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The Photon and the Second Order Correlation Function:

Experimental Demonstration with the quED

1 Introduction

In this session, we would like you to get to know our experimental setup, how we produce and detect photon
pairs and how we can demonstrate a fundamental principle of quantum physics, namely the quantisation
aspect. We will use a very experimental approach, we will not strictly derive anything, but try to motivate
some issues. Please take this into consideration.

1.1 SPDC Setup

Before we start with the experiments themselves, we will give you a brief overview of the equipment we are
using. This qutools product is called quED (Entanglement Demonstrator) and at its core there is a so-called
Spontaneous Parametric Down-Conversion (SPDC) source. The most important parts of the SPDC source
are:

• Pump laser

• Non-linear β-Barium Borate (BBO) crystal

The pump laser (wavelength λp ≈ 405 nm) illuminates the non-linear crystal (see Fig. 1). Because of
the non-linearity, sum and difference frequencies can be excited. Energy conservation is still fulfilled, so
ωp = ωs +ωi. The subscripts s and i mean “signal” and “idler”, but in our case it does not matter which one
is which; if we do everything correctly, they are indistinguishable, but that is not important now, either. In
the degenerate case, which should be the one we are producing, ωs = ωi =

ωp

2 ≈ 810 nm. Since “signal” and

Figure 1: The general situation of the SPDCSpontaneous Parametric Down-Conversion (SPDC) process.
Pump light of wavelength ωp gets “down-converted” by use of the BBO crystal into signal (ωs) and idler
(ωi) beams. This image depicts the non-collinear case, where signal and idler beam do not spatially overlap
with the pump beam. D1 and D2 mark single photon detectors in each arm.

qutools GmbH 1



Henning Weier April 17, 2021

Figure 2: Coincidence detection/evaluation. The first two (leftmost) events are detected within the coin-
cidence time window ∆tw. They are counted as a (2-fold) coincidence. The next three events all happen
within a coincidence time window, so they are counted as a 3-fold coincidence. The next two events are
so-called “singles”, since they do not have a partner event within ∆tw.

“idler” are not really distinguishable here, we will mostly refer to the signal and idler paths as two “arms”
of the down conversion source and just enumerate them.

If you would like to know more about the SPDC process, please refer to e.g. [1] or for a more theoretical
appraisal e.g. [2]. A similar source has been described in [3].

1.2 Detecting the SPDC Output

Important components for the detection and analysis of the detection events:

• Single photon detectors (usually at least 2)

• Coincidence counter

At the end of each arm or path, we usually place single photon detectors, tagged D1 and D2 in Fig. 1.
They convert very low light levels into easily measurable electronic signals. These are evaluated by what we
refer to as a “coincidence counter”. This is a device that counts the detector output signals. For each input
channel singly, but also events that happen more or less simultaneously. If n detector events (from different
detectors1) happen within a time window of width ∆tw (called “coincidence time window”), we call that an
n-fold coincidence. 3-fold coincidences are also counted as 3 2-fold coincidences and 2-fold coincidences are
also counted as single counts (number of 3-fold coincidences ≤ number of 2-fold coincidences ≤ number of
singles).

We are using so-called Single Photon Avalanche Detectors (SPADs) made from Silicon. They are some-
times also called “Avalanche Photon Detectors (APDs)”. Their inputs are connected to optical fibres, so we
have to get the output of the SPDC source into these fibres. The SPADs can detect single photons2 with a
wavelength dependent efficiency (in our case roughly 30 % at 810 nm). Our coincidence time window has a
width of 30 ns with the standard settings in place.

2 Existence of the Photon/Single Photons/Particle Character of
the Photon

Now that we know what our setup in general looks like, let us see whether we can demonstrate that it produces
these “photons”. We want to show these have particle character. What does that mean? (Elementary)
particles cannot be divided it into smaller parts.

1Most of these detectors cannot distinguish between one and more photons, they will simply output one pulse with a fixed
height and they need some time to recover from a detection event, the so-called “dead time”.

2The existence of a “Photon” as a quantum of light is just a hypothesis at the moment.
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Figure 3: Visual output of the coincidence count rates: Singles of channels 0 and 1 and coincidences between
channels 0 and 1 (“01”).

From experience we know, that if we have a partially reflecting surface, ideally a 50:50 beam splitter,
and shine light onto it, a part of the intensity will be transmitted and the rest (neglecting losses) will be
reflected (see left part of Fig. 4).

2.1 Single Photon Source

If we had a single, indivisible “light particle”, which we will call “photon” from now on, this could only be
either transmitted or reflected (center or right part of Fig. 4). So, there would not be any coincidences
between the two detectors in this setup. Let’s do the experiment!

We set up the quED and connect a (fibre based) Beam Splitter (BS) to one of the arms of the SPDC
source, with a SPAD at each output port of the BS. We ignore the second arm of the source completely for
the moment. Fig. 5 shows the setup.

Now, we want to look at 2-fold coincidences between detector 1 and 2. The result of the experiment has
already been shown in Fig. 3. The coincidence counter3 has counted for 10 s and the number of coincidences
is not 0 as we might have expected. In an ideal experiment (this is an antithesis in itself) with an ideal
single photon source and ideal detectors etc., this would be correct4. But, our setup is far from perfect. If

3Our counter starts counting the channel numbers at 0, so please always add one in your head.
4Actually, even then this would not be quite sufficient. An easy way to get this value to 0 is switching off both detectors.

So you would need to add the condition that the single count rates are not 0.

Figure 4: In the wave picture, the intensity of the incoming wave should be distributed across the outputs.
There is no reason to believe that this cannot be done anymore, when the light levels get very dim (left
part). When light is imagined as consisting of elementary particles, that cannot be divided, a single one of
these particles can only be transmitted or reflected.
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Figure 5: Schematic setup to answer the following question: Does the SPDC source output single, indivisible
photons?

we switch off the pump laser, the counter is still counting events. They can come from stray light that hits
the detectors, but even if we get rid of that, the detectors will still output pulses from time to time. They
are called “dark counts”.

2.2 Second Order Correlation Function for a Single Photon Source

So, we need something that lets us evaluate the measurement results in the real world with non-ideal
equipment. How do we do this? You have already heard about this theoretically in the lecture on Monday.
We are using the second order coherence function5 g(2)(τ = 0). Again, we will not derive it here, but
we would like to motivate it in a very experimentalist way6 We have already established that we are very
interested in the 2-fold coincidences for this experiment. But instead of analysing only if they are 0 or not, we
would like to find a measure that can live with slightly imperfect conditions. So, we would like to normalise
these 2-fold coincidences between channel 1 and 2, N12:

g(2)(0) :=
N12

X
(1)

To determine the normalising factor X, we can think of a rather boring case, where we had completely
independent detections, possibly emitted from lots of different light sources. Whether two detection events
of such a source would be registered within a certain coincidence time window would be completely random.
There is nothing spacing detection events apart, but also nothing keeping them closer together, they are
simply independent and that also makes them easy to handle.

Why could this be a good normalisation method? Well, if we had such a boring light source under
examination, the g(2)(0) value would be 1. If we had a good single photon source, where you hardly ever
detect coincidences, it would be lower than 1 (we speak of “anti-bunching” in this case). It the value would
be larger than 1, there would be an increased probability of finding two detection events closer together than
for independent ones (we call that “bunching”).

I have convinced myself (and at least some of you, I hope) that this is a good way of doing it. But we
still have to calculate it. So, we assume independent photons and independent detection events from two

5In general, the second order coherence function is time-dependent. This can be important, but in our case it is sufficient to
look at one element of it, the τ = 0 case.

6It is easy to do this, if you know what the theory says is correct.
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Figure 6: The total measurement time is T and the time window width ∆tw � T . We assume that we
can fit an integer number of these time windows in the total measurement time. There will be T

∆tw
of these

windows in T . We are trying to calculate the probabilities p∗ that one or two detection events happen within
one of these time windows.

detectors behind a beam splitter. We record and count single and coincidence events for a total time T . We
have N1 detection events in channel 1 (transmitted output of the BS) and N2 events in channel 2 (reflected).
Our coincidence time window has a width of ∆tw. If you have 1 event, the probability of finding it in a
specific a time slot of width ∆tw is

∆tw

T
, (2)

because you have T
∆tw

such time slots (see Fig. 6). When you have N1 or N2 events in total, the probability
of finding a detection event in a time slot of width ∆tw in channel 1 or 2 is

p1 = N1 ·
∆tw

T
and p2 = N2 ·

∆tw

T
, (3)

respectively. Since we are talking about independent events, it makes it very easy to express the joint
probability, we simply have to multiply the two probabilities (the superscript a should emphasise the fact
that we are looking at accidental coincidences):

pa12 = p1 · p2 = N1 ·
∆tw

T
·N2 ·

∆tw

T
= N1N2 ·

∆2
tw

T 2
(4)

This is the probability that a coincidence event happens in one of the coincidence time windows. If we add
over the number of these time slots, we get what we wanted, the normalisation factor

X =

T
∆tw∑
i=1

pa12 =

T
∆tw∑
i=1

N1N2 ·
∆2

tw

T 2
=

T

∆tw
·N1N2 ·

∆2
tw

T 2
= N1N2 ·

∆tw

T
. (5)

Side note: If you want to find out or check your coincidence time window ∆tw, you can use this equation.
If you have uncorrelated detection events (like from stray light), you can assume that p12 = p1 · p2 and
N12 = N1N2

∆tw

T . Solve for ∆tw. We call N12 in the uncorrelated case accidental coincidences.
Back to the main issue: If we insert equation (5) into equation (1), we end up with:

g(2)(0) =
N12

N1N2

T

∆tw
(6)

And fortunately, this is exactly what the books say. With this progress in mind, let us re-evaluate our
experiment from above. Again, we use the numbers from Fig. 3 and the additional information that our
coincidence time window ∆tw is 30 ns:

g(2)(0) =
27

105500 · 92033

10 s

30 · 10−9 s
=

27

9, 709, 481, 500

109

3
≈ 0.93 (7)

Now, this is not close to 0, it is rather close to 1. In fact, if you take statistical (27 is a rather small
number) and systematic (the coincidence time window is probably not exactly 30 ns) errors into account,
our measurement will probably not exclude the 1.
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Figure 7: Setup to demonstrate heralded single photons. The very basic schematic on the left-hand side,
how it is implemented with the quED on the right-hand side.

There could be other effects that do not permit us to show that this is a single photon source, but the
truth is:

An SPDC source is NOT a single photon source.

Although this might sound disappointing at first, it is a very important message to take home.

2.3 Heralded Single Photon Source

Now we have not shown that photons are indivisible particles at all, but not all hope is lost. If you can’t
show that something is correct, it certainly does not mean that the opposite is true. We know that our
source is not a single photon source7. I have already mentioned that the SPDC process has two output
beams8 and that energy is conserved. So, if the pump beam consists of photons of energy ~ωp, we will not
be able to turn some of them into the same amount of photons with frequency ωs = ωi. But we could be
able to generate a pair of photons from each pump photon we convert.

We can use this to our advantage. If we detect a photon in one arm, we know that there is
a very high probability9 to have created exactly one photon in the other arm. This is why we
call an SPDC source a heralded single photon source. The detection of the photon in one arm heralds the
existence of the one in the other arm.

2.4 Heralded Second Order Correlation Function

To show whether this hypothesis holds, we have to modify our experimental setup and the evaluation
function. Since we are using one arm as the herald, we need to put our beam splitter in the other arm and
we obviously need 3 detectors, now.

Obviously, the most important figure will be 3-fold coincidences between detector 1, 2 and 3 (N123).
With what we have learned before, when we do the experiment, we do not expect them to be 0 and the
result is shown in Fig. 8. We know we need to normalise the 3-fold coincidences in a similar way as

before, by calculating the heralded g
(2)
H function. As normalisation we use the same reasoning as before with

independent events (NOT what we expect to get from our source):

g
(2)
H (τ = 0) :=

N123

Y
(8)

7This statement includes the possibility that something like a photon does not exist.
8Three to be exact. Most of the pump beam is simply being transmitted through the crystal, but there is a filter in our

setup that blocks it for safety reasons.
9There are limitations like dark counts, stray light, multiple pair emission etc.
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The probability to find a 3-fold coincidence (number of single detection events N1, N2 and N3 during
measurement T in a coincidence time window ∆tw) is accordingly (again, independent detection events, we
use the superscript a for accidental to underline that for these probabilities):

pa123 = p1 · p2 · p3 = N1 ·
∆tw

T
·N2 ·

∆tw

T
·N3 ·

∆tw

T
= N1N2N3 ·

∆3
tw

T 3
(9)

We could simply use this. However, since we get lots of coincidence counts from our counter, it seems like a
more elegant idea to try and express pa123 more in those:

pa123 = pa12 · p3 = pa12 ·
p1

p1
· p3 =

pa12 · pa13

p1
(10)

With N12 =
∑ T

∆tw
1 pa12 = pa12

T
∆tw

, N13 =
∑ T

∆tw
1 pa13 = pa13

T
∆tw

and N1 =
∑ T

∆tw
1 p1 = p1

T
∆tw

we get:

pa123 =
pa12 · pa13

p1
=
N12

∆tw

T N13
∆tw

T

N1
∆tw

T

=
N12N13

N1
· ∆tw

T
(11)

As above, we have to sum up the pa123 over all time slots:

Y =

T
∆tw∑
i=1

pa123 = pa123 ·
T

∆tw
=
N12N13

N1
· ∆tw

T
· T

∆tw
=
N12N13

N1
(12)

And hence:

g
(2)
H (τ = 0) =

N123

Y
=
N123N1

N12N13
(13)

Using the numbers from Fig. 8, we get:

g
(2)
H (0) =

8 · 234953

11042 · 11063
≈ 0.015 (14)

This is a rather small number. Anything below 0.5 is considered a (heralded) single photon source. And it
corroborates our thesis, that our SPDC source emits pairs of indivisible units of light, i.e. photons.

Figure 8: Screen shot of the quED performing the heralded single photon experiment. Only the necessary
counts are shown.
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2.5 Discussion of the Photon Pair Source

What makes an SPDC source a good heralded single photon source? We assume that our source converts
pump photons into pairs of photons (with a very low efficiency, but that is not a problem, it can even be
helpful). So, compared to the independent photon assumption, we now assume that with our source, there
is a strong correlation between photons in the two arms (hence photon pairs). This will lead to the fact
that the probability of detecting two photons does not decompose into the product of probabilities of finding
each single (note that the superscript a is now missing, since the coincidences are not assumed accidental
anymore):

p12 � p1 · p2 and p13 � p1 · p3 (15)

Because of the way the probabilities translate to the number of events during the measurement time, i.e.
N∗ = p∗ · T

∆tw
, it is easy to see that the second order correlation in the heralded case can be expressed in

the same way using probabilities (which is not true for the non-heralded case):

g
(2)
H (τ = 0) =

N123N1

N12N13
=
p123p1

p12p13
(16)

Now, p12 and p13 do not decompose into the products and neither does p123, but the latter can be decomposed,
if we assume that we basically have coincidences in either 1 and 2 or 1 and 3 and a spurious background
event or double pair event that results in an additional detection in the third detector:

p123 = p12 · p3 + p13 · p2 (17)

This leads to:

g
(2)
H (τ = 0) =

(p12p3 + p13p2)p1

p12p13
(18)

If we further assume that the probabilities of getting coincidences between 1 and 2 and 1 and 3 are pretty
much equal (p12 ≈ p13) and singles in 2 and 3 (p2 ≈ p3), too, because of similar detection efficiencies and a
50:50 beam splitter, we can reduce that to:

g
(2)
H (τ = 0) ≈ (p12p2 + p12p2)p1

p12p12
=

2p12p2p1

p12p12
=

2p2p1

p12
(19)

Since one of our assumptions was that p12 � p1p2 it seems clear, why we get the low g
(2)
H (0) value. The

strong correlations between detectors 1 and 3 and 2 and 3, respectively, make the difference.

2.6 Some Additional Facts and Background

• Although our SPDC source is not a single photon source (without heralding), there are such physical
systems, [4–6] amongst many others. However, since photon pair sources have been around rather
early, they were among the first to show the anti-correlation effect [7].

• The setup of correlating the detection time events of two detectors has been invented already in the
1950s, by Robert Hanbury Brown and Richard Q. Twiss [8]. Their application, however, seems very
different at first glance: They wanted to measure the radius of stars and used to optical telescopes with
photomultiplier tubes (a different kind of single photon detectors) attached. The time correlation of
their output pulses was analysed. And although the phase information of the incoming light is lost in
the detection process, this setup (and what we have used above) is called a Hanbury Brown & Twiss
interferometer.

• The “independent” events we have been comparing everything against are being produced by a so-called
“coherent state”. An ideal laser produces such a state.
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