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Abstract

The panEDM experiment aims at measuring the neutron electric dipole moment (nEDM) with a sen-
sitivity of 7.9 · 10–28 ecm based on Ramsey’s method of separated oscillatory fields. To achieve this
sensitivity, it is crucial to consider and monitor any systematic effect relevant at this scale, especially
magnetic field drifts that could mimic a neutron EDM and field distortions. At a precision level of fT,
stringent requirements also apply to magnetometry. The sensor system for monitoring the magnetic
field must be non-magnetic during operation to avoid cross-talk between sensors and exclude a possible
influence on the nEDM measurement. Despite these constraints, a high sensitivity and drift-stability
below 100 fT at 250 s (the time-scale of an nEDM measurement) is necessary. To fulfill these require-
ments, a fiberized atomic cesium magnetometer was developed, based on a pure-optical approach with
laser probing and pumping, using non-magnetic materials.

In this thesis, a new generation of cesium magnetometer is presented which improves the overall
performance compared to the first generation by more than a factor of two, is reliable in handling, and
easy to maintain. In a stabilized field environment, sensitivities of 50 fT at integration times of 70–600 s
were achieved and reproduced with different sensors and on different days. In specific measurements,
this benchmark was further reduced to a stability below 30 fT at 250 s. Several systematic effects are
discussed and characterized based on this improved sensor. The magnetic signature of the sensor head
is below 500 fT at 3 cm distance and the total field offset between sensors was measured to be below
12 pT. The linearity of the field measurement was characterized and within a range of 100 pT, no
systematic deviation was detected. A localized field disturbance was tracked without a detectable sensor
offset. The ability to track magnetic fields and a field step was further demonstrated with an array of
four sensors operated simultaneously. Typical drifts between sensors within 250 s are on the level
of individual sensor sensitivities. By averaging over three sensors operated as an array, a sensitivity
of 450 fT per single decay (70 ms) and a total sensitivity of 25 fT at 250 s was achieved. A light-shift
effect of 12 pT/µW was discovered using the improved sensor performance and a new method based
on relative sensor difference. Options for up-scaling the sensor array up to 8 sensors are presented
and accompanied by theoretical calculations and simulations for the optimal placement of individual
sensors. The concept of deducing a limit for the axion-electron coupling based on a magnetometry
measurement is discussed as a demonstration for the relevance of the achieved stability beyond the
panEDM experiment.

The presented sensor surpasses the stability and sensitivity requirements of the panEDM and offers
unique new possibilities for further studies and applications.
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1 Introduction

1.1 Optical Magnetometry

Michael Faraday discovered that the polarization of a light beam, passing through a piece of glass within
a strong magnetic field, gets rotated due to an interaction. Since his publication in 1846 [1], this effect
has been known as the Faraday-effect and is the most basic form of a magneto-optical rotation. While
this Faraday-effect is used in industrial applications [2] or discussed in different variations like using
radio waves in the ionosphere [3], the development of a quantum-mechanical theory during the early
years of the 20th century, usually the mathematical matrix-formalism introduced by Heisenberg in 1926
[4] considered as the birth of quantum-mechanics, opened insights into light-material interactions far
beyond the classical descriptions used by then.

Nowadays, one of the most active fields in this regard is optical magnetometry, where the interaction
of light with an optically active medium is used to measure magnetic fields with high precision. Based
on the work of Bell and Bloom [5], the non-linear magneto-optical rotation (NMOR) with optical pump
and probe beams is used in magnetometers in a wide set of applications and forms (e.g. [6, 7]). More
evolved concepts, operating in the SERF-regime (e.g. [8][9]) achieve sub-femtotesla sensitivities [10],
and companies like Quspin [11] made this technique even commercially available, offering easy to use
sensors with fT sensitivity.

As these commercial sensors are sensitive, reliable, simple to operate, and do not require a deep
understanding of physics or magnetometry principles, optical magnetometers found a widespread ap-
plication in non-physics areas of studies, especially for biological investigations. From medical applica-
tions like fetal magnetocardiography [12] where heart-signals of fetuses are measured within the body
or magnetoencephalography (e.g. [13, 14][15]), measuring the brain-signals using on-scalp-arrays of
optical magnetometers as a completion to electroencephalography [16], to biological research like an-
alyzing the bio-magnetic field of flytrap plants [17] - more and more fields are utilizing the advantages
of optical magnetometers which are getting increasingly competitive to more traditional systems like
SQUIDs [18].

1.2 Precision Measurements

Due to the achieved sensitivitites, optical magnetometry is also used in fundamental physics, especially
for physics beyond the standard model such as the search for dark matter with a global network of opti-
cal magnetometers (GNOME) [19] or studies of the axion-electron coupling [20]. The GNOME-project
in particular consists of optical magnetometer distributed around the earth, searching for specific field
patterns correlated to axion-like particles which are, besides other proposed particles like sterile neu-
trinos, candidates for the dark matter problem [21]. Another class of experiments, relying on optical
magnetometers and targeting at physics beyond the standard model, is the search for the neutron dipole
moment. These high-precision experiments have specific and challenging requirements, not satisfied
by commercially available products used in other fields, leading to the in-house development of op-
tical magnetometer, specifically designed and dimensioned for the corresponding experiment. The
development of optical magnetometers for the PanEDM experiment at ILL was initiated with focus
on non-magnetic, fully-optical and long-time drift-stable sensors. While considerable success was al-
ready achieved with fully optical fiberized cesium sensors based on a Bell-Bloom scheme, notably a
remarkable stability of 100 fT at a minute time-scale [22], there are still ongoing efforts to improve the
practicalness, reliability, and reproducibility but also the cost-effectiveness and scalability necessary
for expanding the system from a single sensor to a multi-sensor array. The following chapters will
elucidate the ideas behind the PanEDM-experiment, the relevance of a neutron electric dipole moment
(nEDM) the theoretical and practical background of optical cesium magnetometry, and the state of
sensor development before and during this thesis.
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2 Fundamental Physics and High Precision Experiments

2.1 Standard Model of Particle Physics

Physics tries to describe reality using models. The zoo of known particles is pooled and ordered in the
so-called Standard Model of particle physics (SM), describing the electromagnetic, weak, and strong
interaction [23]. These particles are differentiated into groups and generations, each with specific typ-
ical properties and mathematical or physical characteristics. As this Standard Model is part of any
higher physics education and easily accessible in various books and publications (e.g. [24]), only a
short overview should be given here.

Quarks are the class of elementary particles experiencing the strong (and electromagnetic) interac-
tion, and carrying color charge. Several quarks bound together by the strong force are called hadrons,
which are classified as baryons for odd or mesons for an even number of quarks. Well-known examples
for hadrons are the neutron (consisting of one up and two down quarks) or the proton (two up and one
down quark).

On the other hand, leptons do not take part in strong interaction and do not carry a color charge but
can be grouped into charged and neutral leptons depending on their electrical charge. Charged leptons
carry an electrical charge, like the well-known electron, while leptons, usually called neutrinos like the
electron-neutrino, do not.

Quarks and leptons appear in three generations, summing up to six quarks and six leptons. These
12 particles are called fermions and form the basis for what is known as matter. In addition, every
aforementioned particle has an anti-particle (like up-antiquark for the up-quark), building the basis for
the anti-matter.

Besides fermions, the second large group of particles are bosons. These are particles describing an
interaction (also called force). While the well known photon is the interaction particle for the electro-
magnetic interaction, the gluon and Z/W-boson are the corresponding particles for strong and weak
interaction.

While this model shown in figure 1 is the standard, that is taught worldwide during physics courses
for undergraduates and a workhorse in the everyday work of scientists, there are limits and effects
that cannot be explained using this model and the particles therein. As a central part of the presented
panEDM experiment aims for discovering new physics beyond the limits of the current SM, the follow-
ing chapters will discuss briefly some of these unsolved mysteries of physics.

2.2 Baryogenesis

A fundamental limit of the SM is directly related to the background of this thesis and the origin of our
universe (and also our existence). Not only does our world (including all inhabitants) consist of matter, it
is proven that the other planets of our solar system also consist of matter as otherwise, every earth-made
(matter) probe, or astronaut in case of the moon, would annihilate into energy when getting into contact
with an anti-matter object. There are strong arguments that the same is true for our whole universe.
For example, cosmic rays with material from all over the universe have an anti-helium to helium ratio
of H̄e/He < 10–5 [25], so they consist almost purely of matter. The small amount of antimatter present
can be explained with known processes during the interaction of the cosmic ray with the interstellar
medium [26] and are no indication for the existence of any large anti-matter structures in the universe.
As it seems, our universe prefers matter over anti-matter, which can only be explained with some
symmetry-breaking process leading to a differentiation between matter and anti-matter. This process
is known as baryogenesis. In the absence of such a symmetry-breaking process, matter and antimatter
would be generated in the same amount and annihilate into energy. There is an experimental value for
the scale of this asymmetry, given by the ratio of matter over radiation (or photons), as the still existing
matter is the surplus due to the symmetry-violation while the majority annihilated into energy. The
Planck-collaboration [27] measured the value to be

8



Figure 1: The standard model of particle physics. Bosons are particles corresponding to a fundamental
force. Leptons and quarks are grouped into generations, often also called families, and are
together the entity called matter (while the corresponding anti-particles are the basis of anti-
matter). Hadrons are structures built by thee quarks (baryons) or a pair of quarks and anti-
quark (mesons). Figure taken and licensed from [23].
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η = nB
nγ

≈ 6.1 · 10–10 .

The search for baryogenesis is the search for a tiny effect during the early universe. At early times (t ≤
10–6 s), when the universe was still consisting of quark-anti-quark pairs and photons, the asymmetry
for explaining the ratio above is [26]

nq – nq̄
nq

≈ 10–8 .

Even within a symmetric universe, some matter would have survived and not been annihilated due
to spatial separation of matter and antimatter. However, in such a scenario, the observed ratio of matter
and antimatter to photons would be [28]

nB + nB̄
nγ

≈ 7 · 10–19 ,

which is a factor of 109 too small compared to measured results, leading to the necessity of the
baryogenesis. A way of avoiding such a symmetry-breaking process and still achieving the observed
matter to photon ratio would be the assumption, that the preference for matter was there from the
early beginning and our universe just “started” with a matter surplus - which would be rather strange
and an unsatisfying answer. The currently used model describing the beginning of our universe is the
hot Big Bang model. According to that model, the universe started to exist in a speculative event called
Big Bang and was in the first seconds of its existence, extremely hot (or synonymous at extremely
high energies) with higher temperatures for shorter times after the event [29]. While the event called
the Big Bang is rather unclear, the role of physics is the attempt to explain what happens after this
event at which timescale and how the evolution of the universe can be described from that point on.
During the very early universe, at temperatures T > 1013 K , no nucleons were present but rather only
quark-anti-quark pairs and energy [30]. While details are still under discussion, all models include a
time of thermodynamic equilibrium at early stages [29]. However, from this initially symmetric state
during thermodynamic equilibrium, it seems there was a symmetry-breaking process in favor of matter
over anti-matter, leading to the matter surplus our universe is built off. In 1967, Sakharov published
criteria that are necessary to explain the observed matter over anti-matter asymmetry, now known as
Sakharov-criteria [31]:

1. Baryon number violation: The baryon number is defined as 1
3 (nq – nq̄), so a number for the ratio

of quarks to anti-quarks. A proton has a baryon number of B = 1, an anti-proton has B = –1.
While the baryon number is a conserved quantity according to empirical laws [32], this can not
be true for baryogenesis. In the early universe, no matter-surplus existed, so the baryon number
was B = 0 while after the baryogenesis, the baryon number is B > 0. Thus, baryogenesis is inher-
ently a violation of baryon number conservation and any baryogenesis fulfills this criterion by
definition. The reasoning behind baryon number violation which contradicts the standard model
of particle physics (which sees baryon number as a conserved property) is, that the standard
model is only valid for low energies. During the early universe, other baryon-number violating
processes could have happened, which are suppressed by powers of E/M [30] with E the energy
and M the particle mass. For our current world, described by the Standard-Model, these processes
are not relevant anymore as E ≪ M, while during the very early and very hot universe at very
high energies of about 1015 – 1019 GeV [30], these effects would be significant and similar to all
other forces. Therefore, the baryon number violation during the early universe and the baryon
number conservation in our current world is not a physical inconsistency.

2. C- and CP-violation: C-symmetry (charge-symmetry, so the transformation particle → anti-
particle) has to be violated as otherwise, the system would be identical for matter and anti-matter
which is not the case for the baryogenesis. The T-symmetry in the early universe is violated by
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the expansion and cooling [30]. Due to the expansion and decreasing temperatures, the time-
line has a distinct direction and the processes during a cooling universe are not identical to the
process during a heating universe, so T-symmetry is violated. As the CPT theorem states that
CPT is always conserved [33, 30], a violated T- and C-symmetry also implies a CP-violation. CP-
symmetry was assumed as a conserved property. However, an example for a CP-violating process
(the decay of neutral kaons) was found in 1964 [34], so this criteria is also fulfilled. Nowadays, as
CP-symmetry breaking processes are well known, the CPT-symmetry is assumed as a conserved
property as known physics always remains identical even for CP-violating processes after an
additional time-inversion. This specific criterion of CP-violation is of particular interest for the
panEDM experiment and discussed in more detail in chapter 2.3.

3. Out of thermal equilibrium: In thermal and chemical equilibrium, all particles will have the same
distribution function and stay in a static state, balanced by reactions and compensating inverse
reactions - reaching a steady state as the overall effect of any reaction is counterbalanced by the
corresponding inverse reaction, resulting in a time stable system. In such an equilibrium, the
corresponding inverse process would negate any process preferring matter over anti-matter. In
addition, as the CPT theorem states, the mass of matter and antimatter is identical [30] which
means the distribution function and the number of particles of matter and antimatter would be
identical [26]. This requirement can be fulfilled as the temperature of the universe cosmic back-
ground radiation is currently about 2.736 K [35] (energies in the µeV) while during the baryoge-
nesis, the temperature is assumed to be in the MeV range. During the cooling of the universe, the
temperature changed by ¤T

T . Aassuming the baryogenesis process happened at a rate of 𝛤Genesis,
this criteria can be translated into ¤T/T > 𝛤Genesis. The universe expanded (or cooled down) too
fast for the process to follow this expansion in equilibrium. As shown in the following chapter,
this argument can draw conclusions like the mass of a possible baryogenesis particle.

Delayed Decay Theory

To elucidate the Sakharov criteria further, an example for a possible baryogenesis process should be
introduced, the so-called delayed decay theory (see [36][26]). Assuming an particle X which is not
stable and can decay into two possible states with different baryon numbers B1, B2 as

X → r · B1 + (1 – r) · B2 , (1)

where r is the probability of decaying into B1 and the probability for decay into B2 is (1 – r). The
same happens to the anti-particle B̄x

X̄ → r̄ · –B1 + (1 – r̄) · –B2 , (2)

where r̄ is the corresponding probability for the antiparticle. Calculating the absolute baryon number
difference between both processes one gets

△B = (r · B1 + (1 – r) · B2) – (r̄ · –B1 + (1 – r̄) · –B2) = (r – r̄)(B1 – B2) . (3)

Further simplifying can be done by assuming a leptoquark model where state 1 are two quarks (B1 =
2/3) and state 2 is a lepton and anti-quark (B2 = –1/3) as then the equation above is

△B = (r – r̄) . (4)

A baryon number violation can only happen if r ≠ r̄ which is allowed if C- and CP-symmetry is
violated [26] - covering the first two Sakharov-criteria (baryon-number- and CP-violation). Based on
the thermal equilibrium conditions, one can make a statement regarding the mass of this hypothetical
particle X, following [30]: If ΓGenesis < ¤T/T, where ΓGenesis is the decay rate of the hypothetical particle
X and T the temperature/energy of the early universe, the thermal equilibrium is violated as the decay
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rate is too slow to follow the cooling of the universe. However, as long as the energy is high enough, new
X-particles would be generated via the reverse process, yielding no overall matter-antimatter violation.
Therefore, at the moment of leaving the thermal equilibrium (ΓGenesis ≈ ¤T/T), the temperature of the
universe was lower than the particle mass mX < kBT∗ with mX is the mass of the hypothetical particle
and T∗ the temperature of the universe at the moment ΓGenesis ≈ ¤T/T. Based on these assumptions, one
can make an estimation for the mass of this particle [26, 30]

mx ≫
( α

10–2

)
1016 GeV ∼ 1016 GeV

with the value of α representing the coupling strength of the boson. The value given for grand
unified theories is α ≈ 1

45 [26]. The resulting nucleon to photon ratio through this process is based on
an unknown property (equation 4) which should be very small but can be brought into good agreement
with the observed ratio as shown in [37].

There are a lot of other possible baryogenesis models going far beyond this thesis and this delayed
decay model has problems as it would have consequences for other models and contradict experimental
results. So far, baryogenesis is still very hypothetical, different theories trying to explain the matter
surplus are discussed, but none of the theories were able to predict the observed matter to photon ratio
[30].

Astrophysics in the early universe is only one of many motivations for searching for CP-violation
and CP-violating processes. Therefore, in the following chapter, the CP-violation should be discussed
further.

2.3 CP-Violation and CPT-Symmetry

The theoretical background of CP-violation is a complicated and vast field with numerous books like
[38, 33, 39] tackling specifically this type of considerations. While some models are trying to describe
CP-violating processes, the physics behind this violation is not explainable within the standard model
and indicates that our current picture of the world is far from complete. It should be emphasized
that the field of CP violation is not understood today and remains somewhat mysterious. Hence, the
following considerations are very speculative and often even contradict experimental results as shown
in section 2.6. Possibly a future generation of physicists may solve this puzzle, maybe even with the
result that our theories are erroneous. The main focus of this thesis is a more experimental approach and
a comprehensive overlook will be waived in favor of a short introduction that may help understand the
principle behind CP-violation and why the panEDM experiment, and in general any EDM experiment,
is regarded a very useful and exciting field.

C, P, and T refers to the operators, transforming charge (or more precisely particle and antiparticle),
space and time:

C : Particle −→ Antiparticle

P : ®x −→ –®x

T : t −→ –t

Until 1956, it was thought that nature fulfills the P-symmetry (so physics on a particle level stays the
same under space-inversion). However, in 1956 an experimental proof of a P-violating process of the
weak interactions was found [40], making this statement obsolete. Thereafter, it was thought that the
CP-symmetry (combining C- and P-operator) is a fundamental principle of nature. However, only some
years later, a experiment found a CP-violating process [41] in the decay of neutral kaon into two or three
pions, which should be forbidden under CP-symmetry, ruling that theory again out. Nowadays, nature
is assumed to comply with the CPT-symmetry (C-, P, and T-operator). This CPT-symmetry stands on
much stronger theoretical arguments than the previous P and CP-symmetries and so far, no violation

12



of this principle was observed. The current physical theories are a indication that CPT-symmetry is
indeed a fundamental property [33]. This can be illustrated with a rather simple geometrical argument
(following [38]): Our space-time is a 4-dimensional space (3 space dimensions + time). That would lead
to the naive picture that physics is PT-symmetric as P mirrors space dimensions and T the time axis.
The issue arises here due to time´s strange (and not well understood) behavior. While every direction
is the same for space and there is no preferred axis, this is not true for time. Time has a clear “direction”
from past to future, while moving a particle from x to -x does not change the behavior of the particle,
for time, moving a particle from future to past can and will change the system (like decays, production,
annihilation). The strange behavior of time compared to space is another chapter of mysterious and not
well-understood physics that has many consequences. To take into account that the time-space is not a
symmetric four-dimensional euclidean space, but only three dimensions are symmetric while one does
not obey to euclidean rules (the time), one has to add another symmetry-operation to “correct” that
odd behavior to the PT-Operator, namely the C-Operator, adding up to the mentioned CPT-symmetry
of physics.

For this thesis, CPT-symmetry is assumed to be valid (as this is the current state of physics), so CP-
violation induces also CT-violation (to fulfill CPT-symmetry) and both terms are used synonymously.
As CP-violation requires a profound understanding of advanced theories and mathematical tools far
beyond the scope of this thesis, only a short overview of CP-violation shall now follow. It may be noted
again that even the most advanced theories do not give a clear expectations value for CP-violation or
even an idea for the fundamental physics behind it [38].

2.4 CKM-Matrix

The only source for a CP-violation present in the standard model is the Cabibbo-Kobayashi-Maskawa-
matrix [42] describing the mixing of quark flavor eigenstates. So the quantum-mechanical probabilities
that a quark of flavor j transforms into a quark of flavor i is proportional to the matrix element

��Vij
��2 of

the CKM-matrix. This matrix as a mathematical construct can be written in many different ways and
formalism. Here, the convention used in [38] is given as

(
ū c̄ t̄

) ©«
c1 s1c3 s1s3

–s1c2 c1c2c3 – eiδs2s3 c1c2s3 + eiδs2c3
s1s2 –c1s2s3 – eiδc2s3 –c1s3s3 + eiδc2c3

ª®¬ ©«
d
s
b

ª®¬ (5)

with ci = cosθi and si = sinθi and u, c, t, d, s, b are the flavor eigenstates according to chapter 2.1.
The mixing angles θ1,2,3 are of no further interest in this context as they are the angles between the
different flavor eigenstates. These angles in the CKM-matrix can be rotated away. Multiplying with
a constant phase, any angle between two entries can be set to 0, and these angles are no source for
physical effects. However, the phase iδ is a real phase (which means it can not be rotated to zero) and
causes a CP-violation - the only CP-violation present in the Standard-Model [42]. The description of the
quark-mixing with the CKM-matrix is a rather phenomenological approach and describes the behavior
but does not give an answer for the reasons and physics hidden behind it. Actually, the CKM-matrix,
while part of the Standard Model, is a strong indication for physics beyond the standard model as the
appearance of the phase can not be explained within that model, the unknown physics beyond the
Standard Model is hidden behind a phenomenological phase-factor added to the matrix.

To understand why flavor eigenstates even are mixing, one must consider that for quarks, flavor
eigenstates and mass eigenstates are not identical and hence, different flavors are coupled via the mass
eigenstates. Here it should be pointed out to the reader again that we do not understand why mass
and flavor eigenstates of quarks are not identical and also not why there are families of quarks with
increasing mass [33] as there is no reason for such behavior in the standard model of particle physics.
The existence of quark-mixing itself is already an indication for physics beyond the SM. Following, a
brief mathematical background of the CKM-matrix is given here.
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Yukawa Interaction

For introducing the Yukawa interaction, it is necessary to use relativistic quantum theories, in partic-
ular the quantum field theory, in contrast to the classical quantum mechanics sufficient for explaining
the quantum-optical properties in magnetomtery. In quantum field theory, fields are described by the
Lagrangian. Considering the coupling of fermions with gravity which Yukawa described as the inter-
action of quarks and the Higgs field with the Lagrangian (here for up and down) [33]:

LYu = –
∑︁
i,j

(YU)ij(Ū, D̄)i,L
(
ϕ0

–ϕ–

)
Uj,R –

∑︁
i,j

(YD)ij(Ū, D̄)i,L
(
ϕ+

ϕ0

)
Dj,R + h.c. , (6)

where i and j correspond to the number of families, U and D are the electroweak quark eigenstates,
ϕ is a Higgs field doublet (a gravity field, responsible for mass eigenstates), and Y are the (complex)
Yukawa couplings. The mass of the quarks is coupled to these Yukawa coupling parameters whereby
the scale factor between mass and Yukawa coupling parameter are set by the expectation value of the
vacuum neutral Higgs field [39, 33]:

MU = ⟨ϕ0⟩ YU . (7)

These Yukawa coupling parameters are not restricted to real values but can be complex. From equa-
tion 7, one can see that the mass eigenstates are not identical to flavor eigenstates. Instead due to
coupling parameter between flavor eigenstates given in equation 6, a mass eigenstate correlates to the
mixing of flavor eigenstates and vice versa. The result is that quarks can change their flavor eigenstates
as these states are coupled via the mass eigenstates, the phenomenon described in the CKM-matrix in
equation 5.

To obtain the CKM-matrix from this ansatz, one has to define matrices to transform mass eigenstates
into flavor eigenstates (or vice versa). The connection between both is achieved by introducing unitary
matrices transforming from mass to flavor (or quark fields into mass eigenstates) [33]:

U(mass)
L = TU,LUL , (8)

where U(mass) is the state in mass-space, U the state in flavor-space, and T the transformation ma-
trix (shown for left chirality). Based on these transformation matrices one can define the Cabibbo-
Kobayashi-Maskawa matrix as

CKM = TU,LT†
D,L . (9)

Kobayashi and Maskawa did a thorough analysis of the properties of this matrix [43]. The number
of angles and phases based on the number of families n is:

nangles = 1
2n(n – 1) , (10)

nphasess = 1
2(n – 1)(n – 2) . (11)

This implies that for two families of quarks, only a single angle (the Cabibbo-angle) and no CP-
violating phase exist. In addition, to allow any phase, the masses of the quarks can not be degenerated
(quarks of different families have to have different masses). This can be seen as an example of how
useful CP-violation can be as a tool for theorists: As explained in section 2.3, a CP-violating process
was already found about ten years before these considerations. Based on the observed CP-violation
and equation 11, one can predict that at least a third family of quarks has to exist and the mass of this
third family has to be different than the masses of the first or second family. This third family of quarks
was experimentally found years later, according to the prediction (it should be noted that the original
prediction was not necessarily based on the arguments shown here).

To form a consistent picture based on the shallow overview given here is the connection between
complex phases and CP-violation. So far, the discussion was based on “finding” complex phases in the
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CKM-matrix and the requirements for the appearance of such a phase. While the connection between
a complex phase and an observable CP-violation is, again, complex and beyond the scope of this exper-
imental thesis, a general and intuitive example, based on [33] should be given. Charged fields behave
differently under C-,P-, and T-transformation (whether they are scalar-, vector- or axial-fields). Vector
or axial-vector fields transform under C, P, and CP transformation according to

Field-transformation PFP† CFC† CPFCP†

V+
µ(t, x) V+µ(t, –x) –V–

µ(t, x) –V–µ(t, x)
A+
µ(t, x) –A+µ(t, –x) A–

µ(t, x) –A–µ(t, x)

Table 1: Example of C, P, and CP-transformation of vector (V) and axial-vector (A) fields, based on [33]

Considering a interaction Lagrangian of a general boson-field consisting of the possible combinations
of two arbitrary fields A+

µ(t, x), B+
µ(t, x), regardless if these fields are vector or axial-vector fields as they

behave identically under CP-transformation, each of the combinations with their coupling constant a,b
and c

LB = a · A+
µ(t, x)Aµ–(t, x) + b · B+

µ(t, x)Bµ–(t, x) + c · A+
µ(t, x)Bµ–(t, x) + c∗ · B+

µ(t, x)Aµ–(t, x) (12)

and than calculating the CP-transformation of this field one gets to the result

CP LB CP† =
aAµ–(t, –x)A+

µ(t, –x) + bBµ–(t, –x)B+
µ(t, –x) + cAµ–(t, –x)B+

µ(t, –x) + c∗Bµ–(t, –x)A+
µ(t, –x) . (13)

While the terms of a and b are not of further interest (assumed as real), the mixing terms with
coupling factor c and c∗ exchanged the coupling coefficient under CP-transformation. If the coupling
phase is a real number than c = c∗, so the coupling-factor exchange is irrelevant and therefore, the
Lagrangian remains invariant under CP-transformation. However, if c is a complex phase, then c ≠

c∗and the transformation leads to a different Lagrangian. The whole interaction is no longer invariant
under CP-transformation. This example may give a insight into the idea of complex phases and why a
complex phase leads to a possible CP-violation and, in conclusion, why the CKM-matrix complex phase
is of such importance. As a final statement, the possibility of a complex phase does not necessarily mean
that the phase is a complex number. However the experimentally observed CP-violation tells us that
this phase is indeed complex.

Overall, the standard model CP-violation based on the CKM matrix contributes only on the multi-
loop level [42] to an observable EDM and is tiny (see section 2.6). The baryogenesis process based
on the standard model would only be sufficient to produce observed matter-antimatter ratios under
very specific considerations, like for a Higgs boson mass of 50 – 60 GeV [44] (which is already ruled
out [45]) or for cases like a dynamical CKM matrix with time-varying couplings [46] (which is highly
hypothetical). Hence, an unknown physics process beyond the SM is the most plausible explanation
for the experimental observations.

2.5 Strong CP Problem

While the CKM-Matrix establishes a way to describe CP-violation in the electroweak field, here we
briefly discuss a possibility to introduce CP-violation in the strong interaction. The Lagrangian de-
scribing the strong interaction can be written as [39]:

LQCD = –1
4Ga

µνGa,µν + ψ̄x

[
δxy(iγµ∂µ – mq) + gsγ

µAa
µ

λa
xy
2

]
ψy , (14)
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where Ga
µν is the gluon field strength tensor, ψx is a quark field where x and y denote the color, m is

the mass, gsthe coupling constant, Aa
µ are the gluon fields and λa are the so-called Gell-Mann matrices.

Often, the covariant derivative defined as

Dx = ∂x – igsTaAa
y (15)

with Ta a SU(3) generator, which can be represented by the Gell-Mann matrices, and Aa
µ the gluon

field, is used to get a more compact representation of equation 14. That Lagrangian remains invariant
under C- P and T-transformation (so also under CP-transformation), conserves baryon number and
flavor. However, this nice behavior within the SM is rather an outcome of how the operator was con-
structed and defined. In fact, now leaving the field of SM, the QCD-lagrangian contain terms with the
field strength tensor GµνGµν. In contrast, it is also possible to add another term with GµνG̃µν where
G̃µνis the dual of Gµν defined via

G̃µν = ϵµνρσGρσ .

This term is not forbidden by any known physics, so it is reasonable to add this term to the QCD-
lagrangian 14

Lθ = LQCD + θQCD
g2

s
32π2 Ga,µνG̃a

µν . (16)

It should be noted again that there are different ways to write that operator. Some include a factor
1
2 in the definition of dual tensor strength field (e.g. [38]) which is not done here. The θ–term (how it
is often called) is not invariant under P- nor under T-transformation [33] and, according to the CPT-
theorem, a CP-violation. A problem arises due to experimental results which are somewhat a preview to
the following chapter 2.6. Based on calculations, one can get an estimation for the size of CP-violation
due to the θ–term in the form of a neutron electric dipole moment of about [47]

nEDM ∼ (3.6 · 1016 · θ̄) ecm, (17)

where θ̄ is a combination of the aforementioned θQCD-term and a value called θQFD linked to quark
masses. The details are of no further interest here as θ̄ = θQCD + θQFD is a constant which remains
invariant under chiral transformations which is not valid for the individual terms [39]. Combining the
theoretical prediction in equation 17 with the experimental upper limit of the neutron EDM [48], one
gets

θ̄ < 3 · 10–10 , (18)

which is strange as θ̄ is a entirely free coupling parameter. There is no theoretical reason that this
parameter should be zero, actually, as there is no known symmetry demanding that this parameter
should be 0, it is against any expectation. The problem that θ̄ seems to be (almost) 0 despite no known
reason for such a behavior is commonly called the “strong CP problem” and another unsolved physics
question. There is, at the current stage, no solution to this problem. Such an exceptional case (θ = 0)
leads intuitively to the idea that some unknown global symmetry demands the term to be zero. Adding
an additional symmetry to our physics world could solve this issue - such an additional symmetry would
also lead to an additional particle called axion [49], which would not only solve the PT-invariance of
the strong force but is also a candidate for another mysterious property of our universe called dark
matter. However, despite much effort and experiments worldwide trying to find an axion or axion-like
particle, all attempts were unavailing so far. The strong CP problem is, probably, another problem that
will be passed on to the next generation of physicists.
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2.6 Neutron EDM

The previous chapters (chapters 2.2 to 2.5) elucidated why the CP-violation is such an important prop-
erty. It gives insights into fundamental principles of physics beyond our current level of knowledge,
helps to explain processes in the very early universe, and is a link between theories beyond the standard
model and experimentally reachable properties.

In principle, there are two ways to approach the problem of CP-violation and possible measurable
observables. First, one can try to reach very high energies at large accelerators like the CERN. Second,
one can also go in the opposite direction, trying to find CP-violation through tiny variations in high-
precision experiments. This type of experiment is less expensive and involves smaller collaborations
while being just a different approach to problems researched in high-energy physics, S.K. Lamoreaux
called this type of experiment “the poor man´s high-energy physics” [50]. While this is a rather rigorous
way to describe the advantages of high precision experiments over high-energy experiments, the basic
statement, that precision-experiments are more cost-efficient while being on the same level regarding
relevance and significance for future physics should not be underestimated.

One of these properties linked to a CP-violation examined through high precision physics is the elec-
tric dipole moment of particles. While the mathematical and physical connection between a theoretical
CP-violating interaction and an observable EDM can be complicated and includes many estimations,
assumptions, and uncertainties, an EDM of a particle is always a CP-violation. This can be shown with
a simple consideration (following [33]). The dipole operator is given, analogous to the classical electric
dipole moment, as the sum over the space and charge:

®d =
∑︁

i
®riqi . (19)

Now studying the behavior of this dipole operator under P-transformation. Assuming a particle (like
a neutron) with states ⟨ψ|:

⟨ψ| ®d |ψ⟩ = ⟨ψ| P†P®dP†P |ψ⟩ = – ⟨ψ| ®d |ψ⟩ . (20)

The parity operator transforms ®r into –®r and ®d into –®d. Thus, according to equation 20, P-symmetry
is only valid for the case that ⟨ψ| ®d |ψ⟩ = 0, so that no dipole moment is present, a dipole moment is a
P-violation.

A similar argument can be expressed for T-symmetry, however, with an additional step. The dipole
operator ®d is a three-dimensional property and the only three-dimensional property present in a fun-
damental particle is the angular momentum operator ®J. Based on pure dimensional considerations, the
dipole operator has to be coupled to this angular momentum operator through some coupling constant
d:

⟨ψ| ®d |ψ⟩ = d ⟨ψ|®J |ψ⟩ ∝ ⟨ψ|®J |ψ⟩ .

Briefly discussing the behavior of the total angular momentum operator under T-symmetry:

⟨ψ| ®d |ψ⟩ = d ⟨ψ|®J |ψ⟩ = d ⟨ψ| T†T®JT†T |ψ⟩ = –d ⟨ψ|®J |ψ⟩ (21)

which can again only be true for the case that d = 0, which means the dipole moment is zero. Again,
as soon as a dipole moment arises, d ≠ 0 and the T-symmetry is violated.

As we see in that simple but educational consideration, an EDM is always a PT-Violation and, as the
CPT-theorem still holds, therefore also a CP-violation. Another question that should be discussed here
is what makes the neutron favorable for EDM measurements. The considerations so far did not include
any information regarding the type of particle and the formalism of calling the state just ⟨ψ| was chosen
to stay as generic as possible, so any system could be used to probe for possible CP-violations. When
measuring the dipole moment, one measures the effect of the dipole moment for the system given by
the Hamiltonian
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Hdipole = –(d ®·E) ·
®J
|J| , (22)

where d is the assumed dipole moment, E is an electric field, and J is the system´s angular momen-
tum. The effect of the dipole moment on the system is directly coupled to the electric field. However,
a charged particle (like a proton) under an electric field will experience an overall force and gets ac-
celerated along the field direction (which is rather inconvenient for experiments as the particle will
accelerate out of the experiment and/or towards the electrode). For a neutral particle (like the neu-
tron), handling is much easier as an applied electric field will lead to an energy shift according to 22
while the particle itself will not experience any forces due to that electric field.

Another argument is that an EDM can also be measured in atomic structures, but these structures are
rather complicated. Atoms are complex systems with different particles (neutron, protons, electrons)
all interacting, influencing, and coupling. It is difficult to differentiate between systematic effects and
an actual dipole moment in such complex systems. Also, the atom will interact with the electric field
as e.g., the electron-shell is charged. The situation for neutrons is more convenient since the neutron is
a single spin-1/2-particle which can be described with more simple models and the EDM is not hidden
behind atomic effects. It should also be noted that the neutron is a well-known system with well-known
properties like lifetime, mass, and magnetic moment [51]. Another property is that the movement and
interactions with walls of neutrons of very low energy (ultra-cold neutrons) can be described classically
using laws similar to classical optics (the field of neutron-optics, e.g. [52]). When neutrons interact with
a barrier like a wall, they will be total reflected as long as the neutron´s energy is lower than the so-
called Fermi-potential of the corresponding material. For example, some nickel or diamond-like carbon
materials show Fermi-potentials as high as 300 neV [38] while typical energies of ultra cold neutrons
are below this values. Ultra-cold neutrons can be stored in a box made of such materials (moving
around inside, being reflected by the walls) for long times, limited basically by the lifetime of neutrons
(which is roughly 887 s [51]). These properties make ultra-cold neutrons a natural choice for EDM
measurements and such experiments have been conducted for many years and by many groups around
the world, constantly increasing the sensitivity limit.

While, at the time of this thesis, there is still no nEDM found, the upper limit of the nEDM (set by
the sensitivity of the experiment) constantly improves and has reached the value [53]:

dN < 1.3 · 10–26 ecm. (23)

Even if the value for the nEDM is not known, any new upper limit has very interesting effects on
current theories. There are two possible impacts of such an nEDM limit for physics. On the one hand,
the limit can provide information for already known theories, an example is the θ-term shown in chap-
ter 2.5 where the value of θ could be any number but experimental data leads to the result that the
value is near zero. Such results in turn can lead to development of new theories, trying to explain the
observed characteristics of nature.

On the other hand, theoretical models lead to predictions for the nEDM. The EDM, according to the
standard model is tiny, the CP-violation by the CKM-matrix (see chapter 2.4) leads to expected values
for the neutron dipole moment in the order of [54, 55]

dN,SM ≈ 10–30 ecm

while other calculations lead to even smaller numbers [38, 42]. While these small numbers are still
far away from experimental sensitivity limits, new theories expanding the incomplete standard model
often lead to larger values. Including a fourth family of quarks (in addition to the known 3 families
in the SM), the expected value rises already to d4th ≈ 10–29 ecm. Adding new theories, like a possible
CP-Violation through spontaneous symmetry breaking of the Higgs-field, lead to a predicted nEDM of
[56]

dN,Higgs ≈ 10–24 ecm

18



which is two orders larger than the current experimental value. Despite that prediction, the experi-
ments did not find any nEDM, not even two orders smaller than this theoretical value, indicating that
either the theory or an assumption made in that theory is wrong. Further discussions, including a quark
chromoelectric dipole moment, lead to a prediction of [57]

dCEDM ≈ 10–25 ecm,

again larger than the current upper limit of the actual measured value. The same holds when esti-
mating the effects of the sypersymmetric grand-unified models and theories [57], which again leads to
values already excluded by experimental results. Also, other limits deduced from theoretical models
were already excluded [58]. This example may illustrate EDMs´ central role and especially the neutron
EDM for physics beyond the standard model as more sensitive experiments will lead to lower upper
limits, which helps reduce the number of possible extensions of the Standard Model by excluding some
of the proposed theories. Based on this, I. B. Khriplovich and S. K. Lamoreaux stated in the preface of
[38]: “One could argue that the neutron EDM measurement has ruled out more theoretical models than
any other experiment in the history of physics”1.

1As a remark of the author, it should be considered that speculative theories beyond the Standard Model have a lot of
unknown and free parameters so that these theories can often be modified and adjusted to experimental results. Therefore,
many theories are still discussed and considered as a possible extension despite being, strongly speaking, ruled out by the
measured upper limit for the nEDM.
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3 The panEDM Experiment

3.1 Ramsey’s Method of Separated Oscillating Fields

The discovery of a nEDM would imply strong constraints on the correct beyond-SM theory (as various
models lead to different predictions) and would lead to a better understanding of processes during the
very early universe. As the neutron is a rather easy to handle particle (see 2.6) as it is an neutral particle
with well known properties, can be stored quite easily, and described classically, it was a natural choice
as a probe for physics beyond SM. During the 1950s, J.H. Smith, E.M. Purcell, and N.F Ramsey performed
the first experimental measurement of the electric dipole moment, which led to the upper limit [59]:

dn < 5 · 10–20 ecm.

Based on a classical picture of the neutron (three charged quarks with a distance of ≈ 0.1 rn) one
may deduce a limit in the range of dn ≈ 10–13 ecm which was already excluded based on this first
measurement. Since these days, many technical improvements and sophistication of the experimental
instruments have decreased the upper limit of the nEDM. Based on an experiment held at the Institute
Laue-Langevin, further down to dn < 2.9 · 10–26 ecm [60] and recently to [53]

dn < 1.3 · 10–26 ecm (24)

with experimental data from the nEDM experiment at the Paul-Scherrer-Institute in Villigen. While
the exact specifications are different for the respective experiment based on design decisions and local
experimental conditions, especially the neutron source, the basic measurement principle in the experi-
ments mentioned above is always the same and called Ramsey’s method of separated oscillating fields or
Ramsey interferometry. Suggested by Ramsey in 1950 [61], one half of the Nobel Prize in Physics 1989
was awarded to Ramsey for the invention of this technique [62]. The basic principle can be explained
in four phases.

I. The initial starting point for a Ramsey measurement: several particles (here neutrons) are polarized
along an magnetic field B0. For convenience, we shall call this direction z.

II. The magnetic moment of the particles (spin) is flipped into the xy-plane using an π
2 -pulse. This

pulse is a magnetic field perpendicular to z (here we shall call that axis x), oscillating at the Larmor
frequency of the particle given byωL = γ · B0 with γ the gyromagnetic ratio.

III. The particle is freely precessing in the x-y-plane around B0 with the Larmor frequency ωL for
some time T according to the classical torque of a magnetic field acting on a magnetic moment ®τ = ®µ×®B0
with ®µ the magnetic moment of the particle.

IV. After some time T, a second π
2 -pulse, identical to the first one, flips the particle again. In the ideal

case, if the second pulse is in phase to the first one, the particle is flipped up again. and the state after
the second pulse is identical to the initial conditions given in I (one could also flip the particle down
instead up, so the final state would be –z instead of +z). The final state after the second pulse depends
on the relative phase between particle precession and π

2 -pulse. The Ramsey principle is illustrated in
figure 2.

The critical point for understanding this simple yet extremely sensitive measurement is the effect
of a phase shift between the second flipping pulse and the Larmor precession of the particle. If the
particle precession and the second flipping pulse are in phase (e.g. the second π

2 -pulse along x starts
precisely when the particle is also orientated along x), the particle’s magnetic moment will be flipped
down reaching the opposite of the initial state. However, a phase shift π between flipping pulse and
particle (e.g. the particle orientated along -x when the π2 -pulse along x starts) would lead to quite the
opposite result so that all particles would be flipped up again. Any angle between ]0,π[ would lead
to a state between up and down, which can be interpreted as a mixture of up and down or, in a more
classical picture, some particles are flipped up, others a flipped down. The exact probability for the
up-state as a function of phase and different parameters is given in equation 31.
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Figure 2: A graphical representation of the Ramsey cycle. The magnetic moment of a polarized particle
(along z) is flipped into the x-y-plane (via a π/2-pulse) and precess around a magnetic field
(B0 along z). After some time, a second π/2-pulse flips the particle again. The final state
depends on the phase difference between the second pulse and particle precession (red and
black vector). Here, two free precession phases (separated by a π-pulse are shown). Graphic
taken and modified from [63].

The result after the second pulse depends on the phase difference between the two independent
frequencies, the frequency timing of the flip pulses (or the assumed precession frequency given by
an external clock which we call ωF) and the actual precession frequency of the particle (ωL). This
difference can be defined as the so-called detuning δ = ωF –ωL. Calling the phase shift “detuning” is
rather uncommon in this context but comes in handy for the discussions in optics during the following
chapter (where frequency differences are usually called detuning). Also, we neglect here the frequency
and length of the flipping pulse itself asωF only describes the assumed precession frequency, defining
when and at which phase the second pulse starts. Assuming we have the actual Larmor precession of
the particle ωL and the assumed precession frequency ωF, than during the phase III of the Ramsey
cycle, one accumulates a phase difference of:

∆ϕ = (ωF –ωL) · T = δ · T . (25)
When measuring the end-state of the particle after the complete Ramsey cycle, so the number of up

and down particles, one can calculate the phase difference responsible for the observed distribution of
particle orientations [38]

P+ – P– = –cos(∆ϕ) ,
where P+/– is the probability that the particle is flipped up/down by the second pulse and ∆ϕ the

phase difference. Here, all particles are in the down-state at a phase-difference of zero, chosen by
definition. Measuring the distribution of particles in up/down states (n+/–) after the second pulse, one
gets a guess (limited by statistics) for these probabilities:

n+ – n–
n+ + n–

≃ P+ – P– = –cos(∆ϕ) . (26)

After obtaining the phase difference∆ϕ by measuring the number of particles in up and down states,
one gets via equation 25 directly the Larmor precession of the particle:

ωL = ωF – ∆ϕT . (27)

As the parameters ωF and T are set and hence known, measuring the distribution of up and down
particles after the second pulse is a direct measurement of the (unknown) Larmor precession frequency.
Naming the particle a neutron with a known magnetic dipole moment ®µN and a possible electric dipole
moment ®dN, the interaction Hamiltonian between particle and field for the spin is [38]:
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Hnedm = –(µ®B0 + dN®E) ·
®S
|S| . (28)

Repeating the identical measurement with identical B0 two times, with parallel electric field E (̄hω↑↑ =
2µ®B0 + 2dNE) and anti-parallel electric field (̄hω↑↓ = 2µ®B0 – 2dNE), here the factor of 2 comes from the
consideration that we have a neutron which is a spin-1/2 particle, and then calculating the difference
between both results one gets:

h̄(ω↑↑ –ω↑↓) = 4dnE ⇒ dn =
h̄(ω↑↑ –ω↑↓)

4E . (29)

If the neutron has no dipole moment, both measurements are identical - any difference between these
two measurements (parallel and anti-parallel E field) directly indicates the existence of an electric dipole
moment dN. This is the fundamental principle of the nEDM-measurement using the Ramsey technique.
The assumptions above, like equation 29, are only true if B0 is identical during both measurements and
for all neutrons without any time or space dependency or drift. In reality, such a condition is impossible
to fulfill as minor variations, drifts, and inhomogeneities of the field will appear. This issue is discussed
during chapter 3.4, where different field effects and their consequences for the measurement will be
calculated.

The fundamental sensitivity limit for a nEDM measurement can be reconstructed on rather simple
arguments. First, the measurement explained above is done with a large number of neutrons (N) and
reapeated several times (n), both being independent statistical values and reducing the uncertainty of
the measured frequency differenceωD by 1/

√
nN. The free-precession time directly and linearly affects

the measured frequency difference or phase (equation 29 and 25) leading to δωD ∝ 1
T
√

nN
. From 28 and

29 one gets that dN = h̄ωD
2E , combining both:

δdN = h̄
2ET

√
nN

. (30)

This number is further reduced by technical limitations like imperfect polarization, detector effi-
ciency or interferometric visibility. This sensitivity limit can also be given in terms of total time t, done
in [38]

δdN = h̄
2E

√
NT

√
t

as the number of measurements n can be approximated as total time divided by measurement time
n = t

T .
The probability that a neutron is in the up-state after the Ramsey cycle, dependent on the frequency

of the flipping-fieldωF and the free-precession time T can be written as [64]

P(T,ωF) = 1 –
4ω2

1
Ω2 sin2

(
Ωtπ

2

2

) [
∆

Ω
sin

(
Ωtπ

2

2

)
sin

(
T∆
2

)
– cos

(
Ωtπ

2

2

)
cos

(
T∆
2

)]2

, (31)

where tπ
2

is the duration of the flipping pulse, ω1 = –γnB1 the Larmor precession of the neutron

around B1, ∆ = ωF – ω0 the detuning and Ω =
√︃
∆2 +ω2

1. This leads to a predictable pattern called
Ramsey fringes, giving the probability (the number of neutrons) in the up (or down) state depending
on the detuning.

As the intention is to detect the smallest possible detuning with maximal sensitivity, it is essential
to choose a flipping frequency at the steepest slope of the fringes where the measured polarization-
change per detuning dP

d∆ is maximal. Figure 3 shows calculated Ramsey fringes. The working point for
a measurement would be at the steepest point of that curve (in that example at the center at ωrf ≈
36.83 Hz). The visible assymetry is due to the relaxation towards the field direction. An additional
explanation of the Ramsey cycle is given in chapter 4.3.3 based on (optical) Bloch equations.
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Figure 3: “Ramsey fringes”: The probability that a neutron is in the up (or down) state (here shown
as polarization) depending on the frequency of the flipping pulse. The working point for the
measurement is at the steepest point of the curve (here about 36.83 Hz). Plot taken from [65].

3.2 Dual-Chamber Design

During chapter 3.1, the method used in the panEDM experiment was explained. As shown in equation
28, a magnetic field drift will have the same effect on the Hamiltonian as a real nEDM. A key feature
of the panEDM experiment is its dual-chamber layout, where two neutron chambers (with opposite
electric fields) are in the same magnetic field. The measurement with parallel and anti-parallel mag-
netic and electric fields is done simultaneously. Any first-order magnetic field effects (a drift of the
overall magnetic field) will be canceled out by comparing both chambers simultaneously in contrast to
a sequential measurement. However, higher-order magnetic effects like dipole-like fields or gradients
(anything not symmetric in both chambers) will still lead to an erroneous measurement. Therefore, it
is crucial to monitor the magnetic field during the nEDM measurement, which is done at the panEDM
experiment with a combination of cesium and mercury magnetometers. The whole chamber stack with
HV-electrodes and both UCN-chambers (shown in figure 4) is placed inside a non-magnetic vacuum
chamber.

The applied fields will be about B0 ≈ 1.3µT and E ≈ 2 MV/m [66]. The electrodes, constituting the
upper and lower concealment of the chamber, will be coated with copper or diamond like carbon while
the insulator quartz-rings (the radial concealment of the chamber) will use a new type of deuterated
polyethylene coating with a high Fermi potential of 214 neV [67]. At a storage time of 200 s (which is
about the time planned for the free precession phase of the Ramsey cycle), the interferometric visibility
parameter was demonstrated to be above 0.8 [68]. The vacuum chamber is placed inside a multi-layer
magnetic shielding, shown in figure 5, to minimize environmental field drifts or gradients. This shield
offers a damping factor of 6·106 for mHz drifts [69] with a relative field homogeneity (within the volume
of a single UCN-chamber) of at least 5 · 10–4 [70] and a gradient drift of the residual field (the field
inside the shielding but without B0) of less than 10 fT/ms [71]. Due to an in-house developed magnetic
equilibration procedure using L-shaped coils, the time for “degaussing” (as it is commonly called) is
substantially reduced [72]. In addition to the coils producing the B0 – field, a set of 43 correction coils
will compensate field gradients and inhomogeneities to the level of 0.2 nT/m [66].
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Figure 4: The panEDM double chamber layout. Two neutron chambers with ultra-cold neutrons (UCN)
are placed in the same magnetic field (B0), generated by coils not shown in this figure. The
electric field is parallel in the upper and anti-parallel in the lower chamber by placing the HV-
electrode in the middle between and the two ground electrodes below or above the respective
chamber. Around the chamber-stack, several fiberized Cs-sensors (and one cell in the cen-
ter HV-electrode) and two Hg-cells constantly measure the magnetic field environment to
minimize any field-induced false effects. Figure taken from [66].
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Figure 5: The magnetic shielding used in the panEDM experiment. The UCN-chambers (1), shown
in figure 4, within the vacuum chamber (2) are placed inside a three-layer shield (5). The
B0/1 – coils are included in an innermost cylindrical shield (4). The whole apparatus with the
inner three-layer shield is placed inside an outer shield (6) closed by a large access door (7).
The high-voltage is connected from the backside (3) where also the neutrons are guided in.
Obtained from [66].
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Figure 6: General layout of the panEDM experiment at ILL. Moderated neutrons arrive from the nuclear
reactor via a beamline (cold beam). In the SuperSUN source, ultra-cold neutrons are produced
and filled into the panEDM apparatus inside the shielding (MSR) via UCN optics and guides
after being polarized by a solenoid polarizer (SP). Within a clean room (not shown), necessary
laser-optics and electronics for the magnetometer systems are placed. The necessary cooling
(superfluid helium) is provided by a pump system. After a measurement cycle, the neutrons are
extracted again and the polarization is measured in neutron detectors (UCN optics). Obtained
from [63]

The ultra-cold neutrons for the panEDM experiment are generated by a new source SuperSUN [73,
74], currently under development at ILL, based on neutron scattering on superfluid Helium at 0.6 K
[75, 66]. The concept of ultra-cold neutron production via inelastic scattering on super-fluid helium
should not be further discussed here but rather seen as a neutron source provided by the ILL facility,
the concept being explained in e.g. [76]. Initially, a UCN production rate of 105 s–1 and 4 · 106 stored
neutrons are predicted while in an improved version (called “phase II”), the number of stored neutrons
should increase to 2 · 107 [66]. These ultra-cold neutrons are guided into panEDM apparatus via glass
guides. Due to transport- and polarization-losses, the UCN density in the chambers is predicted to be
around 3.9 cm–3 for the initial version of SuperSUN [66]. The SuperSUN source in combination with
the panEDM experiment is shown in figure 6.

The Ramsey-cycle measurement is done after filling the ultra-cold neutrons into the experiment.
Afterward, the neutrons are extracted and the polarization state is analyzed. Therefore, the extracted
neutrons are guided into two CASCADE[77] detectors. A foil-polarizer and spin-flipper before each
detector allow to choose which spin sate (“up” or “down”) will reach the detector. Thus, each detector
is only sensitive to one spin state. Comparing the numbers in both detectors, the overall polarization
and so the phase difference can be calculated via equation 26. The flexibility to choose the allowed spin
state for each detector helps to avoid false effects due to different detector characteristics.

The overall expected sensitivity with a free precession time of 250 s (which corresponds to the co-
herence lifetime of stored ultra-cold neutrons), a 150s dead time between measurement cycles, and
including technical losses and inefficiencies (like transport and polarization losses in neutron guides)
was published by the panEDM group in 2019 [66] and is given in table 2.
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Sensitivity Phase I Phase II
Per run 5.5 · 10–25 ecm 1.2 · 10–25 ecm

Per 100 days 3.8 · 10–27 ecm 7.9 · 10–28 ecm

Table 2: The expected sensitivity limits for the panEDM experiment, based on numbers and character-
istics obtained during extensive components tests. Published by the panEDM group, Wurm
et.al. [66].

The main difference between Phase I and II is the improved ultra-cold neutron source (SuperSUN) at
ILL and only minor improvements on the panEDM apparatus itself. However, even the expected Phase
I sensitivity would be an improvement to the current upper limit (see chapter 3.1 or [53]).

3.3 Magnetometry Systems at panEDM

3.3.1 Nuclear Spin: Mercury Magnetometry

Magnetic field monitoring is crucial for an nEDM measurement based on the Ramsey principle. For the
panEDM, two different systems are used: mercury and cesium magnetometers. As shown in figure 4,
directly above and below the neutron chambers are two large mercury cells. These 200 mm long cells
are optically pumped via a chopped free space laser beam at 253.7 nm while a continuous beam is used
for optical probing. Details are given in [78]. The Mercury-magnetometer is based on a measurement
of the nuclear spin and offers a high coherence time in the range of about 250 s [66], while 100 s were
demonstrated with a smaller cell [78]. These long coherence times allow a high sensitivity, reaching
12 fT for an integration time of 100 s [66], demonstrated with a smaller cell with lower coherence
time. Hence, the expected sensitivity for the larger cells used at panEDM is higher. As the mercury
magnetometer is sensitive to laser-frequency-dependent light shifts reaching the equivalent of several
nT [78], the system is locked to a detuning where the light shift vanishes using a Doppler-free DAVLL-
system [79] while the laser power is actively stabilized [66]. However, as the gyromagnetic ratio of the
probed 199Hg nuclear spin is about 7.59 Hz/µT the observed precession frequency for B0 ≈ 1.3µT is
relatively slow at 9.8 Hz. Therefore, as the mercury magnetometer is a very sensitive but comparable
slow system, the main task during the measurements cycle is to detect slow changes and the overall
gradient along the z-direction (between the upper and lower cell). Due to the significant distance
between both cells, a sensitivity of 4 fT is sufficient to rule out relevant gradient-field induced effects on
the 10–27 ecm level [66]. In addition to the rather low bandwidth, the use of free space laser beams for
pumping and probing reduces the spacial flexibility. As these laser beams have to be guided free space
from one side of the shielded room through the apparatus until exiting on the other side of the shield
in a straight line, the cells have to be placed precisely at the designated positions where the vacuum
chamber and the shielding have access holes. As the measured field is averaged over the whole 200 mm
long cell volume, a localization of field effects is difficult.

3.3.2 Atomic Spin: Cesium Magnetometry

A second, cesium-based, magnetometry system is used to tackle the disadvantages of the mercury
system. As cesium magnetometry is based on optical pumping and probing of the electron spin, the
gyromagnetic ratio is higher≈ 3.5 kHz

µT (see 4.2.3). This results in a precession frequency of about 9.1 kHz
due to a twofold symmetric polarization state (see 4.2), setting the fundamental bandwidth limit for fast
changes ≈ 103 higher than for the nuclear-spin based mercury system. In addition, the cesium system
is based on fiberized sensors with build-in 30 mm cells instead of a free space concept. The probe
and pump laser beams are guided via fibers to the sensor and back to the electronic so that the sensor
position is more flexible. Also, the magnetic field is averaged over the 30 mm cell, allowing rather
precise localization of measured fields. However, this advantage comes at the cost of lower sensitivity:
As the valence electron depolarizes easily during wall collisions, even with an anti-relaxation coated
cell, coherence times of 70 ms are typically achieved in this thesis (≈ 103 times lower than for mercury).

27



This limits the sensitivity per single decay to about 1.5 pT in the initial design [22]. During this thesis,
a new design will be presented which, among other features, improves the sensitivity to 700 fT per
FPD-signal.

As both systems offer advantages and disadvantages, they will operate together and complement
each other. The mercury system will provide very precise data on the static magnetic field, slow field
drifts, and linear field gradients. At the same time, the cesium system will offer information about
field disturbances that are either too fast to be detected by the mercury system (higher bandwidth) or
higher-order, non-linear gradients (higher spatial resolution due to more sensors). An example of such
an effect would be a high voltage spark-over between the high voltage and ground electrode. Such
a spark-over is both very fast/short (limited to ms) and produces a local non-linear gradient in some
direction (dependent on the exact location and current).

3.3.3 Co-Magnetometer

Many nEDM experiments based on Ramsey´s method used the concept of co-magnetometers [80, 60].
In such a concept, a gas like mercury is added together with the neutrons into the neutron chamber
and optically pumped and probed via a free-space laser beam (like for the system in chapter 3.3.1). In
contrast to the panEDM experiment where the mercury cells are added to the chamber-stack, for the
co-magnetometer concept, the neutron chamber acts as a magnetometry cell where both, neutrons and
mercury (or some other species), are filled in. The advantage offered by co-magnetometer system is,
that the field can be measured directly at the location of the neutron: The mercury inside the camber
experiences the same field at the same time together with the neutrons. Also, a localized dipole field
(like a magnetic dust particle) inside the chamber can be detected, which is difficult with an exter-
nal sensor array due to the distance. However, as the addition of mercury into the chamber reduces
significantly the polarization lifetime of neutrons (due to additional depolarizing collisions and as the
anti-relaxation coating in the chamber must be a compromise between best properties for neutrons
and mercury atoms) and also reduces the maximum high voltage, the single run sensitivity can be
improved by about 50% when abolishing the use of co-magnetometers [66]. Other drawbacks of such
co-magnetometers include additional systematics due to atom-neutron interactions, sensitivity limiting
false-field effects (coupled to high electric fields inside the neutron chamber), or coating deterioration
[66]. Therefore, for the panEDM experiment, the concept of using a co-magnetometer is abandoned
in favor of an extensive external magnetometer array. As the magnetic field information at the center
(or inside the neutron chambers) is missing for analysis, it is especially important to have sensitive,
drift-stable and reliable magnetometer systems providing extensive magnetic field information. The
combination of slow and fast sensors at different positions based on different species allows the recon-
struction of fields experienced by the neutrons in the chamber based on the data gathered by external
sensors. This thesis will also provide a concept of introducing a free space center-electrode cesium
sensor that will take over the task of a co-magnetometer (see section 12), giving information on the
field at the center without any of the above mentioned adverse side effects.

3.4 Systematic Effects and Magnetic Field Requirements

3.4.1 Field Gradients, Drifts and Inhomogeneities

To get an overview of possible false effects affecting the nEDM measurement and emphasize the impact
of magnetometry, some of the most prominent false effects shall be discussed. Field gradients and field
inhomogeneities are the most obvious cause for a false nEDM. The nEDM measurement using Ram-
sey´s Method is based on comparing the precession frequencies with parallel and anti-parallel fields.
Assuming measuring the parallel case at some time t1 and afterward, the anti-parallel configuration at
time t2, the difference between both frequencies (or energies) can be written as (see 28)

△E = 4dNE + 2µ
(
®B1(t1) – ®B2(t2)

)
, (32)
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where dN is the searched nEDM, E the electric Field, µ the neutron magnetic moment and ®B1/2(t1/2)
the magnetic field during the first/second measurement at time t1/t2. A field drift between both times
will mimic non-zero differences and so, a false nEDM signal. As the panEDM experiment uses a double-
chamber layout (see chapter 3.2) where both cases are measured simultaneously, this error is suppressed
as t1 ≡ t2. This is generally true for all temporal drifts of the overall field that affect both cells in the
same way. However, even if a temporal drift will not affect the measurement, spatial gradients are
still possible. With a field gradient along the z axis, the B0 field in the upper cell will not be identical
to the field in the lower cell, even if t1 ≡ t2, a gradient will cause B1(t1) ≠ B2(t1) and, according to
equation 32, again leads to a false nEDM signal. This linear gradient will be detected by comparing
the field above and below the two cells where the sensitive mercury magnetometers are positioned.
The differential sensitivity must be 4 fT or better to rule out a gradient-induced false effect on the
desired sensitivity scale [66]. More complex effects also affect the measurement. In principle, any
localized field disturbances (in contrast to global field drifts, which are compensated by the double-
chamber layout) will lead to a false nEDM signal as the field will affect chambers differently. A source
for such localized field disturbances is the high voltage system. As no material is a perfect electric
insulator (basically, insulators are materials with a high specific resistance), at voltages of several MV
used in the panEDM experiment, some leak currents may flow through one of the insulator quartz rings,
generating a magnetic field. A leakage current of 50 pA will lead to a false nEDM signal comparable to
the projected Phase II sensitivity [81]. To be aware of these effects, a leak-current monitor is projected
and will monitor and measure any possible undesired currents on a 0.5 pA level. The monitor system is
electronically insulated and transmits the measured leakage value via light signals so that no additional
currents due to the measurement device itself can occur. In addition, the cesium magnetometer system
can detect fast, strong field disturbances (e.g. by an electric breakdown). An electric current of 1µA
will lead to an additional magnetic field of about 2 pT at a distance of 10 cm and is detectable using
cesium magnetometers (which offer a sensitivity for fast signals in the range of 1.7 pT with the legacy
or 700 fT with the new sensor). However, at a distance of 0.5 m, the detectable signal will shrink to
400 fT, which is below the fast-signal sensitivity limit of currently used sensors but still well above the
sensitivity limit at higher integration times.

Any magnetic impurities brought into the chamber, e.g. due to ferromagnetic particles from an
unclean neutron guide, will have the field of a magnetic dipole which behaves over a distance as r–3.
Consequently, a gradient from a dipole field emitting impurity, which may be assumed to be a rather
large field of 100 pT at 10 cm distance, will fall below 800 fT at a distance of 50 cm. This emphasizes
the relevance of a sensor in the middle of the experiment between both chambers where the distance
to the neutron storage volume is minimal (about 10 cm to the bottom of the chamber).

3.4.2 Field Related Effects

Besides direct field effects, there are also systematic effects linked to magnetic fields or that may act
as a magnetic field. One effect of this class is the motional magnetic field which originates from the
electric field in combination with the particle´s movement. A particle moving with a velocity v through
a static electric field E will experience an additional field in its resting frame due to special relativity
rules when transforming from the lab frame into the moving frame of the particle. The particle will
experience an additional field which can be estimated at the first order as [38][82]

Bv×E = – v
c2 × E (33)

which is also known as v × E-effect. This effect is important for beam-line experiments where all
neutrons move along one direction with rather high speed and observe an additional magnetic field. For
a storage experiment using ultra-cold (and ultra-slow) neutrons, this effect is heavily suppressed. First,
as the velocity is small compared to thermal neutrons, the SuperSUN source has its spectral density
maxima at 80 neV [66] which corresponds to a 3.9 m/s neutron velocity. Second, the particles in the
storage chamber are moving in random directions and so, at the first order, the magnetic field effect is
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averaging out. However, higher-order terms appear even for zero velocities [38]. These higher-order (at
least quadratic) terms are, at first, insignificant for the desired sensitivity. However, if a field-gradient
is present in addition to these electric-field-related effects, the combination of gradients and the v × E-
effect can be a limiting systematic false effect. Assuming some quantum mechanical system in an initial
state, the system moves in its parameter space along a closed trajectory adiabatically until it reaches
the starting point again. In general, as long as all changes are adiabatic, the final state after the closed
trajectory should be identical to the initial state. However, under some circumstances like singularities,
this will not be the case as a non-trivial phase factor can arise and the system will accumulate a phase
difference compared to the starting point. This effect is usually called Berry phase, in accordance to the
introduction by M. Berry in [83]. A similar effect can appear inside particle traps where particles freely
move around but accumulate a phase, coupled to the geometry of the magnetic (and electric) field.
These effects are known as geometric phases and comprise different effects and physical interactions,
all leading to an observed phase shift. As explained in chapter 3.1, the nEDM measurement is based on
the comparison of the precession frequency for parallel and anti-parallel B and E field. The accumulated
phase difference between both cases can than be written as [82]

(
��ω↑↑

�� –
��ω↑↓

��)T =
|µa|

(
B↑↑ – B↑↓

)
J̄h T ± 2daE

J̄h T ± (εgeo↑↑ – εgeo↑↓) , (34)

where µa is the magnetic moment of the particle (in this case the neutron), B↑↑(↑↓) the magnetic field
for the (anti-)parallel case, T the free precession time, J the total angular momentum (for the case of
the neutron the spin S), E the applied electric field, da the electric dipole moment of the particle (the
nEDM) and the last term any additional false effects leading to some accumulated phase, the geometric
phases. The first term and possible false terms occurring from it were discussed in chapter 3.4.1, the
second term is the property which the should be measured while the last term is discussed further. If
the first two terms are zero, and one only measures the geometric phase effect which mimics a false
electric dipole moment, one assumes a false dipole moment caused by geometric phase as:

2dfalseE
J̄h T = (εgeo↑↑ – εgeo↑↓) ⇒ dfalse = (εgeo↑↑ – εgeo↑↓) J̄h

2ET . (35)

While the v×E-effect will not produce a significant geometric phase on its own, it gets relevant if one
assumes the presence of an additional magnetic field gradient. Such magnetic field gradients will appear
as magnetic fields can not be produced with a perfect homogeneity (due to material effects, building
tolerances, environmental fields, and similar limitations). For simplicity, one assumes a linear gradient
along z (along the B0-direction, the field-strength changes with the height of the chamber) which is
radially symmetric around the center of the chamber. More detailed calculations show that the field
gradient along z is the dominant factor for the discussed effects [82], justifying this simplification. In
this case, one may express the field in the x-y-plane as

B(r) = –
(
δBz
∂z

)
r
2 , (36)

where B(r) is the magnetic field at radius r and
(
δBz
∂z

)
the linear field gradient. This can be visualized

by magnetic field lines bent towards the center along z (the field is higher for large z and lower for
small z, just as a gradient along z is defined). The field described by these bent magnetic field lines has
not only a z-component but also an x-y-component which is radially symmetric and points towards the
center (responsible for the “bent” of the magnetic field lines). So, a particle moving in the x-y plane will
not experience the z-gradient itself but this radial-symmetric x-y-component pointing from the wall
into the center of the chamber. A particle moving around the chamber in a clockwise direction will
observe this radial-symmetric field in its resting frame as an anti-clockwise rotating field (the direction
of the x-y-field is directed towards the center of the chamber while the particle is moving around in
circles - the relative field direction from the neutrons point of view is rotating). The radius R of the
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chamber and the velocity of the particle in the x-y-plane vxy can approximate the rotation frequency
observed by the neutrons as

|ωr| =
��vxy

��
R (37)

which seems oversimplified (as the particle will not move in perfect circles at a constant radius but
bounce around the chamber, getting reflected by the walls) but is shown to be a correct approximation
even for more complex cases [82]. A particle precessing around the B0 field with its Larmor frequency
ωL which gets under the influence of an additional field Bxy rotating in the x-y plane with frequency
ωr (as it is the case when moving through the z-gradient) will change its overall precession frequency
in first-order approximation to [84]

∆ω =
ω2

xy
2(ωL –ωr)

, (38)

where ωxy is the Larmor frequency of the particle if it would precess around Bxy. These frequency
shifts, occurring by superposition of different frequencies, are commonly known as Ramsey-Bloch-
Siegert-shift as it was introduced by Ramsey and has strong similarities to the Bloch-Siegert-shift men-
tioned in the following chapter. The geometric phase factor ω2

xy in 38 for a particle in a trap (like the
neutron in the panEDM chamber) can be classified into three groups [82]: effects linked directly to this
Ramsey-Bloch-Siegert-shift where the electric field E is not of importance, effects directly linked to the
v×E-effect (see equation 33), both only higher-order effects and third, cross-terms between both types
which are linear with the electric field and the dominating source for geometric phases and false nEDM
effects. For the case of a homogeneous B0-field where the gradient induced field-rotation frequencyωr
is small compared to the precession frequencyω0, also called adiabatic case which is the relevant case
for the panEDM experiment as the relative field homogeneity was measured to be 5 ·10–4 [66], the false
nEDM-signal due to dominating linear-E-factor is [82]

dfalse = –2γ2B0 |Bv| |ωr|
ω2

0

1

1 – ω2
r

ω2
0

(39)

with γ the gyromagnetic ratio, |Bv| = |vxy||E|
c2 and vxy the speed of the particle (in the x-y-plane) ac-

cording to 37. A complete discussion of geometric phases, also for non-adiabatic cases, and a model for
simulating and calculating effects in different cases was published in [82]. As mentioned in chapter 3.2,
the vertical gradient in the panEDM experiment is expected to be ≈ 0.2 nT

m leading with the consider-
ations above to a geometric-phase induced false EDM of less than 5 · 10–28 ecm [85]. Hence, the field
gradient must be less than 0.3 nT

m and dipole-like field-perturbations limited to less than 2 pT at a 3 cm
distance to obtain the projected sensitivity [66].

31



4 Theoretical Background of Magnetometry

4.1 Optical Magnetometry

Optical magnetometry describes the field of physics concerned with measuring magnetic fields us-
ing optical effects. While this field is widespread and includes various effects and applications, the
fundamental principle stays the same. A light source emits light with specific (known) characteristics.
While these light sources are typically laser diodes of varying types nowadays, this is not mandatory as
discharge lamps were widely used [5]. This light propagates through some medium where interaction
between light and material happens (therefore, the material is called an optically active medium). While
the type or underlying physics of these interactions may differ depending on many parameters like the
material or the specific physical effect, the optical magnetometry interaction depends on the magnetic
field strength. During this interaction, one or several of the known characteristics of the propagating
light is altered. Measuring these light properties after passing through the optically active medium
and analyzing the interaction effects, e.g. by comparing to the light properties before the material or
by observing some relative change, one can conclude in combination with theoretical background and
models on the magnetic field inside the material. Typical light properties used for magnetometry are
absorption, dispersion and optical rotation.

While this description is vague, the widely used techniques are narrowed down by practical con-
straints. As absorbed light is emitted undirected, at different wavelengths and with different physical
properties due to various possible transitions, the transmitted light is used for conclusions about the
light-material interaction. Therefore, typically materials in a gaseous phase are used. However, solid
objects, especially crystals, are also used in optical magnetometry. An example of this emerging field
is the use of nitrogen-vacancy centers in diamonds (e.g. [86]). The connection between measured op-
tical effects and magnetic field can only be established precisely if the physical effects, particularly the
interfering side- and higher-order effects, and the physical system are understood. For high precision
measurements, it is critical to know and consider these unwanted effects to avoid miscalculation of
the measured magnetic field. Using a simple and rather basic physical system helps keep models com-
putable and the interaction predictable. Alkali metals with a single valence electron are the natural
choice as an accessible and reliable material. Especially rubidium (e.g.[11]) and, as the focus of this
thesis, cesium are widely used and well understood. However, mercury-based systems [78] or combi-
nations with noble gases [87] are also used. In the following, it is focused on the all-optical bell-bloom
scheme with cesium atoms as used in this thesis. Other types like MX, MZ or SERF-magnetometers,
which are used in commercially available systems like [11] are explained e.g. in [22] or [88]. While
these types typically offer higher sensitivity (SERF-based magnetometer reach sensitivities in the 150 aT
regime [89]), they include non-optical parts like coils, are limited to high temperatures and low fields,
and are not suitable for the specific case of the panEDM due to reasons explained in 8.1.3. An overview
on principles of optical magnetometry and different techniques used can be found e.g. in [7].

4.1.1 Classical Description

The most basic descriptions of optical magnetometry is the classical picture of precessing magnetic
moments. While this model cannot explain many of the more complicated effects emerging when
measuring with high sensitivity in the sub-pT regime, it is still advantageous to get a fundamental
understanding of the processes and is widely used.

Considering a cell filled with cesium atoms. Every valence-electron in this cesium vapor has a mag-
netic moment (the electron magnetic moment, depending on spin and orbital angular momentum). The
undisturbed cesium vapor is unpolarized, the magnetic moment of all atoms (or more specifically va-
lence electrons), is randomly orientated. Measuring the optical properties of the cesium vapor inside
the cell is measuring the average over many atoms as the light beam interacts with various atoms along
its path. As the magnetic moments of all electrons are distributed randomly, they average out and no
optical rotation is visible.
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Figure 7: A magnetic moment of a particle (like the electron of the polarized cesium atom) precess
around a magnetic field. The precession frequency corresponds to the magnetic field via the
(known) gyromagnetic moment. Measuring the precession frequency is a magnetic field mea-
surement.

A short but intense laser pulse polarizes the atom vapor which can be understood as aligning the
magnetic moment of all valence electrons along a specific axis. The polarization axis is parallel to the
light beam propagation for circularly polarized light. For linear polarized light, the polarization axis
is perpendicular to the light beam propagation (see section 4.4.3). During optical magnetometry, the
electrons are polarized perpendicular to the magnetic field. This process of polarizing the cesium vapor
is called optical pumping. While this description is sufficient, optical pumping in more detail is a rather
complicated process, including transferring electrons between energy levels and causing coherences
which is addressed later in more detail in section 4.4.

As shown in classical physics, an external magnetic field perpendicular to a magnetic moment will
exert a torque leading to the Larmor precession of the magnetic moment around the magnetic field
(shown in figure 7)

fL = –γB , (40)

where fL is the precession frequency, also known as Larmor frequency, B the external magnetic
field (assumed to be perpendicular, or just the perpendicular projection of the external field) while γ is
the gyromagnetic ratio, a material property known for cesium to be 3.5H z/nT (see section 4.2.2). It is
also possible to define the gyromagnetic ratio via the angular frequency (with ωL = 2πf), often used
interchangeably. Measuring the precession of an atom-ensemble is, according to equation 40, a direct
measurement of the magnetic field. In this classical Larmor picture, the relation between the magnetic
field and measured Larmor precession is linear and the known gyromagnetic ratio.

This classical connection allows instant conversion between measured frequency and magnetic field
and is usually used for the analysis of measurements as the systematic error is small. However, it should
be noted that the exact relation is non-linear and more complex but closely related to the classical
Larmor precession (see section 4.2.3 for this topic).

After polarizing the cesium vapor, the precession frequency is measured with a second laser beam. A
light beam going through an optically active medium, like the polarized and precessing cesium vapor,
will interact with this medium. Especially if a linear polarized light beam (called probe beam) propa-
gates through this active medium along the magnetic field, the polarization axis of this light beam will
get rotated and oscillate with the same frequency as the precessing optically active medium. Therefore,
measuring the time-dependent oscillation of the polarization axis of the probe beam is measuring the
Larmor precession of the magnetic moment of cesium atoms. Pumping can also be done using linear
polarized light. However, while the pump beam is rather intense to polarize enough electrons (typi-
cally, a peak power of order 0.5 mW), the probe beam is chosen to be as weak as possible (< 0.01 mW)
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to measure the precession without causing much disturbance of the system. Hence, the distinction
between probe and pump beam is based on the purpose behind the specific beam and not a natural/-
physical distinction (it is possible to use a single beam as probe and pump). A probe beam will act as an
(unwanted) pump beam and destroy the precessing polarization (see section 5.8). Therefore, finding a
trade-off between increasing probe beam power leading to high signal amplitudes or decreasing probe
beam powers leading to slower polarization decay is necessary.

In summary, the basic picture of the all-optical magnetometry consists of three steps: First, the
electron spin is aligned perpendicular to the magnetic field with a pump laser beam. Then, due to
classical Larmor-precession, the electron spin will precess around the magnetic field with a frequency
given by equation 40. Finally, this precession is measured with a second laser beam, the probe beam.

4.1.2 Polarization Lifetime

As explained in section 4.1.1, optical magnetometry can be seen in a classical picture as polarizing
the atom vapor (aligning spins along a specific direction) and measuring the precession of this spin-
ensemble around the magnetic field. However, atoms will not stay polarized. Due to interaction with
other (unpolarized) atoms, dominantly by collisions with the glass walls of the cell, atoms will lose
their spin polarization and the ensemble will fall back to a random (unpolarized state). Two different
numbers are usually considered to characterize the spin lifetime in magnetometry. The longitudinal
relaxation time T1, in this thesis often called polarization life time, is the relaxation of a static spin
aligned to the magnetic field and is used for characterization of new cells as it can be easily measured
(explained in section 5.8). The second characteristic relaxation time is the transverse relaxation time
T2, in this thesis usually called spin coherence time, which describes the relaxation of a precessing spin
ensemble and is the relevant case for the cesium magnetometry with the used Bell-Bloom method. For
the relation between T2 and T1, one can derive the statement that [90]

T2 ≤ 2T1 . (41)
With an average thermal velocity of about 220 m/s at 293 K and the used 10× 30 mm cells, wall colli-

sions between the unpolarized glass cell and (initially) polarized atoms will happen at a rate of 25000 s–1

[22]. Hence, a cesium vapor in a simple uncoated vacuum glass cell would lose any polarization instan-
taneously (within < 1 ms) and no magnetometry would be possible. Here two methods can be used to
avoid or reduce this limitation.

• To limit wall collisions, one can fill in a second gas called buffer gas, often helium. By heating the
cell to certain temperatures (depending on the used alkali metal and buffer gas), the gas pressure
of the buffer gas will be high enough to suppress wall collisions as the polarized atoms will
constantly collide with the buffer gas instead of the wall. However, this method only works at
higher temperatures (as certain gas pressure is necessary) and leads to systematic effects. Due to
the interaction between alkali vapor and buffer gas, the hyperfine transitions are broadened and
systematic resonance shifts may appear, which are, in addition, temperature dependent [91][92].
As heating should be avoided in the current design (leading to possible field inhomogeneities due
to temperature gradients in shields and the panEDM apparatus) and systematic effects must be
avoided wherever possible to achieve a long-time drift-stability, this option is seen as ill-suited
for this magnetometry system.

• A second option is using an anti-relaxation coatings. Here, the cell walls are coated with a mate-
rial, usually paraffin or alkene wax, which has a low cross-section for depolarizing interactions
between atoms and coating. Thus, a collision between wall and coating will lead only with a
low probability to a loss of polarization. Measured polarization lifetimes in the cell reach up to
500 ms, meaning atoms may collide over 10000 times with coated walls until being depolarized.
Due to the absence of any other substance inside the cell (besides the coating at the wall), less
scattering and a higher transmission are expected. Also, systematic effects like shifts due to in-
teractions between buffer-gas and cesium vapor are avoided. There is active research done in the
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field of different coating materials, and several publications concerning coatings and coated cells
are available (e.g.[93, 94][95]). The main disadvantage is rather practical: building this type of
cells is not very reliable and technically challenging, leading to an extensive range of cell quality
even for cells from the same type of the same production batch. Within one batch of cells, the
measured T1 time may vary between dead cells without a noticeable T1 time up to several hun-
dred ms in other cells. Also, it was observed that some cells degraded over time, leading to worse
performance or even rendering former good cells useless within less than a year due to heavily
degraded T1 times [22]. Also, absorption of cesium by the wall coating was reported [96]. The
specific nature of these coating-related interactions leading to such degrading effects is not fully
understood. However, currently used cells show no noticeable degradation within several years.
The field of cell coatings are of great practical importance and subject of ongoing studies (e.g.
[97, 98, 99]). More technical details about the used cells are given in section 5.8.

With wall collisions effectively suppressed, collisions between cesium atoms will also affect the spin
ensemble. During one type of collision, the spin of the colliding atoms is not destroyed (so randomized)
but exchanged between the two atoms. During this interaction, the spin is transferred between two
different hyperfine levels (for Cesium F4 and F3) [100], but the overall spin polarization is preserved.
However, as two different hyperfine levels are involved with slightly different hyperfine structures and
different energy splittings, the mixing of both states will reduce the spin coherence time of the ensemble
(in a classical picture, the gyromagnetic ratio in both hyperfine levels is different by a tiny amount and
so, atoms will precess at different frequencies). This effect, known as spin-exchange broadening, is
not limited to cesium atoms but is also observed in many other systems (e.g. [101]). For the typical
magnetic field regime and cesium densities (given by the vapor pressure at room temperature), the
spin-exchange broadening was calculated in [22] to be about 0.23 Hz. As the typical observed magnetic
resonances are in the range of 4 – 5 Hz, this is not a dominating effect for this magnetometry system.

Also possible is an interaction between cesium atoms where the polarization is destroyed (meaning
randomization of the resulting spin state). However, this type of interaction is rare compared to the
spin-exchange interaction and the effect on the spin coherence time is negligible [102]. The expected
spin destruction collision rate for this magnetometry system was calculated in [22] to be in the range
of < 10–2 s–1 and hence, of no further interest. This leads to the conclusion that wall collisions are the
dominant and crucial factor for the observed polarization lifetime.

Another effect is related to gradient fields. Even in the classical picture, a gradient will immediately
reduce the spin coherence time: Assuming a gradient along the cell, spins will precess with different
Larmor frequencies depending on their positions and hence, lose coherence over time as different atoms
will gather a phase towards each other according to their random path in the cell. In [90] it was shown
that the effect on the spin coherence time can be estimated to be

1
T2

≈ 4R4

175D

(
(∇Ωx)2 +

(
∇Ωy

)2 + (∇Ωz)2
)

(42)

with R the size of the cell (the radius for a spherical cell, in the cylindrical case, R would be dif-
ferent for different directions), D the diffusion coefficient, and ∇Ωx/y/z the gradient along the specific
direction in terms of precession frequency per meter. Based on this estimation, one can conclude that
a larger cell size would increase the spin lifetime due to fewer wall collisions but increase the suscep-
tibility for gradient-induced limitations. With a diffusion coefficient of 30 cm2/s (based on a classical
gas approximation, e.g. [103]), a cell length of 3 cm and a gradient of 0.5 nT/m = 3.5 Hz/m (being about
a factor 2 larger than the expectations in section 3.2) this would lead to a broadening in the range of
< 10–5 Hz, so completely negligible for the application of the sensors in the homogeneous fields of the
panEDM experiment. However, this effect must be considered for larger cells or applications within
worse field conditions.

An introduction into different possible coating materials and experimental data of degraded cells for
this magnetometry system was already summarized in [22] and is not repeated in detail here.
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4.2 Quantum-Mechanical Description

4.2.1 The Cesium Atom

Understanding the materials’ level structure is mandatory for understanding the light-atom interaction.
In atomic physics, the energy levels of an atom-bound electron are described using quantum numbers.
While these quantum numbers originate from the solution of the Schrödinger equation for the hydro-
gen atom, the obtained set of quantum numbers are also used for describing any atomic system. The
following basics of quantum mechanics can be found in many books and publications like [104, 105].

The basic quantum number is the principal quantum number n, which neglects all non-radial
symmetric effects between electron and core. These integer number describes the electron shell or
energy level of the electron and is the n-th eigenvalue of the Hamilton operator

n = 1, 2, ... with H |ψ⟩ = En |ψ⟩ .

Since electrons bound in an atom also have an orbital angular momentum, a second quantum number,
the orbital (or angular) quantum number l describes the magnitude of the orbital angular momen-
tum (L) for an electron on the corresponding level

l = 0, 1, ..., n – 1 with L2 = l(l + 1)̄h2 .

As electrons are spin 1/2 particles, the spin quantum number s = 1/2. This spin can then be
projected along a specified quantum axis (illustrated as the projection of an vector with length S to
some axis z). This projection is described by the spin projection quantum number mS with possible
values

ms = –s, –s + 1, ..., +s with Sz = msh̄ .

Due to the s = 1/2 electron property, only the two states m = –1/2 and m = +1/2 are possible and
often called “spin-down” and “spin-up” states. Very similar, the magnetic quantum number ml is
defined as the projection of the orbital quantum number to the quantization axis z

ml = –l, –l + 1, ..., +l with Lz = mlh̄ .

This set of quantum numbers is widely used to describe spectral lines. However, the electron-energy
level in this quantum number set depends only on the principal quantum number n leading to many
degenerated states. Due to the simplified schematic, this system is not precise enough for optical mag-
netometry. Considering the coupling between electron spin and the orbital angular momentum, rela-
tivistic corrections due to the non-linear kinetic energy in special-relativity and the correction called
Darwin-term (expansion-term of the Dirac-equation), an expanded model called fine structure is ob-
tained. The resulting new set of quantum numbers are using the total angular momentum J

®J = ®L + ®S

with the corresponding total (electron) angularmomentumquantumnumber jwith valid num-
bers in the range

|l – s| ≤ j ≤ |l + s| with J2 = j(j + 1)̄h2 ,

and the projection of this total angular momentum along a quantization axis z is defined by the
quantum number mj

Jz = mjh̄ .

In this fine-structure description, the degeneracy is reduced. The electron energy now depends on
the principal quantum number n and the total angular momentum j.
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While this description is much more suitable for modern atomic physics than the standard set, mod-
ern single-frequency lasers can resolve even smaller energy differences due to very sharp, narrow-band
wavelength behavior. Adding to the existing model several small corrections originating from the in-
teraction between atom nucleus and electron (higher-order effects like a magnetic dipole and electric
quadrupole), one gets to the hyperfine structure with the coupling of total electron angular momentum
J and the total nuclear angular momentum I to the total angular momentum

®F = ®J + ®I ,

and the allowed values for the total angular momentum (of the atom) quantum number F

|j – I| ≤ F ≤ |j + I| .

The quantum number describing the projection of the total angular momentum to a specific quanti-
zation axis mF is analog to the standard or fine structure case. In the hyperfine description, the energy
level of electrons depends on the fine structure level and the total angular momentum quantum number.

The quantum numbers defining a specific energy level are usually given (esp. in chemistry) in the
spectroscopic notation using the general form n2s+1lj where (for historical reasons) l = 0, 1, 2, 3 is writ-
ten as “S,P,D,F”. However, the case of hyperfine-structure is not covered by this somewhat limited
notation and the total angular momentum F is given additionally. For cesium, the ground state of the
valence electron (interacting with light) is the 62S1/2 state with a hyperfine splitting into a F=3 and a
higher F=4 level. From this ground state, several transitions into higher energy levels are possible, most
relevant, the transition into the 62P3/2 state at 852 nm called D2 and the transition into the 62P1/2 state
at 895 nm called D1. While both are in principle well suited for optical magnetometry, for practical
reasons like the availability of laser diodes and components, the D2-line at 852 nm was chosen for the
panEDM cesium array.

The hyperfine-level splitting in the excited state is too small (≈ 200 MHz [106]) to be resolved due
to effects like Doppler broadening. Therefore, the excited state is treated on a fine structure level,
including all hyperfine levels stated as a continuum F´. However, due to the larger splitting in the
ground state (≈ 9 GHz [106]), the F3 and F4 resonances can be distinguished. Hence, for the used
optical magnetometer array, two transitions are possible: F3 → F′ and F4 → F′ where F3/F4 is the
ground state and F′ denotes excited states. The overall level structure for the D2 transition of the
valence electron is shown in figure 8.

4.2.2 Magnetic Level Splitting

Without an external magnetic field, the projection of the total angular momentum along a quantization
axis (called magnetic sub-level mF) does not affect the level-energy. If no external fields are present,
every spatial direction is equal to any other spatial direction. However, with an external field, one has
a dominant axis defined by the field direction, usually denoted as the quantization axis z. The magnetic
moment of the valence-electron interacts with the external magnetic field as the Hamiltonian

ĤB = –®µ · ®B (43)

with the magnetic moment ®µ as an atomic property and the external magnetic field ®B. Unlike in
the classical case, an operator (and not an equation) is defined here and the magnetic moment can be
expressed in terms of quantum numbers and Landé g-factors. The quantum state energy depends on
the orientation of the magnetic moment in respect to the magnetic field (expressed as mz). Sublevels
that are aligned perpendicularly to the magnetic field (levels with a magnetic sub-level mF = 0), if ex-
istent, will not be affected by the external field. Although equation 43 is more or less identical to the
classical case (with classical magnetic moments and magnetic fields), the solution can be complicated
and depends on the strength of the magnetic field. Historically, one distinguishes between different
cases to get approximative solutions. In the case of a low magnetic field, the magnetic level splitting is
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Figure 8: The Cesium D2 transition at 852 nm used in panEDM magnetometers. The hyperfine level
splitting in the ground state 62S1/2 is large enough to be resolved by the used laser system
while the excited state can be treated on the fine structure level due to smaller splitting en-
ergies. The left side represents the atomic fine-structure (with the ground and excited) level
while on the right, the more detailed hyperfine structure is shown. Taken from [106].
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small compared to the unperturbed atomic level structure. The external magnetic field and the associ-
ated energy change can be treated as a perturbation of the atomic Hamiltonian with the total angular
momentum F still being a valid quantum number. This results in the interaction Hamiltonian (e.g.
[107]):

ĤB = –µBgF
Fz
h̄ · B (44)

with µB the Bohr magneton, gF the Landé-factor for the individual quantum state, and Fz the pro-
jection of the total angular momentum to the magnetic field axis (along z). Using quantum-mechanical
perturbation-theory, one gets a solution (usually in terms of J for the fine structure, here however, for
the hyperfine level, e.g. [108]):

△E = µBgFmF · B (45)

with mF the total angular momentum projection quantum number and the magnetic field responsible
for the level splitting B. This level splitting is a constant factor times the magnetic field, so that the level
splitting will increase linearly with the magnetic field. This perturbation-theory based solution is called
linear Zeeman-effect. While this solution is a good starting point for understanding the basic principle
behind magnetic level splitting, it is based on the assumption that the magnetic field was weak and only
a perturbation to the atomic Hamiltonian. For higher fields, the approximation is not valid anymore
and the level splitting gets non-linear. For these higher-field cases, often called intermediate fields, one
can derive a rather precise solution for the specific case of a single valence electron in the j = 1/2 state
called the Breit-Rabi formula (for other, more general cases of states with j ≠ 1/2, an analytical solution
is not possible) [108, 107]:

E|J=1/2,I,m⟩ = AHFS
2(2I + 1) + µNgImB ± A

2

√︄
1 +

4m(gJµB – gIµN)
(2I + 1)AHFS

B +
( (gJµB – gIµN)

AHFS
B
)2

(46)

with AHFS an atom-specific hyperfine-coupling constant, I the nuclear angular momentum, gI and
gJ the Landé-factors for the respective angular momenta, µB and µN the Bohr (electron) and nuclear
magneton, m = mI ± mJ = mF the magnetic sublevel (m = mF for the limit of low fields where F is
still a good quantum number) and B the (external) magnetic field. The hyperfine-coupling constant A
is equal to the level splitting due to the hyperfine-structure in the unperturbed atom without magnetic
field, in the cesium atom, the energy splitting between F3 and F4 hyperfine levels. Although the Breit-
Rabi-formula is only valid for the case of an atom with one valence electron in an S-state with j = 1/2
where one knows the hyperfine splitting precisely, which is a rather stringent constraint, all of these
requirements are met for the cesium atom (another reason why cesium is a good choice for optical
magnetometry).

Calculating the exact level-splitting energy due to magnetic fields (so knowing the precise relation
between level splitting and magnetic field) is crucial for optical magnetometry as elucidated in section
4.2.3. This allows the calculation of the magnetic field for a known or measured level splitting, so mea-
suring the level splitting is one option to measure magnetic fields indirectly when the atomic properties
are known.

4.2.3 Linear Approximation of Magnetic Level Splitting

During this thesis, the analysis was done with a linear approximation for the level splitting. A static
gyromagnetic ratio of 6.997 ≈ 7 kHz/µT was used to convert Larmor precession to the magnetic field
value. However, the hyperfine-level splitting due to the magnetic field (responsible for the rotation
frequency) is indeed non-linear. Plots of field induced level splitting can be obtained by using the
ADM-package [109] for Wolfram Mathematica [110]and is shown in figure 9

On a large scale, the assumption of a static and linear gyromagnetic ratio is an oversimplification and
not valid as the level splitting shows a rather complex and non-linear behavior. However, this does not
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Figure 9: The level-splitting of the cesium 62S1/2 F3 (lower) and F4 (higher) eigenstates calculated with
the ADM-package [109]. The level-splitting is not linear, especially for larger magnetic fields.
In experimental physics, the different regimes are called Zeeman-effect (for the low fields) and
Paschen-Back-effect (for large fields).

necessarily prohibit the use as a local approximation. For the typical fields used for the Cesium system
(1 – 2µT), the level splitting remains very linear as shown in figure 10.

To answer the precision and limits of a linear approximation, a non-linear solution should be com-
pared with the approximation. For states with j = 1

2 (like the cesium 62S1/2 ground state), the Breit-
Rabi-formula 46 provides an analytical solution for the level splitting. A approach for an approximation
of equation 46 is to Taylor expanse this results in terms of B as presented in [111], which leads to (in
the m = mF-regime up to the B2):

E|J=1/2,I,m⟩ ≈
IA

2I + 1) +
(
µBmF(2IgI + gJ)

2I + 1

)
· B +

©«
µ2

B(gI – gJ)2 ·
(
(2I + 1)2 – 4m2

F

)
4A(2I + 1)2

ª®®¬ · B2 . (47)

In this approximation, the first term is a static hyperfine shift independent of the B-field and hence,
of no further interest for magnetometry. The second term, linear with B, describes the gyromagnetic
ratio, which gives a static relationship between the magnetic field and energy-splitting. The value of
this gyromagnetic ratio can be calculated for the energy difference between two states (△mF = 1) is

△E =
µB(2IgI + gJ)

2I + 1 · B ⇒ △E
B = γCs ≈ 3.499 Hz

nT , (48)

which is usually rounded to 3.5 Hz/nT or, due to the two-fold symmetry of linear pumped states,
to 7 Hz/nT. The third term in equation 47 is the quadratic behavior which is neglected when using a
simple linear gyromagnetic ratio. The non-linear part of equation 47 can be calculated to be [111]

γquad ≈ 1.336mHz
µT2 . (49)

An assumed field variation of 10 nT corresponds to 0.13µHz relative non-linearity. When using
the linear approximation, this non-linearity is neglected and would lead to an over-/underestimation
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Figure 10: On a small scale in the field regime of some µT, the level-splitting (here shown for the F3
hyperfine-level of 62S1/2) behaves rather linear, making a linear approximation feasible.

(depending on the sign) of the field change by < 0.05 fT. While this value is already negligible in
relation to the achieved sensitivity of bewlo 50fT, during measurements done for this thesis, the drift
within a 2000 – 4000 s chunk of data (which is used for calculating Allan-Deviations) was less than
1 pT. For such a stable field with such minor variations, the neglected non-linearity is several orders
of magnitude smaller than the maximum sensitivity, confirming that the use of a simple gyromagnetic
ratio conversion is reasonable for this specific task. However, the non-linearity gets larger in larger
fields and depends on the stability or drift. The quadratic term has a noticeable effect for total/absolute
field measurements (which are not a focus of this system or the thesis). At the typical 2µT, the total
deviation to the linear approximation due to the quadratic term is ≈ 1.5 pT. While field changes can be
tracked with a local linear approximation down to sub-femtotesla, the obtained absolute field value may
have a systematic offset in the pT range. For comparing the measured absolute fields in two sensors, as
done in this thesis, this systematic error is negligible as it is a global offset in all sensors.

In summary, to get a stability benchmark in a stable field with small drifts, the linear approximation
is a practical and precise tool to save computational power within a local approximation. However,
on a global scale (for obtaining an absolute field value) this approximation is not reasonable anymore.
The task of the cesium system is to track field changes (over time and space) and gradients (again field
differences) while the total field can be measured more precisely using the mercury system. The small
correction factor has no impact for all values obtained in this thesis, like Allan-deviations and relative
field changes, as a static offset will not change the obtained stabilities/sensitivities. However, it should
be kept in mind that this approximation may not be suitable in all situations. In [111], the quadratic
Breit-Rabi effect was further discussed and calculated in detail. It was shown that this effect leads to a
precession not with a single precession frequency (given by the gyromagnetic ratio) but a combination
of frequencies. However, these frequencies cannot be resolved experimentally but are observed as a
correction to the gyromagnetic ratio on the level of 10–6 at 1 µT leading to a total expected false effect
on the level of 2 pT at 1 µT, corresponding well to the simple estimations done here.
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4.2.4 Magnetic Level Splitting and Larmor Precession

As described in the classical picture, magnetometry can be seen as probing the precessing electron
spin. However, during the last chapters, it was shown that in the quantum-mechanical formalism, a
magnetic field leads to a splitting of magnetic sublevels. In practice, both pictures are often mixed and
a measurement of the precession frequency (treating it as a Larmor-precession) is afterward analyzed
using the quantum-mechanical Breit-Rabi formula. Here this connection is shown briefly.

An atom vapor is in a magnetic field along the z-direction. Assuming the most simple case of two
Zeeman states, one sub-level with higher energy (denoted by +) and one with lower energy (denoted as
-), the energy-difference between both states (the Zeeman-splitting-energy) is ωZ, so the level energy
compared to the case without magnetic field is ±1

2ωZ. A probed state along a perpendicular quanti-
zation axis x can be written as a linear combination of states with quantization axis z (using the Pauli
matrices): ��x±(t)

〉
=

|z–(t)⟩ ± |z+(t)⟩
√

2
. (50)

The z-states evolve differently in time depending on there energy (here setting the undisturbed en-
ergy to zero)

|Ψ(t)⟩ = e+ i
2ωzt |z–(0)⟩ + e– i

2ωzt |z+(0)⟩
√

2
, (51)

and the probability that the electron is in the probed stated |x–⟩ is given by [88]:

|⟨Ψ |x– ⟩|2 = sin2(ωz
2 t) . (52)

The population in the probed state |x–⟩ oscillates with a frequency of ωz equal to the energy of the
Zeeman-splitting. If the probe laser beam, which would transfer electrons out of the state |x–⟩, interacts
with the system when the population in |x–⟩ is zero, there is no transition and so no absorption possible.
The state is called a dark state as it is invisible. However, when the same probe laser beam interacts
with the system when the electrons are in the probed state, the beam will get absorbed and it is called
a bright state. Hence, the absorption will oscillate with the same frequency as the population. As the
absorption is only the real part of the refractive index2, it is directly coupled to the dispersion via the
Kramers-Kronig relation and the dispersion will oscillate with the same frequency. A more classical
picture would be, that the overall complex refractive index remains constant as a material property and
that a oscillating absorption implies thereby an oscillation of the dispersion.

On the one hand, classical physics knows that a magnetic moment (like a polarized electron) will
precess around a perpendicular field. On the other hand, the system precesses with a frequency equal
to the energy-splitting due to the Zeeman effect. The conclusion is, that the classical Larmor frequency
is the energy due to the quantum mechanical level splitting of magnetic sublevels and both terms are
different models for the same effect. Therefore, the classical picture with Larmor precession is a valid
way to explain optical magnetometry.

While it is often sufficient to remain in the classical picture of a magnetic moment Larmor-precessing
around the magnetic field, it may be helpful to keep in mind that, in the quantum-mechanical picture,
one measures the energy-splitting of atomic quantum states. This may be especially helpful to under-
stand the problems due to light shifts (which are not accessible in the classical picture) and the close
relation between magnetic field, level-splitting, and precession frequency.

2In this thesis, the refractive index is always the complex refractive index
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4.3 Quantum-Optics

4.3.1 Two-Level Atom

The principles of atom-light interactions can be shown by quantum optics using a semi-classical ap-
proach. The following principles can be found in quantum-optics books and publications (see e.g.
[112, 113], where this topic is discussed in more detail). The atom is described in a quantum-mechanical
formalism, with quantum numbers and states, while the light is represented classically as an electro-
magnetic wave. The atom-light interaction is represented by a Hamilton operator, in this case, the
dipole interaction between light and atom (similar to the classical definition):

ĤI = –d̂ · ®E with d̂ = q · r̂ (53)

with q the charge and r̂ the position operator. Here, the semi-classical approach is evident as the
dipole-operator d̂ (the atom) is written as a quantum-mechanical operator, whereas the electric field
®E(r, t) (the light) keeps its classical form. Assuming one has sufficient information about the atom (which
is the case since the cesium atom is known), one can describe this atom-state |𝛹⟩ on a hydrogen-like
basis using quantum numbers as elucidated in section 4.2.1. The Hamiltonian for the undisturbed atom
(describing the atom-bound electron) Ĥ0 which is of minor relevance here and in addition, the atom-
light interaction ĤI, concluding to the Schrödinger-equation:

īh ∂
∂t

|Ψ(t)⟩ =
(
Ĥ0 + ĤI(t)

)
|Ψ(t)⟩ . (54)

This equation is, in general, not analytically solvable. Multi-level solutions can be achieved using a
numerical computer algorithm with approximations as shown in section 6.2. However, for very simple
systems like a two-level atom, one can get analytical solutions that provide some insight into the atom-
light interaction. In this two-level situation, the rather abstract atomic state |Ψ⟩ can be written as a
linear combination of the states |1⟩ and |2⟩

|Ψ⟩ = c1(t) · e–iω1t |1⟩ + c2(t) · e–iω2t |2⟩ , (55)

where cn describes the probability for the n-th state and the exponential function is the time evolution
of states according to their energy as a solution to the Ĥ0 Hamiltonian. The light, represented by a time-
varying electric field in this semi-classical approach, is characterized by amplitude (or some related
properties like intensity), polarization, and frequency:

®E(t) = ®P · A · cos(ωt) (56)

with ®P describing the polarization, A the amplitude and the light frequency ω. Inserting the atom-
state as linear combination and the light-field representation into the Schrödinger equation, one gets
coupled differential equations for the state-probabilities (e.g. [113]):

d
dtc1(t) = i · ⟨1| d̂ |2⟩ ®PA

h̄ · e–iω21cos(ωt) · c2(t) , (57)

where ω21 is the energy difference between the two states, expressed as a frequency. Here, most
terms are straightforward as they were previously self-defined (like polarization, amplitude, and fre-
quency) and are assumed as known. However, the dipole matrix element

⟨1| d̂ |2⟩ ®P = d12 (58)

is an atomic property, which is known for the specific cesium transition lines. The equation simplifies
to a classical coupled differential equation with all quantum mechanics masked:

d
dtc1(t) = i · d12A

h̄ · e–iω21cos(ωt) · c2(t) . (59)
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In quantum optics, many properties include the so-called Rabi frequency as a factor which is defined
as

d12A
h̄ = ΩR (60)

which includes the atomic properties and the light amplitude/intensity. Hence, the Rabi frequency
is a property describing the “strength” of the atom-light interaction. Inserting 60 into 59 and rewriting
the cosinus-term as exponential functions one gets

d
dtc1(t) = i · ΩR

2 ·
(
e+i(ω–ω21)t + e–i(ω+ω21)t

)
· c2(t) . (61)

However, these terms are still difficult to solve due to the two exponential functions with different
frequencies. The difference between light and atomic transition frequencies is called detuning defined
as δ = ω –ω21. In magnetometry, the laser light is resonant to the atomic transition frequency, so this
detuning is some small number (ω ≈ ω21) while the sum of both frequencies is about twice the atomic
transitions frequency of 351 THz. It is valid to state that:

ω +ω21 ≫ ω –ω21 .

To summarize, one has a very high-frequency term (at hundreds of THz) and a slow frequency term
(depending on detuning, in the MHz range). Since one cannot observe frequencies optically in the THz-
regime and is only interested in the slow frequency behavior, one neglects the fast term and treat it
as some high-frequency perturbation that averages out during the observation of the slow frequency
behavior. This approximation is called the rotating wave approximation and is a fundamental basis to
nearly all calculations done in quantum optics as it allows an analytical solution and is also used for
numerical calculations. The approximation leads to the Bloch-Siegert-shift, which describes the shift
due to the neglected fast oscillating terms. With the use of the rotating wave approximation, one can
rewrite the term 61 as

d
dtc1(t) = i · ΩR

2 · e+iδt · c2(t) . (62)

As a final step, one changes the reference frame. Until now, it was assumed that the electron is
stationary and the light (or the electric field due to the light) is rotating at a frequency. One may switch
to the frame of the light where the electric field is stationary, but the atom is rotating by using the
transformation

c′1 = c1(t) · e–iδ2 t , (63)

where c′ denotes the rotation frame of the light. In this frame one gets (e.g. [113]):

c′1(t) = cos(Ω2 t) (64)

with the effective or also called generalized Rabi frequency

Ω =
√︃
Ω2

R + δ2 . (65)

In this solution, the electron will continuously oscillate between excited state and ground state with
a frequency equal to generalized Rabi frequency. However, while this is one of the insights of the
quantum optics not accessible using classical physics, it contradicts the observed behavior in practical
use. This is due to the missing decay rate as the electron will not stay at the excited level but decay to
the ground state spontaneously.
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4.3.2 Atomic Density Formalism

To introduce concepts like spontaneous decay to the ground level, one introduces atomic density for-
malism as an addition to Schrödinger formalism. Using Schrödinger formalism, one can only describe a
specific and exactly known condition or system. In practical systems and laboratory environments, one
has an ensemble of atoms in different states and at different levels with certain probabilities. In general,
in such a large system of electrons, one can not make assumptions about the individual electrons but
state statistical probabilities for the whole system. The density matrix operator is defined as:

ρ̂ =
∑︁

pi |ψi⟩ ⟨ψi| . (66)
If one wants to describe a system of two levels, with a probability of 50 % each, this will simplify to

ρ̂ = 0.5 |1⟩ ⟨1| + 0.5 |2⟩ ⟨2| .
The operator is only of secondary importance for calculations and practical application. The central

part for the following insights is the density matrix, a matrix composed of coefficients

ρij = ⟨i| ρ̂ |j⟩ .
The diagonal elements of this matrix are called populations as they give the probability that an elec-

tron populates the specific level, while off-diagonal elements are called coherences as they give the
phase-relation between the different states. Although the populations are more accessible, the added
value of this formalism is the off-diagonal coherence-terms missing in the Schrödinger-formalism.
Specifying the situation of a coherent superposition of two states with a fixed phase (the state |1⟩+|2⟩√

2
)

using the density formalism, one gets

ρcoherent =
(

1/2 1/2
1/2 1/2

)
with populations of 0.5 in each state. However, as the off-diagonal entries are also a fixed value, one

has fixed phase condition between these two states. These states are called pure states as they describe
one specific quantum state. The incoherent case is a matrix like:

ρincoherent =
(

1/2 0
0 1/2

)
.

In this case, the population of both states is still 0.5, but the off-diagonal elements are zero. The
interpretation here is, that the phase between both states is not fixed (or random). This matrix de-
scribes a situation where the electron could be in state 1 or 2 (with equal probability), but both states
are not coupled together. This situation is called a mixed state as it describes a mixture of different
possible quantum states with different probabilities. This incoherent case was not possible to express
using Schrödinger-formalism. As the Schrödinger-equation describes the time evolution of a system in
the Schrödinger-formalism, the equivalent in atomic-density-formalism is the von-Neumann equation,
used to calculate the time evolution of density matrices:

īh∂ρ
∂t =

[
Ĥ, ρ̂

]
. (67)

Like the state, the Hamiltonian is now also expressed as a matrix (this is the quantum-mechanical
equivalent to the classical Liouville´s theorem). The observables or expectation values in this formalism
are defined as the trace of the density operator and observable-operator

⟨O⟩ = tr(ρ̂Ô) . (68)
For convenience, one may note that the density matrix is a hermitian matrix, so the off-diagonal

elements have to be calculated only for the upper (or lower) half of the matrix as the lower (or upper)
half is the complex conjugate of the corresponding off-diagonal entries.

45



4.3.3 Optical Bloch Equations

Rewriting the differential equation 62 obtained in section 4.3.1, describing the atom-light interaction
in the density matrix formalism introduced in section 4.3.2 (a detailed derivation is found e.g. in [113])
one gets the equations

∂

∂tρ11 = iΩ2
(
ρ′21 – ρ′12

)
(69)

∂

∂tρ22 = iΩ2
(
ρ′12 – ρ′21

)
(70)

∂

∂tρ
′
12 = iδρ′12 + iΩ

2
(ρ22 – ρ11) , (71)

where the ρ′ denotes the rotation frame of light (similar to Schrödinger picture) defined as

ρ′12 = ρ12e–iδt .

One may note here, that the atomic reference frame and rotating frame of light are mixed which is
only for convenience. As a reminder, one can transform the terms between both systems by multipli-
cation with a phase factor, and both are identical for a detuning of zero. These equations can also be
defined slightly differently, with opposite signs. While these terms may appear more unhandy than the
system derived for the Schrödinger formalism, one can add relaxation and decaying processes into the
system. If the electron is in the excited state, it will spontaneously decay to the ground state (usually
by emitting a photon). This process can be added by assuming an exponential decay behavior with the
decay time-constant γ. The equations with decay-function, often also called damping, will get to the
following form

∂

∂tρ11 = iΩ2
(
ρ′12 – ρ′21

)
+ γρ22 (72)

∂

∂tρ22 = iΩ2
(
ρ′21 – ρ′12

)
– γρ22 (73)

∂

∂tρ
′
12 = iδρ′12 + iΩ

2
(ρ22 – ρ11) – γ2 ρ

′
12 , (74)

which is treated as a classical rate equation. The population of the excited state ρ22 decrease with a
constant time-rate γ depending on how many electrons are currently in the excited state (the factor of
γρ22). These electrons decay to the ground state ρ11, where the population increases at the same rate.
The coherence terms will both decay with γ

2 each (since the matrix is hermitian). A interesting side-
effect here is that one can identify the T1 with the populations (T1 = γ–1) and the T2 with coherences
(T2 = 2

γ ) [113]. This may contradict equation 41 (where T1 > T2), which is a result of a simplification.
The coherences will not only decay due to spontaneous emission at a rate γ2 but with a higher rate of
γ
2 +γa where γa denotes any additional effects leading to a coherence decay. This additional coherence-
decay γa is neglected here (but the dominant factor for the limited coherence time). One can simplify
the obtained equations by defining the so-called inversion

w = ρ22 – ρ11 ,

which is the difference between the excited and ground-state population (sometimes also defined as
the opposite). With damping, one gets a result which is more in consensus to a classical picture as
one no longer gets a Rabi oscillation between excited and ground state like in the undamped case but,
after an initial oscillation, a steady-state where the transition due to the light beam and the decay to
the ground state is in equilibrium. Details may vary depending on the decay-constant γ: In a highly-
damped case, the system will not show any Rabi oscillation but directly go to the equilibrium state.
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The optical Bloch equations 73 can be written as a vector which can be helpful for a more intuitive
understanding of the basic behavior of such a two-level atom. Defining the Bloch vector [114]

©«
u
v
w

ª®¬ =
©«

ρ′12 + ρ′21
i
(
ρ′21 – ρ′12

)
ρ22 – ρ11

ª®®¬ (75)

with the already defined inversion w. Here, the individual components correspond to the basis given
by the Pauli matrices. This Bloch vector is often also defined with a factor of 1/2, which is not done
here. In this picture, the quantum-mechanical situation of the system can be described by this vector.
The length of the Bloch-vector gives information about the polarization of the system: A vector with
a length of 1 represents a pure state while a vector with length < 1 represents a mixed state. The
zero point represents a completely unpolarized system where electrons are not coherent and equally
distributed between all states.

4.3.4 Optical Properties

The linkage between atomic properties and visible optical effects is given by equation 53. As there are
no analytical solutions available in any realistic scenario, approximations must be used. In classical
physics, a material (here a gas of cesium atoms) will react to an external electric field (here the light
beam) according to the polarizability

®P = ϵ0χ®E ,

where ®E is the electric field and χ the electric susceptibility. However, this classical picture, often
known as linear optics, is insufficient for magnetometry. Instead, a series similar to a Taylor expansion
in terms of ®E is used (e.g. [115, 116]):

®P = ϵ0
(
χ(1)®E + χ(2)®E2 + χ(3)®E3 + h.o.

)
where χ(1)describes the classical linear optics and all other parts non-linear optics. The macroscopic

properties observed as the refractive index (absorption and dispersion) can be directly linked to the
electric susceptibility. In case of linear optics, the connection is:

n(1) =
√︃

1 + χ(1) .

Treating the atom-light interaction as a perturbation, the density matrix describing the system is
Taylor expanded in terms of the coupling parameter 0 < c < 1 as

ρnm = ρ(0)
nm + c · ρ(1)

nm + c2 · ρ(2)
nm + h.o. ,

where ρ(1)
nm corresponds to the density matrix components describing linear optics as defined before

and ρ(2)
nm and higher is the field of non-linear optics. The term ρ(0)

nm describes the undisturbed atomic sys-
tem, which is known. The higher-order terms can be calculated based on the solution for the respective
lower order, e.g. for ρ(1)

nm based on the known solution ρ(0)
nm [115]:

d
dtρ

(1)
nm = –(iωnm + γnm)ρ(1) – i

h̄

[
ĤI, ρ̂(0)

]
nm

withωnm the energy difference and γnm damping rates (similar to 73) and ĤI the dipole-interaction
Hamiltonian. After obtaining the perturbative solution for the density matrix, the expectation value
of the dipole moment can be calculated as the trace of the density matrix and the dipole operator
according to 68. This expectation value of the dipole moment is the microscopic quantity linked to the
macroscopic susceptibility (and hence to the refractive index) via the particle density N, in the linear
case as [115]:
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Figure 11: Linear polarized light can be modeled as a linear combination of left and right circular light
with a phase difference of π2 , as demonstrated here (with arbitrary numbers). Shown is the
trace of the electric field vector.

N
〈
d̂
〉(1)

= ϵ0χ(1) · ®E .

The susceptibilities are matrices and the overall calculations are complex. However, as long as the
density matrix is known, it is possible to calculate the optical behavior in powers of the interaction
(linear χ(1), second-order χ(2), third-order χ(3)). The obtained expressions are not given here due to
the extended length (which is no limitation for numerical calculations) and can be found e.g. in [115].
While the first-order effects describe linear interactions (like the linear absorption), the second-order
is sufficient to describe fluorescence and quantum beats, and the third-order is where non-linear polar-
ization effects first appear [116]. Hence, the third-order approximation is necessary to calculate NMOR
effects. The obtained susceptibilities are functions of the detuning (the energy difference between tran-
sition and laser beam), the population differences, and off-diagonal elements of the density matrix. The
second and third-order non-linear susceptibility (relevant for the NMOR-effects used in magnetometry)
is directly proportional to population differences. For an undisturbed atom where all levels are equally
populated, it vanishes [115] which leads to the necessity of optical pumping.

This yields a further explanation for the observed optical rotation of a linear polarized light beam
in optical active cesium vapor. As right-circular light σ+ cause a transition |F, mF⟩ −→ |F′, mF + 1⟩,
the state |F, mF = +F⟩ is a dark state for right-circular light. The same is true for left-circular light σ–

cause a transition |F, mF⟩ −→ |F′, mF – 1⟩ where the state |F, mF = –F⟩ has fewer possible transition
paths. Due to the magnetic field, the magnetic sublevels have different energy levels and the relative
detuning in respect to the atomic system for right- and left-circular light is different. As a result, the
optical properties are different for left and right circular light beams. This effect of different optical
properties for right- and left-circular light is known as circular dichroism and is used for the DAVLL
system explained in 5.2. The linear probe beam (propagating in field direction along z with polarization
in the x-y-plane) can be described as a linear combination of left- and right-circular beams with a phase
difference of π2 which is also visualized in figure 11:

Elin = ©«
sin(kx –ωt)
cos(kx –ωt)

0

ª®¬left

+ ©«
cos(kx –ωt)
sin(kx –ωt)

0

ª®¬right

where k is the wave vector along direction x and ω the frequency in time t. Here, left and right-
circular is interchangeable, depending on how one defines the direction of the z-axis.

As the optical properties for both light polarizations are different (esp. the dispersion), an additional
phase difference between both components will appear, modifying the π2 -phase relation. This additional
phase is observed as a rotation of the polarization axis, as visualized in figure 12
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Figure 12: The phase difference between left and right circular light due to circular birefringence (dif-
ferent propagation speed) is observed as a rotation of the polarization axis of linear light.
Here only the rotation is shown while the absorption due to circular dichroism is omitted.

Therefore, measuring the optical rotation is a measurement of the total accumulated phase due to
the dispersion-difference for left and right-circular polarization. This is a simplification as the observed
magnetometry signal is a modulation frequency and not a static rotation. However, it was explained in
section 4.2.4 that the dispersion in the configuration used for the sensor is not static but oscillates with a
frequency, so the accumulated phase difference and hence the optical rotation will oscillate accordingly.

4.4 Optical Pumping

In most general terms, optical pumping is preparing a (atomic) system into a specific desired state most
beneficial for the planned measurement. While the principle of optical pumping is discussed in depth
in different publications, e.g. [117] and for the panEDM system in [22], here a short overview will be
given.

4.4.1 Classical Description

In the classical picture, the valence electron of the ceisum atom act like a magnetic moment. Placing
various atoms inside an external magnetic field, the ensemble will settle in a energetically favorable
equilibrium state. The spins will align along the magnetic field for a sufficiently strong magnetic field.
A weak laser beam probing the optical properties of this system will still see optical dichroism (due
to the Zeeman effect) but undergoes just a static optical rotation. This situation describes the DAVLL-
system where cesium atoms are placed in a homogeneous magnetic field and probed without pumping,
calculated in chapter 5.2. The obtained optical rotation is static and dependent on the detuning. While
this signal could be, in principle, used to measure the magnetic field as the distance between the two
dispersion peaks (see figure 37) is the energy splitting due to the magnetic field, such a measurement
would be very unprecise and is not a useful option for measuring magnetic fields. Instead, in the sensor
application, an intense laser beam going through the cesium vapor aligns the magnetic moments along
the beam direction for circularly polarized light (visualized in figure 13). For linearly polarized light,
the atoms´ spins are aligned perpendicularly to the beam direction. The two-fold symmetry of the
linearly polarized atom can be understood as some of the electrons are aligned along +x while others
are aligned -x. As in both cases, the magnetic moment is perpendicular to the magnetic field, the
magnetic moments will precess around the field with a frequency given by the gyromagnetic ratio, and
the obtained probe beam signal will be a precessing rotation which can be used for magnetometry. In
the classical picture, pumping means polarizing the atoms (or the magnetic moments) perpendicular to
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Figure 13: In the classical picture, pumping can be seen as polarizing the atoms perpendicular to the
magnetic field. Here, a circular pump beam is shown, orientating the spins along the light
beam direction (orientation pumping). Using linear polarized light, the spins are aligned
along an axis perpendicular to the light beam.

the measured magnetic field to induce Larmor precession.
Pumping can be done simultaneously with probing (as in FO mode) or alternating (as in FPD mode).

In this classical picture, it is also evident that the pump light has to be pulsed. As the pump beam
polarizes the atom along a defined direction (or axis), precession is only possible when no pump light is
present (as the pump light would realign any precessed magnetic moment). Instead, a short pump pulse
will align the atoms. These precess afterward and, in an ideal case, as soon as the precession is back in
its initial state (after a rotation of 2π for circular or π for linear polarization), the next pump pulse will
realign any depolarized atoms again while not inhibiting the precession. Any polarized atom (or valence
electron for cesium) will lose its polarization after some time due to random wall collisions. In addition,
due to field gradients, the spins will not precess all with the same frequency and lose coherence over
time. This can be seen by an exponential decay of the signal in the FPD mode. A continuous pump beam
could be used in the case of very low fields where the precession frequency is lower than the decay
rate (so that the polarization decays before achieving a significant rotation). However, this case is not
relevant for the panEDM-application where the typical T2-time is orders larger than the precession
frequency. This type of modulated pumping with pulsed laser light is specific for the used all-optical
Bell-Bloom magnetometry, as Mz or SERF-magnetometers are based on absorption instead of optical
rotation and rely on a single continuous beam for simultaneous pumping and probing.

4.4.2 Semi-Classical and Atomic-Density-Matrix Description

Speaking of atomic quantum states instead of magnetic moments, optical pumping describes the process
of bringing the system in the desired quantum state before probing. As explained in section 4.3.4, the
optical effects are linked to population inversions, so optical pumping aims to “pump” electrons into
the state mF = +F or mF = –F in case of (right or left) circularly polarized light as shown in figure 14,
or mF = ±F for linear polarized light. The linear polarized pump light (consisting of equal amounts of
right- and left-circular light) will be absorbed by the electron. Due to the transferred photon spin, the
electron will be in an excited state with mF′ = mF ± 1. As the excited state is not stable, the electron
will decay back to the ground state where the decay channel is random. Thus, the electrons will be
pumped towards the two extrema (mF = ±F).

This is a statistical process as, in principle, the electron can decay in the same way as it was excited,
sending out the photon it absorbed before. However, assuming the case of σ+ light, carrying a photon
spin of +1, the absorption always leads to △mabs + 1 while the decay can be △mdecay = –1, 0, +1 and has
no systematic effect on the population. Summing both processes together, one gets possible changes of
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Figure 14: Optical pumping for a F4 → F′ = 3 transition. Electrons absorbing right-circular light (σ+)
will be moved towards mF = +4 while left-circular light (σ–) pump electrons into the mF = –4
state. The overall process is based on the fact that the absorption comes with a defined photon
spin transfer while the natural decay back to the ground level is random. Statistically, the
electrons will be shifted towards the extrema. Illustration taken from [22].

△mF = 0, +1, +2, so the electron will be shifted statistically towards mF = +F. The same (with opposite
sign) happens for left-circular light. For linear polarized light some electrons are shifted towards +F and
some towards –F states. Of course, not all electrons will be pumped into the extrema states. However,
the probability of being in these states is increased while the probability for the states around mF = 0
is lowered, causing an unequal population distribution among the magnetic sublevel states.

Assuming a simple three-level atom, without pumping, the electron spin will be randomly distributed
so that some electrons will be in state mZ = +1 with probability P+ (depending on the field-strength)
and some in mZ = –1 with Probability P– and some in mZ = 0 with probability P0 which can be written
as

ρundist = ©«
P+ 0 0
0 P0 0
0 0 P–

ª®¬Z

,

and for a completely undisturbed system without field, P+ = P0 = P– = 1/3. When pumping with
linear polarized light along X (perpendicular to the magnetic field Z), the electrons are moved into the
state |+⟩X and |–⟩X and the density matrix representation of this state is

ρlin = ©«
1/2 0 0
0 0 0
0 0 1/2

ª®¬X

.

The electrons will be in the two extrema states. Now rotating this matrix into the z-basis via Wigner-
matrices, on gets the representation of this state in terms of z-components as

ρlin = ©«
1/4 0 1/4
0 1/2 0

1/4 0 1/4

ª®¬Z
where, due to pumping in the x-direction, population inversions and off-diagonal coherent terms

appeared. In both cases, the time dependence was neglected here. For the circular pumped case, the
situation is very similar. The electrons will be in the state
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Figure 15: Representation of different system states as angular momentum probability surfaces. Center:
An undisturbed system where all states are equally populated. Left: Using a circularly po-
larized light beam, states with mF = –F have higher probabilities while states with mF = +F
are depleted (or vice versa, depending on left or right circular light). Right: Linear polarized
light will increase the probability for both, mF = ±F but reduce populations around mF = 0.
A Larmor precession is not applicable for the undisturbed situation as the sphere is uniform
in all directions. The precession (clockwise or anti-clockwise) depends on the orientation of
the magnetic field. Plots obtained using ADM-package by Rochester Scientific [119].

ρcirc = ©«
1 0 0
0 0 0
0 0 0

ª®¬X
for right circular polarized light which is represented in z-components (via Wigner rotation) as

ρcirc =
©«

1/4 – 1
2
√

2
1/4

– 1
2
√

2
1/2 – 1

2
√

2
1/4 – 1

2
√

2
1/4

ª®®®¬Z
and again creates coherences and inversions in the z quantization axis. In the ADM picture, pumping

can be seen as creating coherences and population differences. Optical properties like dispersion and
absorption are directly linked to this matrix properties (see chapter 4.3.4), revealing the importance
for optical magnetometry. Through pumping, significant population differences and coherences are
created - optical pumping serves as an amplifier for the optical properties like circular dichroism and
birefringence.

4.4.3 Visual Representation and Modulation

To visualize the state of an atom ensemble, the probability of an electron to be in a specific state��mx, my, mz
〉
, called the angular momentum probability surface, is plotted as a 3d-surface, a method

established in [118]. Here, the ADM-package [109], is used for this purpose. Without any population
pumping, the probability for all states is equal, resulting in a sphere. Different polarization states are
shown in figure 15

These illustrations allow a evaluation of the system´s behavior. A circular light beam will pump
electrons along the beam direction (or into opposite, depending on right or left circular light), creating
a dipole-like situation, while a linear beam will pump electrons to both sides along the polarization-
axis, creating a quadrupole-like distribution. This polarization state, created by the pump beam, will
then precess around the magnetic field as soon as the pump beam gets stopped. Two practical conse-
quences are: first, the observed optical rotation using linear polarized light will be modulated at twice
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the frequency compared to the circularly polarized case (as the linear state has quadrupole-like two-
fold symmetry) and second, the pumping beam hase to be pulsed to allow free precession of the state
between the pulses. An exception here would be, if the lifetime of the polarization state is so short that
it decays before a full rotation. In that case, a continuous pump beam could be used.

For the panEDM case with larger fields, the pump beam has to be modulated with a frequency
which is, in the ideal case, identical to the precession frequency. Often, this modulation is done us-
ing frequency-modulated beams. In that case, the frequency of the pump beam is modulated on and
off-resonant and can be switched between interaction and non-interaction. In the case of the mag-
netometry system used here, amplitude-modulation is used instead. The beam intensity is modulated
(switched off and on) using an acousto-optical modulator. This technique ensures no unwanted sys-
tematic effects occur, which would be present with an off-resonant beam.

4.5 Fundamental Sensitivity Limits

While the sensitivity of the presented cesium sensor is determined by practical limits like field noise
and drift, electronic noise, fitting uncertainty, or signal to noise ratio, there are fundamental limits to
the maximal achievable sensitivity based on physical effects. Two prominent examples found e.g. in
[88] should be briefly introduced here.

4.5.1 Photon Shot Noise

The optical signal (optical rotation) is detected by a polarimeter board where the incoming light in-
tensity is translated into a current via photodiodes (see chapter 5.3). However, unlike in the classical
picture where light is a continuous beam, the light consists of a stream of photons and is quantized.
Hence, the light has an intrinsic statistical noise (as the number of photons arriving at the photodiodes
will not be constant but is a statistical process). This shot noise can be translated into the uncertainty
of the measured rotation angle ϕ [88]

δϕ ≈ 1
2

√︂
1
Φ · t (76)

with Φ the photon flux and t the measurement time. The photon flux is closely linked to the laser
intensity via Φ = P/Ep with the single-photon energy Ep and P the total light power. With typical
probe powers of 6µW and a photon energy of 1.45 eV [106] (the cesium D2 line), one gets a typical
flux of 1.7 · 1013 s–1, including a loss due to the limited transmission of 1/3. Assuming a measurement
time of 70 ms ≈ T2 leads to a rotation uncertainty of δϕ ≈ 0.5 µrad√

Hz
. And finally estimating the field

uncertainty for the case of a polarimeter following [120]

δB ≈ Γ
γ
· δϕ
π/3 (77)

with Γ the resonance width (about 5 Hz) and γ the gyromagnetic ratio of cesium (7 Hz/pT due to the
two-fold symmetry), one gets a fundamental photon shot noise limit of 0.3 fT/

√
Hz. An way to reduce

the photon shot noise would be to use higher probe powers. However, a high probe power has adverse
side effects like shortened T1/T2 times reducing the performance, and light shifts (see chapter 4.1.2 and
4.6). As the presented magnetometer is not shot-noise limited, high probe powers are not desirable to
avoid such effects.

4.5.2 Spin-Projection Noise

The spin projection noise gives a second important fundamental limit. As explained in section 4.2.4, the
magnetometry principle can be understood as measuring the precessing spin in a classical picture or, in
modern physics, the projection of the spin to a specific state here called Fx. Measuring this projection
of a fully polarized atom, so ⟨Fz⟩ = F, obeys to the uncertainty principle as [88]:
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σ(Fx) · σ(Fy) ≥ |F|
2 . (78)

Hence, any measurement of the Fx contains a fundamental uncertainty of

σ(Fx) ≥
√︂

F
2

which can not be avoided. While there are techniques to reduce this uncertainty, namely spin squeez-
ing where the uncertainty in a state is increased to decrease the uncertainty in the probed stated ac-
cording to equation 78, these techniques are not used in this system and hence not further discussed
(see e.g. [121]). When measuring not a single atom but an ensemble, this fundamental limit is further
reduced by the number of uncorrelated measurements, in this case the number N of interacting atoms
in the probe beam to

σ(⟨Fx⟩) ≥
√︂

⟨F⟩
2N . (79)

Based on these considerations, an option to reduce the fundamental spin projection noise is to heat
the alkali metal vapor to higher temperatures to increase the number of atoms. However, for practical
reasons explained in section 8.2.1, the panEDM sensor is operated at room temperature. Including that
the states are continuously interacting with the probe beam leads (for long measurement times t ≫ T2)
to an additional term of 2T2/t [122, 123]:

σ(⟨Fx⟩) ≥
√︂

T2 ⟨Fx⟩
N t . (80)

Transforming this spin projection uncertainty into a projection noise in the optical rotation mea-
surement, one can get a fundamental magnetic field uncertainty [124]

δB ≈ 1
γ

√︂
1

T2Nt (81)

with γ the gyromagnetic ratio. With a typical T2 and measurement time of 70 ms and a total num-
ber of cesium atoms of the order of 1011(estimated by cell volume and cesium vapor density at room
temperature), a limit of the order 10 fT/

√
Hz is expected. Besides the mentioned heating, increasing the

number of cesium atoms could be achieved by increasing the cell volume, which would also increase
T2 (due to fewer wall collisions). As this fundamental noise is not seen as a limiting factor for the
presented sensor, no such measures are necessary.

4.6 Light-Shifts

So far, it was discussed that the atom´s energy levels get shifted by a magnetic field. However, as
explained in 2.1, the photon is the exchange particle of the electro-magnetic force and so, a beam of
photons (like a laser beam) has an electric field on its own (during semi-classical calculations, the light
beam is even represented by an electro-magnetic wave). This light field itself acts on the atom and leads
to changes and shifts in the level structure, in addition to the shifts caused by the external magnetic
field. As these shifts are measured and interpreted as magnetic-field effects, a light shift would mimic
a magnetic field and lead to an erroneous measurement. These light shifts are of much concern for
magnetometry as they are non-linear, depend on detuning, light intensity, and polarization, and are
difficult to quantify for an experimental setup (e.g. the precise detuning is not known). The term
light-shift describes the general phenomena that light shifts the quantum-mechanical level structure
of an atom, the effect relevant for magnetometry is the Stark-effect (also called AC-Stark-effect as the
AC-field of the light causes it) which should be briefly introduced.

The level-splitting effects to an atomic fine structure can be grouped into several types (following
[120]):
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δE = δEmass + δEHF + δEVector + δETensor (82)
where δEmass is a level-shift due to mass, δEHF is a change to the hyperfine splitting while δEVector

and δETensor are the shifts due to the AC-Stark effect where δEVector is the linear term and δETensor
are higher terms (quadratic). Both the mass-related shift and the hyperfine-shift affect all magnetic
sublevels identically and only shift the ground states up (for the mass term) or increase the energy-
splitting between the hyperfine-levels (for the hyperfine-term) similarly to an increase of the hyperfine
structure constant. Both will not affect the precession frequency or the observed level splitting and are
of no further interest. The tensor shift will lead to a shift between the magnetic sub levels. However,
this shift is symmetric regarding |F| and identical for m–F and m+F. As a consequence, the energy
difference remains unchanged [120]. However, the remaining term, the vector shift, is problematic as
it will shift different magnetic sublevels in different ways. Depending on the state, this shift will lead
to a level splitting along F (similar to the Zeeman-effect), shifting states with mF > 0 up and states with
mF < 0 down or even have the opposite effect (shifting energies with mF < 0 up). For the cesium case,
the shifts for excited and ground states are in the opposite direction. For the ground state, it mimics an
additional field along Z [125].

The light shifts are suppressed for the panEDM sensor design (legacy and new generation). First,
light shifts depend on the light intensity (as the light intensity dictates the electric field intensity) and
so, the pump beam, which is about a factor of 50 more intense than the probe beam, would be the
primary source for light shifts. However, this beam is perpendicular to the probe beam and will not
affect the measured field. Second, during FPD operation, the pump beam polarizes the atom but is
blocked during the measurement. Therefore, the pump beam can, for FPD mode, only contribute under
the circumstances that, first, the pump is not perfectly perpendicular to the probe beam and second, that
the AOM does not block the light perfectly during the FPD measurement. Here, the typical extinction
ratio of an AOM (e.g. IntraAction FCM-series as the used FTM series was custom built) is about 55 dB
[126]. Assuming a peak pump power of 500 µW, a mere 5 nW would be present (at 50 dB extinction)
during the measurement. Even for a significant misalignment so that the pump beam is 10° off from a
perpendicular orientation, the parallel projection would be less than a nW. Hence, the light shift due
to the pump beam can be neglected for FPD operation.

On the other hand, FO-operation is quite different as the pump beam polarizes the atom during the
measurement. So, for FO-operation, pump-beam related light-shifts may be a limiting factor and were
discussed in more detail in [22], where calculations for the FO-case are given. However, during this
thesis, all stabilization measurements were done using the favored FPD mode, which will also be used
in the panEDM-array.

Therefore, the relevant source for possible light shifts is linked to the significantly weaker probe
beam (typically 3 – 8µW). The idea behind the AC-Stark shift is that the electric field of the light beam,
represented as an electric field, interacts with the atomic dipole operator (see equation 53), the electric
field itself will induce a dipole moment even if there would be no magnetic field present. Obtaining an
analytical expression for the polarizability of the atom, one can calculate the induced dipole moment
and then the observed shift based on equation 53. The overall shift can be written as [113]

∆E(F, mF,ω) =
–α(0)(F,ω)|E+|2 – α(1)(F,ω)(iE– × E+)z mF

F – α(2)(F,ω) (3|E+|2–|E+|2)
2 (3m2

F–F(F+1)
F(2F–1))

(83)

with α(F,ω) the polarizabilities for state F and light of frequencyω, which can be calculated but are
not be given here explicitly for clarity. Indices (0) indicate the scalar shift, (1) the vector shift, and (2)
the tensor shift. The electric field E+/– is due to the rotating and counter-rotating part of probe light
(E± ∝ e∓iωt) and mF the magnetic sublevel of hyperfine level F. The scalar shift is independent of any
magnetic sublevel while the tensor shift depends on m2

F and so, is identical for m–F and m+F (as stated
at the beginning of this section). The critical part which has to be analyzed further is the vector shift.
For this, the term (iE– × E+)z can be rewritten as |E+

–|2 – |E+
+|2 [113] where E+

± is the electric field due to
right/left circular light. Rewriting the vector term from equation 83 one gets
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△E(F, mF,ω)Vector = –α(1)(F,ω)(|E+
–|2 – |E+

+|2)mF
F . (84)

This is a significant term for circularly polarized light as, for example, a perfectly right-circular light
will fulfill |E+

–|2 = 0. The linear polarized light used in the panEDM sensor system can be written as

Elin = (E · e–iωt + E · e+iωt±ρ) . (85)

The vector shifts vanishes for linear polarized light as |E+
–|2 = |E+

+|2 and so (|E+
–|2 – |E+

+|2) = 0 in
equation 84. As the linear polarization of the light beam is ensured with great effort using polarizing
fiber and several clean-up polarizers (see chaper 8), not only the scalar and tensor shift but also the
vector shift can be assumed to be zero. However, as calculated in [22], even a slight deviation from
perfect linear polarized light, e.g. due to imperfect polarizer, can easily lead to shifts in the pT regime.
On higher-order effects, it should be mentioned that due to the circular dichroism of the cesium, the left
and right-circular light will be absorbed differently. Therefore, after the cesium cell, the light will exhibit
a slight elliptical polarization so that (|E+

–|2 – |E+
+|2) ≠ 0. Another possibility are imperfections of optical

windows in the glass cell or in general, imperfections of optical parts in the sensor. Such imperfections
may cause a ellipticity of the probe beam, also depending on the angle between surface and laser beam,
and could lead to light-shifts even if the probe beam is perfectly linear polarized before the cell [127].
Such a component-related light shift would be sensor dependent (and not system dependent). A search
for these higher-order light shifts was done in section 9.4.5 and is still ongoing.

During former measurements in [22], probe power variations between 0µW and 25µW showed
no significant correlation between light power and measured field on the 100 pT scale. Also, no light
shifts correlated to the pump-light were observed as this would lead to a power-depending difference
between FO and FPD signals. This thesis shows a new method with greatly improved sensitivity and less
systematic uncertainties. Due to the improved scheme, a small light shift of 12 pT/µW was discovered,
so far hidden behind the statistical and systematical uncertainties of the used measurement techniques.
Details on this finding are given in the respective subsection 9.4.5
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5 Magnetometry System

5.1 Laser Optics

For the used Cesium D2 line transition, there are laser diodes for spectroscopy commercially available.
In the current setup, Toptica/Eagleyard DFB-laser diodes3 with a maximal laser power of 160 mW and
a narrow linewidth (FWHM) of 600 kHz [128] are used. The laser wavelength is tunable in the range
of 25 pm [128], about 10 GHz, by altering temperature or current. As the energy difference between
F3 and F4 hyperfine sublevel in the cesium atom is 9.2 GHz, the laser frequency can be tuned to either
the F3 → F′ or F4 → F′ transitions, providing some freedom in the choice of operation parameters.
As the laser beam originating from the laser diode is not perfectly collimated (divergence of up to 21°
[128]) the laser beam gets collimated with a lens positioned directly after the diode and then guided
through an optical isolator4. This isolator prevents possible back-reflection of the laser beam into the
laser diode, which could otherwise lead to negative effects like mode-hops, or even irreversible damage.
Afterward, a portion of the laser beam is split off with a beam splitter and used in a DAVLL-system (see
section 5.2) for frequency stabilization. As the laser beam is not perfectly linearly polarized (typical
polarization out of the diode about 90% [128]), a polarizer5 ensures a linear polarization by blocking all
light polarized perpendicularly to the filter axis (extinction ratio above 2000 : 1 [129]). As this polarizer
is aligned to the slow axis of the fiber, which is not necessarily identical to the polarization axis of
the laser diode, the polarization axis can be rotated using a λ/2 – plate6 in front of the polarizer. The
polarized laser beam is afterward collimated using a lens7 and coupled into a fiber. As polarizing fibers
are used, the polarization axis of the laser beam and the fiber-axis have to be aligned to each other. In
addition, the angle and position of the laser beam have to be adjusted to get a coupling straight into
the 5µm fiber-core. To give flexibility and the possibility of adjusting angles and light beam path, two
mirrors are placed in the beam and the overall setup gets a U-shape, and is shown in figure 16. The fibers
used to transmit light to the sensor (for pump and probe) are custom build polarizing fibers8 based on
Fibercore Zing fiber9. This specific fiber type is chosen as it acts not only as polarization-maintaining
fiber (transmitting the light in a specific polarization state) but actually as a linear polarizer itself. Any
light not aligned to the axis of this fiber type is suppressed by about 30 dB (extinction ratio specified
at 830 nm [130]), not only ensuring the linear polarized light is transmitted in its current state, but in
addition, any unwanted polarization-components are suppressed.

The probe-beam is coupled into fiberized a 1x16 splitter which splits the laser beam in the incoming
fiber into 16 fiberized outputs with equal intensity, providing the possibility of operating 16 sensors
(which is twice the amount currently planned). At the output of this fiber splitter, the probe fibers of
the sensors are connected. As the pump beam should not be a continuous laser but pulsed, an additional
step is necessary. Here, the light is coupled into a fiberized acousto-optic-modulator10 where the light
is chopped into pulses. This system, based on an acoustically induced oscillation of a crystal-structure
building an optical lattice, used as a mechanical chopper is too slow to reach the modulation frequencies
in the kHZ-regime. After this AOM, the light is coupled into a fiberized 1x4 splitter whose outputs
are coupled to the pump fiber of the sensors. Here, the use of a 1x4-splitter is based on laser power
limitations. As the transmission of the AOM and the 1x4-splitter are each about 50 % and a typical
coupled laser power of order 10 mW before the AOM, the output in each channel is limited to about
600µW rather close to the used pump-power of about 500µW (peak). Hence, the setup is currently
limited to 4 sensors due to practical reasons (which could be overcome by using an AOM or splitter
with a higher transmission or a laser diode with higher power). A concept of how this system can be

3EYP-DFB-0852-00150-1500-TOC03-0005
4Thorlabs IOT-5-850-MP, IOT-5-850-VLP or similar
5LPNIRB050-MP2 or similar
6Thorlabs WPH05M-850 or similar
7Thorlabs CFC-11X-B or similar
8OzOptics LPC-01SP-852.5.3/80-P-0.4-1.81GR-40-3A-3 -5.5-CSP
9Fibercore HB830-5/80

10Custom-build IntraAction FTM-1201A2APH85 or similar models
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Figure 16: The basic laser setup used at PTB Berlin. The laser beam of a laser diode, collimated by a lens,
is coupled into a polarizing fiber (fiber not shown) after a clean-up polarizer to ensure a linear
polarization. A second beam, redirected by a beam sampler, is used for the DAVLL-system.
Additional optics like splitter or an AOM are not shown.

scaled up to more sensors without changing devices is presented in chapter 9.

5.2 DAVLL System

As the signal (like T2-time and amplitude) depends on the laser frequency (detuning), and as the mag-
netometry system for the panEDM should be drift-stable on long time scales, setting the laser diode
controller to a static temperature and current is not stable enough. Even with the used high-quality laser
diodes and diode controllers11, the laser frequency will drift on a small scale, e.g. due to temperature
variations or current fluctuations. Therefore, it is necessary to measure and control the laser frequency
and produce electronic feedback to the laser diode controller, ensuring that the laser frequency stays
the same and does not drift away even after days of operation. The more theoretical approach to the
DAVLL-system is shown in chapter 6 where a theoretical model is provided. The overall concept is
based on [131] and was realized for the panEDM setup in [132].

A linear polarized laser beam is guided through a glass cell filled with cesium gas (referred to as
a spectroscopy cell). This cell is placed inside a magnetic field of about 20 mT [22] and the energy-
degenerated sublevels of the atom are Zeeman split - the sublevels with mF > 0 are shifted towards
higher energies, and mF < 0 are shifted towards lower energies. In the definition frame of this thesis,
right circular light carries a spin angular momentum of +h̄ while left circular light carries –h̄. A tran-
sition caused by right circular light will lead to |mF⟩ → |mF + 1⟩ and left circular to |mF⟩ → |mF – 1⟩ as
the light spin angular momentum is transferred to the electron during absorption. The quantum state
|mF = +F⟩ absorbs more left circular light while the state |mF = –F⟩ is more visible for right circular
light. In addition, both transitions have different energies due to the Zeeman-splitting. In combina-
tion, one gets a wavelength-dependent absorption behavior and the absorption is different for the left
and right-circular parts of the light beam. The overall situation can be visualized when using a simple
(hypothetical) state with F = 1, splitting up into three magnetic sublevels.

11SRS LDC 501
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Figure 17: Simplified concept of a DAVLL-system. The state |–1⟩ can only absorb σ+ light while the
transition from the |+1⟩ state is only possible with σ– light. As the energy differs for both
transitions, one gets an energy/wavelength-dependent absorption behavior for left and right
circular light.

Figure 18: The absorption signal (the ellipticity) of a DAVLL system is caused by circular dichroism in
the cell. For comparison, the slightly more complex dispersion signal is calculated in 6.2.
Plot taken and modified from [22]. The red curve is a simple approximation based on four
Lorentzian shaped absorption peaks.

Using the simplified system shown in figure 17, the absorption behavior depends on the wavelength.
For low energies, only the |mF⟩ → |mF – 1⟩ is possible, so only the left-circular light is absorbed. For
high energies, only the right circular light is absorbed as only |mF⟩ → |mF + 1⟩ is possible. This behavior
is called circular dichroism. As explained earlier, absorption and dispersion are inseparably linked (via
Kramers-Kronig relation). As the absorption depends on the wavelength, the same must hold for the
dispersion, called circular birefringence.

After being guided through the spectroscopy cell, the laser beam is split up into two perpendicular
polarization components by a polarizing beam splitter (Wollaston Prism12) after passing a λ/4–plate.
Hereby, the ellipticity (the absorption-behavior) is analyzed instead of optical rotation as done without
a quarter-wave-plate. A typical DAVLL signal is shown in figure 18. In that example, an approximative
theory curve is shown, based on four Lorentzian absorption peaks: For each resonance (F3/F4), one
absorption peak for right and left circular light. The fitted curve is only for visual reference, see [22]
for details.

12Thorlabs WP10-B or similar
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Figure 19: The improved temperature stabilization system. Left: The DAVLL-system is enclosed in a
heat-insulating housing. Heating pads are included on the inside. Right: The temperature is
controlled by a commercial temperature PID controller.

While it would also be possible to use dispersion properties (optical rotation) for locking the laser,
the ellipticity signal has fewer peaks and is more suitable for this application. The right and left-circular
components have different refraction indices, which can be calculated as [131]

n± = 1 + A c
ωl

𝛤 /2
(∆ ±Ω – i𝛤 /2 , (86)

where A is a coefficient, l is the optical length, ∆ the detuning,ω the laser frequency,Ω the Zeeman
shift between levels, and 𝛤 the resonance width. Based on this, frequency-dependent refraction and
absorption coefficients for left- and right-circular light can be calculated as done in [131].

Linear polarized light can be described as a linear combination of left and right circular light. As
the absorption is different for left and right-circular, the ellipticity of the light polarization and so
the projection on the two polarization components will change with changing laser frequency. Con-
sequently, the obtained ellipticity signal is directly coupled to the wavelength. Measuring the point
on this DAVLL-curve corresponds to a wavelength measurement and ensuring via a PID-controller13

that the system always sits at the same point on that curve is equal to locking the laser on a certain
wavelength. This is done by using the PID-controller feedback as a control signal for the laser-diode
controller. The feedback of the PID-controller works at a bandwidth of 100 kHz [133], much faster than
the optical precession frequency. In [22] it was shown that the currently used DAVLL-system has a lock
uncertainty of below 0.7 MHz, which is roughly identical to the linewidth of the laser diode. So, no fur-
ther improvements to the lock sensitivity are necessary as the laser linewidth would limit any possible
improvements. However, the DAVLL signal depends on temperature (as the gas pressure increases, so
the optical density increases with increasing temperature). Therefore, the temperature was stabilized
with an in-house build RaspberryPi-based system that performed well but was rather unreliable and
difficult to handle. As part of the ongoing task of improving the reliability of the system towards a
level necessary for operating a large sensor array, this system was replaced by a commercially avail-
able temperature PID-controller14 with a PT100-sensor, and the thermal isolation of the DAVLL-system
was further improved. The temperature stability of this system of ±100 mK is similar to the in-house
solution.

The heating avoids wavelength drifts but may induce 50 Hz-noise. A wall plug transformer powers
the heating pads and is not perfectly DC but has some line-frequency AC parts. A considerable, time-
dependent 50 Hz-peak was seen in most measurements. Due to the time-scale of this 50 Hz-contribution
of several minutes, it is presumed that the heating procedure causes this noise. Large currents of several
Ampere in the unshielded cable between controller and heating pad in direct proximity to sensitive
13SRS SIM960
14Emko ESD-9950-N.2.20.0.1/02.00/0.0.0.0
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parts like the laser diode may radiate a field large enough to cause such noise effects. A solution here
would be using a DC-power supply or shielded cables. However, as shown in 5.6.2, a crucial advantage
of the used fitting method is the inherent insensitivity to noise sources as long as the frequencies are
far from the optical precession frequency. Thus, the line-frequency noise is of low significance.

5.3 Polarimeter Boards

The measurement of the sensor signal is a measurement of the optical rotation of the linear polarized
laser beam (or the ellipticity in the case of the DAVLL). The laser beam is split up into perpendicular
polarization components with a crystal (Wollaston for DAVLL or calcite in the sensor). Based on these
two beams, the rotation angle can be calculated (similar to equation 26) by the difference of both beam
intensities

Φ1 –Φ2
2 (Φ1 +Φ2) = sin(θ) ≈ θ , (87)

whereΦ1/2 is the beam intensity of the two beams, and θ the rotation. If no rotation due to an optical
material is present, Φ1 = Φ2 and the angle is zero. This is called balanced and all sensors should have
a similar amount of light in both beams, leading to a baseline of 0. To measure the optical rotation, one
compares the light intensity of two beams. For the cesium system, the laser beam is measured using
two photo-diodes15 which are soldered onto a printed circuit board. The board´s electronics (a classical
polarimeter design with amplification stages [134, 135], optimized for low noise) deliver three voltages
as output signals: the voltages corresponding to the light beam intensity on each of the diodes (called
single side) and the difference between both signals. Usually, an amplification of 100 k is used for the
differential channel. As equation 87 shows, the difference signal is the optical rotation, while the single-
sided signals are mainly used for debugging or additional analysis. The board was first characterized
in [136]. An in-depth analysis of its characteristics, including transfer functions, the circuit diagram,
and noise considerations are available in [22]. As the boards used in this thesis are technically identical
to the examples used during the characterization, the reader may be referred to the aforementioned
publications for further details.

5.4 Electronics

The laser diodes are operated by a laser diode controller SRS LDC501. This controller stabilizes the
diode´s temperature (via a TEC-element) with an in-build PID-controller at the set temperature to
±0.002 C◦ per day [137]. As every single laser diode is unique, thet wavelength-properties differ from
diode to diode. Hence, the optimal temperature is chosen for every individual diode so that the cesium
F3 and F4 resonance lies at a diode current of 150 – 200 mA. Typical temperatures are between 32 C◦

and 33.5 C◦, while the diode itself may operate at any temperature in the range 5 – 50 C◦ [128]. The
temperature coefficient for the used type of laser diodes is 0.06 nm/K [128], emphasizing the importance
of a precise temperature stabilization. The current as the second parameter is used to set the wavelength
with a current coefficient of 0.003 nm/mA [128]. The current setpoint is controlled by a PID controller16

which measures the DAVLL-signal and adjusts the current to lock the wavelength to a specific value.
Due to this laser-locking, any small temperature or current drifts of the laser diode controller (long
term drift for current is 15 ppm over one day [137]) as well as the noise is compensated up to the
stability level of the laser linewidth [22]. A function generator17 sets the pumping frequency (the
pulse frequency), outputting a 5 Vpp rectangular signal. This signal is further processed via a delay
generator18, transforming the rectangular signal into pulses with defined length given by the duty
cycle (the length of a single pump pulse). These pulse signals are then fed into the AOM-electronics,

15Hamamatsu S3072
16SRS SIM960
17SRS DS345
18SRS DG645
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Figure 20: The polarimeter boards. Left: The light intensity of both laser beams (polarization compo-
nents) is measured via photo-diodes. Right: The difference signal is amplified and used to
measure the optical rotation. Additional outputs are available for the light intensities of each
diode.

driving the AOM-crystal. The electronics are shown in figure 21 and a schematic overview is given in
figure 22.

The polarimeter boards are powered by an in-house designed DC-power source which was thor-
oughly characterized in [22]. Another set of electronics is necessary to analyze and store the sensor
signals. The signals obtained from the differential channel of the polarimeter board (see chapter 5.3)
are either fed into a lock-in amplifier19 where the in-phase and out-of-phase signals (or X and Y) are
used to obtain an FO-scan or connected to a digitizer20. The function generator´s output driving the
AOM-electronics is also connected to the lock-in amplifier as a frequency reference. In the FPD case,
the sensors´ polarimeter signal is directly recorded using the digitizer, offering 32 channels with a res-
olution of 16 bit and a typical sampling rate of 200 kHz. This data is then streamed to some storage by
opening a socket connection and reading the on-board buffer of the digitizer via ethernet. While the
digitizer could operate at much higher sampling rates in the MHz regime, this is avoided as it produces
unreasonable amounts of data, and the data stream gets unstable at high sampling rates, leading to
unpredictable measurement interruptions. The effect of different sampling rates was analyzed in [22]
and is still valid also for the new sensor. Another function generator controls the sampling rate of the
digitizer itself as the in-build oscillator would be too unstable for the desired sensor stability. To ensure
that all electronics are synchronized to each other and no shifts between systems occur, the function
generator and digitizer are stabilized by the same 10 MHz frequency standard21 based on a rubidium
atomic clock with a drift of less than 2 pHz over 100 s which corresponds (via the gyromagnetic ratio
for cesium of 7 Hz/nT) to 2.9 · 10–7 fT, a drift of less than 0.5 nHz per year, ensuring that electronic
limitations of the sensor stability are excluded.

19SRS SR830
20D-TACQ ACQ1002R
21SRS FS725
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Figure 21: Most of the electronics necessary for operating the cesium array. Left: A frequency generator
(3) defines the pumping pulse frequency and a delay generator (2) the pulse duration. A
Rubidium clock (4) stabilizes the system, and signals are recorded with a digitizer, stabilized
by a clock-signal (1). The shown bandpass filter (5) is for debugging only and not used for
measurements. Right: The laser diode controller (for probe and pump) with corresponding
PID-controller for Laser-Lock (DAVLL-signal). The driver for the acousto-optic modulator,
power supplies (for boards and PIDs), and the measurement computer are not shown here.

Figure 22: A schematic overview of the used electronics. A frequency standard (1) synchronizes two
frequency generators (2,4). One frequency generater (2) controls the sampling rate of the
digitizer (3), the second frequency generator (4) is used as reference signal for the lock-in
amplifier (5) and the delay generator (6). The delay generator signal is processed by a AOM
driver (7) and forwarded to the AOM. Based on the DAVLL signal, a PID controller (8) gives
feedback to the laser diode controller (9), controlling the laser wavelength.
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5.5 Operation Modes and Parameter

5.5.1 Forced Oscillation Scan (FO)

The forced oscillation scan can be explained with the model of a classical driven harmonic oscillator.
For operation in forced oscillation, the pump light laser continuously pumps the cesium vapor with a
defined pulse-frequency (ω). The system response, the optical rotation of the probe beam, is fed into a
lock-in amplifier which splits the signal in an in-phase component (the amplitude of frequency in phase
with the pumping pulses) and an out-of-phase component (the signal-parts with π

2 -phase between
pumping and signal). These are often called absorption and dispersion as these physical properties
can be correlated to these two components. The pump-laser acts like an external force, forcing the
system to precess with the given frequency ω (as the spins are aligned with every pump pulse) while
the system itself has a resonance-frequency (the precession frequency given via the magnetic field by
ω0 ≈ 7 kHz/µT). The system response is very similar to a classical driven harmonic oscillator which
overall amplitude is given by (e.g. [138])

A(ω) = A√︂(
ω2

0 –ω2
)2

+ (2γω)2
, (88)

where A is here defined as the signal amplitude (in the classical mechanical case, it would be F/m with
F the driving force and m the oscillator mass), ω and ω0 are the pumping and resonance frequencies
and γ is a damping term. To get the in-phase and out-of-phase component, as the lock-in amplifier
delivers it, one can start with the standard differential equation for a driven harmonic oscillator and set
it equal to an external sinusoidal force

¥x + 2γ¤x +ω2
0x = A · e–iωt

with parameters defined as before. The general solution of this differential equation can be split up
into a real and imaginary part (an in-phase and out-of-phase part):

InPhase =
A ·

(
ω2

0 –ω2
)

(
ω2

0 –ω2
)2

+ (2γω)2
, (89)

and

OutPhase = A · 2γω(
ω2

0 –ω2
)2

+ (2γω)2
. (90)

Plotting these two components (shown in figure 23) one gets a signal which describes the obtained
signal from a real FO-scan (shown in figure 69). However, a slight discrepancy observed between the
theoretical and the measured signal, called “skewness”, was characterized in [22] and depends on prac-
tical limitations like the imbalancing of the sensor in combination with the duty cycle.

In FO-mode, the pumping frequency is modulated around the resonance frequency and the in-phase
and out-of-phase amplitudes for each pumping frequency are obtained from the lock-in amplifier. One
gets an exact value for ω0 as ω is known by fitting these curves. The remarkable advantage of this
operation mode is that one gets direct feedback of the system and can see several physical properties on
the plot. The measured magnetic field is the resonance frequency (the peak of the absorption signal or
the zero-crossing of the dispersion signal). This also allows the startup of a system within a not precisely
known field environment: Scanning through a broad band of pumping frequencies and searching for
the resonance peak. The resonance width is directly coupled to the coherence time of the cesium atom
as the coherence lifetime acts like the damping in the classical model (suppressing the oscillation to
zero over time). The amplitude of the resonance peak gives information about the signal amplitude, so
the optical rotation and light intensity on the polarimeter boards. All this information can be obtained
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Figure 23: Plotting the general solution for a driven damped harmonic oscillator split up into a real
and imaginary parts. For this plot, the amplitude is normalized to 1, the damping factor
set to 1, and the resonance frequency set to 1 kHz. The terms “out of phase”/ “in phase”,
“dispersion”/“absorption” and “real/“imaginary” are all describing the same phenomena and
are interchangeable.

on the level of a rough guess, e.g. for the field information on the level of ±150 pT, without fitting
or further analytical evaluation, making this mode the perfect tool for debugging, first performance-
evaluation during start-up and similar operations. For actual operation at the panEDM experiment,
this mode has several drawbacks. First, it is much more susceptible to light-related systematic effects
(esp. light-shifts, chapter 4.6) as the pump laser constantly interacts with the cesium vapor during the
measurement (pumping and probing are done simultaneously).

Also, as this operation mode is based on signal amplitudes, it is susceptible to power-noise such as a
fluctuation of the probe beam laser and pump beam laser, transmission changes, and similar light power
altering effects. Hence, a power fluctuation would directly corrupt the FO measurement. A method to
suppress a systematic effect of such variations is to measure different pump frequencies not consecutive
but in random order. A systematic drift would be translated into noise. A second drawback is the slow
sampling rate. A single FO-scan with a width of ±15 Hz at 0.5 Hz-steps and an integration time of 100
ms per data point will take about 60s. Therefore, the magnetic field would be tracked with only about
20 mHz and everything faster than that would be hidden as noise within the FO-curve. Due to these
limitations, the FO-mode is a helpful tool, but the FPD mode is favored and proposed for the actual
sensor operation. In addition, as every sensor needs a lock-in amplifier (when not using a software
solution), the FO mode has limited scalability when reaching a larger number of sensors.

A final remark should illustrate different notations used: thinking of the theoretical harmonic oscilla-
tor model, one calls both components of the signal “real” and “imaginary”. Analyzing the signal with a
lock-in amplifier, both components are called in-phase or out-of-phase due to the technical realization.
Finally, these values correspond to absorption and dispersion using both values’ physics interpretation.
All of these notations are often used alongside and describe the identical feature.

5.5.2 Free Precession Decay (FPD)

The free precession decay operation mode was implemented and characterized for the panEDM ex-
periment in [139]. In this operation mode, pumping and probing are temporally separated in different
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Figure 24: The FPD signal. The polarization is increased during pumping (the amplitude increases),
followed by a free decay (the signal). Zooming into the signal, one can see the precession
signal. The transients between pumping and probing are not used for fitting.

sequences. First, the pump beam polarizes the cesium vapor, with resonant pump pulses (pumping
pulse frequency equal to the precession frequency). For the FPD-mode, the pumping-phase contains
no field information and is ignored for analysis. After establishing a reasonable polarization (which
can be observed as a saturation of the precession amplitude), the pump beam is blocked and the weak
probe beam measures the optical rotation seen as a precession frequency. Due to the blocked pump
beam, the precession frequency signal decays exponentially over time with a timescale corresponding
to the cell´s spin coherence time (T2). After a measurement length of ≈ T2, the next pump cycle starts.
The signal can be described by sinusoidal precession superimposed with exponential decay:

FPD(t) = A · e– t
T2 · sin(ωt)

with A the signal´s amplitude, T2 the spin coherence lifetime, and ω the precession frequency (the
field information). Additional parameters are added for the fitting, like an offset and a phase (see section
5.6.2) which are of technical origin but of no further physical interest.

During FPD operation, several parameters are important. Longer pumping cycles increase the signal
amplitude but decrease the available measurement time (as the pump time is dead time for the measure-
ment). Typical values for the number of pump pulses are 500-800 pulses, corresponding to 35 – 60 ms
at a 2µT field. For the length of the fitted signal, an analysis was done in [22], where it was shown that
the fitting uncertainty decreases up to a signal length of 1 T2 but the uncertainty decrease afterward is
rather small. However, increasing the decay signal length decreases the sampling rate (number of FPDs
per second). Therefore, it can be statistically more reasonable to cut the last part of decay in favor of
an increased sampling rate.

Due to technical limitations (see 5.7), the sampling rate is restricted to 10, 8, or 5 FPD/s. An assumed
dead-time of 50 ms and a T2 of 60 ms (typical values) correspond to 0.8, 1.2, and 2.5 T2 times. As the
sensitivity gain beyond 1.5 T2 is rather low [22], the setting of 8 FPD/s (which corresponds to roughly
1.2 T2 times signal length) is proposed as a trade-off and used during the shown measurements (if not
stated otherwise). Simulations were done to understand the connection between sampling rate and
signal length (in completion of the thorough parameter analysis done in [22]). An FPD decay was
simulated with values similar to typically observed signals (amplitude of 100 mV, 14 kHz precession
frequency, and 50 ms T2-time). The initial guess has a 10 % difference to the real value for T2 and
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Figure 25: Simulated FPDs (absolute value normalized to about 1 pT uncertainty for a signal length of
1 T2) and the expected behavior for longer integration times assuming statistical noise (t–1/2)
for different signal lengths. Fitting a longer decay decrease the fitting uncertainty per single
FPD. However, longer signals reduce the sampling rate. This simulation shows that the sen-
sitivity increase is comparable low for fitting-lengths over 1.25 T2 times while the sampling
rate is significantly reduced above 1 T2. The used signal length for most measurements was
in the range of 1 – 1.5 T2 , which is a reasonable trade-off between good sensitivity and a
high sampling rate.

amplitude, and ±1 Hz for the frequency guess (roughly similar to real operation). White noise is added
to simulate statistical noise where the amount of white noise was chosen so that the fitting uncertainty
is about 1 pT at 1 T2 (for convenience). The signal length was varied between 0.5 T2 and 2 T2 to get a
fitting uncertainty per FPD for each signal length. Finally, each fitting uncertainty is plotted with the
expected behavior for longer integration times which follows over time 1√

N
where N is the number of

FPDs.
As shown in the simulation (figure 25), a signal length of 1.2 – 1.5 T2 offers good sensitivity and still

a reasonable high sampling rate, confirming the used setting of 8 FPD/s.
The FPD-operation mode has several advantages. Significantly higher bandwidth is achieved as the

field is sampled with 5–10 Hz (in comparison to the < 0.1 Hz for FO), which is of importance when con-
sidering the planned role of a fast field tracking system for the panEDM experiment. Also, FPD-mode
is a cleaner operation mode with less systematic effects as the pump beam is blocked during the mea-
surement. Any light-shifts which may appear can originate only from the probe beam which is about
a factor of 100 smaller than the pump beam (3 – 8µW compared to about 500µW peak power during a
pumping pulse). Also, a very fundamental difference is how the field is measured. FO-operation is an
amplitude measurement, while FPD directly measures the precession frequency. This has the conse-
quence that FPD is robust under any transmission or intensity noise as these fluctuations may alter the
amplitude of the precession signal but not the precession frequency (beside light-shift effects), making
the FPD mode desirable for long time stability measurements with a not power-stabilized laser sys-
tem. Also, these power-drifts may appear on the minute scale (the time scale of an FO scan) while a
single FPD takes less than 100 ms. The disadvantage where FO is better suited is the accessibility of
the results. The FPD-signal has to be fitted to get meaningful values for the measured field and it is
not possible to estimate reasonable field information without computer-based fitting analysis. Also, in
this operation mode, the raw signal from the polarization boards is sampled directly with a digitizer at
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200 – 300 kHz. This has the disadvantage of producing a large amount of data (about 60 GB/h), while a
single scan consists of less than 100 data points for the FO-mode. However, for the FPD mode, the raw
signal is measured directly, no lock-in amplifiers are used and high scalability is achieved. The cur-
rently used digitizer offers up to 32 channels, so scaling up from one sensor to an array does not imply
additional devices. Overall, the FPD operation is advised for the panEDM experiment as it provides a
high sampling rate and scalability while the drawbacks, like a high data volume, are still manageable
with modern storage systems (1.4 TB per day).

Detecting fast field changes is not necessarily limited by the number of FPDs per second. Currently,
each decay is fitted with one function, getting a single field value per FPD (basically the field averaged
over the 50 ms) as this showed the best results in terms of sensitivity. However, it would also be possible
to fit shorter segments to track higher frequency changes or calculate a Fourier transformation of the
raw signal instead. The detection limit here is given by the Nyquist theorem valid for Fourier trans-
formations, where the maximum detectable frequency is half of the sampling frequency (e.g. [140]).
When interpreting the precession frequency as the sampling rate (as that is how fast the spin can track
the external field) this leads to detectable signals up to fL/2 ≈ 7 kHz at 2µT. Such a analysis method is
not possible for FO-scans where the bandwidth is indeed limited to the scan duration. The reason for
not using frequency analysis via an fast Fourier transformation (FFT) algorithm is the limited precision.
The frequency resolution of an FFT spectrum is given by T–1 with T the length of the signal in seconds
(e.g. [140]). As the FPD signal has a limited length of 50 – 70 ms (which is a fundamental limit of the
used cell), the possible frequency resolution is limited to 20 Hz. While the final result of this analysis
method can be improved by fitting the FFT-spectrum and obtaining the values through this fit, often
in combination with numerical methods like zero padding, the achieved precision with this methods
are not on par with the direct fitting of the raw signal and hence, are only advised when necessary for
detecting high-frequency signals.

5.5.3 Continuous Oscillation (CO)

A third operation mode is the continuous oscillation mode. While the physical and technical principle
is closely related to the FO-scan, one uses a static pumping frequency instead of scanning through
frequencies. Before the measurement, an FO scan is taken to get a reference curve. Afterward, the
pumping frequency is set to resonance (the absorptive signal is maximal, and the dispersion signal is
zero) and remains there. Then, only the absorptive and dispersive signal at this specific data point is
tracked over time, and the reference curve is fitted to these two data points.

As long as the FO-curve form does not change, it is sufficient to know only these two values (disper-
sive and absorptive signal amplitude) to reconstruct the resonance frequency by fitting the reference
curve to the two new data points. As figure 26 shows, an alternative approach is that the dispersive
curve has a high sensitivity (as the slope is maximal at the resonance frequency) while the absorptive
curve is less sensitive to field changes around the resonance case. Hence, it is reasonable to track the
value of the dispersive curve and translate it into a frequency drift by the slope of the curve or to keep
the dispersive signal at zero via a feedback loop. The advantage of this operation mode is the high
sampling rate. Instead of complete FO-scans, only the lock-in-amplifier signal is constantly recorded
and the sampling rate is limited by the integration time of the lock-in amplifier. At the usual integration
time of 100 ms, this would lead to a sampling rate of 1 Hz, as explained in 5.4, which is still slower than
the FPD mode. However, when choosing an integration time of 1 ms, a sampling rate of 100 Hz could
be achieved. This operation mode has drawbacks in the field of sensitivity and stability. The sensitivity
and sampling rate are directly (inverse) coupled via the noise characteristics. In the used SR830 with
a slope of 24 dB/octave, the waiting time before getting a valid signal is 10T [141], where T is the set
integration time, (so the sampling rate is limited to 10T) and short integration times are a prerequisite
for high sampling rates. On the other hand, the noise (RMS) is modified by the ENBW defined as 5

64T
[141], so to reduce noise and increase the sensitivity of the measurement, an integration time as high
as possible is preferable. In CO-mode, a trade-off between sensitivity and sampling rate have to be
found.A high sampling rate would detect very fast (and reasonably large) field effects that would other-
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Figure 26: CO-Scan principle: One initially takes a reference scan and sets the pumping frequency to
resonance (the dispersive signal is zero and the absorptive signal is maximal, here 1.0). While
the pumping frequency remains at that value, the field may change. This field change causes
a change in the measured values (here, after the field drift, the dispersive signal is ≈ 0.2 and
absorptive ≈ 0.98). By fitting the reference curve to the new data points, one gets the new
field value, here a drift by 0.2 Hz.

wise be hidden by the lock-in amplifier averaging. As the CO-mode suffers from the same systematics
as the FO-mode (as possible light shifts, power fluctuations, transmission changes, see section 5.5.1 on
page 64), it is only reasonable to use it for very high sampling rates which are beyond the scope of the
FPD-operation as otherwise, for frequencies up to 10Hz, the FPD is well characterized, tried and tested
and is less affected by such systematic uncertainties.

It was already explained that a signal amplitude drift during the FO-scan would lead to a false result
(if measured consecutive) or appear as additional noise (if measured randomly). This is even more
problematic in the case of the CO mode. The CO-mode will track the field over a long time, e.g 1 h
compared to the about 1 min of a single FO-scan, making an amplitude-drift on the time scale of the
measurement more probable and also the overall drift larger. Also, while in the FO mode, a systematic
effect of a possible power drift can be avoided by measuring the frequency in a random order (a power
drift will appear as noise), this is not possible for the CO-mode. If any effect alters the FO curve (e.g.
environmental temperature changes), the reference curve is not valid anymore. The same is true for
the linear approximation: as the FO curve will alter its form due to the power drift, the slope will be
different from the value obtained in the reference curve. In both cases, the signal will be misinterpreted,
leading to an (artificial) field drift in the field data. Also, a phase-drift of a electronic device, in a cable,
or the RF-driver of the AOM will lead to systematic drifts in CO mode. Hence, this mode is not seen
as a obvious choise for the approach of a long-time drift-stable magnetometer and was not used so
far. A method to reduce these problems would be to integrate FO-scans in the measurement routine
to update the reference curve and compensate for any drifts periodically. However, this would lead to
jumps whenever switching from one reference curve to the next one or a systematic drift when using
a linear interpolation between both curves. Also, an active feedback system could help overcome this
problem as this system would keep the FO-Signal constantly at the zero crossing where amplitude-drifts
would not affect the result (but phase drifts are still problematic). In both cases, however, the problem
of possible pump-light-related shifts, a problem inherited from the FO principle, remains. A solution to
reduce the power-drift and light-shift systematics in CO-mode would be a power stabilization which
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is currently not planned for the system. For shorter measurement times of up to 300 s, the CO-mode
could still be a viable option as the power drift on that scale is reasonably small. As the stability of
this operation mode has additional limitations compared to the FPD-mode and inherits the pump-light
issue and the low scalability from the underlying FO-mode, this operation mode was not used so far
for the panEDM cesium system. For a possible application at the panEDM experiment, a detailed drift
analysis beyond the current state would be inevitable (e.g. regarding electronic phase-drifts that are
less relevant for FO or FPD mode). However, it could be a reasonable operation mode for applications
where a high sampling rate is more important than stability. In this thesis, the CO-mode in its most
simple form (the linear approximation-method) is demonstrated in section 5.5.3.

5.6 Analysis, Fitting and Data-Handling

5.6.1 FO-Signals

A single FO scan consists of the pumping frequency with the corresponding X and Y (or in-phase and
out-of-phase) values measured by the Lock-In-Amplifier. A typical FO-scan with 60 data points (e.g.
30 Hz width with 0.5 Hz resolution) will produce a text file with 3 kB (180 kB per hour). Thus, the amount
of data and the necessary computational power are insignificant. However, while the FO-signal itself
is quite intuitive and provides a rough guess on relevant information even without fitting (see section
9.2.3), a detailed analysis is advisable. A fit of the FO curve must be very precise as a single FO-fit
will give the precision/sensitivity of the measurement (in ideal case less than 100 fT), while in the FPD
case, a single FPD is just one of many signals and sensitivities of 600 fT per single fit are sufficient.
Therefore, the theory curve can not be a simple approximation but have to be precise. Also, the data
consists of two entirely different curves (X and Y), connected via the phase. To get the best sensitivity,
both curves should be fitted together simultaneously. Fitting each curve individually is possible, but
the phase-information between both curves will get lost in such a process. In addition, both curves are
only differentiated by the phase of the lock-in amplifier. In an ideal case, (a phase of exactly 0), the
absorption as a function of the pumping frequencyω will be a Lorentzian peak

FOAbsideal (ω) = A𝛤 2

4(ω –ω0) + 𝛤 2

with A the signal amplitude, 𝛤 the resonance width and ω0 the resonance frequency (the field in-
formation). The dispersive curve can be described by a function

FODisideal (ω) = 2(ω –ω0)A𝛤

4(ω –ω0) + 𝛤 2

with same definitions as above.
However, the ideal case with a phase of 0 is not a reasonable assumption for an actual measure-

ment. Before a FO scan, one can set the pumping frequency to the resonance case and then adjust the
electronic phase at the lock-in-amplifier to achieve a phase about 0 in resonance (which is strongly ad-
vised). Still, the resonance frequency is not precisely known before the measurement and the zeroing
is imperfect. Therefore, one gets a mixture of both curve forms as fitting function, depending on the
phase angle θ, for the absorption case

FOAbsreal (ω, θ) = FOAbsideal (ω) · cos(θ) + FODisideal (ω) · sin(θ)

and for the dispersive case, just analogous with swapped contributions (or a phase ofπ/2). The mixing
of two curve forms makes the fitting relatively unstable. More complications arise due to the approach
of fitting both curves (dispersive and absorptive) simultaneously. The dispersive curve is attached to
the absorptive curve and both are fitted together with a single fitting function. This is realized by using
a Heaviside function, which is 0 for values < 0 and 1 for values ≥ 0. As the final fitting function, one
gets
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Figure 27: An FO-scan: X (red) corresponds to the in-phase (or absorption) and Y (blue) to the out-of-
phase (or dispersion) output of the lock-in amplifier. The peak of the X component, respec-
tively the zero-crossing of the Y component, is the measured field value. This example was
measured at PTB with Sensor P3.

FO = H(ωmax –ω) · FOAbsreal (ω, θ) + H(ω –ωmax) · FODisreal (ω, θ) , (91)

where ωmax is the maximum frequency measured. This overall procedure is called “concatenated
fitting”. As this fitting function contains several degrees of freedom and a rather complicated structure,
fitting FO scans with a very high precision tend to be rather unreliable. It was discovered during the
work on the cesium system that the actual obtained FO curve may feature a slight deviation from
the assumed theoretical function called “skewness”, describing a tilt of the curve towards one side.
This effect is explained in [22], where the correlation between sensor imbalance and this skewness
was described. As the fitting is relatively unstable and the result is hampered by minor effects like
the mentioned skewness on the approached sensitivity limit, FO is seen as less favorable. However, it
should be emphasized that a FO scan is a handy and powerful tool for characterization and debugging.
In many cases, a fit of the FO-curve is not necessary due to the direct visual feedback via the the
resonance curve.

Therefore, the FO is ideal for setting up the system, optimizing settings, or characterizing sensors.
The FO-fitting process remains largely unchanged from [22] and was supplemented by a more simple
script for fitting both components separately which is less precise but faster and more reliable.

5.6.2 FPD-Signals

The FPD signal consists of a continuous data stream of the raw signal recorded directly from the dif-
ferential channel of the polarimeter board. The current analysis process results from optimizations
regarding fitting uncertainty, stability, and speed. The data file is opened and loaded into RAM, then
bandpass filtered with the SciPy inbuilt Butterworth filter [142] around the known center frequency
(usually ±30 Hz with a order-two filter) to get rid of imbalance effects, offsets, and background noise.
See [22] for a detailed analysis of background noise which is also valid here. While it is possible to
fit the actual raw signal without bandpass-filtering, the fits get considerably more reliable for filtered
signals. The signal consists of many consecutive FPDs, each with a pumping phase (where the cesium
gets polarized) and a free decaying phase where the precession signal with the field information is sam-
pled. For the fitting, the pumping phase is irrelevant as it does not bear any relevant information. One
has to define a starting point where the first relevant chunk of data (the first decay) starts. In theory,
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Figure 28: A single FPD signal, bandpass filtered. This is the signal which will be fitted, resulting in field
information. The amplitude and T2 time depend on the specific sensor and used settings.
The slightly noticeable noise on top of the signal is mainly due to the plotting of the digitally
sampled signal as a continuous function, so only a visual effect.

this starting point is when the pumping stops (at the maximum amplitude) and the free precession
decay starts. However, as the change from pumping frequency to the free precession frequency does
not happen instantaneously, it is reasonable to start the fitting 5 ms after the maximum. The length
of the fitted FPD decay depends on the chosen pump duration and the number of FPDs per second. A
typically decay with about 70 ms length is shown in figure 28.

The data acquisition and pumping being coherent (see chapter 5.7 and 5.4), the distance between two
FPD signals is known and constant. When the first FPD is detected, all further FPDs are precisely located
by adding the known distance between two FPD-signals. The starting point of the first decay (and the
starting point for the overall fitting procedure) can be set manually or, alternatively, automatically: The
fitting algorithm chooses the starting point by detecting the maximum of the FPD signal and setting
the starting point 5 ms after this timestamp. The data fitting is done with the inbuilt SciPy curve-fit
function based on an implementation of the Levenberg-Marquardt algorithm. The fitting function is
kept simple to get a stable and robust fitting routine:

FPD = A · e– t
B · sin(2π · C + D) + E (92)

where A is the signal amplitude (in ADC units), B the T2-time, C the precession frequency, D a static
phase-factor and E a possible offset. While amplitude, T2-time, and frequency should be rather well
known and can be either estimated from the raw-signal (amplitude and T2 time) or are roughly known
(frequency), the offset E should be about 0 due to the bandpass filtered signal (which eliminates DC-
offsets). Typical values for the fitted offset are < 0.1 ADC-units, so setting it to zero as an initial guess
is consistent. The phase factor D is static and dependent on the relative phase at the starting point and
can be guessed to be zero (the fitting is robust enough to converge with a intial phase of zero). Both
D and E are of no further interest and mainly of technical origin. While the amplitude A and the T2
time B are not especially relevant for the field information, both may yield information regarding the
system’s stability. Amplitude depends on detuning, frequency-difference (between set pumping and
real precession frequency), and laser power, while the T2-time depends on detuning, laser-power, and
field effects (esp. gradients). Cell properties affect both quantities via gas density or coating. Hence,
they can be used to get information about the system stability useful for debugging. The precession
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Figure 29: A fitted FPD signal (fit not shown as visual identical to signal). The residuals show the
expected time dependent interference due to the static fitting frequeny and are on a level of
180µV.

frequency C is the value that contains all the field information, into which it can be transformed via
the gyromagnetic ratio of cesium (7 kHz/µT) in a linear approximation (see section 4.2.3).

The typical statistical fitting uncertainty per single FPD is at the level of 0.4µHz for signals at about
14.5 kHz (about 60 fT for 2µT fields), based on the estimated covariance matrix of the fitting algorithm.
As the magnetic field during a FPD decay is not perfectly constant but the fitting function assumes a
static frequency (averaging over one FPD decay), it is expected that the residuals show a time dependent
interference signal. Typical residuals are on the level of below 200µV for 100 mV decays as shown in
figure 29.

For very long measurements, the field will drift away from the initial guesses, decreasing fitting
stability after some time. Therefore, the fitting result of the preceding fit is used as an initial guess for
the next one to scope this effect. While this technique ensures that the initial guess is always very close
to the real value and follows the field, it also implies some problems. First, a single not-converged fit
(e.g. a noise peak at an FPD signal) would lead to a fatal stop of the fitting routine as the not-converged
fitting result would be used as a initial guess for the next signal. A criterion was built in to avoid such a
fatal event. After fitting, the fitting uncertainty, given in the form of a covariance matrix by the fitting
algorithm, is evaluated. If this fitting uncertainty is unusually large, as it would happen if the fit does
not converge or for the case that a noise-peak would appear during an FPD, the result is discarded and
not used as an initial guess and also not used for field recreation. While such a skipped FPD would lead
to a gap in the time trace, it is only a last line to skip peaks or corrupted signals. During the hour-long
measurements (more than 200000 FPDs), there is usually not a single rejected fit.

Another theoretical problem that could appear is due to local minima. Local minima are a general
problematic in numerical fitting, especially for the Levenberg-Marquardt algorithm. If the fit would
converge into a local minimum, all following fits would stick to this local minima as there are no criteria
to differentiate between global and local maxima. However, as the fitting function is simple and the
initial guesses are close to the global minima, problems linked to local minima were not encountered
so far.

Another feature that should be carefully discussed is the bandpass filter. Filtering and filter algo-
rithms are a vast area with available literature. Each algorithm has its advantages and disadvantages
(see e.g. [143]or [144]). The used Butterworth filter provides the flattest filtering curve available. Flat in
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Figure 30: The used Butterworth-based bandpass filter with typical settings. These filter characteristics
are obtained with a sampling rate of 200 kHz and a filter window of 14 kHz ± 30 Hz . A
filter order of two is used for the fitting script, as order one shows significantly worse roll-
off behavior. For a filter order of two, the flat bandwidth around 14 kHz is about ±2 Hz,
corresponding to about 300 pT, which is large enough to cover any possible drifts between
two signals.

this context means that all signals within the pass window are passed with the same amplitude without
peaks, ripples, or distortions. While being so-called the “maximally flat” [144] filter, this also comes
with a relatively slow roll-of below or above the filter window and a comparable larger phase delay be-
tween raw and filtered signals. However, both disadvantages are of little concern for this application.
The filtering is mainly to get rid of 50 Hz, dc-offsets, or other comparable slow noise while the signal
is typically about 14 kHz. Thus, a rather slow roll-off and broad transient region are unproblematic.
The phase delay between raw and filtered signals is constant for the whole fitting process, and this
delay is already included when setting the starting point. The filtering window of the bandpass filter
is centered around the current initial guess (typically initial guess ±30 Hz) and follows any field drifts,
so it is not static or constant over long times. For example, a drift of 20 pT along one direction over one
night would correspond to a shift of 140 mHz, which is related to the 14 kHz absolute frequencies, on
the 10–5 level. The approximation as static is therefore reasonable. A drift of the the phase delay would
be visible as a drift of the phase factor in the fitting function.

When the filter starts at the beginning of a data set, it will start at zero (as no information or data
is available) and then rise to the actual value. The same happens at the end of a data set to some
extent. Choosing a data window identical to the FPD signal would disturb the signal, especially at the
beginning. Therefore, the bandpass filtering is done based on a single FPD to avoid transient-related
effects and treat every single FPD identically. For every FPD, the FPD signal is cut out with extra data
before and after the wanted signal (in the current code, the data-set includes the current FPD plus the
two adjacent FPDs, so the 70 ms signal plus 200 ms at each side). Then, this data set is bandpass filtered,
and afterward, the central part where the wanted signal sits is cut out. By this method, the transient
effects at the start of the data set are avoided. An example of such a transient effect is shown in figure
31 where a 14 kHz signal is filtered with a bandpass set to 14 kHz. The filtered signal approaches the
actual signal (with an overshoot after about 25 ms) within 60 ms. An alternative approach would be to
filter a whole multi-FPD data set and not a single FPD signal. However, in that case, the first and last
FPD would be disturbed by transient effects, leading to a regular pattern of disturbance based on the
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Figure 31: Transient behavior of a Butteworth-based bandpass filter. The raw signal (14 kHz) is filtered
by a bandpass (set to 14 kHz). The bandpass filtered signal starts at zero and then rises with
a short overshoot until reaching the original signal as supposed. The settings are similar to
an actual measurement (filter order 2, 200 kHz sampling rate, 14 kHz signal).

length of the data set. By filtering based on a single FPD, any regular filter-related pattern is avoided.
A considerable advantage of the high precession frequency in cesium magnetometers combined with

observing optical rotation is the rejection of typical noise sources like line frequency noise (50 Hz).
While this 50 Hz signal is present in most power supplies, electronic devices, and radiated from un-
shielded (power-)cables, no particular actions were taken to avoid this noise. Instead, it is used that the
50 Hz-frequency is far away in the spectrum from the 14 kHz precession signal, allowing to separate
both frequencies using the software Butterworth bandpass filter algorithm shown in figure 32. In FO
mode, typical time scales are closer to 50 Hz, so this type of line-noise suppression is limited to the FPD
application. As the bandpass filter is centered on the fitted precession frequency with a reasonably
large window and follows the center frequency, field changes can be measured without limitations as
presented in 9.4.4. The limit for fast changes would be approached when the field change between two
consecutive FPDs would be larger than the bandpass-window which requires field drifts of > 10 nT/s,
which are excluded in any suitable shielded environment (measured field drifts on that time scale at
PTB are about a factor of 106 smaller).

A measurement with a relatively low sampling rate of 200 kHz will produce about 50 GB/h, which is
not manageable when saved as a single file. Therefore, the data stream is chopped into files with a spe-
cific size (for the measurements of this thesis, 4 GB-chunks were used, but this is the free choice of the
operator). The fastest possibility is to fit each chunk individually and so, many chunks in parallel, each
in its thread. However, this also requires that the FPD at the end or beginning of the file (where the data
stream was cut) is skipped leading to a repeated pattern of skipped FPDs. The starting point for each
chunk is calculated individually and not the same for all chunks. This may lead to a slightly different
fitting behavior and may lead to systmatic effects between each data chunk. This incoherent fitting
(how the author calls it) may be used for a quick analysis as it is several times faster (corresponding to
the number of threads) than the coherent method.

To make full use of the coherent character of data acquisition and avoid any regular pattern of dis-
carded or skipped signals, the data fitting should also be coherent. Therefore, when the fitting code runs
towards the end of the currently loaded data file, the subsequent data chunk is loaded and seamlessly
appended to the data. Hence, the overall raw data stream is restored without any skipped data and the
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Figure 32: Upper: A FFT of an unfiltered raw signal. At 14 kHz, a large peak corresponds to the pre-
cession signal. A noise peak is visible at around 50Hz (the line frequency) and a second
frequency is visible at 80 kHz. This second peak is probably correlated to the DAVLL feed-
back, controlled by PIDs, which operate at bandwidths up to 100 kHz. Lower: The filtered
signal, which is then processed via fitting. As all prominent noise sources are separated
from the signal, it is possible to suppress them by filtering and obtaining a very clean noise
spectrum. This example was measured at PTB with sensor P1.
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fitting continuously moves forward in this continuous data stream. Using such a coherent fitting (as it
is called to differentiate it from the faster case above), there is only a single starting point at the very
first file, which phase or position is then used for all FPDs until the very end of the data stream. By
applying a known signal (sinus wave) and recording this known signal, it was verified that indeed no
data gets corrupted or lost at the cutting positions. This coherent fitting script is slower than the inco-
herent approach as it runs with a single thread through the consecutive data files, while the incoherent
fitting can fit several chunks simultaneously. However, the performance requirement for the fitting
algorithm is, that analysis of the data is at least as fast or faster than the actual measurement, allowing
a “real-time” fitting. A “real-time” fitting with a slight delay between measurement and result would
be possible by chopping the data stream into rather small pieces (e.g. about 1 – 2 GB corresponding
to roughly one minute of measurement) and the fitting script coherently fits every new finished data
file. Using such a simple logic would lead to a continuous fitting process with a time delay between
measurement and result given mainly by the size of the data chunk file and the fitting performance.
For the measurements here, offline-fitting was done, the data was fitted after the measurement while
the concept of live-fitting was already demonstrated in [139]. Improvements to the fitting performance
would be possible by altering how data is stored. All channels, so the raw data of all sensors, are stored
in the same binary file. By saving each sensor data into its own data file, one could work again with
several threads where every thread fits the data for a single sensor while the coherent fitting is still
ensured. A faster coherent fitting with different threads would also be possible by calculating the total
phase difference per file to predict the starting point for the next data file based on the initial starting
point and phase difference. As the achieved fitting performance, even in its most simple form, is already
fast enough, there was no necessity for such improvements so far. At the current stage, fitting the data
is about a factor of 4 faster than the measurement. This may slow down for more sensors. However,
loading the data into the RAM depends not on the number of sensors as all 16 channels are stored in
the file. Therefore, the scaling with the number of sensors is expected to be below linear. For example,
the data-loading, about 18 % of the overall fitting time using an ordinary USB3-storage, will remain
identical. In summary, no performance issue is expected for 8 or 9 sensors (as even with linear scaling,
the fitting is still fast enough for real-time analysis).

5.6.3 CO-Signals

For CO-signals, there are different possibilities to implement the data analysis. The most basic scheme,
used in the demonstration of this thesis, is the linear approximation. Based on the initial reference FO
scan, one obtains a slope of the dispersive curve S [mV/Hz]. Including the frequency-to-field conversion
(the gyromagnetic ratio), one gets a direct link between measured voltage and the field, e.g. for a slope
of 35 mV/Hz one gets 35 mV/Hz ·7 Hz/nT = 245 mV/nT. The dispersive output of the lock-in amplifier is
recorded with a (slow) digitizer and converted into a field via the obtained conversion factor. This linear
approximation is only valid near the zero crossing of the dispersive curve and half of the information
(the absorptive part) is neglected. A related method would feed the dispersive signal (or the phase) into
a PID-controller. This PID controller then locks the signal to the zero-crossing by altering the pump
frequency. In that case, the PID-output signal corresponds to the tracked field change. Another method
would be, to obtain the values for amplitude, T2-time, and phase of the fitted reference FO curve and,
afterward, fit the reference FO-curve to the obtained absorptive and dispersive values (recorded with
a digitizer) of the lock-in amplifier where the resonance frequency is the only free parameter. In all
described methods, the obtained value is only valid as long as the T2, amplitude (for linear-factor or
fitting-method), and phase remain stable, which is a rather stringent demand. A thorough investigation
of effects, drifts, and limitations would be necessary to decide on the best method. However, as the
feedback method would follow the field (so is not limited by drifts or field changes) and based on the
lower relevance of T2 and amplitude drifts, the feedback-method seems the most promising option and
further studies are encouraged.
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5.7 Frequency Coherence

A critical point for the long-time stability in FPD-mode is to choose reasonable frequencies for different
devices. The sampling rate of the digitizer is given by the external clock signal divided by a set clock
divider. A sampling frequency of 200 kHz may be achieved by feeding a clock signal of 2 MHz and
setting the clock-divider to 10 (2 MHz/10 = 200 kHz). This also holds for the frequency-generator itself.
A 10 MHz reference signal stabilizes the generators, so while they can produce any wanted signal in
the range of 1µHz–30.2 MHz [145], only frequencies with an integer divider ensure that no phase shift
between reference and output can appear on long time scales. When setting the frequency generator
stabilizing the digitizer to 3 MHz, a phase shift relative to the pump signal was observed. It is assumed
that this shift appears as the 3 MHz can not be directly produced based on the 10 MHz clock signal (the
divider would be 3.3̄). The frequency is digitally approximated with finite precision, and a (very tiny)
phase shift between the clock signal and the frequency-output may accumulate.

Pump pulses are generated by a second function generator with a burst frequency of 5 Hz or 8 Hz (5
or 8 pump cycles per second), both being generated with an integer divider of the clock signal. Even
with more problematic burst-frequencies of 6 Hz (which is not an integer divider of 10 MHz) the effect
is small as the divider is much larger and so, the relative uncertainty due to the numerical precision
is smaller. A measurement with a digitizer-clock of 3 MHz and a burst-frequency of 6 Hz based on
the 10 MHz frequency standard (both being not integer-divider frequencies) led to an observed phase
shift between both signals of about 12 ms per hour. This has wide-reaching adverse effects for analysis
and fitting, mainly limiting sensitivity and adding an artificial field drift as the distance between single
FPD-signals is no longer constant. A third parameter that must be considered is the relative divider
between the burst rate (the number of FPDs per second) and the digitizer sampling rate. A phase-shift
at that relation can be excluded if the sampling rate is an integer multiple of the burst frequency. For
a 5 Hz-signal, a sampling rate of 200 kHz will ensure that the distance between two signals is always
exactly 200 kHz/5 Hz = 40k data points. Choosing a burst-frequency of e.g. 6 Hz at 200 kHz sampling
rate would lead to a distance of 200 kHz/6 Hz = 33.3̄k data points, leading to a phase shift again and
breaking the coherence between both systems. Choosing specific frequencies is crucial for a long-time
operation (but irrelevant for short measurements done in typical magnetometry).

In summary, the burst-frequency and the digitizer-clock have to be a whole-number ratio of the
10 MHz reference signal and the ratio between the burst-frequency and the sampling rate has to be
whole-numbered. This leads, in combination with physical limitations of the system like the T2-time,
to a limited space of possible and approved settings. The standard settings used for most measurements
in this thesis are a sampling rate of 200 kHz, stabilized by a 1 MHz clock signal, combined with a 5 Hz
or 8 Hz burst rate. A possible and tested set would also be the combination of 250 kHz and 5 Hz used
for measurements with long T2 times. In both cases, the relation between burst rate and sampling
rate (200 kHz/5 Hz, 200 kHz/8 Hz, 250 kHz/5 Hz) and the relation between time-reference and frequen-
cies (10 MHz/1 MHz, 10 MHz/5 Hz, 10 MHz/8 Hz) are a whole-number divider, fulfilling the coherence
criteria as explained. Future operators are encouraged to find the optimal settings for their respective
scenarios but are advised to keep this rather unintuitive technical limitation in mind.

5.8 Cesium Cells and T1 Measurement

The general principle of anti-relaxation coatings and T1/T2-times was already elucidated in chapter
4.1.2. Here the more practical aspects should be briefly introduced. The used cells are cylindrical with
an inner diameter of 10 mm (outer diameter 1/2 inch) and a length of 30 mm, shown in figure 33. At
about 2/3 of the cell length, a reservoir holding the metallic cesium is attached via a capillary (inner
diameter of 1 mm) to the cell volume. Due to the capillary, the cesium vapor pressure inside the cell
volume is equivalent to the vapor pressure of cesium at the current temperature, while a direct contact
between cell volume and metallic cesium in the reservoir is minimized. Such direct contact must be
avoided as it would lead to instantaneous depolarization of the vapor.

The inside of the cesium cell is coated with an anti-relaxation coating. As part of this thesis, coopera-
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Figure 33: Cell used for the panEDM cesium system. A reservoir holding the metallic cesium is attached
via a capillary to the cell volume. This volume is coated with an anti-relaxation coating to
increase the polarization lifetime. The cell has a diameter of 1/2 inch and a length of 30 mm.

tion with Precision Glassblowing (PGB [146]) in Colorado/USA was established, and efforts were made
to initialize the production of coated cesium cells. The author acted as an advisor on-site at PGB during
the project’s initial phase and provided an automatized T1-setup, developed in [139]. At the time of this
thesis, these efforts show first results and working cells are delivered. While a final evaluation can not
be done before observing the long-time stability of the cells regarding possible degradation, the cells
offer a reasonable performance. The achieved T1 reached > 180 ms in good cells, not limiting the per-
formance assuming the current T2 of up to 70 ms. The double-pass sensor currently under development
is based on PGB-type cells with a larger diameter of 1 inch (25.4 mm).

The performance of cells is characterized by measuring the T1-time with a method based on Franzen´s
technique of relaxation into the dark [147]. As the technique was already explained in detail in [22]
and a fully automatized technical solution of this measurement was presented in [139], only the basic
principle should be explained here.

Cesium vapor in an external magnetic field is polarized with a circularly polarized laser beam along
the magnetic field direction. After blocking the pump beam, a linear polarized laser beam detects the
cesium vapor´s optical rotation (or absorption due to circular dichroism).

As seen in figure 34, the obtained signal can be described with two exponential functions

ϕ(t) = Ae–γf t + Be–γst + C , (93)

where A is the amplitude of the fast signal-increase with a time constant γf and B the amplitude
of the slow decay (time constant γs). The offset C is of no further interest and is usually caused due
to imperfect mechanical alignment in this free-space setup, reflections, or similar effects. The slow
decay can be seen as the relaxation of the polarization mainly due to wall collisions. The fast part
is due to polarization transfer between other non-probed states to the probed, visible state [22]. The
fast relaxation term describe polarization transfer between states while the slow term is the overall
relaxation of the polarization towards a randomized, unpolarized state. Based on these two numbers,
the T1 is usually defined as

T1 = 1
γf

+ 1
γs

≈ 1
γs

, (94)

where the second approximation, neglecting the fast term, is not used for numbers obtained here.
The measured relaxation rate depends on the probe light power (as the linear polarized probe light
depolarizes the atoms). To bypass this effect, the relaxation properties are measured at several powers
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Figure 34: A signal obtained during T1 measurement (taken from [139]). After polarizing the cesium
vapor with a circularly polarized laser beam, the decaying polarization is measured with
a linear polarized probe beam. Typically, the signal is averaged over multiple T1 signals to
suppress noise. The shown example cell would be good enough to be used in a magnetometer.
Additionally shown are the fast (blue) and slow (green) parts of the fit. The fitting results are
used for the zero probe power extrapolation in figure 35.

(usually between 3 – 10µW) and then, the T1 at a probe power of zero is extrapolated by fitting a linear
function to the relaxation-power curve as shown in figure 35.

It should be noted that the obtained T1 time depends on the detuning and the hyperfine-transition
[139]. Hence, the obtained value should be seen as an approximation for the real performance, depend-
ing on the detuning used in the measurement and the actual operation of the sensor. In general, based
on equation 41 and an achieved T2 ≈ 70 ms during sensor operation, a T1 > 150 ms is seen as the abso-
lute minimum to avoid sensor-performance limitations due to the used cesium cells. However, in the
light of former experience with cell degradation ([22, 132]), a significantly higher number is desirable,
with typical values for the used cells being above 300 ms.

The second type of measurement, based on a method published in [148] for rubidium and further es-
tablished in [22, 132], can be done by deactivating the pump beam and the external magnetic field
and recording the probe beam absorption at different detunings (similar to a classical absorption-
spectroscopy), resulting in two absorption peaks for F3 and F4 absorption. These absorption peaks
are directly linked to the density of the cesium atoms via Lambert-Beer´s law with the absorption
cross-section times the vapor density as attenuation. Based on this, one can deduce (e.g. [22]) that the
vapor density inside the cell is

⟨ρ⟩ =
ln

(
I0
I

)
2πR c f re

, (95)

where R is the cell length, c the speed of light, f the oscillator strength of the corresponding transition
(known for the Cs D2 line), and re the electron radius. The term I0/I describes the absorption behavior
by dividing the fit-function, including only the linear background without absorption peaks I0, by a
fitting curve that includes both absorption peaks I, eliminating the background. The dependence on
the position along the cell axis was neglected as no buffer gas is used (the absorption is averaged
across the cell volume, leading to a position-independent result). As the measurement of the cesium
density proves the existence of cesium vapor inside the cell but does not allow a statement regarding the
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Figure 35: Power dependence of the measured relaxation. To get the T1-time of the cell, the extrapo-
lated value at a probe power of 0 is used. Several probe powers are measured for good cells
used in magnetometry (T1 > 200 ms) to decrease the fit uncertainty. This example was mea-
sured with a automatized setup, published in [139]. The given uncertainty includes only the
statistical fitting uncertainty, a systematic uncertainty of ±15 ms due to detuning effects is
expected (see [139]).

expected performance, it is of minor importance compared to the T1 measurement. A rough expectation
for density can be calculated based on a ideal gas approximation. The cesium vapor pressure at room
temperature is about 0.2 mPa [106]. For an ideal gas at pressure p and temperature T, the relation

n = p
kBT (96)

leads to an expected particle density of ≈ 5 · 1010 cm–3, which is close to the typical measured values
of ≈ 9 · 1010 cm–3. For analysis, the data is fitted with a linear function with two Lorentzian peaks
(where each peak is correlated to the absorption of a hyperfine-level) and this fitted function is then
used with equation 95 to obtain the density. As shown with quantum-optical calculations in section 6.2,
this fitting function may be oversimplified and responsible for the slight deviation from the theoretical
expectation.
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6 Density-Matrix Calculations

6.1 ADM-Package

The principles of quantum optics and how to describe the interaction between light and atom was
introduced in 4.3. Modern computers make it possible to achieve a numerical solution for complex
systems by using the explained principles to obtain a system of coupled differential equations that can
be integrated numerically (from a known initial condition). To allow this type of calculations, a free
to use, open-source package, the “AtomicDensityMatrix”-Package [119], is provided by RochesterSci-
entific for use in the commercial computing software Mathematica by Wolfram Research [110]. The
overall logic behind this package is somewhat similar to the procedure shown in 4.3. The atomic
system is defined by specifying the quantum numbers, here the Cesium D2-line with a ground state
(J = 1/2, L = 0, S = 1/2, I = 7/2) and an excited state (J = 3/2, L = 1, S = 1/2, I = 7/2). A system of (mag-
netic) sublevels is created based on these quantum states. Next, the interaction Hamiltonian has to be
defined. As the system, described by the atomic density formalism, is a large matrix, the Hamiltonian
is also a matrix. The ADM-package constructs the interaction Hamiltonian matrix based on specified
optical, electrical, and magnetic fields. The rotating wave approximation (RWA, see chapter 4.2) is avail-
able as an inbuilt function to simplify the calculations. Matrices for relaxation and re-population are
specified. The matrices represent the relaxation processes (like the decay from the excited state to the
ground state) and the reverse re-population via optical transitions. Based on the (via RWA simplified)
Hamiltonian, the density matrix and relaxation/re-population matrices, a set of coupled differential
equations are obtained via the von-Neumann equation (which is called the Liouville equation in the
ADM package22). This set of coupled equations is then solved, as a linear matrix equation, via a nu-
merical algorithm, in this case, the Mathematica inbuilt matrix solver (which chooses the appropriate
numerical algorithm automatically). The package provides an observable function where optical prop-
erties like absorption, optical rotation, and dispersion are given based on density matrix elements and
corresponding parameters. Several tutorials and examples are available (see [109]) and were used in
parts, modified or extended for the shown example.

6.2 DAVLL

The DAVLL was explained in a practical way in chapter 5.2 but can also be calculated precisely. This
system is a suitable example as it offers nonlinear magneto-optical rotation but is significantly easier
to describe than the full magnetometry setup. Essential simplifications are that the DAVLL is a static
system (only dependent on parameters but not on time), simplifying equations by omitting the explicit
time dependency. Also, there is no optical pumping but instead, a single probe beam present.

As an atomic system, the Cesium D2-line (F3 and F4 base-state) was used. For the Hamiltonian, a
magnetic field along z and an electric field based on an optical field (propagating along z, polarized along
x) were specified. This describes the situation of the DAVLL where a constant linear polarized light
beam goes through cesium vapor under a static external magnetic field. The ADM package includes
a level diagram showing the atomic levels and possible transitions described by the magnetic/electric-
field Hamiltonian.

Based on this atomic system and interaction Hamiltonian (together with relaxation and re-population),
a set of 2304 coupled equations is obtained. While these equations are of little interest, the whole set of
2304 equations describes the density matrix for a specific set of parameters and so the behavior of the
system. The optical properties can be directly linked to the density matrix entries (see section 4.3.4 for
a rough overview). To get a reasonable result, a laser beam intensity of 3µW/mm2, a field of 20 mT as
calculated in [22], a cell length of 3 cm, a cesium-vapor density of 1011 cm–1, and a relaxation life time
of 1 ms (as the glass cell is not coated with anti-relaxations coatings) is set. Then, for detunings around
±7 GHz in steps of 10 MHz of the D2-transition, the set of coupled equations is solved with a numerical
linear solver, and optical observables are calculated. Hereby, the dispersion signal in terms of optical

22However, the author prefers “von-Neumann equation” to distinguish between classical and quantum physics versions.
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Figure 36: Dispersion-Signal (without Doppler-broadening) from a calculated DAVLL-like system.
While the detuning-axis is precise, the optical rotation on the Y-axis (in rad) depends on
parameters like light intensity or temperature, which may differ for the real system. How-
ever, the relevant factor for a DAVLL-system is not the amount of the optical rotation (or
absorption) but rather the relation between optical properties and detuning.

rotation is calculated. The overall procedure is similar to an example given in [109] but adopted and
extended for the cesium level structure. For the DAVLL system, not the calculated dispersion signal
(in terms of an optical rotation) is used for laser locking but rather the absorption by analyzing the
ellipticity. However, as both properties are closely related and the dispersion has more features and
peaks, the dispersion was calculated here.

The parameters mentioned above may differ slightly in the real DAVLL-system. The light intensity is
different in every DAVLL and the vapor-density depends on the temperature, which is also not identical
in all situations. Therefore, the optical rotation may be larger or lower than the calculated numbers.
However, the curve shape remains the same, and the optical rotation and absorption as a function of
the detuning (which is the principle of a DAVLL-system) also remain unaffected by these variations.
In figure 36, one can see two distinct features. First, the two resonances corresponding to F4 (at about
–4 GHz) and the F3 resonance (at about 5 GHz) both should have a separation of 9.2 GHz [106] which
corresponds well to the obtained result. In addition, one can see several resonances and peaks within
the F3 and F4 features corresponding to transitions into specific excited states, which have a distinct
separation of ∼ 200 MHz, or a maximum of ∼ 600 MHz between 62P3/2 F2 and F5. However, the used
system can not resolve any specific excited states as these are to narrow and blurred/averaged out. This
contradiction is due to neglected Doppler-broadening

The cesium atoms move with a certain velocity distribution (according to the Maxwell-Boltzmann-
distribution). The transition energies are shifted to higher or lower energies depending on the relative
velocity between light and atom (like in the classical Doppler-shift). As particles move in random
directions with different velocities, there is a continuum of possible transition energies instead of a
single line. The transition line is smeared out by the velocity distribution of the cesium gas. To simulate
this effect, the most straightforward method is to convolve the calculated dispersion/absorption signal
with a Gauß-function following the Maxwell-Boltzmann-Distribution at the specific temperature (here
25 C◦). The combination of a Lorentzian peak (the natural linewidth) and a Gaussian curve (the Doppler
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broadening) is called a Voigt profile and characteristic for atom transitions. This Doppler-broadened
signal is shown in figure 37.

The limitation that only the two ground hyperfine states are visible while all excited states are a
continuum-like band without single resonances is due to the natural temperature Doppler-broadening
and not linked to a technical limitation like the laser diode. As the current lock stability is on the
order of the wavelength-linewidth of the lase-diode, no changes to suppress Doppler-effects are seen
as necessary.

6.3 Outlook: Pumped Magnetometer

The DAVLL is a simple and basic example well below a fully functional magnetometry system calcu-
lation. The most fundamental change towards a calculation of the full sensor system is to include the
explicit time dependency in all functions, which was omitted in the static DAVLL-system. While this
does not change the principle process, it increases the overall computational load as the time trace
must be numerically integrated along its path. Second, a pump beam has to be added to the probe
beam. As the pump beam is pulsed, the light field of this pump beam has to be time-dependent itself.
A roughly similar example with frequency-modulated light is available at [109]. Modeling the effect
of an anti-relaxation coated cell is however rather complicated. During the DAVLL calculations, it was
assumed that an atom interacts with the light beam once and then disappears. However, in an anti-
relaxation coated cell, the atom is reflected and may interact several times with the probe beam. The
complexity arises since atoms with higher energies (higher speeds) get reflected more often into the
probe beam than lower energetic atoms (slower atoms). Also, as fast atoms collide more often with
walls, the polarization of higher energetic atoms will decay faster than slower atoms with fewer wall
collisions. To simulate a detailed magnetometry sensor with probe and pump beam and a coated cell,
it would be necessary to calculate the overall system by splitting the atoms up into energy groups and
treating each group individually. The probe beam would interact with all groups, and the observed
signal would be the combination of the signals for the individual energy groups, weighted by their
interaction probability.
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Figure 37: Upper: The Doppler-broadened dispersion signal as calculated. Compared to the raw signal
in figure 36, the two ground states are still visible, but the excited states are smeared out into
a continuum due to natural Doppler-broadening. Lower: A measured dispersion signal in a
DAVLL-like system. The measured asymmetry (here towards negative values) was predicted
in the calculation. Also, the F4 resonance has an overall larger dispersion signal than the F3
resonance. The overall curve shape is as calculated, as every resonance has a large (negative)
peak, accompanied by two smaller (positive) peaks. Of these two peaks, the resonance closer
to the center of the plot is the larger one, just as calculated.
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Figure 38: The core of the panEDM experiment. Inside the vacuum vessel (5) are the two neutron cham-
bers (1). These chambers are between the high voltage electrode (2) and the ground electrodes
(4). The cesium sensor´s access tubes are shown above and below the chamber stack (3). Ad-
ditional details like corona-rings, neutron handling, and shielding are not further specified
for reasons of clarity. As discussed in chapter 12, the concept of placing an additional sensor
at position (2) is currently developed.

7 Sensor Array for panEDM

The sensitivity, systematics and characteristics of a single sensor have been thoroughly analyzed in
[22], the next step is to estimate the performance of the overall multi-sensor array at the panEDM
setup. As a general framework, the chamber´s geometrical limitations provide four access tubes where
Cs-sensors can be positioned. The sensitivity of a single sensor was assumed to be 100 fT for the legacy
sensor-type [22] and 50 fT for the new sensor at the 200 s integration time and 900 fT for the legacy
sensor-type [22] and 350 fT for the new sensor at integration times of 500 ms. As shown in section 9.2,
the achieved sensitivities at 200 s for the new sensor are at 40 fT, so the calculations done here are a
conservative limit.

7.1 Array Layout at panEDM

The internal structure of the panEDM-experiment is shown in figure 38. The fiberized sensors can be
placed in access tubes, going along the y-direction through the vacuum chamber. Setting the zero-point
of a coordinate system into the center of the central HV-electrode, the tubes have a position of 270 mm
above/below the center at a distance between both tubes (along x) of 600 mm.

The x and z-coordinates are restricted (to these four tubes) and the position inside the tubes (y-
coordinate) is free to choose. However, this still gives the possibility for different array layouts. As a
minimal sensor setup, three sensors in the upper and three sensors in the lower pair of access tubes,
each building a triangle (where upper and lower layouts are mirrored) are assumed. As the distance
between both tubes is fixed to 600 mm, the sensors can be positioned in an isosceles triangle with an
equal distance of 692.8 mm between sensors of one layer, as shown in figure 39.

As the cesium setup is designed as an 8-sensor array, a layout with four sensors on every tube pair is
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Figure 39: Triangle layout for the upper access tube. As the distance between the tubes is fixed, a
isosceles triangle with a distance of 692.8 mm between each sensor, represented by the black
dots, is shown. The layout for the lower tubes is identical (same distances). However, it is
mirrored so that the tube with one sensor in the upper plane is above the tube with two
sensors in the lower plane for symmetry reasons.

possible, leading to a rectangular position. While the position along x and z is fixed (due to the position
of access tubes), there is a degree of freedom regarding the y-position in this layout (called length a in
figure 40), describing the distance between sensors inside the tube.

In addition to this 6 (triangle layout) or 8 (rectangular layout) sensors in access-tubes, an additionally
free space sensor may be positioned at the center between both neutron chambers (position 2 in figure
38).

7.2 Gradient Detection

The most basic field variation would be a field gradient (so, the B0–field is not identical at all positions).
For the following discussion, a field-dependence on the z-position is called a z-gradient, and a depen-
dence on the x/y-coordinate x/y-gradient. Assuming a linear gradient, one can describe this field with
the static field plus the position-dependent gradient-parts as

Bgrad(x, y, z) = B0 + (Gx · x + Gy · y + Gz · z) (97)

with B0 the idealized static and homogeneous field (which is of no further interest), and Gx/y/z is the
assumed gradient for x/y/z-position in T/m. Such effects may appear e.g. due to imperfect geometries
of the field coils or material differences.

A simulation with random numbers is not necessary for such a simple linear gradient as an analytical
solution is available. However, with a simulation, the calculation can be modified for any gradient (also
non-linear) by changing the field function and layout (by altering sensor coordinates). So it is a useful
tool for further, more complex situations. For the square layout, the distance between sensors in the
x-y-plane is 600 mm and in the z-plane 540 mm. The expected gradient-resolution is hence:

Square : ∆Gx/y = 50 fT
600 mm = 83 fT

m and∆Gz = 50 fT
570 mm = 88 fT

m .

Relative distances along x/z are identical for the triangle layout. Hence, the sensitivity for a fully
aligned gradient (along z) is identical for both layouts.
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Figure 40: Rectangular layout for the upper access tube. A rectangular geometry for sensor positions
(black dots) is achievable when using four sensors for each tube pair. In this case, the layout
for the upper and lower level of sensors is identical.

Triangle positions [mm] Rectangular positions [mm]
+300, 0, +270 +300, –a/2, +270

–300, –364.4, +270 +300, +a/2, +270
–300, +364.4, +270 –300, –a/2, +270
+300, –364.4, –270 –300, +a/2, +270
+300, +364.4, –270 –300, +a/2, –270

–300, 0, –270 –300, +a/2, –270
–300, +a/2, –270
–300, +a/2, –270

Table 3: Sensor positions for the gradient simulations in (x,y,z) coordinates. Zero is at the center of the
center electrode. For the rectangular layout, the parameter a can be chosen (see figure 40).

The question that should be answered with a simulation is how small is the smallest detectable
gradient with a random direction. Therefore, a calculation was done using a python script. The sensors
are positioned at coordinates according to table 3 (as indicated in figures 39 and 40).

Gradients are generated each with a random direction but all with the overall total strength (or
gradient intensity), defined as |G| =

√︃
G2

x + G2
y + G2

z . The field difference between all possible sensor
pairs is calculated. If the difference between two sensors is larger than 50 fT (the assumed sensitivity
limit), the array can detect the gradient. The number of gradients detected compared to the number of
total generated gradients gives an assumption for the detection probability of a random gradient with
strength |G|. In addition to the two layouts used above (triangle- and 300 × 300 mm square-layout),
a third option, using the square layout with an additional sensor at (0,0,0), is also considered. The
detection probability for gradients for these three layouts is shown in figure 41 based on 5000 gradients
per data point.

Obtained results demonstrate a distinct advantage in gradient detection for the square layout over
the triangle layout. While the 99 % detection probability is reached at about G > 80 fT/m in the case of
the square layout, sensors in a triangle position will reach this detection level only at G > 92 fT/m. A
detection-certainty of 50 % is reached at about 55 fT/m for square- and 70 fT/m for triangle-layout. As
in both cases, the same sensor sensitivity was assumed (50 fT), using the square-geometry is advised.
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Figure 41: Detection probability for gradients in random directions depending on total gradient strength
and sensor layout. Every data point (dots) is based on 5000 random orientated gradients with
identical strength. The statistical uncertainty is negligible (about data point size).

The addition of an HV-sensor at the center electrode does not give further advantages for detecting
linear gradients as expected.

7.3 Dipole Detection

The main task of the cesium array is to detect field effects that are localized at a specific position. One
of the most relevant field disturbance of this class is the magnetic dipole. A magnetic particle, like
ferromagnetic dust and magnetic impurities, will emit a magnetic dipole field. This field is not linear
over space but depends on the distance and angle between dipole and sensor. Here, it is assumed that
any dipole is oriented along z (which is a reasonable assumption as the dipole will tend to align along
the B0 field). In such a scenario, the z-component of the dipole field at a given position is

Bz
di(x, y, z) = Bdi

r3 ·
(
2cos2(θ) – sin2(θ)

)
, (98)

where r is the distance between the dipole and the position, θ the angle to ez, and ®r the vector between
the given position and the dipole´s position, and Bdi is the dipole strength, in Tm3. In the following
calculations, the dipole strenght is usually given in fT which corresponds to the field value at an angle
of θ = π

2 (directly beside the dipole in the x-y-plane) at a distance of 1 m. As the used magnetometry
sensors only measure fields along z, this describes only the z-component of the dipole field. Dipoles,
all oriented along z, are placed at random positions at the surface of the chamber (as magnetic particles
would stick to some surface) and the field originating from that dipole at the position of each sensor is
calculated. As soon as the field is above the detection limit of 50 fT (given by the assumed sensitivity)
at any of the sensors, the cesium array can discover the dipole, while a field below the sensitivity limit
will remain invisible for the magnetometry array. Here, further analysis is necessary to distinguish
between gradients, dipole fields and other types of field effects in a measurement. The complete con-
cept of magnetometry systems and how to combine different signals from different systems (mercury
magnetometry and cesium-array) is under discussion as both systems show different systematics and
may react differently in certain field scenarios. As this thesis is focused on the cesium array, here only
this subsystem is discussed further. To localize the position of a dipole, at least three sensors have
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Figure 42: Detection probability for dipoles at random positions depending on dipole strength (equation
98) for triangle and rectangular layouts with different distances between sensors. Every data
point is based on randomly positioned dipoles scattered along the surfaces of the chamber
with identical strength. The sensor-sensitivity is assumed to be 50 fT.

to see a dipole field. However, while a single sensor detecting a field disturbance may not be suffi-
cient for proper localization of the impurity, it alerts the user about a magnetic field effect which is the
precondition for all further analysis and was used as detection criterion here.

A question that appears when discussing different possible layouts is the optimal position of the
sensors. Detection-probability simulations were done to get insights into the effect of different layouts.
As in section 7.2, several thousand dipoles with identical strength Bdi are positioned randomly inside the
chamber, along the walls, and on both electrodes (on all surfaces of the chamber). The algorithm counts
how many of these dipoles can be detected by at least a single sensor to get a numerical estimation for
the detection probability (by the ratio of detected dipoles to the overall number of generated dipoles)
at a certain dipole strength (figure 42). Here it should be noted that gravity effects are neglected. In
reality, it is expected that most impurities will appear at the bottom of each chamber. However, due
to system´s geometry, the overall result will not be affected as this would mean that for the upper
chamber, more dipoles will appear near the center of the experiment, while for the lower chamber,
more dipoles will appear at the bottom. Therefore, an equal number of dipoles are expected on the
bottom and top electrodes when averaging over both chambers. For the following calculations, about
4000 random generated dipoles were used per data point, leading to a statistical uncertainty of about
±0.02 per data point in the detection probabilities (or ±0.5 fT for a detection limit due to the step size).
This uncertainty could be reduced by including a larger number of dipoles which was not done here to
reduce the computational cost.

The detection-probability curve (figure 42) shows a non-linear behavior and other characteristics that
should be briefly discussed. First, the detection probability rises fast with dipole strength. This covers
the domain where the surface of the outermost electrodes (ground electrodes) are detected. Afterward,
with increasing dipole strength, the dipoles on the walls of the chambers can also be detected. As the
number of dipoles in the same distance to the sensors are less on the walls than on the electrodes (due
to the geometry: the walls have less surface per sensor-distance than the electrodes), the slope of the
curve is here flatter. At a certain dipole strength, the dipoles at the inner electrode (HV-electrode) can
also be observed by the cesium array, leading again to a steeper increase (similar as for the ground
electrode). Finally, there is an asymptotic behavior in the last section, as only areas poorly covered by
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Figure 43: The randomly generated positions of dipoles along the walls of the neutron chamber. Here,
an example of a dipole strength of 5 fT is given. In blue are dipole positions that are not
detected by an 2:1-layout array, demonstrating the presence of specific “dead areas” which
are poorly covered by the sensor array. In the case of the 2:1-layout, this bad zone is at the
center-electrode along a line parallel to the access tubes.

the sensors are left. An example of the dipole position for such poorly covered zones for the 2:1-layout
(a rectangular layout with a distance of 600 × 300 mm between sensors) is given in figure 43.

Similar to the gradient-detection, the triangle layout (with six sensors) is inferior to all rectangular
layouts with eight sensors. Also, the optimal placement of sensors is close to a 2:1 or 3:1 rectangular
(with distances of 600 × 300 mm or 600 × 200 mm) while the detection probability for larger (400 mm)
or very small (100 mm) distances is inferior. A sensor spacing of 200 mm shows small advantages at
low dipole strength (≤ 4 fT), while the performance at higher field strengths (≥ 4 fT) is in the 300 mm
case slightly superior. For smaller spacings, the sensors are closer to the electrodes but at the cost of
increased dead zones, which are poorly covered by any sensor. This is still true when comparing the
400mm and 100mm spacing: The small spacing of 100 mm is superior at low fields, while the large
distance layout with 400 mm is at a higher field of advantage. The change between low and high field
behavior changes for all layouts at about 4 fT.

When considering an additional free space sensor in the high voltage electrode at the very center of
the experiment, the situation changes depending on the sensitivity of this center-sensor. The expected
sensitivity of his free space sensor is lower than for its fiberized sensor versions as the transmission
losses in a free space beam are higher. Also, mechanical noise or air turbulence may cause additional
noise in the free space sensor. A sensitivity of 300 fT was demonstrated in [22] with a free space
makeshift setup. With improvements of a fully built setup (less mechanical noise than in the makeshift
setup, higher transmission by using AR-coated surfaces, and similar improvements) a sensitivity of
100 fT should be achievable (compared to 50 fT in the fiberized sensor). The optimal layout for both
cases, the worst case 300 fT and best-case 100 fT scenario were calculated.

Even for the case of a low performance 300 fT HV-sensor, the detection limits improve significantly
(see figure 44). The rectangular layout with a distance of 300 mm (optimal for the array without HV-
sensor) still performs well, the layout with a slightly larger spacing of 400 mm has advantages in the
detection probability for larger fields above 4 fT but is not advisable due to rather low detection proba-
bility for small dipole fields. Overall, the addition of an HV-sensor shifts the detection probabilities for
all layouts above the values reached with an external array only.

In a 100 fT free space sensor scenario (figure 45), the detection probabilities are greatly improved in

91



Figure 44: Detection probability for different layouts combined with a center-electrode sensor. Here,
a sensitivity of 300 fT was assumed for the free space sensor as a worst-case scenario. The
value for an array without HV-sensor (figure 42) is given for comparison.

Figure 45: Detection probability for different layouts combined with a center-electrode sensor. Here, a
sensitivity of 100 fT was assumed for the free space sensor as a best-case scenario. The value
for an array without HV-sensor (figure 42) is given for comparison.
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comparison to an external arry. Here, the optimal layout is again close to a 2 : 1 or 3 : 1 rectangular
with a 300 mm or 200 mm distance between sensors. In all scenarios, the triangle layout is inferior to
any calculated rectangular layout.

7.4 Discussion

When focusing on the dipole-detection probabilities, which is a primary task of the cesium array, sig-
nificant insights are gained. One must advise against using a triangle layout as the detection limits are
worse than for any rectangular layout. However, there is no definite answer to the ideal layout as it dif-
fers between scenarios (with and without HV-sensor) and, when using an HV-sensor, on the sensitivity
of this HV-sensor. However, a 2:1-rectangular with a spacing of 600 × 300 mm (here, the 600 mm is the
given access-tube distance and the 300 mm is the chosen distance) show promising results in any case
and can be recommended. Alternatively, the 600 × 200 mm layout has higher detection probabilities
for small dipole fields but increased dead zones. An additional HV-sensor improves the overall array
performance even if this sensor has a rather low sensitivity of only 300 fT, while the performance gain
for a 100 fT HV-sensor is about a factor of two. The achieved sensitivity gain in the second generation
sensor compared to the so far used legacy-sensor doubles the array performance. To get an analytical
comparison, the dipole strength which can be detected with a probability of ≥ 99 % is calculated for the
2:1-layout (for legacy and new sensor), and compared to the triangle-layout and the layout with an ad-
ditional HV-sensor (with 100 fT and 300 fT sensitivity, table 4). A hypothetical case of narrower access
tubes with a spacing of 300 mm (instead of 600 mm) leading to a square layout (300 × 300 mm) instead
of a 2:1-layout (600 × 300 mm) would lead to improved performance, surpassing even the performance
of a center HV-sensor but would require a redesign of the panEDM experiment.

Layout Legacy (2:1) Triangle Rectang. (2:1) HV (300 fT) HV (100 fT) 300 × 300 mm

>99% Detection 16.5 ± 0.5 fT 14.0 ± 0.5 fT 8.5 ± 0.5 fT 6.0 ± 0.5 fT 4.5 ± 0.5 fT 3.0 ± 0.5 fT

Table 4: Summary of results for dipole detection probability. The dipole strength is defined as explained
in section 7.3. The new sensor doubled the array performance compared to the legacy sensor
for the 2:1 layout, while the triangle layout is overall unfavorable. Adding a center HV-sensor
yields substantial improvements up to another factor of two. All numbers are given for a 2:1-
rectangular layout (unless stated otherwise). The 300 × 300 mm layout is hypothetical and
would require a redesign of the panEDM experiment but would even surpass a layout with HV
sensor.
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8 Improved Sensor Design

8.1 Legacy Sensor

8.1.1 Basic Concept

From the beginning of the sensor development for the cesium array of the panEDM experiment, there
were specific design constraints based on the planned application. These sensors have to be non-
magnetic, leading to several consequences. The sensor housing was made from non-magnetic plastic,
and any metal parts (besides the cesium itself) were avoided. This also prohibits the use of RF coils
used in commercially available sensors like the QuSpin [11]. Also, widely used magnetometry schemes
like MX or MZ (see e.g. [88, 22]) are excluded due to the use of coils and RF fields. It is preferable to
operate the sensors at room temperature to avoid systematic temperature gradients in the experiment.
Cesium is a promising species for such an environment as it is widely used in magnetomtery and offers
a comparable high gas pressure at room temperature (about a factor 5 higher at 20 C◦than the also often
used rubidium [106, 149]). This room temperature and the medium fields of some µT also rule out an
application of the widespread SERF principle [9], which offers the best sensitivities but requires high
temperatures and low fields. Instead, these constraints point towards a purely optical approach where
pumping and probing are achieved with laser beams without any additional fields, commonly known as
Bell-Bloom-Scheme (based on [5] by Bell and Bloom in 1957). While this method is the proto-version
for optical magnetometry and other types using RF-coils are subsequent developments, Bell-Bloom
magnetometry is usually done using free-space beams going through a large glass cell [150]. However,
as the sensors should be used in an experiment where no free space approach is possible this sensor
should be fiberized. The sensor should be connected to the laser setup and the polarimeter boards (as
analysis electronics) via fibers to be positioned wherever needed.

8.1.2 Legacy Sensor Design

The sensor design under these specifications was finalized in 2013 [132] by M. Sturm, with an all-optical
concept slightly similar to a design proposed in [151]. Cylindrical anti-relaxation coated glass cells
with cesium were chosen (see section 5.8). The cesium reservoir is connected to the coated volume via
a capillary. To ensure a linear polarization (to avoid light shifts, see section 4.6), a custom build fiber23

based on a polarizing Fibercore Zing Fiber24 was chosen to transport the probe and pump beam between
laser-setup and sensor. In order to reduce light shifts effects due to the pump light and avoid coupling
pump light into the analyzed probe beam, the pump and probe beams are perpendicular to each other.
Another requirement due to the layout and geometry at the experiment is that the measured field has
to be perpendicular to the incoming fiber. This leads to the idea of redirecting the linearly polarized
light beam (coming in along x) via a prism through the class cell (orientated along z, the measurement
direction) and then with a second prism again into the x-plane. The pump beam goes straight through
the cell. By passing through the cell with optically active cesium, the polarization of the probe beam
is rotated. A possibility would be to couple this signal into a polarization-maintaining fiber and guide
it back to the setup for analysis. However, a typical polarization-maintaining fiber has a core diameter
of 5µm25. As the laser beam is widened due to optical surfaces (like the cell) and the beam divergence,
it shows a typical beam diameter about an mm after the prism and cell. Coupling such a widened
beam into a 5µm core is only possible with great effort (like the coupling stage in the cesium setup)
using a lens and alignment system and, therefore, not a practical solution. Instead, the rotated probe
beam is split into the two perpendicular polarized contributions using a calcite beam displacer26. Since
these two beams are already the polarization components, only the amplitude of each beam has to be
transported back to analysis while the polarization of each beam is of no further interest. This allows

23OzOptics LPC-01SP-852.5.3/80-P-0.4-1.81GR-40-3A-3 -5.5-CSP
24Fibercore F-HB830-5/80-Z
25Thorlabs PM780-HP or similar
26Unmounted Thorlabs BD27 or similar
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Figure 46: The legacy sensor, developed in [132]. The probe laser beam is guided through the cesium cell
via two prisms and split into polarization components by a calcite. The signal is transported
to electronics via large core fibers. All parts are glued into a 3D-printed holder using optical
epoxy.

using multi-mode fibers with a large core that are not polarization-maintaining but offer a much larger
core diameter of 1 mm27 and a high numerical aperture. While coupling the probe light into these
large core fibers is still challenging, it is possible by guiding the laser beam via the prism toward the
fiber surface without lenses or further coupling stages. The calcite displacer separates the two beams
by 2.7 mm, defining the relative distance for both large core fibers in the sensor. The sensor itself is
3D-printed with a Stratasys Dimension Elite printer using P430 ABSplus material screened to be non-
magnetic [132] and is shown in figure 46.

An open question was how to combine all parts (fibers, prism, cell, polarizer) into a solid and me-
chanical stable system. It was decided to use optical epoxy28 to glue all parts together. By using optical
epoxy, all parts are stringently bonded to each other, fixing them in position and avoiding any vibration
or relative movement. This approach was chosen as it was seen as the most promising way to ensure
mechanical resilience and to allow the sensor to withstand mechanical stress without any misalignment
of the optical path. In addition, as the optical epoxy offers the same refractive index as glass, gluing all
parts together eliminates the optical surfaces due to air gaps, increasing the transmission substantially.
A Pyrex borosilicate glass with 2 mm thickness will have slightly less than 90 % transmission at 852 nm
[152]. Hence, an air gap before and after the cell would already lead to a about 20 % light intensity
loss due to reflections. Using the optical epoxy, these gaps are eliminated and only the surface on the
inside of the glass cell remains. As all other parts are also glued together with optical epoxy, the optical
surface within the cell remains the only air/vacuum-glass surface in the optical path of the probe beam,
ensuring the best possible transmission without reflections or surface-related divergence.

8.1.3 Design Issues

Despite the success of this sensor and its demonstrated capabilities (see [139, 22, 132]), this design has
several drawbacks. Building this type of sensor is a difficult task with a somewhat unpredictable result.
During assembly (the process is described in detail in [153]), the laser beam is coupled into the large
core fiber by altering the angle and position of a small 5 mm prism. Afterward, the optical epoxy is filled
into the gaps between the optical parts, followed by a correction of the alignment and coupling (as the

27Thorlabs FP1000ERT
28Summers Optical RD3-74
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optical path will change due to the optical epoxy). However, during the epoxy curing (which takes
several hours), the epoxy volume changes slightly. This volume change acts as a force on the optical
parts and the prisms are slightly twisted and moved. These effects are hard to predict as they depend
on the individual sensor (how even are the gaps, how much epoxy was necessary to fill the gaps, how
thick is the epoxy layer) and lead to a substantial transmission loss of typically about 20 % (without
any adjustments during curing up to 50 % [22]). Therefore, building a sensor was not always successful
(while success can be seen as a final transmission of above 40 %). Regarding the less successful attempts,
a second drawback becomes essential. As all parts are glued together, it is impossible to disassemble
the sensor or replace parts without destroying the sensor. To dissolve the epoxy, the sensor is placed
into an acetone bath for several hours. This destroys not only the 3D-printed holder (which is not
resistant to chemicals) but also the custom build polarizing fiber glued into the holder. These fibers are
cut and have to be sent for repair and reassembly to the manufacturer. For the large core fibers, this
is less problematic as they can be cut, polished, and reused in-house. The optical parts like glass cells
and prism are undamaged and can be reused after dissolving a sensor. However, the calcite polarizer is
easily damaged and sensitive to temperature or humidity changes, so they tend to crack in the acetone,
render them unusable. In summary, as soon as it is glued together, a sensor can not be disassembled
anymore, and many parts (polarizing fiber, calcite, holder) have to be damaged to reuse the cell. This
is especially unfavorable as the cesium cells tend to degrade over time [22]. As the cells cannot be
replaced, the whole sensor have to be dissolved in case of cell degradation.

8.1.4 Sensor Aging

During this thesis, an overall aging effect of the legacy sensors was observed. The best sensors built
initially transmitted up to 80 % [22] while typical values were about 50 – 60 % when built in 2015-2016.
During measurements in this thesis, about five years after assembly, it was observed that these sensors
suffered from a low transmission, limiting their sensitivity. Sensors from this generation showed a
poor transmission of only 20 – 30 %, a degradation by over 50 % compared to the original values. This
also explains the relatively large probe powers used during later measurements in [22] (often above
10µW), compensating for the significant loss but also inducing power broadening, again limiting the
sensitivity. There are several possible explanations for this aging process.

First, the optical parts themselves could age (the prism, polarizer, cell), second the fiber could have
such an effect (light lost during the transport towards the sensor in the polarizing fiber or after the cal-
cite in the large core fiber), and last it could be a (mechanical) misalignment of the beam, deviating from
the initial optical path. To further investigate the aging effect, sensors were disassembled, and as many
parts were recovered as possible. The new generation sensor reused the prism, polarizer, calcite (if one
survives the dissembling), cells, and large core fibers of older sensors, achieving transmissions of above
60 % (section 8.2.4), excluding these components as possible reasons for the degradation. Therefore,
the polarizing fibers and the misalignment theory are possible reasons for the observed degradation.
Several cut fibers of old sensors were repaired at the manufacturer and reused in second-generation
sensors, excluding the possibility of degraded fibers. However, the GRIN-lens at the front of probe
and pump-fiber gets cut and new ones are attached by the manufacturer, leaving the possibility of de-
graded lenses. Since a identical type of fiber (with identical lens) is also used in other applications like
the T1-setup or free-space setups, and no aging was observed, a fiber-related aging effect is overall
unlikely.

Thus, the most reasonable explanation for the aging is a misalignment of the beam. This may be
due to the aging of the 3D-printed holder itself: if the volume changed even at a tiny scale, it would
act as a force on the optical parts (esp. prism) and deviate the beam slightly. A minimal deviation is
already enough for the observed transmission loss. As the large core fibers have a diameter of 1 mm,
a rotation of 0.6 degree would move the laser beam from a perfectly aligned beam at the center of the
fiber entirely out of the fiber core (±0.5 mm). While this holder-aging is possible, there are effects linked
to the optical epoxy. The optical epoxy changes its volume (about 4 % volume shrinkage during curing
[154]). This type of epoxy was chosen as it stays slightly elastic even after curing, avoiding cracks or
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excessive mechanical stress between the glass parts. As there is no long-time data (over many years)
available, the epoxy may shrink further over time so that some force acts on the prism or even small
gaps appear between glass and epoxy. Also, the mentioned elasticity may change over the years, leading
to a different force on the parts and misaligning the laser slowly. This theory is further consolidated as
the typical application of the used Summers Optical RD3-74 is lens-bonding with a thin layer of epoxy
beyond lenses. Here, macroscopic gaps were filled, making any volume-shrinking and elasticity-aging
much more critical than in its designed use. As the optical parts (including fiber) are not responsible
for the sensor aging, the most likely reason is linked to the optical epoxy, which is also problematic
regarding sensor building reproducible and obstruct nondestructive sensor disassembling.

8.2 Second Generation Sensor

8.2.1 Design Goal and Concept

While the legacy sensor used so far was overall a success and showed satisfying performance (see [22],
stability of 100 fT at about 250 s), several drawbacks and issues were noticed over the years (see 8.1.3).
The primary design goal was a more reliable, easier to maintain, and more convenient to build sensor
which will be more practicable for use in larger quantities. Performance improvements were only
secondary during the design phase. The central idea was to design a sensor that can be disassembled
without destroying central parts, allowing to repair damaged sensors (e.g. replace a damaged fiber),
easily replace degraded cells, or recover parts of a failed sensor building attempt. This implies that
no optical epoxy could be used (to avoid permanently connected parts), which renders the mechanical
concept of the legacy sensor unusable. A new design built from scratch was seen as the most promising
way to realize the glue-less concept.

The overall shape is cylindrical as this is the most natural shape for placing it into the access tubes.
The fibers (probe, pump, and large core fibers) have to point along the tube direction while the field
itself (and the cell) is perpendicularly orientated (so the sensor can be moved into the tube along x
and still measure the field along z). As several sensors should be placed in one tube, sensors should
have the ability to pass through the fibers of the other sensors in the same tube. Also, as the use of
optical epoxy is no option anymore, all optical parts were clamped instead of glued, a concept which
was avoided so far as there were concerns regarding the mechanical stability and noise caused by
mechanical vibrations. The overall space is limited as the cell is about 30 mm long, the two prisms of
10 mm on each side of the cell add up to 50 mm total length of optical parts. The access tubes themselves
are 55 mm in diameter, leaving 5 mm total space for alignments, housings, and holder structure. Also,
no screws or protruding parts are allowed on the circular surfaces of the cylinder as these surfaces
should lie flat within the tube. Using clamps with screws and nuts require more space than a small
gap filled with epoxy and have some stringent limitation regarding possible locations (as screws have
to be perpendicular to the surface, cannot intersect and the holder have to accommodate the nuts) not
relevant when gluing parts together. As initial tests showed, 3D-printed threads are unreliable for small
scales (M2 or M2.5 threads), so printing a thread directly into the holder is not feasible. Larger threads
are also not an option due to the limited space. Therefore, using nuts incorporated into the holder was
chosen as the way for clamping, while the 3D-printed holder itself only has thread-less clearance holes
for the screws.

The housing was 3D-printed using a Formlabs Form 2 printer, allowing rapid prototyping and in-
house production of the holder. There are several different photopolymer materials available. The
Formlabs Standard Grey was chosen as the dark and matte surface helps to reduce unwanted reflec-
tions. Also, an important property is stability against bending given by the flexural modulus. A flexible
and elastic material could be easily bent, altering the light path and lowering the transmission. The
used Formlabs Standard Grey offers a high flexural modulus of 2.2 GPa [155], and was screened at PTB
to ensure a non-magnetic behavior. When applicable, the same optical parts as in the legacy sensor
were reused to allow an easy transition from legacy towards the new sensor without significant in-
vestments and with a high degree of cross-compatibility. This includes the cesium cell (harvested from
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Figure 47: Left: Double-pass concept. The incoming laser beam is reflected and goes twice through the
cesium cell, increasing the optical rotation and signal amplitude. Right: Single-pass concept.
The beam goes straight through the cells without back-reflections.

damaged legacy sensors), the same polarizing and large core fibers, and the identical calcite polarizer.
All components planned for building additional legacy sensors or recovered from disassembled sensors
can be used for the new design.

8.2.2 Double-Pass Sensor

A fundamental design question is the consideration of a double-pass sensor design. While in the tra-
ditional single-pass design, the probe beam is guided once through the cell before splitting it up and
coupling into large core fibers, in a double-pass layout, the laser beam is guided twice through the cell,
increasing the optical length and the optical rotation (see figure 47). This concept, using double-pass
and multi-pass, was already demonstrated with great success (e.g. [156]). However, these approaches
were free-space operations where the laser beam is constantly reflected, going multiple times through
the cell before leaving it. Due to the multiple reflections, the angle of the beam will be extremely sensi-
tive to minimal changes and barely possible to couple into a fiber as done in the fiberized sensor with-
out further optics (which are not feasible due to space limitations). However, a single back-reflection,
guiding the probe laser twice through the cell would not involve many additional optics (besides the
reflector) and still keep the beam angle at a controllable level allowing to couple it into the fiber.

On the other hand, additional reflections also include additional optical surfaces, so a lower trans-
mission. Also, as the optical path is longer, the beam is more divergent, reducing the fiber-coupling
efficiency, again reducing the transmission. Both concepts have advantages and disadvantages. As the
gain due to the doubled optical depth and increased signal amplitude seems compelling, the sensor was
initially designed as a double-pass concept. This early prototype is shown in figure 48.

The probe laser fiber is clamped to the upside of the sensor. The emitted laser beam is redirected
via a 10 mm prism into the cesium cell and reflected by another 10 mm prism. A third 10 mm prism
then redirects the laser beam (after going twice through the cell) into the calcite polarizer, splitting the
beam up into the two polarization components. The large core fibers are glued into a sled (large core
fibers can be cut and polished). Coupling the laser beam into the large core fibers is possible by rotating
the last prism (before the calcite), changing the laser beam´s height (relative to the large core fiber),
and moving the sled, changing the position of the large core fibers. The pump fiber is clamped on the
downside of the holder, similar to the probe fiber. All other parts are clamped down by 3D-printed parts
screwed into the nuts placed inside the holder. The sled can also be fixed using screws, avoiding unin-
tentional movements after assembly. While the overall sensor concept was encouraging, the clamping
worked overall very well, and no mechanical noise was observed, the transmission of this sensor was
underwhelming (of order 25 %). Initial test measurements at PTB Berlin with an assembled double-pass
sensor showed a disappointing performance. These transmission-related problems arise due to the used
glass cells. The cesium cells are handmade and have an optical window on both sides. However, these
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Figure 48: The double-pass prototype. The sensor basis is a 3D-printed material. The incoming probe
light is redirected into the cesium cell (2) via a prism (1), gets reflected by another prism (3),
and goes again through the cell (2). After the optical rotation, the probe beam is redirected
by a third prism (4), split into polarization components (5), and coupled into large core fibers
glued into a moving sled (6). The pump fiber is mounted with clamps similar to the probe
fiber at the bottom. Two notches (7) are for feed-through fibers to other sensors in the same
tube. Mounting holes (8) reduce material but are also used during assembly. Screws and nuts
are not shown. Colors and surfaces do not necessarily correspond to the real sensor.
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Figure 49: A view through the cesium cell (along the laser beam path). By observing an optical table
with equally spaced holes, the distortion of the picture near the edges of the cell is visible.
Only the flat area around the center-line (±3 mm) can be used for transmitting a laser beam.

windows are only flat around the center-line of the cell but show a pronounced curvature towards the
edges, visible in figure 49. This was so far unproblematic as in a single-pass sensor, like the legacy
sensor, the beam goes straight along the center-line through the cell, making any curvature or optical
imperfections on the edges irrelevant. However, this is not anymore true for the double-pass concept.
As shown in the concept (figure 47), the probe beam has to go along the edges during a double-pass
approach to allow the incoming and outgoing beam to be side by side and directed into a different
prism. Hence, the beam goes four times (both optical windows in both directions) through the curved
surfaces, getting distorted and diverged.

Practical limitations dictate the minimal distance between both beams. Since both prisms (ingoing
and outgoing) should not interact, a thin separating wall is necessary (about 1mm). As reflections on
the prism edges should also be avoided, another 1mm at each prism should be added, leaving a minimal
distance of about 3 mm between both beams, which would be still quite in the center-line of the 10 mm
inner cell diameter. However, the beam will not go precisely straight through the cell. A slightly skewed
grin lens on the fiber, a not perfectly positioned prism or an optical imperfection in the hand-attached
optical windows (which are not perfectly straight) will lead to some beam deviation from the theoretical
optical path. Also, prisms are not perfectly aligned as the slots for the different optical parts are slightly
larger than the parts (e.g. 10.5 mm slot for a 10 mm prism) due to 3D-printing tolerances and mechanical
restrictions. To compensate for these deviations and leave some space for aligning the beam with the
large core fibers, another 3 – 4 mm tolerance is necessary, leading to a distance between both beams of
6 – 7 mm, which is already close to the edges.

Reducing the distance between both beams resulted in practical issues, while increasing led to optical
distortions. A reasonable solution to this set of problems is a redesign of the cell. At the time of this
thesis, a new type of cells with a larger diameter (25.4 mm instead of 12.7 mm) is ordered.

Due to the larger diameter, the flat area of the optical windows is larger, allowing the operation with
two side-by-side beams at distances of 10mm or more without the disadvantage of getting towards the
curved cell edges. As the overall concept of a double-pass sensor seems still very promising and is
mainly hindered by the current cell diameter, the double-pass sensor will be retested and redesigned
with a larger cell in an upcoming master thesis. However, as the existing cells should be reused and
at the time of the thesis, no larger cells were available, the design was changed to a more classical
single-pass approach like in the legacy sensor.
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Figure 50: The single-pass sensor. The incoming probe laser beam is redirected into the cesium cell
(2) via a 10 mm prism (1). A second prism (3) guides the laser beam into a calcite polarizer
(4) and couples both beams into large core fibers mounted in a movable sled (5). Mounting
holes (6) reduce the amount of material and allow easier handling during assembly or repair.
Access-slots (7) allow placing the clamps for the pump fiber mounted in the inside of the
holder. Fibers from other sensors can be fed through using the spare volumes (8) on both
sides of the sensor. Dark grey represents the holder structure while light grey is a mounted
component. Not shown are screws or nuts. The cleanup-polarizer is between probe fiber
GRIN-lens and prism (1) resp. between pump fiber GRIN-lens and the cell (2).

8.2.3 Single-Pass Sensor

Due to the optical limitations and limited transmission in the double-pass approach, a single pass vari-
ation of the sensor was designed. Using the classical single-pass scheme, the beam can be orientated
along the cell center-line, using the flattest area of the optical windows. This also implies several
changes to the overall sensor design. As the probe beam comes in on the top side but leaves the cell
at the bottom, the calcite polarizer and large-core coupling sled are moved to the bottom of the sen-
sor. Consequently, the pump fiber cannot be clamped to the bottom anymore and is moved into the
hollow inside of the sensor, made accessible by several holes and slots. A significant advantage is that
the whole optical surface of both 10 mm prism can be used, leaving tolerance for compensating beam
deviations (e.g. due to cell imperfections). While in early versions, no clean-up polarizer was used, in
the shown version, clean-up polarizer29 are added between probe fiber and first prism, and between
cell and pump fiber to eliminate any non-linear laser polarizations in the sensor. The shown renderings
are slightly simplified. Screws and nuts are not shown for reasons of clarity. Also, the polarizing fibers
have a GRIN-lens attached. This is included in the design, where the groove for mounting the fiber
has different diameters at different positions to accommodate the different fiber parts. The sled may be
locked in positions with three screws to prevent unwanted movements.

8.2.4 Improving Transmission

Due to the air gaps between the different optical parts, the expected transmission is overall lower than
for the legacy design. Each of these gaps acts as an optical surface (e.g. air to glass) and some light is
reflected. A typical uncoated N-BK7 right-angle prism will have a transmission of about 92 %, while the
glass windows have 90 % (see 8.1.2). Having two prism and two optical windows in the cell plus calcite
(which also has about 90 % transmission) leads to a maximal possible transmission before large-core
coupling of only about 60 %. Assuming that the typical coupling efficiency of light into the large core
fibers is below 75 % (based on the transmission of newly built legacy sensors), leads to an expected

29Codixx ColorPol VISIR CW02 or similar
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Figure 51: The single-pass sensor from different angles. Left: The mounting with clamps of the probe
fiber is visible. The pump fiber is mounted in the hollow inside of the holder. Right: The
moveable large-core sled is visible. The clamped parts are shown in light gray for visualiza-
tion reasons but are made of the same material as the holder itself.

Figure 52: A photography of the single-pass sensor. The measurement-axis is indicated as B field.
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transmission in the 40 %-range without any further measures. As such a mediocre transmission would
limit the sensor performance, different measures are taken. The 90°-reflection in the prism before the
cell is realized via total internal reflection on the glass-air surface at the backside of the prism, so an
air gap between the backside and holder is necessary. To achieve the best possible transmission, the
design ensured that these reflective air gaps are present where necessary.

The second part is to avoid air gaps (and optical surfaces) wherever not necessary or undesirable,
causing unwanted back-reflections. Instead of using an index-matching optical epoxy, it is possible to
use a non-permanent index matching gel, filling up the gaps. This gel will work optically just as the
epoxy but does not act as glue and can easily be removed and parts cleaned using e.g. acetone. The
used optical gel, Thorlabs G608N3, has a transmission at 850 nm of above 99 % per mm [157]. This gel
is filled into all gaps between the probe fiber and the cell, basically eliminating any back reflections or
optical surfaces. However, the same technique is not feasible for the optical parts after the cell. As the
alignment and coupling into the large core fibers are done by rotating and moving the second prism,
adding gel into the gaps at this position is problematic. When adding gel and rotating or moving the
prism afterward, the volume change to the gaps induce bubbles in the gel or tears the gel surface apart,
inducing reflections and divergence. Adding gel after coupling is also not an option as the gel will
change the optical path, making the coupling obsolete. While theoretically, index matching gel on all
surfaces would be favorable, a different option was chosen for practical reasons. The second prism is
replaced with an anti-reflection coated version30, reducing the reflection to less than 1 % [158]. The
optical gel can be used again between the polarizer and the large core fiber as the gaps between large
core fiber and calcite are thin.

With these measures, transmission is limited by two optical surfaces, the second optical window
within the cell (which cannot be avoided) and the calcite polarizer. This leads to a maximal possible
transmission of about ≈ 80 % , similar to the values obtained in the legacy sensor. When building
sensors, transmissions of 70 – 80 % were achieved, being above the typical values of the legacy sensor.
While the optical transmission along the optical path is lower, the coupling efficiency into the large
core fibers is higher as no misalignment effects are induced during the curing of any epoxy. When
a sensor is aligned and the optimal fiber coupling is achieved, it remains in position, an advantage
that overcompensates the additional losses due to the air gaps. When using a clean-up polarizer31,
the transmission is lowered. The used polarizer has a typical transmission at 850 nm of about 85 %
[159], reducing the maximal possible transmission to about 70 %. This clean-up polarizer suppresses
any polarization noise and is used in the sensor, accepting the lower transmittance. During sensor
assembly, the obtained transmissions are in the range of 55 – 65 %, being close to the current technical
limit and about a factor twice higher than in the current legacy sensors (which are measured to be in
the 25 – 35 % range). A comparison of new sensors and legacy sensor transmission is shown in table 5.

Sensor P1 P2 P3 P4 New Sensor C-20 C-16 C-B Legacy Sensor
Transmission (±5 %) 60 % 60 % 65 % 55 % ≈ 60 % 25 % 30 % 20 % ≈ 25 %

Table 5: Comparison of transmission for several new and legacy sensors. Despite the optical disadvan-
tages due to the new design´s optical surfaces, the overall transmission is about a factor of two
higher.

A way of increasing the transmission further would be the use of an anti-relaxation coated calcite
crystal, which would eliminate the only uncoated optical surface along the optical path (besides the
inside of the cesium cell). Using a coated calcite should increase the transmission from 80 % to 90 %
(without polarizer) or from 60 % to 70 % (with polarizer). Due to the modular design of the sensor, the
calcite could be replaced anytime with a coated version. However, such a crystal would be custom-made
and was not available at the time of this thesis due to supply chain problems (COVID-19 pandemic).

30Thorlabs N-BK7, PS910L-B
31CODIXX VSIR-CW02
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Figure 53: A suggested layout for printing with the Form 2 printer, using the PreForm software, both
from Formlabs Inc. [161]. The surfaces in contact with optical parts of clamps are orientated
reversed to the base plate. Critical features like the rails should be orientated along z to
obtain the best results.

8.2.5 Sensor Assembly

Here, the process of a sensor assembly should be demonstrated to illustrate the design and the trans-
mission limiting factors in practical use. The basis, clamps, and parts are printed with a Formlabs Form
2, using standard resin in the color “grey” [160]. Preparing the print, it is advisable to avoid support
structure attached to optical relevant surfaces (like the surface where a prism will be placed) wherever
possible as the support structure will cause a slight bump or peak in the surface, which may damage
very sensitive crystals (like the calcite) or lead to a misaligned beam (prism). Also, features in the x-y-
plane are more precisely printed than features along z (due to technical limitations of the printer). The
rails where the coupling-sled will set in should be orientated along z. Also, the sled itself should be
aligned along z to ensure the best possible resolution for the large-core fiber clearance holes. Also, the
surface towards the base-plate of the printer is rather rough (due to the supporting structure). There-
fore, all clamps should be positioned so that the surfaces in contact with optics are free of a support
structure. A suggested printing layout is shown in figure 53

After printing and curing, all support-structure remnants from surfaces in contact with optical parts
(where they cannot be avoided) should be carefully removed to exclude damaging sensitive parts. As
a first step in the assembly procedure, the mounting of the pump fiber is advised. While this is not
imperative, the mounting inside the sensor is the most inconvenient and most manageable when done
before adding other parts. The polarizing fiber is clamped down to the sensor in the designated slot,
the polarization axis must be perpendicular to the cell axis. To screw down the clamps, access holes at
the top of the sensor are placed.

The probe fiber is clamped in the same way but easier to access on the top of the sensor. The polar-
ization axis can either be parallel to the surface or perpendicular (affecting only the orientation of the
calcite polarizer later on).

If polarization filters are used, they are placed in front of the probe fiber (with index matching gel),
and the first prism (uncoated 10 mm) is placed on top of the polarizer (again with the gel).

After mounting the polarizer and the prism, the lens of the probe beam should be visible when
watching into the optical path (which is the picture of the lens projected by the prism into the cell
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Figure 54: Step 1A: The pump fiber is placed and fixed using clamps. Screwing down is possible via
access holes on the top of the sensor

Figure 55: Step1B: The probe fiber is mounted.

Figure 56: Step 2: Placing the clean-up polarizer (left) and the first prism (right) in place, each with a
layer of index matching gel. Both parts are clamped down together. The visible fiber lens in
the prism (right) is the probe fiber mounted perpendicular to the cell axis on top of the basis.
This lens picture is then projected via the prism into the cell and visible in the photography.
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Figure 57: Step3: The polarizer is placed in front of the pump fiber (with index matching gel). The
optical gel is also applied to the cesium cell at the area where it gets in contact with the
pump beam and at the optical window towards the probe beam prism.

Figure 58: Step 4: Left: The second prism is placed (without gel) and clamped down only loosely. This
prism will be rotated and moved to couple the light into the large core fibers. Right: The
calcite polarizer is also placed and clamped down. This should be done especially carefully
as the crystal may crack when using too much force.

plain). Hereby, one should make sure, that no bubbles or other contaminations are blocking the way of
the laser beam.

After placing the polarization filter in front of the pump beam (and placing gel along the optical
path), the surfaces of the cell and prism are covered with optical gel. The polarizer of the pump beam is
clamped down by the cell and does not require further attention. When placing the cell into the holder,
one should ensure that no bubbles are present in the gap between the prism and cell. This may require
several attempts or injecting gel directly into the gap using a syringe.

The second prism (an anti-reflection coated 10 mm prism) is placed and only loosely clamped down
as it will be rotated later on for coupling the laser beam into the fiber. The calcite polarizer is clamped
down in position, avoiding too much force as these crystals tend to crack. The orientation of the calcite
depends on the chosen orientation of the probe beam. It should be placed so that the ordinary beam
goes straight through the crystal while moving the extraordinary to the up-right. This, however, may
differ depending on the circumstances. If the beam is coming in relatively high, one may also choose
the orientation so that the extraordinary beam is instead on the down-left side. In both orientations,
one will end up with two beams, with a 45◦ angle (relative to the holder surface) and a distance of
2.7 mm.

The fiber coupling starts after placing the large-core fiber sled into the sensor. In the second gener-
ation sensor, the beam height (relative to the rail plateau) is controlled by the second prism, and the
large-core fiber is then moved into the position of the laser beams (instead of moving the laser beams
to the large core fibers). The established method moves the prism with a tweezer until getting the
maximum power output. When the optimal height is obtained, the sled is moved until also the position
is optimal. If necessary, this optimization process can be repeated afterward. Overall, the coupling
has proven to be easy and reliable. Also, using two separate parts for two separate axis makes the
beam alignment controllable and predictable while using a single 5 mm prism (in the legacy sensor),
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Figure 59: Step 5: The sled with the large core fibers is placed in position, and the gap between fiber
and calcite is filled with optical gel (left). The mounting holes can mount the sensor during
the assembly process (right).

the outcome of minor changes were dependent on many parameters (like the angle between prism and
sensor or the position of the prism) and somewhat unintuitive. The prism and the sled are arrested
with their corresponding screws when the optical coupling is achieved. When tightening the screws,
the coupling may change slightly (as the force of the screws may slightly change the position of the
optical part, esp. the prism). However, this change is again reproducible and can be considered when
choosing the perfect position. The sensor is ready for use as soon as these last parts are clamped down.
No further curing or after-treatment is necessary.

A crucial improvement over the legacy sensor is, that the building process is reproducible. All sensors
built had a transmission of 60 ± 5 %. The established building procedure leads to a predictable and
replicable result for every sensor with a transmission variance (and thus a performance variance) of
only ±10 % between all sensors. Most probably, the observed performance variation between individual
sensors is due to cell characteristics, especially the T2–time, which vary between 300 and 600 ms. The
limiting factor for reproducible results is no longer sensor assembly or transmission but rather the cell
coating provided by external suppliers. Also, the optical cells show different transmission based on the
quality of the handmade glass cells and the coating (e.g. some optical windows are more even attached
than others, on some cells are noticeable wax on the windows). Even if a sensor assembly may fail, the
used parts can be recovered and used for a second sensor.

8.2.6 Sensor Modularity

As explained in 8.2.1, the new sensor´s main goal was to achieve a higher degree of maintainability
and a more reliable way of building sensors. During a measurement at PTB Berlin, a cesium cell of a
sensor was replaced with a spare cell on site and the sensor was back in operations within an hour. The
overall cell replacement procedure requires no special tools (besides a screwdriver and tweezers). Only
the index matching gel must be added to fill the gap between the first prism and the new cell. Despite
the rather extensive work done (as the cell is the central part of the sensor), only minor corrections to
the coupling were necessary. The sensor operated at a sensitivity level comparable to the home build
sensors, demonstrating the maintainability potential of the new design. While a dying cell, as observed
on several occasions in [22], was a severe issue for the legacy design and led to delays as new sensors
with new components had to build, which was only possible at the assembly station but not on-site,
such a cell failure is only a minor annoyance with the new design and can be fixed within an hour
(assuming a spare cell is in reserve).

As shown in table 6, the new sensor offers enormous advantages regarding the practicability of
repairs and replacements. While in the legacy design, a degraded cell will lead to a delay of about
one week, requires a journey back to the assembly-lab and includes costs of more than 500 €, the new
design allows changing the cell on-site with a delay of 1-2 hours for less than 10 € (in both cases not
including the cell itself which is identical for both cases). Also, this is an essential prerequisite for
operating a multi-sensor array. It would be hard to operate a sensor array with 8+ sensors that cannot
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be repaired on-site. While dying cells may be less problematic for the array, as the current batch of
cells has been stable for more than five years now, the same applies to any possible fiber damages. In
case of a damaged fiber (e.g. a person stepping on the fiber), the cost and time comparison would be
almost identical to the dead cell case shown in table 6 as for the legacy sensor, the whole sensor has to
be rebuild while the new sensor allows changing the fiber with little effort.

Legacy Sensor New Design

Replacement In assembly-lab with 3D-printer On site (no hardware necessary)
Duration 4 Days (for printing, building and curing) 1 – 2 Hours
Calcite ∼ 50 % Damaged during disassembly (500 €32) Remains

Polarizing Fiber Destroyed (2 × 140 € + freight charge33) Remains
Index Matching Gel N/A < 1 cc per Sensor, (10 €34)

Optical Epoxy and 3D-printing Insignificant costs (in relation to parts) N/A
Overall Cost and Time > 500 €, 4 days at home lab < 10 €, on site within 1-2 hours

Table 6: Replacement capability for the assumed case of a degraded cell in the legacy and new sensor
design (based on real experiences). Not shown parts, like clean-up polarizer or large-core fibers,
can be reused in both cases.

So far, no mechanical instabilities have been observed (e.g. misalignment during transport) related to
the clamped fixation of parts. However, even if such a misalignment would appear, the laser coupling
can be readjusted on site (as done after the cell replacement). Furthermore, it was observed that plastic
screws of different suppliers have different mechanical characteristics. In general, a more rigid and less
flexible material is of great advantage for this application, ensuring larger clamping forces. However,
due to political and pandemic reasons, the favored screws were unavailable at the time of this thesis,
and softer screws had to be used instead.

In summary, the goal of getting an easier-to-handle sensor was achieved. The new design is more
reproducible to build, cost-efficient to repair, and can be adjusted on-site. Also, as all parts can be ex-
tracted without damaging them (or, for the case of large core fibers, can be polished and reused), the
option of upgrades to a further improved or revised sensor model is available. Despite these funda-
mental improvements, the new sensor is compatible with the legacy design, and both sensors could, if
desired, be operated together in an array, powered by the same laser system and connected to the same
beam splitter.

32Thorlabs BD27, online price at 10/2021
33Repair order, 03/2021. Not including freight charge
34Thorlabs G608N3, online price in 10/2021
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9 Sensor Operation

9.1 Field Environment at PTB

To characterize magnetic field sensors on a high performance level, a stable and well controlled field
environment is necessary. For example, the horizontal earth field intensity varies by typically 5 – 10 nT

h
[162] while the sensor performance is in the 100 fT range. Therefore, a highly shielded environment
is necessary to approach the sensor limits and avoid natural or technical field drifts limitation. Also,
the measured field of 2µT has to be stable on the sensor sensitivity level to avoid a limitation of the
sensor performance due to the current source drift. In general, the sensor characterization can only be
as precise and stable as the field environment, as field drift and sensor drift entanglement are difficult
to separate. While the panEDM group has its shielded environment, the lowest remnant magnetic field
in the solar system was achieved using the panEDM shield [69], several circumstances, especially the
relocation of the experiment from the FRM II nuclear reactor in Garching, Germany to the Institut Laue-
Langevin in Grenoble, France required an alternative site for this measurements. One of the world-
leading low magnetic field environments is available at the Physikalisch-Technische Bundesanstalt in
Berlin, where all sensitivity and stability measurements were done.

The building, sitting on its concrete foundation to avoid mechanical noise, consists of an RF shield to
stop electromagnetic noise due to the location within the center of Berlin. The earth field and earth field
variations are measured and compensated with field coils (active earth-field compensation). Within the
RF shield, the magnetically shielded room consists of 9 layers of mu-metal (in the original publication
of the shield design [163], 8 layers were used), achieving a shielding factor of 107 while also ensuring a
remnant field below 0.5 nT and a high field homogeneity. A multi-layer pneumatic door allows access
to the about 2.5 × 2.5 m large shielded volume. Fibers of the fiberized sensors are guided into the room
via access tubes in the shield walls.

A unique feature is the actively stabilized magnetic field. The magnetic field for sensor characteriza-
tion is produced by a Helmholtz-coil system with a 1.6 m diameter placed in the center of the shielded
room, driven by a Magnicon power supply. The sensors are placed along the field direction at the cen-
ter of the coil system. Above the optical cesium sensors is an ultra-sensitive superconducting quantum
interference device (SQUID) located with 304 channels and a noise floor of about 2.5 fT/

√
Hz [164] at a

1 kHz sampling rate. The readout of a selected SQUID channel is used as feedback to correction coils
in the walls, compensating any detected drift or field noise with a bandwidth of 1 Hz. The algorithm
and procedure for the active field stabilization are not yet published, and a PTB patent is pending.

As shown in figure 61, the field can be stabilized within a standard deviation of approximately 30 fT
around the setpoint (for drifts below 1 Hz). Under the assumption of pure statistical noise, this value
can be treated as a guess for the field noise. The Allan deviation in the referenced figure shows first
the sensitivity increase due to integration. At short time scales (≤ 1 s), the field noise includes e.g.
mechanical vibrations. The active stabilization system compensates drifts slower than 1 Hz, resulting
in the bump at around 1 s when the stabilization system starts to suppress field drifts, so the field
stability increases for integration times above 1 s. As the field is corrected to the SQUID-system (the
field is actively regulated so that the measured field value remains static), the Allan deviation shows
no drift beyond 1 s by definition. However, a stabilization can only be as stable as the sensor-system
delivering the feedback signal, here the SQUID-sensor. The used superconducting sensor and SQUID-
electronic has an intrinsic drift of order pT/h, which is then fed into the compensation system and leads
to a field-drift inside the BMSR-2 accordingly. Despite this long-time drift, the active field-stabilization
reached an unexcelled field quality surpassing the stability of a free-drifting case at any integration
time. A beneficial side-effect here is that the system´s limitations (a field variance of about 30 fT and a
drift of order pT/h) are known and can be considered when analyzing the cesium sensor data.

A problematic feature of all active stabilization systems is that the field is measured at a single point
(here, a single SQUID channel). The magnetic field is compensated and stabilized at this specific loca-
tion. However, due to inhomogeneities or local field variations, the field is not identical at all positions,
e.g. the field at the position of the Cs-sensors differs slightly from the field at the position of the
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Figure 60: Left: The access to the shielded room at the front side. The coil system and the SQUID is
visible. Right: The fibers connecting the sensor to the cesium setup are fed through the
shield´s access tubes.

SQUID-sensor. This is especially the case in the used layout as the cesium sensors are sitting along
the centerline of the Helmholtz field while the SQUID is about 10 cm off-center (see figures 62 and 63).
Also, all sorts of localized field disturbances are not corrected. Therefore, in general, the obtained per-
formance values of the stabilization system are not valid for the cesium sensors but are instead seen as
a reference value.

As a general rule and especially for short integration times, the field stability worsens for more con-
siderable distances between SQUID and sensor. The field at the reference SQUID and the cesium sensor
will get increasingly different, and the feedback will over- or under-compensate field drifts, depending
on the relative field between sensor and SQUID. This should be considered when comparing the ce-
sium system results with the results from the stabilization system. In summary, the field instabilities
and drifts are only valid at the measured point, but a different behavior is possible at the position of the
cesium sensors. However, as the overall global drift is roughly the same among the coil volume, this
new technique was used successfully and allowed achieving the stability benchmarks.

9.2 Sensitivity and Stability

9.2.1 Allan Deviation and Parameter

The mathematical technique used to analyze the drift stability of a system is the Allan deviation. This
property represents the signal variance (or deviation) at different integration times (see [165]) and can
be treated as the statistical uncertainty at that specific time scale. The concept of this Allan deviation is
to divide the data into chunks with a length given by the time constant, calculating the mean for each
block and then comparing this means to get an estimation for the standard deviation at that specific
time constant. In this thesis, the overlapping Allan variance is used where the individual data chunks
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Figure 61: The PTB SQUID-based active stabilization system inside the BMSR-2. Upper: Allan devia-
tion of the measured magnetic field inside the chamber. The active stabilization compensates
drifts below 1 Hz (visible as a peak for an integration time of 1 s). As the SQUID-sensitivity
is reached at an integration time of about 200 s and long-time SQUID-drifts are not distin-
guished from field drifts, the Allan deviation has limited validity for long integration times.
OADEV is the overlapping Allan deviation. Lower: The deviation from the setpoint as prob-
ability density (for drifts below 1 Hz). A field standard deviation of 28 fT is achieved in this
example, which can be treated as the achieved field noise.
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Figure 62: The measurement setup. The sensors are placed on a wooden table inside a magnetic field
produced by Helmholtz-coils.
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Figure 63: Cesium sensors are placed directly below the SQUID system used for active field stabilization.

are not disjunct but overlap to improve the statistical uncertainty of the obtained deviation values and
is usually defined as [166]

σ2
oallan(τ) = 1

2m2(M–2m+1)
∑M–2m+1

j=1

[∑j+m–1
i=j

(
yi+m – yi

) ]2

≈ 1
2(N–2m)τ2

∑N–2m
i=1 (xi+2m – 2xi+m + xi)2 ,

where averaging time is given by τ = mτ0, N = M + 1 is the total number of data points or mea-
surements separated by τ0 and xi is the i-th data point. The factor m here leads to the overlapping of
individual chunks as the chunks are not disjunct by the full averaging time τ but only in steps of mτ0.
This thesis used a python implementation offered as AllanTools [167]. The value σ2

oallan(τ) is called
the Allan variance whereas the square root of this variance, so σoallan(τ), is known as the Allan devi-
ation (similar to standard variance and standard deviation). In this thesis, only the deviation is given
and used. Allan deviations have a typical behavior over time: the measurement is dominated by noise
for short time scales. By averaging, the noise gets suppressed, and the deviation gets lower for longer
integration times. However, the system will slowly drift on very long time scales and at a certain point,
the deviation will increase again for longer times. Thus, an (ideal) Allan deviation will decrease until
reaching a minimum and increase afterward, showing noise and drift limits. For time scales up to the
minimum, the system is noise-limited (here, e.g. fitting noise or electronic noise), while for times be-
yond the minimum, the system is drift limited (e.g. by field drift or possible light shifts). The minimum
is achieved at a time when noise and drift are equal, so the system is neither dominated by noise nor
by drift. As a measurement cycle at the panEDM experiment takes about ≈ 250 s, a minimum at that
time scale would be the ideal case (and is indeed demonstrated in the following measurements).

The slope of the Allan curve is characteristic for the specific signal [166]: random noise decreases
over time as 1/

√
t. Hence, a 1/

√
t behavior is expected for short integration times where statistical

noise, e.g. from fitting, is dominant in real data. A linear drift will be visible in an Allan deviation
as a linear increase in t while a random walk increases as

√
t. As both drifts are possible, e.g. a linear

temperature increase in some electronics leading to a linear current drift or a random walk drift of some
measurement circuit, a mixture of both regimes is expected for real data sets. However, despite this, a
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Figure 64: Allan deviation calculated with simulated magnetometry data. A noise of 1 pT per measure-
ment and a drift of 1 pT per hour were assumed. The typical Allan curve decreases for short
times (noise limited) and increases for long integration times (drift limited) with a minimum
between. The slope gives information about the type of noise or drift: In this example, the
noise follows the typical 1/

√
t behavior of random white noise, and the drift follows t1 typical

for a linear drift.

differentiation between sensor drift, system drifts and field drift is challenging on the sub-pT level.
An alternative way of characterizing the system behavior at different time scales is the spectral

density. While both techniques describe the system at different time scales, in a spectral density, the
sensitivity and stability are given in the frequency domain instead of the time domain (e.g. in [150]).
Methods for numerical estimations of spectral densities are based on fast Fourier transformation and
hence, more suitable for higher frequencies while the Allan deviation is more suitable for long integra-
tion times. While many magnetometry results focus on short time scales and fast signals relevant for
medical or biological applications and publish spectral densities (frequency domain), the Allan devia-
tion (time domain) is used instead in this thesis.

The used setup for measurements is shown in figure 65. While during most measurements, four
sensors were placed in the shielded environment, one sensor (P4) suffered from a rather bad cell and
was limited by a low T2–time. Sensor P2 was used for design iterations or as a test-bed for different
effects, layouts or optical parts. Hence, in most measurements, the two sensors of the final design type
(P1 and P3) are used for data analysis.

Pump power (limited by the transmission and diode power) was set to typically 100 – 120µW time-
averaged and probe powers of 3 – 8µW (typically around 5 – 6µW) were used. The duty cycle (the
duration of a single pump pulse) was set to typically 20 % (a pump pulse takes 20 % of the precession
period, expressed as time about 15µs). The pump beam was set to the F3 → F′ resonance while the
F4 → F′ resonance was probed. The used probe power depends on the specific detuning: a detuning
with a high amplitude but rather short T2-time demands a low probe power (to avoid further power-
broadening), while a detuning with comparable lower amplitude but high T2-time may require higher
probe powers to get a reasonably large signal amplitude. The effect of detuning on the signal was ex-
tensively characterized for the used system in [22] and is not explained in detail here. The achieved
sensitivities favor the high-power detuning while expected light shifts are lower for a low-power pa-
rameter set. However, the general performance is very similar within the given parameter space. With
the given powers and detunings, typical signal amplitudes (in FO mode) were about 100 – 150 mV at
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Figure 65: A schematic of the used magnetometry system for the following measurements. While sev-
eral sensors were connected to the fiber splitter during measurements, only one sensor is
shown. Electronics (like frequency generators, delay generators, digitizer, frequency stan-
dards) are not shown.

a resonance width of 4 – 5 Hz. In FPD mode, amplitudes are similar and T2-times of 60 – 70 ms are
achieved.

9.2.2 FPD-Mode

The following measurements were done in an array configuration with a fiber-splitter. Performance
and benchmark numbers for the legacy sensor, given as reference and for comparison, are taken from
[22]. During initial test measurements with the new sensor prototype, a sensitivity (defined here as the
standard deviation between two FPD fits) of 600 fT was achieved (shown in figure 66), an improvement
by a factor of slightly above two over the so far achieved 1.5 pT using the legacy sensor. The deviation
between two FPDs can be seen as the sensitivity of a single FPD signal, as field variations at that times
scale are much smaller (see section 9.1). Hence, the dominating effect for the variation between two
FPD signals is indeed the sensor, magnetometry system or fitting characteristic. A stability of 40 fT
at 200 – 300 s integration time was observed, being an improvement by an factor of two over the best
measurement using the legacy sensor, which reached stability of 100 fT at 250 s (see [22]). For even
longer times, the new sensor showed an remarkable low drift of 60 fT at 103 s. As a good SQUID-system
is expected to drift up to pT/h in average, this is an indication that the observed drift is a field drift caused
by the field stabilization system and not a system drift of the magnetometry system. Based on these
results, it is reasonable to assume that no sensor drift was observed even for long integration times
as the observed drift is on the upper limit for the field stability achievable with the used stabilization
system. However, as differentiating between sensor and field drift is difficult on these sensitivity scales,
a sensor drift on the measured stability level cannot be excluded. During measurements with the legacy
sensor in [22], the drift reaches 200 fT after about 400 s, showing a distinct improvement by a factor of
7.5 contributed mainly to the new PTB-developed active field stabilization. While the improvement for
short integration times (and in consequence for times up to 300 s) can be credited to the new sensor,
the stability at very high times (> 1000 s) is likely due to the active stabilization provided by PTB.

A remarkable feature during this measurement is that the 100 fT sensitivity limit is achieved after
an integration time of 12 s, and for all integration times between 12 s and 103 s, the stability remains
below the 100 fT limit. The best results using the legacy sensor showed a minimum of 100 fT at 250 s,
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Figure 66: Allan-Variation obtained during characterization of the prototype sensor. The single-FPD
sensitivity (the variation between FPD signals) is below 700 fT, while the achieved stability
at 250 s is 40 fT. Both are significant improvements over the performance using the legacy
sensor.

while before and after this integration time, it was noise or drift limited. While the improved stability at
very long times are field-related, the short time sensitivity is sensor-system limited. Here, the achieved
improvement can be explained with the improved transmission. While the optical rotation is not di-
rectly linked to the transmission, the noise of the system was measured to be at 9µV/

√
Hz (and remains

overall identical to the 10µV/
√

Hz measured in [22]), the signal amplitude is scaled up with transmis-
sion. Therefore, the signal-to-noise ratio, relevant for the fitting uncertainty, scales linearly with the
transmission. As the new sensor offers a transmission of 60 % over the 30 % of the legacy sensor, the
improved transmission allows a performance increase by the observed factor of two. Other slight im-
provements are expected from the improved fitting algorithm, which avoids phase shifts between data
sets (see section 5.6.2).

As shown in characterization in [22], the T2 is reduced for increasing probe powers. This decrease
in T2 is especially prominent for powers above 5µW [22]. Due to the low transmission of the legacy
sensor, probe powers of 10µW were often used to gain a reasonably large signal. These probe powers
are lower for the new sensors at 5µW, leading to significantly longer T2-times. While the stability (or
sensitivity for long integration times) depends on many factors, like the field stability, the single-FPD
sensitivity of 600 – 700 fT is only based on the performance of the magnetometry system as the field is
on that time scale, according to SQUID-data, not a limiting factor. This allows comparing the obtained
sensitivity with a theoretical expectation based on the statistical Cramér-Rao bound. The variance of
the frequency (and so the magnetic field) of a precession signal can be estimated [168] as

σB ≥
√

3
π

· ρA · T–3/2 ·
√︂

C
(
T, T∗

2

)
· γCs (99)

with ρ the noise level as spectral density, A the signal amplitude, T the measurement time, C
(
T, T∗

2

)
is a case-specific coefficient depending on the signal, for the case of a decaying precession signal with
a length of T ≈ T2 one estimates C

(
T, T∗

2

)
≈ 1.7 [169], and γCs the gyromagnetic ratio of cesium to

transform the frequency variance into a field uncertainty. Based on this estimation, one expects a single-
FPD sensitivity of 500 – 550 fT, which is close to the observed 600 – 700 fT. This allows the conclusion
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Figure 67: Achieved stability and sensitivity. At a integration times of 6 s, a sensitivity of 100 fT was
reached. At the panEDM time-scale, a sensitivity of 35 fT was achieved while the overall
maximum is reached at 350 s with a deviation below 30 fT. Furthermore, the sensor operated
below 50 fT for all integration times between 60 s and 1000 s.

that the signal processing and fitting algorithm are sufficiently precise as the obtained uncertainties
approach the statistical limit.

This verifies again the improved sensitivity over the legacy sensor based on the improved transmis-
sion as the theoretical limit, calculated with identical methods, was on a level of 1 pT for the legacy
sensor [22]. Also, the fitting algorithm exhibits an improved performance compared to previously used
methods as the obtained uncertainties are closer to the fundamental limit.

The measurement was repeated with newly build sensors to verify that these results can be repro-
duced with other sensors and is characteristic of the new design. The benchmark was further im-
proved during the following measurements, using a slightly improved sensor design (mainly increased
mechanical stability). The best results obtained (figure 67) showed a single-FPD sensitivity at slightly
above 600 fT. The level of 100 fT sensitivity was reached after an integration time of 6 s (compared to
200 – 250 s in the legacy sensor). At the time-scale of the panEDM-experiment, at 250 s, the sensitivity
reached a level of 35 fT, and the overall maximum was reached at an integration time of 350 s with 28 fT.
For the duration between 60 s and 1000 s, the sensitivity was below 50 fT, surpassing all sensitivity and
stability benchmarks obtained for the panEDM cesium system so far.

To further demonstrate that these results are not limited to a single sensor or a single day, several
measurements with several sensors at different days were repeated. Generally, a sensitivity of 40 fT at
200 s and below 50 fT for integration times between 70 – 600 s where achieved with various sensors at
different days (figure 68). Also, sensors P1 and P3 operated parallel in an array configuration, proving
that these sensitivities can be achieved with a multi-sensor array and are not limited to a single-sensor
layout. As this level of sensitivity was demonstrated to be reproducible, this performance is seen as the
typical performance of the new system and was published in [170].

The difference between sensors and days is on the level of ±10 fT for the sensitivity at250 s, demon-
strating a high reproducibility and reliabilitiy for the field environment at PTB and the sensor system.
Overall, one can conclude that the new sensor design surpassed the performance and stability achieved
with the legacy sensor in FPD mode by about a factor of two to three at all time scales. Based on these
results, using an antirelaxation coated calcite crystal with an expected transmission improvement of
about 10 % over the currently used design (see section 8.2.4), reaching a single-FPD sensitivity of 500 fT
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Figure 68: The reproducibility of the obtained sensitivities and stabilities. Sensitivities at the level of
40 fT at 200 s were demonstrated with different sensors on various days. Sensors P1 and P3
were operated simultaneously in an array configuration.

and stability of 25 fT at 250 s is expected.

Sensitivity (single FPD) Sensitivity (250 s) Drift limit (1000 s)
Legacy Sensor [22] ≈ 1.1 pT ≈ 100 fT ≤ 500 fT (extrapolated)

New Design ≈ 0.65 pT ≤ 40 fT ≤ 80 fT (measured)
Improvement

(
Legacy
New

)
+70 % +150 % +500 %

Table 7: Comparison of performance benchmarks for the legacy sensor and the new design. For the
new design, typical and reproduced values are given (not best results achieved). The achieved
performance increase is a combination of the new actively stabilized field (provided by PTB)
and the improved sensor transmission. As the field stability is only relevant for longer integra-
tion times (and is not active ≤ 1 s), the single FPD increase is due to sensor improvement only
while the drift limit can be credited to the field stabilization.

9.2.3 FO-Mode

The FO-mode was extensively used for the comprehensive and in-depth characterization of systematics
and parameter space for the cesium system published in [22]. Therefore, the FO performance of the
new sensor was also evaluated. Using a prototype sensor, several FO curves were measured at PTB.

A concatenated fit of the signal shown in figure 69 gives a peak amplitude of 239 mV and a width of
5.48 Hz, leading to a slope of the dispersive curve at the zero point (at the measured field) of 43.6 mV/Hz.

A noise measurement done directly after obtaining this curve showed a noise of≈ 9µV/
√

Hz. Assum-
ing the zero point fluctuates with this amount of measured noise, one gets a estimated sensitivity for this
FO scan of 0.21 mHz/

√
Hz which corresponds (via the gyromagnetic ratio of 7 mHz/nT) to 30 fT/

√
Hz.

This is an improvement by a factor of 2 over the best sensitivity obtained with the legacy sensor of
64 fT/

√
Hz [22]. As expected, the width of the resonance (corresponding to the T2 time) shows a simi-

lar behavior than in the legacy data, retaining the physics properties of the characterized system (same
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Figure 69: The FO scan was done with a prototype sensor without polarizer. Due to the high trans-
mission, a signal amplitude of 239 mV was achieved, corresponding to a dispersive slope of
43.6 mV/Hz

Without polarizer [fT/
√

Hz] With polarizer [fT/
√

Hz]
Legacy sensor [22] 64 64

New design 30 37
Improvement

(
Legacy
New

)
+110 % +70 %

Table 8: Comparison of achieved FO sensitivities. For the new design, a sensor with a polarizer of-
fers a higher transmission, but clean-up polarizers are used for all production-type sensors
to suppress polarization noise. Both FO and FPD mode show a performance increase by 70 %,
demonstrating that this is a general sensor improvement and not limited to a specific operation
mode.

cells, same lasers), while the amplitude is significantly larger (by more than a factor of two) due to the
improved transmission. This also confirms that the main contribution for the performance increase is
coupled to the achieved transmission, leading to a higher signal-to-noise ratio. This curve was obtained
using an early prototype without a clean-up polarizer. Hence, the sensor for measuring this curve had
a slightly higher transmission than the current sensor design for obtaining FPD curves.

With a sensor-type identical to the version used in FPD measurements (with clean-up polarizer) a
smaller amplitude was observed which, however, is to some extent compensated by an also smaller
width. The fit of this curve (figure 70) results in an amplitude of 172 mV at a width of 4.99 Hz, corre-
sponding to a slope of 34.5 mV/Hz.

The used sensor had a transmission of 60 % compared to the approximately 75 % of the sensor with-
out a polarizer, so most of the amplitude difference can be explained by this difference (leading to an
expected amplitude of 190 mV). The remaining difference originates in a slightly altered detuning, op-
timized for FPD operation, reducing the width and amplitude. Using the same calculation principle
as before, this measurement leads to a sensitivity of 37 fT/

√
Hz, which is a factor of 1.7 higher than

the legacy sensitivity of 64 fT/
√

Hz [22]. Both obtained values of an improvement by 1.7 and 2.1 are
in good agreement with the results obtained for the FPD mode: the single-FPD sensitivity increased
by about 70 %, matching the value obtained in FO, which also shows an improvement by 73 % for the
production type (with polarizer), demonstrating that this sensitivity improvement is not limited to a
specific operation mode or set of parameters but rather a feature of the new sensor.
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Figure 70: An additional linear polarizer increases the stability in the production type sensor. Due to
the lower transmission, the dispersive curve response in this type lies at 34.5 mV/Hz

9.2.4 CO-Mode

While the CO-mode was not used for characterization or sensitivity/drift measurements, the principle
concept should be demonstrated as an alternative to FO or FPD. A FO scan was done with sensor P3
before and after the measurement to get reference values for the CO-analysis.

During the measurement, the field was actively stabilized using the SQUID feedback, but the field-
setpoint was changed in steps of 36 pT (about 25µHz precession frequency). Starting at a field value of
zero (by definition), the field was changed to –36 pT, –72 pT, and +36 pT (in this sequence). Fitting the
obtained FO scans confirms these values as the field after the measurement is 37± 2 pT higher than the
field at the start (table 9).

Amplitude [mV] Width [Hz] Slope [mV/Hz] Resonance [Hz] Field-Change
Start 142.2 5.00 28.47 14875.70 ± 0.01 +37 ± 2 pTStop 143.7 5.02 28.61 14875.96 ± 0.01

Table 9: Reference values for the CO-demonstration obtained from FO scans at the start and end of the
measurement.

After the reference scan, the pumping frequency was set to resonance (or as close as possible to
the resonance), and the absorptive and dispersive component of the lock-in amplifier was recorded
with a sampling rate of 10 kHz. As the integration time of the amplifier was set to 100 ms, a sampling
rate of 1 Hz would be sufficient (the lock-in amplifier signal is valid after a waiting time of 10T [141]).
However, the digitizer is not designed for such low sampling rates. Instead, the 10 kHz data is down-
sampled during analysis. For this proof of principle measurement, the most basic analysis method
was used: via the slope of 28.5 mV/Hz (based on the reference FO scans) and a gyromagnetic ratio of
7 Hz/nT, the dispersive signal was translated into field information with a linear factor of 5 pT/mV.
This approximation assumes that the dispersive signal is linear, which is only reasonable around the
zero-crossing (see figure 71). Also, as the phase at resonance will not be exactly zero, some absorptive
parts are expected in the dispersive signal. The reconstructed field trace based on the recorded CO
signal is shown in figure 72.

All three field steps are visible and were recorded, demonstrating the feasibility of the CO mode for
magnetometry. However, the overall precision is comparably low. The measured field steps of –36 pT,
–69 pT, and +34 pT coincide with the SQUID values on a level of ±2 pT. The deviation is most signifi-
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Figure 71: The reference FO scan before (upper) and after (lower) a 20 min CO measurement. The aver-
age of both values was used for analysis. Any difference in the curve shape affects the result
as a systematic drift.
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Figure 72: The obtained field trace based on the dispersive signal and a linear approximation. The field
was followed in CO mode, and all three field steps are visible. However, the precision is
limited to the ∼ pT range.

cant for the largest (total) field change, indicating a limit due to the used linear approximation method
(which gets worse for larger field changes). While some deviation from SQUID values is expected due to
field gradients, also based on relative values (the second step relative to the first step), precision on the
level of ±2 pT is observed. A standard deviation for 102 s integration time of 500–600 fT was calculated
during the static field behavior until the first step, indicating a relatively high noise level. Besides the
oversimplified analysis method, the signal was downsampled numerically from 10 kHz to 1 Hz using
the SciPy resample function [171] based on Fourier transformation. It was observed that downsam-
pling based on a Chebyshev-filter algorithm (like the SciPy decimate function) affects the calculated
amplitude and changes the measured field value. Such numerical artifacts can not be excluded.

While the precision and sensitivity during this measurement did not reach the benchmarks of FO or
even FPD measurements, a field sampling rate of up to 100 kHz [141] could be achieved using the current
lock-in amplifier. Further improvements like more sophisticated analysis, based on a feedback loop
(keeping the signal at resonance), detailed characterization of systematic effects (like phase-noise and
drift), or more suitable data acquisition, may yield substantial improvements, and further measurements
are encouraged.

In conclusion, it was demonstrated that he designed sensor can be operated in CO mode. With the
suggested improvements, the CO mode could be established as a third measurement princinple beside
the FO and FPD mode, especially for recording fast, high-frequency signals.

9.3 Multi-Sensor Array

9.3.1 Concepts of Multi-Sensor Operation

While the laser system until the fiber coupling remains identical for multi-sensors and single-sensors (as
the same laser diode powers several sensors), the question of how to operate a sensor array comes down
to the task of distributing the laser to different sensors while still ensuring sufficient beam intensity and
how to pump all sensor efficiently. This is a trade-off between achieving the highest possible sensitivity
on the one hand and scalability, practicability, and cost-efficiency on the other hand. In terms of pure
sensitivity considerations, the most optimal situation would be that every single sensor gets its laser
setup with AOM, probe, and pump laser to have its individual detuning and power optimization. Of
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Figure 73: Two types of fiber splitters used for the cesium system. Left: A 1x4-splitter. Right: 1x16
splitter (two shown, one functional).

course, this is not a feasible option and not manageable for a multi-sensor array. Instead, several sensors
will be driven by a common laser setup and connected via a beam splitter. At the time of this thesis,
two fiberized 1x4 splitters and one 1x16 splitter are available for use at the cesium system.

These two splitters were characterized under the authors´ supervision in [153]. The overall trans-
mission of the 1x4 splitters was measured to be about 50 %, while the output at the different channels
(which should be about 25 % for each of the four outgoing fiber) showed significant differences of about
25 ± 8 % for one splitter and 24 ± 6 % for the second splitter, being both on a similar (low) performance
level. Due to the different power outputs at the different fibers, connecting sensors directly to the
fiber splitter is not a viable option (as the sensitivity and performance would be different depending
on which output fiber is used). Using these splitters for the probe beam would be still possible when
adding a power attenuator35 between sensor and splitter, compensating the differences by reducing
the probe power for all sensors to the level of the lowest output fiber as proposed in [22]. This would
allow to compensate performance differences between sensors as transmission and overall sensitivity
in legacy sensors were quite different in individual sensors, which seems not necessary with the new
sensor design leading to more similar results (transmission of 60± 5%). A more suitable application for
the 1x4 splitters would be using them for distributing pump power. As shown in [22], the pump power
does not significantly affect amplitude or sensitivity as long as the power is above 700µW peak power
(as the cesium vapor will be saturated when pumped with sufficient power, a further increase of pump
power will not lead to an increase of polarization or signal amplitude). When attaching the 1x4 splitter
to the AOM of the pump beam, the achievable power in each fiber is more than 150µW time-averaged
(which corresponds to more than 750µW peak power at a duty cycle of 20 %). Even for lower pump
power, the effect of a pump power variation on the sensitivity is lower compared to the probe power
(see characterizations in [22]). Therefore, it is expected that, despite the significant power differences,
using the splitter for the pump beam would not lead to significant sensitivity differences, and one could
use the splitter without adding further attenuators or modifications. This makes the application of the
1x4 splitters as pump-only splitters advisable.

The 1x16 splitter also shows distinct power variations. However, as at the current stage, only 8 sen-
sors are planned, one can pick the eight channels with the most uniform power output. During tests,
eight channels could provide a probe power of 8µW with power variations between channels being
about ±0.2µW, basically limited by measurement precision. As it was shown in [22], the sensitivity (in
terms of FO slope at the zero point) is relatively flat around the optimal setting. This rather slight vari-
ation is expected to lead to a sensitivity variation of less than 10 %, being unproblematic as the intrinsic
transmission variation of the sensors is on a similar level (≈ 10 % relative). As both the power variation
and transmission are on a similar scale, one could also use the small variations to compensate for the
transmission. Due to this uniformity, the 1x16 splitter is at a sufficient performance level to be used
for the probe beam and, during measurements with several sensors, no noticeable probe-fiber related

35Thorlabs VOA780PM-APC
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sensitivity-variations were seen when interchanging splitter fibers. For application as a pump splitter, a
power limitation is expected. Due to the overall transmission of (similar to the 1x4-splitter) 50 %, using
the 1x16-splitter at the pump beam leads to an available pump power of less than 40µW time-averaged
(or below 200µW peak power). However, in good agreement with the in-depth characterizations done
in [22], the sensitivity is significantly reduced as the signal amplitude drops for pump powers below
100µW (time-averaged). Using the 1x16 splitter for pump beam would require a significantly more
powerful laser diode or a tapered amplifier, a device that amplifies an in-coupled laser beam, to avoid
pump related sensitivity limitation.

Optical amplifier, especially a tapered amplifier, have an spontaneous emission background, greatly
broadening the spectral line-width during amplification. The used laser diode has an FWHM of less
than 1 MHz [128], the line-width achieved with a tapered amplifier are typically in the several nm-
regime (e.g. [172]). This would be sufficient to pump the cesium D2 line of 852 nm but not allow the
distinction between the hyperfine F3 and F4 ground level (which are separated by about 0.02 nm). While
laser systems with a narrow bandwidth based on the principle of a tapered amplifier are possible and
brought down to an FWHM in the pm-regime [173], this is still a spectral broadening over the initial
laser diode spectrum of several orders of magnitude. Using the output of such a tapered amplifier would
require a comprehensive preparation of this beam, like extensive filtering of off-resonant frequencies
and a sensitivity loss due to the much broader spectrum is expected. Even a narrow-band filtered pm-
regime amplified signal would only allow discriminating between the two hyperfine ground states but
not, as it is done currently, to lock it to a specific transition with fluctuations of less than 1 MHz. As the
detuning has a massive effect on the signal amplitude (as demonstrated on [22] and in section 9.4.5),
the use of such an amplifier solution would require extensive characterizations and is currently not
advised.

A solution for operating more sensors would be an AOM and fiber splitter with higher transmission.
Using optical devices with a transmission of 70 % (instead of the current 50 %) would effectively double
the power output for each sensor. Replacing the AOM and using a 1x8 splitter with high transmis-
sion, one could operate eight sensors with a single pump laser. While a fiber-coupled, polarization-
maintaining (or even polarizing) AOM and splitter at this performance level (with equal power output
and a total transmission above 70 %) is difficult to acquire, a high-transmission custom-build splitter (or
similar in-house solution) is the most promising option for an array upgrade.

A concept that would keep the benefits of the narrow spectroscopy laser diode and still allow more
than four sensor operations is based on using several pump lasers. The current system consists of two
identical laser systems (probe and pump). Here it is suggested to add a third system, one probe laser,
and two pump lasers while each pump laser will be connected to 4 sensors. As this does not include any
fundamental changes but only an extension of the current two laser system to a three-laser system, there
is no need for additional (so far uncharacterized) devices or tools. Also, for each sensor, the operation
is identical to the method used in this work, so the results obtained here are still valid for the three
laser system. Furthermore, at the time of this thesis, a third laser system is already in operation for T1
measurement and a second 1x4 splitter is also available. Thus, an upgrade of the four-sensor system
to an eight-sensor system is possible with the material on hand and would not require any additional
devices. Hence, the three-laser layout would be an option already possible with the existing system.

A difference from the array layout proposed in [22] is the application of AOMs. While in the initial
concepts, each sensor would get its acousto-optic modulator and pumped with its specific frequency,
this would be a hindrance for up-scaling the system to a larger number of sensors. However, using
the same AOM for several sensors would have the effect that some sensors are not pumped with the
individual resonance frequency. Measurements were taken to characterize the effect of off-resonant
pumping, shown in figure 74. As expected, the pumping frequency has no significant effect on the T2-
time. The amplitude depends on the pumping frequency (and is maximal at resonance), an off-resonant
pumping by ±2 Hz decreased the amplitude by ±5 %. Based on this characterization, it is expected that
even by off-resonant pumping at ±2 Hz, the sensitivity should remain stable within approximately 5 %.

The maximal distance between two sensors in the array is about 1 m (see section 7.1) and a gradient
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Figure 74: The effect of a difference between resonance and pumping frequency on amplitude and T2-
time. As expected, the pump frequency has no significant effect on the T2-time. However,
the amplitude depends on the pumping frequency (the fitted curve is only a visual reference).

125



Figure 75: The proposed array layout. A single laser system provides the probe laser for all sensors (via
1x16 splitter) while groups of 4 sensors are connected to a pump laser via a 1x4 splitter. Using
only one sensor group of four sensors (one pump laser), this is identical to the system used
for measurements done in this thesis. Using a splitter and AOM with a higher transmission
would allow to use one pump laser for all 8 sensors. Schematic for laser systems taken from
[22].

of 0.3 nT
m is projected [66], resulting in an expected resonance frequency difference between the two

sensors with the largest distance of less than 2 Hz. Setting the pumping frequency to the median, all
eight sensors could be driven by a single AOM within the ±1 Hz regime and with only minimal loss
of sensitivity due to off-resonant pumping. At the expected field differences, the individual sensor
variations due to e.g. cell characteristics would be more significant than the effect of the off-resonant
pumping. Therefore, a single AOM driving all sensors is reasonable. The concept (including a three-
laser setup) is shown in figure 75.

It should be noted that all measurements of this thesis were done with this layout but with only
one sensor group (four sensors instead of eight). However, as the expansion to eight sensors is just
a copy of the scheme for the first four sensors with all devices (like sensors, splitters, laser systems,
or AOMs) completely identical the results obtained here are still valid for the eight-sensor array. An
important reason for this comparability is the used FPD mode. As explained in 9.2.2, the pump beam
is blocked during the FPD measurement, and only the probe beam will lead to systematic effects like
light shifts or power fluctuations. The proposed layout has the advantage that the probe beam is the
same for all sensors and hence, the systematic behavior is still identical for all eight sensors despite
using two different pump beams. However, this is not anymore true for the FO measurements where
the pump beam can cause light shifts, and slight variations of the pump detuning or power could lead
to sensor-group related systematics.

During this thesis, all sensors were pumped with a common pump laser, modulated by a single AOM.
The achieved sensitivity (shown in section 9.2) demonstrates the feasibility of a common pump laser
in practical use without limiting the sensitivity as long as the field is sufficiently homogeneous. When
using the two-pump laser scheme proposed before, two AOMs (and AOMs drivers) with two frequency
generators are necessary to drive all eight sensors. The division into two-pump groups with each four
sensors driven by a common pump laser can also compensate dead times and allow a continuous field
measurement without interruptions: As FPD mode measures the field only during the free precession
time but is blind while pumping, the two systems can measure and pump alternating. When pump
group 1 is currently pumping, the sensor of pump group 2 measures and vice versa. Using this alternat-
ing pump and measuring scheme, one would have a continuous data stream of field information and,
at any given time, at least four active sensors. This could also be achieved using a fiber-splitter with a
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high transmission. However, due to the additional splitting of the pump laser into two groups, an even
higher transmission of ≈ 80% for the new AOM and splitter would be necessary in that scenario. In the
absence of such high transmission components, the presented 3-laser option seems the most promising
option.

9.3.2 Demonstration of Multi-Sensor Operation

The sensors are positioned with some distance to the SQUID at the center-line of the Helmholtz-coils
(while the SQUID is off-center), and the distance from SQUID to the nearest sensor is about 8 cm. The
measured field difference between sensors is typically on the order of 150 pT. With a distance between
sensors of 5.8 cm (given by the width of the sensor-holder), this results in a field inhomogeneity of
about 2.5 nT/m, which is on a reasonable level when also considering mechanical uncertainties (like
the alignment of the sensors along the field, alignment of the sensor relative to each other or small
rotations of the sensor relative to the field). These mechanical parameters are minimized by using a
self-leveling line laser as orientation. However, the sensors are still positioned and aligned with the
reference laser by hand.

The inhomogeneity of 2.5 nT/m is not only due to the magnetic field along the centerline but also due
to variations of sensor positioning and orientation. This leads to a difference of order 100 pT between
the field of the SQUID measurement taken for stabilizing the field and the nearest sensor positioned
directly below. For the most outer sensor of a 4-sensor array along the center-line, the distance increases
to 18 cm and a field difference of order 500 pT. The SQUID is also out of this centerline so that the actual
field difference may be even larger. While the overall field gets very efficiently and precisely stabilized,
this is not true for all sensors and especially for sensors further away. In summary, while in an ideal
case, one would expect compensation of drifts when comparing two sensors (as both would see the
same field), due to practical reasons like gradients and field inhomogeneities, drifts will be observed
even for sensor differences. Hence, a differentiation between system and sensor drift is again difficult.

During a measurement, the stabilization suffered from a unstable SQUID system. The measured field
for the stabilization jumped at numerous time stamps to a different value due to the SQUID jumping
into a different state. These jumps are not actual field jumps but only artifacts of the SQUID electronics.
However, as the SQUID can only measure field differences and not absolute field values, these jumps
appear for stabilization like real field jump, so the stabilization compensates these artifacts. Therefore,
every SQUID jump leads to an actual field jump. While this measurement is, due to the field jumps,
not useful for obtaining Allan-deviations or stability benchmarks, one can demonstrate that all three
sensors (two production types and a less performant prototype sensor) saw these jumps and correspond
to each other.

As shown in figure 76, all sensors observe the same field variations while slight jump-amplitude
differences are explainable and expected based on the different fields due to different positions in the coil
system. The provided data of the active stabilization (shown in figure 77) verify that the observed jumps
of the cesium are real field jumps and not due to some non-understood systematics or magnetometry
system instabilities. There are no signs of an overall system instability or relative sensor drift during the
multi-sensor operations as far as the qualitative insights allow to discuss them as the difference between
sensors remaining stable on a level of ±1.5 pT. This measurements shows an inherent advantage of
atomic magnetometer over SQUID systems: as magnetometers measure the absolute field and are not
limited to observing field changes, the cesium array was able to track the field changes and distinguish
between field jumps and SQUID artefacts.

Overall, the SQUID-based stabilization provided by PTB works very reliable and stable measurements
were taken. Comparing all four sensors, no relative drift is noticeable. All sensor see a comparable field
variation and noticeable features (like small peaks) are visible in all channels.

Due to the stable field, an analytical evaluation is promising. Calculating Allan-deviations for each
separate channel only gives the sensitivity and stability for the respective channel and was already
presented in chapter 9.2. To characterize the whole system´s stability, it is a reasonable approach to
analyze the relative field between two sensors. An overall drift of the DAVLL-system, power drifts,
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Figure 76: Three sensors during a measurement with field jumps. All sensors were sitting at different
positions in a slightly different field. The sensors observed the same jumps and peaks, e.g.
the feature at around 8000 s where all sensors observe the jump followed by one small and
two larger peaks. Also, no overall drift between sensors on the pT-scale is observable. The
difference between the sensors was typically about 100 – 300 pT. For plotting, the channels
were reordered according to their position in the field, only the fluctuation is shown.

Figure 77: Upper: The stabilization system during the measurement shown in figure 76. As a SQUID-
system can only measure field changes but not total fields, SQUID-jumps mimic a real field
change (here visible as peaks). Lower: The current through the correction coil indicates that
the field value indeed changed. Data and Plot (modified) provided by PTB Berlin.
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Figure 78: Field measurement with four sensors. No array drift is noticeable. During the plotted period,
no SQUID-jumps appeared and the field remained stable. For plotting, the overall field of
approximately 2µT was subtracted (only the fluctuations are shown).

and similar effects would affect the single-sensor performance and can be excluded at the level of 50 fT
(at integration times of 200 – 300 s). Despite this, it would still be possible that the sensors may drift
relative to each other in the array due to power fluctuations in the splitter or polarization noise in
different channels of the splitter. Also, electronic effects like noise cross-talk could appear.

Figure 79: Allan-Deviation for the difference between two sensors. This allows an evaluation of the
system performance during multi-sensor operation (e.g. when used as an array). The sensi-
tivity of slightly above 1 pT correspond well to the expected value, and the stability is better
than for a single sensor, reaching a drift smaller than 50 fT within 5 – 10 min, due to partial
compensation of global field drifts (which are present for both sensors).
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The calculated Allan deviation for the difference between sensor P1 and P3 is shown in figure 79. A
significant value that gives information about the system is the starting point (sensitivity) of the Allan-
Deviation. The noise level of a single sensor is, based on the results obtained in section 9.2, 600–700 fT.
When analyzing the difference between two sensors, several possible outcomes depend on the noise
type. Assuming one has a systematic noise so far not understood (like detuning fluctuations or light
shifts), the noise would be coherent and identical in both sensors as the same laser system powers both
sensors. In the difference, the common noise would be suppressed, and the noise level would get lower.
A different assumption is that the observed noise is just statistical noise, a combination of fitting uncer-
tainty, field fluctuations, signal-to-noise ratio without further systematic drifts or systematic behavior.
While this would be the desirable outcome (as it would mean there are no unknown systematic effects in
the system), it would increase the uncertainty of the Allan deviation as the noise of both sensors would
be added. In the case of pure statistical noise without correlation, a noise level of

√︃
2 (0.7 pT)2 ≈ 1 pT

is expected for the difference. As seen in figure 79, the noise level for the field difference is at a level
of 1.07 pT, corresponding well to the expected value for uncorrelated pure statistical noise. The dis-
crepancy of 0.07 pT can be explained with different positions in the field. Due to these results, one can
conclude that there is no indication for an unknown or not considered and uncontrolled systematic and
the system noise is indeed statistical uncertainty.

For stability, in general, one would expect a slight increase as the global field drift (due to the SQUID-
drift) would be similar in both sensors. This global drift would drop out as a common drift by calculating
the difference. However, this improvement is again limited by the field inhomogeneities. As the field
differs slightly at the position of the sensors, the total drift will also differ slightly. Thus, the stability is
expected to increase, but a drift will be still visible. This expectation complies with the results obtained
in figure 79. The drift for a single sensor was on the level of 70 fT at 1000 s, for the difference, this is
improved to a stability of 60 fT.

This measurement also proves the feasibility of driving multiple sensors (which have each a different
resonance frequency) with the same AOM and with the same pumping frequency (as specified in chap-
ter 9.3.1). The field difference between Sensor P1 and P3 was 166±2 pT, corresponding to a considerable
resonance frequency difference of 1.2 Hz for both sensors. Despite this, both were driven with the same
pumping frequency and still reached the expected sensitiviy and stability. As the field inhomogeneity
at the final experiment between sensors is below 2 Hz, see section 9.3.1, these results are applicable
and valid for the final experiment layout. Hence, the possibility to drive different sensors in slightly
different fields with the same AOM without sensitivity loss is proven here experimentally.

To allow a direct comparison with single-sensor performance, the difference between Sensor P1 and
P3 based on the measurement shown for sensitivity-statements on figure 68 should also be compared.
Due to slightly improved performance, a noise level of

√︃
2 (0.6 pT)2 ≈ 0.85 pT would be expected if only

statistical noise but no systematic drift between sensors is present.
As shown on figure 80, this difference signal corresponds well to the expectation, showing a noise

of about 0.88 pT in perfect agreement with the expected 0.85 pT. While the performance is slightly
worse than for each sensor individually, the sensor-difference is below 50 fT for integration times of
100–500 s and reaches a sensitivity maximum of less than 40 fT at 250 s. Here, the drift is slightly larger
than for individual sensors. This can be explained by the mentioned field gradients. Another possible
explanation would be a light shift. Depending on how much probe light each sensor gets, a laser
power drift would affect each sensor slightly differently. Further measurements would be necessary
to discriminate between light shift and gradient drift. Similar to the method used in section 9.4.5, an
experiment with two sensors with different probe powers and detunings would be recommended. If
the long-time drift was a light shift, it would increase with the probe power difference and strongly
depend on the detuning. A gradient drift would be independent of the power difference. Operating
two sensors at high sensitivity with considerably different probe powers and different detuning was
not possible with the 2-laser setup used at the PTB (where all sensors are connected to the same laser
system). However, as the drift limits the performance only for high integration times above 200 – 300 s
(beyond the time scales of a panEDM measurement cycle), this effect is of minor interest for the planned
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Figure 80: The difference between Sensor P1 and P3 during the measurement shown on figure 68 as
individual sensor results. The obtained values are within the range expected from individual
sensor results. No signs of a systematic cross-sensor drift are found.

application.
While calculating the difference of individual sensors is most promising for a characterization of

systematic drifts, usually the mean of individual sensors is used for analysis to obtain the best possible
sensitivity. Assuming pure statistical noise, it is expected that the sensitivity increases by an factor of
about

√
1/3 for 3 sensors, so a sensitivity per single FPD of

√
1/3 · 700 fT ≈ 400 fT. The drift depends

not on the sensor noise but rather on field gradients and field drifts. Hence, the effect of averaging is
mainly limited to short integration times (and therefore, less important for the panEDM application).

As shown in figure 81, the obtained sensitivity of 450 fT coincides very well with the expectation,
confirming again the assumption of pure statistical noise. The achieved sensitivity per single FPD
measurement of 450 fT, reaching the benchmark of 100 fT after a integration of less than 3 s and the
total sensitivity of 25 fT at 230 s are an impressive demonstration of the sensor array capabilities.

In summary, the characterization of the system stability coincides well with the expected values,
reaching a high level of long-time stability, and no indications of uncontrolled systematics affecting the
multi-sensor operation were recorded. The system´s limitation is the sensitivity limit of the individual
sensor, which is a desirable situation for further upgrading and improving the system. Furthermore,
possible cross-sensor systematics can be excluded on time scales relevant for the panEDM experiment.

9.4 Systematic Effects

With several sensors, each with a reasonable sensitivity (see chapter 9.2), systematic effects can be char-
acterized. Some examples shall be presented here. As the main focus of this thesis was the development
of a new sensor generation, these tests should encourage further in-depth tests not covered in detail
here.

9.4.1 Sensor Offset

A question discussed and analyzed for the cesium system in [174] concerns the offsets between sen-
sors. When placing several sensors in a field environment, each sensor will see a slightly different
field. While this is expected as a magnetic field has a limited homogeneity and the field value will be
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Figure 81: The mean field of three sensors (P1,P2,P3) in the same field at the same time. As expected,
the sensitivity per single FPD measurement (at 8 Hz) is increased to about 450 fT. The drift-
behavior is not noise-limited and hence, not improved by averaging over several sensors.

different at different positions, it is not distinguishable if the observed field differences are actual field
inhomogeneities or if sensors have a systematic offset to each other. To investigate this effect, so-called
A-B-tests were used in [174] . The rationale behind this test is, that if the observed offset is a real field
effect, the offset depends on the position. However, if the offset is an (unknown) sensor systematic, the
offset will be independent of the position but stick to the same sensor. By exchanging sensors and sen-
sor positions, one can differentiate between sensor and field effects. For example, having two sensors (A
and B with an offset A–B = D) and exchanging their position, observing that the offset changes from D
to –D would prove that it is a field effect and not a systematic offset. However, these investigations were
inconclusive as the statistical variations and limited sensitivity did not lead to a reliable result. Due to
the more stable field environment at PTB, and the improved sensor, this test was repeated at PTB. The
setup used consisted of three sensors. While the middle sensor remained in position and tracked the
field drift during the measurement, the positions of the two neighboring sensors were exchanged.

As shown in figure 82, a gradient of 140 pT was detected as this field difference was dependent on
the position but not on the sensor. A small static offset of 10 pT independent of the position remains.
The field jump was prompt, the transient visible in the plot is due to the averaging. The first position
exchange would lead to total sensor comparability of 5 pT. However, as the final position is not iden-
tical to the starting position by 14 pT, this value is treated as a systematic uncertainty, either caused
by mechanical misalignment or gradient drift. As the measured offset is10 pT, the maximal offset in-
cluding the systematic uncertainty is 24 pT, assuming a worst-case scenario. Based on this worst-case
assumption, the upper limit for the sensor comparability can be stated to be

∆Bsensor < 12 pT

while the systematic uncertainty seen in the sanity check is larger than the actual measured offset.
The systematic uncertainty of several pT is dominating while the statistical uncertainties within each
measurement are, in comparison, negligible.

This value is not the total field accuracy but the comparability of the sensors. In principle, a sys-
tematic and static offset could be present, shifting all sensors by the identical value. This type of offset
would not be detected in this measurement based on comparing two sensors. However, for the panEDM,
the sensors should detect gradients or field inhomogeneities (the difference between sensors) while the
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Figure 82: A-B-Test. The position of two sensors was swapped while a third sensor (between them)
remained in position and was used as field references. A field gradient between both posi-
tions of 140 pT was observed. The additional static offset between both sensors not explained
by the observed gradient is about 10 pT. The second position change was done as a sanity
check to obtain systematic uncertainties. The field changed significantly after each position
exchange, which is compensated by using sensor P2 as reference.

total field value is not necessary at such high precision.
This type of measurement has some fundamental drawbacks, limiting its precision. First, the me-

chanical uncertainty is high as the sensors are repositioned by hand, so the position after each sensor
exchange is slightly different. Also, the field changed quite significantly (200–300 pT) between the indi-
vidual measurements as the shielded room is opened, and a person goes into the field environment after
each position set, leading to a field disturbance and causing field drifts for each new position which was
seen as the main issue for the inconclusive results in [174]. Even with active stabilization, the SQUID
has to be reset after repositioning. As SQUIDs can measure only field changes, the set-point will be
slightly different for each position. These jumps and drifts are not seen in figure 82 as sensor P2 was
used as a reference and the observed jumps after each room opening were compensated during analy-
sis. However, this may compensate the field jumps but also distort the measurement results as a global
drift at a single position is corrected, but no information about changing gradients is available. Besides
the statistical uncertainty caused by mechanical repositioning, field disturbances and field jumps are
fundamental problems that arise here. The concept of A-B tests is based on the measurement of abso-
lute fields that strongly depend on the alignment between sensor and field. A relative shift between cell
and cell holder would lead to such a static offset (as one cell would not sit at the center-line anymore),
and it was already shown in [22] that the rotation between field and sensor will affect the measured
field. Based on the obtained value of about 1 pT/degree [22] around the optimal position, even a slight
misalignment of some degree can be a major contribution of the measured value of 5 pT sensor offset.
Also, as shown later in section 9.4.5, a light shift of 12 pT/µW was measured. As the individual outputs
of the 1x16 splitter vary by ±0.2µW, the 5 pT difference can be explained by a splitter induced power
difference. In summary, the observed sensor offset limit of 5 pT can be explained by a combination of
±0.2µW power variation and a mechanical misalignment of about 3 degree, leading to the assumption
that the actual comparability of the sensor is better than the obtained value and the obtained value
instead is dominated by these systematics.

Here, further studies are encouraged. The mechanical uncertainty could be substantially reduced by
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Figure 83: The detected field jump in dependence on the position of each sensor. Within the given error
bars (defined by mechanical position uncertainties of the sensor and field uncertainties), the
obtained signal coincides with the expected field behavior shown as a blue line.

adding a structure where sensors are fixed at a specific position (e.g. providing a firm structure with
slots for sensors).

9.4.2 Field Disturbance

A fundamental task of the cesium array is the detection of a magnetic perturbation. Three sensors were
placed along the (non-stabilized) background field of 2.1µT. At a distance of 6 cm, a small PCB-board
coil with a diameter of about 10 mm was placed, aligned to the axis of the sensors. The field along the
center-line of a coil can be described by

B(x) = µ0nI · r2

2
1

(x2 + r2)3/2 ≡ A
(x2 + r2)3/2 , (100)

where the first term (with magnetic constant µ0, number of coil windings n , coil current I, and coil
diameter r) is expressed as some field amplitude A (static and given value). This is convenient as the
exact coil current was provided by a power supply, reduced with a soldered resistor, and not measured
precisely. Using an array of three sensors, the background field was measured until switching on the
coil. The jump when switching on the coil was analyzed and interpreted as the additional coil field at
the respective position for each sensor.

The theoretical curve and the data points coincide well with the expected behavior when plotting the
observed field jumps and the expected field behavior according to equation 100 (figure 83). Although
the sensors are positioned by hand, by setting each sensor holder directly beside each other, a relative
distance uncertainty of ±1 mm is realistic. The shown field uncertainty is the standard deviation from
the fitted field information. While this measurement demonstrates the ability to detect a field distur-
bance, one can also deduce the accuracy of the array. Assuming that a sensor would have a systematic
effect leading to systematic higher (or lower) field measurements, an overall offset between actual field
jump and measured field jump is expected. This offset deviation from the theory curve is plotted on
figure 84.

As the SQUID-based stabilization would compensate a field-step caused by the coil, this measurement
was done without this system, and the field had a higher drift. Assuming the worst case, that all of
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Figure 84: The detected field jump as a function of the position of each sensor. The deviation from
the expected theory curve is shown with the standard deviation. Two of the three sensors
coincide with the expected value within the uncertainties, while the middle sensor shows a
slight variation of 2 pT. This can be explained e.g. by a small misalignment between sensor
and field. At a confidence level of 95% (2σ), no deviation from the theory curve was detected.

the observed deviations from the theory curve are caused by an unknown systematic effect, one can
conclude an upper limit for the sensor systematics in this field jump (within one standard deviation) of

△BSens1σ < 3.3 pT

which is a significant improvement compared to the A-B-test result. At a confidence level of 95 %, all
three measurements coincide with the theory curve and one gets a limit of △BSens2σ < 4.4 pT. Based
on this, no significant deviation was measured. The possibility of obtaining this precision compared
to the A-B-tests in section 9.4.1 is based on this different method´s fundamental advantage. Here, the
shielded room is never opened during the measurement, and the field is (besides the controlled coil field)
not disturbed. Also, the mechanical uncertainty is less significant as the positions are static during the
procedure, and the relative field jump is observed instead of an absolute field. However, the positioning
uncertainty alone would still be enough to explain the observed deviations and allow a systematic offset
of zero within the uncertainty. Small alignment errors (like an angle between sensor and field, a slight
deviation between coil-axis and sensor-axis, or a minimal rotation of a sensor inside the holder) would
affect the measured field on the order of the observed difference (a value of about 1 pT per degree of
rotation was measured [22] for rotation around the perfect alignment). Based on this, it is plausible
that the comparability of two sensors is better than the obtained upper limit as these effects may hide
or mimic a real systematic shift. An improvement of this upper limit would be possible when preparing
an arrangement with very precise distances and positions where the coil, the background field, and
the sensors are exactly aligned. Also, by inserting cables for the PCB-coil, a significant amount of
electronic noise was coupled into the shielded environment, liming the performance of the sensor array.
A systematic downside of this method is that a field-independent static offset may not be detected as
it would not affect the observed field jump. This measurement demonstrates how information about
magnetization and total accuracy can be obtained without mechanical interference, which was not done
so far for this system and leads to much cleaner results.
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Figure 85: Sensors were moved periodically with 0.5 – 1 Hz near a QuSpin sensor array to measure the
magnetic signature of the sensor head. While a reference measurement with a magnetic fiber
tip shows a distinct signal at 0.5 Hz (demonstrating the measurement principle), no signal
peak at the reference frequency was detected with the sensor head. However, it cannot be
excluded that the peak at about 1.5 Hz is due to the magnetic signature of the sensor head
(as the periodic movement was done by hand). Based on these results, the upper limit on the
magnetic signature for sensors is 500 fT in 2 cm distance.

9.4.3 Sensor Magnetic Signature

It was stated that the sensor head is non-magnetic as no cables or metallic parts are used. To verify this
statement, several QuSpin-sensors were placed inside a shielded environment, and the sensor head was
moved periodically (with about 0.5 Hz) at a distance of approximately 2 cm above the QuSpin array.

To verify the sensor array, a reference measurement with a metallic fiber tip was done, resulting in a
300 pT signal at the expected frequency of 0.5 Hz. Two different sensors were used. None of the sensors
showed any noticeable magnetic signature or signal in the expected frequency range above noise level
(figure 85). However, a signal peak of 400 fT at about 1.5 Hz is observed. As the movement was done by
hand, it cannot be excluded that this peak was caused by the sensor head. Based on these consideration,
one can conclude that the sensor head magnetic field signature at 2 cm distance is:

B2cm ≤ 500 fT .

Further improvements of this limit would be possible with a higher sensitivity sensor (SQUID) or a
lock-in technique where the sensor is moved with a specific and well defined frequency used for lock-in
detection of correlated field variations.

9.4.4 Linearity and Field Tracking

As calculated in 4.2.3, it is expected that there is no negative impact of using a linear gyromagnetic
ratio as long as remaining within a local approximation of some nT. Three sensors were placed inside a
magnetic field to verify this behavior, and the set point of the active stabilization was altered step-wise.
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Figure 86: Step-wise altering the field value by 10 pT. Here, four sensors are reordered by subtracting a
static offset. While the purpose of this measurement was an analysis of the linearity, it also
demonstrates the ability of the sensor array to track even rapid field changes.

Sensor Deviation from linearity
P1 0 ± 27 fT
P2 0 ± 88 fT
P3 0 ± 37 fT
P4 0 ± 95 fT

Table 10: Results of the linearity test. Within the statistical uncertainty (here one standard deviation
given), no discrepancy from a linear behavior was detected.

The consecutive field increase was chosen over random changes as too large field jumps may lead to
increased drifts and inhomogeneities.

For each step, the mean-field was analyzed and plotted. The obtained field information (figure 86)
demonstrates the ability to track even fast field jumps despite the filtering algorithm used during fitting.
As seen on figure 87, the slope may vary slightly between sensors. This is not further worrying as
all sensors sit at different positions in different gradients. An increase of the coil-current may lead
to different field steps at different positions due to field inhomogeneities. In addition, a slight angle
between sensor and field direction due to mechanical misalignment will also alter the measured slope.
The comparability between sensors was discussed in section 9.4.1 with more appropriate methods.
However, the relevant property here is a possible deviation from the linear behavior. To reveal these
non-linear parts, the deviation from a linear fit is plotted.

As figure 88 demonstrates, the behavior of the sensor can be described with a linear model. The steps
are in arbitrary units as the only field information is given by the cesium sensor or the SQUID-sensor,
which measures at a different position. The typical standard deviations around the linear behavior
within a range of 100 pT at about 2µT is for all Sensors below 100 fT. For sensors P1 and P3, the
deviation from linear behavior is below 37 fT and approaches the typical sensitivity limit of the sensor
(see section 9.2.2). The slightly higher deviation for P2 and P4 is due to single data points with a larger
deviation. However, these deviations are not systematic but limited to single data points and hence
statistical.

In summary, no systematic deviation from a linear behavior was detected, and the non-linearity
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Figure 87: Mean-field for every step plotted for all four sensors. The statistical uncertainty within each
step is below 1 pT and negligible.

Figure 88: Deviation from the linear behavior (approximated as a linear fit). No systematic drift was
found, and the standard deviation around linear behavior is in all sensors below 100 fT. Re-
sults can be found in table 10.
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Figure 89: The multi-sensor array tracked small field steps of 1 pT (close the sensitivity limit of 700 fT
for single FPDs).

for all sensors is below 100 fT. Furthermore, for P1 and P3, the measured deviation is at the level
of the intrinsic sensitivity limit (see table 10). In all cases, the analysis algorithm and the physical
approximation show no noticeable systematic effects.

A similar test to demonstrate the ability of the multi-sensor array to track also small field jumps was
done with field jumps of 1 pT (figure 89), which is only slightly above the single FPD sensitivity (of
600 – 700 fT). Also in this case, the sensor tracked the field. Further analysis is not done as the field
range here is very small (due to the small steps), and deviations from a linear behavior would not be
detectable.

9.4.5 Light Shift

As already discussed in section 4.6, light shifts, so the change of measured magnetic field depending on
the used light power, is a very fundamental systematic effect limiting the stability and total field accu-
racy. The use of linear polarized light would exclude this lights-shift effect. These expectations were
confirmed in measurements taken in [22] where no light-shift was detected. However, this measure-
ment had limitations. First, the characterization was based on a single sensor measuring the field with
different light powers. Second, the magnetic field was not stabilized at that time. Therefore, it was not
possible to discriminate between field drift and light shift. In combination with the lower performance
of the sensor system at that time, this led to uncertainties in the range of 100 pT.

As at the time of this thesis, several sensors are operated in parallel as an array, it is possible to get
light shifts based on relative signals. A reference sensor is operated with the same probe power while
a second sensor will undergo probe power variations. Then, the measured field difference between
both sensors will be evaluated. This method has several fundamental improvements over the original
measurement as absolute field drifts, static offsets, and similar effects will not affect the outcome. Also,
other possible effects (like a detuning drift) would affect both sensors, which is suppressed in this
differential method. The probe power was fixed at 3µW for the reference sensor and varied between
3 – 11µW for the measurement sensor. The used detuning was close but not identical to the usual set
point to allow a broader range of possible probe powers.

As shown on figure 90, a strong indication for a light shift was measured. The data points were
measured in a random order so that a systematic drift can be excluded. The linear fit leads to an
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Figure 90: The improved light shift measurement based on a difference between sensors instead of total
field variations leads to much higher precision, revealing a light-shift effect.

observed light shift of 12±1.2 pT
µW . This result is not inconsistent with [22] as the light shifts discovered

here are much smaller than the uncertainties in the earlier measurements, demonstrating the improved
sensitivity of this method. Also, while this measurement disproves the assumption that the used system
has no relevant light-shift effect, it is still consistent with the calculations. Light shifts with circularly
polarized light can reach the order of 1 nT/µW (with a beam diameter of 0.5 mm2) [22].

In comparison, the observed light shift is a small effect, demonstrating that this systematic is indeed
suppressed in the sensor method. The current working hypothesis is that the linear light shift gets
slightly elliptical due to circular dichroism present in the optical active cesium vapor. As the light is
no longer perfectly linear polarized after interacting with the vapor, the circular fraction causes the
observed light shift. Based on this hypothesis, the light shift should increase with increasing optical
density. This hypothesis could be verified by repeating this measurement with a larger cell with higher
optical density or with the new double-pass sensor currently under development which would double
the optical length of the cell. In the double-pass sensor, as the beam passes the cell anti-parallel (the
beam direction is opposite during both passes) the second pass-through would compensate for the
light-shift of the first pass-through. However, as the light after the first interaction is already slightly
elliptical, the light shift during the second interaction is expected to be higher.

Another possibility leading to elliptical polarization is linked to the optical windows and components.
Optical components may alter the light polarization depending on impurities, optical imperfections, or
transmission angle [127]. Also, the optical windows of the glass cell may show stress-induced birefrin-
gence [175]. This effect would be different in every sensor (as every glass window is slighty different
and attached by hand). Therefore, further measurements are necessary to distinguish between shifts
correlated to individual sensors (like a stress-induced window birefringence) or a systematic shift in all
sensors (like an absorption effect).

An estimation for the expected power drift is necessary to evaluate the relevance of this observed
light shift for the use at the panEDM experiment. During a typical 12 hour measurement, the laser
current alters within 0.05 mA due to the DAVLL-system where the detuning is controlled via diode-
current. The intrinsic drift of the laser diode controller of less than 15 ppm over 24 hours [137] is
negligible. The maximum slope efficiency of the used laser diode is given with 1.1 W/A, leading to a
55µW or 0.05 % power drift during a typical 12 hour measurement. For a single sensor with a probe
power of 8µW, this would lead to a light-shift induced drift of 50 fT within 12 hours, which would be
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Figure 91: By measuring the laser power of the laser diode, scaling the obtained power drift down to
the level of a single fiber, and calculating the Allan-deviation of this power curve, one gets
an estimation for the expected light-shift (via the measured 12 pT/µW). Here, a probe power
of 8µW was assumed to get an upper limit while the typical power was lower.

of no further interest. To get a more analytical estimation, the power output of a laser diode identical
to the system used for magnetometry was measured with a mounted power meter36. This measured
total power output was downscaled to a single probe fiber (≈ 5µW). As the power is split up into
different channels by a static splitter, the relative fluctuations in the probe beam of each sensor should
be identical to the power fluctuations of the laser diode when neglecting mechanical instabilities (like
a loose lens or fiber connection). This method was chosen as a direct measurement of the probe beam
power after a fiber would be very unprecise due to the small light intensities involved. By measuring
the high light power at the laser diode, the effect of ambient light is minimized. As the used Sensor37

has an accuracy of ±3 % and no fiber splitter and no active DAVLL-stabilization was used, this can be
seen as a good approximation but not a precise measurement. Also, the polarization noise of the laser
would be translated into power noise via the polarizer, leading to a possible higher power fluctuation
in the actual application.

Based on these measurements, the light shift due to power drifts is expected on the level of 10 fT at
300 s for 8µW, respectively lower for the typical probe powers of 5 – 6µW. While this is below the
sensor sensitivities at this time scales by about a factor of 3-4 and hence not seen as a limiting factor,
the order of magnitude of this effect is close to the achieved sensor performance and, therefore, not
negligible. This effect must be carefully characterized with further measurements. During operation,
the actual power drift has to be measured with high precision and low drift (at the 35 fT level, a power
resolution of nW is necessary) for an characterization of the light shift under real conditions. Also,
light shifts depend on the detuning (e.g. calculated in [22]). The used detuning allows some flexibility:
currently, a working point is chosen with a high T2 of up to 70 ms and a probe light power of 5–6µW. An
alternative setpoint close to the current detuning has a slightly lower T2 of typically 50 ms but produces
similar signal amplitudes with only 3µW, thus reducing the light shifts by an factor of 2 at a comparable
sensitivity. Due to the observed effect, a set-point with less probe-power could be beneficial despite
a slightly lower sensitivity. As light shift depends on probe power and detuning and both parameters
can be altered (within limits, see [22] for an in-depth analysis of detuning behavior), it is expected

36Thorlabs PM100D
37Thorlabs S120C or similar
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Figure 92: The width of a FO resonance for different detuning for circular and linear pumped sensors.
The fundamental behavior is similar. However, the width-increase is slightly more prominent
in the linear pumped sensor.

that a combination can be found where a light-shift limitation can be excluded. This characterization
of different set-points, detunings, and light powers to find ideal working parameters under inclusion
of the new insights of this measurement are recommended and planned as part of a thesis under the
authors´ supervision. An in-depth analysis of the observed light-shift is seen as necessary.

9.4.6 Circular Pumping and Pump Light Shift

Pumping with circular light should allow a higher T2 time and a better performance but has several
drawbacks: first, the expected light shift is orders larger (as the vector light shift does not vanish any-
more, see section 4.6) and second, the cesium vapor is polarized and will gain an overall magnetization
which may cross-talk to sensors nearby. Mainly due to the expected light shift, using a circular pumped
sensor is not seen as a reasonable option for the panEDM cesium system. However, the pump light shift
would be unproblematic when using a sensor only in FPD mode, where pumping and probing are sep-
arated. Hence a test-sensor was built where a λ/4 wave-plate between pump fiber and cell transforms
the linear laser output into a circular pump beam.

Due to the multi-sensor layout, it was possible to compare the results for a linear pumped and cir-
cular pumped sensor that operated simultaneously. A detuning scan was done: around the optimal
detunings used during measurements, the laser current was slightly altered by feeding a voltage in the
modulation input of the laser diode controller. FO scans were done for each voltage (corresponding to
each detuning).

While the resonance width behaves very similarly in both cases, this is not true for the signal am-
plitude. As shown in figure 93, the optimal detuning for circular pumped sensors is different from the
optimal detuning of linear pumped sensors, making a simultaneous operation of both sensor types dif-
ficult. In general, operating both sensors will be a trade-off, and each sensor will lose about 15 – 20 %
sensitivity.

Choosing a detuning where both pumping schemes have an acceptable performance can deduce a
limit for the light shift due to the pumping laser in FPD mode. Operating both sensors in FPD mode, the
sensor with circular pumping will suffer from a pump light-shift which is at least a order larger than the
linear pumped sensor (it was calculated that the light shift for circularly polarized light might reach the
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Figure 93: The FO resonance amplitude for different detuning for circular and linear pumped sensors.
Both pumping polarizations have a different amplitude at different detunings, making a si-
multaneous operation of both types difficult. The shown amplitudes were scaled to each
other to compensate for transmission differences.

order of 1 nT/µW [22] with an beam diameter of 0.5 mm2while the shift with linear light is measured
in this thesis at 12 pT/µW). If a pump-light related effect would be present, the difference between both
sensors would be drift limited as the light-shift induced drift in the circular pumped sensor would be
orders larger than for the linear pumped sensor.

As shown in figure 94, when comparing a linear and circular pumped sensor, no drift on the level
of 80 fT at 250 s is visible. One can deduce an upper limit for pump-related systematic effects in
the sensor based on this. The typically achieved sensitivities at 250 s reached 40 fT as shown in 9.2.
Therefore, one can conclude that the pump light-shift in the circular pumped sensor is below 40 fT
when crediting the difference (between achieved and typical sensitivity) to the additional light-shift.
When considering that these measurements were done with an early version of the sensor, which
had slightly lower sensitivity and that the detuning, as explained, further limited the performance of
both sensors, there is no noticeable drift due to the circular pumping. When using the 40 fT limit
and a very conservative estimation that the linear light shift is at least a factor of 10 smaller than the
circular light shift, the upper limit for the pump-related light shift in a linear pumped magnetometer
operated in FPD mode is 4 fT and hence negligible compared to the probe beam. As long as the system
is operated in FPD mode, the light-shift is dominated by the probe beam, and stabilization or further
characterization of the pump is of lower importance. However, these statements are not necessarily
valid for all other operation modes where pumping and probing are not separated, namely forced and
continuous oscillation. A similar measurement should be repeated as soon as the light shift behavior
is fully characterized to incorporate additional insights regarding power and detuning dependence. In
summary, one can conclude that pump beam related effects are negligible, as expected for the FPD
mode.

143



Figure 94: The relative field between the linear and circular pumped sensor shows no significant drift
behavior below 80 fT at 250 s. A possible pump-related light shift would be at least an order
larger in the circular sensor, confirming that pump-related systematic effects are avoided
during FPD.

10 Magnetometry Search for Axion-like Particle Couplings

10.1 Axion as Dark Matter

In chapter 2.1, the current standard model of particle physics was discussed, and the definition of matter
(and anti-matter) was given. Several measurements and results indicate that the part of particles we
currently know is just about 5 % of the total energy in the universe while about 27 % is some unknown
type of particle or particles [176, 177] called dark matter, as it has not been observed with any physics
experiment so far. The remaining energy is credited to another, even more speculative property known
as dark energy, which is not further discussed here. There is cosmological evidence for the existence
of dark matter. A first example was the observation that the gravitational force due to the mass of all
known particles would be too small to explain cosmological formation like galaxies by Zwicky in 1933
[178]. Since that time, several experimental results and theoretical models predict “something” more
than our known physics world (see e.g. [179]). For reasons of simplicity, it is assumed that dark matter
consists of an unknown particle that provides a five times higher contribution to the universe than our
known physics world.

The axion, and any axion-like particle (ALP), is a hypothetical particle and a dark matter candidate.
While this thesis is focused on optical magnetometry and hence, the exact theoretical background of
this particle38 is not given here, there are possible side effects. Ultra-light axion-like particles could
have a mass as low as 10–22 eV [180] and would oscillate as a background field with an accordingly
small frequency of less than 1 Hz. As these axion-like particles couple (to some degree, given by the
coupling strength) to fermion-spins, the spin precession of a fermion like electrons would be modulated
with the oscillation frequency of the background field (which leads to the class of axion spin precession
experiments, see e.g. [181, 182]). As the magnetic field measurement with an atomic magnetometer,
like the presented cesium sensor, is a spin precession measurement, the obtained results may deduce a
limit for the coupling strength between axion and electron spin.

38When designating the axion a particle, one should keep in mind that this is a proposed solution for the dark matter problem,
but there is no firm evidence of its existence. The phrase “hypothetical” particle is only omitted for convenience.
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10.2 Coupling and Limit

The exact coupling between fermions and ALPs is unknown (as the particle or interaction was never
observed so far) and depends on theoretical assumptions made. The ALP would act as a classical back-
ground field oscillation at a frequency of f = mALP

h [183]. This oscillating background field would be
observed as an oscillating magnetic field [184]

γBobs = gaψψ
√
ρDMcos(ωat)®v (101)

with γ the gyromagnetic ratio (known for cesium), √ρDM the dark matter density,ωa = mALP/̄h the
ALP mass (expressed as frequency) and ®v the ALP velocity (relative to earth). Based on the assumption
of a static axion field and the relative movement of the solar system, the relative speed can be estimated
to be v ∼ 10–3 c [183]. The dark matter density could vary due to statistical fluctuations (and diminish
the validity of the measurement) but is assumed to be constant within the spacial coherence given by
the de-Broglie wavelength [185], leading to a spatial coherence time of [181]

τ ∼ 2π
mav2 ≈ 40s ·

(
10–10 eV

ma

)
.

The fastest frequency in cesium FPD data that can be observed with the current analysis is about
10 Hz, which corresponds to a spatial coherence time of τ ∼ 105 s and hence, the fluctuation of the dark
matter density is not a limiting factor here. For the (mimic) magnetic field observed by the electron due
to the ALP-background field, one can finally deduce, based on equation 101

Bae = 2.8 · 10–21
( gaee
10–10GeV–1

)
[T] (102)

with gaee the unknown coupling constant. An ALP with mass ma and a specific coupling strength
gaee would be observed as an oscillation with amplitude Bae at frequency f = ma/h. Therefore, by
measuring the stability Bae of the magnetic field at a specific frequency T–1, one can directly deduce
an upper limit for gaee.

The measurements done at PTB Berlin (already presented in section 9.2) are suitable for this purpose.
While a SQUID system actively stabilizes the field in these measurements, it is not expected that the
SQUID-system detects (and suppresses) the axion oscillation as the reference magnetic field measure-
ment is based on Josephson junctions and not on spin precession. Thus, the active field stabilization
should not interfere with the ALP-oscillation during magnetometry measurements. However, there
are possible effects of axions on SQUID measurements (e.g. a hypothesis for a possible interaction was
published in [186]), and also experiments are proposed based on axion-SQUID interactions [187]. These
experiments are focused on specific SQUID characteristics (e.g. current-voltage behavior) or a soliton-
interaction [188] instead of direct field measurement and hence, of limited relevance for the presented
measurements. Still, as the axion is a highly hypothetical particle, the interaction between SQUID and
ALP is an ongoing discussion that should be monitored carefully.

Limits based on magnetometry data are already published with a detailed analysis based on co-
magnetometer data [20]. Here, a rather straightforward guess will be shown. An oscillating background
field would induce characteristic periodic features in the Allan deviation. This signature gets very
prominent as soon as the oscillating background field exceeds the sensitivity at that specific frequency
(or integration time),

On figure 95, an Allan deviation of a simulated data set is shown. The background oscillation was
assumed to have a 180 fT amplitude at a frequency of 100 mHz, which is twice the sensitivity at that
time scale (90 fT at 10 s). Based on these results and the absence of such oscillations in the measured
Allan deviations, one can directly conclude that no background field was detected and convert the
obtained stability curves into an exclusion plot for the axion-electron coupling gaee based on equation
102. The data set has a length of 4000 s and is still in the range of spatial coherence.

A gaee on the level of 2 · 10–3 GeV–1 for an ALP mass of 10–17 eV can be excluded. It should be
emphasized that this is not a full-scale calculation necessary for setting a precise axion coupling limit
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Figure 95: Allan deviations of simulated data (drift and noise similar to actual data). An oscillating
background field would lead to a characteristic signature (due to the phase relation between
oscillation frequency and integration time) as soon as the background field amplitude exceeds
the sensitivity at that specific frequency.

Figure 96: Estimation of the excluded coupling strength gaee based on the achieved stability during
measurements at PTB. As an oscillation is only visible above the sensitivity limit (but not
at the sensitivity limit), the shown limit is a factor of 1.5 above the achieved stability. The
currently published limit based on magnetometry data for the 10–17 eV mass scale is on the
level of 10–3 GeV–1 [20] (here shown approximately). Hence, a detailed analysis is promising.
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with statistical methods but rather a first indication of the relevance of the achieved stability for fields
outside the direct panEDM experiment. Indeed, the current limit on gaeebased on magnetometry data
is at the level of 10–3 GeV–1 for a ALP mass of 10–17 eV [20]. With a single one hour measurement of
three sensors, the current limit was reached within a factor of two. Hence, a more detailed in-depth
analysis of the gathered magnetometry data with a more sophisticated methods is promising. However,
cosmological constraints from the search for solar axions [189] or the expected effect of an ALP on white
dwarf cooling [190] lead to limits for gaee < 10–8 GeV–1 and are beyond the reach of limits based on
magnetometry data.
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11 Summary and Outlook

This thesis presented a novel all-optical and non-magnetic sensor design in section 8. The new design
has advantages in reliability and maintainability as all parts, including cells and fibers, are replaceable.
The established assembly process has proven to allow reproducible results with a reliable performance
and a transmission in all build sensors of 65 ± 10 %. Due to doubled transmission compared to the
first generation sensor, sensitivity and stability limits were substantially improved in section 9.2. A
sensitivity/stability below 50 fT within 70 – 600 s was obtained with different sensors and at different
days, demonstrating the reproducibility of these results. Under favorable conditions, a sensitivity of
30 fT at 250 s was achieved, being an improvement of a factor of three compared to the legacy sensor
design. A typical drift of 100 fT within 2000 s shows a high drift-stability. These results were obtained
in a four-sensor array which can be upgraded to an eight-sensor array. The concept for up-scaling is
discussed and the sensor performance of different sensor layouts for different field perturbations was
simulated in section 7. The operation of several sensors simultaneously as an array was demonstrated
in section 9.3: the drift between sensors is on the level of the individual sensor sensitivity. By averaging
over three sensors operated as an array, a sensitivity of 450 fT within 70 ms (a single FPD decay) and
a total sensitivity of 25 fT at 230 s was achieved. Based on the improved sensor performance, several
systematic tests were performed. The upper limit for the static sensor offset was reduced to ±12 pT in
section 9.4.1, an improvement by a factor of 10 compared to earlier tests. The linearity was quantita-
tively characterized in section 9.4.4, and within a range of 100 pT, no systematic deviation was detected.
While previous works did not find any evidence of light shifts in the system, an improved method in
section 9.4.5 (based on comparing simultaneously operated sensors) with significantly improved sen-
sitivity revealed a systematic shift of 12 pT/µW. This effect was so far hidden due to the limitation to
single sensor operation in former measurements. Finally, the concept of using the unprecedented sen-
sor stability for physics beyond the panEDM experiment was demonstrated in section 10: the current
magnetometry-based limit for the ALP-electron coupling was reached within an factor of two with a
single one hour measurement of three sensors.

Several promising targets for further studies are proposed. The discovered light shift opens an entire
field for following characterizations: studies of the shift as a function of detuning combined with high
precision power measurements are an ongoing effort. The concept of a double-pass sensor, omitted in
this thesis due the lack of suitable cesium cells, offers a promising prospect for further sensor improve-
ments. Many systematic characterizations done in this work could be further improved after relocation
to the ILL by assembling a fixed sensor array (with low mechanical instabilities) and adjusting the
layout within the shielded room.

In summary, a new sensor design with significantly improved performance was presented, new sys-
tematics were discovered, an unprecedented drift-stability achieved and multi-sensor operation demon-
strated but also concepts and proposals for the futures studies are introduced.
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Figure 97: The vacuum chamber with HV system and neutron chambers.

12 Appendix A: High-Voltage Sensor Concept for panEDM

12.1 Restrictions

It was shown in chapter 7.3 that an additional sensor in the center of the experiment would signifi-
cantly improve the detection of dipoles or other localized field effects. While the experimental setup
of this sensor and the implementation of this concept is not part of this thesis (as the high voltage
system including electrodes, neutron chambers, or vacuum vessel is not ready to be placed inside the
magnetically shielded room at the time of this thesis), the concept should be explained here.

The sensor itself should be placed inside the (hollow) high voltage electrode. As it is fully enclosed
by parts sitting on the same electrical potential, the sensor is in an (electric) field-free area. However,
there is a strong field between the high voltage electrode and the surrounding corona ring in the range
of MV/m. Laying a fiber through this area would act as an electrical conductor, destroying the fiber and
damaging the chamber itself due to the spark-over. Hence, any physical contact between the ground
and high voltage potential must be avoided. The overall layout is shown in figure 97.

The furthest fiber can be brought towards the high voltage electrode is outside the ground corona
ring. The magnetometry has to be based on a free space approach from that point on. As soon as a
laser beam is in free space, it is affected by divergence and reflections. It was shown in [22], that a
free space operation is possible by compensating the space divergence with a lens, reaching stability
of 350 fT at 250 s. In the HV-sensor application, the beam deterioration is expected to be smaller than
in the referenced characterization measurements as the overall distance is shorter (2 m in [22] between
sensor and polarimeter board while the distance between the center and outer shield in the panEDM
experiment is about 1.2 m). Also, the chamber is under high vacuum, so divergence due to air movement
is avoided inside the chamber.

Two fibers (for pump and probe) are inserted into the vacuum chamber from the backside through
one of the access tubes. Vacuum tight feed-through flanges for fibers are commercially available. Some
feed-through types offer integrated single-mode fiber where on both sides (the air and vacuum side),
a fiber can be connected via the used FC/APC connector [191]. Also, custom-ordered feed-through
systems are available where several fibers can be connected with a single flange, and the flange type
or connector type can be freely chosen (e.g. [192]). The wavelength of 850 nm is offered as a standard
option while feed-through systems with polarization-maintaining fibers are commercially available,
with 2-channel feed-through flanges offered down to CF/KF16 sized flanges (e.g. [193]). The fiberized
concept is maintained as long as possible, so the grin-lens end of the fiber is placed directly outside the
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Figure 98: Necessary modifications on the HV system due to the planned use of a center sensor. As
the cesium cell (with necessary optics) is too large and will not fit in the hollow electrode, a
cutout was made, and two access notches allow removability of the sensor without disassem-
bling the stack. The outside of the electrode, building the bottom of the neutron chamber,
is not affected. In addition, three holes were drilled into both corona rings to get the free
space beams into the free volume within the electrode (only the corona HV-ring is shown).
Although the holes are centered in the corona ring in this concept, off-center holes would be
preferable for the final design.

ground corona ring on a level with the HV-sensor. From there, the free space beam will go through
small access holes in both corona rings to the sensor.

The sensor itself is built around a cylindrical cell similar to the example used for free-space mea-
surements in [22] but with a reduced height (a size of 1.5 inch diameter with a height of 20 mm is
suggested). As the free space between both HV electrodes is only 45.5 mm, it was necessary to cut out
at the center to increase the free space to 59.5 mm. Also, two access notches, 53.5 mm in height, are
milled into the electrode. While these notches are unnecessary for operation, they allow the cell and
sensor removability without disassembling the electrode. These modifications are possible as only the
inside of the electrode is affected, which is not coated nor relevant for generating the electric field. In
addition, three holes are drilled into the corona ring for the three free space laser beams (probe in and
probe out as well as the pump).

12.2 Sensor Concept

The central task is to bring the laser beam into the sensor and the probe beam back to the outside of the
shielded room. The sensor is similar to the double-pass concept shown in section 8.2.2 but modified for
this application. Also, as the concept is free-space, the light beam does not have to be coupled into a 1
mm fiber core (0.8 mm2 surface) but aligned to a 15 × 15 mm prism, which should be easier to achieve.
Both fiber, probe and pump, are fed into the vacuum vessel from the backside. A small periscope is
fixed at the access window of the vacuum vessel. At the lower end of this periscope (at the sensor´s
height), these two fibers are connected to the periscope, and the laser beams are directed by two 10
mm prism into the ground electrode. After arriving at the sensor, both laser beams are guided into the
cesium cell via a 10 mm prism. The probe beam then gets reflected by a 15 mm prism, crossing the cell
volume a second time and then redirected back to the periscope via a third 10 mm prism. The reflected
probe beam (carrying the signal) arrives at the center 15 mm prism of the periscope, gets reflected up,
and then out of the room by a second 15mm prism.
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Figure 99: The sensor concept for the HV sensor. Fibers for the pump and probe laser are connected
to the lower end of the periscope at the (field-free) space between the ground corona ring
and vacuum vessel. Both beams are then redirected into the high voltage electrode towards
the sensor. After crossing the cesium volume two times, the probe beam gets back-reflected
to the central 15 mm prism of the periscope, which then guides the probe beam out of the
shielded room. Compare to figure 97

By the time of this thesis, the overall panEDM experiment, including the vacuum chamber, neutron
chambers, and high voltage electrodes, was not fully assembled. Also, while the panEDM experiment
is located at the ILL in Grenoble, the cesium magnetometry system was separated and operated at PTB
in Berlin. Hence, so far, only a prototype of the periscope was tested: placed into the access-hole of
the vacuum vessel, a probe beam guided to the sensor assembly was reflected by a retro-reflector back
and arrived, after being redirected by the periscope, at the outside of the vessel. Besides the parallel
pump and probe beam, the physics for the HV-sensor are identical to the fiberized sensor. Using a
parallel pump and probe restricts the pumping light to a linear polarization (as a circular polarization
would align the spins along the magnetic field instead of perpendicular to the field) and was already
demonstrated at PTB. Also, the light shift due to the pump beams is expected to be significant but
suppressed using the FPD mode. To simplify the alignment process, it is suggested that the sensor
assembly (the cell with three prisms and a reflector) is glued together as a unit. This ensures that all
optics in the sensor are well aligned to each other, and the outgoing probe beam will be parallel to the
incoming beam. Also, as the sensor is not fiberized and no other parts are included, using optical epoxy
will not lead to issues when disassembling the sensor. The other prisms are glued into the periscope
and aligned to each others. By this method, the optics in the two main parts (periscope and sensor)
can be treated as a fixed system, and the free parameter is the relative position of the periscope to the
sensor. When fixing the sensor at the center of the experiment, aligning the overall beam path could
be achieved by altering the angle of the periscope that is accessible from outside of the vacuum vessel,
e.g. by adjusting screws.
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13 Appendix B: Additional Remarks

13.1 Power Broadening

Assuming a continuous laser beam, the Bloch equations will approach a steady-state solution where
∂
∂tρ = 0. Calculation of this steady-state for the population in the excited state (here denoted as state
2) according to equation 73 one gets

ρ22steady = 1
2

s
1 + s

with the saturation parameter

s = Ω2/2
δ2 + (γ/2)2

≡ I
Isat

.

Even for extremely high powers (for s → ∞) the population in the excited state will always be
below ρ22 < 1/2. This behavior, that the excitation of the atom reaches asymptotically a limit, so the
polarization does not anymore increase substantially for very high powers, is known as saturation and
the value s = 1 as saturation intensity. Assuming a near resonant case, the scattering rate is given by
rs = γρ22steady . Analyzing the line shape (the scattering rate as function of the laser wavelength) for a
single transition is identical to the lineshape of the excited state as [113]:

ρ22steady = (Ω/γ)2

1 +
(

2δ
γ

)2
+ 2(Ω/γ)2

. (103)

The linewidth for small laser powers (Ω/γ ≪ 1) is given by the natural linewidth γ of the atom.
For higher laser powers the resonance gets significantly broader and is dominated by a factor of

√
2Ω,

so directly by the laser power. This effect that transitions gets broader with increasing laser powers
is known as power broadening. Seen from an experimental view, while a low power beam will excite
the transition resonant to the laser wavelength, a high power beam will also excite additional possible
transitions of lines that are off-resonant.

13.2 Measuring the Neutron Dipole Moment

The panEDM experiment focuses on measuring the electric dipole moment using Ramsey´s method
of oscillating fields. This technique can also be understood by using techniques derived for optical
systems, especially the Bloch equations. Rewriting the Bloch equations 73 in terms of the Bloch vector
in the rotation frame of light as a differential vector equation, one gets

d
dt

©«
u
v
w

ª®¬ = – ©«
ΩR
0
δ

ª®¬ × ©«
u
v
w

ª®¬ ©«–γ ©«
u
v
w

ª®¬ª®¬ , (104)

where u,v,w are the components as defined in 75, ΩR the Rabi frequency and δ the detuning. The
decay-term, given by the decay constant γ leads to a decrease of the overall vector length and is ne-
glected here. This equation describes a rotation of the Bloch-vector around the frequency vector. The
neutron can be treated as a two-level system with the two states “up” or |↑⟩ and “down” or |↓⟩, ac-
cording to the alignment of the neutron spin in respect to the external magnetic field. The detuning is
the difference between the internal and external frequency. In this context, the internal frequency is
the precession of the neutron in the magnetic field and the external frequency is used for timing the
π
2 -pulses. The Rabi-frequency describes the interaction with the external field, here the RF-field during
flipping pulses. During spin-flipping, the Rabi frequency is some non-zero value (depending on the field
strength used for flipping). Otherwise, it is zero. The experiment starts with a chamber full of neutrons
polarized to the “up” state (here by definition), leading to an inversion of w = ρ↑ – ρ↓ = 1 – 0 = 1. At
the start, the Bloch vector is:
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ρstart = ©«
0
0

+1

ª®¬ .

Without any flipping pulses (if the Rabi-frequency stays 0), the polarized neutrons in the external
magnetic field will stay in their present state as any detuning will not have any effect. However, a
π/2-pulse is applied, so the external field is activated, leading to rotation around the u-axis withΩR for
some time T and the neutrons are flipped in the u-v plane leading to the Bloch vector:

ρprecess = ©«
0

+1
0

ª®¬ .

Now, if the external frequency given by calculations coincides precisely with the neutron precession
frequency, the detuning is zero, and the system is static. Some time later, a second π/2-pulse (identical
to the first one) is applied and one will get to the vector:

ρstop = ©«
0
0

–1

ª®¬ .

After the experiment, all neutrons will be detected to be in the “down” state. Here, the three vectors
correspond exactly to the steps given in section 3.1 (flip, free precession, flip). However, assuming one
has an electric dipole moment, then the precession frequency of the neutrons will be different from the
expected/calculated one, leading to a non-zero detuning. In that case, after flipping the Bloch-vector
to the u-v-plane, it will precess around the w-axis with a frequency equal to the detuning. After some
time, one will gain a phase relative to the starting vector of δ · t. Finally, the second π/2-pulse will cause
a flip by π

2 around the u-axis. The result of this second flip will now depend on the accumulated phase.
For an accumulated phase of π, 3

2π, 5
2π, ... the Bloch-vector after the free precession will be

ρprecess = ©«
0

–1
0

ª®¬
and the second flip pulse (rotation around the u-axis) will lead to the result

ρstop = ©«
0
0

+1

ª®¬ ,

where all neutron are in the “up” state ( in contrast to the zero-detuning case where all neutrons
were “down”). This shows how the final distribution of up and down neutrons depends directly on
the accumulated phase. The more realistic scenario is that some arbitrary phase will be accumulated,
leading to some “random” Bloch-vector, with –1 < w < +1. Measuring the inversion (or the number of
neutrons in “up” and “down”) is, therefore, a direct measurement of the accumulated phase and allows
conclusions on the existence of a detuning. Hereby, the denotation of Ramsey’s method of separated
oscillating fields or clocks becomes clear as one measures the detuning between two frequencies. This
detuning, in turn, is, after ruling out other possible reasons, caused by the neutron dipole moment since
such a dipole moment will affect and alter the actual precession frequency (δ ≠ 0). As one can only
count the numbers of “up” and “down” neutrons, meaning one can only measure the inversion but not
the coherence, it is important to optimize the experiment so that the effect of an unexpected detuning
on the inversion is maximal. The projection of the Bloch-vector to the w-axis in respect to the angle
between vector and w-axis, following called α, is an cosine, leading to the change of the vector (one
wants to detect deviations) d

dtcos(α) = –sin(α). The point of maximal sensitivity can be calculated to
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Figure 100: The calculated absorption signal at 50µT. The behavior with two Lorentzian peaks is in
good accordance to the used fitting function.

be – d
dtsin(α) = cos(α) = 0 ⇒ α = π

2 corresponding to a situation where the Bloch-vector is orientated
along v after the free precession, and one has an equal number of “up” and “down” neutrons after the
measurement. This is identical to the experimental results obtained where one sets the working point
to the steepest point of the Ramsey fringe, between both extrema.

The neglected decay constant reduces the sensitivity of the overall measurement as the Bloch-vector
gets shorter and so, the measured projection of the vector along the w-axis also gets smaller. Therefore,
it is an important number for maximizing the signal amplitude. Again, these statements are valid for
the cesium optical magnetometry and the neutron experiment where a T2-time as large as possible is
favorable in both cases.

13.3 Absorption Measurement

During absorption-spectroscopy to obtain the cesium density (see section 5.8), the fitting curve used
for cesium features two Lorentzian peaks (a prominent absorption peak at the F4 resonance and a
smaller at F3). This is in agreement with the calculated absorption behavior in figure 100 where the
absorption at 50µT (earth-field) is calculated. Here, a very short T1 time of 10 ms was assumed as
spectral lines and features (like absorption peaks) gets narrower for higher coherence times. A more
detailed calculation with much smaller detuning steps would be required to sample these narrower
peaks, which significantly increases the computational effort.

On some occasions, the obtained signal differed from the expected behavior: First, the F3-absorption
appeared to be smeared out (and barely visible) and second, the F4-absorption showed a side peak. The
reason for this behavior was somewhat unclear, especially as it seems to appear and disappear during
measurements. Here, this calculation gives a possible answer to the observed behavior. When analyzing
the absorption behavior of the simulated signal (which is very similar to the T1-setup when used for
absorption measurements), for low magnetic fields (< 1 mT), the obtained signal is in good accordance
to the expected behavior with a small absorption peak for F3 and a large one for F4. However, calculating
the same absorption curve with a larger background field of 20 mT, the absorption shows exactly the
described deviation.

As a consequence of this calculation (figure 101), one can conclude that the deviation from the ex-
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Figure 101: Calculating the absorption behavior under a background field (20 mT). A second peak man-
ifests at the F4-resonance, and the F3-resonance is smeared out and barely visible.

pected fitting curve during the vapor-pressure measurements is likely linked to a magnetic field. During
T1 measurements, a magnetic field is generated by coils. An inexperienced operator may overlook stop-
ping the power supply before switching to absorption measurements. Also, as several experiments are
nearby and the setup is not shielded, stray magnetic fields or magnetic components may be responsible
for this effect. This is a good example of how even simple calculations like a static and time-independent
atom can be helpful to get a better understanding of the system and the observed effects.
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14 Appendix C: Images and Illustrations

Figure 102: The location where cesium sensors are placed, directly below the SQUID dewar.

Figure 103: Front view of sensors. The second from the right is an experimental version with a different
design.
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Figure 104: A laser level system can be used to position sensors.

Figure 105: Another view of the sensor array. Several sensors are positioned inside a Helmholtz-coil
system at the center of the shielded room at PTB. At the center, the Dewar of the SQUID is
visible.
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Figure 106: New sensors (right) and legacy sensors (left) can be operated parallel if necessary.

Figure 107: A sensor during assembly (early stage). Pump and Probe fiber is visible

Figure 108: The effect of the index matching gel is visible at the prism.
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Figure 109: The polarimeter boards are not shielded and, thus, susceptible to electronic noise and am-
bient light.

15 Appendix D: Scripts

FPD-fitting Script

1 import numpy as np
2 import m a t p l o t l i b . p y p l o t as p l t
3 from s c i p y . o p t i m i z e import c u r v e _ f i t
4 import gc
5 from s c i p y . s i g n a l import b u t t e r , l f i l t e r , f i l t f i l t
6
7 def f i t _ f u n c t i o n ( t , A , B , C , D , E ) :
8 return (A∗ np . exp ( − t / B ) ∗ np . s i n ( 2 ∗ np . p i ∗C ∗ t +D) ) +E
9 def bandpass ( data , low , high , r a t e , o r d e r =2 ) :

10 b , a = b u t t e r ( order , [ low , h igh ] , f s = r a t e , b type = ’ bandpass ’ )

11 return l f i l t e r ( b , a , d a t a )
12
13 # F i t t i n g − r o u t i n e , s t a r t s w i th f i l e { f o l d e r } / { s e c t i o n } . s ampra t e =

d i g i t i z e r − f r e q , FPDra t e =FPD / s , f i t l e n =70ms p e r FPD ( ~ T2 )
14 def f i t t i n g ( f o l d e r , s e c t i o n , sampra te = 2 0 0 0 0 0 . , FPDrate =8 , f i t l e n = 0 . 0 7 ) :
15 gc . c o l l e c t ( ) # a v o i d s t h a t s c r i p t run s ou t o f RAM
16 # D i s t a n c e be tween FPDs and l e n g t h o f s i g n a l
17 jumpdis = in t ( sampra te / FPDrate )
18 s i g d i s = in t ( f i t l e n ∗ sampra te )
19 # I n i t i a l Gu e s s e s f o r S e n s o r s 1−4 i n [ Ampl i tude , T2 , F r equency ,

Phase , O f f s e t ]
20 popt_gu_0 = [ 4 0 0 . , 0 . 0 7 , 1 4 8 6 6 , 0 . 0 , 0 . 0 ]
21 popt_gu_1 = [ 5 0 0 . , 0 . 0 7 , 1 4 8 6 9 , 0 . 0 , 0 . 0 ]
22 popt_gu_2 = [ 4 0 0 . , 0 . 0 7 , 1 4 8 6 7 , 0 . 0 , 0 . 0 ]
23 popt_gu_3 = [ 4 0 0 . , 0 . 0 5 , 1 4 8 6 6 , 0 . 0 , 0 . 0 ]
24 print ( " f i t t i n g _ 0 0 0 0 0 { } / 0 0 { : 0 2 d } " . format ( f o l d e r , s e c t i o n ) )
25 d a t a = np . f r o m f i l e ( " 0 0 0 0 0 { } / 0 0 { : 0 2 d } " . format ( f o l d e r , s e c t i o n ) ,

d type = " i n t 1 6 " ) # Fo r 16− b i t d i g i t i z e r
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26 # S e l e c t c h a nn e l s ( h e r e 1 , 3 , 5 , 7 )
27 datY_0 = d a t a [ 0 : : 1 6 ]
28 datY_1 = d a t a [ 2 : : 1 6 ]
29 datY_2 = d a t a [ 4 : : 1 6 ]
30 datY_3 = d a t a [ 6 : : 1 6 ]
31 # D i g i t i z e r s p e c i f i c : o n l y e v e r y 2nd da ta p o i n t i s v a l i d
32 datY_0 = datY_0 [ 0 : : 2 ]
33 datY_1 = datY_1 [ 0 : : 2 ]
34 datY_2 = datY_2 [ 0 : : 2 ]
35 datY_3 = datY_3 [ 0 : : 2 ]
36 # F i t t i n g − r e s u l t s ou tpu t − f i l e s
37 f _ o u t p u t _ 0 = open ( ’ R e s u l t s / f i t t i n g _ 0 _ { } _ { } . t x t ’ . format ( f o l d e r

, s e c t i o n ) , ’w ’ )
38 f _ o u t p u t _ 1 = open ( ’ R e s u l t s / f i t t i n g _ 1 _ { } _ { } . t x t ’ . format ( f o l d e r

, s e c t i o n ) , ’w ’ )
39 f _ o u t p u t _ 2 = open ( ’ R e s u l t s / f i t t i n g _ 2 _ { } _ { } . t x t ’ . format ( f o l d e r

, s e c t i o n ) , ’w ’ )
40 f _ o u t p u t _ 3 = open ( ’ R e s u l t s / f i t t i n g _ 3 _ { } _ { } . t x t ’ . format ( f o l d e r

, s e c t i o n ) , ’w ’ )
41 # I f n e c e s s a r y , FPDs can be c h e c k e d v i a P l o t
42 ’ ’ ’ p l t . p l o t ( bandpa s s ( da tY_0 [ 0 : 5 0 0 0 0 ] , 1 4 8 4 0 , 1 4 8 8 0 , 2 0 0 0 0 0 )

)
43 p l t . show ( )
44 p l t . p l o t ( bandpa s s ( da tY_1 [ 0 : 5 0 0 0 0 ] , 1 4 8 4 0 , 1 4 8 8 0 , 2 0 0 0 0 0 ) )
45 p l t . show ( )
46 p l t . p l o t ( da tY_1 [ 0 : 5 0 0 0 0 ] [ 0 : : 2 ] )
47 p l t . show ( )
48 p l t . p l o t ( bandpa s s ( da tY_2 [ 0 : 5 0 0 0 0 ] , 1 4 8 4 0 , 1 4 8 8 0 , 2 0 0 0 0 0 ) )
49 p l t . show ( )
50 p l t . p l o t ( bandpa s s ( da tY_3 [ 0 : 5 0 0 0 0 ] , 1 4 8 4 0 , 1 4 8 8 0 , 2 0 0 0 0 0 ) )
51 p l t . show ( )
52 ’ ’ ’
53 f i r s t = 1 # F i r s t FPD o f chunk i s p l o t t e d as ch e c k
54 jump=0 # S t a r t a t t h e b e g i n n i n g o f f i l e
55 t ime =np . arange ( 0 , f i t l e n , 1 / sampra te ) # t ime a x i s f o r f i t t i n g
56
57 # Op t i on A : Automat i z ed s t a r t i n g p o i n t r e c o g n i t i o n , S t a r t i n g

p o i n t = maximum amp l i t u d e + 5ms s t a r t e r =np . ab s (
bandpa s s ( da tY_0 [ : 2 ∗ j umpd i s ] , pop t_gu_0 [ 2 ] − 6 0 , pop t_gu_0
[ 2 ] + 6 0 , s ampra t e ) ) [ j umpd i s : ]

58 o f f s e t =np . argmax ( s t a r t e r ) + jumpdis + 0 . 0 0 5 ∗ samprate
59 o f f s e t = in t ( o f f s e t )
60
61 # Op t i on B : Manual s t a r t i n g p o i n t
62 # o f f s e t =76300 −1400+42650+25000
63
64 # Show FPD s i g n a l ( i f n e c e s s a r y )
65 p l o t t e r = bandpass ( da tY_0 [ o f f s e t −2 5 0 0 0 : o f f s e t + 5 0 0 0 0 ] , ( popt_gu_0

[ 2 ] ) −60 , ( popt_gu_0 [ 2 ] ) +60 , r a t e = sampra te ) [ 2 5 0 0 0 : 5 0 0 0 0 ]
66 c s _ t i m e =np . arange ( 0 , len ( p l o t t e r ) / 2 0 0 , 1 / 2 0 0 . )
67 f i g = p l t . f i g u r e ( num=None , f i g s i z e = ( 1 0 , 5 ) , d p i =100 ,
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f a c e c o l o r = ’w ’ , e d g e c o l o r = ’ k ’ )
68 ax = f i g . a d d _ s u b p l o t ( 1 , 1 , 1 )
69 ax . s e t _ x l a b e l ( " Time ␣ [ ms ] " , f o n t s i z e =24 )
70 ax . s e t _ y l a b e l ( " S i g n a l ␣ [mV] " , f o n t s i z e =24 )
71 # p l t . l o c a t o r _ p a r am s ( n b i n s =3 )
72 p l t . x t i c k s ( f o n t s i z e =24 )
73 p l t . y t i c k s ( f o n t s i z e =24 )
74 p l t . t i t l e ( " S i n g l e ␣ FPD ␣ s i g n a l ␣ ( bandpass ␣ f i l t e r e d ) " , f o n t s i z e

=24 )
75 p l t . p l o t ( c s_ t ime , p l o t t e r )
76 p l t . show ( )
77
78 # San i t y −Check , a l l v a l u e s must be whole −numbered ( w i t h i n

nume r i c a l p r e c i s i o n ) .
79 print ( sampra te / FPDrate )
80 print ( f i t l e n ∗ sampra te )
81 # Here s t a r t s t h e f i t t i n g r o u t i n e , i t w i l l c o n t i n u e f i t t i n g

u n t i l a l l f i l e s i n t h e f o l d e r a r e ana l y z ed
82 while True :
83 # i f end o f c u r r e n t f i l e , open n e x t f i l e
84 i f ( o f f s e t + s i g d i s + ( jump +1) ∗ jumpdis ) > len ( da tY_0 ) :
85 # i f l a s t f i l e i n f o l d e r , open n e x t f o l d e r

i n s t e a d
86 i f s e c t i o n ==99 :
87 f o l d e r = f o l d e r +1
88 s e c t i o n =0
89 e l se :
90 s e c t i o n = s e c t i o n +1
91 print ( " f i t t i n g _ 0 0 0 0 0 { } / 0 0 { : 0 2 d } " . format (

f o l d e r , s e c t i o n ) )
92 # open new f i l e s
93 d a t a = np . f r o m f i l e ( " 0 0 0 0 0 { } / 0 0 { : 0 2 d } " . format (

f o l d e r , s e c t i o n ) , d type = " i n t 1 6 " )
94 datY_0_a = d a t a [ 0 : : 1 6 ]
95 datY_0_a = datY_0_a [ 0 : : 2 ]
96 datY_1_a = d a t a [ 2 : : 1 6 ]
97 datY_1_a = datY_1_a [ 0 : : 2 ]
98 datY_2_a = d a t a [ 4 : : 1 6 ]
99 datY_2_a = datY_2_a [ 0 : : 2 ]

100 datY_3_a = d a t a [ 6 : : 1 6 ]
101 datY_3_a = datY_3_a [ 0 : : 2 ]
102 # append new f i l e s t o o l d d a t e ( t o r e c o n s t r u c t

c o n t i n o u s da ta s t r e am )
103 datY_0 =np . append ( datY_0 , da tY_0_a ) [ o f f s e t + (

jump −1 ) ∗ jumpdis : ]
104 datY_1 =np . append ( datY_1 , da tY_1_a ) [ o f f s e t + (

jump −1 ) ∗ jumpdis : ]
105 datY_2 =np . append ( datY_2 , da tY_2_a ) [ o f f s e t + (

jump −1 ) ∗ jumpdis : ]
106 datY_3 =np . append ( datY_3 , da tY_3_a ) [ o f f s e t + (

jump −1 ) ∗ jumpdis : ]
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107 #new pa rame t e r f o r c o n t i n u i n g f i t t i n g a t t h e
c o r r e c t p o s i t i o n

108 o f f s e t =0
109 jump=1
110 f i r s t =1
111 gc . c o l l e c t ( )
112 print ( ’ l o a d e d ’ )
113 continue
114 # o t h e r w i s e j u s t f i t
115 e l se :
116 # F i l t e r each FPD i n d i v i d u a l l y t o a v o i d

r e g u l a r p a t t e r n FPD_y_0=
bandpa s s ( da tY_0 [ o f f s e t + ( jump −1 ) ∗ j umpd i s :
o f f s e t + s i g d i s + ( jump +1 ) ∗ j umpd i s ] , pop t_gu_0
[ 2 ] − 3 0 , pop t_gu_0 [ 2 ] + 3 0 , s ampra t e ) [ j umpd i s :
j umpd i s + s i g d i s ]
FPD_y_1= bandpa s s ( da tY_1 [ o f f s e t + ( jump −1 ) ∗
j umpd i s : o f f s e t + s i g d i s + ( jump +1 ) ∗ j umpd i s ] ,
pop t_gu_1 [ 2 ] − 3 0 , pop t_gu_1 [ 2 ] + 3 0 , s ampra t e ) [
j umpd i s : j umpd i s + s i g d i s ]

FPD_y_2= bandpa s s ( da tY_2 [ o f f s e t + (
jump −1 ) ∗ j umpd i s : o f f s e t + s i g d i s + ( jump +1 ) ∗
j umpd i s ] , pop t_gu_2 [ 2 ] − 3 0 , pop t_gu_2 [ 2 ] + 3 0 ,
s ampra t e ) [ j umpd i s : j umpd i s + s i g d i s ]

FPD_y_3= bandpa s s ( da tY_3 [
o f f s e t + ( jump −1 ) ∗ j umpd i s : o f f s e t + s i g d i s + (
jump +1 ) ∗ j umpd i s ] , pop t_gu_3 [ 2 ] − 3 0 , pop t_gu_3
[ 2 ] + 3 0 , s ampra t e ) [ j umpd i s : j umpd i s + s i g d i s ]

# i f f i r s t FPD o f
f i l e , p l o t FPD as s a n i t y ch e c k

117 i f f i r s t == 1 :
118 f i g = p l t . f i g u r e ( num=None , f i g s i z e

= ( 1 0 , 5 ) , d p i =100 , f a c e c o l o r = ’w ’ ,
e d g e c o l o r = ’ k ’ )

119 p l t . p l o t ( t ime , FPD_y_0 )
120 p l t . s a v e f i g ( " R e s u l t s / Raw_0_ { } _ { } . png "

. format ( f o l d e r , s e c t i o n ) )
121 p l t . c l o s e ( )
122 p l t . p l o t ( t ime , FPD_y_1 )
123 p l t . s a v e f i g ( " R e s u l t s / Raw_1_ { } _ { } . png "

. format ( f o l d e r , s e c t i o n ) )
124 p l t . c l o s e ( )
125 p l t . p l o t ( t ime , FPD_y_2 )
126 p l t . s a v e f i g ( " R e s u l t s / Raw_2_ { } _ { } . png "

. format ( f o l d e r , s e c t i o n ) )
127 p l t . c l o s e ( )
128 p l t . p l o t ( t ime , FPD_y_3 )
129 p l t . s a v e f i g ( " R e s u l t s / Raw_3_ { } _ { } . png "

. format ( f o l d e r , s e c t i o n ) )
130 p l t . c l o s e ( )
131 f i r s t = 0
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132 # f i t t i n g
133 try :
134 popt_0 , pcov_0 = c u r v e _ f i t (

f i t _ f u n c t i o n , t ime , FPD_y_0 ,
popt_gu_0 )

135 popt_1 , pcov_1 = c u r v e _ f i t (
f i t _ f u n c t i o n , t ime , FPD_y_1 ,
popt_gu_1 )

136 popt_2 , pcov_2 = c u r v e _ f i t (
f i t _ f u n c t i o n , t ime , FPD_y_2 ,
popt_gu_2 )

137 popt_3 , pcov_3 = c u r v e _ f i t (
f i t _ f u n c t i o n , t ime , FPD_y_3 ,
popt_gu_3 )

138 # Th i s s h ou l d no t happen
139 except :
140 jump=jump+1
141 continue
142 print ( ’ E r r o r : ␣ F i t ␣ f a i l e d ’ )
143 # San i t y − ch e c k t o s k i p not − c o n v e r g e d f i t s (

s h o u l d no t happen ) and s av e f i t v a l u e s .
I n i t i a l g u e s s e s f o r n e x t f i t = f i t t e d
v a l u e o f l a s t one

144 i f np . s q r t ( pcov_0 [ 2 ] [ 2 ] ) / 0 . 0 0 7 < 0 . 2 and np .
s q r t ( pcov_1 [ 2 ] [ 2 ] ) / 0 . 0 0 7 < 0 . 2 and np . s q r t (
pcov_2 [ 2 ] [ 2 ] ) / 0 . 0 0 7 < 0 . 2 and np . s q r t ( pcov_3
[ 2 ] [ 2 ] ) / 0 . 0 0 7 < 0 . 5 :

f _ o u t p u t _ 0 . w r i t e ( " { } ␣ \ t ␣ { }
␣ \ t ␣ { } ␣ \ t ␣ { } ␣ \ t ␣ { } ␣ \ n " . format ( popt_0 [ 0 ] ,
popt_0 [ 1 ] , popt_0 [ 2 ] , popt_0 [ 2 ] / 0 . 0 0 7 , np .
s q r t ( pcov_0 [ 2 ] [ 2 ] ) / 0 . 0 0 7 ) )

popt_gu_0 = popt_0
145 f _ o u t p u t _ 1 . w r i t e ( " { } ␣ \ t ␣ { } ␣ \ t ␣ { } ␣ \ t ␣

{ } ␣ \ t ␣ { } ␣ \ n " . format ( popt_1 [ 0 ] ,
popt_1 [ 1 ] , popt_1 [ 2 ] , popt_1
[ 2 ] / 0 . 0 0 7 , np . s q r t ( pcov_1 [ 2 ] [ 2 ] )
/ 0 . 0 0 7 ) )

popt_gu_1 = popt_1
146 f _ o u t p u t _ 2 . w r i t e ( " { } ␣ \ t ␣ { } ␣ \ t ␣ { } ␣ \ t ␣

{ } ␣ \ t ␣ { } ␣ \ n " . format ( popt_2 [ 0 ] ,
popt_2 [ 1 ] , popt_2 [ 2 ] , popt_2
[ 2 ] / 0 . 0 0 7 , np . s q r t ( pcov_2 [ 2 ] [ 2 ] )
/ 0 . 0 0 7 ) )

popt_gu_2 = popt_2
147 f _ o u t p u t _ 3 . w r i t e ( " { } ␣ \ t ␣ { } ␣ \ t ␣ { } ␣ \ t ␣

{ } ␣ \ t ␣ { } ␣ \ n " . format ( popt_3 [ 0 ] ,
popt_3 [ 1 ] , popt_3 [ 2 ] , popt_3
[ 2 ] / 0 . 0 0 7 , np . s q r t ( pcov_3 [ 2 ] [ 2 ] )
/ 0 . 0 0 7 ) )

popt_gu_3 = popt_3
148 e l se :
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149 print ( ’ E r r o r : ␣ Bad ␣ F i t ’ )
150 jump=jump+1
151
152 # S t a r t f i t t i n g i n f o l d e r 1 a t f i l e 1
153 f i t t i n g ( 1 , 1 )
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