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Sample Experiments – Particle Nature of
Photons

How do we show the particle nature of Photons? The obvious way seems to be, take a single
photon and show that it cannot split up:

We use a beam splitter and single photon detectors at each output and check whether we see
a detection event at the same time in both outputs.

A spontaneous parametric down conversion (SPDC) source like the quED does not act as a
true single photon source but a so-called “heralded” single photon source. It generates pairs
of photons. Because of energy and momentum conservation, there are always pairs
produced, so when we see one photon in the one arm, we know that there is one photon in
the other arm. To show this, we use one arm of the quED as the trigger (heralding the
existence of the photon in the other arm) and do single photon experiments with the second
arm. Experimentally, we only look at coincidences between these arms:

 
The setup looks like this:

 

In this case, we look at two-fold coincidences between the trigger and the detectors after the
beam splitter. These are the (heralded) single photon events.

If the photon could split up (or if we did not have heralded single photons), we would see a
lot of 3-fold coincidences between the trigger and both detectors after the beam splitter. This
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is not the case:

We have lots of two-fold coincidences (our heralded single photons) and (in comparison)
very little 3-fold coincidences (where they “split up”).

Why are there still some three-fold coincidences? Do you have an explanation? Is our
assumption incorrect? Or is it what experimental physicists call “experimental
imperfections”?

Do you know how to characterize the “quality” of a heralded single photon source? How
many 2- or 3-fold coincidences would we expect from “classical” light? Is there a way to test
that experimentally?

What do you need?
1 x quED (high rate version advised)
1 x quED-HBT

Connected Experiments
 Quantum Random Number Generation

Wave-Particle Dualism: Michelson + HBT
2-Photon Interference (HOM) + HBT
Quantum Cryptography/QKD: BB84
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Sample Experiments – Polarisation

Entanglement – Violating Bell’s Inequality

(CHSH)

The definition of an entangled state in quantum physics can be rather simple: It says two

quantum objects cannot be described separately anymore, only together.

If one wants to show that a quantum system is entangled, usually a so-called “Bell

inequality” is employed. In the case of polarisation entangled photon pairs (as emitted from

the quED), the so-called “CHSH” inequality is often chosen.

Classical (“local realistic”) theories predict that a certain value “S” has an upper bound of 2

(meaning S<=2). When quantum theory is used to calculate the corresponding value, S can

exceed a value of 2, the new bound is 2*sqrt(2).

Practically, the S value is determined by measuring the coincidence count rate at 16 different

polariser settings and adding and subtracting these values. So, we put one polariser in each

arm:

The quCR software helps you with the measurements and outputs the S value and the

amount of standard deviations (n) the Bell inequality has been violated by.

We said that any S value above 2 shows it is an entangled state. Here we measured S=2.7, so

the state is well entangled.
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What happens if we put in a non-entangled (=separable) state? We can produce such a state

with the quED when we remove the wave plate in the pump beam. (I.e. switch off the pump

laser, open the round lid of the white pump beam box, remove the wave plate from the beam,

put the lid back on and switch on the laser.)

This is what we have measured:

The measured S value is 1.647, which is well below 2.

What does this S value mean? Is this state entangled or not? Can it be explained by local-

realistic theories?

 

What do you need?
1 x quED (motorised version advised for demonstrations)

Connected Experiments
 

“Non-classical” polarisation correlations

Franson Interference



10/30/2018 quED - Entanglement Demonstrator | qutools

https://www.qutools.com/qued/ 1/2

Sample Experiments – Polarisation
Entanglement – Non‑Classical Correlations

We know that one scientific proof for the existence of entanglement is the successful violation

of Bell’s inequality. But there might still be some open questions about entanglement as such.

Here is another experiment you can conduct in order to get a better feeling for it.

The setup is the same as in the Bell experiment (motorised version is advised, but not

necessary):

Now, we keep one polariser fixed (e.g. start at horizontal polarisation) and rotate the other

one, while looking at the coincidence count rates and plotting them over the angle of the

rotation. The quCR software (in the motorised version) does that automatically. When the

rotating polariser is back to horizontal, you change the “static” polariser to +45 degrees and

so on…

This is what you will see:

The red curve was taken with the “static” polariser set to horizontal, the green one -45

degrees, the blue one vertical and the yellow one +45 degrees.

In contrast to this, a simple non-entangled state will produce the following result (wave plate

in the pump beam removed):
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Do you see the difference? What happens to the single count rates? Why are the correlations

of the entangled photons called “non-classical”? And how is Bell’s inequality connected to

these measurements?

The 16 values you need to calculate Bell’s inequality (in this case the CHSH inequality) are a

subset of those in the 4 curves. Here we have marked them with little circles in the first

measurement result:

And in the second, too:

Why are exactly these 16 measurement positions chosen? What happens to the S value of the

Bell inequality if you choose other positions?

 

What do you need?
1 x quED (motorised version advised)
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Sample Experiments – 2‑Photon‑
Interference by Hong, Ou & Mandel

In 1987, Hong, Ou and Mandel proposed and demonstrated a quantum interference effect
that has no classical analog: When two indistinguishable photons impinge on a beam splitter
(each on a separate input), they always leave it together at the same output. This is hence
called the Hong-Ou-Mandel effect.

To demonstrate this effect, we use the following setup:

Each of the quED outputs is connected to one of the inputs of the quED-HOM. We remove
the wave plate from the pump beam of the quED, so that we generate indistinguishable non-
entangled photon pairs. Now, we can introduce a temporal delay between the two photons
by moving one of the fibre collimators in the quED-HOM. This makes the two photons
distiguishable (you can say, one photon arrives at the beam splitter “earlier than the other”).
We use this to demonstrate the so-called Hong-Ou-Mandel dip in coincidence counts, by
tuning the delay between the two photons:

What happens when the two photons do not hit the beam splitter at the “same time”, so at
the left and right edge of the above results? Well the photons do what they would do if the
other photon was not there. They can each get reflected or transmitted, independent of what
happens to the other one. This means, that in two of four cases, you will see a coincidence
event, hence the increase of coincidences in the results when the photons become
distinguishable.
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So the HOM effect tests for indistinguishability in all possible degrees of freedom. We have
built the quED-HOM (and the quED) so that polarization, spatial mode and wavelength
overlap should be pretty high. In research, the HOM dip is facilitated to check the
indistinguishability of photons, for example consecutive photons being output by a single
photon source.

With the motorised version of the quED-HOM, the quCR will plot the coincidence count rates
in dependence of the optical path length differences.

What else can be deduced from the width of the dip? Why is there a width anyway? And
why are there so many “air quotes” in the text?

What do you need?
1 x quED (high rate version advised)
1 x quED-HOM (for optimal resolution use motorised version)

Connected Experiments
 2-Photon Hong-Ou-Mandel Interference + Hanbury Brown & Twiss

Single-Photon Interference (Michelson Interferometer)
Franson Interference



Version 1.4 (November 7, 2013)

Contents

1 Introduction and General System Description 2

1.1 Basic Principles of Operation . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Unpacking and Installation 7

2.1 Contents of Boxes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Operation 9

3.1 Laser Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.2 Additional Warnings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10



quED – Entanglement Demonstrator

3.3 Switching On . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.4 Improving the Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3.5 Full Alignment Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.6 Checking the Entanglement Quality (quick procedure) . . . . . . . . . . . . . 17

3.7 Improving the Entanglement Quality . . . . . . . . . . . . . . . . . . . . . . 18

A Experiments with the quED 20

A.1 Measurement of correlation curves . . . . . . . . . . . . . . . . . . . . . . . . 20

A.2 Bell state discrimination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

A.3 Bell experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

A.4 Tomographic reconstruction of the two-photon density matrix . . . . . . . . . 23

1 Introduction and General System Description

The quED is a complete system for the generation and analysis of polarization-entangled pho-
ton pairs. In its basic version the quED delivers the coincidence counting rate of above 1 kHz
with at least 90% visibility of correlation curves in two complementary bases. These parame-
ters guarantee that the genuine two-particle entanglement can be detected and demonstrated,
e.g. via measurement of Bell inequalities, within few minutes after the start of the system.

The heart of the quED employs a spontaneous parametric down conversion process to generate
polarization-entangled photon pairs. Fiber coupled single photon detectors in connection with
polarizing filters are used to detect the photon pairs, analyze their polarization and verify their
non-classical polarization correlations. The quED control unit features a laser diode driver and
a three-channel counter with integrated coincidence logic electronics, which registers single
photon detections and photon pair detections. The corresponding counting rates are displayed
on an integrated display or can be read out via a USB interface.

This document contains user information for the optical unit of quED, i.e. the source of polar-
ization entangled photon pairs. Please read the manual carefully before operating the source.
Particular attention should be paid to the section of laser safety. For the details on description
and operation of the control and read-out unit users are referred to the corresponding manual.

1.1 Basic Principles of Operation

To generate entangled photon pairs, a second-order nonlinear process, usually referred to as
spontaneous parametric down-conversion (SPDC), is used in the quED. In the SPDC process
photons of an intense laser pump beam spontaneously convert in a nonlinear crystal with a very
low probability (⇡ 10�11 for standard materials) into pairs of lower-frequency photons. Due
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Figure 1: Spatial distribution of the down-conversion emission for type I phase matching.
The transverse momentum conservation requires that down-conversion photons have to
emerge from the crystal along the directions lying always on exactly opposite sides of the
cone.

to energy and momentum conservation in the nonlinear interaction the possible wavelengths
and emission directions of the generated photons are severely constrained. Consequently, the
emission pattern is formed by cones, which imprint the characteristic rings in the plane (P)
perpendicular to the pump-beam direction. In type I phase matching the cones are concentric
around the pump direction, as illustrated in Fig. 1. Every cone corresponds to a distinct
emitted wavelength. The opening angles of the emission cones thus depend on the wavelengths
of the emitted photons, but also on the angle ⇥p between the pump direction and the optical
axis; (the smaller the angle ⇥p, the smaller the opening of the cone with a given wavelength).
This allows to angle tune the spatial emission of down-conversion photons as required.

To obtain polarization entanglement from SPDC, the quED utilizes a well-known method of
coherent spatial overlap of the emissions from two adjacent type-I crystals. Consider two non-
linear crystals, both operated in type-I phase-matching configuration and pumped with linearly
polarized light.The otherwise identical crystals are oriented such that their optical axes lie in
mutually perpendicular planes. For example, let the optical axis of the first crystal be aligned
in the vertical plane and the axis of the second crystal in the horizontal plane. Due to the type-
I coupling, the down-conversion process occurs only in the crystal, where the pump photon
is extraordinary polarized, emitting two ordinary polarized down-conversion photons into the
characteristic cone. That is, with the vertically-polarized pump the down-conversion process
occurs only in the first crystal emitting pairs of horizontally polarized photons, whereas with
the horizontally-polarized pump it occurs only in the second crystal producing two vertically-
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polarized photons. By pumping the crystals with light, linearly polarized at 45� with regard
to horizontal and vertical direction, there is an equal probability that a pump photon will be
down-converted in either crystal. Provided that the two emission processes are coherent with
one another, which is fulfilled as long as there is no way of ascertaining whether a photon pair
was produced in the first or the second crystal, the following entangled state is automatically
generated:

|�i = 1p
2

⇥
|Hi1|Hi2 + e

i�|V i1|V i2
⇤
.

The symbols |Hi and |V i represent the horizontal and vertical polarization state of photons
and the labels “1” and “2” correspond to the two spatial modes, which are in practice selected
by e.g. pinholes or fibres. The relative phase � is determined by the details of the phase
matching and thickness of the crystals, but can be controlled by adjusting the relative phase
between the horizontal and vertical components of the pump light.

The distinguishing information, which might possibly label the emission processes and thereby
reduce their mutual coherence, can be either of temporal or spatial character. The latter case
occurs whenever the emission modes from the two crystals are spatially distinguishable. To
avoid this situation, the nonlinear crystals have to be thin enough and the down-conversion
photons have to be collected into spatially single-mode channels, such as a pair of single-
mode fibres. The use of thin crystals ensures that the emission cones from the two crystals
overlap to a great extent. Moreover, the single-mode nature of the collection modes removes
practically all the spatial information the photons may have carried before entering the fi-
bre. Consequently, there is even in principle no way how to spatially distinguish whether the
down-conversion photons are coming from the first or the second crystal and therefore pure
polarization-entangled photon pairs can be detected.

In the time domain, the crystal birefringence in combination with dispersion lead to an un-
wanted e↵ect as well. The arrival times of photons at the output face of the second crystal
depend on their wavelengths and polarizations, which reveal the actual position of the photon-
pair’s origin. This leads to a partial loss of coherence between the two emission processes,
and thus to the reduced entanglement quality. The detrimental temporal e↵ect is two-fold,
which is illustrated in a simplified fashion in Fig. 2. First, it is primarily the group-velocity
mismatch between the pump and the down-conversion light, which causes the photon pairs
born in the first crystal to be advanced with regard to those originating from the second
crystal. This is usually precluded using a continuous-wave pump laser. Since a (spectrally
broadband) free-running blue laser diode is used as the pump in the quED, a special bire-
fringent crystal has to be included in the path of the pump beam. It introduces a proper
temporal retardation between its horizontally and vertically polarized components and thus
e↵ectively pre-compensates the e↵ect. Second, the dispersive delay of the down-conversion
photons at non-degenerate wavelengths is di↵erent for the two emission possibilities, because
the photons generated in the first crystal acquire an extra spread by propagating through the
second crystal; (since the type I SPDC emission is spectrally very broadband, the detection
of photons with very non-degenerate wavelengths is indeed possible in the quED). Therefore,
an additional birefringent crystal has to be put behind the down-conversion crystals to coun-
teract this second e↵ect, too. The described double-crystal compensation technique ensures

www.qutools.com 4

http://www.qutools.com


quED – Entanglement Demonstrator

Figure 2: Explanation of the detrimental time e↵ect inherent to SPDC emission in a two-
crystal configuration. Due to crystal birefringence and dispersion, the arrival times of non-
degenerate photons (�1 6= �2) at the output face of the second crystal (2) di↵er in general
for the two emission possibilities. The photon pairs from the first crystal (1) are advanced

with regard to photon pairs from the second (⌧ (1)+ < ⌧ (2)+ ). Moreover, the photons originat-
ing from the first crystal experience higher dispersive delay due to their pass through the

second crystal (⌧ (1)� > ⌧ (2)� ). Consequently, a compensation using two additional birefringent
crystals erasing their temporal distinguishability has to be applied.

a complete temporal indistinguishability of the emission processes even though a free-running
laser diode as a pump source is used and no spectral filtering of generated photons is applied
in the quED.

1.2 Description

Referring to Fig. 3, there is shown the source for the generation of polarization-entangled
photon pairs. For convenience, the whole optical set-up mounted on an aluminium breadboard
can be divided into two basic blocks: the pump-beam block and the down-conversion block.

All the components of the pump-beam block are installed on a rectangular pedestal. This
block comprises a laser diode head (1), a mirror (2), beam-shaping optics (3a, 3b, 3c), a half-
wave retarded (4), a pre-compensation birefringent crystal (5), and nonlinear down-conversion
crystals (6). The blue laser diode is built in the laser diode mount (1). The mount features
the protective circuit to maximally eliminate laser diode failures due to electrostatic discharge
and the thermoelectric module to precisely regulate the operating temperature of the diode.
The strongly divergent light from the laser diode is focused using a telescope consisting of the
collimating aspheric lens (3a) and the negative spherical lens (3b). The aspheric lens is included
in the laser diode head (1) and the spherical lens is mounted in a separate variable-angle
mount. The elliptical profile of the laser beam is compensated by the additional cylindrical
lens (3c). The pinhole in the support of the cylindrical lens determines the correct path of
the laser beam. To control the pointing direction of this beam the high-reflection dielectric
mirror (2) is used. The mirror is positioned between the laser diode head and the spherical
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Figure 3: Architecture of the source for the generation of polarization-entangled photon
pairs. For better clarity, the protective enclosure has been removed from the optical unit.

lens. The angle of linearly polarized laser light emitted from the laser diode is adjusted
with the half-wave plate (4), which is mounted in a lockable rotation holder. The horizontal
rotation mini-platform between the half-wave plate (4) and the cylindrical lens (3c) holds the
pre-compensation birefringent crystal (5). The crystal is used to compensate the detrimental
timing e↵ect reducing the entanglement quality [see section 1.1] and to set the relative phase in
the quantum-mechanical (entangled) state of the photon pairs. The nonlinear down-conversion
crystals (6) are mounted at the focus of the laser beam in a kinematic optical mount. The
mount allows precise angle tuning of the crystals, which is required to reach the optimum
opening angles of the down-conversion emission cones at double the pump wavelength.

All the components of the down-conversion block are positioned along the two down-conversion
emission directions and form two arms. Either arm comprises a mirror (7), an adjustable iris
diaphragm (8), a rotatable polarizing filter (9), a long-pass filter (10), an adjustable optical
collimator (11) and a single-mode fibre (12). Long-pass filters (10) are inserted into the paths
of down-conversion photons to block the residual laser-diode light and stray light. To verify the
entanglement of down-conversion photons a pair of polarization filters [(9); one in each arm]
is used. Both the mirror (7) and the collimator (11) are held in kinematic mounts allowing
the fine angular alignment of the coupling mode, which is defined by the single-mode fibre
(12). The divergence of this mode is adjusted by rotating the aspheric lens in the collimator.
The full control over the orientation and the divergence of the coupling mode is imperative
to achieve high coupling e�ciencies of down-conversion photons into single-mode fibres. In
either arm the iris diaphragm (8) with adjustable opening is positioned between the mirror and
the polarization filter. The irises in combination with the engraved pinpoints on the support
of the cylindrical lens (3c) define the correct paths of the two coupling modes. For additional
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information on the alignment procedure we refer to sections 3.4 and 3.5. The fibre-coupled
down-conversion photons are detected using passively quenched silicon avalanche photodiodes
hidden in the electronic quED control unit. The corresponding single detection rates in both
arms and the coincidence count rate are displayed on the counter panel of this unit.

To prevent the escape of laser radiation above the maximum permissible exposure and to
prevent personnel access to the laser beam during normal operations, the pump-beam block
is housed in a protective enclosure. The protective enclosure is not shown in Fig. 3 for better
clarity; we refer to the engineering support drawing attached at the end of the manual for
this purpose. The enclosure can be opened from the top when the operator needs to perform
maintenance or adjustment tasks. The front output aperture of the protective enclosure
contains the compensation birefringent crystal and the long-pass filter. The birefringent crystal
is permanently attached to the enclosure and is used to compensate the detrimental timing
e↵ect reducing the entanglement quality; for details see section 1.1. The long-pass filter is
mounted in a separate tube, which can be completely removed from the enclosure. This is
required for example during full alignment procedure described in section 3.5.

2 Unpacking and Installation

2.1 Contents of Boxes

When you have received the product, please make sure that the following parts are included:

• quED optical unit

– Aluminium breadboard

– Laser diode head including aspheric lens

– Broadband dielectric mirror

– Negative spherical lens

– Half-wave plate

– Pre-compensation birefringent crystal

– Cylindrical lens supported by alignment screen

– Two down-conversion crystals cemented together

– Protective pump-beam enclosure with long-pass filter and birefringent compensa-
tion crystal

– Silver coated mirror (2⇥, one in each arm)

– Adjustable iris diaphragm (2⇥, one in each arm)

– Polarizing filter (2⇥, one in each arm)

– Long-pass filter (2⇥, one in each arm)
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– Adjustable collimator including aspheric lens (2⇥, one in each arm)

– Single mode fibre (2⇥, one in each arm)

• quED electronic unit and additional equipment

– Control and read-out unit with integrated laser diode driver, three-channel counter
and twin detection module

– Interface Y-cable with SUB-D9 connectors (to connect down conversion source
with control unit)

– Power cord

– Optical fibre checker

– Protective SUB-D9 connector (plugged to the interface cable)

2.2 Installation

Before installing the system, make sure that you are familiar with
and have obeyed all necessary laser safety precautions. Please
refer to paragraph 3.1 for this purpose. Handle the source and all
its components very gently. Especially, do not tilt the breadboard
too far and be very careful with electrostatic discharges in the
immediate vicinity of the laser diode. For additional warnings
please see the relevant section (3.2) of the manual.

Upon receipt of the quED, please verify carefully that all the mechanical and optical parts of
the source are free of any damage. If this is not the case, please contact qutools immediately;
the contact details are given at the end of the manual. If no damages are found, please proceed
according to the following steps:

1. Carefully cut the cable ties attaching the interface cable and the single mode fibres to
the aluminium breadboard. Remove the cable ties from the breadboard. Then remove
the adhesive tapes from the kinematic mounts.

2. Remove the source from the wooden box. It is fastened to the box with five screws -
four screws in the corners of the aluminium breadboard and one in its center. Remove
the screws from the top. Gently put the breadboard with the source on a stable table.

3. Place the control unit next to the breadboard and connect it to a power socket.

4. Connect the interface Y-cable to the control unit. Remove the protective SUB-D9 con-
nector from the cable and plug it into the socket of the control unit (labeled “laser/tec”).
The protective connector is used to prevent the laser diode from electrostatic discharges
while it is not connected to the control unit.
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5. Put the protective enclosure from the top onto the pump-beam block. The extension
control rod can be now screwed into the rotation mini-platform through the slit in the
enclosure.

6. If not already done, please attach the long-pass filter to the ?1” tube adapter located
on the front of the protective enclosure.

7. Remove the yellow protective cap from one of the fibers and locate the positioning
key on the fiber connector. Orient the fiber connector such that the positioning key
is pointing towards the keyway on the fiber receptacle of the optical input, please see
Fig. 4. Slowly insert the fiber connector into the fiber receptacle and tighten it. Plug
the second fiber into the second optical input; please ensure again that the keyway
mates with the positioning key on the fiber connector. On completion of this step, the
installation of quED is finished and it is ready for operation.

Figure 4: The fiber connector is correctly inserted into the optical fiber input of the twin
detection module only if the keyway on the the fiber receptacle mates with the positioning
key on the fiber connector.

3 Operation

3.1 Laser Safety

This product contains Class 3B laser according to IEC 60825-1 (or EN 60825-1) Safety Stan-
dards.

Class 3B lasers are hazardous to the eye from direct beam view-
ing, and from specular reflections even for short and unintentional
exposures! Therefore it is absolutely necessary to take overall
safety measures when operating the source.
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The quED should be operated in a restricted area equipped with post warning signs to alert
those present. To ensure adequate warning of hazards associated with the accessible laser
radiation, relevant warning signs and labels are conspicuously a�xed to the quED. When
removing the protective laser enclosure, always wear suitable safety glasses to prevent exposure
to laser light. For additional information users should refer to appropriate documents specifying
the safety standards such as IEC 60825-1 “Safety of laser products – Part 1: Equipment
classification and requirements”.

3.2 Additional Warnings

The following precautions should be thoroughly reviewed and followed to avoid the risk of any
damage or failure.

• Avoid any back-reflection into the aperture of the laser head. Permanent damage to the
laser diode can occur.

• Never connect or disconnect the cable between the control unit and the source while the
laser is switched on. These acts can lead to laser hazard for the operator and possible
permanent damage to the laser diode.

• The lifetime of the laser diode can be significantly shortened by applying the driving
currents higher then the limiting value preset in the control unit. Therefore, the laser
diode should be operated strictly below this value.

• ESD (electrostatic discharge) sensitive device! Electrostatic charges as high as several
thousand volts might readily accumulate on the human body and equipment and can eas-
ily discharge. If this happens in the immediate vicinity of the laser diode, its permanent
damage can occur. Therefore, proper ESD precautions are strongly recommended when
handling and operating the source. These include avoiding wearing clothes, which easily
generate ESD, putting on work gloves to protect against static electricity, maintaining
environmental humidity 40–50% or more etc.

• To reduce the possibility of laser diode failures due to ESD, please disconnect - if neces-
sary - the controller cable only from the control unit. The two connectors at the other
end of cable should remain always plugged to the laser head. Immediately insert the
delivered protective SUB-D9 connector to the open male connector of the cable. It is
used to avoid ESD while the laser head is not connected to the control unit.

• Opening or removing the housing of the laser head might expose the user to the danger
of laser radiation, and might cause the laser diode failure.
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3.3 Switching On

1. Switch on the control unit and enable the illumination of the counter panel. After a few
seconds the single-photon detectors start their operation and the displayed single count
rates (two red numbers at the counter panel) become nonzero.

2. Compare the actual displayed single count rates to dark count rates specified in the in-
spection data sheet, which is included in the delivery notification. If the actual measured
values are significantly higher, the level of stray light in the room has to be lowered.
Especially, please try covering the fibre inputs at the control unit by a piece of a black
tissue.

3. Loosen the screws which secure the rotation mounts with polarizing filters. Remove the
polarizing filters from both arms of the source.

4. Switch the laser diode on and increase the input current. The laser diode starts lasing
at the threshold current specified in the inspection data sheet. By further increasing the
input current the source starts generating photon pairs and the coincidence count rate
(green number at the counter panel) becomes nonzero. The single count rates rapidly
increase above the level of dark counts. The measured count rates at the operating
current should approximately reach the values specified in the inspection data sheet. If
this is not the case, the most probable reason is misalignment of the photon coupling
into the single-mode fibres. Please choose one of the following possibilities and act
accordingly:

(a) If the displayed single and coincidence count rates reach approximately the values
specified in the inspection data sheet, the quED is still perfectly aligned and it is
ready to be used for entanglement tests and other experiments.

(b) If the displayed coincidence count rate is well above zero and single count rates
are well above the level of dark counts, but all of them do not reach the values
specified in the inspection data sheet, please try improving the coupling of the
down-conversion photons according to description given in section 3.4.

(c) If the displayed coincidence count rate is zero or close to zero and single count
rate in one of the source arms is at the dark-count level but in the other arm well
above this level, please:

• Try improving the coupling of down-conversion photons in the arm, which
shows single count rate above the dark-count level. This arm can be easily
identified by blocking the path of down-conversion photons and observing the
drop in single count rate. To this end, please follow the instructions given in
section 3.4.

• Try finding down-conversion photons by angle tuning the adjustable collimator
in the arm, which shows single-count rate at the dark-count level. With this
aim, please scan angles in a systematic way around the initial position (which
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should be always remembered), while observing the respective single-count
rate at the control unit. As the scanning is performed blindly without any
reference, the success comes only if the initial misalignment is small. If the
scanning fails and single-count rate does not increase above the level of dark
counts, please align the coupling mode in the arm according to steps of the
full alignment procedure described in section 3.5.

(d) If the displayed coincidence count rate is zero and single count rates in both arms
are at the level of dark count rates, please follow the steps of the full alignment
procedure described in section 3.5.

3.4 Improving the Coupling

The alignment of coupling in a given arm of the source is performed by angle-tuning the
respective mirror and the adjustable collimator. The motions of both the mirror and the
collimator are controlled using a pair of fine-thread adjustment screws on the kinematic mirror
mounts. One of the adjustment screws provides the control in the vertical and the other in
the horizontal direction.

The adjustments of the mirror and the fibre collimator are coupled - each adjustment of the
collimator must be accompanied by a corresponding adjustment of the mirror. For example,
if you tilt the collimator in horizontal direction and the count rates drop, the mirror has to be
tilted in horizontal direction as well, such that the count rates reach again its maximum. If
done properly the angle of coupling mode (defined with regard to the direction of the pump
beam) is changed continuously while keeping the full overlap between the coupling mode and
the pump beam at the crystal position.

When trying to maximize the count rates (particularly the coincidence count rate), try to
iteratively align both arms in the horizontal and vertical direction. Start with one of the arms,
then go to the other and afterwards back again to the first arm. Continue till the maximum
in coincidence count rate is reached. The alignment steps have to be su�ciently small to
avoid complete loss of the coupling of down-conversion photons. For example, if you tilt the
collimator allow the count rates to drop not more than to a third of their initial values and
then compensate for this drop by an appropriate movement of the mirror.

The focus position of the aspheric lens in the adjustable collimators is pre-aligned for maxi-
mum coupling of down-conversion light. Only if a strong doubt of correct alignment arises,
the focus might be changed by rotating the aspheric lens in the collimator housing using a
spanner wrench. Due to a high positioning sensitivity of the aspheric lens in the collimator,
the adjustment steps must be very small - in the order of a few degrees only! Please note
that every adjustment leads to a slight misalignment of the coupling and has to be corrected
by angular adjustment of the kinematic mirror mount. The aspheric lens should be aligned to
the position corresponding to the highest detected single-count and coincidence-count rates.
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Remarks and additional alignment tips:

• After the start of the system, please always wait before performing any alignment steps
until the actual temperature of the laser diode reaches the preset value (T ACT is equal
to T SET on the laser diode controller display) and the APD module cools down to the
desired temperature (Temp LED on the APD module stops flashing and is constantly
on). For more details, please refer to the Control and Read-Out Unit - User’s and

Operation Manual.

• Maximizing the count rates (particularly coincidence count rate) by careful alignment
of the coupling is very important. If a su�ciently high coincidence-count rate and the
coincidence-to-single ratio (for a reference value please check the inspection data sheet)
is reached, the visibility of polarization correlations shows to be usually well above the
classical limit and the entanglement of photon pairs can be readily verified without any
further need for alignment.

• Please note that the adjustable collimator on the left side has the corresponding mirror
on the left side and the adjustable collimator on the right side has the corresponding
mirror on the right side (left and right sides are defined here when facing the front of
the laser diode head). Please consult also the technical drawing attached at the end of
the manual to identify the geometry of the down-conversion paths.

• During alignment (with the aim of reaching maximum count rates) it is usually very
convenient to remove the polarizing filters from the set-up to avoid any polarization
e↵ects, please see also section 3.7. When putting back the filters please make sure
they are placed approximately perpendicular to the beam directions and that they are
horizontally centered in the paths of the down-conversion photons. To ensure that
the filters do not partly block the path of photons, please observe the single-count
and coincidence-count rates while positioning the filters. If the alignment is performed
with the filters, please ensure that they are set at +45� or -45� with regard to the
horizontal polarization (the polarizing filters should be set to combination of positions,
which correspond to a maximum in coincidence count rate in diagonal polarization basis
for a given Bell state, please see also sections 3.6 and 3.7 for more details).

• The user should always choose a convenient integration time for displaying the count
rates on the control unit. Too long integration time slows down the alignment, whereas
too short integration time is usually not su�cient for collecting a large number of pho-
tons, so that the displayed rates fluctuate more due to higher relative statistical error.
For standard alignment of the coupling we recommend to set the integration time to 0.5
s.

• If the coupling adjustments are unclear to you, it may be useful to examine the move-
ments of the coupling mode with a visible light provided by the fibre checker module.
Please refer to the instructions in section 3.5 on how to properly make the coupling
modes visible. Please be aware of the fact that any adjustments of the coupling without
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monitoring of the count rates might lead to a misalignment of the source! Therefore
remember the initial positions of the adjustment screws and go back when finished.

3.5 Full Alignment Procedure

1. If not already turned o↵, turn o↵ the laser.

2. Loosen the screws which secure the rotation mounts with polarizing filters. Remove the
polarizing filters from both arms of the source.

3. Remove the tube adapters with long-pass filters from both arms of the source. To do
that, please loosen the locking screws first.

4. Unscrew the tube with the mounted long-pass filter from the protective enclosure.

5. Disconnect the single mode fibres from the twin detection module (always use the pro-
tective caps to cover the fibre connectors and the fiber receptacles of the optical inputs).

6. Connect the fibre checker module to one of the single mode fibres and switch it on.
You should see red light coming out of one of the collimators. You can change the light
intensity by adjusting the coupling of the laser light from fiber checker to the fibre.

7. In order to align the coupling mode in the given arm of the source, you have to make the
light pass through the center of the iris and hit the engraved pinpoint on the support of
the cylindrical lens, see Fig. 5. To do that please close first the iris to about 1-2 mm
diameter aperture. Adjust the angular position of the fibre collimator in the horizontal
and the vertical direction such that the beam passes exactly through the center of the
iris [the beam should form a symmetric ring around the opening of the iris, please see

Figure 5: Geometry of the laser beam paths as observed during the full alignment procedure.
The red alignment beams from the fiber checker module intersect the pump laser path at
the crystal position and hit the engraved pinpoints on the support of the cylindrical lens.
The pinhole in the support defines the correct path of the pump laser beam.
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Fig. 6(a)]. After aligning the fibre collimator, the angular position of the mirror in the
given arm of the source can be adjusted. If done correctly the coupling mode has to hit
the engraved pinpoint on the support of the cylindrical lens, please see Fig. 6(b).

Figure 6: The correct path of the coupling mode in the given arm of the source is defined
by (a) iris and (b) engraved pinpoint on the support of the cylindrical lens.

8. Repeat alignment of the coupling mode from step 6 for the second arm of the source.

9. When the coupling modes in both arms of the source are aligned, switch o↵ the fibre
checker module, unplug it and connect the fibres back to the optical inputs of the twin
detection module. Please ensure that the keyways on the fibre receptacles mate with
the positioning keys on the fiber connectors when inserting the fibers into the optical
inputs, see also Fig. 4.

10. Open the irises completely.

11. Mount the adapter tubes with the long-pass filters onto the collimators.

12. Screw the tube with the mounted long-pass filter onto the protective enclosure.

13. Switch on the laser and increase the input current to the operating value. Observe
the detected single- and coincidence-count rates. Improve the measured count rates by
angle tuning the adjustable collimator and/or the mirror in the corresponding arm of the
source according to the description given in section 3.4.

If the above described alignment procedure fails and the displayed single-count rates are still
at the dark-count level and the coincidence count rate is zero, please try first to scan in a
systematic way the angular position of the adjustable collimators around their initial positions.
Start with the collimator in one of the arms and then try the other.

If this does not help, it is likely that the originally preset pointing direction of the laser beam has
been changed. This can be verified by observing the position of the laser beam after passing
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Figure 7: (a) Photo of the pump laser beam surrounded by the less luminous halo; (photo
was taken under relatively dark ambient conditions with the laser diode operating below its
lasing threshold). The optimum operation of the source is ensured only if the laser beam
is positioned in the center of the approximately circular halo. If this is not the case the
pointing direction of the laser beam is false and the appropriate angular correction using the
mirror has to be performed. (b) Photo of the three laser spots on a blank paper to check
correct alignment of the coupling modes; (photo was taken under light ambient conditions
with the laser diode operating just above its lasing threshold and two fiber checker modules
connected to the single mode fibres). The two outer coupling modes should be in equal
distance to the middle pump-beam spot and all three spots should lie on an imaginary
horizontal line.

through the pinhole in the support of the cylindrical lens. Please switch on the laser diode and
drive the input current till the pump-beam path is clearly visible. For the sake of safety it is
advised to operate the laser diode below its lasing threshold. Put a small piece of the paper
in the path of the laser beam, optimally few centimeters behind the protective enclosure with
the tube containing the long-pass filter removed. Under su�ciently dark ambient conditions
the laser beam spot surrounded by a less luminous circular halo, which originates from the
pinhole, can be observed [please see Fig. 7(a)]. Normally, the laser beam spot should be
positioned approximately in the middle of the circular halo; otherwise the angular pointing
direction of the laser beam is false and a correction should be performed. To this end the
protective enclosure has to be completely removed from the optical set-up. Afterwards, the
pointing direction should be corrected by slight angular movements of the mirror behind the
laser head. Before placing the long-pass filters and the protective enclosure back to its position
you might additionally check whether the pump-beam spot fully overlaps with the spot of the
given coupling mode at the crystal. If the overlap of the beams is not optimal, please try
correcting this misalignment by angle tuning the adjustable collimator and/or the mirror in
the corresponding arm of the source.

Additional alignment tips and tricks:

• If you have a means to make the coupling modes in both arms visible (e.g. by either
connecting other laser source, using fiber beam-splitter etc.), you might additionally
check whether the paths of the coupling modes are symmetric with regard to the pump-
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beam path. To do that please switch on the laser diode again and drive the input current
till the pump-beam path is clearly visible. For the sake of safety it is advised to operate
the laser diode below its lasing threshold. Follow the paths of the modes in the region
around the down-conversion crystal with a small piece of (partially transparent) blank
paper. You should observe three spots - the middle one corresponding to the pump beam
and the outer spots corresponding to two coupling modes [please see Fig. 7(b)]. For
any position of the paper, all three spots should lie on an imaginary horizontal line and
the two outer spots must be in equal distance to the middle spot. If any asymmetries in
the positions of the three spots are observed, please try correcting this misalignment by
angle tuning the adjustable collimator and/or the mirror in the corresponding arm of the
source. Yet, the correction of the paths should not result in a strong deviation of the
coupling beams from the control positions given by the adjustable iris and the engraved
pinpoints on the alignment screen.

• Please note that the coupling modes should be focused at the position of the crystal.
This can be easily checked during the full alignment procedure. To do that please follow
the paths of the modes from the collimator towards the down-conversion crystal with a
small piece of blank paper. The diameter of the red laser spot should gradually decrease
and in the region around the down-conversion crystal reach its minimum. At the position
of the support of the cylindrical lens the laser spot should be somewhat larger again.

• If the detected rates do not reach the expected values after the alignment and optimiza-
tion procedure, the angular orientation of the main down-conversion crystals should be
additionally checked. To this end, please first remove the polarizing filters from the op-
tical set-up. Then adjust the pump-beam polarization to horizontal direction by rotating
half-wave retarder. Tilt the down-conversion crystals horizontally (i.e. change the angle
between the down-conversion crystal and the pump beam in the horizontal plane) till
the maximum in the coincidence count rate is reached. The optimum position should be
very close to the initial position. Do not tilt the crystals very much, because the entire
alignment of the source might be easily lost (you can remember the initial tilt of the
crystal by identifying the spot of the back-reflected pump beam at the support of the
cylindrical lens and if no better position is found, please go back to the initial position of
the crystal tilt). The analogous procedure has to be repeated for the vertical direction.

3.6 Checking the Entanglement Quality (quick procedure)

1. If not already inserted, put the polarizing filters into the paths of down-conversion pho-
tons (the filters should be placed approximately perpendicular to the beam directions).
Please make sure that the filters are centered on the paths of down-conversion photons.

2. Verify the existence of correlations in the horizontal-vertical polarization basis (max-
imum coincidence count rates for the filter combinations “horizontal/horizontal” and
“vertical/vertical” and minimum coincidence count rates for the filter combinations
“horizontal/vertical” and “vertical/horizontal”).
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3. Decide which of the Bell states should be prepared - either the Bell state ��:

|��i = 1p
2

⇥
|Hi1|Hi2 � |V i1|V i2

⇤
,

showing anti-correlations in the diagonal basis or �+:

|�+i = 1p
2

⇥
|Hi1|Hi2 + |V i1|V i2

⇤
,

showing correlations in the diagonal basis.

4. Rotate the polarizing filters to positions corresponding to polarization analysis in the
diagonal basis. Choose the combination of positions, which corresponds to the expected
minimum in coincidence count rate for a chosen Bell state (i.e. combinations “+45�/-
45�” or “-45�/+45�” for �+ state and combinations “+45�/+45�” or “-45�/-45�” for
�
� state).

5. Rotate the pre-compensation crystal mounted on the horizontal mini-platform till a
minimum in the coincidence count rate is reached. For higher precision the integration
time might be increased. Please note that usually more local minima can be found
over the full rotation range of the pre-compensation crystal. The user should adjust the
crystal to the positions corresponding to the global minimum.

6. Rotate the polarizing filters to positions corresponding to maximum in coincidence count
rate in diagonal polarization basis.

7. Calculate visibility of the correlations in the diagonal polarization basis according to
(Cmax�Cmin)/(Cmax+Cmin), where Cmax/Cmin is the maximum/minimum coincidence
count rate. If the visibility is lower than expected we refer to section 3.7.

3.7 Improving the Entanglement Quality

In the following you can find a few issues to be addressed in order to reach a high quality of
polarization entanglement.

• It is absolutely necessary that the amount of horizontally-polarized photon pairs detected
during a time unit equals approximately the amount of vertically-polarized photon pairs.
This situation corresponds to the theoretical maximally-entangled state having equal
amplitudes of its two constituting terms, please see also section 1.1. The double-crystal
geometry used to produce entangled photons in quED, however, does not allow the
optimum simultaneous coupling of photons from both crystals. This usually leads to an
imbalance between the detected numbers of horizontally and vertically polarized photon
pairs. E.g. if the fiber coupling is optimized for maximum detection rate of horizontally
polarized photons, the corresponding rate of vertically polarized photons shows to be
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much lower and vice versa. To avoid such e↵ect, it is usually recommended to iteratively
align the arms with the polarizing filters removed or with them set to positions, which
correspond to a maximum in coincidence count rate in the diagonal polarization basis
for a given Bell state. At the end of the alignment procedure any residual imbalance
between the detected numbers of horizontally and vertically polarized photons should
always be compensated. To this end, the horizontal tilt of the mirror in one of the
arms (or mirrors in both arms) should be slightly tuned. A small imbalance between
the detected numbers of horizontally and vertically polarized photons might be also
compensated by a slight rotation of the linear pump-beam polarization at 45 degrees
towards horizontal or vertical polarization.

• To avoid any wavelength-related e↵ects or the problems with balancing the detected
numbers of horizontally and vertically polarized photon pairs, the angular position of
either down-conversion crystal should be set such that the maximum coincidence count
rate of photons with the respective polarization is reached. We refer to the part “Addi-
tional alignment tips and tricks” in section 3.5 for more details.
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A Experiments with the quED

We suggest and describe a few experiments to be accomplished with the quED, providing the
basis for an undergraduate laboratory course on quantum mechanics and quantum optics. In
the following the measurement procedures and the interpretation of results are discussed in
short for each of the experiments.

A.1 Measurement of correlation curves

The simplest test to verify entanglement of photon pairs generated in the quED involves
a measurement of correlation curves in two non-orthogonal complementary bases. This is
accomplished by fixing the orientation ↵ of one polarizing filter and continuously changing
the orientation � of the other. The two settings ↵ = 0� and ↵ = 45� are usually chosen
for convenience, corresponding to the measurement in horizontal/vertical polarization basis
and the diagonal basis, respectively; (zero angle corresponds to horizontal polarization). The
recorded coincidence count rates for the two settings show the sin2(� � ↵) dependencies
in analogy to the Malus’ law. This observation demonstrates the impossibility of finding a
measurement basis, in which the polarization state of the photon pairs is separable - the two-
photon state is entangled. On the other hand, the single count rates show no dependence on
the orientation � whatsoever. Thus the outcome of a state-measurement on one of the two
photons is completely random.

To quantify the quality of the polarization correlations, the visibility V of measured curves can
be directly estimated from the formula:

V =
Cmax � Cmin

Cmax + Cmin
,

where Cmax/Cmin is the maximum/minimum coincidence count rate. The error �V on the
visibility V is determined by applying the Gaussian error propagation rule:

�V =

s✓
@V

@Cmax
�Cmax

◆2

+

✓
@V

@Cmin
�Cmin

◆2

,

where
@V

@Cmax
=

2Cmin

(Cmax + Cmin)2
,

@V

@Cmin
= � 2Cmax

(Cmax + Cmin)2
,

and the acquired coincidence rates are assumed to be statistically independent Poisson random
variables, so that �Cmax =

p
Cmax and �Cmin =

p
Cmin. A more precise determination of

the visibility V follows from the best fit to the measured data using the function:

f(�) =
A

2


1� V sin

✓
� � �c

P

◆�
,

where A, �c, V , P are the fitting parameters determining the curve amplitude, center, visibility
and periodicity, respectively.
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A.2 Bell state discrimination

The two Bell states:

|�+i = 1p
2

⇥
|Hi1|Hi2 + |V i1|V i2

⇤
, |��i = 1p

2

⇥
|Hi1|Hi2 � |V i1|V i2

⇤
,

can be directly prepared in the quED by rotating the pre-compensation crystal, please see
sections 1.1 and 1.2 for more details. They both show correlations in the horizontal/vertical
basis, i.e. maximum coincidence count rates are observed for the polarizer combinations
↵ = 0�/� = 0�, ↵ = 90�/� = 90� and minimum coincidence count rates for ↵ = 0�/� = 90�,
↵ = 90�/� = 0�. However, in the diagonal basis the two states:

|�+i = 1p
2

⇥
|P i1|P i2 + |Mi1|Mi2

⇤
, |��i = 1p

2

⇥
|P i1|Mi2 + |Mi1|P i2

⇤
,

can be easily distinguished by the polarization measurement; here the symbols |P i and |Mi
represent the diagonal polarization states of photons:

|P i = 1p
2

⇥
|Hi+ |V i

⇤
, |Mi = 1p

2

⇥
|Hi � |V i

⇤
.

Whereas �+ shows correlations in the diagonal basis and the maximum is observed for the
polarizer combinations ↵ = 45�/� = 45�, ↵ = �45�/� = �45�, the state �� shows anti-
correlations and the maximum is observed for the polarizer combinations ↵ = �45�/� = 45�,
↵ = 45�/� = �45�.

By inserting the half-wave plate (optionally delivered with the quED) rotated at 45� into one
of the down-conversion arms one can prepare the two other Bell states | +i and | �i showing
anti-correlations in the horizontal/vertical basis. Analogously to �-class Bell states  -states
can be distinguished in the diagonal basis.

A.3 Bell experiment

The most widespread version of Bell’s inequality used in experimental tests is the one from
Clauser, Horne, Shimony and Holt (hereafter referred to as CHSH). The main idea behind
the CHSH-Bell inequality is that, in local realistic theories, the absolute value of a particular
combination of correlations between two particles is bounded by 2:

S(↵,↵0
, �, �

0) =
⇥
E(↵, �) + E(↵0

, �)� E(↵, �0) + E(↵0
, �

0)
⇤
 2,

where ↵ (↵0) and � (�0) denote the local measurement settings of two observers, each receiving
one of the particles. In our particular experimental configuration with entangled photons ↵ (↵0)
and � (�0) are the orientations of polarizing filters positioned in the two arms of the source.
Denoting C(↵, �) the coincidence count rate obtained for the combination of polarizer settings
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↵ and �, the normalized expectation value E(↵, �) of correlations between the measurements
is given by:

E(↵, �) =
C(↵, �)� C(↵, �?)� C(↵?, �) + C(↵?, �?)

C(↵, �) + C(↵, �?) + C(↵?, �) + C(↵?, �?)
,

where ↵? and �? are the polarization orientations perpendicular - that is rotated by 90�

- with respect to ↵ and �. The measurement of coincidence count rate with entangled
photons shows sinusoidal dependence C(↵, �) _ sin2(� � ↵) on the di↵erence angle of the
polarizer orientations, see section A.1. The same behavior can be predicted for the correlation
coe�cients E(↵, �) = � cos[2(��↵)]. Therefore, for various combinations of orientations ↵,
↵
0, �, �0 the CHSH inequality is violated. The maximum violation is obtained if the following

conditions on the polarizer settings are obeyed:

(� � ↵) = (↵0 � �) = (�0 � ↵
0) = 22.5� and (�0 � ↵) = 67.5�,

giving the upper limit on the violation of the CHSH inequality, 2
p
2. Quantum entanglement

thus leads to stronger correlations that violate the limit of 2, so that quantum entanglement is
experimentally distinguishable from local realistic models, forcing us to abandon at least one
of the underlying concepts, locality (meaning that local events cannot be a↵ected by actions
in space-like separated regions) or realism (meaning that external reality exists independent of
observation).

For the experiment any set of orientations fulfilling the conditions given above can be chosen,
e.g. ↵ = 0�, ↵0 = 45�, � = 22.5� and �0 = 67.5�, and four separate experimental runs are
conducted, corresponding to the four terms E(↵, �) in the definition of the value S. Each of
the terms E(↵, �) is calculated from four numbers of coincidences, making together 16 count
rates which have to be experimentally taken. The statistical nature of the inequality requires
that su�ciently long integration time for collecting the required 16 coincidence rates is chosen.
Simple rule for sums is applied to determine the standard deviation of the experimental value
S:

�S(↵,↵0
, �, �

0) =

s X

a=↵,↵0

X

b=�,�0

�E(a, b)2,

where the errors �E(a, b) on the individual correlation coe�cients are computed via Gaussian
error propagation:

�E(a, b) = 2
[C(a, b) + C(a?, b?)] [C(a, b?) + C(a?, b)]

(C(a, b) + C(a, b?) + C(a?, b) + C(a?, b?))
2

⇥

s
1

C(a, b) + C(a?, b?)
+

1

C(a, b?) + C(a?, b)
,

where we assumed independent errors on the individual measurements and the Poisson photon
number statistics1. If the experimental value S is numerically greater than 2 it has violated

1
When the individual events are assumed to be independent of each other, the resulting statistics

becomes Poissonian. The variance of a Poisson distribution with mean � is also �. Hence the standard

deviation is
p
�.
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the CHSH inequality. The strength of violation is usually defined in terms of the number n�

of standard deviations which add up into the gap between the experimental value S and the
local realistic bound 2:

n� =
S � 2

�S
.

A.4 Tomographic reconstruction of the two-photon density matrix

The output from real-life entanglement sources like the quED is not truly pure as described
by the Bell states in section A.2. In reality we always have to deal with mixed polarization
states, which are completely characterized using density matrices. To determine the density
matrix ⇢ of an unknown quantum state, the experimental procedure called state tomography
has to be accomplished.

In case of the entangled photon pairs the state tomography requires a set of 16 projective
measurements. These are given by all possible permutations of projecting the two photons
to horizontal (|Hi), vertical (|V i), plus-diagonal (|P i) and right-circular (|Ri) polarization
states; |Ri = 1/

p
2 [|Hi+ i|V i] and |P i is defined in section A.2. The tomography contains

measurements in the circular polarization base, which is accessible only with a quarter wave-
plate (optionally delivered with the quED). Therefore, to project the photons into any of the
four mentioned polarization states, quarter-wave plates preceding the polarizing filters have to
be used. For each of the settings the coincidence count rate over a given integration time is
recorded and the accumulated experimental data are then evaluated.

Since the evaluation procedure of density matrix from the measured 16 coincidence counts
is lengthy and more involved, it is not explicitly described here, but can be found e.g. in
D. F. V. James et al., Phys. Rev A 64, 052312. To quantitatively characterize the deviation
of the experimental density matrix ⇢exp from the ideal, its overlap with the theoretical density
matrix ⇢th = |XihX|, (X is one of the Bell states �+

,�
�
, 

+
, 

�), is calculated:

F = Tr
h
(
p
⇢th⇢exp

p
⇢th)

1
2

i
.

F is usually called the fidelity and it takes the values between 0 and 1. The maximum value of 1
is obtained if ⇢exp = ⇢th, so that the two states are completely indistinguishable. Furthermore,
many useful measures to characterize the experimental quantum state can be derived from
the reconstructed density matrix; e.g. concurrence or tangle can be computed to quantify
the degree of entanglement and entropy to quantify the degree of mixture in quantum state.
The definitions of the various measures and their interpretation can be found in a number of
quantum mechanics textbooks.
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1 Introduction

The qu2PI is a two-photon interferometer designed to operate together with the qutools quED
’Entanglement Demonstrator’ or any other fiber-coupled source of time-correlated photon
pairs at the wavelength band around 810 nm. It is an education-oriented experimental module
capable of demonstrating a quintessential quantum mechanical phenomenon – the interference
of two indistinguishable photons at a non-polarizing beam-splitter. This phenomenon is often
called Hong-Ou-Mandel interference.

The simplicity of the experimental arrangement and the clarity in the underlying physics make
the experiment well suited for practical demonstrations in student lab courses.The experimental
sign of the two-photon interference – the V-shaped drop or the ’dip’ in the number of detected
photon pairs towards zero - provides a measure of the time separation between the photon
arrivals with femtosecond precision. Moreover, the depth of the dip is directly related to the
degree of indistinguishability of the two photons.

The interferometer is fiber-based and manually driven. At its heart there is the polarization-
maintaining fiber coupler ensuring high spatial and polarization overlap of the interfering
photons. The all-fiber solution ensures not only a high quantum-interference visibility, but
also greatly simplifies the search and alignment procedures. The procedures break down into
separate deterministic steps, which are easily accomplished and do not require a lot of technical
expertise. To record the interference dip, the path di↵erence between the interferometer arms
has to be scanned in micrometer-resolved steps. This is accomplished using the integrated
manual translation stage equipped with a di↵erential micrometer screw.

The purpose of this document is to assist the user during setup and operation of the qu2PI.
Please read the manual carefully before using the interferometer module. The description
of the installation and alignment procedures specifically assumes the usage of the module
together with the qutools’ quED Entanglement Demonstrator, but it can be easily adapted for
the usage with any source of time-correlated photons. For the details on the operation of the
quED – the source of entangled photons and the control unit – the users are referred to the
two corresponding operation manuals.
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1.1 Underlying Physics

For the single photon impinging on a balanced non-polarizing beam-splitter there is an equal
chance of being reflected or transmitted. If two photon-counting detectors are positioned at
the output ports of the beam-splitter, the photon is registered at one or the other detector
with equal probability, but never in coincidence at both detectors. The observed perfect anti-
correlations between the detection events provide a simple experimental test of the photon
indivisibility.

In the experimental scenario with the two photons simultaneously entering the input ports of
the beam-splitter, one would expect the four possibilities for the output: both are transmitted
(Fig. 1a), both are reflected (Fig. 1b) and one is transmitted while the another reflected (Fig.
1c and Fig. 1d). The detectors at the beam-splitter outputs should thus register half of the
photons in coincidence while the other half is not detected. This intuitive explanation however
fails to account for two-photon interference, which occurs if the two photons are indistin-
guishable in all degrees of freedom, i.e. the photons have the same wavelength, polarization
and spatio-temporal mode. In such a case the first two possibilities – when both photons
are transmitted (Fig. 1a) or reflected (Fig. 1b) – cannot be distinguished from one another
because there is always one photon in either output mode. As a result, the two possibilities are
coherently superposed. Due to unitarity of the beam-splitter transformation there is always an
overall ⇡-phase shift between the two possibilities and therefore they completely cancel each
other. The involved ⇡-phase shift is universal and independent of a specific beam-splitter and
therefore the described destructive interference appears for any practical realization.

For the other two possibilities left [(Fig. 1c and Fig. 1d)], the photons always exit the same
output port of the beam-splitter. This will manifests itself in the absence of the coincidence
counts. By scanning the relative time delay between the photon arrivals at the beam-splitter,
the degree of temporal distinguishability of the two photons is e↵ectively changed, and therefore
the dip in the coincidence count rate can be observed. For zero delay, the perfect photon
overlap in the time domain is ensured, and the coincidence rate should theoretically drop to
zero. This is however never the case in practice because of experimental imperfections such
as the the deviation from the ideal 50:50 beam-splitter splitting ratio, imperfect spatial-mode

Figure 1: Four alternative paths for the passage of two photons through balanced non-
polarizing beam-splitter.
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or polarization-mode overlap. Therefore the dip with a limited visibility is always recorded
experimentally. The measured visibility corrected for the imperfect splitting ratio gives a
direct measure of indistinguishability of the input photons.

Unlike the interference e↵ects in conventional Mach-Zehnder or Michelson interferometers, the
Hong-Ou-Mandel e↵ect does not require the phase stability of the interferometer arms. The
path di↵erences of the arms need not be kept constant to within a fraction of wavelength, but
only to within a fraction of the photon coherence length. From practical point of view the
Hong-Ou-Mandel e↵ect can be viewed as a method to gauge the femtosecond time intervals
(corresponding to micrometer length scales) between the photons and by implication the length
of the photon wave packets. It is relatively straightforward to calculate the coherence length
of the photon wave packets from the measured interference dip.

1.2 Basic Principles of Operation

As pointed out in the previous section, the qu2PI is not an interferometer in the traditional
sense, i.e. the light is not first split and later recombined like in standard Michelson or
Mach-Zehnder interferometers. Rather the time-correlated photons provided by a photon-pair
source enter the two input ports of the balanced beam-splitter. In the qu2PI, the fused 50:50
polarization maintaining fiber coupler is used as the beam-splitter. This all-fiber solution
ensures a good spatial-mode overlap of the interfering photons, and provided that the linear
polarization with correct orientation is launched into the input fibers of the coupler, also a good
polarization-mode overlap of the photons. The latter is ensured due to the use of polarization-
maintaining fibers, which preserve the linear-polarization of the light that is launched into
the fibers; (for a short introduction to polarization maintaining fiber technology please see
the boxed text on the next page). Moreover, the coupler is designed such that for linear
polarization, which is maintained in the fibers, the splitting ratio is very close to the ideal
50:50 at the operating wavelength.

Either arm of the two-photon interferometer contains a short free-space optical line, i.e. the
fiber-coupled photons coming from the source are collimated using a lens and after a short
free-space transmission collected again into the input fibers of the coupler. The free-space lines
have a double role. First, the two rotatable wave plates inserted in either arm allow to adjust the
polarization of the incoming photon pairs as required. Second, one of the lines has a variable
length, which makes the tuning of the path di↵erence between the two arms possible. The
tuning is controlled by the manual translation stage equipped with the di↵erential micrometer
screw. This enables the required micrometer-resolved steps for achieving the precise time
overlap of the photons and scanning through the interference dip. For maximum spectral
overlap the qu2PI contains two removable interference filters with transmission bandwidth
significantly smaller compared to the natural spectral width of the photons. The insertion of
filters thus leads not only to higher interference visibility but also to a wider interference dip.
This is particularly useful when searching the dip, because larger scanning steps are possible.
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Polarization maintaining fiber technology

All standard optical fibers are to some degree birefringent due to manufacturing imperfections,
which break the perfect circular symmetry of the fiber core. Moreover, any mechanical or thermal
stresses exerted on the fibres, change the birefringence within the fiber core. Birefringence means
that the two degenerate, orthogonally polarized modes supported in the fiber propagate with
generally di↵erent phase velocities. Therefore, the light launched into the single-mode fiber with
linear polarization quickly evolves into a state of arbitrary polarization. To solve this problem,
the so-called polarization maintaining fibers were developed. They do not aim at suppressing the
birefringence to a maximum degree possible, but on the contrary, they induce a large amount of
birefringence within the fiber core, so that the two polarization eigenmodes e↵ectively decouple.
The two linear polarization directions in question are often referred to as fast and slow axes of
the fiber. These are the only modes to be maintained in the fiber regardless of any external
mechanical or thermal perturabations; all the other polarization states gradually change in an
uncontrolled way during their transmission through the fiber.
The additional birefringence in the fiber is induced by forming a non-circular fiber core (shaped
induced birefringence) or by applying constant stresses within the fiber-core structure (stressed
induced birefringence). The latter type is used in today’s most popular polarization-maintaining
fibers – Panda fibers – which are formed by two stress rods of a modified glass composition on
opposite sides of the core. An advantage of Panda fibers is that their fiber core size and numerical
aperture is compatible with regular single mode fiber, thereby ensuring minimum losses in devices
using both types of fibers. When Panda fibers are connectorized, it is important that the stress
rods are parallel or orthogonal with the connector key. The connector key then gives a reference
direction which coincides with slow or fast axis of
the fiber. The performance of polarization main-
taining fibers or other devices using these fibers are
usually measured in terms of polarization extinc-
tion ratio. This is the ratio (expressed in decibels)
of the optical power in the desired transmitted po-
larization to that in the blocked polarization. Nat-
urally, this ratio is degraded by the angular mis-
alignment between the light polarization axis and
the slow/fast axis of the fiber. If the misalignment
is given by angle ↵, then the output polarization
extinction ratio is limited to 10 log

�
tan2 ↵

�
.

2 Getting Started

2.1 Description

This section shows the individual optical components of the qu2PI. The description follows the
notation shown in the photo of the interferometer module in Fig. 2. For additional reference
information on the arrangement of the optical components you can also consult the technical
drawing in Appendix A.
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Figure 2: Architecture of the qu2PI, the two-photon interference experimantal module.

All the components of the qu2PI are mounted on a solid aluminium base plate. The four
kinematic mirror mounts with adjustable-focus collimators build up the two free-space lines;
one of the lines has a variable length (1), whereas the length of the other is fixed (2). All the
fiber collimators are FC/PC compatible and contain aspheric lenses with adjustable focus. The
focus can be adjusted by rotating the aspheric lens in the aluminium housing of the collimator.
The single-mode fibers from the quED are to be plugged into FC/PC receptacles of the
transmitting collimators (3). These are pre-aligned to collimate the light at the operating
wavelength of 810 nm. The focuses of aspheric lenses in the receiving collimators (4) are
pre-aligned for maximum fiber-to-fiber transmission. The input polarization-maintaining fibers
(5) of the fused fiber coupler (6) are connected to the receiving collimators. The coupler is
made for the operation at the slow axis. This axis defines the unique direction of the linear
polarization, which is maintained during the propagation, and for which the splitting ratio close
to 50:50 is ensured. The connector keys of the polarization-maintaining fibers are oriented
with the slow axis and therefore they define the polarization direction to be coupled into the
fibers. Since the FC/PC receptacles of the receiving collimators are rotated to accept the
connector keys at the vertical orientation, it is the vertical linear polarization which is aimed
to be coupled into the couplers. The one-meter-long output polarization maintaining fibers
(7) of the coupler are connected to the read-out unit of the quED during operation.

Either free-space line contains a quarter-wave retarder (8) and a half-wave retarder (9) mounted
in rotation mounts and the interference band-pass filter (10) fixed inside a removable tube
adapter. The inner diameter of the tube adapters is compatible with the size of the collimators.
The adapters can therefore easily be mounted onto the collimators and secured with the locking
screw. Additional M6 taps are available for mounting the polarizers (provided from the quED),
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which are required during the alignment procedure.

The mirror mount with the transmitting collimator is attached to the linear manual positioning
stage (11) in the variable-length free-space line. Upon the delivery of the qu2PI, the stage
is secured with the side-positioned locking screw (12). The linear stage is equipped with the
compact di↵erential micrometer screw (13) (see Fig. 3), o↵ering both long travel and high-
resolution adjustments. The coarse-adjustment knob is used for rapid positioning (500 µm per
revolution) of the linear stage over 25 mm travel range. The coarse adjustment is lockable by
tightening the locking nut against the stage body. The fine-adjustment knob provides 50 µm
per revolution of travel with graduation marks every 1 µm.

Figure 3: The di↵erential micrometer with two knobs for coarse and fine adjustment.

The positioning stage allows adjusting the distance between the collimators to between 87.5
mm and 112.5 mm. Given the 110 mm collimator-to-collimator spacing in the fixed-length
free-space line, the qu2PI allows to tune the interferometer path di↵erence in the range of [-
2.5, 22.5] mm. Two additional taps are provided to shift the mirror mount with the transmitting
collimator in the fixed-length free-space line. This allows to enlarge path-length di↵erence
range to [17.5, 42.5] mm and [37.5, 67.5] mm, respectively.

2.2 Preparatory Steps

Upon receipt of the qu2PI, please verify carefully that all the mechanical and optical parts of
the module are free of any damage. If this is not the case, please contact qutools immediately;
the contact details are given at the end of the manual. If no damages are found, please proceed
according to the following steps:

1. The interferometer module is fastened to the wooden box with three screws. Remove
the screws from the top.

2. Gently remove the interferometer module from the wooden box and put it next to the
photon-pair source and the control/read-out unit.

3. Unlock the linear translation stage with the side-positioned screw.
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4. Before making any connections of the interferometer module to the source and the
controller, please verify first that the source delivers a steady stream of entangled photon
pairs with pre-defined polarization. To this end, please:

(a) Rotate the polarization of the pump beam to the vertical (or horizontal) direc-
tion. Consequently, only photon pairs with horizontal (or vertical) polarization are
generated in the non-linear crystal via type I spontaneous down-conversion.

(b) Remove the polarizing filters from the quED. They will later be used for the align-
ment of the photon polarization at the input to the polarization-maintaining fiber
coupler in the qu2PI.

(c) Align the coupling of the photon pairs in the single-mode fibers by maximizing
the single- and coincidence-count rates. The achieved rates should be noted for
reference.

5. Unplug the connectors of the single mode fibers from the control unit and insert them
into the transmitting collimators of the qu2PI. Gently fasten the connectors in the FC/PC
receptacles of the collimators.

6. The single-mode fibers connecting the source with the interferometer module should be
precluded from any movements. Please take any appropriate measures for fixing the
fibers to a place, such as winding the fibers to spools or taping them to the table.
Any movement of the (non polarization-maintaining) fibers rotates the transferred po-
larization state due to stress-induced birefringence changes and thus makes the proper
alignment of the module impossible!

7. To connect the qu2PI to the control unit, please plug the output polarization-maintaining
fibers of the fiber coupler into the optical inputs of the control unit. On completion of
this step, the interferometer module is prepared for the operation.

3 Alignment and Operation

Due to the use of a polarization maintaining fiber coupler for the photon overlap the whole
alignment procedure of the qu2PI is fairly simple. There are basically just two tasks for the
user to be accomplished - align the fiber-to-fiber coupling in both free-space lines and then
adjust the photon polarization state at the input to the polarization-maintaining fiber coupler.
The alignment of the two arms is independent and breaks down into separate independent
steps:

1. We advise the user to remove first the interference band-pass filters from the interferom-
eter. This dramatically increases the available photon-pair counting rates, and thereby
simplifies the alignment of the fiber-to-fiber coupling. To remove the adapters with
the filters from the collimators please loosen the locking screws first. Make sure the
preparatory steps from the previous section have been carried out, especially item 4.
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2. Block both free-space links with a screen and register the displayed idle single-count
rates. They should be close to dark count rates of detectors. If significantly higher
count rates are observed, the appropriate measures has to be taken, e.g. the level of
stray light in the room has to be lowered.

3. Choose the free-space line to be aligned first and unblock it.

4. The displayed single-count rates in both channels should increase above the idle single-
count rates after unblocking the coupling. When correctly aligned, the aggregate number
of detected photons in both channels should reach between 50-70 % of the single-count
rate measured directly in the corresponding arm of the source. If this is not the case,
the fiber-to-fiber coupling is misaligned and it has to be readjusted. Please choose one
of the following possibilities and act accordingly:

(a) If the displayed single-count rates reach the level specified above, please proceed
to the step 5.

(b) If the displayed single-count rates increased, but did not reach the level specified
above, please try improving the fiber-to-fiber coupling according to the description
given in section 3.1.

(c) If the displayed single-count rates in both channels did not change after unblock-
ing the free-space line please try finding the signal by angle tuning the receiving
collimator. With this aim, please scan angles in a systematic way around the initial
position (which should be always remembered), while observing single-count rates
at the control unit. As the scanning is performed blindly without any reference,
the success comes only if the initial misalignment is small. If the scanning fails
and single-count rates do not raise above the level of idle counts, please follow the
alignment steps given in section 3.3.

5. After achieving a su�cient fiber-to-fiber coupling e�ciency the polarization of photons
at the input to the polarization-maintaining fiber coupler has to be aligned along the
vertical direction. To this end please insert first the polarization filter into the free-space
line behind the quarter- and half-wave plate. To ensure that the filter is centered on the
optical path of the photons, please observe the single-count rates while positioning the
filter in the free-space line.

6. Rotate the polarizing filter for the transmission of horizontal polarization.

7. Adjust the quarter- and half-wave plate till the minimum in the single-count rates is
achieved. The observed rates should be close to the idle count rates detected when
both free-space lines are blocked. Please note that usually more local minima can be
found. The user should adjust the wave retarders to the positions corresponding to the
global minimum.

8. The wave retarders are adjusted now to transform the incoming arbitrary polarization
state of photons to the desired linear vertical polarization. This can be readily proved by
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rotating the polarizing filter for transmission of the vertical polarization and observing
maximum single-count rates. The polarizing filter can be removed from the free-space
line.

9. After adjusting the fiber-to-fiber coupling and the orientation of the wave retarders in
one free-space line, the same procedure starting from the step 3 should be repeated for
the second free-space line. The free-space line, which has already been adjusted should
be blocked now.

After aligning both free-space lines, the adapters with the band-pass interference filters can
be mounted back onto the receiving collimators and the search for the interference dip can
be undertaken. Please note that that the mounting of adapters can lead to a very slight mis-
alignment of the fibre-to-fibre coupling and the corresponding correction has to be performed.
For more information on how to proceed with the search we refer to the section 3.2.

3.1 Improving the Fiber-to-fiber Coupling

The alignment of coupling in the given free-space line of the interferometer is performed by
angle-tuning the transmitting and receiving collimator. The angular movements are controlled
using a pair of fine-thread screws on the kinematic mirror mounts. One of the adjustment
screws provides the control in the vertical and the other in the horizontal direction.

The adjustments of the transmitting and receiving collimator are coupled - each adjustment
of the transmitting collimator has to be accompanied by a corresponding adjustment of the
receiving collimator. For example, if you tilt the transmitting collimator in the horizontal
direction and the count rates drop, the receiving collimator has to be tilted in the horizontal
direction as well, such that the single count rates reach their maximum again. This “angular
walking” of the collimators has to be iteratively performed in both horizontal and vertical
directions. If done properly the angular setting with the maximum observed single-count rates
is found after a while.

Alignment steps have to be su�ciently small to avoid complete loss of the photon-coupling. For
example, if you tilt the transmitting collimator allow the count rates to drop not more than to
a quarter of their initial values and then compensate for this drop by an appropriate movement
of the receiving collimator. As mentioned in the section 2.1 the focuses of the collimators are
pre-aligned for maximum fiber-to-fiber transmission at the operating wavelength of 810 nm.
If a strong doubt for a correct alignment arises, the focus might be changed by rotating the
aspheric lens in the collimator housing using a spanner wrench. Due to a high positioning
sensitivity of the aspheric lens in the collimator, the adjustment steps must be relatively small
- in the order of a few degrees only! Please note that every adjustment leads to a slight
misalignment of fibre-to-fibre coupling and that has to be corrected. The aspheric lens should
be adjusted to the position corresponding to the highest detected single-count rates.
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3.2 Searching for the Interference Dip

The search of the interference dip is performed by changing the length of the free-space
line using the linear translation stage and observing changes in the measured coincidence
count rate. As soon as a significant drop in the coincidence count rate is observed, the two
interferometer arms are adjusted to have the same length and the interference dip is found.
Please note that the detected coincidence count rate C always fluctuates about its mean
value C̄ with a Poisson standard deviation given by �C =

p
C. The interference should

manifest itself by the drop of coincidence count rate deeply below the Poisson noise. If the
input polarization state to the polarization maintaining fiber coupler is correctly aligned, the
coincidence count rate should decrease to at least half of the value C̄ outside the interference
dip.

The scanning of the translation stage is controlled with the coarse adjustment knob on the
di↵erential micrometer screw. The knob is normally secured using the locking nut, and has to
be loosened before usage. The scanning step angle should be chosen according to the expected
width of the interference pattern. This width is inversely proportional to the spectral bandwidth
of photons. If the band-pass interference filters are removed from the qu2PI, the Hong-Ou-
Mandel dip with the width of only ⇡ 10 µm should be expected due the natural photon spectral
bandwidth of ⇡ 50 µm (applies for quED I). Given the resolution of the coarse adjustment
screw of 500 µm per revolution, the scanning step angle should be restricted to no more
than 5� in such a case. To allow larger scanning steps it is convenient to insert the delivered
10-nm-wide band-pass interference filters into the free-space lines of the interferometer. The
filters determine the full width at half maximum of the dip to about 50 µm, thereby allowing
to increase the scanning steps to 30-40�. The searching procedure with the inserted band-pass
interference filters is faster and lowers the risk of missing the interference pattern.

Due to the coarse-adjustment travel range of 25 mm, the path-length di↵erence of the inter-
ferometer arms can be scanned in the limited range of [-2.5, 22.5] mm, see also section 2.1.
If the interference pattern is not located within the range, the single mode fibers from the
source have to be switched first; i.e. the fiber connected to the variable-length free-space line
is to be plugged into the transmitting collimator of the fixed-length line and vice versa. To
accomplish the scanning with the switched fibers the alignment procedure described in section
3 has to be repeated.

The quED is designed to deliver the photon pairs with the mutual path delay of about 10
mm. Therefore, the basic scanning range should be large enough to cover the position of the
interference pattern. Rarely it might however happen that the single-mode fibers connecting
the quED with the qu2PI have significantly di↵erent length, rendering the basic scanning range
insu�cient. In such a case, the scanning range must be extended by shifting the variable-angle
mount with the transmitting collimator in the fixed-length free-space line. For this purpose,
two additional taps for securing the mount are provided in the base plate. The taps are
separated by 20 mm, allowing thus to enlarge the path-length di↵erence range to [17.5, 42.5]
mm and [37.5, 67.5] mm, respectively. To shift the variable-angle mount, please:

1. Unplug the single-mode fiber from the transmitting collimator.
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2. Loosen and retract the hex socket screw attaching the mount to the base plate.

3. Shift the mount so that the mounting hole and the respective tap are flush. Orient
the mount such that the transmitting collimator points towards the receiving collimator.
Tighten the hex socket screw to hold the mount firmly in place.

4. The fiber-to-fiber coupling can be aligned now according to the procedure given in
section 3.3. Afterwards the search of the interference dip can be repeated.

3.3 Restoring Fiber-to-fiber Coupling

After transport or after changing the distance between the collimators in the fixed-length free-
space line, the fiber-to-fiber coupling can be lost completely. To restore the coupling, please
proceed according to the following steps:

1. If not already done, unplug the single-mode fiber from the transmitting collimator and
remove the adapter with the long-pass filter from the receiving collimator.

2. Disconnect the single-mode fibers from the twin detection module (always use protective
caps to cover fiber connectors and input optical receptacles).

3. Plug the delivered single mode fiber to the transmitting collimator.

4. Connect the fiber checker (delivered with the quED) to the other end of the single-mode
fiber and switch it on (first press the button at the end of the fibre checker, second at
the side). The red laser beam coming from the transmitting collimator is now visible.
The beam intensity can be changed by adjusting the coupling of the fiber checker to the
single-mode fiber.

5. Locate the position of the laser beam on the receiving collimator. Align the angular
pointing of the transmitting collimator using the two adjustment screws on the kinematic
mount such that the laser beam hits the center of the aspheric lens in the receiving
collimator.

6. This step aims to align the receiving collimator. It can be omitted if the fiber-to-fiber
coupling has been lost because of shifting the transmitting collimator in the fixed-length
line (the receiving collimator should have stayed aligned). Switch o↵ the fiber checker,
unplug it and connect it to one of the output fibers of the polarization maintaining
fiber coupler. The red laser beam coming from the receiving collimator and propagating
towards the lens in the transmitting collimator is now visible. If aligned correctly, the
beam should hit the center of lens. Please correct the angular pointing of the receiving
collimator using the two adjustment screws on the kinematic mount if necessary.
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7. If aligned correctly, the red laser light coming from the transmitting collimator should
be partly coupled into the input single mode fiber of the polarization maintaining fiber
coupler. To check this, remove the protective cap from one of the output single mode
fibers and put in front of the fiber tip a piece of blank paper. The faint red spot should
be clearly visible. Never look into the fiber directly! Permanent eye damage could result!

8. Switch o↵ the fiber checker, unplug it and connect the output polarization-maintaining
fibers of the fiber coupler into the optical inputs of the twin detection module. Reconnect
the single-mode fiber from the quED to the transmitting collimator.

Upon completing the last step, the procedures of sections 3 and 3.2 should be followed again
to align the qu2PI and observe the interference pattern.
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A Engineering Support Drawing
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1 Warnings

At all times, take care to follow these few rules in order not to damage the setup:

• Do not turn o↵ the controller quCR before having switched o↵ the laser. This could
damage the source.

• Do not remove or add detectors if the quCR is turned on. This could damage the
detectors.

• Do not apply a driving current higher than 50mA. This would damage the laser
diode.

• Do not touch in any way the optical elements. Mirrors, couplers, filters are all very
fragile and must remain clean.

• Do not remove the UV filter (attached to the inner side of the white box covering the
source) if laser is turned on. This could damage the detectors.

• Do not move any holder or coupler. The positions must remain untouched to allow
for good alignment of the setup.

• Do not shine light on open detectors. Ambient light it is still ok within reasonable
limits.

• Keep the color filters (black covers for fiber couplers) always on the last couplers
before the detector to ensure the correct filtering of the light incoming in the APDs.

• Ensure that all elements are tighten to the board before moving the setups.

• Do not touch or leave uncovered the fibers end. They must be clean to obtain proper
results.
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2 quED

2.1 Setup

The quED setup o↵ers a pair-photons source with fiber outcoupling. The source of paired
photons is fully contained in the white box. The two beams are then split in two arms in
free space and coupled to polarization maintaining fibers. For the principle of operation of
the parametric-down-conversion source refer to the quED manual provided by quTools.

Figure 1 shows the setup and the inside of the laser protective box, with labels for each
element:

• Parametric down-conversion source:

– laser diode, used to pump the down-conversion crystals;

– mirrors, to turn around the beam;

– beam shaping optics, for a telescope e↵ect:

⇤ collimating aspheric lens, to compensate for the divergence of the beam;

⇤ negative spherical lens, to compensate for the divergence of the beam;

⇤ cylindrical lens, to compensate for the elliptical profile of the laser beam.

– half-wave plate, to adjust the angle of linearly polarized laser light emitted from
the diode;

– pre-compensation birefringent crystal, to compensate detrimental timing e↵ect
reducing the entanglement quality (see section 1.1 in quTools manual);

– nonlinear down-conversion crystals, to produce the paired photons;

– UV filter, to protect the detectors from the UV light emitted by the laser diode;

• alignment tool, to be removed during experiments;

• serial input for the laser diode, to be connected to the quCR controller;

• adjustable mirrors, to align the beam with the fiber couplers;

• rotatable polarizing filters, which can be removed;

• fiber couplers, to couple the paired photons into polarization maintaining fibers;

• fiber outputs, which are e↵ectively a source of paired photons.

This source produces two entangled, identical photons coming out of the white protective
box. From this point on, the paired photons follow two di↵erent paths, each of which con-
taining a mirror and a fiber coupler. In each arm, between mirror and fiber coupler, two
groves are made on the board in order to eventually include additional pieces in standard
quTools rotation stages (such as half- or wharter-wave plates or polarizers). The fiber cou-
plers, if properly aligned, ensure that the light goes e�ciently into polarization maintaining
fibers which are the output of the quED setup.
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Figure 1: Images showing the quED setup and the inside of the laser box.
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2.2 Operation

After ensuring that every cable is connected (digital cable from source to quCR, fibers
output to APDs) and does not block any of the photon paths, we can proceed to operate
the quED. The quCR controller have to be turned on (some time is required for the APDs
to be ready, so wait for the blue LEDs on the detectors to turn o↵ before continuing). From
the first page of the quCR we can change the set current to the desired values (start lasing
@18.3mA, operational current 38.3mA and maximum current 50mA). The red button
must be pressed and has to light up for the laser to be working. On the second page of the
quCR menu we can observe the counts from the APDs. The dark counts of our detectors
are 2 � 3 kcounts/s, 7 � 8 kcounts/s and 1 � 2 kcounts/s, respectively for detectors 0, 1
and 2, depending on illumination in the room. Once the laser is turned on at a reasonable
current, we should be able to see the counts increasing. The values recorded in October
2016 are reported in table 1.

If values are far o↵ the ones provided in this table, then the setup requires alignment. It is
advisable to perform alignment looking at the counts rates per a few hundreds milliseconds
instead than per second in order to see the changes faster. If the alignment is not very bad,
it is possible to adjust it by walking the beam from mirrors to fiber couplers. First of all,
try turning slightly the two knobs at the fiber couplers having a look at the count rates.
Remember the position to always come back if the rates do not get higher. If this does not
help, you can try using knobs both on fiber couplers and on mirrors (two by two, top ones,
then bottom ones) and try to optimize the single count rates and the coincidence count
rate. Remember to remove the alignment tool to obtain high rates. Also, remember that
removing the half-wave plate inside the pump box will require a new alignment of the quED
setup. If the rates get never higher than the dark counts, a full alignment procedure is
necessary. This can be found on quED manual from quTools. Note that removing the fibers
from the fibers couplers always require additional alignment afterwards. The datasheets
that come with the setup are reported in figure 2 for reference. Once high-enough count
rates are achieved, it is possible to perform the experiments for entanglement demonstration
and CHSH inequality test (see experiment manual for reference). Preliminary check of the
CHSH inequality have shown S values of 2.45 against the 2.6 provided by the company. So
the setup actually violates CHSH inequality but needs careful measurement for high S.

current [mA] 0 0 38.3 38.3 48

APD 0 [kcounts/s] 2� 3 2 107 91 168

APD 1 [kcounts/s] 7� 8 6.5 78 84 124

APD 2 [kcounts/s] 1� 2 NA NA NA NA

Coincidences 01 [kcounts/s] 0 0 6.5 6 10

Table 1: quED output count rates recorded in October 2016. In red the rates provided by
the company, as in figure 2.
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Figure 2: Data sheets given with the setup including the data on dark counts and the
values obtained from CHSH inequality test by the company technicians.
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Figure 3: Picture showing the qu2PI inside its own box.

3 qu2PI

3.1 Setup

The qu2PI setup o↵ers the possibility to perform the Hong ou Mandel (HOM) experiment.
It takes in input the photon pairs coming from the quED setup and it mixes them into a
fiber beam splitter in order to produce interference. A motorized stage allows the changing
of the delay between the two photons in order to obtain the known HOM interference
dip. For further information refer to the qu2PI manual from quTool. The setup, shown in
figure 3, is composed by:

1. input fiber couplers, where the quED output is attached. Remember to couple the
correct fiber (0 with 0 and 1 with 1);

2. motorized stage, controls the path length to change the delay of one of the photons.
It is controlled through quCR;

3. output fiber couplers. Remember to place the color filters on these before operating
the setup;

4. fiber beam splitter, to produce interference between the two paths. Not to be touched;

5. fiber couplers, polarization maintaining to be attached to APD0 and APD1 only.
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current [mA] 0 38.3 38.3 48

APD 0 [kcounts/s] 2� 3 55 NA 98

APD 1 [kcounts/s] 7� 8 51 NA 83

Coincidences 01 [kcounts/s] 0 1.3 1.6 2.8

Min counts [kcounts/s] NA 0.5 0.2 NA

Best visibility NA 66% 85% NA

Table 2: qu2PI output count rates recorded in October 2016 and they refer to the case
of both arms open and input count rates from table 1. In red the rates provided by the
company, as in figure 5. Note that the HOM peak provided by the company might be
measured using an additional interference filter which would explain such better results in
visibility.

3.2 Operation

Once the fiber inputs are attached to the qu2PI setups and the outputs are connected to
the detectors we can perform the HOM experiment. To do this, manually turn knob on
the back of the motorized stage in order to move it to match the indication tape on the
back of the motor. The HOM dip should be in the near vicinity of this point. Turn on the
laser making sure that the color filters are applied to the output of the qu2PI instead of
the quED. The alignment procedure is similar to the quED setup (four knobs and beam
walking) except for the fact that now the two outputs are coming from a beamsplitter. For
this reason is advisable to cover one of the two arms, align for maximum single counts rates
the other arm and viceversa. After this is done, one might finely turn the knobs to optimize
for coincidence counts. The counts obtained from qu2PI in October 2016 are reported in
table 2.

If count rates very much di↵erent from these values are obtained, alignment of the qu2PI is
necessary. To be noticed that the e�ciency of the detectors is reduced for high rates, thus
it is best if the HOM experiment is performed at operational current, even if one could
obtain higher coincidences. At operational current the visibility will be highest.

Once the counts are high enough and the motor is positioned at the correct position (notice
the tape on the back of the motor) we can look for the peak by operating the stage from
the controller quCR. We need to go to the HOM table, choose a target position, a step
and an integration time and start the procedure. A good initial set of scan parameters are
10-15 steps (minimum is 1), 0.1 s integration time and swiping around 1mm around the
tape point. In this way we should be able to find the position of the peak, we can then
stop the procedure on one side of the peak, change the parameters for a finer scan and
perform it again. The integration time will reduce the noise, while the step will increase
the number of points.

In figure 4, some of the peaks obtained in October 2016.
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Figure 4: HOM dip at 35mA, 38mA and 48mA input currents.
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Figure 5: Data sheets given with the qu2PI setup with the measured HOM dip from the
company technician.

The visibility is calculated by (C01,MAX � C01,MIN )/C01,MAX . For the reported peaks we
obtained visibilities in the 61�66% range, which is to be compared with the 85% reported
by the company technician.

Once obtained the dip, one can play with polarizers and half- or quarter-wave plates added
in the quED setup to try and destroy the indistinguishability of the pair. If this happens,
the dip will be greatly reduced. Note that the standard HOM software is set to go back
and forth between two points, so if you have centred the peak, by pressing start again and
again the HOM experiment between the same two points. This setting can be also changed
from the same panel. Furthermore, it is possible to access the expert mode of quCR by
pressing the i twice and then pressing the combination password (diagonal dots from top
left to down right). The peak obtained from the company technician is shown in figure 5
for reference.
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