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Abstract

A loophole-free violation of a Bell inequality, which would refute local realism, has
not been achieved yet. A violation of the Eberhard inequality using nonmaximally
entangled states allows closure of the detection loophole with a detection efficiency
of 2/3. In this thesis, nonmaximally entangled photon pairs were investigated with
avalanche photodiodes and highly-efficient transition-edge sensors for their imple-
mentation in a conclusive Bell experiment based on the Eberhard inequality.

The polarization-entangled photon pairs were generated in nonmaximally entan-
gled states using a Sagnac source. For each of the produced states, a density matrix
was reconstructed from measurements performed with avalanche photodiodes. An
average purity of 99.26%±0.02% and an average fidelity with the ideal nonmax-
imally entangled state |ψr〉= 1√

1+r2 (|HV 〉+ r|V H〉) of 99.01%±0.01% was cal-
culated from these density matrices. A highly-efficient detection system based on
superconducting transition-edge sensors read out by superconducting quantum inter-
ference devices was installed in an adiabatic demagnetization refrigerator. An un-
precedentedly high heralding efficiency was directly observed: 82.2%±0.3% for a
product state and 79.7%±0.2% for an entangled state. The Eberhard inequality was
measured with transition-edge sensors, but the results were not yet adequate for a
violation. Further improvements of the setup are required.

This thesis demonstrates the key components needed for a violation of the Eber-
hard inequality: a highly-efficient detection system including fibre coupling and a
high-purity source of nonmaximally entangled photon pairs. Together with a quan-
tum random number generator and additional space-like separation, this work paves
the way for a loophole-free Bell experiment, which is important not only to address a
fundamental question but also for applications such as device-independent quantum
key distribution and certification of device-independent randomness.





Zusammenfassung

Eine den lokalen Realismus widerlegende schlupflochfreie Verletzung einer Bell-
Ungleichung wurde bisher nicht erreicht. Eine Verletzung der Eberhard-Ungleichung
mit nicht maximal verschränkten Zuständen ermöglicht das Schließen des Detek-
tionsschlupflochs mit einer Detektionseffizienz von 2/3. In dieser Arbeit wurden
Photonenpaare in nicht maximal verschränkten Zuständen mit Lawinenphotodio-
den und hocheffizienten supraleitenden Phasenübergangsthermistoren, sogenannten
“transition-edge sensors” (TESs), für ihre Verwendung in einem endgültigen, auf der
Eberhard-Ungleichung basierten Bell-Experiment untersucht.

Polarisationsverschränkte Photonenpaare wurden in einer Sagnac-Quelle in
nicht maximal verschränkten Zuständen hergestellt. Für jeden der erzeugten
Zustände wurde aus Messungen mit Lawinenphotodioden eine Dichtematrix
rekonstruiert. Eine durchschnittliche Reinheit von 99.26%±0.02% und eine
durchschnittliche Güte für einen idealen, nicht maximal verschränkten Zustand
|ψr〉= 1√

1+r2 (|HV 〉+ r|V H〉) von 99.01%±0.01% wurden aus diesen Dichtemat-
rizen berechnet. Ein hocheffizientes Detektionssystem basierend auf supraleitenden
Phasenübergangsthermistoren, die von supraleitenden Quanteninterferometern aus-
gelesen werden, wurde in einem adiabatischen Entmagnetisierungskryostat instal-
liert. Eine beispiellos hohe Ankündigungseffizienz von 82.2%±0.3% für einen
Produktzustand und 79.7%± 0.2% für einen verschränkten Zustand wurde direkt
beobachtet. Die Eberhard-Ungleichung wurde mit supraleitenden Phasenübergangs-
thermistoren gemessen, jedoch waren die Ergebnisse noch nicht ausreichend für eine
Verletzung. Weitere Verbesserungen des Aufbaus sind erforderlich.

Diese Arbeit demonstriert die Schlüsselkomponenten, die für die Verletzung
der Eberhard-Ungleichung benötigt werden: ein hocheffizientes Detektionssystem
einschließlich des Einkoppelns in Fasern und eine Quelle hochreiner, nicht maxi-
mal verschränkter Zustände. Zusammen mit einem Quantenzufallsgenerator und
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zusätzlicher räumlicher Trennung ebnet diese Arbeit den Weg für ein endgültiges,
schlupflochfreies Bell-Experiment, das nicht nur als grundsätzliche Fragestellung
wichtig ist, sondern auch für Anwendungen wie geräteunabhängige Quantenschlüs-
selverteilung und die Zertifizierung von geräteunabhängiger Zufälligkeit.
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1

Introduction

Entanglement is one of the most astonishing features of quantum mechanics. The for-
malism of quantum mechanics implies that two separate particles can be described
as a single entity. This is reflected in correlations between the two, which are not
included in the framework of classical physics. At the beginning of the 20th century,
Einstein and his coworkers (EPR) found these implications of the then new theory a
sign of its incompleteness assuming locality and reality [1]. Today, thanks to John
Bell, we have a tool at hand which allows tests of local realistic theories even those in-
cluding additional parameters unknown to us, called local hidden variables [2]. Since
this formulation of the EPR-paradox in the mathematical language of an inequality,
it is essential to perform an experiment fulfilling all of the assumptions made in the
derivation of the inequality. Only then a violation of the Bell inequality definitely
disproves local realism as the correct description of nature; at the same time it fa-
vors the quantum mechanical description. Tests of Bell’s inequality have exhibited a
violation from the early days on [3–11]. Due to experimental imperfections, the as-
sumptions of the derivation have not been ensured experimentally, but were assumed
to be valid. A test of Bell’s inequality that satisfies the assumptions of its derivation is
still missing. Since it is not only a deeply fundamental question but also the basis on
which the security of quantum key distribution (QKD) [12–14] and the certification
of device-independent randomness rely [15], it is important and topical to perform a
conclusive Bell experiment.

One of these fundamental assumptions is that whatever happens to a particle at
location A should be independent of the fate of a particle at a different location B.
Another assumption is that the choice of the measurement setting at each location
is random and independent of the other location and its choice and of the emission
of the entangled pair. To guarantee this independence proper space-like separation
between the events has to be established. If these assumptions are not complied with,
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the experiment is said to have the locality loophole and the freedom-of-choice loop-
hole open. Because of the low interaction of photons with the environment, it is
relatively easy to close these loopholes using photons [16–18], but for the contrary
reason it is very difficult with non-photonic systems. In turn, non-photonic systems
are detected very efficiently, up to 100%, whereas photons suffer from low overall
detection efficiency. For a violation of the Bell inequality without additional assump-
tions the overall detection efficiency must exceed 83% for maximally entangled states
as the well known Bell states [19]. If this is not the case, the experiment is said to
have the detection loophole open. Only four experiments using ions [20], Josephson
qubits [21] and atoms [22, 23] were able to attain a sufficiently high detection effi-
ciency to exclude local realistic theories that make use of low detection efficiency.
Thanks to new detectors based on superconducting materials it has now become pos-
sible to detect photons very efficiently as well [24–26]. Still, including optical losses
due to reflection and absorption as well as coupling or collection losses, the bound of
83% seems to be out of reach. Possibly surprisingly, for less entangled states a lower
bound for detection efficiency of 2/3 was found by Eberhard [27].

The groundwork for a definite test of local realism using polarization-entangled
photon pairs is done in this thesis. The preparation of pure nonmaximally entan-
gled states using a Sagnac source [28] is investigated. A detection system based
on transition-edge sensors set up in an adiabatic demagnetization refrigerator is pre-
sented. An unprecedentedly high heralding efficiency of 82% was achieved with
photon pairs produced in the Sagnac source and detected with transition-edge sen-
sors. This demonstrates the potential overall detection efficiency of the setup, sur-
passing the required detection efficiency of 2/3 that would disprove local realism.
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Historical background

The history of Bell experiments is already about 50 years old, but a conclusive,
loophole-free Bell experiment is topical down to the present day. All experiments
performed sofar can be explained by local realistic theories. The motivation of this
field of research dates back to Einstein who co-founded but also challenged quantum
mechanics.

2.1 EPR

In 1935, Einstein, Podolsky and Rosen published their famous paper [1], asking if
“quantum-mechanical description of physical reality [can] be considered complete”.
According to the authors, a complete theory is defined as one describing all elements
of reality with the definition of an element of reality as the possibility of predict-
ing with certainty the value of a physical quantity without disturbing the system.
They then describe a quantum mechanical state of two particles, entangled1 in the
degrees of freedom of position and momentum. After the interaction creating the
entanglement, there is no further interaction. Depending on which quantity, position
or momentum, is measured on the first particle, the respective quantity is determined
for the second one as well. Since the particles do not interact anymore, the values
for both quantities can in principle be obtained without disturbing the second sys-
tem. In agreement with the above definition both quantities are elements of reality.
This in turn contradicts, that two noncommuting operators, as position or momen-
tum are, cannot have simultaneous reality. Since the quantum mechanical entangled
two-particle state disagrees with the introduced criteria they argue that quantum me-
chanics should be considered incomplete. The paper is known as EPR paper or is
referred to as the EPR paradox.

1 the state was later called “verschränkt” in German or “entangled” in English by Schrödinger [29]
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Fig. 2.1: Stern-Gerlach. The apparatus is oriented in direction~a. A spin- 1
2 par-

ticle entering the device has two possible outputs, either up or down.
The component~a ·~σ of the spin ~σ is measured.

In 1951, Bohm reformulated their argument for discrete variables, the spin entan-
glement of two spin- 1

2 particles, which facilitates the mathematical treatment [30].

2.2 Bell

In 1964, Bell mathematically formulated EPR’s idea of completing quantum mechan-
ics with additional variables [2]. These variables are called hidden variables, because
they either cannot be measured with present technology or are in principle not acces-
sible by any measurement. Based on realism and locality, he derived an inequality
valid for, as it was shown later, both deterministic and stochastic hidden variable the-
ories [31, 32], but which is violated by quantum mechanics. This inequality, known
as the Bell inequality, allows testing in experiment, whether nature behaves accord-
ing to local realistic hidden variable theories or refutes the concept of local realism,
confirming the quantum mechanical predictions.

The physical example Bell employed is a system of two spin- 1
2 particles in a sin-

glet spin state introduced by Bohm. Both particles are moving in opposite directions.
The spin component in the direction of the vector ~a is measured by a Stern-Gerlach
magnet aligned along~a (Fig. 2.1). In this thesis, pairs of polarization-entangled pho-
tons are used, which are either measured by linear polarizers or a half-wave plate
(HWP) and a two-channel polarizer. The transmitted polarization is described by
the angle α with respect to the horizontal Cartesian axis. A scheme of such a setup
is shown in Fig 2.2. It is common to call the first observer Alice and the second
Bob. Further arguments are independent of the physical system, so that the mea-
surement parameters are called ai and b j in this section. Since two outcomes are
possible for the measurement of each particle, one outcome is assigned the value 1
and the other the value −1. Based on Einstein’s argument additional variables λ
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Fig. 2.2: Scheme of a Bell experiment using photons with two-channel polar-
izers. A source emits photons in different directions, where at the two
locations of Alice and Bob the polarization of each photon is analyzed
by a half-wave plate (HWP) and a polarizing beam splitter (PBS). De-
pending on which of the two possible outputs of the PBS the photon
is leaving the corresponding detector is clicking.

are introduced to complete the description of the state. A very important assump-
tion in the derivation is locality. It is explicitly assumed that the orientation a of
Alice’s apparatus does not influence Bob’s measurement result B and vice versa (set-
ting independence). The results A(ai,λ ) = ±1 and B(b j,λ ) = ±1 depend only on
the orientation of the corresponding measurement device and the hidden variables
λ . Hereby it is implicitly assumed that Bob’s measurement outcome B is also inde-
pendent of Alice’s measurement result A (outcome independence) and the other way
around. The independence of the choice of the measurement setting from the hidden
variables (freedom-of-choice) is implicitly assumed as well, resulting in a probabil-
ity distribution of hidden variables

∫
ρ(λ )dλ = 1, independent of the settings a and

b [18, 31, 33]. The expectation value of the product of the two measurement out-
comes is then

P(ai,b j) =
∫

A(ai,λ )B(b j,λ )ρ (λ )dλ . (2.1)

Further implicit assumptions of Bell are perfect detection efficiency and perfect cor-
relation for specific measurement parameters [34]. An inequality without the last
assumption was derived 1969 by Clauser, Horne, Shimony and Holt [34] and is often
called CHSH inequality. A simplified derivation starts with the relation(

A(a1,λ )+A(a2,λ )
)
B(b1,λ )+

(
A(a2,λ )−A(a1,λ )

)
B(b2,λ ) =±2. (2.2)

After taking the absolute value and integration over the hidden variables λ using the
above probability distribution for λ , the triangle inequality is applied. Replacing the
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terms of the inequality with Eq. (2.1) results in the CHSH inequality

S = |P(a1,b1)+P(a2,b1)+P(a2,b2)−P(a1,b2)| ≤ 2. (2.3)

This inequality is violated by quantum mechanics. The maximal value of the Bell
parameter S = 2

√
2 = 2.828 is achieved using a maximally entangled state.

In 1974, Clauser and Horne developed a new form of the Bell inequality without
any assumptions about detection efficiency [31]. The inequality comprises probabil-
ities p12 for counts coincidently detected at both detectors at setting a or a′ for Alice
and b or b′ for Bob, the coincident counts, as well as the probability p1 or p2 for
counts detected only by one of the detectors at setting a′ for Alice or at b for Bob, the
single counts. The upper threshold of the so-called CH inequality

−1≤ p12(a,b)− p12(a,b′)+ p12(a′,b)+ p12(a′,b′)− p1(a′)− p2(b)≤ 0 (2.4)

allows the use of the measured number of counts instead of probabilities. Without ad-
ditional assumptions this inequality is only violated, if the overall detection efficiency
is sufficiently high. The maximal value of a violation using a maximally entangled
state is

√
2−1
2 = 0.2071.

The CHSH and the CH inequality are equivalent and have the same threshold for
detection efficiency for maximally entangled states of 2(

√
2−1) = 82.84% [19]. In

1993, Eberhard showed that the threshold for a violation of a Bell inequality using
nonmaximally entangled states is lower than for maximally entangled states [27]. The
threshold of 2/3 Eberhard calculated numerically was later confirmed analytically by
Larsson and Semitecolos [35]. In the same year as Eberhard, Hardy proposed a test
of nonlocality using nonmaximally entangled states without an inequality [36]. He
formulated contradictions of predicted values, similar to the “all or nothing” test of
Greenberger, Horne and Zeilinger (GHZ) [37]. In a real experiment of Hardy’s test,
an inequality has to be evaluated, that is equivalent to the Eberhard and to the CH
inequality [38, 39].

2.3 Previous Bell experiments

A very good overview of the early experimental tests of a Bell inequality is given by
Clauser and Shimony [40]; the overview given by Weihs is going beyond 1978 [41].

Wu and Shaknov measured correlations of γ-photons from electron positron an-
nihilation in 1950 [3]. Seven years later their experiment was interpreted by Bohm
and Aharonov as the first experimental proof of the EPR paradox [42].



2.3 Previous Bell experiments 7

In 1967, Kocher and Commins used photons emitted in an atomic cascade of
calcium to show polarization correlations as an example of EPR [4]. Freedman and
Clauser first measured a violation of a Bell inequality with such a photon cascade
in 1972 [5]. The next experiment with a photon cascade of mercury by Holt and
Pipkin in 1973 did not violate a Bell inequality [43, 44]. However, when the same
transition mechanism and excitation were used by Clauser in 1976, it did [6]. Clauser
suggested the birefringence of the glass of the bulb containing the mercury vapor due
to stress as an explanation for Holt and Pipkin’s result. A further measurement with a
photon cascade of mercury by Fry and Thompson in 1976 using a different excitation
technique confirmed Clauser’s violation [7].

The experiment with photon pairs produced by positronium annihilation by Faraci
et al. in 1974 failed to violate a Bell inequality [45], but a similar experiment a year
later by Kasday, Ullman and Wu was again in agreement with quantum mechanical
predictions violating a Bell inequality [8]. A suggested explanation was degrada-
tion of correlations over distance, especially for distances larger than the coherence
length of the γ-photons. To test this hypothesis photon pairs produced by positron-
ium annihilation were separated up to twenty times the coherence length (2.5m) by
Wilson, Lowe and Butt in 1976 [9] and by ten times the coherence length by Bruno,
D’Agostino and Maroni in 1977 [10]. However, the suggested degradation was not
observed in these experiments.

In 1976, instead of the usual polarization correlations Lamehi-Rachti and Mittig
measured spin correlations of proton pairs prepared by scattering, in agreement with
quantum mechanical predictions [11].

A series of experiments using photons emitted in a cascade of calcium were
performed by Aspect and colleagues in 1981 and 1982 violating Bell’s inequal-
ity [16, 46, 47]. Since all previous experiments needed additional assumptions for
a violation, an important step towards an experiment free of such assumptions, a
loophole-free Bell experiment, was taken by deploying time-varying analyzers to en-
sure that the measurement events were space-like seperated [16]. This experiment
addressed the locality loophole for the first time, although the switching was not ran-
dom. More details can be found in Sec. 2.4.1.

Perrie et al. for the first time violated the Bell inequality with photons emitted
simultaneously in a true second-order two-photon decay process of deuterium, in
1985 [48]. Two years later Haji-Hassan et al. from the same group of Kleinpoppen
experimentally negated enhancement in the detection process, motivated by criticism
on the “no-enhancement” assumption used in all experiments because of the low
overall detection efficiency [49].
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In the following years a new system for the production of photon pairs became
dominant: the spontaneous parametric downconversion (SPDC), which is explained
in more detail in Sec. 4.1. In 1988, the first two Bell experiments using SPDC were
carried out by Shih and Alley [50] and Ou and Mandel [51]. Many more followed,
also using other entangled degrees of freedom, such as phase and momentum by Rar-
ity and Tapster in 1990 [52], time and energy by Brendel and coworkers in 1992 [53]
and Kwiat et al. in 1993 [54].

Since all these experiments do not fulfill the assumptions of the derivation of
Bell’s inequality, they cannot refute local realism [55].

2.4 Loopholes

Setting and outcome independence, freedom of choice of the measurement setting
and perfect detection efficiency are assumed in the derivation of Bell’s inequality.
For a conclusive Bell experiment, all these assumptions must be fulfilled in a single
experiment, whereby it was shown that for maximally entangled states instead of a
perfect detection efficiency a detection efficiency above 83% [19] and for nonmaxi-
mally entangled states above 2/3 is sufficient [27]. Since these assumptions have not
been able to be met yet, all experiments performed to the present day must assume
locality, freedom of choice, fair sampling or combinations of them. Which additional
assumptions are needed depends on the specific setup and each opens a loophole. The
most prominent loopholes are the locality loophole, the freedom-of-choice loophole
and the detection loophole. All existing Bell experiments can refute only the classes
of local realism that are restricted by their respective additional assumptions. Thus,
until now, local realism has not been refuted conclusively by any of the performed
Bell experiments.

2.4.1 Closing the locality loophole

The assumption of locality in Bell’s derivation of his inequality demands that the
measurement outcome on Alice’s side is independent of Bob’s measurement outcome
and of the setting of the measurement on Bob’s side and vice versa. The indepen-
dence can be ensured by space-like separation of these events: The measurements at
Alice and Bob have to be space-like separated, the setting of Bob has to be space-like
separated from Alice and Alice’s setting from Bob. Otherwise, information exchange
and communication is possible. Without the necessary space-like separation, local
realism cannot be excluded by a violation of the Bell inequality, only local realistic
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Fig. 2.3: Space-time diagram of the experiment by Weihs et al. [17]. The mea-
surement process of Alice including the choice of a random number is
indicated by the black bar. Alice’s measurement process is space-like
separated from Bob’s measurement process. X is the earliest point in
time allowing the choice of measurement setting, if the measurement
process is finished at the space time points Y and Z. Figure reprinted
from [17].

theories that do not exploit information exchange and communication. Such exper-
iments leave open the locality loophole. To ensure the space-like separation, so far,
photons are used. They can be transmitted over long distances, because of their low
interaction with their environment.

The first experiment that provided space-like separation of the measurement
events of both parties violating Bell’s inequality was performed by Aspect et al. using
time varying measurement settings [16]. The periodicity of the setting choice is non-
ideal as the authors point out, stating that “[a] more ideal experiment with random
and complete switching would be necessary for a fully conclusive argument against
the whole class of supplementary-parameter theories obeying Einstein’s causality.”
Such an experiment was successfully performed by Weihs et al. using a physical
random number generator for the choice of measurement settings and space-like sep-
aration of the setting choice of Alice and of the measurement at Alice from Bob’s
measurement and vice versa [17]. The corresponding space-time diagram is shown
in Fig. 2.3. The results were registered on an independent computer on each side. Af-
ter the experiment was finished, the tabled results with their corresponding time tags
were compared to determine coincidences, and the CHSH inequality was evaluated.



10 2 Historical background

Fig. 2.4: Space-time diagram of the experiment by Scheidl et al. [18]. The ran-
dom choice of the measurement setting a (b) is respectively space-like
separated from the emission of the source E. A and B are measurement
events. Figure reprinted from [18].

2.4.2 Closing the freedom-of-choice loophole

In the original Bell paper, nothing is explicitly said about the choice of measurement
settings. However, the formulation of the probability distribution of the hidden vari-
ables

∫
ρ(λ )dλ = 1 implies that the measurement settings a and b are independent of

the hidden variables λ . Bell formulated this later in more detail in Ref. [33]. There
he writes, “The variable a and b can be considered to be free, or random,” which
means that “they are not influenced by the variables λ .” He further argues that since
“a and b do not give any information about λ [...] the probability distribution over
λ does not depend on a or b.” This again is what is already implicitly assumed with∫

ρ(λ )dλ = 1.
To ensure this assumption, the emission of the source and both random choices of

the measurement settings have to be space-like separated. This loophole was closed
by choosing the measurement setting by a separate quantum random number genera-
tor for each partner and space-like separation of these two choices (a and b in Fig. 2.4)
from the emission of the source (E in Fig. 2.4) in an experiment using polarization-
entangled photon pairs between the Canary Islands of La Palma and Tenerife [18].
Simultaneously, the locality loophole was also closed by space-like separation of the
two measurement events (A and B in Fig. 2.4) and space-like separation of the mea-
surement event (A (B) in Fig. 2.4) on one side from the choice of the measurement
setting (b (a) in Fig. 2.4) on the other side.

This experiment and, as already pointed out by others [31, 33, 56], any other
experiment cannot exclude a common influence in the backward light cone of the



2.4 Loopholes 11

emission and the choice of measurement settings. In general, such an influence,
called “superdeterministic” by Bell [33] or “superrealistic” by Scheidl et al. [18],
cannot be tested. However, it is possible to improve on this sort of experiment by
excluding larger parts of the backward light cone through separation of the choices
of both settings from the source emission by greater distance. This is extendable to
astronomical distances by using astronomical signals (e.g. two quasars) coming from
opposite sides of the universe for the choice of measurement setting.

2.4.3 Closing the detection loophole

An implicit assumption in the derivation of Bell’s inequality is an overall detection
efficiency of 100% [2]. As was shown later by Garg and Mermin, a detection effi-
ciency of η ≥ 2(

√
2− 1) = 82.84% is sufficient for maximally entangled states to

refute local realism [19]. However, most experiments testing a Bell inequality have
an overall detection efficiency lower than this limit. Either the detectors are not effi-
cient enough or the signal is not collected sufficiently well.

Experiments that accomplished a violation of a Bell inequality without additional
assumptions regarding the detection efficiency are using non-photonic systems [20–
23]. In 2001, the detection loophole was closed for the first time by Rowe et al. in
the group of Wineland using a pair of entangled 9Be+ ions [20]. Ansmann et al.
in the group of Martinis violated a Bell inequality using Josephson phase qubits in
2009 [21]. Such qubits consist of electrical superconducting circuits which can be
hundreds of nanometers wide and a few micrometers long and comprise trillions of
electrons [57]. Although they can be called macroscopic, the circuits can be described
by a single degree of freedom and show quantum behavior. In 2008, Matsukevich et
al. in the group of Monroe succeeded in demonstrating heralded entanglement of two
remote Yb+ ions, which were 1m apart, and a violation of the CHSH inequality with-
out any assumptions on detection efficiency [22]. Recently, heralded entanglement
and a Bell violation with the detection loophole closed were shown in the group of
Weinfurter by Hofmann and colleagues with two 87Rb atoms [23].

For photonics systems, due to the low overall detection efficiency mostly gov-
erned by the poor detection efficiencies for single-photon detectors based on silicium
for the visible wavelength only a fraction of all produced pairs is detected: For some
pairs both partner photons are lost, for some other pairs only one partner photon is
lost, for others both are detected. To quantify the pairs where both partner photons
are lost, an “event-ready” scheme has to be implemented in the experiment, where
the emission of a pair is announced by another event [58]. All photonic Bell experi-
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ments have to take only the detected events into account. For an evaluation of a Bell
inequality only those pairs are considered that have both partners detected, which
constitute the coincidences. It is assumed that those pairs are a representative and
fair sample of all produced pairs. That this so-called fair sampling assumption is not
evident is shown by hidden-variable models that violate the Bell inequality although
they are local realistic [59, 60].

2.5 Proposals for a conclusive Bell experiment

What is a disadvantage of photons for the detection loophole is an advantage for the
locality loophole: the low interaction of photons with their environment. On the other
hand the contrary is true for particles. Several proposals for loophole-free Bell ex-
periments use asymmetric systems exploiting the advantages of both systems. If the
entangled system analyzed in terms of Bell inequalities is a particle entangled with
a photon, the detection efficiency in the experiment is near unity for the particle and
space-like separation can be achieved by transmission of the photon. The advantage
of the asymmetric system is that the minimally required detection efficiency for the
photon is as low as 43.7% [61, 62]. Another approach is to perform Bell measure-
ments on a pair of separate particles entangled via entanglement swapping using the
photons of the particle-photon entangled system [63]. In this section some of the
various proposals for a conclusive Bell experiment using different physical systems
are presented.

2.5.1 Entangled atoms

The group of Weinfurter proposed a Bell experiment with a pair of neutral atoms
entangled via entanglement swapping using the photons of two separate atom-photon
entangled systems [63]. Their space-time diagram is shown in Fig. 2.5. The proposed
setup exploits the facts that photons can be transmitted over a distance and that atoms
can be detected with a detection efficiency of nearly 100%.

First, the atomic spin of a trapped atom is entangled with the polarization of a pho-
ton, emitted by the atom in a spontaneous decay [23]. This process happens indepen-
dently in two different and separate setups, one setup for each atom respectively. The
photons emitted in each trap are measured at a Bell state analyzer (BSA), indicated
as Bell state measurement (BSM) in Fig. 2.5, in two of the four Bell states [64–66].
This projects the two atoms, being previously entangled with one of the two photons,
in an entangled state [23]. The probability of detecting photons from both traps at
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Fig. 2.5: Space-time diagram of the proposal of Rosenfeld et al. [63]. Two
separate atoms are each entangled with a photon. A Bell state mea-
surement (BSM) is performed on the two photons each from one of the
atom traps. A successful BSM announces the entanglement of the two
atoms. The atoms are detected with a detection efficiency of 100%.
Figure reprinted from [63].

the BSA is low, but the detection efficiency and losses of the photons only decrease
the heralding efficiency, and they do not open any loophole or require any additional
assumption. Since the entanglement of the two atoms is heralded by the Bell state
measurement of the photons, the scheme is an “event-ready” scheme [40, 58, 67]. The
atoms themselves are then detected with a detection efficiency of 100%. Errors in the
detection process reduce the visibility of the atom-atom entanglement, but as long as
the achieved visibility exceeds the classical limit of 1√

2
= 70.7%, the Bell inequality

can still be violated. Closing the detection loophole is already demonstrated [23].
The two traps have yet to be space-like separated.

Freyberger et al. show how one can use pairs of two-level Rydberg atoms for
closing the detection loophole [68] as a further development of the idealized proposal
of Oliver and Stroud [69]. They suggest measures needed for the satisfaction of
locality conditions as well. The two Rydberg atoms are produced independently:
one in an excited state, the other in the ground state. To entangle them, they pass a
high quality cavity. For a certain set of parameters of the interaction Hamiltonian, in
half the cases the first Rydberg atom emits a photon during passage, which is then
absorbed by the other Rydberg atom passing the cavity afterwards. The conditions
defining the ensemble to be measured are analyzed in detail.
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Fry et al proposed an experiment using two 199Hg atoms, which are entangled
during the dissociation of 199Hg2 molecules via stimulated Raman excitation [70].
The entangled degrees of freedom are the components of angular momentum. The
two mercury atoms are each spin- 1

2 and, as the original molecule, spin 0 as a pair. This
makes this system the subject of Bohm’s Gedankenexperiment [30]: “Suppose that
we have a molecule containing two atoms in a state in which the total spin is zero and
that of each atom is h̄/2. [...] Now suppose that the molecule is disintegrated by some
process that does not change the total angular momentum.” 2 The spin components
are measured using a spin state selective two-photon excitation-ionization.

2.5.2 Photon-atom entanglement

There are also proposals for experiments using photon-atom entanglement itself. The
first demonstration of a violation of the CHSH inequality by entanglement between
different species was demonstrated by Moehring et al. in the group of Monroe [71].
For asymmetric systems, as a photon and an atom, the detection efficiencies are very
different. Atoms are detected with nearly 100% detection efficiency, while in addi-
tion to the non-ideal detector efficiency, coupling and transmission losses enter the
overall detection efficiency of photons. It was shown that for a detection efficiency
of atoms of 100% for an asymmetric system, the detection efficiency of photons can
be as low as 70.7% for maximally entangled states in a CHSH inequality [61]. Us-
ing nonmaximally entangled states and a three-setting inequality I3322 this threshold
is 43%. For nonmaximally entangled states and the CHSH inequality a detection
efficiency of 50% is sufficient as well [61, 62].

2.5.3 Photon-ion entanglement

Simon and Irvine propose an experiment with entangled ions and photons [72]. The
basic idea is similar to the proposal of Ref. [63] using atoms and photons. Two
ions are each entangled with a photon. The two photons are measured on a Bell
state analyzer in two of the four Bell states, what projects the ions into a Bell state.
This allows a violation of a Bell inequality with near-unity detection efficiency of the
entangled ions in an “event-ready” scheme.

2.5.4 Homodyne detection of entangled non-Gaussian states

Sangouard et al. in Weinfurter’s group consider entanglement between two internal
states of an atom with an optical mode, which contains less than a photon on aver-

2 [30], edition from 1989, but unabridged and unaltered, p.614, 2nd break
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age [73]. They show that a violation of the CHSH inequality with a value of the Bell
parameter S = 2.52 is possible using homodyne detection and one-photon counting,
while a value of S = 2.26 is possible using homodyne detection only.

García-Patrón et al. present a scheme for a loophole-free Bell experiment using
continuous variables and highly efficient homodyne detection [74] based on previous
proposals [75, 76]. A non-Gaussian state is conditionally prepared by subtracting
single photons from a squeezed state (two mode squeezed state or two single-mode
squeezed states combined on a beamsplitter) using a beamsplitter with high trans-
mittance and a single-photon detector, e.g. an avalanche photodiode (APD). A low
detection efficiency of the APDs decreases the success rate while influencing the state
very little. For a violation of the Bell inequality the efficiency of the APDs is sup-
posed to be ≥ 1% and the detection efficiency of the homodyne detectors ≥ 90%.
Both are experimentally feasible.

2.5.5 Qudits

Vértesi et al. show the use of higher dimensional systems has advantages for photon-
atom entanglement experiments as well in experiments with hyperentangled pho-
tons [77]. For the asymmetric case of photon-atom entanglement the efficiency
needed for photons can be reduced from the well known detection efficiency thresh-
old of 43% for the photonics qubits [61] to 1/N for N-dimensional photonics qudits.
For purely photonic systems, they propose a loophole-free Bell experiment using
four-dimensional states with a detection threshold of 61.8% for no background and
69% with 1% noise. A four-setting Bell inequality [78] has to be measured detecting
the photons with transition-edge sensors (TES) [25, 26].

2.5.6 Photons

An experiment with a purely photonics system is proposed by Kwiat et al. [56]. Based
on Eberhard’s paper introduced in detail in Sec. 3 [27], polarization-entangled photon
pairs in nonmaximally entangled states produced by spontaneous parametric down-
conversion are detected with efficient detectors. The overall detection efficiency in
the limit of no background has to exceed 2/3.

The basic idea of that proposal towards a conclusive Bell test is in principle
followed in the presented work, but the nonmaximally entangled photon pairs are
produced in a different source design and different, highly-efficient superconducting
bolometric detectors are applied.





3

Theory of nonmaximally entangled states

Since Eberhard’s publication, a proposal for a loophole-free Bell experiment based
on his paper was written by Kwiat et al. [56]. Nonmaximally entangled states have
been measured by Brida et al. testing the equivalent CH inequality under the fair
sampling assumption [79]. Only coincidences were taken into account and not the
measured singles. Hardy’s test of nonlocality does not include a inequality, but since
a zero result is experimentally impossible to measure, an inequality has to be tested.
Experiments based on his paper have also been performed under the fair sampling
assumption, demonstrating a violation [38, 80, 81]. For that purpose seven different
nonmaximally entangled states were prepared in Ref. [81].

3.1 Hardy

Hardy proposes a test of local realism without using inequalities [36]. The corre-
lations between two entangled particles are measured at four combinations of two
different angles on each side. The joint probability distributions for three of the four
combinations of angles yield zero coincidences. For local hidden variable theories,
the forth combination must then be zero as well, whereas quantum mechanics pre-
dicts a nonzero outcome. The test is similar to the “all or nothing” test of Greenberger,
Horne and Zeilinger (GHZ) [37]. It is worth noting, that the test works for all entan-
gled states except the maximally entangled one. Experimentally, it is not realizable
in the form described by Hardy, because the derivation assumes perfect detectors,
and what is more important, a zero result has to be measured. As a consequence, an
inequality is measured, which for perfect detection efficiency is the CH inequality
or Eberhard’s inequality, as shown in [38, 39, 82, 83]. Hardy’s test of nonlocality
was successfully performed experimentally, but an additional assumption about the
detection efficiency, the fair sampling assumption, was necessary [80, 81, 84–87].
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3.2 Eberhard’s paper

To get a lower threshold for the detection efficiency, Eberhard optimized a Bell in-
equality by changing the measurement settings as well as the state of the entangled
particles [27]. The physical system he referred to is a pair of polarization-entangled
photons measured with Nicol prisms with an ordinary and extraordinary output. He
derived an inequality, which later was shown to be equivalent to the CH inequal-
ity [31], as demonstrated in Sec. 3.3. His formulation of the inequality includes
coincidence counts as well as counts of photons that lost their partner due to the
non-ideal detection efficiency. The states optimized for a maximal violation are pure
nonmaximally entangled states. Eberhard’s inequality is

J = noe(α1,β2)+nou(α1,β2)

+neo(α2,β1)+nuo(α2,β1) (3.1)

+noo(α2,β2)−noo(α1,β1)≥ 0,

where n are the coincidence counts with the subscripts o, e, u for the ordinary, ex-
traordinary, and undetected measurement outcomes, the first subscript denoting Al-
ice’s measurement outcome and the second Bob’s. Within his paper, the polarization
is measured with Nicol prisms. Instead a block of calcite can be used as a polarizing
beam displacer (BD) or the two o- and e-outputs are translated to s- and p-polarized
output ports of a polarizing beam splitter cube (PBS). The undetected coincidence
events nou and nuo are the detected singles at output o of one of the parties with their
partner photon not being detected by the second party, labeled u. The lower the over-
all detection efficiency the higher the number of these undetected events. Since their
contribution increases the parameter J, it is impossible to violate the inequality for
a detection efficiency lower than 2/3. The angles of polarization α1, α2, β1, β2 are
measured with a half-wave plate (HWP) and and a BD or a PBS3. Eberhard’s states
are pure states in the form

|ψr〉=
1√

1+ r2
(|HV 〉+ r|V H〉), (3.2)

H representing a horizontally, V a vertically polarized photon with r being the pa-
rameter which can be optimized. For r = 1 the state describes a maximally entangled
|ψ+〉 state, otherwise the state is asymmetric and nonmaximally entangled. As the
parameter r of the state |ψr〉 decreases, the entanglement of the state decreases ac-
cording to Tab. 3.1 with the tangle T as a measure of entanglement, explained in
Sec. 4.3.1. For product states, the tangle is T = 0 and for maximally entangled

3 alternatively, a sheet polarizer, which then has to be rotated by 90◦ to get the outcome e.
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Tab. 3.1: Tangle T for the ideal states |ψr〉 with different parameters r. The
case of r = 0 corresponds to the separable state |HV 〉.

η r T

0 0
66.7% 0.001 4 ·10−6

70% 0.136 0.0713
75% 0.311 0.3217
80% 0.465 0.5847
85% 0.608 0.7882
90% 0.741 0.9153
95% 0.871 0.9812

100% 1 1

T = 1. For a given value of the efficiency η the angle ∆ between α1 and α2 and also
between β1 and β2

4, the offset angle ω , and the background ζ were optimized to get
a violation for the highest background possible. Since the measurement angles α1,
α2, β1, and β2 have the relations

α1 =
ω
2
−90◦

α2 = α1−∆ (3.3)

β1 =
ω
2

β2 = β1−∆

with the optimized quantities, Eberhard’s numerical results can be directly translated
to the angles summed up in Tab. 3.2. For each detection efficiency, a specific state
determined by the parameter r and a specific set of measurement angles α1, α2, β1,
and β2 violate the inequality with the maximally allowed background ζ . The lower
the efficiency the smaller the allowed background and the smaller the violation. The
background ζ is assumed to be white noise. The measurement angles are compared
to Bell’s for an overall detection efficiency of η = 100% in Fig. 3.1. For a violation
of a Bell inequality with one of the four maximally entangled Bell states |ψ±〉 =

1√
2
(|HV 〉± |V H〉) and |φ±〉 = 1√

2
(|HH〉± |VV 〉) the measurement angle are often

chosen such that α1 and β1 enclose 22.5◦, and α1 and α2 as well as β1 and β2 enclose
45◦. The measurement angles α1 and β1 calculated by Eberhard enclose 90◦, and α1

and α2 as well as β1 and β2 enclose 45◦. This may be surprising at first because in the
case of a singlet state, which is often used in Bell experiments for rotation invariance,

4 ∆ = α1−α2 = β1−β2
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Tab. 3.2: Numerical results of Eberhard [27], with the angles α1, α2 for a mea-
surement at Alice and β1, β2 for Bob. For a violation, the maximally
allowed background is ζ .

η ζ r α1 α2 β1 β2

66.7% 0.% 0.001 −90.0◦ 92.2◦ 0.0◦ −2.2◦

70% 0.02% 0.136 −88.3◦ −109.7◦ 1.7◦ −19.7◦

75% 0.31% 0.311 −85.2◦ −117.2◦ 4.9◦ −27.2◦

80% 1.10% 0.465 −82.55◦ −120.45◦ 7.45◦ −30.45◦

85% 2.48% 0.608 −80.7◦ −122.2◦ 9.3◦ −32.2◦

90% 4.50% 0.741 −79.6◦ −123.2◦ 10.5◦ −33.2◦

95% 7.12% 0.871 −78.95◦ −123.65◦ 11.05◦ −33.65◦

100% 10.36% 1.000 −78.75◦ −123.75◦ 11.25◦ −33.75◦

Α1

Α2

Β1

Β2

(a)

Α1
Α2

Β1

Β2

(b)

Fig. 3.1: The measurement angles for η = 100% as used for the violation of
Bell’s inequality (a), and Eberhard’s (b).

this would end all correlations. But the state |ψr=1〉 corresponds to a triplet state,
dissolving this concern. Using both sets of angles, a maximal violation of Eberhard’s
inequality J = −0.2071 is obtained as well as a maximal violation of the CH and
CHSH inequality.

3.3 Comparison to the CH inequality

The Eberhard inequality (3.1) in the form of the original paper

J = noe(α1,β2)+nou(α1,β2)

+ neo(α2,β1)+nuo(α2,β1)

+ noo(α2,β2)−noo(α1,β1)≥ 0,
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includes coincidence count rates at combinations of any of the two outputs of a polar-
izing beam-splitter on each side (noe, neo, noo) as well as count rates on the ordinary
output at Alice (Bob) when none are detected at any output at Bob (Alice) (nou and
nuo respectively). The single count rate at Alice’s detector at the ordinary output of
the polarizing beam-splitter is the same as the count rate with the (lossless) polarizer
removed. It is

So−(α1,−) = noo(α1,−)+noe(α1,−)+nou(α1,−) (3.4)

for any angle β at Bob’s side, and analogously at Bob’s, it is

S−o(−,β1) = noo(−,β1)+neo(−,β1)+nuo(−,β1), (3.5)

independent of the angle α on Alice’s side. Substituting the nou(α1,β2) and
nuo(α2,β1) events in the Eberhard inequality (3.1) results in

J = So−(α1,β2)−noo(α1,β2)

+ S−o(α2,β1)−noo(α2,β1)

+ noo(α2,β2)−noo(α1,β1)≥ 0. (3.6)

An important consequence of this form of the inequality is that no polarizing beam-
splitter with two outputs is needed, but that instead it is sufficient to detect only
the ordinary output of Alice and Bob or use a linear polarizer. This reduces the
number of efficient detectors needed for an experimental violation from four to two.
The other interesting issue is a comparison with the CH inequality (2.4). Taking
the upper bound of the inequality and the number of measured counts, for a = α2,
a′ = α1, b = β1 and b′ = β2, the two inequalities (3.1) and (2.4) differ only by a
multiplication by−1. This shows the equivalence of the Eberhard inequality with the
CH inequality [31], as also shown by [35, 38, 39].

3.4 “Diagonal” basis for pure nonmaximally entangled states

Photon pairs produced by spontaneous parametric downconversion of type II are po-
larized horizontally and vertically (explained in Secs. 4.1 and 4.2). Hence, the strong
correlations between the partners of an entangled photon pair produced in a Sagnac
source can be understood classically as well. In the conjugate diagonal basis DA
the correlation can only be explained by entanglement. Transforming the Bell states
from the HV to the DA basis reveals the entanglement. In the Sagnac source the vis-
ibility of the state measured in the HV basis is limited only by the setup itself (PBS,
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accidentals, dark or background counts, polarization compensation in fiber). In the
DA basis the visibility is additionally determined by the indistinguishability of the
two photon emissions in both pump directions of the Sagnac loop. The visibility of
the entangled state has to be measured in this diagonal basis. For the Eberhard states
|ψr〉 (Eq. (3.2) ) the case is less simple. The state itself is nonmaximally entangled
but still pure. The HV and V H population is asymmetric. Instead of the diagonal
and antidiagonal basis vectors, the “diagonal” basis comprises the diagonal or an-
tidiagonal vector and a vector that depends on the state |ψr〉 itself. To transform the
Eberhard state |ψr〉 from the HV to a new basis,

|α〉 = cosα|H〉+ sinα|V 〉
|−α〉 = cosα|H〉− sinα|V 〉

|H〉 = 1
2cosα

(|α〉+ |−α〉) (3.7)

|V 〉 = 1
2sinα

(|α〉− |−α〉)

are used with a different angle for each subspace: for the first particle |α〉 and |−α〉,
and for the second |β 〉 and |−β 〉. By substituting |H〉 and |V 〉 in Eq. (3.2), the non-
maximally entangled state |ψr〉 is

|ψr〉 =
1√

1+ r2

(
|HV 〉+ r|V H〉

)
=

1√
1+ r2

(
1

2cosα
(|α〉+ |−α〉))⊗ 1

2sinβ
(|β 〉− |−β 〉)

+ r
1

2sinα
(|α〉− |−α〉))⊗ 1

2cosβ
(|β 〉+ |−β 〉)

)
=

1
4
√

1+ r2

(
(

1
cosα sinβ

+ r
1

sinα cosβ
)(|αβ 〉− |−α−β 〉) (3.8)

+(
1

cosα sinβ
− r

1
sinα cosβ

)(|−αβ 〉− |α−β 〉)
)
.

To get a pure state the condition

r = ± tanα
tanβ

√
4cos2 α sin2 β −1
1−4sin2 α cos2 β

(3.9)

has to be fulfilled. For the specific choice of α = 45◦ the angle β becomes β =

arctan 1
r . This leads to the state

|ψr〉=
1√
2

(
|45 arctan(

1
r
)〉− |−45 − arctan(

1
r
)〉
)
. (3.10)
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For the choice of β = 45◦ the angle α becomes α = arctanr, which leads to the state

|ψr〉=
1√
2

(
|arctan(r) 45〉− |−arctan(r) −45〉

)
. (3.11)

As a consequence maximal coincidences can be found at the combination of angles
α =±45◦ and β =±arctan 1

r or α =±arctanr and β =±45◦. Minimal coincidences
can be found at orthogonal states |α ′β ′〉 for which either 〈α ′|α〉 = 0 or 〈β ′|β 〉 = 0
because 〈α ′β ′|αβ 〉= 〈α ′|α〉〈β ′|β 〉= 0. The corresponding angle combinations for
minimal coincidence count rates are α =∓45◦ and β =±arctan 1

r or α =±45◦ and
β = ±arctan 1

r − π
2 = ∓arctanr for Eq. (3.10) and α = ±arctanr− π

2 = ∓arctan 1
r

and β =±45◦ or α =±arctanr and β =∓45◦ for Eq. (3.11).
Alternatively, the angles can be determined by calculating the minimal and ma-

ximal measurement results. The first qubit is measured under the angle α and the
second qubit under the angle β . Since an arbitrary polarization state of a pho-
ton can be described by |α〉 = cosα|H〉+ sinα|V 〉, a system of two photons is
described as a tensor product of the respective states of each photon |α〉 ⊗ |β 〉 =
(cosα|H〉+ sinα|V 〉)⊗ (cosβ |H〉+ sinβ |V 〉). As an abbreviation |α β 〉 is used and
can be written as an vector in the HV basis as

|α β 〉=


cosα cosβ
cosα sinβ
sinα cosβ
sinα sinβ

 . (3.12)

The above mentioned measurement is represented by an operator Â(α,β ) =

|α β 〉〈α β |, an outer product of the two photon state vector |α β 〉 with its conju-
gate transpose 〈α β |. The operator Â(α,β ) can be represented as a 4×4 matrix. A
measurement result is in general defined as the trace tr(Â(α,β )ρ) of the product of
the measurement operator Â(α,β ) and the density matrix ρ . For a pure state it is the
same as |〈αβ |ψr〉|2. The result of the polarization measurement on photon 1 under
the angle α and on photon 2 under the angle β is

tr(Â(α,β )ρ) =
1

1+ r2 (cosα sinβ + r sinα cosβ )2. (3.13)

Minimal coincindence rates can be found at α arbitrary and β =−arctan(r tanα) or
α =−arctan( tanβ

r ) with an arbitrary β . For a fixed α the measurement angles β for
maximal and minimal count rates are orthogonal to each other. It is analogous for
fixed β .
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Fig. 3.2: Sagnac-source. The pump beam is focused in the periodically
poled KTP (ppKTP) crystal within the Sagnac loop built by the dual-
wavelength polarizing beam splitter (dPBS) and the two mirrors. The
crystal can be pumped bidirectionally. The photon pairs created by
SPDC are split at the dPBS in two modes, which are coupled into
fibers.

3.5 Nonmaximally entangled states produced by a Sagnac source

In the presented work, a Sagnac source is used as the source of polarization-entangled
photon pairs [28, 88]. A periodically poled KTP (ppKTP) crystal is used as the
non-linear crystal within the bidirectionally pumped Sagnac loop. The pump laser
has a wavelength of 405nm, and the crystal is kept at a temperature for degenerate
spontaneous parametric downconversion (SPDC) at a wavelength of 810nm. (For
more information about periodic poling, SPDC and Sagnac source see Chap. 4.) Due
to the way the Sagnac source is constructed (see Fig. 3.2) the visibility measured in
the HV -basis {|HH〉, |HV 〉, |V H〉, |VV 〉} is perfect (when corrected for contributions
of accidental coincidences), but less than perfect for any other basis. Instead of the
ideal density matrix ρr = |ψr〉〈ψr| the best representation of the produced state of the
photon pairs in the HV -basis is the state

ρ ′r =
1

1+ r2


0 0 0 0
0 1 V r 0
0 V r r2 0
0 0 0 0

 , (3.14)

where the visibility enters in the off-diagonal elements (coherence terms). For the two
photon polarization state produced by the Sagnac source ρ ′r measured at polarization
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angle α for the first photon and β for the second photon, the result is

tr(Â(α,β )ρ ′r) = (3.15)
1

1+ r2 (cos2 α sin2 β +2rV sinα sinβ cosα cosβ + r2 sin2 α cos2 β ).

In order to characterize the visibility of the produced state ρ ′r in the experiment,
measurements at special angles have to be performed. For a Bell state prepared by the
Sagnac source, (ρ ′r=1), the measurement is performed at combinations of the diagonal
and antidiagonal polarization angles D and A. For a nonmaximally entangled state
the visibility is determined by measurements in a corresponding set of angles: the
non-orthogonal set of angles {|αβ 〉, |α −β 〉, | −αβ 〉, | −α −β 〉}. The visibility is
calculated from the maximal (Max) and minimal (Min) number of coincidences as

V =
Max−Min
Max+Min

=
tr
(
Â(α,β )ρ ′r

)
− tr

(
Â(α,−β )ρ ′r

)
tr
(
Â(α,β )ρ ′r

)
+ tr

(
Â(α,−β )ρ ′r

) . (3.16)

Using Eq. (3.15) gives

V =
4rV sinα cosα sinβ cosβ

2r2 sin2 α cos2 β +2cos2 α sin2 β
. (3.17)

This results in the condition r = tanβ
tanα which is fulfilled by any set of angles α with

β = arctan(r tanα) or α = arctan( tanβ
r ) for any β . The minimal coincidence rates can

be found at an arbitrary angle±α with β =∓arctan(r tanα) and α =±arctan( tanβ
r )

with an arbitrary angle ∓β . The angle α =±arctan(1
r ) is plotted versus the angle β

in Fig. 3.3. Since the set of angles is different for every state specified by a certain r,
the angles can be used to prepare the state in the experiment.

3.6 State optimization

The optimal state of the form |ψr〉 as well as the measurement angles for the largest
violation of the Eberhard inequality are calculated numerically based on a model,
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that accounts for experimental results for dark and background counts, visibility and
coincidence window in the way described below.

The dark and background counts d enter the model as additional single counts.
They are treated in the same way as So−(α1,β2) and S−o(α2,β1) in Eq. (3.6). This
results in an altered Eberhard inequality

J = So−(α1,β2)+d−noo(α1,β2)

+ S−o(α2,β1)+d−noo(α2,β1) (3.18)

+ noo(α2,β2)−noo(α1,β1)≥ 0.

The dark and background counts can be determined experimentally by measuring
the detected count rates when the source of entangled photon pairs is turned off.
Detectors as APDs have intrinsic dark counts, whereas in the case of transition-edge
sensors peaks from the noise band or blackbody photons constitute the equivalent.
For all types of detectors stray light photons and residual lab lights contribute as well,
but can be reduced or eliminated by careful preparation of the lab. The measured dark
and background count rate d enters the model as one of the inputs.

Accidental coincidences Acc are produced when two photons, which are not part-
ners of the same entangled pair, are registered within the coincidence window τ .
Their contribution is higher for higher count rates and for longer coincidence win-
dows, but lower for a higher ratio between coincidences and singles of Alice or Bob
respectively. In the limiting case of detecting all photons in pairs at angles showing
maximal correlation ( noo

S−o
= 1 or noo

So−
= 1), no accidental counts are possible. This

dependency is expressed by

Accoo(α,β ) = (3.19)

= So−(α,β ) ·S−o(α,β ) ·τ ·
(

1− noo(α,β )
S−o(α,β )

)(
1− noo(α,β )

So−(α,β )

)
.

Since the single count rates are angle dependent and the strength of the correlations is
different for different angle combinations, the accidental coincidences depend on the
angles at which they occur. They are contributing in the same way as the coincidence
counts noo(α,β ) in the Eberhard inequality, changing it to

J = So−(α1,β2)+d−noo(α1,β2)−Accoo(α1,β2)

+ S−o(α2,β1)+d−noo(α2,β1)−Accoo(α2,β1) (3.20)

+ noo(α2,β2)+Accoo(α2,β2)−noo(α1,β1)−Accoo(α1,β1)≥ 0.

The accidental count rates depend on the coincidence window τ and the single count
rates So− and S−o. The coincidence window τ has to be predetermined in a measure-
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ment of coincident pairs as one of the inputs of the optimization. The single count
rates So− and S−o themselves, as well as the coincidence rate noo(α,β ), depend on
the overall detection efficiency η and the pair production rate R. These two latter
entities are again inputs of the optimization.

For a state described by Eq. (3.14), the visibility V is the last input. As described
in Sec. 3.5, the visibility can be measured under specified angles.

To start the optimization the dark and blackbody count rate d, the coincidence
window τ , the overall detection efficiency η , the pair production rate R, and the
visibility V need to be predetermined experimentally. The resulting state and mea-
surement angles are then optimal for a violation under these specific experimental
conditions. In case that these conditions are not sufficient, e.g. η < 2/3, no optimal
settings for a violation are found in the optimization.

The optimization tries to minimize numerically the left hand side of the modified
Eberhard inequality Eq. (3.20) varying the measurement angles α1, α2, β1, β2 and
the state defining parameter r.





4

Tools and techniques

A setup of a Bell experiment based on polarization-entangled photon pairs consists
of a source, polarization analyzers and detectors. The source used in the presented
work is the Sagnac source where the nonlinear process of spontaneous parametric
downconversion is used to generate photon pairs. For the detection of the single
photons conventional avalanche photodiodes (APDs) and a novel type of supercon-
ducting detectors, the transition-edge sensors, are used. For the understanding of the
experimental setup and its characterization, some physical processes, quantities and
techniques are introduced in this chapter.

4.1 Spontaneous parametric downconversion

Spontaneous parametric downconversion (SPDC) is a nonlinear process which is
nowadays in wide use for the generation of entangled pairs of photons. In a setup
such as the Sagnac source, this process is used to produce polarization-entangled
photon pairs [28, 88].

4.1.1 Nonlinear optics

In many materials the interaction between light and matter is sufficiently described
by a linear dependence of polarization P on the electric field E. In nonlinear mate-
rials the polarization can also depend on higher powers of the electric field [89]; the
relation can be written as a power series

P = ε0χ1E0 + ε0χ2E2
0 + ε0χ3E3

0 + · · · , (4.1)

with the i-th order susceptibility χi of the medium and the vacuum permittivity ε0.
The nonlinear effects become important when a high electric field, in the order of the
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characteristic atomic field, is applied. This only became available since the invention
of the laser 1960 [90].

Light incident on a nonlinear medium consisting of two frequency components
ω1 and ω2, represented as E = E1eiω1t +E2eiω2t + c.c., results in

P = ε0χ1
(
E1eiω1t +E2eiω2t + c.c.

)
+

ε0χ2

(
2(|E1|2 + |E2|2)

+
(
E2

1 ei2ω1t +E2
2 ei2ω2t (4.2)

+2E1E2ei(ω1+ω2)t +2E1E∗2 ei(ω1−ω2)t + c.c.
))

+ · · · .

The polarization P not only contains the input frequencies ω1 and ω2, but also the
terms of second harmonic generation (SHG) (2ωi), the terms of sum frequency gener-
ation (SFG) (ω1+ω2), the terms of difference frequency generation (DFG) (ω1−ω2)
and the optical rectification term (|E1|2 + |E2|2), a static electric field.

Spontaneous parametric downconversion (SPDC) is the reversed process to SFG.
The output of a beam of photons of single frequency ωp incident on an appropriate
material mainly consists of the input frequency ωp, but also of photon pairs with the
frequencies ωs and ωi under conservation of energy E = h̄ω and momentum ~p = h̄~k
with |~k|= n(ω) ω

c . The refractive index n in general depends on the frequency ω . This
leads to the following conditions

ωs +ωi = ωp (4.3)

n(ωs) ωs +n(ωi) ωi = n(ωp) ωp, (4.4)

which are called phasematching conditions. Only when they are fulfilled in bire-
fringent materials or materials with quasi-phasematching (QPM) can the two new
frequency components ωs and ωi emerge from the nonlinear material.

There is type I and type II phasematching. In the case of type I, an extraordinary
polarized pump photon is converted to two photons with ordinary polarization. In
a type II crystal, the pump photon is converted to an ordinary and an extraordinary
polarized photon.

4.1.2 Quasi-phasematching

The phasematching condition (4.4) can be rewritten as

n(ωs) ωs +n(ωi) ωi−n(ωp) ωp = ∆k, (4.5)

with ∆k = 0. Phasematching conditions with ∆k 6= 0 can be achieved by periodical
poling of a nonlinear material, as predicted in the early 1960’s [91, 92]. One of
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Fig. 4.1: Periodic poling of a nonlinear crystal with the grating period Λ .

the crystalline axes along the material is periodically inverted along the nonlinear
material with a grating period Λ , as shown in Fig. 4.1, leading to ∆k = 2π

Λ . This
allows to phasematch nonlinear processes independent of their birefringence. The
dependency of the refractive index n and the poling period Λ on temperature allows
the phasematching to be tuned by temperature.

The refractive index n of a material depends not only on the frequency ω (or
wavelength λ = 2πc

ω ), but also on the temperature T of the material. An empirical
equation for this dependency is the Sellmeier equation with coefficients that must be
determined experimentally, as must the coefficients for the temperature dependence.
Various equations and empirical coefficients can be found in literature for different
materials. The nonlinear crystal used in this work is a periodically poled potassium
titanyl phosphate (ppKTP). For KTP, the Sellmeier equation of the form

n(λ )2 = a+
b

λ 2− c
+

d
λ 2− e

(4.6)

together with the respective coefficients a, b, c, d, e of Kato and Takaoka [93] and
the description of change of refractive index n with temperature T of the form

n(λ ,T ) =
3

∑
m=0

am

λ m (T −25 ◦C)+
3

∑
m=0

bm

λ m (T −25 ◦C)2 (4.7)

with corresponding coefficients ai, b j of Emanueli and Arie [94] can be used for
calculations. The latter also give coefficients and an equation of the form

L(T ) = L0(1+α(T −25 ◦C)+β (T −25 ◦C)2) (4.8)

for the thermal expansion of KTP, which can be applied to the poling period Λ .
More details on nonlinear optics and QPM can be found in [89, 95, 96] and more

about QPM in ppKTP in [97].

4.2 Sagnac source

The Sagnac source shown in Fig. 4.2 is a source of polarization-entangled photon
pairs [28, 88]. It consists of a potassium titanyl phosphate (KTP) crystal periodically
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Fig. 4.2: Photograph of the Sagnac source used for the presented experiments.

poled for type II SPDC. It is pumped bidirectionally within a loop built by a polariz-
ing beam splitter (PBS) and two mirrors. At the PBS, the photons of the pump beam
are directed in one of the two possible pump directions depending on their polariza-
tion (see Fig. 4.3). Horizontally polarized pump photons are transmitted by the PBS.
Since the process of spontaneous parametric downconversion (SPDC) is a non-linear
effect, the probability of a pump photon being converted into a pair of photons with
less energy is very low. The pump beam passes through the crystal, and the polariza-
tion of the beam is rotated by the dual-wavelength half-wave plate (dHWP) by 90◦

from horizontal to vertical polarization. Then the pump beam is reflected at the PBS,
back in the direction of the laser. In the crystal a small number of pump photons are
converted to pairs of photons, one partner with the same polarization as the pump
beam, and the other partner orthogonal to it. The two photons are called signal and
idler. At the dHWP the polarization of both downconverted photons is rotated by
90◦. As the dHWP the PBS is also designed for the wavelengths of the pump beam
and of the downconverted photons — a dual-wavelength PBS (dPBS). The vertically
polarized downconversion photons are reflected at the dPBS and take the same output
as the pump beam after the Sagnac loop. A dichroic mirror (DM) separates the two
wavelengths and the downconversion photons leave output 3. Horizontally polarized
photons are transmitted into output 4, as shown in Fig. 4.3. Vertically polarized pump
photons are reflected at the dPBS and pass the dHWP becoming horizontally polar-
ized. This is necessary because the ppKTP crystal only converts photons of a certain
polarization; in this setup only horizontally polarized ones. As they pass through the
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Fig. 4.3: Generation of polarization-entangled photon pairs in a Sagnac loop.
Figure adapted from [98].

crystal, some pump photons are downconverted into pairs as described above, with
one horizontally and one vertically polarized photon. The horizontal one is trans-
mitted by the PBS so it goes in the same direction as the pump beam after the loop.
Both wavelengths are separated by the DM with the downconversion photon leaving
at output 3. The vertically polarized photon is reflected on the PBS into output 4.
Depending on the polarization of the pump beam, photon pairs are produced in the
corresponding pump direction. To get a maximally entangled state, the two pump
directions have to be indistinguishable in all degrees of freedom. The probability
to detect a downconverted photon from any of the two pump directions has to be
equal, which in the ideal case is true for a pump polarization of 45◦. Pumping the
Sagnac loop in only one direction produces a separable state. When one direction of
the Sagnac loop is pumped more than the other, the produced state is nonmaximally
entangled, but in principle still pure.

4.3 Experimental characterization

The states of interest for a violation of a Bell inequality without additional assump-
tions using photons are nonmaximally entangled states. The entanglement of the
states can be measured and the states can be fully characterized by the density matrix
of the state.
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Fig. 4.4: The concurrence C and the tangle T of an ideal Eberhard state |ψr〉
are shown for varying r.

4.3.1 Measure of entanglement

To quantify entanglement, different measures of entanglement such as negativity,
entanglement of formation (EOF), relative entropy of entanglement were developed
(overview given in [99, 100]).

Tangle T is a measure of entanglement, defined as the concurrence C squared.
For an arbitrary two-qubit state this is

T = C 2 = max{0, λ1−λ2−λ3−λ4}2 (4.9)

where λ 2
i are the eigenvalues of the matrix product of the density matrix ρ with its

spin-flipped complex conjugated self, ρ̃ = (σy⊗ σy)ρ∗(σy⊗ σy) [101, 102]. The
eigenvalues are sorted in decreasing order such that λ1 ≥ λ2 ≥ λ3 ≥ λ4. The spin-

flipping operation is performed using the Pauli matrix σy =

(
0 −i
i 0

)
, with all matri-

ces represented in the basis {|HH〉, |HV 〉, |V H〉, |VV 〉}. The concurrence C is also
related with the EOF via a binary entropy function, which makes tangle, concurrence
and EOF closely related [103]. The tangle T is zero for separable states and one for
maximally entangled states. As an example the concurrence C and tangle T of an
Eberhard state (see Sec. 3) are shown in Fig. 4.4.

4.3.2 Density matrix reconstruction

In optics an arbitrary state of polarization of a beam can be fully described by the
four Stokes-parameters [104]. Therefore, the beam is analyzed in the three mutually
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unbiased bases: horizontal/vertical {H,V}, diagonal/antidiagonal {D,A}, right-/left-
circular {R,L}. The measured data is processed to four Stokes parameters. Similarly,
it is possible to perform a set of 4n measurement, depending on the number n of
photons involved, and process them to reconstruct the density matrix, a description
of the state of the multiphoton system. For pairs of photons, the minimal number of
measurements needed for a reconstruction is 16. The density matrix is reconstructed
using the maximum likelihood method [105]. From this density matrix other quanti-
ties such as fidelity and tangle can be calculated; the uncertainties for these quantities
can be calculated with a Monte-Carlo routine assuming Poissonian errors.

4.4 Detection system based on transition-edge sensors

For a long time, a problem for a loophole-free Bell experiment using entangled pho-
tons was the low detection efficiency of single-photon detectors such as APDs, visible
light photon counters (VLPCs) and solid state photomultipliers (SSPMs) with a de-
tection efficiency of 20% to 88% [106, 107]. Including transmission and coupling
losses, the threshold of 82.4% for maximally entangled states and even the threshold
for nonmaximally entangled states of 2/3 (in the limit of no noise) is not feasible.
A new class of detectors based on superconductivity have developed: superconduct-
ing nanowire single-photon detectors (SNSPDs) [108] and transition-edge sensors
(TES) [109].

Nanowire detectors are made of thin superconducting wires, which are 30 to a
few hundred nanometers wide and are meandered as shown in Fig. 4.5, for example.
They are commonly produced from niobium nitride (NbN) and have a reported timing
jitter of less than 30ps with a detection efficiency of 25% at 1550nm [112] and a
reported timing jitter of less than 50ps with an efficiency of 67% at 1064nm and
57 % at 1550nm [113]. Recently, a system detection efficiency of 93% at 1550nm
was achieved using tungsten silicide (WSi) with a timing jitter of 150ps operable at
2K [114]. For an on-chip device, where photons are coupled evanescently from the
waveguide to the NbN nanowire fabricated on top, an on-chip detection efficiency at
1550nm of 91% with 19ps timing jitter has been reported [115].

TESs are bolometers which operate on the transition from superconductivity to
normal conductance. Since the transition edge is very steep, even an energy deposi-
tion as small as the energy of a single photon (0.8eV for 1550nm) can be detected
with an appropriate readout. TESs are highly efficient and photon-number resolving,
but have a relatively high timing jitter of 3ns to 25ns (details in Sec. 4.4.2).
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(a) (b)

Fig. 4.5: Scanning electron micrographs. (a) SNSPD based on a nanowire
30nm wide, ∼ 5nm thick and a pitch of 100nm [110], (b) SNSPD
based on nanowire 150nm wide and a pitch of 250nm, and an ac-
tive area of the device of ∼ 15µm× 15µm [111]. Figures reprinted
from [110] and [111].

4.4.1 Superconductivity

In 1911, Onnes discovered that some metals loose their electrical resistance at tem-
peratures around a few Kelvin [116]. The microscopic description of superconduc-
tivity was developed by Bardeen, Cooper and Schrieffer in 1975 [117, 118]. Due to
electron-phonon interaction, electrons (fermions with spin 1/2) build Cooper pairs
with spin 0. Because of their bosonic nature, Cooper pairs can be described by one
quantum mechanical wave function. Phonons are quasiparticles of lattice vibrations
in a material, and their number is proportional to temperature. Electrons are scattered
by phonons and also by impurities of the material and imperfections of the lattice.
This leads to resistivity proportional to temperature, the normal conductance. In con-
trast to single electrons, Cooper pairs do not interact with phonons, which leads to
zero resistivity and a supercurrent [119]. Thermal energy can break the Cooper pairs,
having two consequences: (1) Only at low temperatures do Cooper pairs survive and
the properties attributed to them become visible; and (2) When thermal energy is de-
posited on the material, it breaks the Cooper pairs into electrons which experience
scattering, producing an increased resistivity.

The temperature of the transition from normal conductivity to superconductiv-
ity is called the transition temperature Tc, which is lower when there is an external
magnetic field and current in the material. Below Tc, superconducting materials not
only loose their resistivity but they also become ideal diamagnets: Magnetic flux is
expelled from the material; Flux is trapped within the ring, when the ring becomes
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superconducting. This effect, called the Meissner-Ochsenfeld effect, shows that a
superconductor magnetically behaves differently from an ideal conductor [120].

4.4.2 Transition-edge sensors

Transition edge sensors (TES) are used in the spectral range from infrared to γ-ray,
and the wavelength dictates the superconducting material used: titanium or tungsten
for infrared to ultraviolet [24, 121, 122], hafnium for the visible range [123], molyb-
denum and gold for X-ray [124], and iridium and gold for γ-ray radiation [125].
For optical wavelengths, bare tungsten has a detection efficiency of ∼ 20% [126],
bare titanium ∼ 30% [127] and bare hafnium ∼ 40% [123]. The probability of a
photon absorption in the superconducting substrate is enhanced by an antireflection
coating on the top and a highly reflective mirror below the substrate [128, 129]. The
absorbed photon heats up the substrate, which acts as absorber and thermometer at
the same time. A specific TES device is optimized for a certain wavelength by the
design of this optical structure, which can boost the detection efficiency to nearly
100% [25, 26].

TESs operate in the transition from superconducting to normal conductance. Due
to the steep temperature-dependent resistance of the transition edge, the energy de-
posited by a single photon is sufficient to heat up the substrate and change its re-
sistance. Negative electrothermal feedback keeps the TES at its transition [130].
Figure 4.6 shows a typical readout circuit. To use the Joule heating for the elec-
trothermal feedback the TES is voltage biased. The TES is represented as a variable
resistor RT ES. When an impinging photon heats up the TES, the resistance increases
and current flows through the input coil LIN , which induces magnetic flux in the
SQUID. The SQUID works as an amplifier, converting the induced flux into an am-
plified voltage drop. Room temperature electronics 5 amplify this signal to the level
of tens of mV, which can be processed further with normal electronics.

Although they have the great advantage of being highly efficient, TESs have the
disadvantage of being slow. The usual timing jitter for the tungsten devices has long
been reported at values around 100ns with recovery time of 2µs to 4µs, governed by
thermal processes [107]. Recently, additional effort has been invested in improving
performance speed. For tungsten TESs, additional gold heat sinking has yielded
recovery times of 460ns and a timing jitter of 2.5ns, which is a big improvement
towards operation of TESs with 80MHz pulsed single photon sources [131, 132]. The
detection efficiency for tungsten detectors is 98% to 100% at 805nm and 95%±2%

5 XXF-1 from Magnicon
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Fig. 4.6: TES read-out circuit. The variable resistor RT ES represents the
TES, which changes its resistance with temperature. Figure adapted
from [24].

at 1550nm [26]. Titanium TESs have a timing jitter of 25ns [127] and a recovery
time of several hundred nanoseconds [133]. This improvement over tungsten is due
to titanium’s higher transition temperature of around 400mK as compared to 100mK
for tungsten TESs. The highest reported detection efficiency for titanium devices for
850nm is 98%± 1% with an energy resolution of 0.42eV [25]. For 1550nm, the
detection efficiency is 64% [121]. Research on hafnium TESs promises enhanced
detection efficiency in the visible range, because of a layer unnecessary for hafnium
but not for tungsten, and faster recovery times due to the higher Tc ∼ 200mK. So
far only a detection efficiency of 85% and low recovery times are reported, which
is attributed to cooling-induced thermal stresses [123]. New materials for the optical
structure are explored. To count photons with rates up to GHz at 1550nm, niobium
nano-TESs are proposed [134]. An additional advantage of TESs is that they have no
intrinsic dark counts.

The TESs currently used at the presented experiments are made from tungsten,
with an optical structure for 850nm [24, 26]. Images of the TES chip are shown in
Fig. 4.7. They are packaged with a single-mode fiber for 1550nm [135].

4.4.3 Superconducting quantum interference device

The signal from the TES is amplified by an array of superconducting quantum in-
terference devices (SQUID). Details about SQUIDs can be found in Ref. [136, 137].
A dc SQUID, which consists of a superconducting ring with two Josephson junc-
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(a) (b)

Fig. 4.7: Microscope images of a TES chip (a) and a magnified image of the
actual TES with a size of 25µm×25µm (b) [24].

(a) (b)

Fig. 4.8: Scheme (a), equivalent circuit (b) of a dc SQUID. Figures adapted
from [136].

tions, was first demonstrated by Jaklevic et al. [138]; the first rf SQUID, with only
one Josephson junction, was first demonstrated by Silver and Zimmerman [139]. As
SQUIDs are susceptible to magnetic field gradients, they are often used as magne-
tometers and gradiometers. The following provides an overview of dc SQUIDs as
these are used for the signal amplification of the TESs.

A SQUID consists of a ring with two Josephson junctions J1 and J2, as shown in
Fig. 4.8(a). A Josephson junction is a barrier between two superconductors through
which Cooper pairs can tunnel [140–142]. The current I through the junction is
described by

I = I0 sinδ , (4.10)
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with I0 the maximal supercurrent and δ the phase difference between the wave func-
tions of the two superconductors. A second Josephson equation,

∂δ
∂ t

=
2π
φ0

U (4.11)

relates the voltage U across the junction with the change in phase difference δ over
time, where φ0 = h

2e ≈ 2.07× 10−15 Vs is the magnetic flux quantum, e the charge
of an electron, and h Planck’s constant. The SQUID is biased with current I. The
magnetic flux φA of an external magnetic field H enclosed by the ring modulates the
current through the junction with a period of the magnetic flux quantum φ0. Here, the
currents through the two Josephson junctions interfere quantum mechanically similar
to a double slit experiment [138, 143]. The modulated current is either measured
directly or as a voltage U across the SQUID. In this configuration the SQUID works
as a flux-to-voltage converter. To work as an amplifier of the TES signal, the input
coil LIN of the TES input circuit of Fig. 4.6 induces a magnetic flux φA through the
SQUID. The coupling between the the input coil LIN and the SQUID is called mutual
inductance MIN and for practical reasons is characterized as 1

MIN
= i

φ0
, where i is

the current in µA needed per magnetic flux quantum φ0. In the presented detection
system the TES signal was amplified by a two-stage SQUID, which consists of a
single SQUID in the first stage and an array of SQUIDs in the second stage [144].
Instead, a single-stage SQUID array can be used as well [145], but in tests crosstalk
from the SQUID working points to the TES working points was observed. The output
voltage across the SQUID array is read out by room-temperature electronics6 [146,
147].

The operating principle of a SQUID can be also described by the resistively and
capacitively shunted junction model (RCSJ-model). Such an equivalent circuit of a dc
SQUID is shown in Fig. 4.8(b), with resistance Ri, self-capacitance Ci, current noise
source INi , and inductance Li. This model is valid for the simplification to point-like
junctions.

4.4.4 Adiabatic demagnetization refrigerator

A detector system consisting of TESs and SQUIDs requires an ambient tempera-
ture around 100mK. To reach those temperatures a dilution refrigerator (DR) or an
adiabatic demagnetization refrigerator (ADR) can be used (for description of a DR
see [148], for an ADR [149]). The adiabatic demagnetization is an effect also known

6 XXF-1 from Magnicon
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as magnetocaloric effect [150–152]. In an ADR, paramagnetic salt pills together
with a strong superconducting electromagnet exploit this effect. As paramagnets, the
molecules of the salt pills have magnetic moments which, due to thermal energy, are
aligned randomly. When an external magnetic field is applied, the magnetic moments
align along the field direction and the magnetic entropy of the salt pills decreases.
This entropy transfers to the thermal degrees of freedom, which increases the tem-
perature of the pills. When the heat is removed from the system, the temperature of
the salt pills is brought back to their base temperature. The next step of the cooling
cycling is the insulation of the pills and the adiabatic demagnetization. With decreas-
ing external magnetic field the magnetic moments of the salt pills go increasingly out
of order, which increases the magnetic entropy. Since the total entropy stays con-
stant, the magnetic degrees of freedom absorb entropy from the thermal degrees of
freedom, and the temperature decreases. Slowly, energy from the mounted detectors,
the weak thermal link due to the mounting of the salt pills, radiation, and electrical
cables leading to the detector heats up the pills which then must repeat the cycle of
magnetizing, cooling, and demagnetizing.

The double-stage ADR used for the presented experiment was built by Entropy7.
All descriptions apply to ADRs in general, but numbers and some details might be
specific to the system used. A schematic layout is shown in Fig. 4.9 and pictures of
the ADR used are in Fig. 4.10.

The ADR consists of a 70K-stage, a 4K-stage and the paramagnetic salt pills:
Gallium Gadolinium Garnet (GGG) at 1K and Ferric Ammonium Alum (FAA) at
100mK. The base temperature at the 4K-stage and the salt pills of ∼ 3K is achieved
with a pulse tube cooler8. (The 4K-stage is named as such for historical reasons
when instead of a pulse tube cooler liquid helium was used for the precooling.) The
thermal contact between the two pills and the 4K-stage is provided by a heat switch.
When the heat switch is turned off, the pills are mounted in such a way that they are
in principle thermally insulated from each other and from the 4K-stage to prevent
heating-up from the 4K-stage at the low temperatures of the pills below 1K.

Starting from room temperature, the ADR is first cooled by the pulse tube cooler.
The 70K-stage arrives at a temperature of ∼ 53K and, thanks to the thermal contact
between pills and 4K-stage provided by the heat switch, the 4K-stage as well as the
pills are cooled to the base temperature of ∼ 3K. At this point, the current in the
superconducting coil installed around the pills is slowly ramped up to 40A. The re-
sulting magnetic field of 6T aligns the spins of the paramagnetic salt which release

7 Entropy GmbH, Gmunder Str. 37a, 81379 München, Germany, http://www.entropy-cryogenics.com
8 SRP-062B-F50H from Sumitomo
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Fig. 4.9: Scheme of an ADR. The ADR stage has to be precooled to a temper-
ature of around 3K by a two-stage pulse tube cooler. The two salt pills
(GGG and FAA) are enclosed by a superconducting magnet. The pills
are mounted thermally insulated. The required thermal contact during
the cooling cycle is provided by a controllable heat switch.

entropy as heat. The temperature of the pills is increased by a few Kelvin. Using
the heat switch, a thermal contact to the 4K-stage is established and the pills in the
magnetic field are cooled back to the base temperature. Once there, the heat switch
is opened and the current in the magnet is ramped down. This brings the temperature
of the GGG pill down to 600mK and the FAA pill to 30mK. The detectors, which
are mounted on the FAA pill, perform well for temperatures below 110mK–120mK.
When the temperature of the detectors drifts up to 110mK over 8–20 hrs, a new cool-
ing cycle, a recharge, has to be performed. The current in the magnet is ramped
up, bringing the pills to temperatures of 5K–6K. Closing the heat switch and thus
establishing thermal contact between the 4K-stage and both pills allows the pulse
tube cooler to cool down the pills in the magnetic field. When the base temperature
is reached and the heat switch is opened, the magnet is ramped down, and the pills
reach 600mK and 30mK, respectively.

4.4.5 Counting photons in continuous mode

The counting methods for detection of continuously emitted photons are only
sketched here. More details will be explained in Ref. [153] and the PhD thesis of
Marissa Giustina who wrote the programs for analysis.
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(a) (b)

Fig. 4.10: Photographs of the adiabatic demagnetization refrigerator (ADR) in
use: (a) closed, (b) opened.

The detector system consisting of TES, SQUID, and room temperature electron-
ics has an analog output signal. The signal has a falling edge with a fall time of 200ns
to 400ns and a recovery time of 1µs to 4µs. A representative signal of single 810nm
photons detected by the TES detector system is shown in Fig. 4.11. The signal ex-
hibits a noise band, consisting of electronic noise, the noise of the TES, and the noise
of the SQUID; and peaks of detected single photons with the typical shape shown in
Fig. 4.11(b). The peak height is proportional to the energy of the absorbed photon,
but with a finite energy resolution. Between the noise band and the peaks of 810nm
photons are a few smaller peaks which originate from photons of the blackbody radi-
ation. To make these relations more visible, peak height distributions are calculated
from digitized data. To do this, a threshold is set below the zero line but still within
the noise band. In between the two crossings of the signal with the threshold, the
lowest point is recorded. The absolute values of these extreme points between two
crossings are shown in a histogram. A representative histogram for a signal of single
photons at 810nm is shown in Fig. 4.12. The width of the 810nm peak at 0.07mV
corresponds to the energy resolution of the detection system.

4.4.5.1 Threshold method

For efficient detection of entangled single photon pairs at 810nm it is required that
only 810nm photons are counted without losing any of them. In the case of an out-
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Fig. 4.11: Typical output signal of the TES detector system produced by single
810nm photons, taken for 10ms (a) and 15µs (b).
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Fig. 4.12: A peak height distribution of a typical output signal of the TES de-
tector system produced by single photons at a wavelength of 810nm.
From the threshold below 0mV to 0.025mV is the noise band, from
0.025mV to 0.045mV are photons from blackbody radiation and
from 0.05mV to 0.1mV are detected 810nm photons.

put signal as shown in Fig. 4.11 and 4.12 the task is relatively easy: the simplest
approach is to set a threshold above the noise band, around 0.051mV according to
Fig. 4.12. Anything crossing this threshold is an 810nm photon. In the case of a less
perfect output signal where the noise band is so broad that no blackbody photons can
be distinguished and the 810nm peak overlaps with the noise band, the threshold can
only be set at a trade-off point. Some low-height 810nm peaks are lost, in principle
decreasing detection efficiency, and some noise peaks are counted as 810nm pho-
tons. These background counts correspond to dark counts in the case of APDs. One
disadvantage of this method is the loss of pulses which are piled up on the recovery
edge of a preceding pulse while the signal is still below the threshold. This effect
is count rate dependent: for low count rates it is negligible. The other disadvantage
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is retriggering, caused by noise on the recovery edge as exhibited on the pulse in
Fig. 4.11(b). If such a wiggle crosses the threshold, the same pulse is counted twice.
It is possible to avoid that by introducing an artificial dead time which is related to
the recovery time. A consequence is the loss of photons at high count rates.

This method can be implemented in realtime using electronics like a leading edge
discriminator and a logic module or with self-written programs on digitized data.

4.4.5.2 Subtraction method

To circumvent the problem of photon loss due to pile-up of pulses, a more elaborate
method is used in the post-processing of the digitized data. For this method the trace
is first scanned for pulses with a fixed threshold and an average pulse is calculated.
(In the presence of very high count rates the recovery edge might be distorted.) With
the threshold from the peak height distribution, the trace is scanned again and each
time a threshold crossing occurs, the previously calculated average pulse is subtracted
from the trace. When searched for the next threshold crossing, pile-upped photons
will be missed because they are superposed on top of a recovery edge and are too low
for the threshold. At the next threshold crossing the procedure is repeated. With this
method not all photons are counted in the first round. The trace obtained after the
first round of subtractions contains only photons which were previously piled up on
a recovery edge of a preceding photon (see Fig. 4.13(b)). On this residual trace the
same method is applied (see Fig. 4.13(c)). Depending on the count rates, this can be
repeated a few times until no photons are found in a trace. An advantage is that the
noise on the recovery edge is immaterial in this method.

4.4.5.3 Coincidences

The presented detection system based on TESs is set up for detection of single pho-
tons produced in pairs. Therefore coincidences between two detectors are of interest.
In the post-processing of the recorded data, each photon is attributed a time stamp.
For both counting methods each photon gets the time stamp of the threshold crossing
at which it is counted. Coincidences are found by comparing the time stamps of the
traces of the two detectors with a varying delay between them. An example is shown
in Fig. 4.14. The width of the curve represents the combined timing jitter of both
detectors and the digitizer card. This jitter determines the coincidence window for
the experiment. The timing jitter is given as full width at half maximum (FWHM),
which corresponds to 2

√
2ln2σ , with σ the standard deviation. Since for a Gaussian

distribution ±4σ cover 99.99 % of the set, the coincidence window for 1σ = 42.5ns
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(a)

(b)

(c)

Fig. 4.13: Sketch of the subtraction method: starting with the original trace (a),
residual trace after first round of subtraction of photons (b), residual
trace after second round of subtraction of photons (c). Each sub-
tracted photon is counted.

corresponding to a timing jitter of 100ns is 2 ·4σ = 339.7ns. Compared to the co-
incidence windows of 4.5ns used with APDs, a timing jitter of 100ns results in a
coincidence window almost two orders of magnitude longer. As shown in Sec. 3.6,
a longer coincidence window causes a higher accidental rate, which is increasingly
significant as the count rates increase. However, the error systematically introduces
by accidental counts can be corrected in the post-processing. In view of space-like
separation for a loophole-free Bell experiment, a longer coincidence window also
leads to a larger distance between the source of polarization-entangled photon pairs
and their detection. Consequently, the higher losses diminish the overall detection
efficiency. That is why any improvement on timing jitter of the TESs is favorable.
Improvements of the timing jitter are also conceivable using new methods for the
determination of a proper time stamp.

When counted in realtime using analog electronics, the coincidences can be gen-
erated with the coincidence (AND) function of a logic module, with the coincidence
window determined by the pulse length of the processed input pulses.
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Fig. 4.14: Coincidences plotted over the delay (in samples) between the two
detectors. The result of the comparison of the time stamps is shown
in blue and a Gaussian fit in green. The calculated curve deviates
from the Gaussian fit, because the curve represents the combined
timing jitter of two TESs. Due to a sampling rate of 50 MS per sec-
ond, one sample represents 20ns.
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Characterization of nonmaximally entangled states

The operating principle of the Sagnac source allows the production of nonmaximally
entangled states. Since the Sagnac source can produce maximally entangled states
with high purity [28], the preparation of pure nonmaximally entangled states is one
of the steps that enables a Bell experiment without the need of the commonly used
assumption of fair sampling and of locality. The nonmaximally entangled states are
characterized by a measurement using conventional avalanche photodiodes.

5.1 State preparation

For the preparation of a certain nonmaximally entangled state in the form of
Eq. (3.14) a similar procedure is used to that of the case of maximally entan-
gled states. In that procedure, the angles of minimal coincidences in the basis
{|DD〉, |DA〉, |AD〉, |DD〉} are set for the polarization analysis at Alice and Bob de-
pending on the state, |ψ+〉 or |ψ−〉. The polarization of the pump beam is adjusted
to the minimal coincidence rate using at least one half-wave plate (HWP) and one
quarter-wave plate (QWP). The better the overlap of the two pump directions within
the Sagnac loop, the lower the minimal coincidence rate and the better the visibility.
As described in Secs. 3.4 and 3.5, each nonmaximally entangled state has a unique
combination of angles of polarization measurement for minimal and maximal coin-
cidences. For these angles listed in Tab. 5.1, analogously to the preparation of max-
imally entangled states, minimal coincidence count rates have to be set by changing
the polarization of the pump.

5.2 Eberhard with fair sampling

The prepared nonmaximally entangled states are first measured at the polarization
angles required for the Eberhard inequality for pure states. Since the detection of the
avalanche photodiodes is too low for a violation, fair sampling must be assumed.
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Tab. 5.1: The angles for preparation, as the angles of minimal coincidence
rates, of the ideal state |ψr〉 as well as of the state ρ ′r. Bob’s angle was
calculated numerically. It is also defined as ∓arctanr as described in
Secs. 3.4 and 3.5.

η r Alice Bob

66.7% 0.001 ±45.0◦ ∓0.06◦

70% 0.136 ±45.0◦ ∓7.7◦

75% 0.311 ±45.0◦ ∓17.3◦

80% 0.465 ±45.0◦ ∓24.9◦

85% 0.608 ±45.0◦ ∓31.3◦

90% 0.741 ±45.0◦ ∓36.5◦

95% 0.871 ±45.0◦ ∓41.1◦

100% 1 ±45.0◦ ∓45.0◦

5.2.1 Experimental setup

Seven of the eight states listed in Tabs. 3.2 and 5.1 are prepared using the Sagnac
source. The polarization measurement at Alice and Bob is performed with a HWP
and a polarizing beam splitter (PBS) within a fiber bridge, as shown in Fig. 5.1. In
this setup, avalanche photodiodes (APDs) with roughly 40% detection efficiency are
used as detectors. Together with the losses from coupling into the single mode fiber
at the source, the coupling from single mode to multimode fiber through wave plates
and a PBS in the fiber bridge, as well as reflections on surfaces add up to an overall
detection efficiency of 9%–11%. This is far below the threshold of 2/3 needed for a
violation of the Bell inequality with nonmaximally entangled states. For each state,
the four outputs (two outputs of two PBSs) were measured in all combination of
angles αi and β j required for an evaluation of the Eberhard inequality (3.1), but also
their orthogonal angles α⊥i and β⊥j . To ensure the same detection efficiency for all
count rates, the data listed in Tab. 5.2 was measured at one output of each PBS.
For the counts noe and neo the half-wave plate in front of the PBS was rotated by
additional 45◦. The data was taken for 20s for each setting.

5.2.2 Results

A way to evaluate data with a detection efficiency too low for a violation of
the Eberhard inequality is to only consider coincidences as was done by Brida
et al. in [79]. Instead of the inequaliy (3.1) only the detected events are used:
Jdet = noe(α1,β2)+ neo(α2,β1)+ noo(α2,β2)− noo(α1,β1) ≥ 0. As already shown
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Fig. 5.1: Fiber bridge. Photons are coupled out of a single mode fiber, pass
a HWP and a PBS for polarization analysis and exit the two outputs
of the PBS. There they are coupled into multimode fibers which are
connected to APDs. For state tomography an additional QWP has to
be inserted in front of the PBS.

in Sec. 3.3 this is equal to the negative of the CH inequality assuming fair sampling.
To make the violation comparable independent of the actual count rates, the value for
Jdet is normalized by the detected single count rates N to Jnorm

det = Jdet/N. The detected
count rates N are calculated as the average of the sum of Alice’s singles at angles αi

and α⊥i and of Bob’s singles at angles β j and β⊥j . This quantity is independent of the
state and is closely related to the pair production rate of the source. The value Jdet

is plotted versus the detection efficiency in Fig. 5.2. The violation of the inequality
Jnorm

det ≥ 0 is larger for higher efficiencies, for which the parameters r, α1, α2, β1, and
β2 were optimized, although all data was measured using the same setup. Since fair
sampling is assumed and no space-like separation was established, only a class of
hidden-variables can be refuted that exploits neither the low detection efficiency of
the experiment nor communication between Alice and Bob or the setting choice nor
the choice of measurement setting.

5.3 State tomography

For characterization of the prepared nonmaximally entangled states, state tomogra-
phy is performed. The reconstructed density matrices allow the calculation of quan-
tities, such as fidelity F , tangle T and purity P .
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Tab. 5.2: Number of coincidence counts (cc) and single counts of Alice (S1)
and Bob (S2) measured in 20s. The uncertainty can be calculated
as Poissonian errors. The data is measured at one of the outputs of
each PBS. The efficiency η represents the state and the measurement
angles for the Eberhard inequality, not the actual overall detection ef-
ficiency. To measure the setting α1β2oe for example, the wave-plates
were set to α1/2 and β2/2+45◦.

η setting cc S1 S2

70%
α1β1oo 1010 29923 35547
α1β2oe 134 29626 482523
α2β1eo 147 461041 35436
α1β1oo 50 84714 105402

80%
α1β1oo 8157 105875 108804
α1β2oe 738 107554 367277
α2β1eo 904 364154 111682
α1β1oo 270 189230 213848

90%
α1β1oo 17348 195382 207357
α1β2oe 2687 201373 323793
α2β1eo 2715 308261 212343
α1β1oo 1673 243462 263420

100%
α1β1oo 24530 263750 278049
α1β2oe 4458 262576 291822
α2β1eo 3781 276271 276254
α1β1oo 3556 266391 285597

η setting cc S1 S2

75%
α1β1oo 4937 67794 69884
α1β2oe 430 69243 377304
α2β1eo 496 381948 70122
α1β1oo 95 150084 164552

85%
α1β1oo 18244 208100 217821
α1β2oe 2189 207553 460387
α2β1eo 2392 450389 216272
α1β1oo 925 297313 325192

95%
α1β1oo 28988 314000 330149
α1β2oe 4989 310399 402636
α2β1eo 5065 384743 329981
α1β1oo 3551 346821 366042

5.3.1 Experimental setup

The state of a quantum system is in general described by a density matrix ρ =

∑i pi|ψi〉〈ψi|. For a pure quantum system the density matrix simplifies to ρ = |ψ〉〈ψ|,
such that the state vector |ψ〉 is a sufficient description. The density matrix of a state
prepared by the Sagnac source, as any other state, can be reconstructed from a set
of measurements in the H/V -, D/A-, and R/L-bases. For measurements in the R/L-
basis (right and left circular), in addition to the HWP and the PBS a QWP is needed
within the fiber bridge, which is shown in Fig. 5.1. The coincidence counts listed in
Tab. 5.4 were detected at both outputs of the two PBSs at nine settings of the wave
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Tab. 5.3: Jdet is the parameter of the inequality (3.1) when only detected events
are taken into account. It is the negative value of the CH inequality
under the fair sampling assumption. N is the detected number of sin-
gles, Jnorm

det is the parameter Jdet normalized to N. Data was taken for
20s. The inequality is violated for J < 0.

η r Jdet N Jnorm
det

70% 0.136 −679±37 560877±176 −0.00121±0.00007
75% 0.311 −3916±77 534796±176 −0.0073±0.0001
80% 0.465 −6245±100 560727±176 −0.0111±0.0002
85% 0.608 −12738±154 762196±205 −0.0167±0.0002
90% 0.741 −10273±156 563480±176 −0.0182±0.0003
95% 0.871 −15383±206 747800±203 −0.0206±0.0003

100% 1 −12735±191 559025±175 −0.0228±0.0003
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Fig. 5.2: The normalized parameter Jnorm
det from Tab. 5.3 is plotted against the

detection efficiency η for which the state and the measurement angles
were optimized for.

plates. The data was measured for 20s. From these 32 coincidence counts a den-
sity matrix ρmeas is reconstructed using the maximum likelihood method [105] and
plotted in Fig. 5.3. For orientation, the respective ideal pure state |ψr〉〈ψr| is shown
together with the measured density matrix ρmeas in the same chart. From the recon-
structed density matrices of the prepared states, quantities characterizing the state can
be derived. The uncertainties of these quantities are calculated with a Monte Carlo
routine assuming Poissonian noise.
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Tab. 5.4: Coincidence counts used for the reconstruction of the density matrix.
The settings of each the row (such as HD) indicate the angles of the
measured polarization (H for Alice, D for Bob). The combinations of
os and es in the columns (oo,oe,eo and ee) specify at which outputs
of the PBS the counts were detected. The output in transmission is
labeled o, the output in reflection, where the measured polarization is
orthogonal to the original setting, is labeled e. The number of counts
for VD is written at row HD and column eo. Data was taken for 20s.
The uncertainties can be calculated as Poissonian errors.

setting oo oe eo ee

70%
HH 58 61430 1061 337
HD 26044 31282 338 1100
HR 25523 32174 716 620
DH 407 30313 664 40692
DD 16338 11145 12883 25240
DR 13263 15324 16545 21776
RH 473 31973 576 33758
RD 13675 16622 14475 17361
RR 17071 12955 10628 22787

80%
HH 97 65936 12065 355
HD 27893 31978 5181 8591
HR 26860 34077 6693 6835
DH 5977 32105 6225 41537
DD 28738 4407 6176 41611
DR 18148 17928 17902 27264
RH 5225 34407 6295 35540
RD 16005 20937 18510 20640
RR 28880 5934 4380 37777

90%
HH 82 38035 19475 194
HD 16975 18469 8997 12485
HR 16113 20181 10288 10839
DH 10221 18929 9837 23404
DD 25513 427 1182 32856
DR 13719 14560 14527 17832
RH 8902 20742 10268 21097
RD 12618 16068 14992 16032,
RR 25903 1149 790 32950

100%
HH 90 26357 30818 183
HD 14947 12570 14176 16761
HR 13151 14383 16020 14997
DH 15260 13538 15914 19656
DD 30398 223 139 37364
DR 14821 15207 16106 18104
RH 13106 14595 16921 16377
RD 13605 13742 15244 16009
RR 27706 134 261 32879

setting oo oe eo ee

75%
HH 77 59098 5695 307
HD 24948 29788 2369 4145
HR 24242 30486 3297 3009
DH 2709 28903 3004 36763
DD 21214 6063 7571 31165
DR 12326 16423 16797 19768
RH 2383 30612 3045 31379
RD 15298 16538 13655 18621
RR 22534 7968 6096 28444

85%
HH 113 63071 20987 394
HD 28130 30691 9444 13976
HR 25602 33059 11634 11577
DH 10248 32731 11251 39110
DD 36043 2215 3724 49923
DR 17344 25345 24290 25487
RH 9044 33679 11258 34055
RD 18925 22217 19679 24828
RR 35327 3419 2341 46162

95%
HH 138 48522 34415 307
HD 21523 23245 16114 22370
HR 19793 25535 18357 19699
DH 17593 24705 17326 31336
DD 38333 116 725 51644
DR 18487 23676 22260 24817
RH 14958 25868 18547 26217
RD 19217 20870 19178 25482
RR 36541 509 299 48181
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Fig. 5.3: The real part and the imaginary part of the reconstructed density matrix for the target states |ψr=1〉 designed for η = 100% (a),
|ψr=0.871〉 designed for η = 95% (b), |ψr=0.741〉 designed for η = 90% (c), |ψr=0.608〉 designed for η = 85% (d), |ψr=0.465〉 designed
for η = 80% (e), |ψr=0.311〉 designed for η = 75% (f), and |ψr=0.136〉 designed for η = 70% (g) are shown. For comparison the
respective ideal matrices |ψr〉〈ψr| are included in transparent yellow.
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5.3.2 Results

To assess the quality of the state preparation, the fidelity F is calculated. It is a
distance measure defined as

F =

(
tr
(√

(
√

ρσ
√

ρ)
))2

(5.1)

for two arbitrary density matrices ρ and σ with the square root of the density matrix
defined as

√ρ√ρ = ρ [154]. When the fidelity is F = 1, the prepared state ρ is
equal to the target state σ . For a pure state |ψ〉 and an arbitrary state ρ the formula
simplifies to

F = 〈ψ|ρ|ψ〉. (5.2)

The fidelities of the reconstructed density matrices ρmeas are calculated for three dif-
ferent types of states: the ideal pure state |ψr〉 of Eq. (3.2), the mixed Werner state
ρW , and the mixed state ρ ′r introduced in Sec. 3.5. Werner states

ρW = (1−V )|ψr〉〈ψr|+V
1
4
14, (5.3)

with |ψr〉 of Eq. (3.2), visibility V , and a 4×4 identity matrix 14 are used for the de-
scription of the produced state when the noise in the experiment is white noise [155].
The states of Eq. (3.14),

ρ ′r =
1

1+ r2


0 0 0 0
0 1 V r 0
0 V r r2 0
0 0 0 0

 ,

are used in the optimization routine of the state and the measurement angles de-
scribed in Sec. 3.5. Both the Werner state ρW and the states ρ ′r are more mixed with
decreasing visibility V . The fidelities listed in Tab. 5.5 and plotted in Fig. 5.4 are
calculated for these three states with an assumed visibility of V = 99%. The av-
erage preparation fidelities are F̄ = 99.01%± 0.01% for the pure ideal state |ψr〉,
F̄ = 98.90%± 0.01% for the Werner state ρW , and F̄ = 99.00%± 0.01% for the
state ρ ′r. These are very high values, which indicate that all three states describe the
produced state very well, with the largest distance for the Werner state. The fideli-
ties of the three states weakly depend on the parameter r: the fidelity increases with
increasing r. Either the states prepared for lower values of r are more sensitive to
preparation or neither of the three states offers a sufficient description for the pro-
duced states determined by the parameters r. To explore how sensitive fidelity is to a



5.3 State tomography 57

Tab. 5.5: Fidelities F of the reconstructed states are calculated for the pure
ideal state |ψr〉, the mixed Werner state ρW , and the mixed state ρ ′r
for a visibility of V = 99%.

η r F|ψr〉 FρW Fρ ′r

70% 0.136 98.70%±0.02% 98.61%±0.02% 98.81%±0.02%
75% 0.311 98.86%±0.04% 98.80%±0.02% 99.04%±0.02%
80% 0.465 98.90%±0.03% 98.70%±0.01% 98.80%±0.03%
85% 0.608 99.03%±0.03% 98.89%±0.01% 98.82%±0.03%
90% 0.741 99.24%±0.03% 99.05%±0.01% 99.15%±0.05%
95% 0.871 99.23%±0.02% 98.97%±0.01% 99.02%±0.02%

100% 1 99.11%±0.02% 99.27%±0.05% 99.36%±0.03%
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Fig. 5.4: Fidelities F listed in Tab. 5.5 are plotted against the parameter r for
which they were prepared: the fidelity for the pure ideal state |ψr〉 in
blue, for the Werner state ρW in green, and for the state ρ ′r in magenta.

preparation of a wrong nonmaximally entangled state determined by its parameter r,
the fidelities of two ideal states |ψr〉 each with a different parameter r are calculated
as |〈ψr1 |ψr2〉|2 and listed in Tab. 5.6. In this table the states with adjacent parameters
r have high fidelities ranging from 97.26% up to nearly 100%, although the states
have very different parameters r and tangle T . The fidelity of the state |ψr=0.311〉
(optimized for the expected overall detection efficiency of the setup of 75%) with the
neighboring state |ψr=0.136〉 (optimized for 70%) is 97.26%. The fidelity of the state
|ψr=0.311〉 with the state |ψr=0.465〉 (optimized for 80%) is 98.22%. The measured
fidelity of the state |ψr=0.311〉 with all three target states |ψr〉, ρW and ρ ′r ranges in
the region between 98.8% and 99.1%. This demonstrate, that the fidelity F is not a
very sensitive measure for the purpose of qualifying the preparation.



Tab. 5.6: Fidelities F calculated between two ideal states |ψr〉with each a different parameter r specific to a detection efficiency η . Two states
with neighboring parameters r have fidelities ranging from 97.3% to 100% despite their very different magnitude of entanglement
measured as tangle T (see Tab. 3.1).

η 66.7% 70% 75% 80% 85% 90% 95% 100%
r 0 0.001 0.136 0.311 0.465 0.608 0.741 0.871 1

0 1 0.999999 0.98184 0.911809 0.822216 0.730106 0.645544 0.568621 0.5
66.7% 0.001 0.999999 1 0.982106 0.912375 0.82298 0.730993 0.6465 0.569611 0.501
70% 0.136 0.98184 0.982106 1 0.972583 0.912619 0.840298 0.768006 0.698395 0.63353
75% 0.311 0.911809 0.912375 0.972583 1 0.98222 0.941278 0.891165 0.837407 0.783573
80% 0.465 0.822216 0.82298 0.912619 0.98222 1 0.987724 0.959568 0.922934 0.882331
85% 0.608 0.730106 0.730993 0.840298 0.941278 0.987724 1 0.991663 0.971284 0.943904
90% 0.741 0.645544 0.6465 0.768006 0.891165 0.959568 0.991663 1 0.993797 0.978348
95% 0.871 0.568621 0.569611 0.698395 0.837407 0.922934 0.971284 0.993797 1 0.995269
100% 1 0.5 0.501 0.63353 0.783573 0.882331 0.943904 0.978348 0.995269 1
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Tab. 5.7: The parameter rmeas calculated from the reconstructed density matrix
shown in Fig. 5.3 in comparison to rideal , the ideal parameter r.

η rideal rmeas

70% 0.136 0.131
75% 0.311 0.316
80% 0.465 0.438
85% 0.608 0.585
90% 0.741 0.722
95% 0.871 0.853

100% 1 1.028

Another approach to qualify the state preparation is to compare the parameter r
of the reconstructed density matrix ρmeas, labeled rmeas, to the parameter r of the
ideal state. For a pure state |ψr〉, the parameter r can be calculated from the ratio
of the population of the |V H〉〈V H| and |HV 〉〈HV | entries of the density matrix ρ =

|ψr〉〈ψr| as

r =

√
tr(|V H〉〈V H|ρ)
tr(|HV 〉〈HV |ρ) . (5.4)

The parameter rmeas listed in Tab. 5.7 are calculated in the same way according to
Eq. (5.4), with uncertainties of less than 2 ·10−15 for all values calculated with the
Monte Carlo routine. Since for a given experimental situation defined by the overall
detection efficiency η an optimal parameter r of the state and the angles for the mea-
surement of the correlations α1, α2, β1 and β2 are optimized for a maximal violation
of the Eberhard inequality, it is interesting to investigate what the consequences are,
if a state with a different parameter is prepared instead. Therefore, a set of measure-
ment angles is optimized for a given experimental situation and states with a deviat-
ing, less-than-ideal parameter r are evaluated. The theoretical experimental setting is
a source that produces states with a visibility of 98%, no dark or background counts,
a rate of 1 and a short coincidence window of 0.04ns to avoid accidental counts.
The optimal parameter r for the assumed detection efficiency of 80% is r = 0.450.
The states with the deviating parameter r = 0.4 and r = 0.5 have fidelities with the
ideal state of F = 98.82% and F = 98.83%, respectively. These states violate
the inequality 5% less, whereas the reconstructed density matrix with a parameter
r = 0.438 exhibits a violation decreased by 25%. In the same way, deviations from
the ideal parameters r = 1 for a detection efficiency of 100% by 10% was evaluated.
In this case, the violation is decreased by less than 1%, showing that the lower the
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Tab. 5.8: The purity P of the reconstructed density matrices of Fig. 5.3 are
listed, with uncertainties of all P below 0.07%.

η r P

70% 0.136 99.1%
75% 0.311 99.1%
80% 0.465 99.4%
85% 0.608 99.3%
90% 0.741 99.4%
95% 0.871 99.6%

100% 1 99%
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Fig. 5.5: The purity of Werner states ρW as a function of visibility V . It de-
pends on the visibility, but remains the same value independent of the
parameter r.

parameter r, the stronger the decrease of the violation due to a deviating parame-
ter r. These investigations imply that the decreased violation cannot be attributed
to a preparation of a state with a different parameter r, but might result from other
imperfections, such as noise.

Since the target states of the preparation are pure states, the purity is an impor-
tant quantity for the characterization of the prepared states. Purity P is defined as
P = tr(ρ2): for a pure state tr(ρ2) = 1, for a mixed state 0 ≤ tr(ρ2) < 1. From
the reconstructed density matrix ρmeas it is calculated as P = tr(ρ2

meas) and summa-
rized for all seven states in Tab. 5.8. The measured purities scatter more than their
uncertainties independent of the parameter r, but with a trend to higher purities for
higher parameters r. The average purity is P̄ = 99.26%±0.02%. For a comparison
the purity of the two mixed states is calculated. The purity of a Werner state ρW is
independent of the parameter r, but it increases with increasing visibility V as shown
in Fig. 5.5. For states ρ ′r of Eq. (3.14) used in the simulation described in Sec. 3.5,
the purity depends on both the visibility V and the parameter r, which is plotted in
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Fig. 5.6: Purity as a function of the parameter r and visibility for the state ρ ′r.

Tab. 5.9: For the reconstructed density matrices the tangle Tmeas is calculated
and compared to the tangle of the ideal state T .

η r T Tmeas
Tmeas

T

70% 0.136 0.0713 0.0526±0.0007 73.80%±0.99%
75% 0.311 0.3217 0.3123±0.0013 97.09%±0.40%
80% 0.465 0.5847 0.5228±0.0011 89.41%±0.19%
85% 0.608 0.7882 0.7414±0.0008 94.07%±0.10%
90% 0.741 0.9153 0.8811±0.0013 96.26%±0.14%
95% 0.871 0.9812 0.9566±0.0005 97.49%±0.05%
100% 1 1 0.9741±0.0008 97.41%±0.08%

Fig. 5.6. It decreases with increasing parameter r and increases with increasing vis-
ibility V . For a visibility of V = 98% the purity decreases from P = 100% for a
product state with r = 0 to P = 98.02% for a maximally entangled state with r = 1.
The decreasing behavior for higher values of the parameter r of the states ρ ′r is in
contradiction to the observed behavior of the measured data of Tab. 5.8.

For a characterization of the prepared nonmaximally entangled states, it is also
interesting to measure the entanglement. The calculated values of the tangle T of
the reconstructed density matrices are compared to the tangle of the ideal target states
|ψr〉 in Tab. 5.9. The reconstructed density matrices are all less entangled than the
respective ideal states |ψr〉, although not all measured states have a lower value of the
parameter r than their target states (see Tab. 5.7).
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Fig. 5.7: The parameter J of Eberhard’s version of the CH inequality calcu-
lated from reconstructed density matrix ρmeas plotted versus the effi-
ciency η .

Measurement values of an observable M, represented by the operator M̂, can be
calculated from a density matrix ρ by the operation tr(M̂ρ). Using the measure-
ment operators required for the evaluation of the Eberhard inequality the value J of
Eq. (3.20) can be calculated for the prepared states represented by the reconstructed
density matrices ρmeas. In Fig. 5.7 the normalized values for the parameter J are plot-
ted versus the detection efficiency η for which these states were prepared. The same
value of η is assumed as the overall detection efficiency for the respective evaluation
of the value J. The calculations are motivated by a measurement with TESs including
dark and background counts and accidental coincidences. The assumed parameters
of the calculation are therefore a coincidence window of 400ns, a dark and back-
ground count rate of 10Hz, and a pair production rate of 30kHz, with which J is
normalized. The measurement angles used for this evaluation are those optimized for
the corresponding ideal states |ψr〉 of Eq. (3.2). The non-ideal density matrix ρmeas

and the experimental imperfections of the TES detection system built in by the long
coincidence window and the dark and background rate cause a diminished violation.
As a consequence, the Eberhard inequality cannot be violated for an overall detection
efficiency of η = 75%. To achieve a violation in an experimental setup with states
prepared in the same quality either the overall detection efficiency has to be above
75% or the experimental imperfections of the detection system need to be improved.

5.4 Summary

The highest values of the fidelity of the prepared states were achieved for both the
ideal state |ψr〉 and the state with the reduced visibility in the coherence terms ρ ′r
as used for the optimization routine. The average fidelities for both states are over-
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lapping within their uncertainties. The prepared states have a high average purity
of P̄ = 99.26%±0.02%, but it indicates that they should be described by a mixed
state. The behavior of the purity as a function of the parameter r for the state ρ ′r
deviates from the measurement while the ideal state and the Werner state give an
agreeing description. The measured data violates the Bell inequality when only coin-
cidences are taken into account. For nonmaximally entangled states prepared in the
same quality as presented in this chapter, a violation is predicted by the calculation
on the reconstructed density matrices for a detection efficiency above 75% .





6

Highly-efficient heralding

To enable a Bell experiment without the assumption of fair sampling, not only highly
efficient detectors are needed, but also a highly efficient setup. Therefore low-loss
components with antireflection (AR) coating are used. The overall efficiency for
a setup with TESs as single-photon detectors is mainly determined by the ability of
coupling both partners of a photon pair in the respective fibers leading to the detectors
(output 3 and 4 in Fig. 4.3). The fibers used in the packaging of the TES are single-
mode fibers for 1550nm (SMF28)9 with a core diameter of 8.2µm. The core diameter
is chosen according to the size of the TES and the ability to center the fiber core and
the TES.

The overall detection efficiency, including all losses from pair production to de-
tection, can be determined using the process of SPDC. In this process the photons
are only produced in pairs. In the ideal case of perfect overall detection efficiency,
with the detection of a photon at Alice the partner photon will be detected at Bob as
well. The ratio of the coincident counts noo and Alice’s single counts So− determines
the overall detection efficiency of Bob ηB as ηB = noo

So−
. For a detection efficiency

of 100% the same number of coincidences noo as singles So− at Alice is registered.
When photons are lost at Bob, the number of coincidence counts noo is decreased and
with it decreases the ratio between coincidence counts and Alice’s single counts, the
overall detection efficiency ηB. When photons are lost at Alice’s channel the number
of her single counts So− and the coincidence counts noo are decreased by the same
factor, such that their ratio, Bob’s detection efficiency ηB, is unchanged. For a re-
alistic setup, not only the overall detection efficiencies are not 100%, but also both
the photons detected at Alice and the photons detected in coincidence at Bob might
be false counts due to background light or intrinsic dark count photons of the single-
photon detectors. These modify the determined detection efficiency ηB to η ′B. Of

9 SMF-28e from Corning



66 6 Highly-efficient heralding

Fig. 6.1: Heralded single-photon source based on SPDC.

course the reverse is also true: A photon detected at Bob heralds its partner photon
at Alice and allows the determination of Alice’s detection efficiency ηA = noo

S−o
. For a

violation of a Bell inequality without additional assumptions on detection, the over-
all detection efficiencies of Alice and Bob have to exceed the detection threshold of
2/3 for nonmaximally entangled states in the ideal case of any noise sources. With
additional background counts the required efficiency is even higher.

An efficient heralding of one of the channels can be achieved with an asymmet-
ric setup, where only the heralded channel is highly efficient. Such a setup can be
used as a heralded single-photon source. Single-photon sources [107, 156, 157] are a
useful resource for quantum key distribution [158, 159], quantum computation [160–
162], random number generation [163, 164] and metrology [165, 166]. An ideal
single-photon source should emit truly single photons on demand. A single-photon
source based on SPDC is probabilistic, but the presence of a photon in one channel
is heralded by the detection of its partner photon, which allows the construction of
an on-demand source using additional techniques, such as single-photon storage or
multiplexing of sources [167–170]. With increased pump power the signal channel
(defined as shown in Fig. 6.1) can contain multiple photons from higher order contri-
bution, where two or more photon pairs are produced instead of only one photon pair.
Most single-photon detectors, such as APDs, do not have the capability of resolving
the number of photons hitting the detector. In the case of an emission of multiple
pairs, a click in the APD of the heralding channel would herald two or more photons
instead of one. These higher order contributions are negligible for low pump powers,
but they have the consequence of limited count rates. Some single-photons detectors,
such as TESs, do resolve photon-number. This can be used to ignore events where
more than one photon was detected in the heralding channel.

6.1 Experimental setup

A scheme of the used setup is shown in Fig. 6.2. The Sagnac source as presented in
Sec. 5 is used for the production of pairs. For heralding it is sufficient to pump in
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Fig. 6.2: Setup of the heralding experiment. L1, L2 – lens, DM – dichroic
mirror, dPBS – dual-wavelength polarizing beam splitter, dHWP –
dual-wavelength half-wave plate, IF – interference filter, CF – cut-off
filter. Photon pairs produced within the Sagnac-loop are coupled into
fibers (SMF28 – single-mode fiber for 1550nm, HP780 – single-mode
fiber for 810nm) which lead to the dilution refrigerator to the TESs.
The produced signal is discriminated at room temperature and further
processed with a coincidence logic and then counted.

one direction only producing a product state. At both outputs of the Sagnac loop a
cut-off filter for suppression of 405nm pump light is used. In the heralding channel
additional spectral and spatial filtering is implemented to make sure that only down-
conversion photons with a partner in the signal channel are detected. The photons
in the heralding channel are filtered spectrally with an interference filter with a full
width half maximum of 1nm and spatially by coupling into a single-mode fiber for
810nm (HP780)10 with an AR coating for 850nm. The inefficiency of the heralding
channel decreases the heralding rate but not the overall efficiency of the heralding of
photons in the signal channel. The photons of the signal channel are coupled in a
telecom single-mode fiber (SMF28) with AR coating for 850nm, the same fiber that
is used in the TES packaging. The fibers in which photons are coupled are spliced
to the SMF28 fibers which lead to the dilution refrigerator [171], the cooling system
which keeps the TESs at a temperature of 25mK [148, 172]. These fibers are again
spliced to the SMF28 fibers used in the TES packaging. The total length of both
fibers is around 10m. The photons coupled into the fiber impinge on the TES and
produce an analog signal (see also Secs. 4.4.2 and 4.4.3). Since the detector of the
signal channel had a small output signal, the signal was additionally amplified and
filtered to get a better signal-to-noise ratio11. The output signals of both channels can
then be analyzed. For the heralding two methods of counting were used: a real time
analysis by analog electronics and post-processing digitized data.

10 780-HP from Nufern
11 SR650 from Stanford Research Systems
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Fig. 6.3: Typical pulse of a single photon at 810nm plotted from digitized data.

For the first method (method 1), the resulting signals are discriminated using a
leading edge discriminator12 and converted by a logic13 to transistor-transistor logic
(TTL) pulses, which can be counted. Since the pulses have a shape as shown in
Fig. 6.3 the signal of a single photon can cross the threshold set at the discriminator
more than once due to its wiggles. That would retrigger a count even though only
one photon was detected. To prevent this multiple counting of the same photon the
negative analog signals from the discriminator were transformed to TTL pulses with
a pulse length that depends on the recovery time of the detectors. This pulse length
has the same consequences as a dead time. During that time no new photon will be
counted. For high count rates this can also mean that photons which were detected
are not counted when they fall in the pulse duration. As mentioned in Sec. 4.4.5,
a related mechanism reduces the counted number of detected photons at high count
rates: The analog pulses pile up and do not cross the threshold. The coincidences
are generated in the same logic module using the coincidence (AND) function. It
produces a coincidence when the pulses of both detectors overlap for at least 3ns.
The coincidence window is then defined by the sum of the pulse width of the two
pulses after the pulse stretching, around 0.95µs and 0.05µs, corrected by the 3ns.
The coincidences are output as positive TTLs which are counted together with the
single counts of both detectors with a module based on field programmable gate array
(FPGA). The scheme of the electronics is shown in Fig. 6.4.

The second method (method 2) is to digitize the analog signal with a PCI card14

and to post-process with further developing counting programs. The subtraction
method outlined in Sec. 4.4.5 was used for analysis.

12 4608C from LeCroy
13 CO4020 from Ortec
14 ATS460 from AlazarTech
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Fig. 6.4: Scheme of counting electronics using nuclear instrumentation mod-
ules (NIM). Disc. – leading edge discriminator, Pulse stretch – logic
module setting a pulse length for a positive and a negative TTL pulse,
AND – coincidence function of the logic module, Counting – FPGA
based counting module for positive TTL pulses.

Tab. 6.1: Count rates measured by analog electronics analysis (method1) of
100s and by post-processing digitized data (method 2) of 40s. Un-
certainties are given as Poissonian errors. Sh – single count rate of
the heralding channel, Ss – single count rate of the signal channel, C
– coincidence rate.

Sh in Hz Ss in Hz C in Hz

method 1 46855±22 6525±8 5419±7
method 2 49882±35 7696±14 6278±13

6.2 Results

The measurement was taken for 100s in real-time using the analog electronics. The
count rates shown in Tab. 6.1 result in a directly observed efficiency of the heralding
channel of 83.0%± 0.2%. It is calculated as the ratio of the measured number of
coincidences and the number of singles of the heralding channel. This is the highest
value reported for heralding efficiency. The previous record value of 62% was also
achieved with a Sagnac source and TESs [173].

The directly observed heralding efficiency has to be corrected for accidental co-
incidences, which enhances the efficiency and effects due to the pulse length with
consequences similar to a dead-time of a detector. Further details are presented in
the appendix of the prepared publication in Sec. A.0.1. The corrected value of the
heralding efficiency for the numbers measured in real-time are 82.2%±0.3%. This
is confirmed by the analysis of 40s of digitized data using the subtraction method
with a value of the heralding efficiency of 81.6%±0.2%. The count rates are shown
in Tab. 6.1. In the post-processing a shorter coincidence window of 650ns is used and
an accidental correction similar to the method described in Sec. A.0.1 is included.
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The estimated losses on the way from the pair production in the crystal to the de-
tector is estimated with 6.2%, the detector efficiency is given as 95%± 2% [24].
In consequence that means that the coupling efficiency of the signal channel is
92%± 2%. This agrees with the measured coupling loss of 89%± 1%, where the
heralding efficiency into a SFM28 fiber was compared to coupling into a multimode
fiber with a core diameter of 50µm. If argued the other way around, namely cor-
recting the measured heralding efficiency by the estimated losses from production to
detection and by the estimated coupling efficiency from the measurement of SMF28
and multimode fiber, we can estimate the detection efficiency of the TES detectors as
98.3%±1.3%.

Additionally, a measurement of the CHSH-inequality with a maximally entan-
gled state was performed with a value of S = 2.509± 0.008 with a directly ob-
served heralding efficiency of 79.7%±0.2% and a corrected heralding efficiency of
78.6%±0.1%. In a Sagnac source entangled photon pairs are produced by bidirec-
tional pumping of the Sagnac loop. The heralding efficiency is reduced by a non-ideal
overlap of both pump directions. The clear violation of the Bell inequality with com-
parably high heralding efficiency confirms the single-photon nature of the heralded
photons.
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Eberhard inequality with transition-edge sensors

The next step after the characterization of nonmaximally entangled states produced
in the Sagnac source with conventional APD detectors is the measurement of non-
maximally entangled states with the highly-efficienient detection system based on
transition-edge sensors. As soon as the Eberhard inequality is violated, local real-
istic theories that exploit low detection efficiency are refuted. An even further step
towards the first loophole-free Bell experiment is the space-like separation of Alice
and Bob together with their choices of the measurement setting.

In this chapter, the detection system installed in an adiabatic demagnetization
refrigerator is used for a measurement of the Eberhard inequality using nonmaximally
entangled states.

7.1 Detection system

The application of a detection system based on transition-edge sensors (TESs) con-
stitutes a much more complicated task than the operation of conventional APDs for
example. Some specifics for an installation in an adiabatic demagnetization refriger-
ator (ADR) are presented in the following.

In the ADR sketched in Fig. 4.9 the TESs are mounted to the “cold finger” of the
FAA-stage. Since the next shield has a temperature of ∼ 3K, the blackbody photons
impinge on the TES and are detected at such a high rate that the TES is saturated
and becomes blind to additional single photons. To prevent that, an additional shield
mounted at the temperature of the FAA is required. When a superconducting material
such as aluminium (Al with a critical temperature of Tc = 1.2K) is used, the TES
and SQUID detector unit is additionally magnetically shielded. Without magnetical
shielding, stray fields from magnetizable metal tools and movables effect the output
signal during operation. Independent of these stray fields, the field of the magnet
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Fig. 7.1: TESs within the Al-shield installed in the ADR. The Al-shield
mounted at the FAA’s temperature below 100mK shields the TESs
from blackbody photons emitted from the 4K-shield. Since Al is a
superconducting material, it also serves as a magnetic shield at low
temperatures.

of the ADR as well as the Earth’s magnetic field (25µT to 65µT) can manifest a
trapped flux in the SQUID array, which dephases the individual SQUIDS. Due to its
planar structure, the SQUID chip is most notably sensitive to fields orthogonal to its
surface. Since the performance of the SQUID array is compromised when not all of
its SQUIDs are in phase, the device needs to be defluxed by heating it beyond the
transition temperature of the SQUID material niobium (Nb with Tc = 9.2K) for a
time varying from 0.1ms to a few milliseconds without the presence of a magnetic
field. The critical temperature of the Al-shield is passed during the demagnetization
of the magnet of the ADR, such that the remaining field of the ADR’s magnet and the
magnetic fields of the environment are trapped within the shield. To compensate the
normal components of this trapped field, a superconducting coil is mounted near the
detectors. Both the heater and the current in the compensation coil can be addressed
with the software of the room temperature electronics15. The installed Al-shield is
shown in Fig. 7.1. Despite a design less sensitive to magnetic fields of the SQUIDS
used as amplifiers, a careful magnetic shielding in the design of the ADR by the
manufacturer enables the operation of TESs in an ADR in the first place.

The size of the TES chip of 25µm×25µm limits the size of the mode field that
can be absorbed and thereby detected by the TES chip with near-unity probability.

15 SQUIDViewer from Magnicon
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The precision of the alignment of the fiber core in respect to the TES chip sets an
additional limit. Therefore, the TES chips are packaged with a telecom single-mode
fiber16 with a core diameter of 8.2µm [135]. The mode field diameter for 1550nm
is 10.4µm and smaller for shorter wavelengths. For detection of single photons, they
first need to be coupled into a fiber. The photon pairs at 810nm produced in the
Sagnac source are either coupled into a single-mode fiber17 or a telecom single-mode
fiber. This fiber is then spliced to a bare telecom fiber leading into the ADR via a
feedthrough, where the bare fiber is threaded through a 300µm-hole drilled in a teflon
piece which is then compressed by a Swagelok fitting to be vacuum tight [171]. This
piece of fiber is installed in the fridge from the room-temperature stage to the 4K-
stage where it is spliced to the fiber of the TES packaging. The use of core diameters
larger than 8.2µm would be advantageous for coupling purposes, but would require
a bigger TES area. This in turn would slow down the temporal performance.

The voltage across the SQUID array can be read out by the room temperature
electronics18 either in amplifier (Amp) mode or in flux-locked loop (FLL) mode. In
contrast to the Amp mode, in FLL mode the system transfer function is linearized,
which allows an increased dynamical range [174]. The feedback loop from room
temperature to the 4K-stage required for the FLL mode limits the bandwidth of the
detection system by the length of the cables. The room temperature electronics are
delivered with a control software19, which allows the control of the whole detection
system installed within low temperatures including the working points of the SQUIDs
and TESs, the heater, and the compensation coil [175]. In case an additional amplifier
is needed for further analysis, a low noise preamplifier20 should be used.

The output signal can be analyzed in realtime using analog electronics (as de-
scribed in Chap. 6) or by analyzing digitized data either in realtime or in post-
processing. The analysis of digitized data allows more control over the parameters
used in the analysis. Post-processing on recorded data has the additional advan-
tage that the data can be (re-)analyzed with an improved algorithm. For adjustment
purposes, preferably, a realtime program is run on permanently digitized data. For
important experimental data, the signal of the detection system is digitized, written to
a hard drive and later post-processed with a program shortly sketched as subtraction

16 SMF-28e from Corning
17 780-HP from Nufern
18 XXF-1 from Magnicon
19 SQUIDViewer from Magnicon
20 SR560 or SIM910 from Stanford Research Systems
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Tab. 7.1: For each setting, data was recorded for 10min using a digitizer card
with a sampling rate of 50MS/s and analyzed in the post-processing.
Due to a timing jitter of 65ns, the coincidence window is 11 sam-
ples or 220ns. The resulting value for the Eberhard inequality is
J = 684.0±2.6. The inequality is not violated by the presented mea-
surement.

angles S1 in Hz S2 in Hz CC in Hz

α1β1 1056.5±1.3 1353.0±1.5 601.6±1.0
α1β2 1051.0±1.3 6438.0±3.3 612.0±1.0
α2β1 4834.0±2.8 1355.9±1.5 541.7±0.9
α2β2 4825.0±2.8 6421.2±3.2 32.5±0.2

method in Sec. 4.4.5. The digitizer card21 is used with a sampling rate of 20MS/s
for realtime applications and 50MS/s for the post-processing.

7.2 Experimental setup

Nonmaximally entangled states are prepared in the Sagnac source and measured with
the described detection system based on TESs. The photon pairs are filters using a
longpass filter for rejection of the pump photons together with bandpass filters with
a full width at half maximum of 3nm. For the polarization analysis a half-wave plate
(HWP) and a beam displacer (BD) were utilized. Polarization-entangled photon pairs
at the ordinary outputs of the BDs are coupled into telecom single-mode fibers spliced
to the telecom single-mode fibers of the ADR. The data was digitized for 10min per
setting with a sampling rate of 50MS/s and then post-processed using the subtraction
method described in Sec. 4.4.5.

7.3 Results

The resulting count rates are listed in Tab. 7.1 with a coincidence window of 220ns.
With the fair sampling assumption, where only coincidences are taken into account
as done in Sec. 5.2.2, the data is violating the Eberhard inequality with Jdet =

−1722.8± 1.7. Without the fair sampling assumption, the value J of the Eberhard
inequality calculated from the listed values according to Eq. (3.6) is J = 684.0±2.6.
This value does not violate the inequality and the measured correlations agree with

21 UF2e-4032 from Strategic Test



7.3 Results 75

(a) (b)

Fig. 7.2: Measurement of the fluorescence photons to be subtracted from
total counts. Half-wave plate (HWP), beam displacer (BD), dual-
wavelength polarizing beam splitter (dPBS), pump beam (purple),
beam of single photons (red). The beam path is blocked after the crys-
tal in counterclockwise direction (a) or clockwise (b). Photons emitted
backwards to the respective pump direction are registered. Since the
dPBS is polarizing the emitted photons, they arrive vertically polar-
ized at Alice and horizontally polarized at Bob (a), or horizontally
polarized at Alice and vertically polarized at Bob (b).

local realism. The possible reasons are twofold: (1) The overall detection efficiency
was not high enough, which is mainly attributed to coupling losses; (2) An increased
background rate was measured compared to the background rate measured with the
laser switched off. The coupling can be further improved by more careful alignment
or by application of better components, such as polished aspheric lenses instead of
molded aspheres or a new custom-made dPBS. To quantify the background counts,
the pump beam was blocked within the Sagnac loop. In this setup (shown in Fig. 7.2),
no additional photons should be registered at Alice and Bob. When the beam path is
blocked in counterclockwise direction after the crystal, the photon pairs produced in
counterclockwise direction in the process of SPDC are blocked as well as the pump
beam in clockwise direction. Yet, photons are registered in this configuration and are
listed in Tab. 7.2. They originate from the crystal and are emitted in backward direc-
tion to the pump beam. Since no coincidences were detected, the process of SPDC
from a reflected pump beam can be excluded as the origin of these photons. The
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Tab. 7.2: Measured count rates with a blocked beam path within the Sagnac
source. Either the beam path was blocked in counterclockwise direc-
tion after the crystal (as shown in Fig. 7.2(a)) or in clockwise direction
after the crystal (as shown in Fig. 7.2(b)). The subscript VH or HV
represent the angles of polarization analysis at Alice and Bob.

S1 in Hz S2 in Hz CC in Hz

counterclockwise VH 175.6±0.5 186.7±0.5 0±0
counterclockwise HV 7.0±0.3 27.9±0.6 0±0

clockwise VH 10.0±0.4 25.4±0.6 0±0
clockwise HV 12.6±0.1 25.2±0.2 0±0
laser blocked 8.3±0.4 14.8±0.4 0±0

background photons emitted from the crystal are polarized at the dPBS. In the setup
of Fig. 7.2(a), photons transmitted by the dPBS are horizontally polarized, photons
reflected by the dPBS are vertically polarized. When the analyzers are set to vertical
polarization at Alice and to horizontal polarization at Bob (VH), all photons after the
dPBS should be transmitted; when set to horizontal polarization at Alice and verti-
cal polarization at Bob (HV), no photons should be measured. The analog applies
when the beam path is blocked in clockwise direction after the crystal. As can be
seen in Tab. 7.2, the number of counts in the configurations of the polarizers where
no photons should be measured is higher than in the case of a blocked pump laser.
This increased number of counts could be due to photons scattered at the beam block
or photons due to the non-perfect extinction ratio of the dPBS. As expected from
the unequal laser power in the two pump directions, more background photons are
measured from the counterclockwise direction than from the clockwise direction. A
measurement of the spectrum of the background photons emitted in backward pump
direction is shown in Fig. 7.3 for three different operating temperatures of the ppKTP
crystal. The same spectrum was measured in forward direction as well. The spectrum
is broadband from 750nm to 900nm and the number of background counts decreases
with increasing operating temperature of the crystal. Accounted for the observed be-
havior, the process in which the background photons are produced is expected to be
fluorescence in defect centers of the crystal induced by the 405nm pump laser. To
understand how the background counts contribute in the normal (unblocked) setup,
the effect of the dPBS on photons from both the backward and forward pump direc-
tion has to be considered. When the crystal is pumped in counterclockwise direction,
vertically polarized background photons are expected from the backward direction at
Alice’s output, and horizontally polarized photons from the forward direction. As-
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Fig. 7.3: Spectrum of the fluorescence background photon. The number of
counts varies with temperature of the ppKTP crystal: 70◦C (blue),
40◦C (green), 20◦C (magenta). Data taken by Bernhard Wittmann.

suming that the same number of background photon is emitted in both directions,
the number of measured background photons in the measurement setup without any
blocking of the beam path is expected to be independent of the measurement angle
at the polarization analysis. The analog applies to Bob and to the background pho-
tons induced by the clockwise pump beam. The number of background counts at any
angle of the analyzer in the unblocked setup is the same as the sum of the measured
background counts of both pump directions, counterclockwise VH and clockwise HV,
in Tab. 7.2.

For the measurement of a Bell inequality, entangled photon pairs constitute the
system of experimental interest. The background photons which are uncorrelated
and have a different spectrum than the SPDC photons are not part of that system.
Therefore, only the detection efficiency of the entangled photon pairs is significant
for the detection loophole. The Eberhard inequality can be corrected for these back-
ground counts by subtraction from the single count rates of the measured data. This
leads to an Eberhard parameter of J = 283.9± 2.8, which is yet in agreement with
local realism.

For a violation several experimental parameters can be improved. An increased
pair production rate for example can compensate a high dark and background count
rate, but also cause accidental counts. These in turn set an upper limit on the pair
production rate as a function of the coincidence window. The increased pair produc-
tion rate does not help in the case of the measured uncorrelated background counts
produced in the crystal, because their number was measured to scale linearly with the
pump power in the same way as the pair production rate. A reduction of the back-
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ground photons can be achieved with a pulsed laser or by application of a crystal with
a smaller periodic poling for an increased operating temperature of the crystal for de-
generate SPDC at 810nm. Improvements of the coupling are also possible as demon-
strated by the achieved heralding efficiency. An overall detection efficiency equal
to the demonstrated heralding efficiency of Chap. 6 for both Alice and Bob would
allow a violation of the Eberhard inequality despite the high number of background
counts. Further investigations of the background photons and further improvements
of the source could not be performed in the framework of this thesis and are left for
the future.
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Outlook

The long term goal of the work on nonmaximally entangled states is the completion of
a conclusive Bell experiment, without the need for additional assumptions. This de-
mands a high purity source of entangled photon pairs which need to be fiber-coupled
highly efficiently for the detection by the TES detectors. The overall detection ef-
ficiency needs to surpass the limit of 2/3 for nonmaximally entangled states in the
limit of no background. To additionally guarantee the proper space-like separation
of the measurement events, the choices of measurement settings and the photon pair
emission of the source, fast switching of the measurement settings needs to be imple-
mented with a sufficient distance between Alice, Bob and the source, as well as the
respective generation of the setting choices.

8.1 Experimental losses

Based on the heralding experiment described in Chap. 6 it is possible to calculate the
expected overall detection efficiency for a measurement of a Bell inequality with non-
maximally entangled states. The measured heralding efficiency was 81.6%± 0.2%
which can be corrected for the losses on the components estimated from the spec-
ifications of the manufacturers as 4.9% to 6.1% depending on the pump direction.
For the Bell experiment more components are used and both channels, Alice and
Bob, have to be taken into account. The losses for the two pump directions and the
two polarizations of the single photons are not the same, since they pass different
paths. Losses on AR-coated surfaces including the components of a local polariza-
tion measurement and mirrors are estimated as 2.9% to 3.4%. Optical fibers have an
attenuation of around −3.8dB/km for light at a wavelength of 810nm. For a fiber
length of around 10m from source to the TES less than 0.9% of photons are lost.
The dual wavelength polarizing beam splitter (dPBS) in the Sagnac loop has differ-
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ent transmittivity for the two polarizations. In the transmitted output, more photons
are lost: for the dPBS utilized in the heralding setup the loss was 1%, and with a new
dPBS adjusted for extinction ratio 0.2% are lost. For an ideal setup no pump photons
should be detected at Alice and Bob, but since the components are nonperfect it is
necessary to use a long pass filter cutting off short wavelength including the pump
wavelength of 405nm. These filters have a loss of 2% for single photons at 810nm.
When additionally band pass filters are used 2% more are lost. All the losses cause
only 92.0% of produced photons to be transmitted so they can impinge on the de-
tector. When the measured heralding value is corrected for the estimated losses of
the heralding measurement and for the expected losses for a local measurement of a
Bell inequality, the overall detection efficiency that can be expected to be achieved,
is 78.9% to 80.0%.

8.2 Space-like separation

Similarly to the way the required space-like separations was assured in Refs. [17,
18, 176], the measurement settings must be chosen randomly and the polarization
measurement must be switched. Based on the figures of Wittmann et al. [176], who
demonstrated EPR-steering loophole-free for the first time, the setting can be pro-
duced in 90ns by the quantum random number generator (QRNG) and the polar-
ization measurement can be switched using fast Pockels cells in 80ns including the
signal conversion [176, 177]. The photon impinging on the TES is absorbed and heats
up the superconducting material, producing a measurable increase of resistance. To
overcome the distance from the Sagnac source to Alice and Bob, one possible setup
is to free-space couple the single photons into the fiber of the TES detection system
after the passage of the required distance and the Pockels cells. A different scenario
is the coupling of the single photons directly at the source into fibers leading to the
detectors. For the polarization analysis either in-fiber components are used or the
photons need to be coupled out of fiber to pass the Pockels cell and PBS in free space
and then be coupled into the fiber of the TES detection system. These different pos-
sible setups each have their own challenges and lead to a significant additional loss
from pair emission to single photon detection of 5% to 10%.

8.3 Conclusion

The main ingredients for a conclusive, loophole-free Bell experiment are a source of
pure nonmaximally entangled states for the use of the Eberhard inequality for its low
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detection efficiency of 2/3, a highly-efficient detection system, space-like separation
of Alice and Bob and a random choice of the measurement setting for Alice space-
like separated from Bob and for Bob space-like separated from Alice. If the detection
system requires fiber coupling, also a highly-efficient coupling of single-photon pairs
has to be achieved. Thanks to the novel technology of the transition-edge sensors,
all the necessary components are available nowadays. At the beginning of this work
the expertise of space-like separation and the Sagnac source were at hand [18, 28].
For the first time a Sagnac source was used to prepare nonmaximally entangled states
within the scope of this work. These states were first characterized with commer-
cial avalanche photodiodes and were theoretically shown to be able to violate the
Eberhard inequality. As a step towards the violation of the Eberhard inequality, a
heralding efficiency of 82% was achieved using the Sagnac source and transition-
edge sensors. This value is unprecedentedly high. The first measurements of the
Eberhard inequality using the transition-edge sensors were also performed after their
installation in an adiabatic demagnetization refrigerator. At the time the work was
finished, the setup was not sufficiently efficient and not well enough aligned yet to
violate the Eberhard inequality locally. It has to be improved further to reach for
both Alice and Bob a comparable overall detection efficiency to the heralding effi-
ciency achieved in heralding experiment. The next step is the space-like separation of
the respective components. A loophole-free Bell experiment demands two separate
cooling systems equipped with efficient detectors, but in derogation from Eberhard’s
original formulation of his inequality only one efficient detector is necessary on each
side of the experiment Alice and Bob. This agrees with the usual formulation of the
equivalent CH inequality. The additional space-like separation of 50m to 100m re-
mains a challenge due to the additional losses for a space-like separated measurement
compared to a local measurement. However, based on the demonstrated heralding ef-
ficiency an overall detection efficiency of 71% to 76% can be expected to be attained
in a space-like separated setup. According to the calculation of the state optimiza-
tion, this allows a violation of the Bell inequality in the presence of at most 0.35%
dark and background counts, assuming a visibility of V = 98.5% and a coincidence
window of 160ns is achieved. A higher value for the visibility will increase the level
of the allowed noise.
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Appendix

A.0.1 Prepared publication about heralding efficiency

A publication is prepared on the highly efficient heralding of single photons using the
Sagnac source described in Sec. 6.
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1. Introduction

The controlled and deterministic generation of single-photon states and correlated pairs remains
a challenge particularly crucial to a wide variety of emerging optical quantum technologies in-
cluding metrology [1, 2, 3], quantum communication [4, 5] and optical quantum computing
[6, 7], to name just a few. Although they are not inherently deterministic, highly efficient her-
alded single-photon sources are relevant to this problem. By combining such a heralded source
with a photon memory that can store and release photons in a controlled way [8, 9] or by
multiplexing several heralded sources and using feed-forward and fast switching to select a
channel that contains a single photon [10, 11], it is possible to construct an on-demand single-
(and by extension, multi-) photon source. Such a source could be an important ingredient for
post-selection-free multi-photon one-way quantum computation [12]. Even without these ex-
tensions, a highly-efficient heralded photon source would be valuable. For example, the intrinsi-
cally secure one-sided device-independent quantum key distribution protocol requires sources



Fig. 1. Heralded single-photon source based on correlated photon pairs. Such sources are
a prerequisite to a multitude of quantum optical experiments. In an ideal single-photon
source, a photon detected in the heralding arm indicates a partner photon in the signal arm.

of entangled photons with heralding efficiencies (including detection) of at least 66% [13],
which have not yet been demonstrated [14]. In addition, such high coupling marks an impor-
tant step toward a loophole-free Bell test as it is relevant not only to the fair-sampling loophole
but also to the freedom-of-choice loophole [15, 16]. Furthermore, any source which heralds the
arrival of a known photon number and energy is also useful for coincidence-based detector cali-
bration [1, 2, 3], which promises to overcome the precision limitations of power and attenuation
measurements that presently dominate the calibration process for single-photon detectors.

An ideal heralded photon source should provide a heralding signal which indicates the pres-
ence of exactly one photon, preferably in a fiber. Over the past decades, spontaneous parametric
down-conversion (SPDC) has proven to be a robust, well-understood, and reliable method for
generating time-correlated photon pairs which may be split into two spatial modes. SPDC is a
promising candidate for high-quality heralded single-photon sources where the detection of a
photon in one mode (the heralding or idler mode) indicates a photon in the other (signal mode).
Moreover, producing polarization entanglement based on SPDC has been demonstrated with
high quality and flexibility, which suggests that such heralding sources are readily extendible to
the quantum applications listed above [17, 18, 19]. Although fiber coupling demands additional
precision in the construction of the source, it substantially improves the versatility of the source;
furthermore the mode selection achieved by the fiber can enhance the heralding efficiency.

In practice, no source is truly ideal and any source may be subject to a “missing photon
error,” such that a heralding signal is issued but no photon is present in the signal mode. This
may result from background in the heralding signal or photon loss in the source or signal mode,
for instance from imperfect optical elements or fiber coupling. Although a limited detector
efficiency does not introduce further loss into the source itself, highly efficient detectors are
necessary to confirm the quality of the source heralding.

Due to missing photon errors and the low efficiency of the industry standard silicon avalanche
photodiodes (APDs), the highest reported heralding values have until recently been in the range
between 30% and 50% [20, 21, 22]. However, the recent advent of superconducting bolometric
detectors suggests the impending reality of near-unity heralding efficiency, and, utilizing this
technology, total heralding efficiencies of up to 62% have already been observed [14]. Here,
we combine the nearly-perfect detection efficiency offered by transition-edge sensors (TES)
[23] with the ultra-high coupling efficiency of our fiber-coupled photon pair source based on
SPDC in a bulk crystal; we achieve a source in which up to 83% heralding efficiency has
been observed. In addition, when using polarization-entangled photon pairs we record the only
slightly reduced heralding value of 80%. (Note that the efficiencies reported here have been
measured directly, without correction for dark counts, accidental counts, inefficient detection,
or known optical losses.) To our knowledge, these values are the highest directly-observed
heralding efficiencies. We analyze the origin of the remaining losses in our system; this analysis
confirms the nearly-perfect efficiency of the TES detectors and indicates that it may be feasible
to observe heralding values close to 100% with the presented technology based on bulk-crystal
down-conversion and TES detectors.



Fig. 2. Experimental setup: The photon pair source is based on a 10 mm long ppKTP
crystal pumped by a 405 nm diode laser in a Sagnac configuration [19] with a polarizing
beam splitter (PBS). Waveplates (WPs) are used to tune the pump polarization. The pump
beam is carefully shaped and focussed by two lenses (L1, L2) and split from the down-
converted photon with a dichroic mirror (DM). Cut-off filters (CFs) are used to filter out
the remaining 405 nm light and a narrowband interference filter (IF) in the heralding arm
further suppresses any photons not originating from the down-conversion. The photon pairs
are coupled into optical fibers (HP780, SMF28) that carry them into the dilution refrigerator
where they are directly coupled to the TES detectors with their SQUID amplifiers (TES1,
TES2) which are held at around 25 mK. The TES output signals are discriminated using
threshold discrimination and are counted and analyzed by our coincidence electronics.

2. Experiment

Our source of (entangled) photon pairs (see Fig.2) is based on SPDC in a periodically poled
potassium titanyl phosphate (ppKTP) crystal with a poling period of around 10µm for the
quasi-phase-matched creation of photon pairs at 810 nm with a 405 nm pump diode laser –
the design is described in detail in [18, 19]. The crystal can be pumped bi-directionally in a
Sagnac-type configuration to produce polarization entanglement. Pumping the crystal in only
one direction creates a polarization product state. The emitted photon pairs are split, with each
photon entering one of two (separate) single mode (SM) fibers.

Any photon detected in the heralding arm announces (heralds) the presence of a photon in the
signal arm. To reach a high heralding efficiency it is crucial to detect in the heralding arm only
photons from the SPDC process, while simultaneously minimizing losses in the signal arm.
This is achieved in our setup by a number of steps. Tight spectral filtering of the heralding arm,
accomplished with a cut-off filter to block pump photons (Semrock longpass filter with cutoff
around 650 nm) and a 1 nm bandpass filter centered at the down-converted wavelength, ensures
that only photons directly emitted by the SPDC process (intrinsic bandwidth ≈ 0.5 nm FWHM)
are coupled to the heralding arm. The inevitable loss introduced by this spectral filtering does
not reduce the heralding efficiency, which depends on the transmission in the signal arm. The
signal arm is filtered only with a cut-off filter (as used in the heralding arm) to suppress the
pump light, which introduced a loss of around 2% for 810 nm. In addition, we optimize the
focusing parameters and spatial shaping of the pump beam and heralding arm to maximize the
heralding efficiency [19, 24]. By coupling to a standard single mode fiber (Nufern HP780) in
the heralding arm, but to a standard telecom fiber (Corning SMF-28) – which is slightly bi-
modal at 810 nm – in the signal arm, the heralding efficiency can be further increased. The
fiber tips were anti-reflection (AR) coated for 810 nm to minimize reflection losses in the fiber
coupling.

Photon detection is accomplished in our experiment with transition-edge sensors (TES),
which in recent years have attracted considerable attention as highly efficient single-photon
counters. For detecting photons in the visible and near-infrared regime, a 25-micron square



of tungsten thin film, cooled to well within a superconducting state and voltage-biased on its
transition edge, serves as both absorber and thermometer in this bolometric-style detector. Any
photon absorbed by the tungsten will heat it and manifest an increase in resistance, which in
turn yields a proportional current drop though the voltage-biased device on the order of 50 nA.
Then the heat dissipates through a weak thermal link to the base temperature, and the detector
returns to its original resistance. Although the TES film itself has a thickness of only 20 nm,
embedding the TES in a wavelength-specific optical cavity yields detectors with peak efficien-
cies of at least 95% for the selected wavelength [23]. Note that this value includes losses in
coupling from a Corning SMF-28 fiber to the TES chip, which is accomplished by a packaging
process detailed in [25].

The TES is operated in series with an input coil which is inductively coupled to a super-
conducting quantum interference device (SQUID) for readout [26]. The signal spike from an
incident photon enters the SQUID as a changing flux and may be read out as a voltage. In the
relevant bandwidth of our electrical measurements (up to 1 MHz) the SQUID’s input-referred
current noise is less than 25% of that of the TES output current, so the TES itself dominates the
noise of the system. Photons were distilled from the analog electrical output signal according to
the following procedure. Individual photon spikes were identified and converted to TTL pulses
using a leading-edge discriminator (LeCroy 4608C). We set the threshold of this discriminator
to a value which registered a reasonable count rate of 810 nm photons but also minimized the
dark count rate when the source was blocked. Although TES detectors have no intrinsic dark
counts and only a real energy signal will create a current pulse, a non-zero background level
may be registered by the the presence of background light in the experimental setup [27]. Even
thermal blackbody radiation or infrared photons may be seen by a TES optimized for use in the
visible regime, and if the threshold level is set too close to zero, such a thresholding counting
method may lead to increased background counts.

To avoid re-triggering and thereby mistakenly counting a non-existent second photon in the
noise of the recovering edge of the first, we implemented a “deadtime” by using TTL pulses
sufficiently long so as to “re-arm” the discriminator only after the signal’s recovery. Thereafter
we counted coincidences using an analog logic module (Ortec CO4020) which registered a
coincidence for each overlap of greater than 3 ns between the TTL pulses of the two channels.
Thus the effective coincidence window is defined as the sum of the TTL pulse lengths for the
two channels, which in our case was 1.05 µs: 1 µs for the heralding arm and 0.05 µs for the
signal arm. Each coincidence was represented by yet another TTL pulse from the logic module,
and all three TTL channels were counted with a standard counter connected to a PC, which
allowed us to monitor the heralding efficiency in real time.

As an alternative to analog discriminators and logic modules, we also digitized and recorded
data for post-processing using an Alazar ATS460 . Post-processing facilitates more compli-
cated counting algorithms and finer control over the coincidence window. These algorithms
also enable the recovery of photons lost by the analog counting method. More information on
post-processing will be detailed in a subsequent paper [28]; more information on the correction
of so-called “accidental coincidences” may be found in the appendix.

3. Results

We tuned the pump power to a level suitable for the detectors and pumped the source in only
one direction (creating a polarization product state). With the source in this condition, we meas-
ured the singles and coincidences for 100 seconds with our analog electronics and digitized 40
seconds of data for post-processing. The results are summarized in Table 1. The raw ratio be-
tween heralding counts and directly observed coincidences is 83.05%±0.15%. This represents
an unprecedented value for uncorrected heralding efficiency.



Fig. 3. Photon signals and processed data from transition-edge sensor single-photon de-
tectors. (a) A typical signal from a detector with four photons and different possible thresh-
olds indicated. The top threshold detects only three of the four photons, the middle thresh-
old counts five (one from the wiggle in the recovering edge) and the bottom threshold
detects the correct four photons. (b) A “pulse height distribution,” indicating how clearly it
is possible to separate the photon signals from the noise by thresholding. (c) Coincidence
count rates vs. delay between the two channels. The actual data is plotted in blue with a
gaussian fit in red. Asymmetry is attributed to uneven detector jitter.

When determining the heralding efficiency as the ratio of the measured coincidence and
single count rates, it is necessary to account for a systematic error known as “accidental coin-
cidences.” An accidental coincidence occurs when two photons which did not originate from
the same pair are detected within a coincidence window and are thus counted as a coincidence.
If left uncorrected, this effect would lead to an over-estimation of the actual heralding effi-
ciency. Using the formulas explained in the appendix, we find a systematic error for the herald-
ing efficiency of 1.0± 0.1% which leads to a corrected heralding efficiency of 82.0± 0.3%.
Post-processing, which allows us to choose our coincidence window and includes accidental
correction by a method similar to that described in the appendix, yields the heralding value of
81.9% ± 0.2% for the same coincidence window of 1.05 µs, which agrees very well with the
directly observed data. We also measured a combined jitter of approximately 155 ns FWHM
for the two detectors, which determines an upper limit on the timing precision with which we
herald our photons. Note that this could be further improved without affecting the heralding
efficiency by replacing the heralding detector with a low-jitter detector.

The system detection efficiency of the TES is expected to be close to unity [23]. In our exper-
iment, the following losses contribute to the reduction of the heralding efficiency from 100%.
The estimated total optical losses in the source sum to around 6% [19]. Additionally, there
are losses due to fiber coupling; using standard silicon APDs to compare the heralding ratios
between large core diameter fibers (multimode, 50 µm) and the SMF-28 fiber used in the exper-
iment, we concluded that the loss introduced by the fiber coupling is around 10%. Combining
these estimations with the measured and accidental-corrected heralding efficiency of 82%, we
find that the system efficiency of the TES (including fiber splices, interface between fiber and



signal arm heralding arm coincidences

analog-processed counts 46855 ± 22 s−1 6525 ± 8 s−1 5419 ± 7 s−1

analog arm efficiency 83.0% ± 0.2% 11.57% ± 0.02%

acc.-corrected eff. 82.0% ± 0.3% 11.39% ± 0.03%

post-processed counts 49882 ± 35 s−1 7696 ± 14 s−1 6278 ± 13 s−1

Table 1. Tabulated experimental results from both the analog electronics counting method
and the post-processing. The lower efficiency in the second arm is a consequence of the
higher loss caused by the limited transmission efficiency of the narrow bandpass filter as
well as a high rate of background photons in the signal arm not rejected by the cut-off filters.
The post-processing method can recover counts not registered by the analog method. The
one standard deviation errors are determined by Poissonian counting statistics and error
propagation.

detector, and quantum efficiency of the absorptive area of the TES) is with high certainty above
95% [23]. This represents the first verification of the transition-edge sensor’s near-unity detec-
tion efficiency using a method based on the quantum nature of light and thus differing from the
standard approaches based on calibrated power and attenuation measurements.

Entanglement is a necessary ingredient in the system if one wants to prepare heralded single
photons in a remotely chosen basis or utilize the high heralding efficiency for one-sided device-
independent QKD [14]. To generate entanglement in our source, we pumped it in both direc-
tions to produce a nearly maximally-entangled state [19]. In this state, the directly-measured
heralding efficiency decreased to 79.70%± 0.16%. We believe the reduction is mainly a con-
sequence of imperfect overlap between the two pump directions when the source is pumped
bi-directionally. To verify a high degree of entanglement we tested a CHSH inequality [29]. For
the necessary polarization measurements we inserted plate polarizers with an additional loss of
around 15% and measured the polarization correlations for all necessary setting combinations
for the CHSH inequality, integrating for 10 s per setting. This resulted in a Bell parameter of
S = 2.51±0.01 which is more than 50 standard deviations above the classical bound of 2 and
shows a high fidelity of the entangled state. Note that the presence of entanglement confirms
the single-photon nature of our source.

4. Conclusion and Outlook

In conclusion, using TES detectors we demonstrated a heralded single-photon source with an
unprecedented high efficiency in bulk optics, achieving a single-photon heralding efficiency of
83% without any correction for background, detection efficiency or other losses. Moreover, it
was possible to produce heralded entangled photons, useful for one-sided device-independent
QKD, with only minimal decrease in efficiency.

To compensate for the systematic accidental coincidences which would otherwise lead to an
overestimation of heralding efficiency, we developed an extended accidental correction model.
This takes into account the very high coupling efficiencies, which are typically assumed to be
small to justify neglecting several terms in the expression quantifying the expected accidentals.

Moreover, we would like to point out that our source facilitated the use of heralded single
photons to infer a system detection efficiency of over 95% for a TES detector. It is important to



note that for a detector-calibration method such as this, which is based on correlated photons,
the accuracy of the measurement improves with the heralding ratio.

Finally, we note that while very promising fiber-based realizations of heralded single photon
sources have already been demonstrated [21], our results indicate that with further optimization
of losses and focusing conditions, it should be possible to reach near-unity heralding efficiencies
in a bulk optics configuration.
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6. Appendix

6.1. Accidental effects

For determining the systematic effects of accidental coincidences a careful analysis is required.
Accidental coincidences occur when two photons that are not from the same pair are detected
and counted as a real coincidence. Their rate depends on the length of the coincidence window
τw, the rate of produced pairs R0, and the two total arm efficiencies η1 and η2.

Assuming dark counts are negligible, the two singles rates (total rate of detected clicks per
detector) for each arm S1 and S2 are given by:

S1 = R0η1 (1)
S2 = R0η2 (2)

If the detectors have a dead-time τd (time interval after a detection event in which the de-
tectors are blind) this will create a saturation effect which, for dead-times much smaller then
the inverse detection rates, leads to singles rates given by the following:

S1 = R0η1(1−S1τd) (3)
S2 = R0η2(1−S2τd) (4)

These can be derived by the following argument: for any detected photon (detected at a rate
S) there is a probability of Sτd that a second photon appears within τd after the detection of
the first. Such a photon would be lost because of the blind detector. Therefore, the rate of lost
detections is S2τd or equivalently a correction factor of (1− Sτd) must be used. Note that, in
general, there can be different dead-times for the two detectors.

A coincidence is defined as the detection of two photons, one in each arm, separated by a time
difference of less than half the given coincidence window, i.e. with a time difference between
−τw/2 and +τw/2 (resulting in a full window of τw). With negligible accidental coincidences
(e.g. in the limit of very small pair creation probabilities per coincidence window) one would
detect the following (unmodified) rate of coincidences CC0:

CC0 = R0η1η2 (5)

However, as described above, sometimes two (unrelated) pairs are accidentally created so
close to each other that photons from different pairs may be detected as a coincidence. These
are generally called accidental coincidences. Note that in most cw photon pair source imple-
mentations, the coherence time of the produced photons will be much shorter (order of ps) than
the coincidence window. Thus for cw down-conversion, higher order contributions (genuine
multi-pair emission) are typically negligible.

There are now two possibilities by which accidental coincidences may occur. First, the first
photon of the accidental coincidence is detected in arm 1, while its partner photon in arm 2 is
lost – this happens with a rate of R0η1(1−η2). In order to lead to an accidental coincidence
a second pair needs to be created within half the coincidence window after the detection of
the first photon, which happens with a probability of R0 ∗ τw/2. To cause a coincidence, the
photon in arm 2 must be detected, which happens with efficiency η2. Importantly, the rate of
coincidences is increased only if this second pair would not have otherwise been detected as a
coincidence on its own, meaning that its partner photon in arm 1 must not have been detected.
The probability for this is given by (1−η1). Collecting all the terms, the rate R10 by which the
detected coincidences are increased for this case is given by:

R10 =
1
2

R2
0τwη1(1−η2)η2(1−η1) (6)



In the same way one can derive the rate increase R01 caused by the second possibility – where
the first photon of the accidental coincidence is detected in the arm 2, while its partner is not
detected in arm 1, and simultaneously a photon in arm 1 is detected from a second pair that is
created within half a coincidence window after the detection of the first photon and would not
have been detected as a coincidence on its own:

R01 =
1
2

R2
0τwη2(1−η1)η1(1−η2) (7)

R10 and R01 are actually the same, as one would of course expect since only the time ordering
of the respective events is reversed and this does not change their probability. However, dividing
the cases into these two distinct possibilities makes the logic of the argument easier to follow.

There is also an effect that reduces the number of detected coincidences. This is a saturation
effect that also depends on how exactly the coincidence logic is technically implemented. A
commonly used method is to create a pulse or bin with a length of half the coincidence window
for each of the detector channels. A coincidence is then counted for each overlap of pulses from
the two different channels – i.e. when the two detection events happen with a time-difference
between −τw/2 and +τw/2. When two pairs are created within a time span of τw/2 and both
photons of the first pair are detected (which happens with a rate of R0η1η2), the second pair
(which occurs with probability R0τw/2 and is detected with probability η1η2) cannot be de-
tected as a coincidence anymore. This is similar to the dead-time effect for the singles rate. The
rate of coincidences is therefore reduced by the number of events that would have been detected
without this effect. This reduction of coincidences is given by:

R11 =−1
2

τwR2
0η2

1 η2
2 (8)

If the pulse or bin lengths for the two arms are different, the longer of the two (τmax) will be
the effective dead-time instead of τw/2. Importantly, if the intrinsic dead-time of the detectors
is greater than τmax or τw/2 then τd must be used for R11 instead of τmax or τw/2.

Taking now all three contributions (R10, R01 and R11) into account, the rate of observed
coincidences CC =CC0 +R10 +R01 +R11 is given by:

CC = R0η1η2 +τwR2
0η1η2(1−η1)(1−η2) (9)
− 1

2 τwR2
0η2

1 η2
2

or more compactly written:

CC =CC0(1+ τwR0(1−η1)(1−η2)−
1
2

τwR0η1η2) (10)

and if the pulse lengths differ between the two arms,

CC =CC0(1+ τwR0(1−η1)(1−η2)− τmaxR0η1η2). (11)

The last equation and the two equations for the singles rates S1 and S2 form a set of three
equations for the three unknown quantities η1, η2 and R0. These can be determined by solving
this set of equations given the experimental parameters (the τ’s) and measured rates S1, S2 and
R0 to yield the accidental (and dead-time) corrected values for η1 and η2. The general full so-
lutions for these are rather long formulas, however these can be easily handled by mathematics
software.

Using the measured rates of S1= 46855.2 s−1, S2= 6525.0 s−1, and CC = 5418.8 s−1 as well
as τw = 1.05 µs and τmax = 1 µs yields for η1 the accidental corrected value of 82.0%±0.3%.
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