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1 Introduction

In the early 20th century our understanding of physics was complemented by a
striking new concept, the theory of quantum mechanics. Besides naturally raising
philosophical questions about the fundamentals of nature, it has since led to appli-
cations that profoundly changed our daily life, such as lasers, transistors and LEDs
amongst many others.

A rather recent field of application is the utilization of quanta inherent degrees of free-
dom for information processing. The quantum mechanical concepts of superposition
and entanglement provide the basis of protocols for quantum computing, quantum
enhanced metrology or quantum key distribution (QKD). In times where the secure
transmission of digital data is of ultimate importance, especially the latter attracts
more and more attention. However, presently commercially available QKD systems
are based on distribution of entangled photons in optical fiber links, and thus are
restrained to distances of a few hundred kilometers, due to fiber-related losses and
decoherence-effects, as well as detector noise [1-4].

In order to establish a global-scale QKD-network, an alternative and utmost promis-
ing option is satellite-based distribution of photonic entanglement. This approach
would not only allow for exceeding the distance limitations of optical fibers, its
feasibility with state-of-the-art technology has already been proven by various ex-
periments, employing horizontal long-distance free-space-links [5} 6] or an actual
vertical space link [7]. Furthermore the space environment offers the opportunity for
experiments in a novel and yet unexplored framework: the intersection of quantum

mechanics and general relativity.



CHAPTER 1. INTRODUCTION

This thesis was done in course of developing a source for polarization entangled
photons, that is suitable for space applications. Once implemented on a satellite,
it is unaccessible, but still has to work reliably under harsher conditions than in
any earth bound laboratory for the whole period of operation. Hence a space-
suitable entangled photon source needs to fulfill special requirements, concerning
size and mechanical stability (for example approached by [8]), power consumption,
temperature stability and efficiency. The most promising candidate for meeting
those requirements up to date is a Sagnac-type SPDC source in combination with

type-II quasi phase matching.

In course of this thesis I built such a source and characterized it with respect to
certain stability and efficiency demands. Special focus was laid on increasing
the heralding efficiency, i. e. a high conditional probability of collecting both
partners of an entangled photon pair in their conjugate optical fibers. Sources
with high heralding efficiency are vital for any loss-sensitive applications, as it
applies to an atmospheric optical link, but also for the first loophole free Bell test

experiment.



2 Fundamental Concepts of
Quantum Theory

This chapter shall give an introduction to the basic theory on which the experiments

described in this thesis are resting upon.

2.1 Polarization

From Maxwell’s equation of electromagnetic fields, we derive the following solution
for the electric field:

E(7t) = A x exp [i(7k — wt)] (2.1)

It describes a plane wave, that propagates in direction of the wave vector k and
oscillates perpendicular to k with the amplitude A and the angular frequency w =
27tv. Without any loss of generality we define now the direction of propagation to
be z. Analogous to a two-dimensional harmonic oscillator the time evolution of the
field can be written as a superposition of two independent, orthogonal oscillations

with the same frequency:

E(z,t) =Ex+E,=Ey-¢:+E, - ¢ (2.2)
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Polarization \ [ \ ¢
Linear horizontal 0 0°
Linear vertical 0 90°
Linear diagonal 0 + 45°

Linear antidiagonal 0 - 45°
Left handed circular | +7t/2 -
Right handed circular | -7r/2 -

Table 2.1: Nomenclature for basis polarization states.

with

Ex = Ay X exp [i(?ﬁ — wt + @y)]

o (2.3)
E, = Ay x exp [i(Tk — wt + ¢y)]
If there exists a phase relation that is constant in time between E,and Ey, i.e.
E=E + ei¢§y , ¢ = @x — @y = const. (2.4)

then the light is said to be completely polarized. In general the field vector describes
an ellipse in the x-y-plane, pictured in figure It is characterized by its ellipticity
€= j:%, where positive values correspond to right-handed and negative ones to
left-handed polarization, and the orientation angle ¢, which describes the rotation
of the major axis with respect to a chosen coordinate system. However, for ¢ = 0 or
7t the ellipse collapses to a line and the light is said to be linearly polarized. For ¢ =
+71/2 the ellipse becomes a circle, therefore it is named circular polarization. Table
presents an overview of the states which are relevant to most quantum optics
applications.
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Figure 2.1: Polarization ellipse [9].
2.2 State vector

In quantum mechanics, using the Dirac notation, all information about a system is

contained in the state vector

p) € H, (2.5)

which is defined within a generally multidimensional Hilbert Space H. This state is
determined except for a phase factor and can be expanded in a set of orthonormal

basis vectors

l¥) = ):Ci i) (2.6)

with the complex amplitudes ¢;. Observable quantities are represented in this

formalism with hermitian operators A:

Alpi) = a; |¢;) (2.7)
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where the eigenvalues a; represent the possible outcomes of a measurement of A.
By performing such a measurement we prepare the system in state |¢;), since every
outcome g; is attached only to one specific eigenstate |¢; >El The probability that the
result is a; is given by the expectation value of A:

P(a;) = (A) = [ {¢slp) |* = |cif? (2.8)

Hence, a complete description of our system can be obtained by knowledge of the
probability distribution, represented by the values cﬂ Each measurement updates
our information about this distribution, but every single outcome is subject to a
stochastic process [10]. Alternatively, the expectation value of an observable can be
expressed as the trace over its corresponding operator A times the density matrix

o

(A) = tr(Ap) (2.9)

In this equation the entire information about a system is stored in p. While all
heretofore discussed descriptions correspond to pure statesﬂ a system can also be
in a mixed state, where coherent states |¢;) are incoherently superimposed with
probabilities p;:

p= ZP:‘ [¥i) (il
1 (2.10)
= ;(Picijcfk 9;) (¢l
ij,

1 This is usually referred to as the "collapse of the wavefunction” and only holds true for non-
degenerate systems.

This is theoretically possible by measuring a complete set of observables A;.

3 Described by the density matrix: p = |¢) (¢

N
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with }; p; = 1. As |¢) is a coherent superposition of states |¢), a phase relation
between the complex amplitudes exists, while it does not for the real valued coeffi-
cients p; of a mixed state. Such a system can no longer be fully described, the only
information obtainable is the probability with which it is observed in a certain pure
state [[11]].

2.3 Qubits

Analogous to a classical binary digit (a "bit"), information can be stored within a two
level quantum system, where the basis states of a two dimensional Hilbert space,
|0) and |1), replace the logical 0 and 1 of the classical system. Such a quantum bit is
referred to as "qubit". In contrast to the classical bit, a qubit does not have to be in
either one of the states 0 or 1, it can also be in a coherent superposition of both. The
most general description is therefore

) =al0)+0]1), (2.11)

with the normalized complex coefficients

la)® + |b]> = 1. (2.12)

Neglecting an overall phase factor, we can rewrite equation in the following

way:

9) = cos(3)[0) +¥sin(3) 1) (2.13)

with real valued variables § and ¢. They can be associated with the angles of a
sphere with unit radius, commonly known as the "Bloch sphere". From illustration
it is evident, that every pure qubit state can be represented as a point on the
surface of the sphere, whereas mixed states are located below the surface. The
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Figure 2.2: Arbitrary qubits |) are commonly represented as coordinates on the Bloch
sphere. Vectors with radius < 1 imply mixed states. The illustration is taken from [12].

three mutually unbiased bases for this system are marked on the poles and the

equator.

Principally, the realization of a qubit can be achieved by the means of any quantum
mechanical two-level system. The one most suited to free-space links and long
distance transmission is encoding single photons, using for example their spatial,
phase or polarization degrees of freedom, as well as arrival time or frequency [12].
The representation for polarization encoding, as used in this thesis, is listed in table
These states are eigenvectors of the Pauli matrices:

01 0 —i 1 0
O'x:<1 0) Uy:<i O) O'Z:<0 _1> (2.14)

with eigenvalues 1 and -1 (corresponding to the logical 0 and 1) respectively. By com-
bination of these three Pauli-matrices and the identity-operator, any possible trans-
formation within the two-dimensional Hilbert space can be generated. For polariza-

tion encoding this is customarily realized by the usage of wave-plates.
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Qubit \ Polarization
10) |H)

: 1) V)
?(I0> +11)) D)
\T@(I0> —.|1>) |A)
?(\OH{ID) L)

5 (10) —i[1)) R)

Table 2.2: Polarization representation of the three mutually unbiased bases on the Bloch
sphere. The letters indicate horizontal (H), vertical (V), diagonal (D) and antidiagonal
(A) linear polarization, as well as left-handed (L) and right-handed (R) circular polar-
ized light, similar to classical representations on the Poincaré-sphere (see for example

[°0).
2.4 Entanglement

The previously presented formalism can be extended to an arbitrary number of
qubits. However, the essential characteristics of such combined systems can al-
ready be demonstrated for two subsystems, as they will be of main importance
within this thesis, and we will therefore restrict theoretical contemplations to
them.

As pointed out before, two systems A and B can be described in their respective
Hilbert space:

[)a € Ha, [¢)p € Hp (2.15)

The composite system is then embedded in the tensor product of both sub-spaces:

Hap = Ha®Hp (2.16)

Every state in this product space can now be expanded in a linear combination of
orthonormal product states:
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¥) ap = Z“z‘,j Pi) alPi) g (217)
L]

with [¢;) , and |¢;) , being the basis vectors of the respective subsystems A and B

and «; j complex amplitudes. It is now evident that any product of the subsystems is

an element of the composite Hilbert space, but in return not every element of this

Hilbert space can be written as a product of the two subsystems,

i. e.

(W) ap # [¥) 4 @ |P)p (2.18)

If this factorization is not possible, the state is called entangled. This expression
was originally introduced by E. Schrodinger as “Verschrinkung” ﬂin the second of
his two famous articles about quantum mechanics in 1935 [10]. Here he refers to
the direct consequence of the formalism, that the information obtainable about the
individual systems is conditioned, thus only the information about the total system

can be maximal.

This is best demonstrated with the four maximally entangled Bell statesﬂ

1

W’i>12 = ([H)1 [V)y £ V)1 [H),) (2.19)

S

2
1
+
= —(|H); |H),£|V);|V 2.20
197012 = 5 (1H)1 [H)y £1V)1 V),) (2.20)
here shown in the polarization basis for two photons, indicated with 1 and 2. Max-

imally entangled is to be comprehended as occurrence of strict anticorrelation or

4 Or more explicitly "Verschrinkung der Voraussagen” or "Verschrinkung unseres Wissens um... [zwei]
Korper”, which may be translated to "entanglement of predictions” or "entanglement of our knowl-
edge" about two particles.

5 Named after J. S. Bell, mostly famous for his inequality to rule out any hidden variable model in
quantum mechanics [13]].

10
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correlatiorﬁ Upon performing a polarization measurement on either photon 1 or 2,
we can forecast the state of the other with unit probability, yet predictions for each
individual measurement outcome are impossible.

2.5 Nonlinear Optics

If an optical light field propagates through a non-centrosymmetric material, it in-
duces a polarization response that is in general proportional to the field-strength
and described by a tensor x. However, if the incoming field reaches strengths
that are comparable with the interatomic field then also nonlinear interactions
can occur. This behaviour is described via a Taylor expansion of the polariza-

tion:

M

Pi = GO(XZ'] E] + X(Z)

®)
ijk EiEk + Xij

wEEKEr + ...) (2.21)
where ¢ is the vacuum permittivity and the tensor x(") is n'" order susceptibil-
ity with rank n+1. The interaction of multiple fields can give rise to frequency
3)

conversion, where x(?-interactions correspond to 3-wave-mixing processes, X!

interactions to 4-wave-mixing processes, and so on.

In the following only interactions in which one pump field is converted into
two output fields, under conservation of energy and momentum, will be consid-
ered.

2.5.1 Spontaneous Parametric Down Conversion

Spontaneous Parametric Down Conversion (SPDC) is such a 3-wave-mixing pro-

cess and today the most common method to produce single heralded and entan-

6 Itis to note though, that only the anticorrelation of |~ ) is invariant under rotation.
7 These strengths are usually in the order of 10° - 108 V/m and can be achieved by laser-emission
[14].

11
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gled photons. A pump photon is interacting with a nonlinear medium and thus

converted into a pair of photons with lower frequency, designated as signal and
idler.

This process cannot be explained fully classical and we might therefore switch to
a quantum mechanical approach. Here the down converted fields are initially in
their respective vacuum states, and these vacuum fluctuations are amplified by
nonlinear interaction with a pump field. It is described by an interaction Hamilto-

nian

Asppc o / dvy@ES 7 0EST 7 0ET) (7,8 + hee. (2.22)
%4

where p labels the pump, s the signal and i the idler field respectively and the
interaction is assumed to only take place in a restricted volume V. The electric field
operators can be expanded in plane waves of the form

E]g+) _ EA](_)* A / dijdwjei(ﬁj(wj)?fwjt)ﬁjw].) (2.23)
with j = p,s,i designating pump, signal and idler. The vector 7 denotes the trans-
verse component of the wavevector %]'(wj) and d;(w;) the annihilation operator for
frequency w; and wavevector Ej(wj). All constants are combined in the prefactor A.
Since the strong pump field is almost not depleted by the nonlinear interaction, it is
suitable to treat it as a classical field:

BV =B = [ dapa(y, wp)e e (2.24)

where the function a (7, wp) is replacing the annihilation operator and characterizes
amplitude, spatial and spectral distribution of the pump field.

In the Schrodinger picture the evolution of the photons is described as the time
evolution of their state vector:

12
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PANERNNN fwj}
W idler

/ 1 1 1' >

y -Li2 0 L2

Figure 2.3: The coordinate system used for the calculations. The pump is propagating
along the z-axis and its phase is considered zero at the center of the crystal.

() = F o T gy (2.25)

We presume that the down converted photons are initially in the vacuum state, i.e.
|¢(to)) = |vac), |vac),. For a weak nonlinear interaction and maximal emission of
one photon pair, one can obtain a proper description by just looking at the first order
solution for a perturbation expansion on state (2.25):

; t
() ~ foac) — 7 /t dt'H(t') oac), [vac), (2.26)

Higher order terms correspond to multi-photon-pair-emission and are neglected
within this derivatiorﬁ The calculations can be simplified by the choice of a conve-
nient coordinate system. Hence in the following we assume the crystal with length
L in the center of our coordinate system, with the pump beam propagating along
the z-direction, as illustrated in figure[2.3] After inserting equations (2.22)-(2.24) into
the state reads

lp(t)) ~ |vac) ——B t dt /// dwpdwsdw;a(g,, w, /dz//dp

% efz(wp ws—w;i)t' z(kZ —ki—ki)z qu 7s—4:)p (2.27)

x a1 (ws)al (w;) |vac), |vac),; + h.c.

8 For a more detailed contemplation of the topic the reader is referred to [15] or [16].

13
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where the integration over the interaction volume is separated into an integral
along the propagation axis and an integral over the transverse dimensions, with
p and § denoting the transversal position- and wavevector. All constants are com-
bined in the prefactor B. The integration boundaries in the longitudinal dimen-
sion are determined by the crystal length and stretch from —5 to 5. Due to the
fact that the interaction-cross-section of the crystal is usually very large compared
to the transverse expansions of the beam, we can extend the bounds in the x-
y-directions from —oo to co, which results in a delta-function for the transverse

momenta:

/ / dp e/ T —T=10F s 2775(7, — G, — 7)) (2.28)

Taking into account that the interaction only occurs for a non-zero pump field, for
the Hamiltonian being non-zero then, we are able to stretch the time integration
boundaries from fy; = —oo to t = oc:

/ dt’ e @@=t 2716(w, — ws — w;) (2.29)

By also taking into account the polarization of the electric fields we finally arrive
at

= |vac —B'/d*dﬁidw dw; (75,7, ws, w;
) = |vac) qsadqiacs (s, i, ws, w;) (2.30)

x a5 (ws)af (w;) |vac), [vac);

where all constants are combined in the prefactor B’, which is proportional to the

length of the crystal L and the strength of the pump field E,. The spectral shape of
the final state is given by the biphoton amplitude:

. L
D(gs, i, ws, wi) = a(Fs + i, ws + w;) X sznc(AkZE) (2.31)

14
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where Ak* = ki, (45 + gi, ws + wi) — k3(ds, ws) — K (4, w;) indicates the phase mis-

match.

2.5.2 Phase Matching

Equation implies that efficient SPDC is only possible for Ak* = 0. Otherwise
destructive interference of the signal and idler waves will prevent the mode ampli-
tudes from growing. Together with equations and we arrive at following
relations, ensuring conservation of energy and momentum and thus the parametric

interaction:

ky =ks +k (2.32)
Wy = Ws + w; (2.33)

Those are in general not fulfilled at the same time in a dispersive medium where

k = ”(“C’)“’. However, in anisotropic bulk crystals the fields experience refractive

indices that are dependent on their polarization, the temperature and their relative

angle to the optical axis of the crysta]ﬂ

ng (w,, T,0 = (ws, T, 6 o (wi, T, 0;
AJE — ep( p P)wp _ ng (ws, S>ws . ng (wi l)wi (2.34)
Co Co o

with e, ; the polarization vector, T being the temperature and 6, ; the angle be-
tween wave vector and optical axis of the crystal for each field. By choosing the
waves to be orthogonally polarized and adjusting all other parameters accord-
ingly, the phase matching conditions can be satisfied. With the labels extraordinary
(e) for the polarization vector being within the principal planﬂ and ordinary

9 Those relations are described for different materials by the empirical Sellmeier equations. Measure-
ments for ppKTP were derived inter alia in [17].
10 The principal plane is the plane spanned by the pump vector and the optical axis of the crystal.

15
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Figure 2.4: [llustration of a periodically poled crystal with grating period A and alter-
nating nonlinear coefficient dy.

(o) for the polarization vector being orthogonal to it, we categorize as follows
:

o Type-0: pump (e) — signal (e) + idler (e)
e Type-I: pump (e) — signal (o) + idler (o)
o Type-II: pump (e) — signal (e) + idler (o)

In general, at least one of the generated fields propagates in a direction that does
not coincide with a principal axis of the birefringent nonlinear crystal. In this
case the Poynting vector walk-off between the fields generated in different regions
of the crystal no longer overlap, which limits the maximum permissible crystal
length (critical phasematching). A configuration in which the fields propagate along a
principal axis is known as a non-crictical phase-matching condition. In general this

requires periodic poling of the crystal’s nonlinearity.

A method that offers more freedom in customizing the SPDC states is called quasi
phase matching (QPM) and was first introduced in [18]. The concept is to shape the
nonlinear properties of a crystal in a way that allows for phase matching with the
desired angles 0, s; and frequencies w; ;. The most common implementation is
enabling collinear emission in a periodically poled crystal. Due to the sinc-function
in equation the down converted waves would interfere destructively after
a crystal length L. = 27, the so called "coherence length". By alternating the sign

of the nonlinear coefficient along the propagation direction after a grating period

16
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19

z=0 Z=Ak

_ x A om, Ak

z=0 AR 2 Z=Ak-
| | |
(a) Phase matched (b) Phase mismatched
_ 2
z=0 Zfﬁ( Z=A_E

(c) Quasi-phase matched

Figure 2.5: Three possibilities for mode-development insight the crystal. Figure repro-
duced from [14].

A = L., effective mode growing can be achieved. This is illustrated in figures
and 2.5|and expressed in the condition for QPM:

2
AR = K — K2 — K — K” (2.35)
Periodic poling significantly reduces the effort with which perfect quasi phase
matching can be achieved in experiment, and has led to some of the brightest

sources of photon pairs demonstrated to date.

The generation of photon pairs which are entangled in their polarization degree of
freedom usually demands some additional effort. In general polarization-entanglement
requires the coherent superposition of two pair-creation possibilities, which generate
orthogonally polarized photons. The most general superposition state, which in-
cludes the spatial-temporal correlations intrinsic to the SPDC process is:

. ) B . e R
) = \ﬁ /dwsdqsdwidqi(CDHv(ws/EISI‘UZ" qi)a}i(ws)a{/(wi) (2.36)

+ Py (ws, s, wi, 1)y (ws)ay (wi)) |vac) [vac),

17
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Only if the spatio-temporal parts of the wavefunctions overlap perfectly, i. e.

Py (ws, Gs, wi, §i) = Pvu(ws, s, wi, G;) (2.37)

the polarization part factorizes out:

9) [ dwsdgadwidqie g ws) w0 @ (H), V), + 9 V), [H))  239)

The overlap of the spatio-temproal wavefunctions is entirely equivalent to the re-
quirement of temporal and spectral indistinguishability of the two pair-generation
processes. In general this requires timing compensation crystals. In the follow-
ing we discuss a simple manner in which this indistinguishability is automati-
cally ensured by employing only a single nonlinear crystal placed inside a Sagnac
loop.

18



3 Sources of polarization
entangled photons

The priorly discussed mechanisms of nonlinear optics provide a very convenient
way to produce single photons and entangled photon pairs. This chapter shall
introduce the reader to the experimental implementation of SPDC in a nonlinear
crystal in a source for polarization entangled photons. The focus is laid on the design
that is used for this thesis.

There are different concepts for implementing a nonlinear crystal in an entangled
photon source. Early approaches used B-barium borate (BBO) crystals with type-II
[19] or type-I phase matching [20], which still suffered from a trade off between
high flux and spatial distinguishability of the output modes. This disadvantage
could be overcome with the utilization of periodically poled bulk crystals, such as
ppKTP or ppLN, which allow for collinear emission of the downconverted pho-
tons (see section [2.5.2). The sources are usually making use of double- [21] or
single-crystal geometries [22], whereby schemes that exploit interferometer archi-
tectures, as introduced in [23, 24], turn out to be especially convenient for most
applications.

The source used in this thesis is based on the Sagnac-interferometer design, but
with a polarizing beam splitter (PBS) instead of a conventional 50/50 beam split-
ter. It is making use of type-II quasi phase matching within a ppKTP, which is
placed in the center of the interferometer and pumped from both sides with lin-
early polarized light. The functional principle will be explained in the follow-
ing.

19
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3.1 Creation of an entangled state in a Sagnac-type source

An illustration and explanation of the functioning principle of the Sagnac inter-
ferometer source is given in figure 3.1} but will also be explained in the following
text.

As pointed out before, the source can be pumped in both directions. By sending
in diagonally polarized light, it is half reflected by the PBS and half transmitted,
therefore it enters the crystal from both sides with equal intensity. The vertically
polarized component is reflected at the PBS and traverses the Sagnac loop in a
clockwise sense (see figure [3.1a). The polarization is changed by a cross-faced
periscope (labeled as "Pol-Flip"), that interchanges H- and V-polarization of the
pump lightﬂ Thus the pump enters the ppKTP aligned to its phase matched axis
and with a certain probability a down converted photon pair is created. The two
photons of the pair are designated as signal and idler respectively, according to
their horizontal or vertical polarization. Signal and idler are then separated at
the PBS into modes 3 and 4 and can be collected independently. The horizontal
component of the pump light traverses the loop in a counterclockwise sense (see
figure[3.1b). Now the polarization of the down converted photons is interchanged
by the "Pol-Flip", so the signal exits the PBS with vertical polarization in mode 3
and the idler with horizontal in mode 4. The overlap of both loops is pictured in

B.1d

Assuming equal SPDC-efficiencies for both pump directions, the superimposed
state after the PBS for photon pairs arriving from both directions is proportional

to

) éws Veda + € [Vi)s | H)a) (3.1)

The phase ¢ is independent of the path lengths between crystal center and PBS and
is determined only by an offset phase, which the photons obtain by traversing the

1 A derivation of the polarization flipping effect is given in

20
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Pol-Flip

(@) The V-polarized pump light is re-
flected at the PBS and propagates clock-
wisely within the Sagnac loop. A
periscope (labeled as "Pol-Flip") inter-
changes V- and H-polarization, so the
now H-polarized pump enters the crys-
tal aligned to its optical axis. The signal
photon carries the same polarization as
the pump and is transmitted at the PBS,
whereas the idler photon is V-polarized
and reflected.

H V|

H, V|

Pol-Fli
2 P

(b) By pumping the source with H-
polarized light, an inverse situation to (a)
is created: the pump is now transmitted
at the PBS and propagates counterclock-
wisely within the Sagnac loop. The po-
larization of the down converted photons
is flipped by the periscope and now the
idler leaves the PBS H-polarized and the
signal V-polarized.

\1‘ I Hi>3 | vs>4+ef¢ | Vi>3 | HS>4

(c) By sending in diagonally polarized light, the Sagnac
loop is pumped bidirectionally. After the PBS a su-
perimposed state of both possibilities (the signal being
either H or V, and likewise for the idler) is created.

Figure 3.1: [llustration of the working scheme of the Sagnac interferometer type source.

The pictures are taken from
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(a) (b)

Figure 3.2: Scheme of the Sagnac walk-off autocompensation. In figure (a) no Pol-Flip
is implemented, thus signal and idler are distinguishable in timing (illustrated with
one wave being ahead of the other), but also in wavelength for non-degenerate SPDC
(illustrated by the dark and light red colors). In figure (b) the polarizations are flipped
in one arm and signal and idler modes carry no information about their origin anymore.

periscope and PBS (labeled with 6, ; for pump, signal and idler respectively), plus
the initial phase of the pump ¢,:

$=0,+6;—0;—¢p (3.2)

By compensating the offset phase of the interferometer with a waveplate that is
tilted appropriately, the phase of the output state is solely determined by the pump.
One can now adjust ¢, to be either 0 or 7t by setting the pump polarization to be
diagonal (D) or antidiagonal (A). The first option would result into a |1~ )-state and
the second into a |¢pT)-state.

Creating the maximally entangled state in is only possible for bidirectional
pumping and elimination of all relations between polarization and any other de-
grees of freedom. As illustrated in figure this already happens automatically
within the Sagnac-scheme as a natural consequence of its symmetric architec-
ture.

Due to the birefringence of the ppKTP-crystal the H- and V-polarized photons travel
at different group velocities. This results in a temporal delay between the two modes,
that is determined by the position of creation inside the crystal. Furthermore, in the
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case of non-degenerate SPDC, the photons will always emerge with a wavelength
related to their polarization (compare with figure 3.2a). By flipping the polarization
in one arm (figure3.2b), the spectral/temporal information is dis-entangled from
the polarization entanglement. The priorly faster H-polarized photon is now V-
polarized and exits the PBS in the same mode as the faster H-photon of the other
pair, likewise for the idler-photons. It is now impossible to make conclusions about
the polarization from the arrival time. Also any wavelength-relations are eliminated,
since the signal photons will always exit the PBS at the same port, as well as the
idler.
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4 Characterization Parameters

To be able to compare different sources for entangled photons, parameters are used
that characterize the efficiency of pair-production and the quality of the output
entangled state. Some, which are of interest within this thesis, will be discussed in
the following.

e Degree of entanglement:

For the majority of applications, as QKD or Bell tests, a high degree of entanglement
must be guaranteed. To measure how much entanglement an experimentally gener-
ated state actually inherits, one can use different methods. Most of them quantify
the conformity of the prepared state with a target state.

The quantum visibility of the correlation function provides an experimentally eas-
ily applicable method. Analogue to the classical interference visibility (or fringe
visibility), it quantifys the contrast of the probability interference of the biphoton

wave:

V= Rc,max - Rc,min (4‘1)
Rc,max + Rc,min

with R, being the coincidence counts one encounters in a joint polarization measure-
ment of the photon pairs. In practice this can be realized by the photons traversing
two separate polarizers. The conditional probability that both photons pass, and
therefore the coincidence count rate, is dependent on the polarizer settings. For the
anticorrelated |~ )-state it follows a sin?-function:
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Re(w, B) o< sin*(a — B) (4.2)

with & and B being the angle settings of the respective linear polarizers. However, it
is notable that a visibility of 1 not always yields an entangled state. This outcome
can also be measured for a product state in its computational basis. Therefore it is
necessary to measure at least in two conjugate bases, for example H/V-and D/A.
For photon pairs that originate from a parametric down conversion process though,
V > 50 % ensures entanglement [25].

One can also derive a so called Bell-state-fidelity, as elaborated in [26]. A more sophis-
ticated way to determine the amount of entanglement in a given system is provided
by a full state tomography, as proposed for example in [27].

o Pair collection probability

The pair collection probability is given by the overlap integral of the signal and idler
phase-matched mode-functions and the mode of their conjugate fiber:

P, = / 47D (ws, w;, 7., 7;) % Es(ws,7) X Ei(cwi, ) (4.3)

with E;; being fundamental Gaussian modes of the signal and idler single-mode-
fibers, with their waists w ; located at the tip of the fiber:

, (% +a3)
i )

X exp(—w (4.4)

Equation (4.3) represents the probability of collecting the partner photons in their re-
spective optical fibers any given pump photon. It is equivalent to the experimentally
observed coincidence rate R..
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e Heralding efficiency:

The heralding efficiency 7(;) is the conditional probability that the signal (or idler)
photon is collected, if its partner already coupled into the conjugate fiber (in general
a single mode fiber):

Ms(i) = = (4.5)

Py(;) are the probabilities to emit one signal (idler) photon into the collection mode
(in general a Gaussian), independent of its partners properties. It is the sum over
the joint collection probabilities with the partner photon being in a different spatial
mode, which is the sum over all spatial modes the partner photon could be in. ;)

is equivalent to the experimentally observed ratio of coincidences (R.) to singles
(RSS(,->)'

It is notable that due to the spatial correlations a signal photon in a non-optimal
Gaussian mode projects the idler onto a mode that is not a Gaussian and will not

couple well to a Gaussian collection mode of any size.
e Spectral bandwidth:

The SPDC process in bulk media is tolerant to a certain phase mismatch, which
corresponds to an uncertainty in the wave vector. As explained in section[2.5.2]the
length of the interaction volume L is limited to a finite value |Ak| < 2Z for a positive
energy flow. Due to energy conservation, i. e. w, = ws + w;, small deviations Aw
from the center frequency are allowed, if they satisfy phase matching at the same

time:

|Ak(wp, ws + Aw, wi — Aw) | < 2% (4.6)
The bandwidth of the down conversion therefore depends on the phase matching
configuration and the crystal length L. For type-II quasi phase matching it is mainly

dependent on the group dispersion in the crystal:
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2rtc 1

Aw, = Aw; ~ —=C =
W = AW ING NI L

4.7)
with N, the refractive group indices of the collection modes. Expressing the band-
width in terms of wavelength, the full width half maximum (FWHM) of signal and
idler spectra can be approximated as follows [28]:

5.52
L[mm]

AN Fwrm[nm) ~ (4.8)
This equation is valid for ppKTP type-II phase matching at a signal and idler center
wavelength of A;; = 810 nm.

e Spectral brightness:

The Spectral brightness is the probability to emit and collect a photon pair into a
specified mode per nm bandwidth, per mW pump power. It is usually experimen-
tally approximated by the observed coincidences (minus accidentals), divided by
the spectral FWHM bandwidth of the SPDC AA, the integration time t,,.,s and the
pump power Ppyup:

R.

B =
AA - tmeas : Ppump

(4.9)

For ppKTP type-II collinear down conversion the spectral brightness scales as B ~ L
[29].

4.1 Optimizing Efficiency

For various applications it is desirable to tailor the previously depicted efficiency
parameters according to certain requirements. In general those are high visibility for
all applications that require a low QBER (such as QKD and Bell-test experiments),
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(a) Heralding efficiency as a normalized function of pump and collection
confocal parameter.
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(b) Normalized pair collection efficiency per pump photon as function of
pump and collection confocal parameter.

Figure 4.1: Characterization parameters. Heralding efficiency and pair collection effi-
ciency cannot be optimized at the same time.

28



CHAPTER 4. CHARACTERIZATION PARAMETERS

confocal parameter é;p
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(a) Spectral brightness as a normalized function of pump and collection
confocal parameter. The maximizing parameters are already known from

Boyd and Kleinman [30].
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(b) Normalized SPDC-bandwidth as a function of pump and collection
confocal parameter.

Figure 4.2: Charactarization Parameters.
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high brightness and heralding efficiency for loss-sensitive applications, or broad
bandwidths for experiments where short correlation times are of interest (for ex-
ample time-bin-entanglement) and small bandwidths for long coherence times (for

example for quantum information storage [31]]).

It can be shown that the visibility for a given single count rate can be increased by a
higher heralding efficiency (see section|[A.T). This again demands efficient coupling
of the SPDC modes into optical fibers. The spatial mode that is emerging from
laser resonators and is supported by usual single mode fibers can be approximated
by a fundamental Gauss—modeﬂ Hence, the operation of the SPDC source with
Gaussian beams comes naturally. Various studies that address this topic (for example
[29, 32, 33]]) show that, for photon pairs created via bulk-SPDC, the spectral and
spatial properties depend strongly on the focusing of the pump and collection modes
into the crystal. This is typically expressed in terms of the dimensionless confocal

parameter

F=_— (4.10)

where L is the length of the crystal and zg = w37tn/A the Rayleigh-range. A small
confocal parameter corresponds to weak focusing and ¢ >1 to strong focusing. By
choosing parameters that maximize the overlap of the signal and idler modes with
the mode of the optical fiber, the coupling efficiency can be increased. Such optimal
parameters &,,: can be derived for arbitrary crystal lengths.

The dependencies of the heralding efficiency, pair-collection efficiency, spectral
brightness and spectral bandwidth on the pump and collection confocal parameter
are illustrated in ﬁguresandFor the calculations the same confocal parameter
for signal and idler were assumed. This results in an independence of the bandwidth
from the pump focus. Without any further filtering solely the crystal properties
and the mode field of the collection optics limit the bandwidth. Tight focusing

1 For further information the reader is referred to [9} [14].
2 The calculations have been performed with MATLAB by my colleague Fabian Steinlechner and are
analogue to those introduced in [29].
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allows to collect more transverse plane wave components, therefore the bandwidth

increases.

The heralding efficiency is maximal for either loosely (¢, < 0.001) or very strongly
focused spatial modes (¢, ~ 10%). However, the utilization of smaller beam waists
is associated with optical aberrations, larger bandwidths that can cause chromatic
effects, and in general complicates the alignment. Tight focusing of the collection
modes should therefore be avoided.

The pair collection efficiency is maximal for large confocal parameters (¢, = {s =
¢i ~ 12) and the parameters to optimize the brightness are the well known Boyd-
Kleinman-parameters ¢, = {s = ¢; ~ 2.84 [30].

It is to note though, that heralding efficiency, pair collection efficiency and spectral
brightness cannot be maximized at the same time. For example the parameters
providing maximal brightness would only allow for a heralding efficiency of 0.75,
whereas for a high heralding efficiency of 17, > 0.95 the brightness would be reduced
by a factor of 10.

As proposed for an ESA-funded project [34], a space suitable entangled photon
source must provide a back-to-back coincidence rate of 10° counts per second to
overcome atmospheric link losses. At the same time a visibility of >98% must
be achieved, in order to guarantee a QBER smaller than 1% and thus a signifi-
cant violation of Bell’s inequality. As already pointed out, the heralding efficiency
strongly affects the visibility for a given pair-rate. Hence, the choice of confocal
parameter is subject to a trade off, which can also be influenced by spectral filter-

ing.
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5 High-heralding-efficiency
Sagnac source

This chapter presents the experimental realization of the Sagnac-type source. An
overview of the used devices is given, as well as a detailed discussion of the align-

ment process, which is crucial for the performance of the source.

5.1 Architecture of the source

An illustration of the experimental setup can be seen in figure A photograph of
the final source composition is shown in figure

It is pumped by 405 nm linearly polarized light, produced by an UV-laser ﬂ which is
placed on an external bread board. The pump beam is guided through a half-wave-
and a quarter-wave-plate before it is coupled into a single-mode-fiber and led to the
main source setup. In order to avoid resonant feedback a Faraday filter is placed
after the laser output.

There, the beam is first collimated by a f= 4 mm lens (L1) and then focused with
a =500 mm plano-convex lens (L2) into the center of the crystal (ppKTP type-II).
After passing a dichroic mirror (DM), which is highly reflective for wavelengths
around 810 nm and transparent for 405 nm under an incidence angle of 45°, it is

separated at a polarizing beam splitter (PBS) to traverse the crystal in both directions.

1 Omicron LDM-Serie-UV, operated in CW mode.
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Faraday isolator
HWP

1]

]

I Phase-plate
a

D

405 nm

interference :

L1: collimator lens
f=4mm

Polarizing bandpass filter
L2: plano convex lens
=500 mm
s Dichroic mirror
L3, L3": collimator lens
mm

Q L4, L4" plano convex lens

f=500 mm
ppKTP 10 mm

[

I Pol-Flip
[

]

long pass edge filter
narrow band filter

Figure 5.1: Schematic illustration of the Setup. The working principle and the used
devices are listed in the text in section[5.T} FCs and FC; label the collection optics for
signal and idler modes.

Figure 5.2: Photograph of the Sagnac loop setup. Instead of the usual HWP two
periscopes were used to minimize beam aberrations and being able to also use the
source for non-degenerate SPDC.
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Beforehand the amplitudes of both pump directions are adjusted with a half-wave-
plate (HWP).

The PBS lies at the heart of the setup, positioned in such a way, that incoming light
will enter it in an almost 90°ang]le to the surface (arranged via back reflections). It
is noteworthy though, that this incident angle does not have to be the one which
allows for perfect extinction. Instead of a HWP two periscopes were used, one of
them with parallel, the other with cross-faced mirrors, labelled as "Pol-flip" in figure
It was crucial to incident the mirrors of the periscope under a 45°angle, for a
correct change of polarization. The whole setup was arranged in a way, that the
pump beam, when traversing the setup, would "follow one line”, meaning that the
there and back beam should overlap perfectly. This was arranged by implementing
an interferometer directly after decoupling the light to the setup stage. Therefore a
polarizing band pass filter was positioned into the beam, transmitting horizontally
and reflecting vertically polarized light. The functioning of this method will be
elaborated on in the next section

After a nonlinear interaction, the 810 nm SPDC photons exit the crystal collinearly in
both directions, split again at the PBS and are then coupled into single-mode-fibers
at signal-fiber-coupler (FCs) and idler-fiber-coupler (FC;) respectively. Those in turn
are connected to twin APD-detectors. To shield the detectors from incoming UV-
light and minimize the falsifying effects of stray light and fluorescence, long-pass
edge fﬂtersE] and additional narrow-band interference ﬁlterf] are placed in front of
the collection modes. The detectors are connected with a multi-channel coincidence
counting module, which can be used in combination with a home-made LabView
software. This allows for setting the delay between the two collection channels,

coincidence window and integration time.

For the best source performance three different methods for coupling the light were

tested and compared:

2 BLP01-647R-25 Semrock filters with a cut off at 647 nm
3  Semrock filters, T@810 nm > 90% with a FWHM bandwidth of 3.1 nm
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1. Configuration I: Focusing into single mode fibers with Thorlabs f=15.4 mm
aspheric lenses (L3, L3)

2. Configuration II: Collimating the SPDC-photons with f=500 mm plano-convex
lenses (L4, L4’ﬂ before coupling into SM-fibers

3. Configuration III: Collimating as in Configuration II and then focusing into
SM-fibers with Schéfter Kirchhoff f=15 mm aspheric lenses (L3, L3") E}

In order to optimize the coupling later on, the focus lenses L4 and L4" were fastened

on kinematic mounts with tip-tilt and x-y translation degrees of freedom.

5.2 Source-Alignment procedure

The quality, or rather the visibility of the intended entangled state is highly de-
pendent on the indistinguishability of the created photons. This implies that any
correlations between polarization- and other degrees of freedom, such as spectral,
temporal or spatial, have to be eliminated. Only then a factorization of the state into

a polarization- and spatio-temporal part is possible ﬂ

Hence a major effort was dedicated to maximize the overlap of the spatial SPDC
modes of both pump-directions. This was also important for efficient coupling into
the SM-fibers.

In order to achieve this, the following alignment algorithm was performed:
1. Pump loop:

The pump beam was guided on a fixed height to the PBS. Then the periscopes
were adjusted with the pump light. It was taken care that the angle of inci-
dence was 45°onto the silver coated mirrors, to ensure a correct altering of

S

Thorlabs, LA1908-B BK7 B Coated Plano Convex

Schifter+Kirchhoff 60FC-F-A15-02, with fine-focusing mechanism, AR-coated for 600-1050 nm.

6 Likewise for making use of other parameters for entanglement a decorrelation from all unused
degrees of freedom is crucial.

a1
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the polarization plane. To adjust height and angles, the beam was guided
through pinholes along the construction holes of the bread board. Hereafter
the Sagnac-loop was completed by the two corner mirrors and both propa-
gation directions overlapped. For coarse alignment the mirrors were moved
until the pump was guided repeatedly through the pinholes on its way back.
For precise alignment an interferometric measurement of the returning pump

light was undertaken.

2. Inteferometric alignment:

For this purpose a polarizing band pass ﬁltelﬂ with a center wavelength at 405
nm was placed right after the exit of the pump into the source-setup (see figure
B.1I). Under an incident angle of 45°it is only transmitting H- and reflecting
V-polarized light. The intensity that was actually transferred to the setup
was maximized by modulating the polarization by means of the QWP and
HWP on the pump bread board. According to the setting of the subsequently
positioned HWP, the Sagnac-loop is either pumped uni- or bidirectionally. By
projecting the light to a white screen or a power-meter, one can exploit the

following circumstance:

If the loop is pumped with equal intensities in clockwise and counterclockwise
manner, and the beams, emerging from the two pump directions, spatially
overlap perfectly, no light is reflected by the polarizing filter. In this case, the
interfering beam is always H-polarized and thus entirely transmitted by the
polarizing band-pass—filte Hence the intensity of the reflected light serves as
indicator for the spatial overlap of the modes. A minimization of the intensity
can be achieved by accurate setting of the HWP and precise adjustment of
the mirrors of the Sagnac-interferometer, which is effectively equivalent to
maximizing the spatial overlap.

7 405/10 nm Semrock Polarizing Band pass filter, PBP01-405/10-25x36
8 For a detailed discussion please refer to section
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3. Signal- and idler loop:

Subsequently the signal and idler beam paths were overlapped with the pump.
This was done by first back shining 635 nm laser light through the signal
collection mode (FC;) and guiding the beam with the adjustable mounts
through the previously prepared pinholes. By removing the corner mirrors
next to the periscopes of the Sagnac-interferometer, and matching the red and
blue laser spots in a distance of 2 meters, a good overlap was confirmed. This
was done for both propagation directions of the red laser light within the
Sagnac loop, which was set beforehand by a polarizer. Thereafter the loop
for the second (idler) collection mode (FC;) was aligned the same way, with
the difference that two dichroic mirrors were put into place to separate pump
and infrared light, and direct the signal photons to the coupler. It was taken
care that the dichroic mirrors were hit with an incidence angle of 45°, so the
maximal infrared intensity would be reflected. Fine adjustments of both signal
and idler loop were accomplished by reversing the polarization flip after the
periscope with a HWP and coupling 808 nm light from one collection mode
into the other fiber.

In order to adjust the beam waists of the pump and collection modes, a Spiricon CCD-
cameraﬂ was positioned with its photon sensitive area in the virtual crystal center.
For the pump the plano convex lens was positioned such that the spots of minimal
beam waist, when pumping the loop from both directions, matched in the center of
the interferometer. With the beam shape analysing software provided by Spiricon, a
Gauss-fit was performed and an actual pump beam waist of 200 £ 40 ym measured,

corresponding to a confocal parameter of ¢,=0.0146.

Accordingly the collection modes were focused into the interferometer’s center,
yielding beam waists between 100 and 175 pum, which will be discussed in more de-
tail in section Figure 5.3[shows exemplary pictures taken with a CCD-camera of
the pump, signal and idler beams in the virtual focus.

9 Spiricon LBA-FW-SCOR20 with IEEE-1394 connection
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JOgoO

(a) (b) (o)

Figure 5.3: Pictures of the pump (a), signal (b) and idler (c) beams in the virtual focus
of Configuration III. Due to the preserved Gaussian beam profile, it can be reasonably
assumed that the optical devices show minor beam aberration producing effects. The
distortion in (a) is presumably caused by the collimator that focused the beam in the
crystal center.

Finally the ppKTP crystal, placed on a translation mount, was inserted into the
center of the interferometer. Considering collinear SPDC-emission, the crystal was
placed as straight as possible into the beam, with the phase matched axis aligned
with the pump. This was done by looking onto the reflections of the UV-light on the
transverse ends of the crystal. The crystal was tilted until both reflections appeared
and disappeared simultaneously when moving the crystal in and out of the beam in

x- and y-direction.

5.3 Source Performance characteristics

In this section the experimental results of the source efficiency and entanglement
quality, as discussed in section[4} are presented. After fine-tuning the SPDC by means
of alignment and temperature adjustments, the setup was optimized to yield maxi-
mal heralding efficiency. Once an ideal configuration was found, all further measure-

ments regarding the performance were undertaken and analyzed.
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5.3.1 Temperature setting

For type-1I phasematching the center wavelengths of signal and idler mode change
linearly with temperature. A measurement of the spectra over temperature can be
seen in figure The spectra were measured with a QE Pro high sensitivity spec-
trometer that provides a single-photon sensitivity of 90% and an optical resolution of
0.14 nm. A linear fit estimates a crystal temperature of about 31.7 °C for degenerate
operation. However, the optimal value for high coincidence rates also depends on
the transmission profile of the used filters, the wavelength dispersion of the used
optical devices and so on, and might differ from the degenerate settings. Hence
an additional temperature run during operation of the source was undertaken. It
seemed that a temperature of 32 °C yielded the maximal coincidences, though it is
to mention, that no significant change in coincidences was observed between 31 °C
and 33 °C.

Figure 5.4/ shows an exemplary spectrum of the signal mode at 32 °C. An applied
Gaussian fit stated the FWHM to be ~0.52 nm m which coincides perfectly with the
prediction of approximation for a 10 mm crystal.

5.4 Heralding efficiency

As discussed in section the heralding efficiency is largely dependent on the
focal parameters of the pump and collection optics. In order to experimentally
implement the desired beam waists, the single-mode-fiber is imaged on the center
of the crystal. This way the probability to collect down converted photons which
are in a fundamental Gaussian mode is maximized. However, this only holds true if
we assume that nothing in the setup will distort the beam shape or path in any way.
Causes for such distortions could be misalignment, crystal- and/or other device
imperfections. Furthermore, mechanical instabilities of the mounts could cause the

coupling efficiency to be unstable in time.

10 From the Gaussian fit applied, the FWHM = 2c1+/In2
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Figure 5.4: Exemplary spectrum, taken with the QEPro single photon spectrometer. It
shows the signal-mode at 32 °C. The Gaussian fit states the FWHM to be ~ 0.52 nm.
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Figure 5.5: The signal and idler center wavelengths over temperature. The linear fit
yields an optimal operation temperature of about 31.7 °C for degenerate emission.
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H Configuration I \ Configuration II \ Configuration III

wy | pm 200 =+ 40 200 = 40 200 + 40
&y 0.0146 0.0146 0.0146

wsi | pm 100 + 10 75+5 85+5
Esi 0.13 0.21 0.16

Table 5.1: Observed beam waists and corresponding confocal parameters for three
different optical configurations.

In order to achieve the highest possible heralding efficiency, three different coupling
configurations for the collection channels were implemented and compared (see
chapter[5.I). The resulting beam waists in the crystal center and the corresponding
confocal parameters are listed in table

According to the calculations pictured in figure a combination of those confocal
parameters for pump and collection modes is resulting in a heralding efficiency of
almost 99%. The actually observed heralding efficiencies and the brightness of the

source are summarized in table

The heralding ratios were observed with an internal width of 4 of the TTM, implying
an actual coincidence window of 11 ns. The mean pump power was 2 mW, measured
right before the pump beam entered the PBS. The listed values for the heralding effi-
ciencies are only corrected for dark counts, but not for any optical losses or detection
efficiencies, thus no error is added. The fact that the values for heralding efficiency
and brightness are balanced for all pump directions (except for configuration I)

indicates a highly symmetric alignment.

The two-lens collection system (configuration II and III) seems to yield an improve-
ment compared to utilization of just one aspheric lens to focus the down converted
photons into the single mode fibers. The best results were obtained for configuration
III, with heralding efficiencies of 17, rc, = 0.42 and 7, rc, = 0.45 for the signal and
idler channel respectively. The asymmetry in heralding efficiencies is a consequence
of dissimilar detection- and channel efficiencies. It is also to note that the connection
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NEc, | Nnrc; | brightness pump
[cps/mW] | direction
0.33 | 0.39 2200 &
Configuration I 033 | 0.39 2200 =
0.35 | 042 2500 =
0.34 | 042 3000 &
Configuration II 034 | 043 3000 =
034 | 042 3100 =
042 | 045 3400 &
Configuration III || 0.42 | 0.45 3400 =
042 | 045 3300 <=

Table 5.2: Comparison of three different optical configurations (see chapter . Here
the highest recorded heralding efficiencies for each configuration, as well as the bright-
ness, are listed. The HWP setting denotes if the source was pumped in both directions
(<), clockwise (=) or counterclockwise (<).
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Figure 5.6: An aspheric lens is usually designed to correct lens aberrations, or to
collimate a laser beam originating from a fiber. The sketch shows the difference
between a divergent (gray, dash-dotted lines) and a collimated incident beam. The
aspheric lens parameters are especially customized the provide a collimated beam,
therefore divergence of the beam migth lead to defocusing.

between the multi-mode-fibers of the detectors and the single-mode-fibers repre-
sented a source of error. The surfaces of the multi-mode-fiber-tips were scratched
and due to slightly damaged threads, the connection was sometimes a little loose.
The coupling efficiency was therefore very vulnerable to plugging and unplugging
the fibers.

The enhancement between the one- and two-lens-system is most likely a conse-
quence of improved performance of the aspheric coupling lens with a collimated
incoming beam. The application of the aspheric lens usually aims to collimate a laser
beam originating from a fiber and to correct for beam aberrations (see figure[5.6).
However, if the incoming beam is divergent, aberrations might occur. Consequently,
the coupling efficiency is reduced.

However, the observed values do not necessarily show the highest possible outcome,
but rather reflect the maximum that could be achieved after putting a certain effort

into the coupling process.

Loss estimation

The theoretically achievable heralding efficiency of ~99 % is primarily limited by
the detection efficiency and optical losses in the setup. An overall transmission
of Topt = 89% by the optical components for a center wavelength of 810 nm was
estimated by examination of the data sheets. Furthermore it is dependent on the
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coupling efficiency into the single-mode-fibers, which depends on the one hand
on a good overlap of SPDC- and the fiber-modes, on the other hand it is subject to
alignment accuracym The transmission of the SM-fibers was measured to be Tf;p, ~
93% for signal and idler channel. Additionally, any source that increases the single
count rate, such as fluorescence or stray light will reduce the observed heralding
efficiency. Furthermore a restricted polarization extinction ratio of the Sagnac loop
will decrease the observed result, since it causes the photons to enter the wrong fiber
and therefore increases the single count rate.

About 1% of the single counts could be attributed to fluorescence. This was evaluated
by heating up the crystal to 64 °C. In that temperature region the signal- and idler-
wavelengths are ~804 nm and ~816 nm respectively, and thus clearly outside the
interference filter bandwidth. Any light that is still transmitted through the narrow
band filters accounts therefore to fluorescence of the ppKTP or dPBS or to stray
light.

The extinction ratio of the loop is mainly determined by the dPBS. By the manufac-
turer similar PBS-cubes were stated to have an extinction ratio of T, : Ts = 500:1, with
a transmission for the p-polarization of T), > 95%. However, this value was not attain-
able for all different incoming directions, but was merely limited to T}, : Ts = 100:1,

when optimizing for all directions and polarizations.

In order to gain the actual heralding efficiency #;, the source is capable of, the
following limiting factors have to be taken account for:

-1
Hp = (ﬂdet X Topt,total) X Nh,observed (51)

in particular the observed heralding efficiency 7, ypserved, the transmittance of all op-
tical devices Tyt total, including the ppKTP crystal and the PBS, and the detection ef-
ficiency 4.+ of the SPADs. However, the fact that 77,4, is unknown, makes it infeasible
to carry out reliable estimations for the heralding efficiency.

11 The optimization of fiber-coupling is for example elaborated in [35].
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Figure 5.7: Exemplary results for a fringe visibility measurement for the |~ )-state in
the D/ A-basis. It indicates Vp,4 = 99.5 + 0.2%. The experimental data points were
fitted with a sin?-curve.

5.5 Visibility

After optimizing the entangled photon source for high heralding efficiency, the
output state was analyzed.

Hence two linear polarizer:f—_zl were placed in front of the fiber couplers FC; and FC;.
In order to prepare a |~ )-state the polarizers were set both to |D) or |A). With
this configuration no coincidences should be observable, hence the phase of the
output state was adjusted by angle-tuning a thin bi-refringent plate about its optical
axis. This allows the phase of the pump beam, and thus the entangled state, to be
tuned without changing the magnitude of the H and V components of the pump

12 Codixx colorPol®) VISIR polarizer
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9):

Poll | Pol2 | Ry / cps | Ri / cps | Rc / cps
\Y \Y 13400 8000 5
\% H 13400 7500 2700
H H 10500 9300 8
H \Y 12500 7200 2500

Vv =99.5£02%
A A 13400 7200 5
A D 13400 7800 3000
D D 13200 7800 8
D A 12500 7200 2200

Vb/a =995+ 02%

pT):

Poll ‘ Pol2 ‘ Rs / cps ‘ R; / cps ‘ Rc / cps

A A 12000 7200 2500
A D 11900 7600 12
D D 12600 8000 2700
D A 12400 7300 10

Vp/a=992+03%

Table 5.3: Measured single and coincidence counts for a [~ )- and a [T )-target state.
The values are corrected for dark counts, but not for accidental coincidences and
correspond to high visibilities higher than 99 % for both states.
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beam. The plate was tilted until a minimum coincidence count rate R, was obtained.
For preparing a |i)-state a crossed polarizer configuration would be needed to
minimize the coincidence count rate.

To record the visibility fringes of the entangled state, the angle of the first polarizer
was fixed, while the other polarizer was rotated in 20°-steps from 0°to 360°. The
result of an exemplary measurement in the D/ A-basis for a |~ )-state can be seen
in figure The data points were fitted with a sin?-function, according to equation
and indicate a visibility of Vp,4 = 99.5+0.2.

As explained in section 3.1 there is an offset phase which usually has to be accounted
for by phase-plat However, it turned out, that it was also possible to maximize
the visibility for two Bell states requiring only adjustment of the HWP. A proper
positioning of the HWP and the crystal, combined with symmetric alignment seemed
to compensate already for this offset phase. Only the input polarization had to be
changed between |D) and |A) to switch between a [~) and a |¢T)-state. Since
recording the fringe visibility identically to figure would require in total 72
different polarizer settings to analyze the two states in the H/V and D/A-basis
respectively, only the coincidence maxima and minima were measured. Table
shows the raw data of such a visibility measurement, which was executed at a crystal
temperature of 32°C while being pumped bidirectionally with ~1.8 mW on each
side. After subtraction of dark counts an average single count rate of 13 kcps for the
signal arm (FCs) and 8 kcps for the idler arm (FC;), as well as a maximal coincidence
rate of 3 keps could be obtained. The coincidences were measured in two conjugative
bases, the H/V- and D/ A-basis for the |~ )-state, and additionally only in the D/A-
basis for the |pT)-state. The corresponding data in table [5.3|is corrected for dark
counts but not for accidentals and implies high visibilities of Vjy-y = 99.5 +0.2%
and V|y+) = 99.2 £ 0.3% in the D/ A-basis.
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Coefficients (with 95% confidence bounds):
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2001 b=1.986 (1.875,2.098) 1
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Figure 5.8: For increasing the amount of singles, the accidentals follow equation (A.5),
with coefficient b agreeing very well with the mean coincidence window of ~11 ns.

5.5.1 Visibility at higher single rates

For a source to be applicable in space high pair rates are required. One method to
increase the pair rate is using higher pump power. However, this has the disad-
vantage of producing more accidentals and consequently decreases the heralding
efficiency and the visibility (see section [A.1).

One way to experimentally evaluate the amount of accidentals is to set the delay
between the signal- and idler channel in the time tagging software to a far-off value.
Thus operation outside the delay histogram for the entangled photons is ensured
and all coincidences can therefore be accredited to accidental counts. To ascertain if
the used method is in accordance with the theory of section the single count
rates were increased by increasing the pump power stepwise from 1.7 mW to 16
mW. The delay between both channels was set to ~61 ns, which is far off the correct

delay of 25 ns. The data was recorded with an integration time of 10 s and a mean

13 Any birefringent material, which is transparent for the operational wavelength, can be used for
this purpose.
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coincidence window of 11 ns. Figure|5.8{shows the accidentals as a function of the
"symmetric" singles, meaning the square root of signal- and idler-channel single
counts \/R¢R;. The data was fitted with a power-function, reflecting equation (A.5).
In accordance with the theory the accidentals increase as the square of the singles
and coefficient a >~ 8 £ 10 ns coincides well with the actual mean coincidence

interval of 11 ns.

To exploit the maximal possible amount of single counts with this system, the
Omicron Laser was set to the highest possible value of 100 mW, resulting in an
effective pump power of 12 mW for each pump direction. With polarizers in front
of the couplers and with dark count subtraction, single count rates of R, ~87
kcps for the signal and R; ~47 kcps for the idler path were obtained. The mean
amount of accidentals obtained experimentally was R, = 40 cps and fits well to
the theoretical approximation of 45 cps. Table [5.4] shows a comparison between
the observed visibilities for a |y~) and a |iT)-state with and without correction
for accidentals. By subtracting the accidentals visibilities similar to those obtained
for lower pump powers can be claimed. Certainly it is to mention, that correcting
the raw data for accidentals is a delicate task. The outcome is highly dependent on
the accidental-acquisition-method, whether it be theoretical or experimental, and is
prone to adulterate the results in a positive way. Optimizing a source for high herald-
ing efficiency might therefore be a possibility to circumvent this issue, since the

coincidence rate is maximized for a given singles rate.
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state ‘ VH/V VD/A
No accidentals subtracted

=) | 98.5+£04% | 989 +£0.3%
™) | 989 £0.2% | 99.0+02%

Accidentals subtracted

=) | 9.4 +04% | 9.4 + 0.3 %
ly*t) | 99.7 £02% | 99.5 + 0.3 %

Table 5.4: Visibility for high single count rates with and without correction for acciden-
tals.
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6 Evaluation of phase stability

When putting a source for entangled photons into space one has to face more
difficulties than running the setup in an earth bound lab. Since it is impossible
to realign it once it is on a satellite, it has to be very stable and robust against
environmental influences. For example temperature fluctuations become more
relevant. From section we can conceive that any changes in temperature
will influence the output state. For a photon source to reliably provide a certain
entangled state at the push of a button, the stability of the phase upon changes of
the crystal, as well as environmental temperature is therefore a crucial issue. In
this context the term "stable" implies that a visibility higher than 98% should be
guaranteed.

To characterize the behaviour of the setup, the change of visibility with crystal
temperature was analyzed. Since a full visibility measurement with this thesis’ setup
is very time consuming, we decided for a faster approach to investigate the stability
of the phase upon large temperature changes. For this purpose we first used the
minimum setting of the polarizers and measured the coincidences in 2 to 5 °C steps.
In a second temperature run we proceeded likewise with the polarizers being in the
maximum setting. This way a first impression of how the visibility will change with
temperature could be acquired.

For the measurement the narrowband interference filters in front of the signal- and
idler-couplers were removed and the phase of the state was adjusted roughly by
the QWP in the pump beam to provide a |¢~) state at 32 ° C. Then the temperature
of the oven was scanned from 28 °C to 64 °C. For each step the coincidences were

measured with an internal width of 2, corresponding to AT ~ 4.7 ns, and integration
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Figure 6.1: Figure (a) shows the coincidence minima and maxima over temperature.
The visibility is maximal around 32 °C and seems to increase again above 45 °C until
it reaches a local maximum around 55 °C. The coincidences in the minimum setting
could be affected by fluctuations in the mean single counts, as seen in (b). The blue
triangles show the mean single counts collected by both fiber couplers for orthogonal
polarizers and the green squares show the mean singles for crossed polarizers.
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time of 5 s. Figure|6.1|shows the registered coincidences, that occurred for polarizer
settings being in the minimum and maximum of the D/ A-basis. The data points
suggest the highest visibility around 32 °C of about 98% followed by a decrease up
to 45 °C, where the visibility reaches a minimum of ~89%. After this minimum the
visibility seems to increase again though, until it reaches a local maximum around
55 °C. However, the data point at 60 °C might be an outlier, that can be accredited
to fluctuations in mean single counts. In figure one can see that above 55 °C the
single counts for the minimum setting start to increase again, unlike the singles for
the maximum setting. Nevertheless it is still to clarify what causes the drop-off in
visibility.

The change in temperature entails a change in wavelength for signal and idler
photons, but, as explained in section [3| the Sagnac-type-source is intrinsically com-
pensating for those roots of distinguishability. A first guess for a reason for this
instability was therefore improper alignment. As experienced during alignment
and already pointed out for example in [36]], also the position of the crystal inside
the Sagnac loop is crucial for the output phase. Even though the SPDC photons are
assumed to be created coherently and with equal probability over the length of the
crystal, a change of the crystal position relative to the focus point results in a shift of
time-delay distributions for both pump directions ﬂ It results from a group velocity
mismatch for the orthogonally polarized photons and is simplistically visualized in
figure[6.2l In [38] A. Predojevi¢ et. al. credit this position-dependent phase-shift in
the output state mainly to dispersion in air and a Gouy phase that is acquired by the

propagating Gauss-beams.

A simplistic way of visualizing it is the following: moving the crystal along the axis
of beam propagation, the position of focus inside the crystal is changed. This is
pictured in figure 6.2|for three different Gaussian beams with their waists located

1 This is a direct result of the spatio-temporal correlations of the parametric down-conversion. The
collection optics can be seen as a projection onto spatial modes with certain transverse momenta,
which again are connected with a time delay between signal and idler. The time-delay distributions
are shaped therefore by the collection-method-dependent distribution of transverse momenta,
whereas the shift is given by the group-velocity-mismatch. For a more detailed description please
refer to [37]
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-L/2 0 L/2

Figure 6.2: By moving the crystal the relative position of the focus of collection optics
inside the crystal is changed. The black beam symbolizes a Gaussian with the waist
in the crystal center, whereas the red and blue beams have their waists closer to the
edges of the crystal. Assuming a maximum of the collected down-conversion-pairs
originating from the focal point, the red and blue off-center positions result in different
time-delays for clockwise (cw) and counterclockwise (ccw) propagation.

either in the center of the crystal or closer to the edges.

To check upon the effect of crystal position onto the phase-stability the coincidences
over temperature were recorded for three different crystal positions. Similar to the
prior measurements the polarizers in front of the fiber couplers were set parallel,
in order to obtain a coincidence minimum. Crystal and oven were moved to three
different spots along the propagation axis, denoted in figure|6.3{as z-positions of the
translation mount’s micrometer screw. The blue squares (z = 8mm) correspond to
the crystal being in the center of the Sagnac loop, whereas the black circles (z = Imm)
and the red triangles (z = 15 mm) correspond to the crystal being moved out of the
center in clockwise and counterclockwise direction respectively. To compare the
curves, the phase was adjusted roughly with a waveplate before each measurement
run to a minimum at 32 °C. All measurements were done with the narrowband
filters being removed, a pump power of ~3 mW, an internal width of 4 and the
integration time set to 10 s.

If the instability of the phase with regard to the temperature-scan in figure
was a consequence of an off-center position of the crystal, one would expect the
coincidence curve to flatten, while approaching the center. However, this is not
what the results in figure [6.3|show. Around the minima at 30 °C to 32 °C the three

54



CHAPTER 6. EVALUATION OF PHASE STABILITY

900 ‘
® z=1mm §
800H ® z=8mm .
A 7=15mm ®
700
<, 600 4 ¢ g
? . P ®
8 500 i
3
T 400 . #
2
5] A
8 300 R o ! i
)
200/ - A
e M 4,
100} on
0 i Il 1
10 20 30 40 50
TrC

Figure 6.3: Coincidence minima over temperature for the crystal being moved to the
center of the Sagnac loop (blue squares) and out of it (black circles, red triangles). For
a position dependent phase-shift one would expect the curves to flatten at a centered
position. Since this is not the case, the result could be a consequence of dispersion of

some optical devices.
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curves show a very similar increase. The decrease above 45 °C coincides again
with an overall loss in counts and might therefore be not necessarily related to a
phase shift. Having ruled out this influence a wavelength-dependent behaviour
of at least one of the optical components in the setup has to be considered. For
example the performance of the dPBS is sensitive to the operational wavelength
and the angle of incidence. The wavelength-dependent phase shift between HV
and VH could be explained by a polarization-dependent group-velocity dispersion
in the multiple-layered coating of the center interface of the dPBS. For a more
detailed description please refer to section in the appendix. However, it is as
well conceivable that interchange of s- and p-polarization in the dielectric mirrors
of the periscope leads to H and V photons experiencing different group-velocity
dispersion depending on the propagation sense in the Sagnac loop. Furthermore
imperfect alignment could result in slightly different center wavelengths and phase
shifts for both clockwise and counter-clockwise propagation, thus rendering them
distinguishable.

Even though these results prognosticate the visibility to be highly temperature
dependent, the coincidence-minimum curve in figure seems to only change
slightly in a range of £5 °C around the maximum. This would imply a relatively
stable visibility in that scope. To validate this, the visibility was measured in the
H/V-and D/ A-basis between 26 °C and 35 °C. The pump power was set to 3 mW,
measured in front of the PBS, the integration time was again 5 s and the internal
width = 2. The results can be seen in figure 6.4/ and confirm that the visibility was
indeed higher than 97 % between 26 °C and 31 °C. Due to the relatively small pump
power the accidentals were not subtracted. From these results we conclude that a
temperature stability to within £ 1 °C should be sufficient for reliable performance
of a Sagnac-interferometer-based entangled photon source. This result is highly
promising with regard to the development of a fully space-proof entangled photon
source (which is currently being developed in collaboration with the European
Space Agency).
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Figure 6.4: More effortful measurement of the visibility over temperature for a [~ )-
and a | )-state for two mutually unbiased bases. The visibility in the D/ A-basis is
higher than 97% within a temperature range of AT = 5°C, while the visibility in the
H/V-basis stays always higher than 99%.
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6.1 Performance with multi-mode-fibers

In general the SPDC phase-matching gives rise to spatially multi-mode emission.
By using single-mode-fibers we select only a small part of all emitted photon pairs.
Furthermore coupling into single-mode-fibers is a delicate task and collection effi-
ciency is prone to mechanical instabilities of the setup. Multi-mode-fibers on the
contrary act as a kind of "bucket" for incoming light, which facilitates the coupling
process and, due to acceptance of higher-order modes, leads to higher pair collection
rates.

After connecting the multi-mode-fibers of the detectors directly to the source, mean
single count rates of Ry ~90 kcps/mW and coincidence count rates of R, ~40
kcps/mW could be observed. These values are ten times higher than the ones
observed with single-mode-fibers. Thus, being able to exploit a much higher flux
of entangled photons, it was interesting to evaluate the degree of entanglement. A
visibility measurement for a |~ )-state in the H/V- and D/ A-basis was conducted.
Table[6.1]lists the recorded data for a pump power of 1.4 mW, a crystal temperature
of T = 32 °C and a coincidence time window of At ~ 11 ns. Without correction
for accidentals this data exhibits that the visibility in the H/V-basis was almost
unchanged at Viy,y = 99.0 £ 0.1%, but in the D/ A-basis reduced to Vp,4 = 92.5 +
0.2%.

For the observed values accidental counts of around 35 cps can be derived. Sub-
tracting those from the raw data, the visibilities can be slightly increased to Vv =
99.3+0.2% and Vp,/4 = 92.7 £ 0.2%.

These results demonstrate that the polarization entanglement is largely decoupled
from the spatial correlations, which were not experimentally verified within this
thesis. However, we believe they can safely be implied, since the pump waist used to
generate the SPDC photons was sufficiently large to be approximated as a collinear
plane-wave throughout the SPDC interaction. Hence the transverse momenta of
the signal and idler must be anti-correlated. Such simultaneous high correlations
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Poll | Pol2 | Ry / cps | Ri / cps | Rc / cps

\Y% v 53000 68000 70
\Y% H 52000 63000 14400
H H 57000 61000 75
H v 51000 61000 15000
Vv =99.0£0.1%
A A 49000 59000 550
A D 50800 60000 13400
D D 51000 60500 500
D A 51200 60100 13600

Vb a=925%02%

Table 6.1: Visibility measurement with multi-mode-fibers.

in multiple degrees of freedom are called "hyperentanglement'ﬂ Since this adds
new dimensions to the Hilbert space of a qubit, which can be exploited as informa-
tion carriers, hyperentanglement could provide promising applications in quantum
information processing, for example in superdense teleportation [40] or hyperentan-

glement assisted deterministic Bell state tests [41} 42].

J. T. Barreiro et al. prove in [43] that entanglement in different degrees of freedom
can, in general, be implemented in one photonic quantum system. Considering the
shown alignment tolerances and the high symmetry of the Sagnac-architecture, this
source represents a good candidate for a highly efficient source for hyperentangle-
ment, with coincidence rates in the order of 40 kcps/mW shown in multi-mode
operation.

2 For an introduction to this topic the reader is, for example, referred to [39]
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6.2 Performance with cross-spliced PM-fibers

Due to the fact that the information of the generated qubits is polarization encoded, it
is very important to maintain this property until further processing takes place. Un-
fortunately it is a well known fact, that, by the virtue of mode-coupling, the polariza-
tion state fluctuates randomly along an optical ﬁbelﬂ This disadvantage can theoret-
ically be overcome by the utilization of cross-spliced polarization-maintaining (PM-)
fibers of the same length instead of single-mode-fibers (For a short introduction to
PM-fibers please refer to section[A.5]in the appendix).

For cw-pumping we can assume symmetric deviations around the center-frequency

for signal and idler:

wp = (ws + Aw) + (w; — Aw) (6.1)

Using only one fiber would thereby result in a relative phase-shift between signal

and idler:

exp [iA(PsinglePM} =exp [”—‘Aw(l - 1)} (6.2)

us ul
where L denotes the length of the fiber and u; and u; the group velocities of signal
and idler photon respectively. They depend on the ordinary and extraordinary
refractive index of the fiber, which in return depends on the center-wavelength A

of the propagating light:

g, = o) (6.3)

nore - /\Os,i dAg

5,1

3 Itis to note, that this was not an issue for this thesis” experiments, since the polarization measure-
ments took place before the photons entered the fibers, and those in turn were directly coupled to
the detectors.
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If the H-polarization is in the first fiber aligned with the fast axis, it experiences the ex-
traordinary refractive index and V the ordinary. By adding a second PM-fiber of the
same length and rotating it about 90°, ordinary and extraordinary refractive index
for Hand V are interchanged. Thus u; and u; are interchanged and the phase-shift
acquired in the first fiber is effectively compensated:

exp i) =exp |18 (= D)+ (=) | =1 69
The high modal birefringence of the fibers is used to suppress the mode-coupling,
and the perpendicular configuration is compensating for temporal walk-off as well
as dispersive broadening. Thus the polarization should be maintained independent
of input state and /or bandwidth. The interested reader may find further information
in [44]. Here a similar approach is made, but with the difference that the fibers
are used for a four-wave-mixing process, analogue to the crossed-crystal scheme

[19].

To test the hypothesis two PM-fibersE]of one meter length were spliced together, with
their optical axis perpendicular to each other. The performance upon change of input
polarization and wavelength was then examined by measuring the polarization
state after the fiber output with a polarimetelﬂ

The results for a center-wavelength scan between 805 an 811 nm for diagonally
polarized classical input lighiﬂ are shown in figure For better visualization
the data is plotted in the Bloch-sphere representation. The blue spots correspond
to data acquired with a single PM-fiber, whereas the red spots were obtained
with the cross-spliced fiber. Using only a single PM-fiber led to a wavelength-
dependent change in the output-polarization. This was expected, since the input
state was not aligned with the optical axis of the fiber. H- and V-component of the
polarization acquire therefore a relative phase shift, according to the wavelength-
dependent refractive index of the fiber. The data points of the cross-spliced PM-

4 Nufern PM780-HP, Panda style
5 PAX5720IR1-T TXP free-space polarimeter for A = 700 - 1000 nm
6 Generated by a grating stabilized IR-laser diode.
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Figure 6.5: The polarization change upon wavelength change for a single PM-fiber
(blue spots) and a crossed PM-fiber (red spots). The phase of the input state is held
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fiber are all concentrated close to the letter P on the Bloch-sphere, labeling the
coordinate for diagonally ("Plus") polarized light. This indicates that the relative
phase acquired by passing only one fiber could be well compensated by the sec-

ond.

However, local temperature fluctuations have a severe impact on the birefringence
of a PM-fiber (see for example [45]). The results were therefore subject to fluctuations
already in the laboratory environment. For instance, the adjustment of the phase of
the entangled state turned out to be infeasible, due to influences of body warmth,
unequally affecting both parts of the spliced fiber. Thereupon further measurements

with the cross-spliced PM-fibers were discontinued.
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7 Conclusion and Outlook

Within this thesis I presented a source for polarization entangled photons, which
was designed and characterized in the light of developing a source for operations
on a satellite. Taking the atmospheric attenuation of an earth-satellite link into
consideration, a key aspect of such a source is the efficiency of providing a desired
entangled state, which is closely linked to a high heralding efficiency. The foci
of pump and collection optics were selected in order to yield a high heralding
efficiency of 17,>99%. Since 1; is depending on a good coupling efficiency, three
different collection configurations were tested to increase it. The highest efficiencies
of 73, = 0.42 and 1, ; = 0.45 were obtained by first collimating with a plano-convex
lens and afterwards focusing the SPDC-photons with an aspheric lens into the
single-mode-fibers. This can be explained by a better functioning of the aspheric
lens with an incoming collimated beam. Since the detection efficiency of the used
SPAD'’s is not known, the actual values are yet to specify. Hence, a next important
step would be to measure the heralding efficiency with calibrated detectors, and
this way avoid presumptions about the maximal value this source is capable of. In
the following the setup can be refined by exchanging components that introduce
losses, in particular the dPBS.

Another critical requirement for applications in space, as well as other out-of-the-lab
operation conditions, is the reliability with which it produces a desired entangled
state. Due to the symmetry of the configuration, the Sagnac loop scheme promises
such stability, in particular with regard to drifts in crystal temperature, and pump
wavelengths. This feature was experimentally corroborated and a degree of po-
larization entanglement higher than 99% was demonstrated in the H/V basis for
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a temperature range of 5 °C. A less stable result was obtained for the D/A-basis,
where, nevertheless, visibilities of more than 97% could be shown within the same

scope.

It is very likely that dispersion of the used optical devices, such as the lenses or the
PBS, restrict a possible higher phase stability for non-degenerate SPDC. Thus the
wavelength dependency of all optical components has to be analyzed and replace-

ments have to be implemented in the setup consequently.

To make the fiber-output intrinsically phase-stable, the idea of using cross-spliced
PM-fibers instead of single-mode-fibers was tested. Although measurements with a
polarimeter confirmed in general the functionality of this scheme for maintaining the
polarization of signal and idler for arbitrary input states and bandwidths, the high
sensitivity of the fiber’s birefringence to local temperature fluctuations make it un-

fortunately rather uninteresting for space-applications.

Furthermore, the very symmetric architecture of the source allowed for producing
two different Bell-states with high visibilities of more than 99% in two unbiased

bases at constant crystal temperature.

Also visibility measurements with multi-mode-fibers yielded good results of more
than 99% in the H/V- and 92% in the D/A-basis. This indicates strong correlations
in the polarization, as well as in the spatial degree of freedom. These characteristics
of the Sagnac could be exploited by auspicious hyperentanglement protocols, such
as Superdense Teleportation or complete deterministic Bell-state analysis, but still

wait for validation.
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A Appendix

A.1 Effects of accidental coincidences

Accidental coincidences occur when two uncorrelated photons are erroneously
counted as a coincidence. This can happen when one photon of the emitted pair
is detected, but its partner gets lost. When within half of the coincidence time
window (set by the time tagging software) another pair is created, and also only
one photon gets lost, the two "surviving" photons are counted as a real coinci-
dence. As we will see, this can lead to a degradation of entanglement visibil-
ity.

Assuming within the SPDC-process an average rate Ry of photon pairs is emitted.
However, even for perfect alignment, the optical setup and used devices are not

ideal and the rate eventually acquired by the detectors is reduced by various reasons,
such as:

e optical transmission losses,

e losses induced by the finite extinction of the polarizing beam splitter or other
polarizing components,

e reduced detection efficiency of the APDs.

Those effects all sum up to an overall detection efficiency 77, which might differ
for the signal and idler channel. With this considerations, and negligence of dark
counts, we can write the rate of single photon counts by the detector in the signal-
and idler-channel as:
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Rs = Ro1s (A1)

Without taking into account any accidentals yet, the rate of registered coincidences
is then:

Reo0 = Roysninn (A3)

with 77, the heralding efficiency of the source (see section5.4).

For distinguishable photon pairs (i. e. the coherence time of the photons is smaller
than the coincidence window of the detection t.,;, < AT), the photon pairs are
emitted with a Poissonian distribution [46]:

n
Py et (A4)

with p being the average number of produced photon pairs per coincidence window
AT. In this case the number of accidentals can be approximated by

Ruee = RsR;AT (A.5)

and the registered coincidence rate is increased by

Re = Reo + Race (A.6)
To comprehend the impact on our measurement, we will now consider having

prepared a maximally entangled |~ )-state. The visibility of the state is measured
with two polarizers in front of the detectors is
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V = Rc,orthogonal - Rc,purallel

(A7)
Rc,orthogonul + Rc,pamllel

with R¢ orthogonal and Re paraiter being the coincidence counts for orthogonal and par-
allel polarizer constellations. For perfect alignment, the coincidences for parallel
polarizers are only due to accidentals:

Rc,pamllel >~ Race (A8)

and the visibility is approximatelyﬂ

_ Rc - Rucc _ RC,O ~ 1
Re + Raee RC,O + 2Rpec 1+ %

(A.9)

1 Please note that for deriving these formulas, dark counts of the detectors were neglected.
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Figure A.1: Decrease of visibility for a perfectly entangled state with increasing pair-
emission, simulated for unit heralding efficiency (black) and a low heralding efficiency
(red), using a coincidence window of AT = 1 ns. It is apparent, that at low heralding
efficiency a lower pair-rate is sufficient for the visibility to drop under certain limits, as
shown here for the exemplary values of 0.99 and 0.9 respectively.
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A.2 Polarization flip with a cross-faced periscope

The interchange of H- and V-polarized light with the cross-faced periscope is due
to a geometrical effect, which is illustrated in figure For parallel mirrors p-
and s-plane remain the same for both reflections, whereas for cross-faced mirrors s-
and p-plane are interchanged. Within the chosen Cartesian coordinate system, the p-
polarized light corresponds to vertical, and the s-polarized light to horizontal polar-
ization. Considering now ideal mirrors with unit reflection coefficients for both s and
p under a 45°angle of incidence, the cross-faced configuration will thus ultimately

result in an interchange of H- and V-polarization.

(@ (b)

Figure A.2: Illustration of the "polarization-flip" by the periscope for initially s- or
p-polarized light. Figure (a) shows the mirrors with their surfaces parallel to each other.
The plane in which the electric field oscillates is not altered. Figure (b) shows the "flip".
The plane of incidence is rotated about 5 around the z-axis with respect to (a). In this
reference frame the light is purely s-polarized.
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A.3 Alignment interferometer

For explaining the functional principle of the alignment interferometer, we will
use the Jones-formalism with the following definitions for the HWP and linear
polarizations:

(A.10)

HWP(9) = (cos(ZG) sin(20) )

sin(20) —cos(20)

|H>:<(1)> \v>:® \D>:\1@® rA>:f@<_11> (A1)

with 6 being the angle-setting of the fast axis.

In the following we assume perfect spatial overlap of the two propagation direc-
tions of the Sagnac-loop. After the polarizing band pass filter the pump light is H-
polarized and its pass through the loop is affected by the following steps:

1. For an arbitrary HWP-setting a = 26 we get

C(?s(a) sin(a) 1) _ C(?s(a) (A12)

sin(a) —cos(a)) \O sin(a)
2. The optical devices in the loop, including the lenses and phase-plate, will intro-
duce a phase for the H- and V-component we don’t know about, represented

2 (imie) (i)

3. The performance of the PBS together with the periscope is described by a flip

by the operator D:

of the H- and V-component:
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p C(’)s(uc)eli‘i’H _ (A sin(uc)e'iq"/ (A14)
sin(a)e'?v B - cos(a)e'PH
The prefactors A and B account for possibly differing transmission coefficients

for the two propagation directions of the Sagnac-loop.

4. On the way back the same phase for H- and V-component is acquired:

5 <A.Sin((x)ei¢v> _ <A.sin(oc)> i Prtov) (A.15)

B - cos()e'?H B - cos(a)

We see that there is no relative phase shift between the components, so we can
neglect the global phase ¢ = ¢y + ¢y for the further calculations.

5. Arriving at the HWP from the other side now changes the angle of the fast
axis to 0 + rand thus toa + 271 = a:

. A-sin(a)) sin(a)cos(a)(A + B)
HWP() (B : cos(zx)) B ((A -sin*(a) — B - cosz(uc))> (A.16)

For A=B the V-component vanishes for « = £45°, which corresponds to the states

|D) and |A), hence bidirectional pumping. For unidirectional pumping, correspond-

ing toa = 0° (|H)) and a = 90° (|V)), the H-component vanishes and the loop

acts as perfect isolator. Furthermore we can conclude from the result, that different

transmission coefficients for clockwise and counterclockwise pumping, can be com-

pensated by a convenient setting of the HWP-angle.
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A.4 Polarizing Beam Splitter
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Figure A.3: A thin film polarizing beam splitter cube is only working in a small wave-
length range. Above and below a spectral range it is either reflecting or transmitting
both polarizations. Picture taken from [47].

A thin film polarizing beam splitter cube, as used for this thesis, basically consists of
two cemented glass prisms, as can be seen in figure It is based on interference
in a dielectric thin-film layer on the interface between the prisms, and is therefore
only functioning in a small wavelength range. Usually the hypotenuse of one of the
prisms is coated with a film that consists of multiple ~ A/4-layers. Hence it acts
highly reflective under an incidence angle of 90°. However, for light inciding under
the Brewster angleﬂ

0p = arctan(@) , (A.17)

nm
only s-polarized light is reflected and p-polarized light transmitted. It depends
solely on the refractive indices 11, of the two involved materials. Therefore the
components of the beam splitter cube can be chosen such that 6, = 45°, which

makes it very convenient for alignment.

2 The Brewster angle is resulting from the Fresnel equations for reflected and transmitted intensity
of electromagnetic waves upon incidence on a flat surface.
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A.5 Polarization maintaining fibers

core

Figure A.4: Polarization-maintaining PANDA fiber (left) and bow-tie fiber (right).
Introduced stress elements artificially increase the materials birefringence. Picture
taken from [48].

In polarization maintaining fibres the birefringence is artificially increased to about
B = 10~*. The difference of the propagation constants for the two polarizations
is thus enlarged. Hence, the relative phase between them drifts away rather fast,
and regular disturbances throughout the fiber don’t couple both modes anymore.
However, this requires the incoming polarization to be aligned with one of the fiber’s
optical axes. The birefringence can be introduced by replacing the circular cross-
section by an elliptical one, or introduce stress along one axis of the fiber, as is done
in the "Panda-style" PM-fiber or the "Bow-tie"-fiber, as seen in figure The quality
of a PM-fiber is measured with the extinction ratio:

Pmax

min

ER = 10log

(A.18)
Pyax and Py,;, are the intensities of the light after traversing a polarizer with orthog-

onal settings, measured in mW. Ideally extinction ratios of 40 dB or more would be
needed to prevent any cross-talk between the polarizations.
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B Error Analysis

The coincidence rates can be considered to follow a Poissonian distribution. The sta-

tistical uncertainty that inheres to them is therefore given by

AR = \/E (B-l)

For extracting the induced uncertainty in the visibilities conventional error propaga-

tion is used

AV(R,;) = \/ Yl (OR.2 ®2)

With the definition N = ) ; R, ;, the corresponding uncertainty is

1
AV =/ 1-V?) (B.3)
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