl. Phys. 116, 143101 (2014).

24. P. Kolenderski, W. Wasilewski, and K. Banaszek, “Modelling and optimization of photon pair sources based on
spontaneous parametric down-conversion,” Phys. Rev. A 80, 013811 (2009).

25. P. Kolenderski and W. Wasilewski, “Derivation of the density matrix of a single photon produced in parametric
down-conversion,” Phys. Rev. A 80, 015801 (2009).

26. C. Pugh, “Experimental investigation into spatial quantum optical properties for satellite targeting through the
turbulent atmosphere,” Master’s thesis, University of Waterloo (2013).

27. L. Neves, G. Lima, A. Delgado, and C. Saavedra, “Hybrid photonic entanglement: realization, characterization and
applications,” Phys. Rev. A 80, 042322 (2009).

28. A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, “Entanglement of the orbital angular momentum states of photons,”
Nature 412, 313–316 (2001).

1. Introduction

Single photons generated in the process of spontaneous parametric down conversion (SPDC)
can provide information carriers suitable for secure quantum communication. Currently, there
is a large field of interest in performing quantum communication over long distance free space
links [1–3]. Quantum communication protocols only use the signals that are collected by the
receiver and, therefore, the system is not as negatively affected by occasional link drop outs
as classical communication protocols. In order to collect as many photons as possible at the
receiver it is necessary to have a mechanism to guide the photons to the receiver. Using traditional
adaptive optics [4, 5], the transmission beam can be manipulated in such a way that the effects of
atmospheric turbulence can be mitigated. However, due to the sensitivity of the quantum degree
of freedom of the photon used in free space transmission (in many cases polarization), these
methods can easily alter the state and render the transmission useless. These techniques also add
additional loss to the quantum transmission channel, which reduces the amount of photons the
receiver can gather.

Spontaneous parametric down conversion [6] has strong correlations between the directions of
the pump and daughter photons due to the phase matching conditions. By manipulating the spatial
properties of the pump beam, one can change the spatial modes of the down converted photons
without affecting their polarization or other properties. Therefore, by manipulating the pump
beam, potentially with tip-tilt mirrors or other means, it is possible to enhance a link quality by
altering the directions of transmitted daughter photon without direct interaction in the quantum
transmission channel. In a quantum communication scheme it is beneficial to manipulate the



pump beam since the pump can have a narrow bandwidth (unlike the SPDC photons) and can
handle transmission losses more easily than the SPDC photons. These correlations, which are an
important feature for the quality of transmission in free space, have already been studied in the
context of aberration cancellation [7,8]. Spatial correlations have been studied theoretically [9,10]
and have already been investigated experimentally using a scanning [11] and scanning free space
detectors [12–15] and intensified CCD cameras [16–18].

To test the effect of spatial correlations between the pump and the SPDC photons we use
an array of single photon avalanche diodes (SPAD) [19–23], which offer temporal and spatial
resolution on a single photon level. Here we investigate the possibility of controlling the spatial
characteristics of one of the photons produced from SPDC by altering the direction of the pump
beam (ultimately to be modified by means of tip-tilt correction).

2. Spatial correlations in SPDC

At this point we would like to characterize the spatial correlations in SPDC. We have altered
a common SPDC setup to allow for the pump entry direction into a nonlinear crystal to be
manipulated. The resulting photons propagate in the free space and the signal photon is analyzed
using a SPAD array and the idler photon is coupled into multimode fiber.

The first goal is to find an approximate analytical condition for the strength of spatial correla-
tion in the parametric down conversion process. Using the usual wave vector notation (k = 2π/λ)
the probability amplitude of the signal (idler) photon propagating in a direction parametrized
by kkk s⊥ (kkk i⊥), assuming the pump photon central propagation direction was kkk p⊥, can be found
using the framework given in [24, 25] by Kolenderski et al:

Ψ(kkk s⊥ , kkk i⊥ , kkk p⊥;ωs , ωi , ωp ) =

NΛ(ωi ) exp

−w2
p

2
(kkk s⊥ + kkk i⊥ − kkk p⊥)2

 sinc
(

1
2

L∆kz (kkk s⊥ , kkk i⊥ , kkk p⊥;ωs , ωi , ωp )
)
. (1)

Where N is a normalization factor, ωs , ωi , ωp are signal, idler and pump angular frequencies,
Λ(ωi ) represents a bandpass interference filter transmission amplitude, and the third component
describes a pump beam spatial profile that we assumed to be Gaussian with the characteristic
width wp . The last term is a phase matching function, where a phase mismatch is defined as:
∆kz (kkk s⊥ , kkk i⊥ , kkk p⊥;ωs , ωi , ωp ) = kpz (kkk s⊥ + kkk i⊥ − kkk p⊥ , ωp ) − ksz (kkk s⊥ , ωs ) − kiz (kkk i⊥ , ωi )
and L is the length of the crystal.

In order to arrive at an analytical solution, we expand the phase mismatch,
∆kz (kkk s⊥ , kkk i⊥ , kkk p⊥;ωs , ωi , ωp ), up to first order in the signal and idler photon’s trans-
verse wave vectors around the directions kkk s0⊥, kkk i0⊥ and frequencies around ωp/2.
The directions and frequency are determined by the perfect phase matching condition
∆kz (kkk s0⊥ , kkk i0⊥ , kkk p⊥;ωp/2, ωp/2, ωp ) = 0 and are related to our experimental setup as vi-
sualized in the inset in Fig. 1. Note that the pump photon central direction kkk p⊥ and its central
frequency ωp are fixed, therefore kkk p⊥ = kkk s0⊥ + kkk i0⊥. The expansion yields:

∆kz (kkk s⊥ , kkk i⊥ , kkk p⊥;ωs , ωi , ωp ) ≈ ds (kkk s⊥−kkk s0⊥)+di (kkk i⊥−kkk i0⊥)+βs(ωi−
1
2
ωp )+βi(ωs−

1
2
ωp ),

(2)
where for the sake of compact notation we introduce two dimensional vectors [24]:

dµ =
d

dkkkµ⊥
∆kz (kkk s⊥ , kkk i⊥ , kkk p⊥;ωs , ωi , ωp ), µ = s, i, (3)

and we denote the coefficients related to the dispersion as:

βµ =
d

dωµ
∆kz (kkk s⊥ , kkk i⊥ , kkk p⊥;ωs , ωi , ωp ), µ = s, i. (4)



The above approximation is legitimate as we are interested only in paraxial propagation and
will use bandpass filters. Note that we consider a situation which is far from the tight focusing
limit [18]. We assumed a continuous wave pumping laser of fixed angular frequency ωp , which
allows the parametrization of the wave function with only one frequency, ωi , chosen to be the
idler photon sinceωp = ωs +ωi . This expansion in conjunction with the Gaussian approximation
of the sinc function [10, 24] given by: sinc x ≈ exp(−x2/5), allows one to get the biphoton wave
function in the following form:

Ψ(kkk s⊥ , kkk i⊥ , kkk p⊥;ωi , ωp ) ≈ NΛ(ωi ) exp

−w2
p

2
(kkk s⊥ + kkk i⊥ − kkk p⊥)2

 ×
exp
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(
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2
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)2)
. (5)

The aim is to characterize the correlation between the signal photon and the pump beam
keeping the idler photon direction fixed. In this work we only consider a linear, one dimensional
detector aligned along the x axis, therefore we can drop y coordinates in our analysis. The
scenario is depicted in Fig. 1. We are interested in the coincidence probability distribution
P(ksx ) of a signal photon detection for the transverse direction, ksx , and the idler photon
coupled into multimode fiber. The fiber is placed along the direction of perfect phase matching
in the case where the pump photon is at normal incidence to the nonlinear crystal, which is
kkk p⊥ = 0. We also take into account the finite size of our SPAD array detectors, which results in
a certain range of directions δk that each of the pixels monitor. The above observations allow us
to write a formula for the probability of finding the signal photon in a direction ksx given the
detection of the idler photon:

P(ksx ) =

∫ ksx+δk/2

ksx−δk/2
dks⊥

∫
dki⊥ dωi |Ψ(kkk s⊥ , kkk i⊥ , kkk p⊥;ωi , ωp ) |2. (6)

Using Eq. (5) we evaluate the above probability function in analytical form. It is rather long so
we don’t present it here, it can be found in [26].

The next step is to obtain the relation between the position of the SPAD array detector, x, and
the propagation direction parametrized by the transverse spatial direction ksx . We assume that
the SPAD array is placed at the position close to the perfect focal plane of the lens. Let’s assume
the signal photon travels toward the SPAD array and has a transverse spatial wave function, ψ(x),
at position z propagating along the z axis. The photon propagates in free space for a distance p,
then through lens L3 with focal length f and then is analyzed at a distance q after the lens L3.
The standard paraxial Fresnel propagation results in the following relation between the Fourier
transform of the initial wave function, ψ̃in (kx ), and the final one, ψout (x):

ψout (x) ∝ ψ̃in

(
2πD
λpq

x
)
, (7)

where 1/D = 1/ f − 1/p − 1/q, λ is the wavelength of the propagating photon.
Let’s consider the spatial wave function, which is a Gaussian centered around the direction

ksx0:

ψ̃(ksx ) = N exp
(
−

1
2

w2
s (ksx − ksx0)2

)
, (8)

where 2ws is the beam’s diameter at 13.5% of maximal intensity, ksx0 is the x component of
central propagation direction and N is a normalization factor. After the propagation as in Eq. (7)
one can get the following relations for the position of the maximum, x0, and the beam radius,



wout :

x0 = ksx0
λpq
2πD

, (9)

wout =
1

ws

λpq
2πD

. (10)

The first equation gives a mapping between the central propagation direction of the Gaussian
beam and actual position of the maximum of the Gaussian profile measured by the SPAD array.
The last equation gives the relations of the beam inside the nonlinear crystal and the width
measured by the SPAD array. Assuming the SPAD array is placed perfectly in the focal plane of
the lens, meaning p = f , it is easy to find that the ratio of positions of the maxima x0/x ( f )

0 is
inversely proportional to the ratio of beam diameters wout/w

( f )
out . The superscript f here denotes

the case of perfect alignment. This relation can be used to compare our numerical model with
the experimental results.

Taking into account the parameters of our experimental setup, using our model Eq. (6) we
expect the characteristic width of the signal photon to be ws = 1432(3)µm. Moreover the
central direction αs0 of the signal photon follows a linear model given by αs0 = 3.00000(9) +

2.0109(14)αp , where αs0 and αp are measured in degrees.

3. Experiment

The configuration of the experimental setup depicted in Fig. 1 is chosen as the result of a detailed
study, [26], to sufficiently demonstrate spatial correlations while allowing sufficient photon count
rates. Multi-mode fiber was also chosen to increase the photon count rates. It is based on a SPDC
source using a 1 mm long β-Barium Borate (BBO) cut at 42◦ for type II frequency degenerate
phase matching at λ0 = 808 nm with opening angle αs = αi = 3◦ when the pump is set for
normal incidence αp = 0◦. A pump beam is focused to 2wp = 140µm in the nonlinear crystal
and we alter its propagation direction angle αp at the crystal by rotating a 1 cm thick piece of
NBK7 glass placed in the beam path. The pump beam actual direction αp is analyzed using a
system consisting of a lens (L2) placed at the focal distance away from the BBO crystal and a
CCD camera.

An idler photon is collimated and spectrally filtered by passing through a 10 nm FWHM
bandpass filter centred at 808 nm which is incorporated in our model by function Λ(ωi ). This
filter is broad enough to accommodate small frequency shifts due to the expected angular
deviation of the idler wave vector. It is then coupled into a fiber and finally it is detected by a
single photon counting module (SPCM). The fiber is SMF-28e+, which supports seven modes
at 808 nm and was chosen to increase the photon count rate as well as represent a free space
detector.

In turn, a signal photon is collimated upon exiting the BBO crystal, passes through a longpass
filter (LP) and then is focused horizontally to match the size of the single photon avalanche diode
(SPAD) array. We use 32 x 1 pixel SPAD array [20], which allows us to determine the arrival
position of the signal photons and correlate them with detection of the idler photon by SPCM.
The array consists of 20µm diameter detectors spaced 100µm from each other. Each detector
monitors a direction related to angle αs which is related to a certain transverse wave vector x
component ksx = 2π sin(αs )/λ0. The finite size, d, of each of the SPADs results in monitoring a
certain range of directions related to δk = 2πd/λ0 f , see Eq. (6). This allows us to determine the
central output angle which the signal photons were emitted at given a fixed idler emission. The
photon detections from the SPAD array and SPCM are then recorded and analyzed in a FPGA
time tagging unit.

We measure the photon detection coincidences between the fiber collected idler photon and
each of the pixels of the SPAD array detecting the correlated signal photons. In order to maximize
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Fig. 1. Experimental Setup. A laser at 404 nm is directed by a mirror through a piece of
NBK7 glass G which can turn to alter the input beam angle to the BBO crystal. The first
lens L1 ( f = 30 cm) focuses the beam at the crystal and the next lens L2 ( f = 50 cm)
collimates the beam for a position measurement on the CCD camera. The idler photon spatial
mode is collimated by lens L4 ( f = 30 cm) and passes through a bandpass filter (Thorlabs
FB810-10, 810 nm, FWHM 10 nm), and is coupled by lens L5 into a multimode fiber
(SMF-28e+ supporting 7 modes at 810 nm). Finally it is detected by a SPCM (PerkinElmer,
SPCM-AQ4C). The signal beam is collimated by the lens L3 ( f = 30 cm) and passes
through a longpass filter (Thorlabs FEL0750). This beam is then focused in the horizontal
direction through a cylindrical lens CL onto the linear 32x1 Single Photon Avalanche Diode
(SPAD) array [19, 20]. Both photon detectors then signal the time tagging FPGA device
(UQdevices).



the signal to noise ratio we set the coincidence time window at 2 ns, which is chosen to match
the combined effect of detectors’ timing jitters and resolution of our electronics. We performed 9
measurements changing the pump beam direction in the range of −0.1◦ to 0.1◦. The exemplary
coincidence statistics for pump beam direction αp = 0 and αp ≈ 0.1 are inset in Fig. 2(a). Fitting
a Gaussian function to the spatial data gives: a) the detector number for which the maximal
number of counts were observed, which gives an estimate of the central propagation direction
αs0 of a signal photon and b) the widths of the beams. The estimated, based on measurements,
signal photon propagation direction is depicted using blue markers in Fig. 2(a). The red line
presents the theoretical prediction from the model. The blue dashed line represents a linear fit to
the experimental data.

It is noted that the theory differs from the experimental observation somewhat as the pump
beam input angle, αp , is varied. The best fit to the experimental data gives: αs0 = 3.003(2) +

1.56(4)αp . The difference of the slopes for the numerical model and experimental data is
attributed to the specific distance between the lens and the SPAD array, which is different from
the focal length. However, assuming the spatial mode of the propagating photon to be Gaussian,
one can predict the width and central propagation direction at each point in the setup.

The measured beam diameters are given in Table 1. Taking that into account, we concluded
that the characteristic width and the central propagation direction are scaled by the same scaling
factor, which depends on the position of the lens L3, Eq. (10). Based on the simulated and
measured widths of the beams we estimate the scaling factor to be 1.3(1). Using this scaling
factor our estimated slope is 1.3(1)∗1.56(4) = 2.2(3). This agrees with the theoretical prediction
within the statistical error.

Table 1. The widths of the spatial mode of the signal photon measured on the SPAD array,
2wm . A Gaussian intensity profile was assumed and the beam diameters are given at 13.5%
of maximal intensity. The widths are expressed in the number of detectors. The distance
between two neighboring detectors is 100µm.

αp [◦] −0.09 −0.07 −0.05 −0.02 0.00 0.02 0.05 0.07 0.09
2wm

[detector 18.74 17.74 18.58 20.72 19.19 19.53 19.10 21.05 19.31
number]

The coincidence count rates should remain constant for small variations in the pump although
their position will change. Figure 2(b) shows the coincidence count rate observed at the central
position on the array as a function of pump input angle to be almost constant, which is expected
from our theoretical model. There is a slight drop as the angle decreases below −0.05◦ which
can be attributed to the cylindrical lens having a slight angle relative to the orientation of the
SPAD array and the distance between the SPAD array and lens L3, which differed from the focal
length. The result of this angular difference is the photons falling off the active area of the SPAD
cells as the angle is shifted towards one direction in the pump.

4. Discussion

In this work we presented a theoretical model demonstrating the correlations between photons
created through the process of SPDC and the pump photon. This model takes into account the
spatial correlations when the input angle of the pump beam was manipulated in one spatial
dimension and the effect on the down converted photons was calculated. We were able to
implement an experiment to measure the spatial position of the down converted photons as a
function of the input angle of the pump laser in a SPDC experiment, using a time-resolved
SPAD array. Though the theory and experiment differed, the data trend is clearly visible and
possible reasons for this difference were also discussed. The results presented here can also be
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Fig. 2. a) (Inset) Observed counts at the SPAD array, in coincidence with a detection at
the SPCM. The data acquisition was set to 2 ns coincidence window and each trial ran
for one minute. The pump beam direction was set to (top left) αp = 0 and (bottom right)
αp = 0.092◦. The blue solid line shows the best fit with a Gaussian function. As can be
seen in these insets, there is a skipped pixel which was due to very high dark counts on
that pixel. The plot shows the maximum from the fit for each set of measurements taken
for varying the pump beam central direction αp . The measured (blue dots) and predicted
(red line) signal photon’s angle αsc as a function of the input pump angle αp . b) Maximum
count rates at the gaussian centre of the experimental data for various pump angles. The
dashed line demonstrates the coincidence count rate at the pump incident angle of 0◦ . The
count rate drop at values lower than 2.95◦ is an effect of having the cylindrical lens oriented
at a slight angle compared to the array. The array is then shifted slightly off the central plane
of the signal photons and as the angle continues to shift in this direction the photons are no
longer hitting the active area of the SPAD array.



useful for the implementation of multidimensional quantum states encoded in spatial mode [27]
of a single photon and can be used to minimize atmospheric beam wander effects on photon
transmission through the atmosphere [7, 28]. Future directions of this research could consider
the use of 2-dimensional detector arrays, as well as a more detailed investigation into the spatial
mode structure of the propagating beams [10].
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