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Abstract 

In days where Science Fiction uses the word “Quantum” to justify any weird 
phenomena, we are actually on the edge of the Second Quantum Revolution. The 
ability to harness the potential of the quantum state of single particles leads research 
to make steps towards, amongst others, the creation of the Quantum Internet. To 
complete this project, are needed end nodes, repeaters, and channels that can reliably 
transport a flying qubit without affecting its state. In this work, we present a system 
designed to automatically compensate drifts occurring in one of the most popular 
channels: optical fibres carrying polarisation-encoded photons. 
Based on a feedback loop and a set of piezoelectric actuators influencing the 
birefringence of the propagation material, the system can iteratively reduce the drifts 
in the fibre. From the measurement of the state of polarisation of light at the output 
for a known input, the correction to apply is calculated and average fidelities of 
99.98	% are reached. Such system could simplify future experiments that connect 
multiple nodes by eliminating the need of manual control over the variations in 
polarisation in the fibre.
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MOTIVATION & CONTEXT 

Quantum Technologies and the Second Quantum Revolution 

The discoveries of the principles ruling the world of the very small have been a 
revolution, introducing what is now well known as Quantum Physics. This brought 
many ground-breaking technologies we use today like the transistor, solid-state 
lightning and lasers or the GPS. Few decades later, research has led us to the verge of 
the Second Quantum Revolution, a point where practical applications harnessing the 
properties of single quantum elements, in contrast to bulk effects and get to have an 

appetiser of what Quantum Technologies might have to offer as they slowly 
outgrow the boundaries of the research institutions into the economy and 

politics [1, 2, 3, 4]. Some of the big names being thrown around as the four 
domains of the field [5] are Quantum Computers, Quantum Simulation, 

Quantum Sensing, or Quantum Communications [15, 16]. Quantum 
computers are meant to exploit quantum effects to speed up 

some calculations [6, 7], up to being exponentially faster [8], 
with the most famous example probably being factorisation 

through Shor’s algorithm [9]. The last years have even 
been witness of the first claims for quantum supremacy 

[10], even though this result is subject to debate. 
Quantum simulation builds up a controllable 
quantum system to reproduce another less 
accessible system. Quantum sensing [11, 12] and 
metrology uses the high sensitivity of quantum 
coherent states to reach higher accuracy in 
measurements. Quantum Communications are all 
about the transfer of quantum states from one 
place to another [13] and are the framework and 
main topic of this work. 
The Quantum Internet promises secure 
communications [14], accurate metrology and a 
way to build up distributed quantum computing 

[15], and in the same way “classical” 
communications have changed pretty much every 

aspect of our lifestyle, the applications could surpass 
our current representations. The first seemingly 

unpromising presentation of the, to be, World Wide Web 
in the early 90s at CERN did mislead some, who thought 

it was just a Hypertext-system with little future. As hard it 
was at that time to measure the impact of a technology that 

Figure 1 Conceptual depiction 
of a global quantum network. 
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most people could not picture, it is challenging to predict how quantum technologies 
will affect our lives. Nevertheless, the unusual properties of a Quantum Network are 
sufficient to motivate intense research.  
The Quantum Internet will be made of channels, repeaters and processors [16], the 
whole thing combined with the already existent classical network. A Quantum Channel 
is a physical connection between two points in space which is able to transport so 
called flying qubits (most often single photons). This gives a way for exchange of 
information and distribution of entanglement (spooky action at a distance). The 
repeaters are the intermediate nodes which have to enable the connections of distant 
places, tackling the struggles of working with quantum information which cannot be 
copied and still suffers high losses. With processor we mean the end nodes of the 
network. A fully functional stationary node is able to receive, store, send and process 
quantum information. 
Even if not yet implementable, many functionalities for such networks are already 
described on paper. First of all, these technologies will operate with quantum bits 
(qubits), which work in a drastically different way than the classical information unit 
and are therefore naturally suited to run quantum software. Further than the interest 
of each algorithm in particular, a Quantum Network is attractive by the dimensions of 
its state-space. Considering one has k quantum nodes with n qubits each, connecting 
them with classical channels would offer a space dimension of k2n while quantum 
channels would propel that number to 2kn. These networks are already predicted to 
overcome size-scaling and error correction problems and would be perfectly suited 
for simulation of many body systems. [15] The best know application yet is Quantum 
Key Distribution (QKD) which would ensure the security of communication on the basis 
of the laws of physics. 

Current research in Quantum Networks 

When talking about quantum communications, one refers to the generation and use 
of quantum states to perform protocols not realisable classically. The main options to 
serve as channel for the transport to implement these protocols are using optical 
fibre-based networks or working with Satellites [17] and high-altitude platform stations. 
Academic and even commercial fibre based QKD systems lately reached the order of 
hundreds of km [18] with main limitations the transmission losses, as the information 
cannot be cloned hence no amplification. Using trusted repeaters to create a chain of 
QKD systems [19, 20, 21, 22, 23] brings more complex networks at reach and is a solution 
to bridge over longer distances but its security is limited by the need of trusted 
environments at the junction points. Quantum repeaters [24, 25, 29] would allow to 
overcome this limitation and make the network fully secure by preparing, sharing and 
storing entanglement in memories. The implementation of these is a challenge and 
the study of the various candidates to serve as quantum memories is still an active 
field of research [26], featuring atomic ensembles [27, 28, 29], trapped ions [30, 31, 32], 
nitrogen-vacancy centres [33, 34], quantum dots [35, 36, 37, 38], rare earth ions in solids 
[39, 40] and trapped neutral atoms [41].  
Gerhard Rempe’s group focusses on trapped single rubidium 87Rb atoms in optical 
cavities and has contributed strongly to the advances bringing the possibility of a 
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quantum network closer. The first experiment to demonstrate a quantum memory with 
a single photon [42] in 2011 brought the quantum memory from the ensembles of 
material particles to the realm of single atoms, opening the path for optical quantum 
gates and quantum repeaters. An experimental realisation of a deterministic 
distribution of quantum information by implementing a network with photons and 
atoms (2012) [43] was a proof of concept of a prototype of a quantum network that 
allows for the reversible exchange of single photons, faithful quantum state transfer 
and creation of entanglement between the distant nodes. The quantum control over 
all degrees of freedom of a single atom simultaneously (position, momentum, internal 
state and coupling to light) [44] was achieved in 2013 and represents a step towards 
truly deterministic light-matter interfaces by allowing for higher efficiencies and 
fidelities. This opens the door to the generation of entangled states of several atoms 
within a cavity, or the implementation of cavity-based quantum gates. The 
experimental realisation of a non-destructive photon detection [45] provides a way to 
herald the presence of a qubit without affecting its other degrees of freedom, thus 
allowing for the implementation of new protocols and tackle the problem of 
transmission losses. The demonstration of a two-qubit gate between the spin state of 
a single trapped atom and the polarisation state of an optical photon [46] enabled the 
creation of atomic and photonic cluster states and later realised Schrödinger cat 
states [47]. Later works have led to heralded, highly efficient transfer of a photonic 
polarisation qubit onto a single rubidium atom [48], so improving in efficiency and 
robustness, a photon-photon gate [49] adding a universal quantum logic element to 
the toolkit and a memory with sufficient timescale for considering global scale 
communication [50]. 

Problem statement  

Independent of the platform, scheme or experiment, a connection between nodes 
requires a channel to transport the qubit. As far as there is no agreement on the best 
matter qubit, there is a certain unanimity on the superiority of the photon to do the 
transport: most experiments use the polarisation of photons to encode the 
information to transmit. And even though some would love to send them through free 
space, it is not always a convenient solution when talking of global-scale networks. 
Alike classical communications, many people use optical fibres as channels. 
Optical fibres are great tools but do have some problems in serving as quantum 
channels. And as the field of quantum information processing and quantum networks 
is experiencing a growth in size and complexity of the systems, they become prone to 
an increased number of error sources. One of them is the effect of fibres on the 
polarisation of light, hence on the qubit encoding. Even the things that have been a 
historical achievement yesterday should become routine tomorrow and, in this 
process, systems have to become reliable and convenient to use. For instance, the 
time spent to manually tune all the parameters of an experiment will not always be 
available and the thought effort should be saved to focus on next steps.  
This project focusses on the automatization of the compensation of one of the 
undesired processes: the polarisations drifts in fibres. The refraction index of the 
material not being perfectly uniform and varying with time, due to stress or 
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temperature changes, induces fluctuations in the polarisation of the light sent 
through. Because the information of the qubit is encoded in its polarisation, the whole 
range of possibilities (amplitudes of the two basis components and relative phase) is 
needed. Therefore, one cannot use a polarisation maintaining fibre that protects two 
axes but not the respective phase. One is left with the challenge of finding another 
way to counteract the changes in polarisation.  

Main idea 

Many experiments can be implemented on networks with a small number of nodes, 
or even only two. In order to do such experiments, the goal is to establish a connection 
between two nodes in two laboratories of the Max Planck Institute of Quantum Optics 
that preserves the polarisation of the transmitted light. Two complementary 
approaches can be adopted: passive stability and active stability. The first aims to 
isolate the system of any environmental perturbation that could influence the 
propagation conditions of light. Confronted with the insufficiency of the effort in this 
direction, a real-time monitoring combined with the ability to manipulate the 
propagation medium can lead to better results. The whole project boils down to 
implementing a feedback loop able to compare the polarisation at the input and 
output of the fibre and act on it to minimize the difference. This implies having the 
ability to generate known states of light and couple them to the same fibre through 
which the qubit of the experiment will be sent. Next, there needs to be an element 
with the capacity of accurate identification of the polarisation state of incoming light. 
This element will then send the results of the measurements to a processing centre 
responsible of analysis and calculation of the appropriate adaptation. The latter will 

Figure 2 Bloc diagram of the concept of the polarisation compensation system. 
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be performed by an actuator built into the fibre, able to controllably alter the 
propagation conditions to affect the polarisation.  
 
Such a system has already been used in the group for the connected experiments 
between two laboratories. It is described in the bachelor’s thesis of Tobias Nadolny 
[51] and is the basis of this work. 
 
At continuation, a reminder of some theoretical concepts will be brought in Section 
THEORY FUNDAMENTALS. This lays the basis of the physical concepts relevant to this 
work. A detailed description of the different elements of the setup and their 
functionality is found in section 
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EXPERIMENTAL SETUP, providing the framework for the understanding of the obtained 
results of section Error! Reference source not found..  As much is still to be done, 
section PERSPECTIVES gives an insight in the possible uses and optimisation options 
of the setup and so complete the image of what could be accomplished.
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THEORY FUNDAMENTALS 

The Qubit 

The qubit is to the quantum world what the bit is to the familiar classical world. It is 
also the unit of information storage but stands out by its particular properties. First, 
it is not restricted to be either a 0 or a 1: it can be a superposition of both. Adopting 
the Dirac formulation [52], it can most easily be written as:  

|ψ⟩ = α|0⟩ + β|1⟩,       α, β∈ℂ. 
The second characteristic making them “quantum” is the possible entanglement with 
other qubits. This leads to stronger than classical correlations and coordination, in a 
connection that cannot be shared [16]. These two properties are fundamentally 
different from what we are used to from the classical laws of physics and which can 
be used for new applications. 
 
When working with flying qubits, qubits which are not kept in one point in space but 
are meant to be transported from one place to another, the most common thing is to 
use photons. There are many different ways to encode a qubit on a photon. The first 
that might come to mind is the occupation number: given a single mode of light the 
presence or absence of a photon in this mode defines a |0⟩ and a |1⟩. This encoding 
is the basis for some important work [25] but is not very suited for long distance 
communication because not very robust, as losses in the propagation medium are 
equivalent to a change in the transmitted information.  
An alternative is working “dual rail”, i.e. relying on a pair of orthogonal modes of light 
and encoding the information by sending the qubit in one mode or the other (or any 
superposition of these). Having two modes A and B, one can describe the presence of 
one photon in mode A as |1⟩𝐴 and its absence as |0⟩𝐴, same thing for mode B. With 
this, the two orthogonal states used as basis for the encoding can be defined as:  

{|0⟩ =  |1⟩𝐴|0⟩𝐵
|1⟩ =  |0⟩𝐴|1⟩𝐵

 

The two used modes can be two temporal modes [53], two polarisation states, or the 
angular momentum quantum number [54].  
Going a bit further, alike the original quantum teleportation [55] protocol that was built 
upon to go from discrete variables to continuous variables [56], a qubit can also be 
defined based on continuous variables like amplitude and phase of a beam. This has 
been used for instance to create cat states, a superposition of coherent states with 
opposite phase [47]. 
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The polarisation qubit 
As many have done before, we are using polarisation 
encoded photons as platform for carrying our qubit. In 
this work,  |0⟩ and |1⟩ will not be used extensively but 
rather the three most frequently used pairs of 
orthogonal polarisation states called vertical and 
horizontal (|H⟩ and |V⟩), diagonal and antidiagonal 
(|D⟩ =  |H⟩ +  |V⟩ and |A⟩ =  |H⟩ −  |V⟩) and right and 
left circular (|R⟩ =  |H⟩ + i|V⟩ and |L⟩ =  |H⟩ − i|V⟩).  
For visualisation purposes, the state of a photon is 
often pictured on the Bloch or Poincare sphere, as 
shown in Figure 3. In this representation, orthogonal 
states of the physical space are aligned on one axis, 
and it makes possible to display the proportion of 
each component of the superposition and the relative 
phase all at once. The state of polarisation (SOP) of any 
qubit can then either be described as  |ψ ⟩ = cos θ

2  |H⟩+ 
eiϕ sin θ

2  |V⟩ (green representation) or using the azimuth and 
ellipticity (blue). The first is direct from the formulation of an 
electric field 𝐸⃗+(𝑧, 𝑡) = 𝐸0[cos 𝜃

2 𝚤 ̂ + sin 𝜃
2 𝑒𝑖𝜙𝚥]̂𝑒𝑖(𝑘𝑧−𝜔𝑡) when 

omitting the amplitude and the global phase (where 𝚤 ̂and 𝚥 ̂are the unitary vectors in 
the x and y direction respectively).  
Handy when not comfortable thinking with angles are the projections on the three 
axes of the sphere, also called Stokes parameters. As derived in detail in Annex 1, they 
are obtained as:  

𝑆⃗ = (

𝑆0
𝑆1
𝑆2
𝑆3

) = (
1

cos 𝜃
sin 𝜃 cos 𝜙
sin 𝜃 sin 𝜙

) = (
1

cos 2𝛽 cos 2𝛼
cos 2𝛽 sin 2𝛼

sin 2𝛽
) 

To become more familiarised with this representation, the effect on the Bloch sphere 
of the two frequently used waveplates [57] or a variable stress on the fibre are 
represented in Annex 2. 
Considering that our system has no polarisation dependent losses (all losses are 
distributed equally amongst all polarisation components), after renormalisation to 
the new amplitude, the only effects that can be observed are rotations on the Bloch 
sphere: these are the ones we will try to compensate. 

Cavity QED 

 
As interesting as the compensation of polarisation drifts in a fibre might be on its own, 
it gains particular interest when in the context of quantum communication protocols. 
The QIP division of Gerhard Rempe’s group works on such experiments based on single 
atoms of 87Rb trapped in an optical cavity. The following theory is not necessary to 
evaluate the direct results of the project but might be helpful to understand the 

Figure 3 Representation of the Bloch 
sphere with two possible labellings of 
a qubit. 



 13 
TFG | Automatic compensation of polarisation drifts in an optical fibre 

experimental context in which the system is embedded. Simplifying the problem, we 
will focus on the example of a 2-level atom interacting with light. 
 
In the goal of observing deterministic atom-photon interaction, one wants to achieve 
that the absorption cross-section of the atom is much bigger than the area of the 
beam:  

𝜎𝑎𝑏𝑠 ≫ 𝐴. 
With 𝐴 the area given by: 𝐴 = 𝜋𝑤0

2/4 (𝑤0 is the beam waist) and the cross section 
𝜎𝑎𝑏𝑠 = 3𝜆2/2𝜋 for a given optical wavelength 𝜆. This condition is out of reach in free 
space, even when using tightly focussed Gaussian beams [58] and that is where a cavity 
helps. Considering a Fabry-Perot cavity made of two mirrors of reflectivities 𝑅1, 𝑅2, the 
absorption is effectively increased by the bouncing back and forth of the photon. For 

a cavity of finesse ℱ = 𝜋(𝑅1𝑅2)
1
4

1−#𝑅1𝑅2
 , the photon will bounce ℱ/𝜋 times and therefore the 

condition can be updated to: [59] 
3𝜆2

2𝜋
⋅ ℱ
𝜋

≫
𝜋𝑤0

2

4
. 

More often it is however written as: 

𝐶 =
𝑔2

2𝜅𝛾
≫ 1 

which is equivalent after having defined the cavity field decay rate: 𝜅 = 𝜋𝑐
2𝐿ℱ, the 

polarization decay rate of the atom: 𝛾 = 𝜇𝑐𝑒
2 𝜔3

6𝜋𝜖0ℏ𝑐3 and the atom-cavity coupling constant: 

𝑔 = 𝜇𝑐𝑒𝐸
ℏ = √

𝜇𝑐𝑒2 𝜔
2𝜖0ℏ𝑉 𝑢(𝑥⃗). This condition comes closer to being fulfilled experimentally as 

the cavity-atom parameter in the labs is about 𝐶 = 3 for node A and higher for node 
B.  
 
 
To understand the interaction mechanisms a little further, the next step is the Jaynes-
Cummings model. This model assumes a single emitter with 3 energy levels inside a 
cavity which has a unique optical mode of frequency 𝜔𝑐 . The cavity is set such that its 
frequency is close to the transition frequency 𝜔𝑎 between two of the atomic levels 
[Figure 4]. The levels are labelled |𝑐⟩ for the coupled ground state, |𝑒⟩ the excited state 
and |𝑢⟩ a far detuned uncoupled state. 
 
In the dipole approximation, the Hamiltonian of the interaction is given by: 

ℋ𝐼 ∼ (𝜎𝑐𝑒
† + 𝜎𝑐𝑒)(𝑎† + 𝑎)  =  (𝜎𝑐𝑒

† 𝑎† + 𝜎𝑐𝑒
† 𝑎 + 𝜎𝑐𝑒𝑎† + 𝜎𝑐𝑒𝑎). 

Where 𝜎𝑐𝑒 = |𝑐⟩⟨𝑒| and 𝜎𝑐𝑒
† = |𝑒⟩⟨𝑐|  are the atomic lowering and raising operators 

respectively and 𝑎† and 𝑎  are the creation and annihilation operators. 
The four terms describe four processes. The second and third are intuitive: the 
excitement of the atom and annihilation of a photon (absorption) or the relaxation 
and creation of a photon (emission). The two other terms, creation of a photon 
simultaneous to the excitement of the atom of relaxation with annihilation, are off 
resonant with fast time dependence [59] and can be neglected in the rotating wave 
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approximation as long as 𝑔 ≪ (𝜔𝑎, 𝜔𝑐). Choosing the state |𝑐, 𝑛 = 0⟩ as energy 
reference, we obtain the Jaynes-Cummings Hamiltonian:  

ℋ𝐽𝐶 = ℏ𝜔𝑎𝜎𝑐𝑒
† 𝜎𝑐𝑒 + ℏ𝜔𝑐𝑎†𝑎 + ℏ𝑔(𝜎𝑐𝑒

† 𝑎 + 𝜎𝑐𝑒𝑎†). 
The first term describes the state of the atom, the second gives information about the 
cavity and the number of photons and the third is the previously described interaction. 
The diagonalisation leads to the energy eigenstates: 

𝐸0 =  0, 𝐸𝑁,±  = 𝑁ℏ𝜔𝑐 + ℏ
Δ𝑎𝑐

2
± ℏ

2 √Ω𝑁
2 + Δ𝑎𝑐

2 . 
With 𝑁 being the number of excitation quanta in the system, the detuning Δ𝑎𝑐 = 𝜔𝑎 −
 𝜔𝑐 and Ω𝑁 = 2𝑔√𝑁 the corresponding Rabi frequency. 
On resonance , this model describes the splitting 𝐸𝑁,+ − 𝐸𝑁,− = 2𝑔ℏ√𝑁 and gives the 
eigenstates |𝑁, ±⟩ = 1

√2
(|𝑒, 𝑁 − 1⟩ ± |𝑐, 𝑁⟩). If the system is initialised in the state 

|𝑒, 𝑁 − 1⟩, the probability of the atom being excited follows: 𝑃|𝑒⟩(𝑡) = cos2 Ω𝑁𝑡/2 : this 
is the so called Rabi oscillation. 
 

Figure 4 (A) Illustration of the studied physical system in the Jaynes Cummings 
model (B) Level diagram with the energy levels of the atom ant the different 
transitions. 
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EXPERIMENTAL SETUP 

To be able to compensate the drifts happening in a fibre, one needs to send a well-
known signal, i.e. light with a well-known polarisation, measure it accurately and have 
a way to apply a feedback. As depicted in Figure 2, the polarisation compensation 
system is made of four main components built around the fibre to compensate: a part 
to generate the light that will probe the fibre, a setup able to measure the change in 
polarisation, a processing unit and the acting element. The first two are optical setups, 
the generation and detection setups, and the other two are integrated commercial 
products. This section will give a detailed description of each of the element and 
introduce how to use the complete system. 

Description of the optical setups 

Generation of the reference polarisations 
The goal being to ensure that any light sent through the fibre maintains it polarisation, 
one can visualise this as fixing the Bloch sphere in space, banning any rotation. To do 
so, it is enough to ensure that two non-colinear Stokes vectors remain unchanged, 
anchoring two rotations axes.  
Having this in mind, the generation setup only needs the ability to produce light in 
two states of polarisation. Our setup uses a CW light source which is splitted in two 
paths. A polariser combined with two waveplates allows for the definition of any 
desired polarisation state and a shutter system makes possible to select the wanted 
polarisation. In practice and for technical reasons (limited space and accessibility), 
this setup has been divided in two parts.  

Figure 5 Schematic representation 
of the first half of the polarisation 
generation optical setup (legend in 
the next figure). 
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The first half ensures the selection of the light path coupled to the qubit fibre, the 
one than is meant to be compensated in polarisation. It starts with a beam splitter to 
separate two paths. Instead of using a non-polarising beam splitter (NPBS) which 
would ideally split the light 50-50, we chose to use a polarising beam splitter (PBS) 
preceded by a waveplate, allowing for control of the proportion of the power sent 
through each arm. Next comes an acousto-optical modulator (AOM) acting as a 
shutter. When supplied a microwave input (80 MHz for one, 120 for the other) it 
produces higher order beams that are deviated a few degrees from the original path. 
An iris selects the desired beam (1st order in our case) and blocks the original one. 
These have been chosen over typical mechanical shutters as they can reach sensibly 
higher rates, but one has to get familiar with the optimal settings for maximum 
transmission and the effect of the warming up on the output polarisation and beam 
position. Finally, the light is coupled to a polarisation maintaining (PM) fibre with the 
help of a waveplate. This first part of the system is placed on the laser table, the table 
where all the light preparation happens to then be sent to the experimental table, or 
cavity table, of the first lab (see Annex 4 for pictures). The microwave signal is provided 
by the direct digital synthesiser (DDS) AD9959/PCB from Analog Devices, an Evaluation 
board for 4-channel 500MSPS DDS with 10-Bits DACs. After setting it up with full control 
over the parameters, it is set to manual control where it only receives a TTL signal to 
control whether to turn on or off the two channels used. 
To probe the qubit fibre, it is necessary to avoid any varying birefringence external to 
the fibre, so the second half has to have free-space access to the path connecting the 
cavity to the fibre, hence be on the cavity table. 
Once out of the fibre couplers, each path is made 
up of a polariser to clean the linear state 
combined with l/2 and l/4 waveplates. One path 
is set to produce the equivalent of a H 
polarisation and the other one is set to R (further 
details on how the polarisations are set to match 
the eigenaxes of the cavities are found in section 
“Practical implementation”. 

Figure 6 Schematic representation of 
the second half of the polarisation 
generation optical setup. 

Figure 7 Legend of the different elements used in the setups schematics. 
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Detection 
One could simply use a polarimeter as detection element like it is done in the previous 
compensation system, however this approach reveals to have some disadvantages. 
Omitting the cost of such a device, it is unable to measure short pulses (See Annex 5 
for the shape of polarimeter measurements of 5 second pulses) and requires a 
computer to control it if one does not want to dive deep in the operation 
programming. The whole system being constructed to work with two specific 
polarisations, so is the detection setup.  
A flip-mirror deviates the light going to the detection setup of the experiments towards 
the setup used for the compensation of the polarisation. First, a NPBS splits the light 
again to be able to project on the two bases simultaneously. The waveplates turn the 
polarisation in such a way that the PBS (playing the role of a polariser) only transmits 
the light in the desired element of the base. The resulting light is then measured by a 
photodiode and collected by a USB oscilloscope, the picoscope series 5000. To have 
the full projection information of the state of polarisation, one would need two 
photodiodes for each PBS, thus measuring the transmitted and reflected light. This 
gives the projected component on the two measurement states and so information of 
the total power, making it easy to evaluate the fidelity with the original SOP. To reduce 
the cost, the occupied space and allow for a faster processing we decided to only 
measure the transmitted light, losing part of the information but collecting enough 
data for the compensation. More to the way the error function is defined is described 
below in [Error functions]. One arm is set to only transmit light in vertical polarisation. 
Therefore having, ideally, zero signal on that detector would testify that the incoming 
light is perfectly horizontally polarised. The second arm is set to transmit left circular 
light to be able to recognise the right circular generated in the other lab. The detection 
setup is built to measure the projection in the orthogonal polarisation states of those 
produced at the other end of the fibre because it is experimentally more convenient 
and accurate to identify a minimum than a maximum.  
 

Figure 8 Schematic 
representation of the 
elements of the detection 
breadboard: on the left the 
polarisation detection setup, 
on the right in the grey box 
the SPCM based 
experimental detection 
setup. The polarimeter used 
for the characterisation is 
displayed next to the beam 
after the flip mirror, with the 
position when in used 
marked in a dashed shape 
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Integrated elements  

The most important element is however not to be found amongst the optics on the 
optical table: it is the polarisation controller PCD-M02 board from general photonics. 
This miniature multi-channel piezoelectric actuator driver card with integrated 
PolaRITETM III polarisation controller is a precision, low noise, low drift, multiple 
channel driver combined with the 4 corresponding piezoelectric actuators. It can be 
used for polarisation control, polarisation scrambling, polarisation mode dispersion 
compensation or polarisation dependent loss measurement [60, 61]. In our case, it is 
implemented to perform the first by controllably operating rotations on the Bloch 
sphere with different axes in order to make the SOPs match. It is controlled via a 17-
bit parallel TTL digital signal, encoding the information for the control of each channel 
individually in 2 addressing bits, for electing one of the 4 channels, and 12 data bits, 

Figure 9  

Measurement of the 
effect of the 
piezoelectric actuators 
on the polarisation of 
the transmitted light 
for the two probe SOPs:  

(A) measured on the 
photodiodes as the 
result of the projection 
on the two detection 
bases  

(B) measured on the 
polarimeter and 
represented on the 
Bloch sphere. 
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giving a range of 212 = 4096 positions for the piezos. As can be seen in Figure 9 A, this 
range is sufficient to produce four full oscillations, which means four complete 
rotations, and there is however a small range of values for which the actuators are no 
longer responsive and that should not be reached during the optimisation process. 
Each colour on the sphere in plot B is the effect of one piezoelectric actuator. Each 
time there are two parallel circles, corresponding to the two test SOPs, made of points 
rotating around the same axis. The projection of this behaviour on the basis vectors 
gives the oscillating pattern depicted in A. 
 
All the elements are coordinated by a Rasberry Pi 4 B, the processing centre of our 
system that runs the subsequently described optimisation algorithm. As inputs to the 
Pi, a USB connection ensures the transmission of the collected data by the picoscope. 
For the successful completion of the compensation, the GPIO output pins are used to 
produce the adequate TTL signals for activation or deactivation of the RF signal that 
drives the AOMs, and to drive the PCD-M02. Finally, a connection to the network via 
ethernet enables remote control for launching the optimisation or convenient code 
upload.  

Figure 10 Schematic representation of the protection box for the elements not mounted on the breadboard. On 
the top left, the optical circulator, bellow on the left the Raspberry Pi and on the right the PCD-M02 polarisation 
controller. Light comes in from node A in the first lab (input fibre furthest on the right), then goes through the 
PCD-M02 and to the circulator. From there it goes out of the port marked “CavX” and exits the box through the 
fibre going to the node B, the cavity of the second lab (fibre most to the left). After bouncing off the cavity it enters 
through the same fibre, back in the circulator and is outputted from the port “Det” into the fibre leading to the 
detection setup. 
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Processing 

Error functions 
To understand the why of our error function, we will start looking at the case of full 
state information (using a polarimeter for instance). Known are then the 2 full 
normalized Stokes vectors 𝑣1⃗, v⃗2 which will be compared to the 2 reference vectors 
𝑆1⃗, S⃗2. First of all, a good criterium for comparing how much similitude or discrepancy 
two states have is the fidelity: 

𝐹 = ‖𝑇𝑟 {√𝜌
1
2𝜎𝜌

1
2}‖

2

. 

For 2 pure states, this definition simplifies to the projection of one on the other: 𝐹 =

‖⟨𝜓|𝜙⟩‖2	. When working in the Stokes space, the fidelity is given by 𝐹(�⃗�1, S⃗1) = 1 + 𝑣1⃗ ⋅ S⃗1
2  

(derivation in Annex 1) and it tells how well the two polarisation states coincide. As an 
ideal error function is monotone and bounded between 0 in the best case and some 
positive integer in the worst case, a function that fulfills this condition is:  

𝑒𝑟𝑟(�⃗�1 , 𝑣2⃗) = 1
2

−
�⃗�1 ⋅  S⃗1 + 𝑣2⃗ ⋅  S⃗2

2
≤ 𝑑. 

To understand what this error function states about the resulting fidelities, 2 cases 
are interesting.  First, if the whole error is concentrated in one term:  

𝑣1⃗ ⋅  S⃗1 = 1 ⇔  𝑒𝑟𝑟(�⃗�1 , 𝑣2⃗) = 1
2

−
�⃗�2 ⋅  S⃗2

2
≤ 𝑑 

⇔ 𝑣2⃗ ⋅  S⃗2 ≥ 1 − 2𝑑 

⇔ 𝐹(𝑣2⃗ , S⃗2) = 1 + 1 − 2𝑑
2

= 1 − 𝑑. 
On the other hand, if the error is shared equally by both components: 

�⃗�1 ⋅  S⃗1 = 𝑣2⃗ ⋅  S⃗2 ⇔  𝑒𝑟𝑟(𝑣1, 𝑣2) = 1 − 2
𝑣2⃗ ⋅  S⃗2

2
≤ 𝑑 

⇔ 𝑣2⃗ ⋅  S⃗2 ≥ 1 − 𝑑 

⇔ 𝐹(�⃗�2 ⋅  S⃗2) = 1 + 1 − 𝑑
2

= 1 − 𝑑
2

. 
 
Such a situation gives as much freedom as there is, as the two reference polarisation 
states can be chosen arbitrarily and at any moment, as long as they are not colinear, 
but requires a polarimeter or other devices able to perform a full state detection. If 
one does not need such range of possibilities, a similar result can be obtained 
knowing only the projection in 2 bases. For fixed references 𝑆1⃗, S⃗2 also defined by the 
quantum states |𝜙1⟩, |𝜙2⟩ respectively, knowing the projections 
‖⟨𝜓1|𝜙1⟩‖2 , ‖⟨𝜓2|𝜙2⟩‖2 is enough to compute the error (where |𝜓𝑖⟩ is the state at 
the output of the fibre when probed with |𝜙𝑖⟩).  
As the measurements of each photodiode are not normalized, the measurement of 
the reflected beam is used to obtain a total intensity and do the normalisation. Doing 
so is defined: 
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‖⟨𝜓i|𝜙i⟩‖
2 =

𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑

𝑉𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 + 𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑
. 

To work with extinctions, we will however prefer to use: 

‖⟨𝜓i|𝜙⊥i⟩‖
2 =

𝑉𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑

𝑉𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 + 𝑉𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑
. 

Hence the error function simply would be: 
𝑒𝑟𝑟(𝑣1⃗, �⃗�2) = 2 − 𝐹(𝑣1⃗, S⃗1) −  𝐹(𝑣2⃗, S⃗2) = 2 − (1 − 𝐹(𝑣1⃗, S⃗⊥1)) − (1 −  𝐹(�⃗�2, S⃗⊥2))

= ‖⟨𝜓|𝜙⊥1⟩‖2 + ‖⟨𝜓|𝜙⊥2⟩‖2. 
 
For every incoming SOP, such a system only uses two of the photodiodes to extract 
information: the ones set to measure in the basis corresponding to the polarisation 
with which the fibre is probed. In the aim of further simplification of the physical 
setup, two of the four photodiodes can be spared if using the projection in the “wrong” 
basis as normalisation. Instead of having a photodiode collecting the reflected light 
from the PBS with sole objective to normalise the transmission measurement, one 
can make use of the transmission photodiode of the second arm. Taking two 
orthogonal bases on the Bloch sphere (like H/V and R/L), the projection of an element 
of the one on the second results in half the intensity of the field:  

‖⟨R|V⟩‖2 = ‖ 1
√2

(⟨H| − 𝑖⟨𝑉|) |𝑉⟩‖
2

= 0.5 

This means that for light whose polarisation is not too far from the desired state the 
second transmission photodiode outputs half of what would be obtained using both 
transmission and reflection, hence one has:  

𝑉𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑,1

𝑉𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑,2
≈

𝑉𝑡,1

1
2 (𝑉𝑡,1 + 𝑉𝑟,1)

= 2‖⟨𝜓1|𝜙⊥1⟩‖2. 

Based on this, we worked with the function: 

𝑒𝑟𝑟 = 1
2

(
𝑉t,1

𝑉t,2
|

𝑟𝑒𝑓1

+
𝑉t,2

𝑉t,1
|

𝑟𝑒𝑓2

) = 1
2

( 
|⟨𝜓𝑜𝑢𝑡|𝑉⟩|2

|⟨𝜓𝑜𝑢𝑡|𝐿⟩|2 |
|𝜙1⟩ =|𝐻⟩

 +  
|⟨𝜓𝑜𝑢𝑡|𝐿⟩|2

|⟨𝜓𝑜𝑢𝑡|𝑉⟩|2|
|𝜙2⟩ =|𝑅⟩

). 

 
Simplifying the setup in such a way nevertheless leads to a function with a few 
disadvantages. Derived from the fact there is no proper normalisation, the values that 
can be obtained are no longer bound: the value obtained from the normalisation 
photodiode can hypothetically become arbitrarily small, bringing the error function to 
diverge. Besides, there is a relatively small sensitivity as the variation at the minimum 
is quadratic while the other is linear.  

Nelder Mead algorithm  
With the defined error function, the implementation of the Nelder-Mead algorithm 
makes it possible to find the lowest point. Having four piezoelectric actuator values 
as input of our function, we obtain a four-dimensional surface. The algorithm selects 
5 non-collinear points out of it, estimates the error of each of them and substitutes 
one to reduce the size of the selected region of the hypersurface if there is a minimum 
within or increasing it in the other case. The detailed steps follow: 62 
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Given a n-dimensional function 𝑓: ℝn ⟼  ℝ, 
a simplex (object with n+1 vertices x1,	x2, …,	xn+1), of centroid  x ̅= 1

n  ∑ xi
n
i=1  and a set of 

4 adjustable parameters (α, β, γ, δ) 
1. Sort: Evaluate the function at the vertices and sort them s.t. 

f(x1) ≤ f(x2) ≤ … ≤ f(xn+1) 
2. Reflection: Compute the reflection point: xr = x ̅+ α ( x ̅– xn+1 ) 

Evaluate fr = f ( xr ). If f1 ≤ fr ≤ fn replace xn+1 with xr 
3. Expansion: if  fr ≤ f1 compute the expansion point xe = x ̅+ β ( xr - x ̅) 

Evaluate fe = f ( xe ). If  fe < fr replace xn+1 with xe, otherwise replace xn+1 with xr 
4. Outside Contraction: if fn+1≤fr ≤ fn+1 then compute the outside contraction point 

xoc = x ̅+ γ ( xr - x ̅) 

Evaluate foc = f ( xoc ). If  foc < fr replace xn+1 with xoc, otherwise jump to step 6 
5. Inside Contraction: if fr ≥ fn+1 then compute inside contraction point xic = x ̅– γ ( 

xr – x ̅) 
Evaluate fic = f ( xic ). If  fic ≤ fn+1 replace xn+1 with xic 

6. Shrink: For 2 ≤ i ≤ n+1, define xi = x1 + δ ( xi – x1 ) 
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Practical implementation 

The system can be operated using the graphical user interface, or directly from the 
python scripts. The first one, more pleasant to use, allows for running the optimisation 
with controlled settings like the number of steps and the initial guess to start from, 
do an exploration around the optimal point to check whether it is really a minimum, 
and plot those [see Annex 6 for the internal structure of the GUI]. It also gives the 
possibility to launch a long-time measurement monitored by the two photodiodes, or 
to control the different elements individually: turn the light source channels on and 
off, set the piezo controller to a desired setting, or measure specific values. Further 
tests, mostly useful in the characterisation process of the system, can be run from the 
python scripts. Those include a periodic pattern of optimisations and a threshold-
activated active compensation. The first is a set of optimisations programmed to 
happen with a regular delay in between, during which the two reference SOPs are 
pulsed to be measured by another setup or device. The autonomous active 
compensation regularly measures the error value and only runs the compensation if 

Figure 11 Screenshots of the graphical user interface developed to easily launch orders to the system. 
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the error exceeds a certain threshold, always having the pulsed behaviour in the 
waiting times for monitoring. The typical output of a compensation process is shown 
in Figure 12. The first plot (A) displays the output of the optimisation itself, giving the 
value of the error function (in red) at the end of each step of the algorithm and the 
two partial errors (blue and green) of which the error is made. The second part (B) is 
the result of a test performed to verify the reached minimum, again displaying the 
error and the two components. It consists of an exploration around the point of 
interest, setting the piezoelectric actuators to their optimal configuration just obtained 
in the optimisation and then, one channel after the other (therefore 4 subplots), 
changing the applied voltage step by step for a certain amount of points (400 in each 
direction in this particular case) and recording the error. This produces four subplots 
with curves having a minimum centred. This test should be taken as a qualitative 
verification of the correct functioning of the system and not directly as a quantitative 
characterisation solution, as there is a time dependence that is not taken into account 
by going through one channel after the other, and the piezoelectric actuators can have 
a certain hysteresis, so going in one direction and afterwards the other might not be 
a truly faithful representation of what happens when changing the settings. The final 
value of the optimisation has also been added, marked as a three-spiked star. The 
peak sometimes observable in the middle of the plot where one would hope for a 
smooth minimum is due to a shift of the position of the minimum during the process 
of probing the other configurations. The abrupt jump is the result of how it has been 
programmed, i.e. starting in the centre of the future plot, then going in one direction, 
going back to the centre and going in the other. 
 

A certain amount of technical details is proper to the experimental implementation 
of the setup, the most important is however the protocol to put the definitions of the 
different bases in agreement. It has to be guaranteed that the detection setup after 

Figure 12 Typical output of an optimisation process (A) the evaluated error function for each iteration (B) an 
exploration of the error function for all four channels around the optimal point. 
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node B measures the exact same thing as the cavity would experience, and that what 
is generated in the generation setup faithfully reproduces the light that would be 
emitted from the cavity at node A. Two protocols are described at continuation, to 
choose according to the resolution of the diodes and light powers that can be 
generated. 
The first option is slightly simpler [schematics in Figure 13]. The first step happens at 
node A with the goal to make sure that the two reference SOPs used for the 
compensation (in our case |𝐻⟩ and |𝑅⟩ ) are well known and agree with the definitions 
of the cavity. This can be done by measuring both sources with the same device at the 
same point and adjusting the waveplates of the generation setup so that the 
measurements match. One possibility is using a polariser, placed on the light path 
before the qubit fibre, and measuring the transmitted light (circled 1 on the figure). 
Starting with emission from the cavity for the first reference polarisation, minimising 
the transmission gives the axis of polarisation. Without touching the polariser and 
switching the light to the one produced by the generation setup, the configuration of 
the waveplates there can be changed to have the smallest possible transmission. 
Doing so, at this point and consequently in the fibre, the light from the generation 
setup has the same SOP than if it was emitted by the cavity. After this process has 
been repeated for the second reference, the generation setup is ready. 
The second step happens at node B. There, the objective is to set the detection setup 
in such a way that the two polarisations which will be minimised correspond to the 
|𝐻⟩ and |𝑅⟩ of the second cavity. If the power obtained from the cavity is sufficient to 
have the desired resolution, the direct measurement of it using the photodiodes 
allows to rotate the waveplates to a position where the output voltage of the 
respective photodiodes is as small as possible.  
At this point, the light from the generation setup mimics the light emitted from node 
A, and the detection setup measures what impinges on node B. The last step is to 
bring these two sets of definitions in agreement. The effect of the qubit fibre at that 
point is not known, but it is an equivalent situation to having had a strong drift, so it 
can be solved running an optimisation. Afterwards, the light generated at node A (and 
equivalent to cavity photons) produces a minimum error at node B, so it is as if the 
fibre only performed the identity on the qubit. Doing so, after the compensation, it is 
guaranteed that if the first cavity emits |𝐻⟩, the second receives |𝐻⟩, same thing with 
|𝑅⟩ or any other polarisation state, within the accuracy of the optimisation setup. 
 
The alternative protocol assumes that the photodiodes are not sensitive enough to 
accurately detect the light incoming from the cavity at node B, and this adds up a few 
steps [see Annex 3 for the equivalent of Figure 13 for the second protocol]. In this case, 
one solution is to use the generation setup to tune the detection waveplates, but it 
first has to match the cavity of node B. Similar to step 1 of the first protocol, a polariser 
and power meter are used, placing them just before or after the flip-mirror in the 
detection setup. In that way, the generation setup can be (as a provisory step) set to 
coincide with cavity B. After flipping the mirror up again so that the light is reflected 
towards the photodiodes, the two reference paths are used to tune the waveplates in 
the detection setup. The next step is step 1 of the first protocol, now changing the 
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generation settings to the definitive ones, mimicking cavity A. Finally, like the first 
protocol, an optimisation run compensates the action of the qubit fibre. 

Figure 13 Overview of the arrangement of the two laboratories and the special 
distribution of the elements of the system on the different tables with 
visualisation of the steps to take to setup the definitions of the reference bases. 
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RESULTS  

Quality factors 

The value of the automatic polarisation compensation system lies in direct 
relationship to how much it simplifies the realisation of experiments. The first 
criterium is naturally how close the resulting polarisation is to the original reference. 
This will be the judge on whether the system can be implemented at all and is 
measured by the fidelity of the two states. The second relevant feature is how often 
the optimisation process has to be run, as it has direct effect on the duty cycle of the 
experiment.  
The methods leading to the stated numerical values of the fidelity are presented in 
Annex 4. 

Results of the final build 

The system has proven to work and 
decrease the difference between 
the input and output polarisations 
of the fibre by minimising the error 
function. Starting from a random 
state, it reduces the evaluated 
error function to 1.7 ⋅ 10'( (1.1 ⋅
10'() [Figure 14] for an input power 
in the detection setup between 30 
µW and 40 µW. The compensation 
time is, in most cases, less than 6 
seconds. The real fidelity was not 
evaluated because the whole 
protocol could not yet be 
implemented due to the 
unavailability of node B at that 
point in time. The reported fidelity 
has for reference one result of a 
compensation, arbitrarily chosen. 
The obtained error value leads to 
an average fidelity between the 
polarisation state immediately 
after the optimisations and the 

Figure 14 Statistics on the value of the error function at each 
iteration of the optimisation process with the averaged value 
over 162 optimisations (red), the standard deviation around it 
(blue) and the bound set by the maximum and minimum error 
value at each step (dark red). 
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reference of 99.98% (0.020%) for one probe light and 99.98% (0.024%) for the other 
(the value in parenthesis is the standard deviation).  
Figure 14 shows the behaviour of an optimisation process, starting at error values of 
the order of 1 for some random initial state and then decreasing towards the final 
value. The number of iterations is limited by the number of evaluations of the error 
function, set to 200 (there can be several evaluations for each iteration, see the section 
about the Nelder Mead algorithm for details) and is large enough to observe a 
stabilisation of the error over the last 20 iterations. Increasing the number of allowed 
steps confirmed this fact and did not lead to further decrease of the error. 
The remaining error is mainly a matter of extinction ratio in the detection setup. First, 
the signal to noise ratio (SNR) of the photodiodes sets a limit to the reachable values. 
Assuming the use of the full range of the photodiodes, 5 V, with the specified [63] RMS 
noise of 800 · 10-6 V ad 60 dB, the SNR would be of 8250. In a more accurate picture, 
for a photodiode gain of 60 dB corresponding to a factor 0.75 · 106 V/A (on a 50 Ω 
termination) and an input power of 35µW, assuming the specified values of 
responsivity (0,45 A/W), the signal obtained for the normalisation (from half the 
power) is of:  

𝑉 = 0.5 · 𝑅𝑒𝑠𝑝 · 𝑃 · 𝐺 = 0.5 · 0.45 ⋅ 35 ⋅ 10−6

2
⋅ 0.75 ⋅ 106 = 2.95 𝑉. 

For the stated RMS noise, the resulting SNR is of roughly 4000, setting a lower bound 
to the error value of 2.5 · 10-4. The photodiodes also have an offset, i.e. an output 
voltage when no light hits the sensor. This has not been properly characterised and 
seems not to be constant, but the few measurements performed would place it in the 
order of several mV, which is consistent with the specifications of typical values of ±5 
mV, maximum ±10 mV). That would limit the extinction ratio to an order of magnitude 
of 1 to 1000, maintaining the error around 10-3. Unfortunately, even if these are the 
biggest effects in the current setup, changing the photodiodes would not solve 
everything. The NPBS in the detection setup has revealed to limit the reachable 
extinction ratio of the PBS placed after. The PBS fulfil the specified 1 to 10.000, but 
after the NPBS a maximum extinction of 1 to 2500 was achieved. 
 
The time stability on the other hand is much harder to characterize. How fast the 
fidelity of transmission is lost depends on physical changes in the fibre. Temperature 
variations of the surroundings result in dilatations or contractions, even if very small, 
that change the refractive index of the propagation medium. That means ambient 
temperature changes due to heating or cooling, but also the turning on or off of 
devices in the proximity. Furthermore, changes in the spatial position and 
arrangement of the fibre, namely touching the fibre or moving the table to which it is 
fixed, induce stress and so changes in the propagation of light. All these factors, and 
probably a range of others not yet identified, result in highly variable time scales over 
which the system is stable, e.g. the fidelity can remain well over 99.5% for 12 hours 
over night during the weekend, or drop to a similar value within one hour on a Monday 
morning at 10. Even if this seems to be strongly related to human activity at first sight 
it could be a coincidence and the drifts caused by the tension remaining in the fibre 
from moving the system to its final position. Indeed, similar tests later in time, display 
slower variations, even during a workday. Figure 15 shows three sets of measurements 
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over several hours, started by an optimization process. The first (A) is a recording of 
the evolution of the two probing SOPs overnight for 12 hours during the first weekend 
after repositioning, the second (B) is the same test but on the next morning and the 
third (C) is a longer measurement over a whole day, a few weeks later. The first displays 
a slow and smooth evolution of the polarisations, similar for the two probes. Plot B 
on the other hand has very different behaviours with one stable polarisation while 
the other suffers fast losses of fidelity dropping from 100% to around 99,0% in less 
than two hours and then stabilising again. This can be the effect of a rotation with 
axis close to the stable polarisation, leaving that unchanged but strongly affecting all 
orthogonal states. The last case confirms the different behaviour of different 
polarisations but only decreases to 99.6% in 22 hours, including a full workday. 
 
Programming a periodic optimisation limits the time in which the polarisation in the 
fibre can drift, avoiding strong drifts for long times. Performing one run every 20 
minutes, the overall average fidelity over the whole time period of 10 hours is of 
99.97% (0.031%) [Figure 16], with a minimum around 99.7%. 
 

Figure 15 Time dependence of the stability of the fidelity after an optimisation in two situations: (A) over night 
during the weekend shortly after moving the setup (B) at the beginning of the working day on a Monday shortly 
after moving (C) over a whole day after a few days (The colours do not necessarily match the same polarisation 
on the three plots).. 
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The evolution in time being hard to predict, so the losses for one fixed time period 
being very variable, the system can be probed regularly but an optimisation only run 
if the evaluated drifts are greater than a certain value. A single evaluation of the error 
is several seconds faster than a complete optimisation, with the longest component 
being waiting for the flip mirror to go down and then up again. Fixing a certain 
threshold, such a method gives a monitoring of what is happening plus allows to 
maintain the fidelity above a desired value, losing a minimum amount of time. This 
method has been implemented to obtain Figure 17 with a threshold of 3 · 10-3, resulting 
in an average fidelity of 99.98 % (0.026 %) over 20 hours requiring only 17 
compensation processes. For reliable fidelity values however, a characterisation of the 
performances with respect to the power impinging to the detection setup is needed. 
A threshold lower than what can be obtained during an optimisation will lead to 
constant error messages without resulting in higher fidelities. A too low threshold 
gives room for bigger drifts and one just on the limit of the reachable error can end 
up in a higher than desired frequency of optimisation, as just a slight drift in the error 
measurements triggers an optimisation.  

Figure 16 Fidelity for the two 
probe SOPs over time when 
the system is programmed 
to perform a compensation 
every 20 minutes 
(compensation times 
marked by grey arrows) 

Average power SOP1: 37 µW 
Average power SOP2: 39 µW 
Mean fidelity: 99.976 % (0.026 
%) 

Figure 17 Evolution of the 
fidelity for the two probe 
SOPs (light and dark green 
dots) over time for a period 
of 20 hours when 
compensating actively 
(compensation times 
marked by grey arrows) 

Average power SOP1: 14 µW 
Average power SOP2: 22 µW 
Mean fidelity: 99.979 % 
(0.026 %) 
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Review 

Comparison with the previous system 
The new polarisation compensation system, even if built out of the same concept than 
the previous one, brings some technical differences, which might be relevant to know 
for anyone planning on using or reproducing one. The new system has faster 
optimisation times in the seconds time scale. This makes it more convenient when 
thinking of implementing it into the complete experimental setup. Short times could 
allow to include it in the automated sequence of the experiment, so making it a 
background process one does not have to worry about. Making the system a bit faster 
so that it only needs around a second would even open the door to performing the 
optimisation in parallel to another preparation process that happens from time to 
time in the experimental sequence, thus not having to sacrifice any of the duty cycle. 
Part of this speed is due to the fact that the measurements are much faster than when 
doing a full state measurement with a polarimeter. Only extracting the projection on 
one basis involves an acquisition time of 100µs in the current settings while the 
polarimeter needs several seconds to give a trustworthy measurement (plots in Figure 
1 of Annex 5 show the shape of the measurement of a 5 s pulse). This also makes the 
system compatible with pulsed light sources, which could come in handy. 
Conceptually, the new system could also work with single photons. As it is mainly an 
issue of gain or photon counts, the current photodiodes could be replaced by devices 
performing well with lower intensities. The fact of having less specialised finished 
products and electronics gives such flexibility. Replacing the polarimeter by the 
combinations of PBS and photodiodes also removes the need of a computer to extract 
the data from the polarimeter, so going from polarimeter – notebook - Arduino to 
having the photodiodes and the Raspberry Pi but adds up in the number of optics and 
alignment that has to be done. 
Another drawback of the new concept is that the two reference light polarisations now 
need to be really orthogonal on the Bloch sphere. For the previous scheme, this was 
a useful thing to do because it maximised the sensitivity of the error function but in 
our case, it is required by the definition of the error function. 

Next steps 
Like probably any non-commercial product, there are still some points which have to 
be taken care of. First of all, to have it fully operational and merged with the actual 
experiments, an experimental detection setup based on SPCMs has to be built where 
the light goes if the flip-mirror of the detection setup is down. That setup is the one 
responsible for the actual data collection when the polarisation is not being 
compensated. Then come some more technical issues to be dealt with, like the splicing 
of the fibre supposed to link to the cavity with the corresponding anti-reflective 
termination and coupling it, the making of a light-proof protection box to hide the 
setup, or developing a smart solution for the powering of the system not requiring 
multiple lab power sources. 
And as alluded above, further improvements can be considered. The change of the 
current photodiodes by other ones with higher dynamic range or switchable gains 
could overcome part of the problem of having a modest extinction ratio, one of the 
limiting factors in the precision of our system. Next, there are parts running under 
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settings that work, but might not be optimal. For instance, the acquisition parameters 
of the picoscope, currently 100 µs at a rate of 250MHz, have never been changed and 
might give faster or more accurate measurements if adjusted. There is also the 
possibility of completely substituting the picoscope by an analogue to digital 
converter (ADC) to reduce volume and cost, but it would require some extra work on 
the search for a device with the appropriate specifications and on the ADC - Pi 
interface. Further efforts invested in the efficiency of the algorithm might speed up 
the process. An iterative process of estimation of the field intensity could lead to more 
accurate calculations and a smart choice of the starting position and required end 
value might lead to a reduction of the necessary iterations, hence processing time. 
And if one desires to make the whole system more efficient in terms of light 
transmission, it would be very helpful to fully interface the AD9959 evaluation board 
to have control over the amplitude and frequency of signal  fed to the AOMs, so being 
able to make fine adjustments without the need of disconnecting the DDS and plug it 
to a computer
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PERSPECTIVES 

Implementation in an QIP experiment: Non-destructive detection of a 
photonic qubit 

Over the last years, several milestones have been reached by the single atom 
community, making of this platform a promising candidate. Some of the key essential 
features are atom-atom quantum logic gates [64, 65, 66], long qubit storage times [50], 
high-fidelity heralded entanglement over hundreds of meters [67, 68] and scalability of 
the number of individually addressable atoms [69, 70, 71]. In the aim of getting closer to 
real life applications, the rates will still have to be increased. The automatic 
compensation of polarisation drifts could be implemented amongst others in the 
process of heralding the presence of a photon without altering its state while it travels 
between the two nodes to entangle. Knowing at an earlier stage if the qubit has been 
lost would allow to reinitialise the experiment faster and so reduce the latency. Such 
an experiment could be made at MPQ, using the two now connected cavities. A single 
photon can be emitted from the cavity in node A, and a non-destructive qubit 
detection (NDQD) performed at node B.  
The first part, generation of a 
qubit, can follow the protocol 
showed by Tatjana Wilk [72]. A 
single 87Rb atom is coupled to 
an optical cavity and initialised 
in the |𝐹 =  2, 𝑚𝐹 =  0〉 state of 
the 5S1/2 ground level. A π-
polarised light pulse coupled to 
the dark state of detuning ∆ 
with respect to |𝐹′ =  1〉 drives a 
vacuum-stimulated Raman 
adiabatic passage to the F=1 
state. In ref 72, the single 
photon detuning ∆ was set to 
zero, resulting in a π-pulse 
resonant with the transition 
between |𝐹 =  2〉 and |𝐹′ =  1〉 
combined with the cavity 
coupled to the |𝐹 =  1〉 	↔
	|𝐹′ = 1〉 transition. The 
detuning can be adjusted to 

Figure 18 [adapted from 72] Atomic energy level diagram and 
transitions leading to atom-photon entanglement. 
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have fine-tuning control over the photon frequencies [73]. 
This can lead to two different states, labelled |±1⟩ ≡ |𝐹 = 1, 𝑚𝐹 =  ±1⟩, and dependent 
whether the process leads to one or the other, a s- or a s+ photon is emitted 
respectively. The whole process results in the entangled state:  

|𝜓𝑎𝑡𝑜𝑚,𝑝ℎ𝑜𝑡𝑜𝑛⟩ = 1
√2

(|+1, 𝜎−⟩ −  |−1, 𝜎+⟩). 

The photon then is sent through the compensated fibre, to the other side. 
 
The second part has been shown for the first time in 2013 [45] and then brought further 
in 2020 making the process polarisation maintaining. As its name suggests, a non-
destructive qubit detection differs from all other classical detection methods by not 
absorbing the photon whose presence wants to be recorded. Not affecting the other 
degrees of freedom enables to place such a detector between the two end nodes to 
entangle, adding the information of whether the photon reached that point. To do so, 
again a 87Rb atom is trapped in an optical cavity. If we consider an incoming photon 
resonant with the empty cavity, it will have a different effect dependent on the state 
of the trapped atom. If the atom is in state |1⟩𝑎, for which all transitions are far 
detuned from the photonic frequency, it will not see the photon. In this case, the qubit 
experiences an empty cavity and enters before being reflected [Figure 19 E]. If the atom 
is in state |2⟩𝑎, there is a strong atom-photon coupling that leads to an energy-

Figure 19 [adapted from 45] graphical representation of the principle of a NDQD: (A) Preparation of the atomic 
state, (B) Conditional π phase shift depending on the presence or absence of a photon, (C) controlled π/2 rotation 
and (D) Detection of the atomic state. The representation of the physical system with energy-level diagrams shows 
the resonant scenario (E) and the strongly coupled case (F). 
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splitting, resulting in a reflection of the photon without entering the cavity [Figure 19 
F]. In the case of a reflection of the photon of the resonant cavity, the atom 
experiences a π phase shift but not in the strongly coupled case. Therefore, if we name 
the state of a photon impinging on the cavity |1⟩𝑝, there are the two possible 
situations: 

{
|2⟩𝑎|1⟩𝑝 → |2⟩𝑎|1⟩𝑝

|1⟩𝑎|1⟩𝑝 → 𝑒𝑖𝜋|1⟩𝑎|1⟩𝑝 =  −1 |1⟩𝑎|1⟩𝑝
 

 
 
This effect can be used if preparing the atom in the superposition state 1

√2
(|1⟩𝑎 + |2⟩𝑎). 

[Figure 19 A] The atomic state experiences a conditional π phase shift dependent on 
whether a photon has impinged on the cavity or not: if there was no photon, the state 
stays unchanged, whereas after the reflection of a photon it would be 1

√2
(|1⟩𝑎 − |2⟩𝑎) 

(omitting a global phase) [Figure 19 B]. Finally, a π/2 rotation of the sphere brings the 
original state 1

√2
(|1⟩𝑎 + |2⟩𝑎) to |1⟩𝑎 while the flipped state 1

√2
(|1⟩𝑎 − |2⟩𝑎) ends up at 

|2⟩𝑎 [Figure 19 C]. This can be measured and testifies of the presence or not of the 
photonic qubit [Figure 19 D]. 
 
After successful realisation of this first experiment, the automatic polarisation drift 
compensation system could be implemented each time a non-polarisation 
maintaining fibre is used to transport a qubit, so avoiding the need of manual control 
of the effects of the birefringence of the fibre. 

Going further 

Other connection experiments would also be made easier by removing the worry of 
polarisation drifts in the fibre, like the heralded storing at node B of a qubit generated 
at node A, the entanglement between the two memories, or even maybe an 
experiment connecting the three labs in the Institute to create a 3-node network 
prototype. Some thoughts are also spent in considering a connection with the 
experimental quantum physics group of Professor Harald Weinfurter at the Ludwig-
Maximilians-University in Munich.  Such a connection would mostly be most likely to 
use optical fibres as channels and would benefit of a system automatically 
compensating the polarisation drifts.  
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