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Abstract

This work introduces a laser-based 1%Hg co-magnetometer into the experiment searching
for a permanent neutron electric dipole moment (nEDM) at the Paul Scherrer Institute,
Villigen, Switzerland.

The work discusses in detail the advantages of an ultraviolet (UV) laser light source for
the 9Hg co-magnetometer in comparison to the 2**Hg discharge bulbs used so far.

A UV laser system has been commissioned and frequency stabilized with the necessary
accuracy. The Doppler- and frequency-modulation-free technique of Sub-Doppler Dichroic
Atomic Vapor Laser Lock used to frequency stabilize the UV laser light and the experi-
mental setup are described and discussed in detail.

The laser-based "’Hg co-magnetometer showed a more than five times increased signal-
to-noise-ratio in a direct comparison measurement. The laser-based *Hg co-magnetometer
satisfies the sensitivity requirements for the next generation nEDM experiment (n2EDM).

Two models for the signal generation in the ""Hg co-magnetometer are developed to
explain the increased magnetometry signal. These models are used to identify possibilities
for increasing the magnetometer sensitivity even further.

A detailed model of the optical pumping process used to spin polarize the 'Hg atoms
in the nEDM setup is presented. It turns out that the achievable spin polarization seems
not to be limited by light-induced depolarization of '’Hg atoms.

The measurement of paramagnetic rotation as an alternative to light absorption to gen-
erate the " Hg co-magnetometry signal in the nEDM geometry is discussed. Furthermore,
possible benefits of using several even Hg isotopes on the magnetometry signal decay time
are considered.






Zusammenfassung

Die vorliegende Arbeit beschreibt die Realisierung eines laserbasierten **Hg Komagne-
tometers fiir die Suche nach einem permanenten elektrischen Dipolmoment des Neutrons
(nEDM) am Paul Scherrer Institut, Villigen, Schweiz.

Die Vorteile eines ultravioletten (UV) Lasers gegeniiber den bisher als Lichtquelle ver-
wendeten 2**Hg Entladungslampen werden detailiert diskutiert.

Ein UV Lasersystem wurde in Betrieb genommen und dessen Lichtfrequenz mit der fiir
das 1%Hg Komagnetometer erforderlichen Genauigkeit stabilisiert. Die Frequenzstabilisie-
rung erfolgt mit einer Doppler-freien Methode, ohne zusatzliche Frequenzmodulation des
Lichts. Das Konzept und die experimentelle Umsetzung werden im Detail beschrieben und
erklart.

In einer ersten, direkten Vergleichsmessung zeigte das laserbasierte 1%Hg Komagneto-
meter ein um mehr als das Fiinffache hoheres Signal-Rausch-Verhaltnis. Es konnte gezeigt
werden, dass das laserbasierte Hg Komagnetometer die Sensitivitdtsanfordungen fiir ein
nEDM Experiment der néchsten Generation (n2EDM) erfiillt.

Zwei Modelle der Signalentstehung im "*Hg Komagnetometer werden ausgearbeitet,
um das vergrosserte Messsignal zu erkldren. Aus diesen Modellen werden zusétzliche Mog-
lichkeiten abgeleitet, um die Magnetometersensitivitat in Zukunft weiter zu erhohen.

Der Aufbau der Spinpolarisation der **Hg Atome erfolgt durch optisches Pumpen. Der
Vorgang wird fiir die Anordung des nEDM Experiments modelliert. Dabei stellt sich heraus,
dass die erreichbare Gleichgewichtspolarisation nicht durch lichtinduzierte Depolarisation
beschrénkt zu sein scheint.

Der Effekt der paramagnetischen Drehung wird als Alternative zur Messung von Licht-
absorption zur Erzeugung des Magnetometersignals diskutiert. Weiterhin wird die Mog-
lichkeit diskutiert durch Zugabe von Hg Isotopen mit gerader Nukleonenzahl die charak-
teristische Signalzerfallszeit zu verldngern.
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Chapter 1

Introduction

The search for a permanent electric dipole moment of the neutron (nEDM) is at the
forefront of modern particle physics. With its long standing history it has served to test the
modern quantum field theory formulation of the standard model (SM) of particle physics
which is based on the concept of gauge fields and their symmetries. In 1950, E. Purcell
and N.Ramsey were the first ones to point out that these symmetry assumptions must
be tested experimentally [PR50]. They proposed to test the conservation of time reversal
symmetry by the search for a permanent electric dipole moment (EDM) of the neutron and
published a first experimental upper limit in 1957 together with J. Smith in Ref. [SPR57].
Since then searches for EDMs have been performed in many different molecular, atomic
and subatomic systems but up to date no finite value has been found and only upper
experimental limits have been set.

The importance of experimental tests of symmetries was demonstrated in the same year
when the violation of parity (P) symmetry was observed in the weak interaction. First in
nuclear beta decay by C.Wu et al. [WAHT57| and shortly after in the decay of charged
7 mesons by R.Garwin et al. |[GLW57] and by J. Friedman and V. Teledgi [F'T57]. The
combined symmetry operation of charge conjugation and parity (CP) relates the matter
and anti-matter particles observed in nature. The assumption that this could be a good (a
conserved) symmetry of nature was disproven in 1964 by J. Christenson et al. [CCETG64].
They observed the decay of neutral K mesons into two and three pions. Furthermore,
due to our own existence it appears obvious that during the evolution of the universe
CP symmetry was broken as we live in a matter dominated universe. Calculations of the
expected baryonic matter/anti-matter asymmetry of the universe (BAU) based on the CP
violation found in the neutral meson systems fall short by about eight orders of magnitude
relative to the BAU as extracted from the observation of the cosmic microwave background
(CMB) [Rio98].

Besides the unexplained BAU there are two other long-standing puzzles in modern
(astro-)particle physics. The first one was pointed out by F.Zwicky as early as 1933
[Zwi33, Zwi3T]. Studies of the rotation curves of spiral galaxies revealed that these galaxies
cannot be bound only by the gravitational interaction of their visible (i.e. electromagneti-
cally interacting) matter. There has to be much more ‘dark matter’ than visible ordinary

17



18 CHAPTER 1: INTRODUCTION

matter in these galaxies to provide enough gravitational interaction to counterbalance the
centrifugal forces. The second puzzle (a bit younger than the first one) comes from the
studies of type Ia super novae. Their results have established that the universe is ex-
panding at an accelerated rate while attractive gravity would decelerate the expansion
[PAGT99, RECT98]. The acceleration effect is attributed to the so-called ‘dark energy’ as
the physical origin of this effect is yet unclear. The most recent observations of the CMB
by the Planck satellite imply that ordinary matter as described in the SM makes up only
about 4.9% of the energy content of the universe, while dark matter contributes about
26.5 % and dark energy about 68.5 % [AAACT13].

Despite these shortcomings the SM has withstood a near endless list of high and low
energy precision tests. The discovery of the long sought Higgs boson at the Large Hadron
Collider (LHC) of CERN with a mass of about 126 GeV /cy? [Ac12, [Cc12] is one of its most
recent successes. Furthermore no proof for physics beyond the SM has been found within
the energy range investigated by the LHC so far, suggesting that the SM is valid at least
up to the TeV range. But despite its successes one has to conclude that the current version
of the SM cannot be a complete description of the universe we see and that extensions
have to be added to the SM to explain all observations. A large number of theoretical
models have been developed to extend the SM seeking explanations for the yet unsolved
problems like the BAU, dark matter, and dark energy. While offering solutions to the
problems mentioned above many models predict EDMs orders of magnitude larger than in
the SM. Since any EDM induced by the electroweak interaction in the SM is suppressed
by many orders of magnitude below the experimental sensitivity accessible now or in the
near future, searches for EDMs provide a probe for new physics beyond the SM free from
electroweak background contributions. For CP violating effects in the strong interaction
(QCD) part of the SM extremely stringent bounds are already provided by the current
lowest upper limit on a nEDM.

The existing bound on the nEDM d, < 2.9 x 10726 ¢-cm 90 % CL [BDGT06] restricts
the so-called 6-term in QCD to as low as ~ 107'°. A first solution to the question why
the f-term is so (surprisingly) small was proposed by R.Peccei and H. Quinn in 1977 in
Ref. [PQ77]. A new hypothetical particle, the so-called axion around the energy scale of
the electroweak interaction was postulated but is meanwhile ruled out by experiments.
But axions or axion-like particles at different energy scales are still up for discovery in case
they exist. Thus one can conclude that searches for EDMs at the low energy, but high
intensity, edge of the SM are at the forefront of modern particle physics. Complementary to
efforts of direct observation of new physics at the high energy frontier, low energy precision
measurements continue to test theories of physics beyond the standard model of particle
physics.

1.1 Dipole moments and symmetries

Symmetries are encountered very often in every day life, mostly in the geometrical context.
While a triangle or a square have discrete symmetries (only rotations through certain
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angles leave these objects unchanged), a circle is an object with continuous symmetry
(an arbitrarily small or large rotation around the center leaves the circle unchanged). Also
physical quantities can, in general, be characterized by their transformation behavior under
certain discrete or continuous parameter transformations. A physical quantity is said to
be symmetric under a certain operation if it remains unchanged. On the other hand a
symmetry is said to be broken if the considered quantity changes and thus allows one to
distinguish between the system’s state before and after the symmetry operation.

The fundamental laws of energy, momentum or angular momentum conservation can be
derived for a physical system that shows local continuous symmetry under time translation,
spatial translation or angular rotation |[Noel8]. The concept of symmetries has proven
extremely useful for understanding the underlying structures of the SM. In the context of
this work the most relevant discrete parameter transformations are the following:

« parity operation (P): x — —x, inversion of all spatial coordinates (for an odd number
of space dimensions)

« charge conjugation operation (C): ¢ — —q, inversion of all charges

« time reversal operation (T) : ¢ — —t, inversion of the direction of time.

In the SM the weak interaction is not invariant under the C operation. It only acts on
left-handed particle or right-handed anti-particle states. The C operation transforms, e.g.,
left-handed particle into left-handed anti-particle states that are not observed in nature.
Only the combined operation of C'P relates the left-handed particle and right-handed anti-
particle states which are observed.

To show the importance of the transformation behavior under the discrete parity and
time reversal symmetry operations the electromagnetic interaction of a spin 1/2 particle f
(charge @ e) with a combination of electric E and magnetic B fields is presented according
to the arguments of A. Czarnecki and W. Marciano in Ref. [RM10]. The matrix elements of
the electromagnetic current J, between the initial and the final state of a spin 1/2 particle
(mass my) with initial four-momentum p and final four-momentum p’ are given by

(£ W) 1T (0) = iy () Dy (p) (1.1)
where u and u represent the Dirac spinors and I',, is given by
(@) = Fi () v+ iF2 (¢2) owd” = Fs () 05 + Fa (%) (1uq® = 2mpqu) 75 (1.2)

where ¢ = p’ — p is the four-momentum transfer, o, = % [V 7] and 5 are combinations
of the Dirac matrices and the form factors Fi, F5, F5 and Fy describe the electric charge,
the anomalous magnetic moment, the electric dipole moment and the anapole moment of
the particle in the limit of ¢ — 0,

Fi(0) =Qye, (1.3)
F3(0) = a; Qr5— (1.4)

Fy (0) = d; Q. (15)
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Table 1.1: Transformation behavior of the electric field E, the magnetic field B and the
spin s under the discrete time reversal transformation T, the parity operation P and the
charge conjugation operation C.

The effective dipole interaction Hamiltonian is given by

1, - - ,
Haipore = =5 (iFsfousf + Faf o f) F* (1.6)

where F* is the electromagnetic field tensor. According to A. Czarnecki and W. Marciano
this approach can be extended to neutral spin 1/2 particles like the neutron by replacing
the charge )¢ with the charge of the particle’s isospin partner. For the neutron the isospin
partner is the proton, thus @, = +1.

In the 'non- relativistic’ limit, the interaction Hamiltonian is given by

Hoome = —dE — pB = (—dE — uB) > (1.7)
S

where g is the magnetic dipole and d the electric dipole moment of the particle. The
sign of d determines the relative orientation of the electric and magnetic dipole moment
but is unknown as no finite EDM value has been detected to date. According to the
Wigner-Eckart theorem the highest rank moment for a spin 1/2 particle are dipole moments
proportional to the spin. The anapole moment vanishes in the case of a single nucleon.
Thus the electromagnetic interaction is quantum mechanically fully described by .
The two dipole moments have to be aligned parallel or anti-parallel to the spin s as this is
the only well defined direction of the system without external fields. The transformation
behavior of can be derived from the transformation behavior of its single constituents
as listed in Table [I.1] and depicted in Figure [1.1]

Parity
As can be seen from Table the parity operation changes (1.7 to

Hnonrel,P = _d(_E) - /J/B # Hnonrel (18)

The part related to the electric dipole moment violates the symmetry while the part related
to the magnetic dipole moment conserves the symmetry.
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Figure 1.1: The electromagnetic dipole interaction with external fields under the time
reversal T and parity P operation.

Time reversal symmetry

In the same way it can be seen from Table that the time reversal operator changes

t
Hnonrel,T = _(_d>E - <_“)<_B) 7é Hnonrel (19)

The part related to the electric dipole moment violates the symmetry while the part related
to the magnetic dipole moment conserves the symmetry.

The interaction of the electric dipole moment with the electric field breaks the symmetry
explicitly as the Hamiltonian /Lagrangian of the system is not invariant under the symmetry
operation. If the Lagrangian of a system possesses the symmetry, but its energetic ground
state does not then the symmetry is said to be spontaneously broken.

CP and CPT violation

The CPT theorem [Lud57, Bel55, [Paub7] states that for any local Lorentz-covariant field
theory of a point-like particle, the combined application of charge conjugation C, parity P
and time reversal T operation has to leave the Hamiltonian in ((1.7) unchanged. Thus the
breaking of T symmetry by a permanent electric dipole moment implies the breaking of
the CP symmetry as well, in case the CPT theorem applies. Furthermore EDM limits can

be used to constrain CPT odd, but CP even effects [BPROS].
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1.2 Sources of CP violation and nEDM predictions
within the SM

Within the SM there are two sources of CP violation. The first one lies within the elec-
troweak sector. As the mass eigenstates of the quarks (unprimed) are not identical to
their weak interaction eigenstates (primed) the weakly interacting quark states are super
positions of the mass eigenstates. Both eigenstates are connected by the 3 x 3 Cabbibo-
Kobayashi-Maskawa matrix (CKM matrix, Vexy [KMT73]):

d %d Vus ‘/;J.b d
s’ = V;d ‘/cs ‘/cb X S . (1 . 10)
v Via Vis Vib b

One possible parameterization (including a global phase transformation of the quark states)
of this matrix was proposed by L. Chau and W. Keung in Ref. [CK84]

0

C12C13 512C13 S12€
_ 19 1)
Vekm = | —S12C23 — C12523513€"  C12C23 — S12523513€" $23C13 |, (1-11)
512523 — 0120235136"5 —012523813615 co3cl3

where ¢;; = cos 5, s;; = sinfj; and d is a phase inducing all CP-violating effects observed,
e.g., in the decay of neutral K mesons. The three angles and the phase parameter have
the following experimental values [Grol2]:

015 = (13.024 £ 0.038)° (1.12)
0z = (0.20149919)° (1.13)
o3 = (236010958 (1.14)

§ = 1.20810 0 rad (1.15)

The largest matrix element related to 6 is sj2e™ ~ 3.5 x 1072 e~ revealing that CP
violation in the electroweak quark sector is a small effect. However, there is a finite
contribution to the nEDM via a so-called strong penguin diagram shown in Figure [1.2
This contribution was calculated by M.B. Gavela et al. |[GYOT84] and by I.B. Khriplovich
et al. [KZ82] and was found to be

dy ~1x 107%? e-cm. (1.16)

The current best experimental upper limit d, < 2.9 x 1072 e-cm CL90% [BDGT06] lies
about six orders of magnitude above the value of (1.16]).

The second source of CP violation in the SM is related to the strong interaction de-
scribed by quantum chromodynamics (QCD). Below 1GeV the heavy particle degrees of
freedom in the Lagrangian can be integrated out (replaced by effective field theory con-
stants) to derive an effective Lagrangian for the low energy limit of the SM. The CP-odd
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Figure 1.2: In the SM the largest electroweak contribution to a nEDM comes from the
so-called strong-penguin diagram, that is enhanced via a chiral 7 loop. The picture is
taken from Ref. [PRO5].

terms can be ordered according to their dimension. The only CP-odd operator of dimension
4 is [PRO5]

2
_ 9s e A v,a
L£5P—odd — 3%29(;#”@“ : (1.17)

where g, is the coupling constant of the strong interaction, @ a scalar and G}, the gluon
field tensor of QCD. This CP-odd operator induces a nEDM on the order of [PR05]

dy, ~0-6x107""e-cm, (1.18)

e
where Ay.q is the cut-off scale of the effective field theory, m, = mymq/(m, + mq) is the
reduced quark mass with the masses of the u(d) quarks m,(mq). The current best upper
limit [BDGF06] for dy < 2.9 x 10726 e-cm CL 90 % restricts 0 to a value ~ 10~'°. This is
known as the strong CP problem. It is an open question why the value of € is so small.
In 1977 R. Peccei and H. Quinn [PQ77] proposed a new particle, the axion, to explain this
puzzle. While the originally proposed axion at the electroweak energy scale is ruled out by
experiment, axion-like particles still await their discovery in one of the various dedicated
experiments, in case they exist [Grol2]. For a more detailed review of the relation between
the strong CP problem and the axion the reader is referred to Ref. [KC10].

1.3 Sources of CP violation and nEDM predictions
beyond the SM

Most extensions of the SM assume that the SM is only a low energy limit of a more
fundamental high energy physics framework. High-energy effects can influence quantities,
that are measurable in the low-energy limit, via virtual particles in quantum loops. As
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Figure 1.3: Overview of the possible different sources of CP violation beyond the SM in
the systems accessible to direct measurements. Solid arrows indicate strong dependencies
between a certain parameter and an EDM in the system, while dashed lines represent
weaker dependencies. The scheme is taken from Ref. [PR05] with minor modification by
the author.

shown in Figure [I.3]fundamental CP-odd parameters can be expected to propagate from an
underlying high energy model (= T'eV') to the low energy limit that is probed by a variety
of experiments. As pointed out in the previous section, EDMs are a manifestation of CP
violation in case the CPT theorem is applicable. In [PR05] EDM searches in composite
systems are grouped into three subsets

o the neutron
 paramagnetic atoms and molecules (Cs, T1, YbF, PbO, ThO...)
 diamagnetic atoms (Hg, Ra, Rn, Xe, ...)

Searches for EDMs have also been performed in the leptonic sector of the SM. The only
fundamental fermion for which a direct experimental EDM limit exists [BBB'09] is the
muon, for the electron the limits are derived from measurements in composite (atomic
or molecular) systems. Depending on the energy scale, different manifestations of the
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fundamental CP-odd phases are probed, e.g., in terms of coupling constants or intrinsic
fundamental fermion EDMs.

For systems with substructure a detailed theoretical understanding is needed on all
energy levels involved in the system to relate the intrinsic parameters of the constituents
to the measurable properties of the combined system. In general this is a very difficult task.
For diamagnetic atoms like *Hg a measurable EDM of the atom can be generated via the
Schiff-mechanism [FG02] due to the finite size of the nucleus or via the interaction of the
nuclear EDM with the hyperfine interaction within the atom [PGEF11]. For a review on
the state of the art of nuclear EDM calculations the reader is referred to Ref. [ERMvEK13].
The effect of an intrinsic electron EDM on the diamagnetic atom is similarly difficult to
calculate. The most recent calculations for the "Hg atom, dating from the 1980’s, agree
in the order of magnitude, but not on the sign of the atomic EDM induced by an electron
EDM [MPOS87, [FK85, [FD12]. On the other hand a bare nucleon, e.g., a free neutron
offers direct access to its electric dipole moment but is much more difficult to obtain for
experimental investigations.

1.4 Current and prospective limits of EDM measure-
ments

As motivated in Figure[I.3|one can expect to find EDMs in many fundamental and compos-
ite systems. Therefore EDM searches have been performed for nearly all the given systems
over the past decades. Table gives an overview on the current best upper limits for
the EDMs of several particles and the systems in which they have been measured. The
currently lowest experimental upper limit for the EDM of any particle is provided by the
measurements on “Hg [GSLT09)

dig < 3.1 x107* e-cm (95 % CL).. (1.19)
For the nEDM the currently lowest upper limit was published in 2006 [BDG™T06]
dy <2.9 %107 e-cm (90 % CL) . (1.20)

Since then several collaborations worldwide have set out on the journey to improve the
nEDM limit.

The sensitivity scaling behavior of a typical Ramsey type nEDM experiment (as ex-
plained in detail in Section is given by

h

d)=_— "+
o (dn) 20 ET~/ N,

(1.21)
Here h is the reduced Planck constant, a the contrast between the two neutron spin states,
E the electric field strength felt by the neutron, T' the interaction time and Ny the number
of detected neutrons. A major improvement in sensitivity is expected from a larger number
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of detected neutrons. Currently most approaches make use of storable, so-called ultra-cold
neutrons (UCNs, see Section . These approaches can be roughly divided into two
subgroups:

e In-vacuum, room temperature experiments: The UCNs are extracted from a
UCN source into a vacuum chamber at room temperature. Spin precession experi-
ments are performed in this vacuum chamber that consists of conducting electrodes
(that can be charged to high voltage to provide the electric field) and an insulating
spacer. The main advantage is to avoid any cryogenic environment in the experiment
setup itself which allows, e.g., for short turn around times for component testing.
But extraction losses from the source can significantly lower the number of available
UCNSs. Detailed descriptions of these experiments can be found in the literature, e.g.,
in Refs. [BBBT11, IABC*13, MAH"12, SBE"11]

e Cryogenic experiments: In cryogenic experiments UCNs are directly produced in
superfluid helium by irradiation with a beam of cold neutrons. Thus one can avoid
extraction losses for the UCN and make use of the higher electric field that can be
applied across the superfluid helium. The long turn around times of large cryostats, in
the case that modifications of the experiment are necessary, is a major disadvantage.
Details on those experiments can be found, e.g., in Refs. [vdG09, Tto07].

Besides UCN experiments there is also an approach that makes use of the extremely large
internal electric fields available in non-centrosymmetric crystals to enhance the sensitivity
to a nEDM. In this case a beam of cold neutrons is passed through, e.g., a quartz crystal
where the orientation of the electric field depends on the relative position to the nuclear
planes [FJK09].

On a longer time scale all UCN nEDM experiments aim for a sensitivity in the d, ~
1 x 1072 e-cm range. The nEDM@PSI collaboration has chosen a two step approach. The
sensitivity goal for the nEDM®@PSI in a first phase is

dy <5 x107* e-cm (95 % CL).. (1.22)

For the second step with a new n2EDM spectrometer, which is currently being designed,
one aims at a sensitivity of

dy <5 x 107 e-cm (95 % CL). (1.23)

1.5 Ultra-cold neutrons

The nEDM®@PSI as described in Chapter [2is performed with so-called ultra-cold neutrons
(UCN). Ultra-cold neutrons have very low kinetic energies such that they are reflected from
a material surface under all angles of incidence. The following subsections summarize the
most important properties of UCN relevant for the nEDM experiment. A short subsection
is devoted to the production mechanism of UCN and the UCN source at PSI.
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Value / e-cm Reference System
de | < 1.05 % 107%" (90%CL) [HKST11] YbF
< 1.6 x 10727 (90%CL) [RCSD02] Tl
d, | <1.0x107" (95%CL) [BBB™09] T
dy | <2.9x1072 (90%CL) [BDGF06) n
d, | <7.9x%x107% (95%CL) | |[GSL*09], theory: [DS03] | '*"Hg
dng | < 3.1 x107% (95%CL) [GSLT09 19Hg

Table 1.2: Overview of current EDM limits on different molecular, atomic and subatomic
systems.

1.5.1 Neutron optical potential

To explain the total reflection of low kinetic energy neutrons from material surfaces one
has to consider the interaction of a slow neutron (vacuum wavelength \) with an atomic
nucleus. The derivation of the neutron optical potential presented in this subsection follows
mainly the presentation in Ref. [GRLI1 [Fer09].

In ’first order’ Born approximation the interaction of a slow neutron with an atomic nucleus
(mass number A) can be described as the superposition of an incident plane wave and an
outgoing scattered spherical wave

eikr

V=" +f(0)

Here k is the wave vector of the incident neutron, r is its position vector relative to
the nucleus and f (#) is the so-called scattering amplitude. Since the interaction range R
between the neutron and the nucleus is much shorter than the neutron wavelength (R < \)
only isotropic S-wave scattering (I = 0) can occur. Therefore f () is reduced to a constant
neutron scattering length a

(1.24)

f(8) = const. = —a. (1.25)

In a simplified picture the scattering potential of a single nucleus can be approximated by
a square well potential as pointed out in Ref. [FM47]. With the choice of a negative sign
between scattering amplitude and scattering length, the far field wavefunction ¢ ~ ==
vanishes at » = a. Thus a can be interpreted as the effective radius of the effective
scattering potential.

According to Fermi’s Golden Rule the differential scattering cross-section is given by

= £ (0))" = a® (1.26)

where €2 denotes the solid angle. Since R < A, the physical interaction potential between
the neutron and the nucleus can be represented by the so-called Fermi pseudo-potential Vi

2rha

My

Vg = & (r—R), (1.27)
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where m,, is the mass of the neutron, R the nucleus position vector and a the neutron
scattering length.

In case of an ensemble of nuclei the scattered wave is a coherent superposition of the
waves scattered by each single nucleus. The normalization constant is chosen such that in
the far field the results for the real physical potential and the pseudo-potential coincide.
Thus the scattering amplitude is given as

F(0) =3 ape’ ¥, (1.28)

where Q is the wave vector transfer, a, is the scattering length and Ry the position vector
of the k-th nucleus. In case of unpolarized neutrons one has to perform the sum over all
spin states (and if applicable over all isotopic components)

do ? —— _iQ-(R;—Ry)
= aja;er¥ TR (1.29)
k7j

=1 OF =

> aei QR
k

The correlation between the neutron scattering lengths ai and a; vanishes for a random
distribution of the isotopes and spin states in the array of scattering centers and results in

ara; = aza; = [al* k#j (1.30)
and

aza; = lal* k=7 (1.31)

Equation [1.29 can be rewritten as

do iQ-(R;—Ry) Y3
o) =lal"> e ] (1.32)
d ktj k=1
2
=[al* |3 e QR 4 Nla —al? (1.33)
i

2

:azoh + Nai2nc7 (134)

Z eiQ-Rk
k

giving the definition of the coherent a.,, and the incoherent a;,. neutron scattering length.
The first term in Eqn. represents the diffraction of neutrons from nuclei (Bragg scat-
tering). In spatial directions where the wave vector transfer Q fulfills

Q- Ry=2mn (ne?Z) (1.35)

the first term of Eqn.[1.34| is proportional to N? where N is the number of scattering
centers (Bragg peaks). The second term in Eqn. vanishes for a mono-isotopic array of
scattering centers as a = @. Since the wavelength of UCN (> 500 A) is much larger than
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the internuclear distance in any material (< 10 A) Eqn. cannot hold true and there is
no Bragg scattering of UCNs. In the large wavelength limit (> 500 A) the sum of Fermi
pseudo-potentials (as given in Eqn.[1.27) can be replaced by a volume-average potential

2 h?
Ve = 8

[an (r)], (1.36)

My

where n (r) is the number density of scattering centers.

This can be interpreted as a potential energy step at the surface of the material from
which neutrons can be reflected. To determine the reflection behavior of a neutron from
the wall one has to solve the Schrédinger equation in the different potential regions. In
the region of the material wall the equation is given by

g+ B ) g =

2my My 2my,

0, (1.37)

where ky = \/2m,E/h? is the wave vector of the incident neutron in vacuum (with energy
E). This is equivalent to a wave equation in a material with refractive index

B 47 [an (r)]
ng (r) = Jl TR (1.38)

Since for most materials ng < 1, total reflection on the vacuum-to-material interface can
occur for neutrons of sufficiently low kinetic energy transverse to the interface. Ultra-
cold neutrons can be reflected under all angles of incidence. Neutron reflectometry is a
very sensitive method to investigate surface properties of samples. Note the reciprocity to
the total reflection of light where vacuum is the less optically dense medium. The total
reflection under all angles of incidence makes it possible to construct storage bottles for
UCNs as well as UCN guides to transport UCNs from the source to the experiments. Good
storage materials have Fermi potentials of up to 305neV [SLBT10]. Absorption and up-
scattering losses of UCN can be included in this picture by adding an imaginary part to
the Fermi potential

Ve = V —iW. (1.39)

For W <V the wall loss per bounce probability can be expressed as

B cos? 1/2
%74 cos* 0 ) (1.40)

B,0) =20 [ 250
#(E,0) V(V—Ec0829

where E is the total kinetic energy of the UCN and 6 the angle of incidence (relative to the
normal on the surface). An overview of the UCN properties for different materials used in
the nEDM experiment is given in Table [I.3]
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Material Number density | Fermi potential Source
/(10 x 10*2 cm™3) / (neV)
Al 6.02 54 [GRLI1]
DLC (50 % sp?) 14.5 250 [Laul
N185M015 8.54 232 [Lau]
Cu 8.93 168 [GRLI1]
Ni 9.0 252 [GRLI1]
dPS - ~ 160 [Kuz08, BDH"08]

Table 1.3: UCN related properties of materials most frequently used in the nEDM exper-
iment. Some materials have better storage properties in a specific chemical bond such as
diamond-like carbon (DLC, sp® hybrid) compared to graphite (sp? hybrid). Hydrogen can
be replaced by deuterium like in deuterated polystyrene (dPS).

1.5.2 Electromagnetic interaction

Unlike the proton the neutron has no electric charge but only a magnetic dipole mo-
ment. The interaction Hamiltonian with an external magnetic field has been introduced
in Eqn.[I.9 The interaction energy of the two spin states is given by

E=—p, -B=+pu,B] (1.41)

with g, = 60.3neV T~!. The magnetic dipole moment . is related to the neutron spin s
via

My = TS, (1.42)

where v, = —1.83247179(43) x 108s~ ! T~ is the gyromagnetic moment of the neutron.
Therefore the neutron spin and the neutron magnetic moment are anti-parallel. A 5T
magnetic field represents a ~ 302neV high potential barrier for a neutron whose magnetic
moment is anti-parallel to the magnetic field. The interaction energy with such a magnetic
field is on the order of the kinetic energy of the UCN (see Subsection [1.5.1)). This is
employed to polarize the UCNs in the nEDM experiment by guiding them through the 5T
field of a superconducting (SC) magnet. Those UCNs with parallel alignment of magnetic
moment and magnetic field will be accelerated towards the center of the SC magnet and
pass a thin aluminum vacuum window. Neutrons with the opposite spin direction will be
reflected by the energy barrier. In this way one can produce a nearly 100 % polarized beam
of UCNs [SLFT05]. Furthermore UCNs can be spatially confined in magnetic field minima
without any material wall interaction.

1.5.3 Gravity

Experiments with UCNs are one of the rare cases in particle physics where the gravitational
interaction has significant influence on the flight trajectories of the particles under study
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Figure 1.4: Valence quark level Feynman diagram for the S~ decay of a neutron into a
proton. A d-quark converts into a u-quark via the weak interaction. The emitted W~
boson decays into an electron e~ and an anti-electron neutrino 7,. The CKM matrix
element V4 scales the weak coupling at the vertex of the quarks.

and can be exploited to manipulate those. The potential energy difference is given by
E o = mygh, (1.43)

where m,, is the mass of the neutron, g the Earth’s local gravitational acceleration and h
the height difference. For g = 9.81ms ™2, Eyo = 102neV m~'. Thus, a typical UCN with
300 neV energy will never rise higher than about three meters before falling back due to
gravity. This allows the construction of UCN storage bottles that are open to vacuum at
the top. On the other hand, gravity can also be used to accelerate UCNs to increase the
transmission probability, e.g., through the window of a UCN detector.

1.5.4 Weak interaction

All free neutrons undergo nuclear beta decay via
n—p+e + v+ 782keV. (1.44)

Thus the neutron lifetime 7, sets the ultimate limit for the storage time in all UCN storage
experiments. On the level of the valence quarks the beta decay can be described by the
Feynman diagram given in Figure[I.4] A precise measurement of 7, offers in combination
with decay correlation measurements, e.g., super allowed 0% — 01 beta decays in heavier
nuclei, a way to determine the CKM matrix element V,q in (1.10). The amount of helium
created in the primordial nucleosynthesis depends critically on 7,,. The theoretical pre-
diction is currently limited by the uncertainty of the neutron lifetime. Consequently the
exact value of 7, is a field of intense research, in particular since some of the experimental
results have shown significant disagreement |[Grol2, WGTI].
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1.5.5 Production of ultra-cold neutrons and the PSI UCN source

As the nEDM experiment at PSI uses UCNs, a brief overview of the production techniques
and the UCN source at PSI will be given. There are two main methods for the produc-
tion of UCNs from a neutron source. The first principle makes use of Doppler-shifting a
‘premoderated’ beam of very cold neutrons into the UCN energy regime by reflection from
receding neutron mirrors (turbine blades). For a detailed description the reader is referred
to the excellent articles by A. Steyerl on the principles of the neutron-turbine [Ste75)] as in-
stalled at PF2 at the Institute Lauge-Langevin, Grenoble [SNST86]. The second production
scheme makes use of super-thermal down scattering of cold neutrons into the UCN energy
regime (< 300neV) in a so-called UCN converter. This process was first proposed and
worked out by M. Pendlebury and R. Golub in 1975 [GPT5], the same year that A. Steyerl
proposed the turbine technique [Ste75]. A first proof of principle of this idea with a UCN
converter made out of superfluid *He at ~ 1.2 K was published in 1978 [AMGPTS]. Since
then this field has matured and new UCN sources of today use either super fluid helium
at &~ 0.7K or solid ortho-deuterium at = 5K as converter material. The UCN converter
material can be coupled to different sources of (cold) neutrons:

e A cold neutron guide delivers a (monochromatic) cold neutron beam to the UCN
converter from a steady state nuclear reactor [ZPI11].

e The UCN converter is installed next to the core (in pile) of a steady state nuclear
reactor, in pile of a pulsed nuclear reactor or in pile of a neutron spallation source.
The different combinations are extensively discussed in various publications, e.g., in

Refs. [MHJ"12, [KSBT13| SBET11].

A cut through the UCN source at PSI is shown in Figure[1.5] It makes use of the 590 MeV,
2.2mA proton beam delivered by the PSI ring cyclotron. This proton beam can be kicked
onto a dedicated spallation target, made out of lead-filled Zircalloy tubes to produce high
energy neutrons [WHO06]. These neutrons from the spallation reaction are thermalized in
a 2m? tank of heavy water (D,O) surrounding the spallation target before they diffuse
into 301 of solid ortho-deuterium (ortho sDs) at 5K. In this crystal the neutrons are
further thermalized to the cold neutron energy regime and can undergo down-scattering
to the UCN energy regime by the excitation of single or multiple phonons. Because the
UCN lifetime due to absorption is limited to several tens of milliseconds the UCN have
to be separated from the (ortho sDy) UCN converter. Ultra-cold neutrons that leave the
ortho sDy vertically are guided towards a 2m? intermediate storage volume. From this
intermediate storage volume the UCN can be delivered to the experiments via UCN guides
traversing the biological shielding of the spallation source. A more detailed description of
the UCN source and its performance is given in Ref. [GoI12].
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Figure 1.5: A cut through the UCN source at PSI. The 590 MeV proton beam (a) is kicked
onto the spallation target (b) for up to 8s. The spallation neutrons are thermalized in 2 m?3
of heavy water (c) surrounding the spallation target. The thermalized neutrons diffuse into
301 of solid ortho-deuterium (d) at 5 K. The cold neutrons can be down-scattered into the
UCN energy regime. The UCN can leave the ortho sDs vertically to reach a 2m? storage
volume (e) that can be valved of from the ortho sDy UCN converter. The UCN are
delivered to the experiments with UCN guides (f) penetrating the biological shield of the
UCN source.
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Chapter 2

The neutron electric dipole moment
experiment

This chapter will shortly discuss the history of the nEDM experiment and the experimental
limits that have been established over more than 50 years of research. The experimental
setup as installed at the Paul Scherrer Institute is presented and Ramsey’s method of
separated oscillating fields is introduced. The mercury co-magnetometer of the nEDM
experiment is introduced and we derive the magnetic field sensitivity requirements for a
successful operation in nEDM and n2EDM. Furthermore the statistical sensitivity of the
Hg co-magnetometer is derived in terms of the initial signal-to-noise-density-ratio and the
signal decay time from the Cramér-Rao lower bound.

2.1 Historical development of the nEDM experiment

The neutron electric dipole moment experiment of Ramsey, Purcell and Smith provided
the first limit on any permanent electric dipole moment d, < 5 x 107% e-cm (CL 95 %)
[SPR57] in 1957. Ramsey’s method of separated oscillating fields (developed in 1949/50
[Ram50al, Ram50b] and described in section was employed to measure a possible
difference of the Larmor precession frequency wy, of neutrons in a parallel and anti-parallel
configuration of static electric E and magnetic field B. In the absence of an electric field
the Larmor frequency is given by

wr, =B, (2.1)

where B is the modulus of the magnetic field B and ~ is the gyromagnetic ratio. A com-
parison of the experimental situations is pictorially given in Figure 2.1 Their experimental
setup used a cold neutron beam and is shown in Figure From a Larmor frequency
difference between the two measurement configurations one can extract the nEDM as

h(wipy — wip) = 24 (Byy — Biy) (2.2)

dn = )
2h (Epp + Eqy)

35
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Figure 2.1: Pictorial scheme of the parallel and anti-parallel measurement configurations
used in the nEDM experiment. The angular momentum vectors (wg, wg) related to the
torque caused by the electric or magnetic dipole interaction are given in the same color as
the corresponding fields (B, E) / dipole moments (u,,, d,). The overall angular momentum
vector related to the Larmor precession, wry,, is the vector sum of wg and wg. Here the
electric dipole moment is assumed to be parallel with the magnetic dipole moment. In this
case the Larmor frequency of the UCN would be increased in a parallel configuration of
static electric and magnetic fields.

FiG. 1. Schematic diagram of the apparatus. 4, the magnetized
iron mirror polarizer. A4’, the magnetized iron transmission
analyzer. B, the pole faces of the homogeneous field magnet.
Note the horseshoe-like magnets bolted along the bottom. C, C’,
the coils for the radio-frequency magnetic field. D, the BF; neutron
counter. The magnetic fields in the polarizing magnet and the
homogeneous field magnet are at right angles, and two twisted
iron strips were used between them to rotate the neutron spins
adiabatically.

Figure 2.2: Scheme of the first nEDM experiment in 1957 [SPR57].
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Figure 2.3: Historic development of the experimental upper limit for the nEDM. The
green vertical line separates the results obtained with neutron beam experiments from
those obtained with stored UCNs. The yellow area indicates the area of not yet excluded
nEDM predictions from supersymmetric extensions of the standard model. The blue area
marks the region of the nEDM prediction in the SM. In addition the projected sensitivity
limits for the nEDM experiments at PSI (nREDM and n2EDM) are given. Figure provided
by A. Knecht with minor modification by the author. (ORNL, Harvard:[SPR57, MDBR67,
DBMR68, BMDR69, DMR73, DMP*77]; MIT, BNL: [SN67]; LNPI:[ABB*80, [ABB*81],
ABBT86, IABBT92, IABBT96],Sussex, RAL, ILL: [PSG*84. [SCP*90, HBG*99, BDG"06])

wrat(wryy) represent the Larmor precession frequencies corrected for all systematic fre-
quency shifts and 11 (1] ) indicates the (anti-) parallel configuration of fields. The histor-
ical development of the experimental upper limits on the nEDM is shown in Figure 2.3]
Over more than five decades the limit was reduced by more than six orders of magnitude.
The exposure time of the neutrons to the electric and magnetic field configuration has
been increased by five orders of magnitude by the ability to store neutrons (UCNs) in
comparison to in-beam experiments (flight time in the experiment &~ milliseconds). At the
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same time systematic effects related to the neutron motion in the electric field are strongly
suppressed due to the much lower velocity of the UCNs compared to the cold neutrons in a
beam experiment. On the other hand the number of available UCNSs is orders of magnitude
lower than in a typical cold beam. Recently a new in beam measurement of the nEDM
has been proposed that makes use of the high peak flux of neutrons available from upcom-
ing new neutron spallation sources, e.g., the European Spallation Source (ESS) in Lund,
Sweden. The pulsed time structure of the neutron beam can be used to directly determine
the motional magnetic field effect as a function of the velocity by a neutron time-of-flight
measurement [Piel3].

2.2 The experimental setup of the nEDM experiment
at PSI

A picture of the open vacuum tank of the nEDM experiment is shown in Figure 2.4 A
schematic view of the nEDM setup at PSI is shown in Figure 2.5 Ultra-cold neutrons
(UCNs) travel from the UCN source towards a superconducting magnet (SCM) which
provides a 5 T longitudinal magnetic field along the beam line. Due to the magnetic dipole
interaction only UCNs with anti-parallel spin relative to the magnetic field are accelerated
in the magnetic field gradient and can pass the aluminum vacuum window of the beam
line in the middle of the SCM. The transmitted UCN loose the gained kinetic energy by
deceleration in the oppositely directed magnetic field gradient after the aluminum foil. The
spin polarization of the UCNs after the SCM is close to 100 % [Piell]. The spin direction
can optionally be inverted with an adiabatic spin flipper in the fringe field of the SCM
[GGH™09).

After the SCM the UCNs enter a switch which guides them in different directions,
e.g., through a vertical UCN guide up into the precession chamber located in the vacuum
tank. The precession chamber consists of two parallel electrodes made from aluminum
which are coated with a layer of diamond-like carbon. An insulator ring with 470 mm
inner diameter separates the high voltage (HV) electrodes by 120 mm, providing a volume
of ~ 211. This ring is made from polystyrene and coated on the inside with a layer of
deuterated polystyrene [BDHT08|. The UCNs can be confined in the precession chamber
by closing a mechanical shutter in the center of the lower electrode (UCN shutter).

The precession chamber is immersed in a static 1 pT magnetic field Byg. The main
magnetic field is generated by a cosine-theta coil and trimmed by 33 trimcoils, all on
the outside of the vacuum tank. Time-dependent magnetic fields B transverse to B
can be generated in the volume of the UCN precession chamber with three additional
coils on the outside of the vacuum tank. The top electrode of the precession chamber is
normally charged up to about =150kV, giving a typical electric field of ~ 12kV cm™! while
the lower electrode is grounded. The entire vacuum tank is mounted inside a four-layer
(high permeability) MuMetal shield to suppress magnetic field fluctuations from external
sources and to provide a well defined magnetic field environment. To protect the MuMetal
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shield from external magnetic field changes an active surrounding field compensation (SFC)
system is employed. Details on the SFC system can be found in Ref. [Fral3].

After the Ramsey cycle (as described in detail in section the UCN shutter is
opened and the UCNs can leave the precession chamber towards the switch. During the
time the UCNs spent in the precession chamber the switch has been rotated into a position
connecting the vertical UCN guide to the neutron spin analyzer. This analyzer consists
of a magnetized iron foil that transmits (due to the combination of magnetic and strong
interaction) only UCNs with a certain spin projection on its magnetic field direction. These
UCNs are detected after the iron foil in a high rate UCN detector [BBL™09]. The other spin
component is stored above the spin analyzer foil until an adiabatic spin flipper is switched
on to flip the UCNs spin component. Thus the UCNs that have been stored above the
analyzer foil can be counted in the detector. To avoid systematic effects and UCN losses
during the storage above the analyzer foil a double arm detector has been developed to
count both UCN spin states simultaneously [Hell4].

In addition to the UCN related components there are two magnetometry systems in-
stalled in the vacuum tank. One is a double array of cesium magnetometers above and
below the precession chamber electrodes. The magnetometers are installed inside the
corona rings of the electrodes to protect them from possible HV discharges. They serve
to survey the stability of the magnetic field at distinct points and to measure magnetic
field gradients across the precession chamber. Details on the working principle and the
performance of these magnetometers can be found in [GBST06]. The second magnetome-
ter is the '2Hg co-magnetometer which allows one to measure the magnetic field in the
same volume as the UCNs via optically detected nuclear magnetic resonance (ODNMR).
This magnetometer, its mechanical setup, its working principle and its performance will be
discussed in the rest of this thesis. A more detailed description of all the other subsystems
of the nEDM experiment can be found, e.g., in Ref. [Zenl3].

2.3 Ramsey’s method and the nEDM

The nEDM experiment applies Ramsey’s method of separated oscillating fields. This mag-
netic resonance technique is employed in many high precision frequency measurements,
e.g., in atomic clocks and is a phase-sensitive detection scheme. In general a Ramsey-type
measurement can be divided into five steps as depicted in Figure for UCNS.

1. In the first step the particles are prepared in a spin polarized state. The quantization
axis is given by the main magnetic field By in the laboratory frame (LF). Here the
magnetic moment g of the UCNs is chosen to point anti-parallel to By (spin up due
to the negative gyromagnetic ratio of the neutron).

2. In the second step a sinussoidally oscillating magnetic field By = Bjéx oy sin(wgrt) is
applied perpendicular to By (measured in LF) in order to flip the magnetic moment.
The linearly oscillating magnetic field can be decomposed in a component co-rotating
and a component counter-rotating with the direction of the Larmor precession. In the
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Figure 2.4: Inside the open vacuum tank of the nEDM experiment the UCN precession
chamber is formed by two aluminum electrodes separated by 120mm by an insulating
polystyrene (PS) ring with inner diameter of 470 mm. The bottom electrode is on ground
potential while the top electrode can be charged via the high-voltage feed-through up to
+200kV (maximum of power supply). The optical windows for the Hg co-magnetomter
can be seen on the left and right side of the vaccum tank and well as in the insulator
ring. The vertical aluminum tube at the right side below the bottom electrode contains
the 9Hg polarization chamber.
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Figure 2.5: Sketch of the nEDM experimental apparatus as used at PSI. Details of the sub
components are given in the text.

co-rotating frame By vanishes and B; appears as a static magnetic field B} around
which p precesses. The duration Trr and the amplitude of B; are adjusted such that
p is rotated by +m/2 around Bj. In the LF this corresponds to a rotation into the
plane perpendicular to By (1% /2 pulse). At the end of the pulse B} and p have a
relative phase shift of +m/2 in the precession plane. The frequency of By is chosen
close to the Larmor frequency (~ 30 Hz for UCN in a 1 pT magnetic field).

3. During the third step the magnetic moment of the particle precesses freely for a
time Thee in the superposition of By and the interaction under investigation. For the
nEDM experiment this is the possible coupling of the neutron spin to the additional
parallel or anti-parallel electric field E. The signal generating the time-dependent
B, field runs continuously but is not applied to the interaction region during the free
precession time.

4. In the fourth step B, is turned on again for a duration 7 satisfying wgpr = 7/2 (22
7/2 pulse), identical to the interaction in step 2. If p was precessing with the same
average frequency as the reference signal the relative phase shift between B} and u
will still be +7/2 in the precession plane. Due to the second pulse the magnetic
moment will be rotated by an additional angle of +7/2 around Bj. This corresponds
to a m flip relative to By in the LF and the UCN spin will point downwards at the end
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Figure 2.6: Pictorial representation of Ramsey’s method of separated oscillatory fields. A
detailed description of the single steps is given in the text.

of the pulse. For a relative phase shift of 437 /2 between the magnetic moment and
B7 in the precession plane the magnetic moment is turned to its initial direction. The
UCN spin will point upwards in the LF at the end of the pulse. For all other relative
phase shifts the UCNs’ spins will end up in a superposition of up and down states.
For the case of zero relative phase shift between B} and p there is no torque acting
on p in the co-rotating frame. Thus the final state will be a 50/50 superposition of
up and down states.

. In the last step the polarization state of the particles is detected. For the UCNs this

happens after opening the UCN shutter to guide the UCN through the vertical guide
and the switch to the spin analyzer and a UCN detector. The neutrons with spin
projection up or down relative to the analyzer direction are counted separately. The
result is a typical interference pattern as shown in Figure for one spin component.

This measurement technique can also be looked at as a clock (oscillator) comparison exper-
iment. The freely precessing magnetic moment of the UCN provides the first clock which
is compared to the externally generated RF-signal, the second clock. In beam experiments
the time separation of the RF pulses occurs along the particles’ path through a region
where the RF field is present, followed by a second region without RF and a third region
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Figure 2.7: Ramsey pattern for spin up neutrons (nEDM Run 5767) after a storage time
of 50s. The number of spin up neutrons is counted as a function of the frequency of the
applied transverse field B;.

in which the RF is present again. The exact shape of the fringe pattern was worked out
by N.Ramsey in Ref. [Ram50b]. In the frequency region around the Larmor frequency of
the UCN (as shown in Figure the fringe pattern can be approximated by

Nup (Av) = ]\2[0 ll — acos (27;Ay>] : (2.3)

v

where Ny is the total number of particles (UCNs) counted (sum of both spin states),
Av = frr — vy, is the detuning of the RF signal frp relative to the particles’ precession

No max—N{ mmin - U
frequency vy, a = W is the so-called visibility where Npinmax are counted on

resonance. The full width at half maximum of the central Ramsey fringe is [May98|, [Pie09]

ov = !
B Tfree <]- + Hﬁ) .

TTtree

(2.4)

A change of the particles’ precession frequency translates into a change of the count
rates for the different spin states. As the slope is steepest at the detuning 2rAv = +7/2
the RF frequencies in the experiment are chosen such as to have 2rAv ~ +7/2 resulting
in four so-called working points as indicated in Figure . With dv ~ ﬁ the statistical
sensitivity for a nEDM is given by

h

= —— 2.
20ET/ Ny’ (2:5)

o (dy)
where (2.2)) was used under the assumption that the magnetic field variation (By — Byy)
vanishes or is known well enough that it can be corrected. This assumption will be reviewed
in the next section. The scaling behavior of the statistical sensitivity can easily be justified.
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The larger the applied electric field the larger the frequency shift due to a nEDM. And
the longer the free precession time the larger the phase difference that can build up. The
scaling with the square root of the number of detected particles is typical for a counting
experiment such as the nEDM.

2.4 Magnetometry requirements in the nEDM exper-
iment

To extract a nEDM according to from a difference in the UCN Larmor precession
frequency in parallel and anti-parallel electric and magnetic field configurations it is indis-
pensable to suppress or measure changes of the magnetic field and magnetic field gradients
configuration correlated with the relative direction of electric and magnetic fields. Such
a correlated change can couple via different mechanisms to the neutron magnetic dipole
moment and provide a false nEDM signal [PR12]. It is desirable to keep global magnetic
field changes at a small level, to avoid the necessity of large corrections.

The major suppression of magnetic field changes is achieved by a four layer MuMetal
shield around the vacuum tank that houses the UCN precession chamber. Furthermore
an active stabilization of the magnetic field around the nEDM experimental setup, called
the surrounding field compensation system, is in use [Fral3]. Residual magnetic field
fluctuations are measured by the "Hg co-magnetometer. The analysis approach for the
nEDM search is to correct the Larmor frequency of the UCN for changes of the magnetic
field relative to a mean magnetic field (6B) of a measurement period (e.g., one night). The
correction is given by

vy = vy + £5VHg, (2.6)

YHg
where v} represents the corrected and v, the raw UCN frequency. The ratio of the gy-
romagnetic ratios v, /vug takes the different coupling strengths of the magnetic field into
account. This approach is valid as long as the magnetic field drifts are larger than the
additional error introduced by the " Hg co-magnetometer.

The sensitivity requirement for the 'Hg co-magnetometer can be derived from ([2.2)
and . The uncertainty in a change of the Larmor frequency induced by magnetic field
changes has to be smaller than the frequency change caused by a nEDM

4d, Ey

h
where the symbols are explained after (2.2). To achieve the statistical sensitivity goal
given in (1.22), d, < 5 x 10727 e-cm (95 % CL), the nEDM collaboration has planned to
take data with an electric field of £y, = 12kV ecm™!, a free precession time of 7' = 150s, a

visibility o = 0.75 and Ny = 350000 detected UCN per single measurement cycle. This
translates according to (2.5]) into a sensitivity of

o (dy) = 4.1 x 107* e-cm (2.8)

> 24n0 (Br, — Byy) (2.7)
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per cycle. Thus one has to perform about 20 000 measurement cycles to reach the sensitivity
goal given in (1.22). To convert this into an effective duration of the experiment it is
assumed that the PSI UCN source will deliver UCNs every 480s. Then the goal can be
reached within 100 days of data taking, not counting time reserved for studies of systematic
effects. A detailed discussion of the nEDM spectrometer performance at the end of the
year 2012 can be found in Ref. [Zenl13].

The acceptable uncertainty on the magnetic field change per measurement cycle is

2E00' (dn>

o0 (AB) <
Hn

= 160fT (2.9)
Due to the correction procedure the *"Hg co-magnetometer adds its inherent noise onto
the corrected UCN frequency v*. According to the required intrinsic magnetic field
resolution of the UCN magnetometer is 160 T for the measurement conditions assumed
above. The additional noise contribution of the **Hg co-magnetometer has to be small
compared to the intrinsic statistical errors of the UCN frequency extraction. The relative
uncertainty for the corrected UCN frequency is given by

Av* 1 9 Y 2 Avy, 2 Advg 2
1= A A = -t 2.1
vy Un + TZ; A(SVHgJ ( l/n) * (’VHg 6VHg> \l < Uy ) * VHg ( O)

\I<AV:“> + (AB(SSB) : (2.11)

where the approximation v, > - A(SI/Hg was made. A " Hg co-magnetometer performing

Q

at twice the magnetic field sensm\nty as the UCN magnetometer introduces additionally
12 % statistical error. Thus a '*’Hg co-magnetometer sensitivity of

o (AB) < 100 T (2.12)

has to be achieved in 150 s for the nEDM measurement. For the ten times higher sensitivity
goal in n2EDM, the sensitivity of the 1% Hg co-magnetometer has to reach below 10T in
150s.

2.5 Statistical sensitivity of the ""Hg co-magnetome-
ter

The mechanical setup of the *"Hg co-magnetometer inside the nEDM vacuum tank is
shown in Figure[2.8) The **Hg co-magnetometer can be divided in the " Hg polarization
part located below the grounded electrode of the UCN precession chamber and the mea-
surement region inside the nEDM precession chamber where the magnetometry signal is
generated. In the polarization part " Hg atoms are continuously produced in the ""Hg
source (a), either a temperature controlled droplet of metallic mercury or heated HgO that
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Figure 2.8: The polarizing system of the '%Hg co-magnetometer in combination with an
absorptive detection scheme. The setup is described in detail in the text.
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dissociates into Hg and O. The atoms travel via a capillary tube to the polarization cham-
ber (f) where they are illuminated with circularly polarized light. The light is generated by
a 2%'Hg discharge bulb (b) and passes a focusing lens ((c), f = 140 mm), a linear polarizer
(d) and a quarter wave plate (e) under 45°. The light is traveling (anti-)parallel to the main
magnetic field and orients the spins of the 1’Hg atoms along the magnetic field direction.

After typically 100s to 350s the polarized "*Hg vapor is released into the precession
chamber (g) by opening the so-called Hg-shutter (k). A readout light beam generated by
a second 2*Hg discharge bulb (b) or a laser beam traverses the vacuum chamber and is
detected on the photo-cathode of a photo multiplier tube or with a large area photo diode
(h). For the absorptive measurement scheme (for details see Subsection the light
passes a linear polarizer (d) and a quarter wave plate (e) (with its axis under 45° relative
to the plane of linear polarization) before it enters and leaves the precession chamber
through two UV grade fused silica (UFVS) windows in the insulator ring. After a /2
pulse the polarized "Hg atom spins precess around the magnetic field and modulate the
light transmission through the precession chamber at their Larmor frequency. The UVFS
windows are coated on the inner side with UV transparent dPE (deuterated polyethylene)
to provide a sufficiently high neutron optical potential [BDHT08]. The *Hg is pumped
away after the measurement cycle when the UCN shutter (j) is opened in order to guide
the surviving UCN to the detector.

A typical photomultiplier signal of the '“Hg co-magnetometer is shown in Figure
The signal level without Hg in the precession chamber is given by I;. Shortly before t = 8s
the Hg-shutter is opened for 2s to release the polarized ”Hg atoms into the precession
chamber. Due to the light absorption the PMT signal is reduced to level I5.A 2s long 7
pulse is applied to start the Larmor precession of the "Hg atoms. The observation time
T for the free induction decay (FID) starts at the end of the 7 pulse. After the band-pass
filter of the nEDM data acquisition system (measured center frequency 7.8 Hz, Q) ~ 5, for
more details see App. the '%Hg co-magnetometer signal is approximately given by an
exponentially decaying sinusoid as is shown in Figure 2.10] A detailed discussion of the
signal shape is given in Subsection £.2.2] To achieve the required magnetic field sensitivity
with an exponentially decaying sine signal (start amplitude ay) a minimum signal-to-noise-
density-ratio (SNDR) is needed which is given by the Cramér-Rao lower bound (CRLB)
[GHK™10]

V12

0B > 4(%) T3/2yy,

VC, (2.13)

where s the initial SNDR (normalized to unity bandwidth, see Section for the
determination of a, and p), T' is the observation time and 7y, is the gyromagnetic ratio
of the '%Hg atoms. In this calculation a white amplitude noise spectrum and a constant
signal frequency is assumed. The factor v/C' takes into account the exponential decay of
the signal with a characteristic decay time 7 as well as the overall number of data points
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Figure 2.9: DC-coupled signal of the photo-multiplier in the '”Hg co-magnetometer. The
I level is the PMT signal without Hg in the precession chamber. After the release of
Hg atoms into the chamber the I, signal level is measured. A 7 pulse is applied to start
the Larmor precession of the Hg atoms in the magnetic field. The observation of free
induction decay starts at the end of the 7 pulse .

N3 (1 —z2)3 (1—z2N>
T 12 2 (1— ZQN)2 — N222N(1 — 22)2
with z = e7?, 3 = 1/7 the decay rate and N the number of signal samples recorded in
total. For typical signal decay times of 7 =~ 100s, a signal sampling rate of 100 Hz and
an observation time 7' = 150s the correction factor evaluates to v/C ~ 2.17. A slightly
alternative approach to [GHK™10] to derive the CRLB is given in appendix .
To achieve the magnetic field sensitivity of 100fT in 7" = 150s the *Hg co-magne-
tometer has to reach an initial SNDR of

s v12C
P N 5B0T3/27Hg

For the ten times higher sensitivity requirements for n2EDM

as o v12C
p §BOT3/27Hg

(2.14)

— 840. (2.15)

— 8400 (2.16)
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Figure 2.10: The AC component of the "Hg co-magnetometer signal shows an exponential
decay with the characteristic decay time 7. As shown in the insert the signal is modulated

at the Larmor frequency of the precessing *Hg atoms. The axis labels apply to the insert,
too.

will be needed. From it is clear that the ""Hg co-magnetometer performance is
improved by a large SNDR and a long signal decay time 7. In Chapter [4] the signal gen-
eration in the '%"Hg co-magnetometer and the important parameters necessary to achieve
the best possible SNDR are discussed in detail. Furthermore possibilities to increase the
signal decay time 7 are discussed.
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Chapter 3

The components of the mercury
co-magnetometer

This chapter will present the hardware of the *Hg co-magnetometer as used in the nEDM
experiment. First the important physical properties of the element mercury are summa-
rized that make it suited to serve as a co-magnetometer in the nEDM experiment. Secondly
the properties of the 2**Hg discharge bulbs used as light sources so far are presented. The
performance parameters of the new UV laser system are given and a new technique of laser
frequency stabilization is introduced. Finally the properties of the multi-mode optical fibers
uses to transport the UV laser light to the nEDM experiment are discussed.

3.1 The element mercury

The physical and chemical properties of mercury (Z = 80) are remarkably different from
its neighbors in the periodic table of elements. Its special properties have rendered mer-
cury an often used study object in atomic and particle physics since the end of the 19!
century. Several Nobel prizes have been awarded for work directly related to the properties
of mercury. In 1913 H. K. Onnes was awarded the Nobel price “for his investigations on
the properties of matter at low temperatures which led, inter alia, to the production of
liquid helium” [Nob], after having liquefied helium-4 in 1908 and having discovered su-
perconductivity of mercury in 1911. J.Franck and G. Hertz conducted experiments with
mercury-filled electron tubes in 1914 and received the prize in 1925 “for their discovery
of the laws governing the impact of an electron upon an atom” [Nob]. Some forty years
later, the prize was awarded to A.Kastler in 1966 “for the discovery and development of
optical methods for studying Hertzian resonances in atoms” [Nob|, while developing and
investigating the method of double resonance spectroscopy on mercury atoms.

More recently, mercury plays an important role in the development of more accurate
atomic clocks based on a single *Hg™ ion in a linear quadrupole trap [DUBT01]. Atomic
clocks based on neutral ' Hg atoms in an optical lattice trap are also under development
[IMMM™12]. Mercury is the heaviest non-radioactive element that has been trapped in a

51
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Property Value
Nuclear charge number 80
Melting point 234.321 K
Boiling point 629.769 K
Saturated vapor pressure (SATP) 0.264 Pa
Atomic number density (SATP) | 6.414 x 10" cm ™
9Hg 0 2150(48) b

Table 3.1: Important physical properties of the element mercury under standard ambient
temperature and pressure conditions (SATP, 298.15 K, 101.325kPa) [Hay14]. The neutron
absorption cross-section o, , for '"Hg is given for thermal neutrons (2200ms™') [Sea92].

Isotope | M/m, | n/% | I/h fin/ N fa/ pix
9Hg | 195.965807 | 0.15 | 0 e e
9Hg | 197.966743 | 10.1 | 0 e e
19Hg | 198.968254 | 17.0 | 1/2 | 0.5058855(9) [Sin07] 0.497 865(6) [Cagb1]

0.497 869 78(8 )1

200Hg | 199.968300 | 23.1 | 0 e -
Mg | 200.970277 | 13.2 | 3/2 | —0.5602257(14) [Kon07] | —0.551 344(9) [Caghl]
—0.5513492(25)!
202Hg | 201.970617 | 29.65 | 0
204Hg | 203.973467 | 6.85 | 0

Table 3.2: Properties of the seven stable mercury isotopes [Nat]. Besides the mass M in
atomic mass units the isotopic abundance n in natural mercury is given. The nuclear spin
I is given in units of A and the magnetic moment of the nucleus puy is given in units of the
nuclear magneton py. The magnetic moment of the atom pp is smaller than the nuclear
magnetic moment ux due to diamagnetic shielding.

magneto-optical trap, for the first time in 2008 [HMP708]. Furthermore mercury is used as
a nonlinear interaction medium in four-wave-mixing-technologies to produce the Lyman—a«
radiation needed to laser cool (anti-) hydrogen atoms [KSW12]. The %*Hg isotope is
especially useful in magnetometry applications [GHIT98| and in the sensitive search for its
permanent electric dipole moment [GSLT09]. The following discussion concentrates on the
properties of mercury relevant for its use as a co-magnetometer in the nEDM experiment.

The most relevant physical properties of mercury concerning its use as a co-magne-
tometer in the nEDM experiment are summarized in Table 3.1l The position of mercury
in the periodic table of elements is defined by its nuclear charge number Z = 80. Mercury is
the only liquid metal at standard pressure and standard ambient temperature (SATP). The
high saturated vapor pressure at SATP allows for high density vapors at room temperature
without the need for heating and the concerns normally related to it (magnetic fields from
currents, temperature gradients, . ..).
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Figure 3.1: Lowest electronic states for the *Hg isotope (top) and even isotopes (bottom).
The wavelength of the transition 61S; — 63P; is 253.7nm. The %Hg isotope shows
hyperfine splitting in the first excited state due to its nuclear spin I = % The even
isotopes possess no nuclear spin and thus no hyperfine structure. The Clebsch-Gordan
coefficient for each transition is given next to the transition arrow where the convention
1

applies that e.g. —% means —,/ 3.

Mercury consists of seven stable isotopes. Five isotopes have bosonic (integer spin,
0) and two have fermionic (half-integer spin, 1/2 or 3/2) character. Their natural abun-
dances are given in Table [3.2] Only the mercury isotopes with odd nucleon number carry
a nuclear spin I. The electronic configuration of Hg is [Xe] 6524 f14 54! in which the two
6s electrons are paired up in the electronic ground state term (6'Sp) to form a diamag-
netic atom. Thus the nuclear spin I forms the total angular momentum F of the atom
(1Hg F = 1/2, 2*'Hg F = 3/2) in the ground state (Table[3.2)). The nuclear magnetic mo-
ment uy is responsible for the hyperfine splitting of the excited electronic energy levels in
the odd isotopes. For the interaction of an atom with an external magnetic field the atomic
magnetic moment pa is relevant, which is reduced compared to the magnetic moment of
the nucleus due to diamagnetic shielding by the electron shell.

The lowest electronic states for the even isotopes and the '"?Hg isotope are given in
Figure [3.1, The wavelength of the intercombination line between the spin singlet and the
spin triplet state (6 1Sy — 63P;) is 253.7nm. Detailed properties of the 253.7 nm line and

Tn [Cagb1] 2= was measured. Here up, is re-calculated with pj; (CODATA2012) = 2.792775598(30)

T
and linear error propagation as in the original work [Cag61].
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Property Value
Wavelength 253.7nm
Natural lifetime 2P, 125ns
Natural line width I'g/27 1.27 MHz
Saturation intensity Iy = ﬂggo 10.2 mW cm 2

Table 3.3: Important properties of the 615, — 63P, intercombination line. All values
are stated for the even mercury isotopes i.e. no hyperfine splitting effects are taken into
account.

the electronic states involved are given in Table [3.3] The odd isotopes of mercury (**Hg,
201Hg) are two of the rare isotopes for which the nuclear polarization can be manipulated
and probed by optical means (optically detected nuclear magnetic resonance, ODNMR).
As shown in Fig[3.] circularly polarized light can transfer angular momentum to the Hg
atoms (e.g. transition a — B — b on the F=1/2 line in *"Hg) if the light emitted by the
excited state has linear polarization. The transition probabilities are proportional to the
Clebsch-Gordan coefficients which are also given in Fig[3.1] This mechanism is the basis of
optical pumping used to spin polarize the Hg atoms and to derive a magnetometry signal
as discussed in detail in Chapter [4] and [5

For the use as a co-magnetometer in the nEDM experiment it is also important to
consider the neutron absorption cross-section of mercury as the atoms are present in the
same volume as the UCN (see Figure . For 'Hg the neutron absorption cross-section
is 0,, = 2150(48) b for thermal neutrons (2200ms™!'). All other isotopes either have
neutron absorption cross-sections between 2b and 60b (1®Hg, 2Hg, 2% Hg, 2°2Hg, 2%‘Hg)
or have a tiny abundance (1°Hg) and are thus irrelevant for the overall neutron absorption
cross-section. This argument holds even more so as mercury enriched up to 91 % in **"Hg is
usually used in the " Hg co-magnetometer. For a typical **Hg density n = 5 x 10'° cm ™3
and an average relative velocity o = 150 ms™! (vycn & 0), the neutron absorption rate is
R = nvo = 2 x 107°s~!. This can be neglected compared to typical UCN storage times
on the order of 180s in the nEDM apparatus [Zenl3].

A typical transmission spectrum of *"Hg enriched mercury as used in the nEDM ex-
periment is shown in Figure 3.2 From this, one can determine the degree of enrichment
in 1%Hg by fitting the Doppler-broadened absorption profile at the line center position of
each isotope. As the light absorption is not small for all of the peaks the following fit
function was used

fae () = exp |— Z (nL), siop (fi — )|, (3.1)

1

where (nL), is the product of number density n and light path length L for the isotope i.
The hyperfine splitting of the transition lines in the odd isotopes is taken into account by
the factor s; and the Doppler-broadened absorption cross-section op (f; — x) as a function
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Isotope | Hyperfine component | A f9s / GHz
199Hg 1/2 —15.409(13)
204 e —15.313(13)

g
WiHg 5/2 —14.6587(99)
202Hg e —10.1018(45)
200Hg e —4.8054(45)
WiHg 3/2 —0.6763(27)
198H . 0

g
19Hg 3/2 6.7273(69)
WiHg 1/2 6.872(15)

Table 3.4: Isotope shift and hyperfine splitting of the 6'S; — 63P; transition in mercury.
The frequency shift A figg is given relative to the line center of *Hg [Sch63].

of the line resonance position f; is given by

op (fi—a) = ————e bi, (3.2)

where Ap; is the Doppler-width of the line for isotope 7. All isotopes were included in
the fit except 2°'Hg since two minority isotopes (besides 2**Hg) are very difficult to resolve
within their overlapping transition line.

An enrichment of 85.5% '%Hg is found in this sample. The ?**Hg content is ~
4.9 % which causes an absorption background for the laser operated on the '%Hg6 'S, —
63P, F = 1/2 line as the two lines overlap within their Doppler widths. The other even
isotopes with abundances between 1.7 % to 2.9 % cause an absorption background for the
light from the 2°*Hg lamps which is not isotopically pure as described in the next subsec-
tion. For a precise isotope ratio measurement a dedicated setup with sample and reference
light beam should be used instead of a-one-beam-only setup such as the nEDM apparatus
to suppress, e.g., common mode intensity fluctuations. The manufacturer’s isotopic spec-
ification is 83.80(20) % '""Hg and 3.60(5) % ***Hgf| determined by ICP-MS| For further
calculations the manufacturers specification will be used since ICP-MS is generally more
precise (e.g., |[Elm]) than atomic absorption spectroscopy and in this special case does
not suffer from resolving three isotopes within the same absorption peak. Nevertheless a
change of the isotopic composition, e.g., due to mass dependent diffusion on the way from
the Hg source to the polarization chamber cannot be excluded.

2euriso-top, batch #.J1851, see appendix
3Inductively Coupled Plasma Mass Spectroscopy
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Figure 3.2: Transmission spectrum of the ?Hg enriched mercury vapor used in January
2013 in the Hg co-magnetometer. The measured data points are given in blue (). A fit
to the absorption lines is shown in red ( ). The degree of enrichment in Hg can be
extracted to be about 85.5 %. The 2**Hg content is about 4.9 % which causes an absorption
background for the laser operated on the 'Hg61Sy — 62P; F' = 1/2 line as the two lines
overlap within their Doppler widths. The other even isotopes with abundances between
1.7% to 2.9 % cause an absorption background for the light from the 2**Hg lamps.
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3.2 Interaction of Hg atoms with electric and mag-
netic fields

The nEDM experiment uses spin polarized ”Hg atoms in a combination of electric and
magnetic fields. Here an estimation of the energy shift of the magnetic sub levels of the
atomic ground and first excited state is given. The frequency shifts for the electronic
transitions are given and compared to the unperturbed levels for the odd Hg isotopes.
The influence of the magnetic field is described by the Zeeman effect, the influence of the
electric field is given by the Stark effect.

The Zeeman effect

The interaction energy of a magnetic moment g with an external magnetic field B is given
by

Ey, =—p-B=gmp|B| (3.3)

where mp is the angular momentum projection quantum number on the direction of the
magnetic field, g is the so-called g-factor of the magnetic sub level and pg is the Bohr
magneton. In the weak field limit, e.g., the interaction energy with the external magnetic
field is much weaker than the hyperfine interaction between the nuclear magnetic moment
and the electronic magnetic moment the total angular momentum F = I+ J is a conserved
quantum number, where I is the nuclear angular momentum and J the total electronic
angular momentum. In this case the interaction Hamiltonian is given by

F,
HB = ,LLBQ%BZ (34)

and the g-factor of the magnetic sub level is given by

F(F+1)—-1(I+1)+J(J+1) F(F+1)+I1({I+1)—-J(J+1)
2F (F+ 1) T 5F (F+ 1)

gr = g3 (3.5)

where gy and g; are the g-factors of the electronic and the nuclear state. Since the '%Hg
ground state level has J = 0, F = I (I =1/2) there is no hyperfine splitting in the
electronic ground state. The g-factor of the 615, state in *Hg (calculated according to

(3.5)) is

2
180 19115, theo. = J1 = —1& = 0.000551 027 71(98). (3.6)

UB

Here the diamagnetic shielding of the "?Hg nucleus by the electron shell is not taken into
account. This correction is about 1.6 % and is essential for the 1%Hg co-magnetometer as
it uses "Hg atoms and not Hg nuclei. Therefore only measured values of either the
gyromagnetic ratio or the g-factor of an atomic level will be used for the further calculation
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Isotope | Electronic state | F' myp | Energy shift HzpT—* g factor
19Hg 615, 1/2 | £1/2 + 3.795059(6) 0.000 542296 7(18)
“lHg 615y 1/2 | £1/2 F 1.400904(6) —0.000200 182 8(3)
WlHg 615, 1/2 | £3/2 F 4.202711(19) —0.000200 182 8(3)

Table 3.5: Linear Zeeman shift of the magnetic sub-levels of the 615, ground state in the
odd mercury isotopes. The shift for each magnetic sub-level is given relative to the zero
field position in frequency units as a function of the external magnetic field. Furthermore
the g factor of the hyperfine level is given.

in this chapter. These values are listed for the 6'S; state in Table [3.6, The g-factor for
the 19Hg atom ground state is (see Table as can be calculated from the measured
gyromagnetic ratio [Cag61].

2
r8y199Hg = g1 1991y = Zgg = 0.000 542296 7(18). (3.7)

The linear Zeeman effect of the ground state is responsible for the Larmor precession of
the 'Hg atoms that is used to measure the magnetic field in the nEDM. It is given for
the odd mercury isotopes in Table[3.5] The Larmor frequency of the '’ Hg atoms is

Wi, = 7HgBa (38)

where Yy, /27 = 7.590 118(13) Hz pT ! is the gyromagnetic ratio of the 'Hg atom ground
state.
The gj-factor for the 3P, excited state was determined experimentally in Ref. [Dod61]

gap, = 1.48631(8), (3.9)

as the weighted mean from measurements in even and odd Hg isotopes. The “Hg 63P,
state with J = 1 is split into the two hyperfine levels F' = 1/2 and F = 3/2 with g-factors
given by

1 4
g3p, F=1/2,199Hg — —391,199Hg + §9J7 (3-10)
and
1 2
g3p, F=3/2,199Hg = 591,199Hg + ggJ- (3.11)

The numerical values of the g-factors for the 3P, excited state are given in Table for
the even and odd Hg isotopes.

The Zeeman shift of the excited 63P; state is about three orders of magnitude larger
compared to the ground state as can be seen by comparing the g-factors given in Table
3.5 and Table B.6l It thus dominates the shift of the atomic transition lines. The shift is
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Isotope | F g factor
T9Hg | 1/2 | 1.97806(11)
9Hg | 3/2 | 0.98913(5)
WHg | 1/2 | —0.98940(5)
WMHg | 3/2 | 0.39548(2)
MMHg | 5/2 | 0.59332(3)
even 1 1.486 31(8)

Table 3.6: The g-factors of the different hyperfine structure levels of the 63P; excited
state calculated according to (3.5) in the different mercury isotopes. The measured factor
gy e3p, = 1.48631(8) [Dod61] was assumed for the calculation.

calculated from the energy shift of the involved magnetic sublevels. The 'YHg F' = 1/2
line is shifted by 14kHz by the 1pT magnetic field in the nEDM experiment. This is
negligible on the current sensitivity level of the "Hg co-magnetometer as far as a possible
vector light shift effect is concerned, as discussed in subection [£.1.2] But the line shift
is exploited in the SD-DAVLL setup to frequency stabilize the UV laser system to the
line center of the '"Hg F' = 1/2 transition as described in Subsection 3.5l The external
magnetic field lifts the degeneracy between transitions induced by left or right circularly
polarized light components. Neglecting the ground state Zeeman effect the F' = 1/2 line is
split into two and the F' = 3/2 is split into four transitions, two for left and two for right
circularly polarized light. The frequency shift away from the zero field position is shown in
Figure [3.3] for the "Hg as a function of external magnetic field. This sets the scale for the
magnetic field that has to be applied in the SD-DAVLL setup. A relative shift of 10 MHz
for the ' = 1/2 o* transitions requires a magnetic field of ~ 360 nT.

The DC-Stark effect

Besides the influence of the magnetic field described by the Zeeman effect atomic energy
levels are also shifted by external DC electric fields. This effect is known as the DC-Stark
effect. In the case that the Zeeman interaction energy is much larger than the DC-Stark
effect the quantization axis is given by the direction of the magnetic field and the DC-Stark
shift can be treated as a small perturbation of the atomic sub levels characterized by their
total angular momentum F and the projection quantum number mg. The shift can be
expressed in the following way as given in Ref. [HR00].
W (F,mp) = —;aoEQ
Bmi — F(F+1][3X (X —1)—4F (F+1)J(J +1)] (3E? — E?)
(2F +3)(2F +2)2F (2F —1)2J (2J — 1) ’
(3.12)

where X = F(F +1)+J(J+1)—1 (I + 1) and E, represents the projection of the electric
field on the direction of the magnetic field. There is an energy shift due to the so-called
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Figure 3.3: Zeeman effect of the hyperfine structure of **Hg. The effect is shown for the
magnetic sublevels of the ' = 1/2 ( ) and the F' = 3/2 line (- — —) as a function of
the external magnetic field. The effect is given as the energy equivalent frequency shift of
the atomic levels relative to their zero field position. The F' = 1/2 line is split in two, the
F =3/2 line in four components.

scalar polarizability aq independent of the electric field direction and a tensor polarizability
o part that depends on the electric field direction. For the 6'S, ground state (J=0 and
[=1/2) the tensor part vanishes and only the scalar component remains. Thus the Larmor
precession frequency of the Hg atoms is not influenced to first order. Similarly the
F = 1/2 hyperfine component of the 63P; is not affected by a tensor like energy shift. The
difference of the scalar polarizabilities for the two levels of the F' = 1/2 transition was
measured in Ref. [HR00] and is given by

Qgsp, — Qgig, = 3.95(7) x 107** cm? (3.13)
For the '%Hg F' = 1/2 line this translate into a shift of the line center position of
Avge = —3.32(6) kHz/(kV /cm)?. (3.14)

For the anticipated 12kV em™! electric field in the nEDM experiment the frequency shift
is thus —478kHz and can be as high as —922kHz for the maximal possible electric field
of 16.7kVem™ (200kV /12 cm). Comparing this with Figure [4.4] one sees that such a line
shift does not produce a vector light shift of concern for the nEDM/n2EDM experiment.
For the 63 P, state the contribution related to as is finite and splits the magnetic sublevels
according to |mg|. The frequency shift due to the tensor polarizability ay was measured



3.3. THE HG DISCHARGE BULBS 61

to be [KL72]
oy = 1.578(3) kHz/(kV /cm)?. (3.15)

For the maximum electric field of 16.7kV ecm™! along the direction of the magnetic field
this results in

1 mp| =1/2

1 e = 372 (3.16)

1
v = §a2E2 = 219kHz {

which is about a quarter of the line shift due to the scalar polarizability and thus of no
concern.

3.3 The **Hg discharge bulbs

As mentioned in Section 99Hg is one of the rare cases where the nuclear spin can be
manipulated by optical means. This is possible with a light source whose optical spectrum
overlaps with the optical transitions in **Hg. Since the end of the 19" century low pressure
(buffer gas pressure < 10 mbar) mercury discharge lamps have served as a source of the
253.7nm resonance light. A discharge bulb as used in the nEDM experiment is shown
in Figure [3.4a] The bulbs are produced by the Fribourg Atomic Physics Group. The
bulb, mouth blown from a quartz glass tube, has a flat head (diameter ~ 10 mm) and an
extension tail. The bulbs are first evacuated, then filled with argon buffer gas and a small
amount of metallic mercury before being sealed. The mercury in the bulb is enriched to
90 % in ?°*Hg. An electrode-less RF discharge is ignited in the bulb which is mounted
inside a temperature stabilized microwave cavity running at 2.4 GHz. Mercury atoms are
excited in the plasma and relax to the electronic ground state by emission of the 253.7 nm
line. The emission line of 2**Hg overlaps within the Doppler width (~ 1GHz) with the
19%9Hg F' = 1/2 absorption line but does not suffer from hyperfine splitting (see Table .
Therefore a 2°*Hg bulb is a convenient light source to manipulate the nuclear spin of **“Hg
atoms.

But there are severe disadvantages to the 2°4Hg bulbs that makes their replacement
desirable:

1. The optical line center in 2**Hg is shifted by +96(18) MHz relative to the line center
of the '"Hg F = 1/2 line (see Table [3.4). This off-resonance light can induce a
systematic frequency shift (vector light shift) in the '*Hg co-magnetometer which is
discussed in detail in Subsection [4.1.2]

2. The emission lines are Doppler-broadened, effectively reducing the interaction cross-
sections of the light beam and the mercury atoms.

3. The spectral emission profile can strongly deviate from a simple Doppler-broadened
line shape due to radiation trapping. This effect reduces the absorption cross-section
between atoms and the light emitted from the bulb drastically. The probability for a
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(a) The bulb is mouth blown from a quartz glass (b) Photograph of an ignited 2°*Hg discharge bulb

tube transparent to 253.7 nm light. The tail serves in a temperature stabilized RF cavity as used in the
as mercury reservoir and to hold the bulb inside nEDM setup. A UV sensitive photodiode in front
the microwave cavity. The RF discharge is main- of the RF cavity is used to register fluctuations of
tained mainly in the head area of the bulb. the light output.

Figure 3.4: Photograph of a 2“*Hg discharge bulb as used in the nEDM setup.

photon to escape from the plasma discharge region is given by (1 —e™"79) where n is

the atomic number density, o the frequency dependent absorption cross-section and
d the distance to the plasma surface. Therefore photons emitted on resonance with
the atomic transition line have a very low probability to escape from a high density
plasma region without re-absorption. Photons emitted with frequencies in the wings
of the atomic transition line have a much higher probability to escape from the bulb.
Consequently the emission profile normally resembles a double-hump structure with
a minimum at the atomic transition line center. This effect is called line reversal and
is strongly influenced by the bulb’s temperature as the optical density changes with
the Hg vapor pressure.

Since this effect also determines the efficiency of low pressure fluorescence-lamps (by
determining how many UV photons hit the fluorescent material on the tube’s wall) a
wide range of Monte-Carlo simulations of Ar-Hg discharge tubes under various con-
ditions have been performed by various authors. Figure [3.5/shows as an example the
frequency distribution of photons that reach the inner surface of a 12.5 mm diameter
discharge tube filled with mercury of natural isotopic composition and 400 mbar Ar
buffer gas. The figure is taken from Ref. [BRO3] but has been reduced to the coldest
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spot temperature values of 20°C and 40°C as this is the relevant working range of
the discharge bulbs in the nEDM experiment. In this case the line reversal is visible
already at 20°C. Data for temperatures up to 100°C are given in Ref. [BR03].

4. Self-absorption depends on the geometry of the bulb and the buffer gas pressure, two
parameters that are not well under control. Thus different bulbs can emit significantly
different light spectra at the same operation temperature.

5. Emission lines of residual isotopes are present in the bulb’s light spectrum. Light
from the residual isotopes suffers less self-absorption in the lamp head due to the
lower optical density and is thus emitted by the bulb with higher intensity than
expected only from the mercury isotope ratio.

6. To avoid spectral misshaping, the bulbs have to be run at sub-room-temperature.
This lowers the density of the Hg atoms in the gas phase and thus limits the light
output to several microwatt for the bulbs in use. The cooling is limited by water
condensation from the air on the bulb’s surface.

7. The large area discharge bulbs have a low spatial coherence. Thus their light cannot
be focused to small diameter light beams with low divergence. This is needed to
efficiently transport light with optical fibers.

To qualitatively understand these effects it is interesting to measure the isotopic compo-
sition of the mercury in the 2**Hg discharge bulbs. Figure shows a setup to record
a transmission spectrum of the 2**Hg discharge bulbs. The transmission of a laser beam
through the tail of the bulb is monitored while the laser light is frequency scanned over
the absorption lines of the mercury isotopes. Details on the laser system can be found
in Section [3.4] Figure [3.6D] shows the recorded transmission spectrum for one bulb at
room temperature. The two most prominent peaks can be assigned to the 2**Hg and
202Hg isotopes. Fitting the transmission line shape as described in Section confirms
the high enrichment in 2**Hg (88.8 % atom number fraction) but also reveals that a signifi-
cant spectral contamination from 2°?Hg (10.5 % atom number fraction) has to be expected
in the light emitted by the 2*Hg discharge bulbs. A direct measurement of the 2*4Hg
bulb emission spectrum was not intended although Zeeman absorption spectroscopy was
recently performed on the 253.7nm line as a nice alternative to high-cost, high-resolution
UV spectrometers [ZRDOS].

Summarizing one can say that the light frequency spectrum emitted by the discharge
bulbs depend strongly on their running conditions. Thus the replacement by a well con-
trollable laser light source is highly desirable.

3.4 The UV laser system

A commercial UV laser system (Toptica FHG pro, hereafter FHG) has been purchased to
replace the 2*Hg discharge bulbs (see Section in the nEDM experiment. This section
will discuss the laser system, describe its general performance parameters and demonstrate
in which respects it is superior to the discharge bulbs used so far.
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Figure 3.5: Monte-Carlo simulation of the emission spectrum of an Ar-Hg discharge tube
of 12.5 mm diameter for two different temperatures and filled with Hg of natural isotopic
composition. This result is taken form Ref. [BRO3]. The line shape strongly deviates from
a Doppler-broadened emission profile. Since the height of the nEDM discharge bulbs head
is much smaller than its diameter the shown spectra can only indicate the qualitative
behavior. On the other side the bulbs are filled with highly enriched ?**Hg such that the
effect is enhanced for the 2**Hg line. The strong suppression of photons with frequencies
at the atomic line center drastically reduces the ensemble averaged light absorption cross-

section.
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(a) Photograph of the optical setup. The UV laser (b) Transmission spectrum of 2*4Hg bulb # 24 as a
light beam (indicated in red) passes through the tail function of frequency detuning relative to the tran-
of the 2°4Hg bulb and is detected on a UV photodi- sition in 2°?Hg. The two prominent peaks at 0 GHz
ode. and ~ 5GHz are due to ?°?Hg and 2°*Hg. Mea-
sured data points are shown in black. A fit of the
absorption lines with is also given ( ).

Figure 3.6: Determination of the isotopic composition of the mercury in the 2°*Hg discharge

bulb.

Since there are no high power laser diodes available at 253.7nm the UV light has
to be generated by frequency doubling in non-linear crystals. For a detailed theoretical
description of the frequency doubling in non-linear crystals the reader is referred to one of
the standard textbooks on non-linear optics, such as, e.g., Chapter 5.8 in [Dem08al. As the
frequency doubling is performed twice, the system is called a fourth-harmonic generator
(FHG). The optical path of the laser system is shown in Figure A picture of the open
FHG system in operation is given in Figure 3.8 Components in slanted font are shown
in Figure

The FHG starts out with an external cavity diode laser (ECDL, DL pro) providing
45 mW of infrared light (IR) at the fundamental wavelength Ajg = 1014.8 nm. This master
laser seeds a tapered amplifier (TA) from which it is separated by a —65dB Faraday
isolator (transmission losses 30 %, optical isolator 1). The pair of folding mirrors 1 serves
to optimize the coupling of the seed beam into the TA chip. The TA typically runs at a
current of &~ 3 A and amplifies the 34 mW input light to 560 mW after a second —65dB
Faraday isolator (transmission losses 30 %, optical isolator 2). The IR light is coupled with
a double pair of folding mirrors (2 and 3) into a bow-tie enhancement cavity with a quality
factor Q =~ 80. The proper spatial mode matching is achieved with the mode matching
optics 1 in front of the cavity. The light path in the cavity runs through a lithiumtriborate
(LBO) crystal mounted on a height adjustable pitch-tilt-table. Together with the folding
mirrors and the cavity mirror mounts one can align the non-linear crystal relative to the
light beam to achieve the necessary phase matching for optimized frequency conversion.
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Figure 3.7: Scheme of the light path inside the Toptica FHG pro system. For a detailed
discussion of the single components see the text. The picture is taken from Ref.
with modifications by the author.
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(a) Photograph of the open FHG. The master laser (b) Photograph of the open FHG. The IR and the
head sits at the top right side of the system. To its UV are invisible to the camera.

left and below one can see the optical isolators. The

resonator cavities are sealed to improve the stability

of the system.

Figure 3.8: Photograph of the open FHG during operation. During normal operation the
system cover is closed to reduce dust settling in the system.
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Most of the time it is sufficient to tune the two folding mirrors directly in front of the cavity
and the crystal table to optimize the output power of the green light. The cavity mirror
themselves are extremely sensitive and have only to be used for major readjustments. The
output power of green light at 507.4nm can be as high as 250 mW for an IR light input
power of 560 mW. The crystal is actively temperature stabilized to 37.2°C.

The green light is folded via a second double pair of folding mirrors (4 and 5) into the
second enhancement cavity (basically a copy of the first one). The non-linear frequency-
doubling element in this second cavity is a S—barium borate (BBO) crystal. The UV
output power at 253.7nm was as high as 27 mW when the system was delivered. However,
a broken piezo actuator (used to keep the cavity on resonance with the input light) forced
us to exchange a mirror-piezo combination. After the realignment a maximum UV output
power of 20 mW was achieved. The BBO crystal is temperature stabilized to 25.0°C. The
UV beam passes beam shaping optics to compensate the strong astigmatism of the crystal
to produce an approximate circular light beam. As the full UV output power is not always
needed in the nEDM setup the TA normally runs with reduced current to give a UV power
level between 5 mW and 10 mW. This reduces the light-induced damage in the BBO crystal
and thus allows for longer maintenance intervals between the necessary realignments of the
non-linear crystal (on the order of one week).

Both enhancement cavities are locked to their input light wavelength using the Pound-
Drever-Hall (PDH) locking scheme |[DHKT'83]. The master laser diode current can be
modulated on an AC-coupled and on a DC-coupled input channel. The AC-coupled channel
is used to modulate the diode current at 5 MHz producing the symmetric frequency side-
bands on the fundamental laser beam that are needed for the PDH lock. Fast photodiodes
(PD 1 and PD 2) in front of each enhancement cavity pick up the heterodyne signal of the
carrier and the side band light. After demodulation, the frequency dependent error signal
is used for feedback control. The error signal of the first enhancement cavity is split into
two paths for a so-called bias-T lock. One part of the signal is directly fed back to the DC
modulation input of the master laser diode current. This is a very fast feedback circuit
that stabilizes the laser wavelength to the resonance wavelength of the first enhancement
cavity on short time scales (microseconds to milliseconds). The second part of the signal is
sent to a conventional PID controller that acts back on the piezo mounted cavity mirror.
This intrinsically slower feedback circuit (limited by the mechanical resonance frequency
of the piezo-mirror combination) stabilizes the cavity to the master laser wavelength on
longer time scales (milliseconds to seconds). The second cavity can be length-stabilized
without any further frequency modulator because the transmission function of the first
enhancement cavity is sufficiently broad that IR light of the side band frequency can enter
the cavity and can be frequency converted. Thus also the green light at 507 nm has 5 MHz
sidebands that are used to keep the second cavity on resonance with the wavelength of the
green light.

All electronic modules used to control the crystal temperatures, the master laser diode
current, the master laser diode temperature, the master laser grating piezo and to lock
the enhancement cavities are combined in a double staged 19” rack. In addition the rack
houses a FPGA-based module used to frequency stabilize the master laser to the atomic
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transitions in mercury. Here the PID error signal is fed back to the DC-coupled modulation
input of the DL grating. The laser system has a mode-hop-free tuning range of more than
30 GHz at a scan rate of about 0.1 Hz. A transmission spectrum through a *°Hg enriched
vapor is shown in Figure The mode-hop-free tuning rangd’|expands over the transition
lines in all stable Hg isotopes.

3.5 The laser frequency lock

3.5.1 Light frequency accuracy requirements for nEDM /n2EDM

To make the new UV laser system useful for the *Hg co-magnetometer in nEDM the UV
light has to be frequency-stabilized (frequency locked). For the absorptive detection scheme
with circularly polarized light (discussed in detail in the Subsection , the laser has to
be frequency stabilized close to the center of the **Hg6'Sy, — 6P, F =1/2 or F = 3/2
line to maximize the absorption cross-section. To suppress the vector light shift effect
(discussed in Subsection in "Hg the optimal light frequency is shifted from the
99Hg 615y — 63P, line center, e.g., & —6 MHz for the F' = 1/2 line. For the detection
of the paramagnetic rotation effect, the laser has to be frequency stabilized between the
two hyperfine components in *Hg to maximize the effect with minimal light absorption.
Alternatively one could frequency stabilize the laser to the maximum of the paramagnetic
rotation effect close to the resonance center, but at these positions the absorption of light
is still strong. For elliptically polarized light (e.g., a contamination of the linearly polarized
light with circularly polarized light) the measured effect will be a combination of absorp-
tion and paramagnetic rotation.
Here the more restrictive requirements on the frequency accuracy for the absorptive mea-
surement scheme for n2EDM are discussed. In Section a magnetometric sensitivity
goal of the Hg co-magnetometer of 10fT per cycle was put forward. In a 1pnT field
this corresponds to a relative accuracy of 1 x 1078, From the statistical point of view, the
minimum signal-to-noise density ratio (SNDR, normalized to unity bandwidth) required
to achieve this sensitivity is (as/p)* = 8400 for a transverse spin relaxation time 7 = 100s
and a measurement time 7' = 150 (see Section [2.4)).

As shown in Section[5.2)a normalized signal amplitude (as/I;) &~ 12.5 % can be achieved
in the nEDM setup at A =~ 40 % light absorption. The shot noise of the detected photon
flux is given by

oy = V2N, (3.17)

where N is the photon detection rate. Assuming shot noise only, p = py, the minimum

4The mode-hop-free tuning range describes the frequency range that a laser can be continuously fre-
quency scanned without spontaneous jump to a different longitudinal operation mode.
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photon detection rate is given by

2(1 — A)

as?

N = ((as/p)*)? = 5.9 x 107571 (3.18)
This corresponds to 0.005 pW of detected UV photons. The maximum useful UV power
is given by the light-induced depolarization of *Hg and the maximally acceptable vector
light shift effect. As derived later in ([5.33)) the depolarization of spin-polarized '*Hg atoms
by light in the nEDM geometry is

1
< > =Py 86 x 107t s pw! (3.19)
T 1 ’hght ‘/chamber

which limits the maximum light power to < 11.6 pW. The relative vector light shift (VLS)
effect on the 1T field is given in Figure for 5uW and a misalignment of 1 mrad in
the nEDM geometry. Under these conditions the residual VLS effect amounts to 6 ppb for
laser light on resonance with the "Hg61Sy — 63P, F' = 1/2 transition. The relative VLS
is smaller than 10ppb for a laser frequency detuning of —22 MHz to 6 MHz around the
resonance. Therefore the frequency error signal has to have a width on the order of 1 MHz
to be able to suppress the VLS effect to a negligible level.

3.5.2 The sub-Doppler dichroic atomic vapor laser lock

For the "Hg co-magnetometer in n2EDM experiment the fractional UV laser frequency
uncertainty has to be ~ 1 x 107, A suitable error signal for the frequency stabilization
can be derived by suppressing the Doppler-broadening of atomic transitions. There exists a
wide range of so-called sub-Doppler spectroscopy techniques and methods. A good overview
of the field can be found in, e.g., Refs. [Dem08a, [Dem08b]. A huge range of techniques
has been developed in the last decades to frequency stabilize all different kinds of lasers
used in research and industry far beyond the demands for the Hg co-magnetometer.
Artificial wavelength and frequency references, e.g., ultra low expansion (ULE) cavities can
be used to provide sub-Hz laser line width for diode lasers (fractional frequency uncertainty
~ 1x107) [AMKT08, SMHS06, LHN"07]. These narrow bandwidth lasers are used
for the spectroscopy of optical clock transitions or in the measurement of the hydrogen
energy levels. Sometimes the ULE cavities are themselves locked to an atomic transition
of similar line width to provide long term accuracy of the frequency. With the development
of the frequency comb technology in 1998/1999 [RHUH99, Han06] absolute measurements
of optical frequencies became possible.

For the frequency stabilization in the "*Hg co-magnetometer for nEDM/n2EDM the
idea of Sub-Doppler Dichroic Atomic Vapor Laser Lock (SD—DAVLL)E]7 as demonstrated
for the first time in 2002/2003 for 8>8"Rb and Na [PFL*03, WGZZ02], was extended to

5Dichroism is used here in the sense of different absorption rates for different polarization states of
light. The second meaning, as used, e.g, in connection with dichroic beamsplitters or dichroic mirrors, is
the splitting of a light beam according to the wavelength of the light.
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the deep ultraviolet regime. At least one other group also successfully took this approach
at the same time to frequency stabilize a FHG system for the use in a magneto-optical
trap setup for mercury [LYQ713]. The SD-DAVLL concept combines the two techniques
of saturation absorption spectroscopy (SAS) and magnetically induced dichroism to obtain
a dispersion-like error signal around the atomic resonance for the frequency stabilization
of the laser.

Dichroic Atomic Vapor Laser Lock

The signals involved in the DAVLL are explained in Figure 3.9 Because of the first order
Zeeman effect (described in Subsection an external magnetic field shifts the magnetic
sublevels of atoms (and so the corresponding absorption lines) away from the resonance line
center position in zero magnetic field. Consequently the left (¢7) and right (¢~) circularly
polarized sub-components of a linearly polarized light beam propagating along the direction
of the external magnetic field are absorbed at different rates when passing through the
vapor. The different absorption can be detected if the light beam is passed through a A\/4
plate and a polarizing beam splitter to separate the o* sub-components of the light before
detection. The difference between the two absorption signals provides a dispersion-like
error signal symmetric around the unshifted line center without any additional frequency
modulation of the UV light. The DAVLL method can be applied to Doppler-broadened
resonance lines with a locking range typically on the order of gigahertz [CLHT98] or to
the sub-Doppler regime with locking ranges on the order of the natural line width of the
transition.

Saturation absorption spectroscopy

To resolve the natural line width 'y /27 of an atomic transition it is necessary to suppress
the Doppler broadening due to the thermal motion. This can be done by probing the change
in level population caused by an high intensity pump beam with a second low intensity and
counter-propagating probe beam. The light intensity at which the population difference
is reduced to half of its thermal equilibrium value is given by the saturation intensity
[DemO8b)]

hl/ro
20'0 ’

(3.20)

[sat =

where oy is the (non-Doppler-broadened) resonance absorption cross-section of the transi-
tion and I'y the excited state decay rate. The light absorption cross-section on the 6 Sy —
63P, F' = 1/2 line is only one third of the absorption cross-section in the even isotopes due
to hyperfine splitting: oo (“Hg F = 1/2) = 1/3 00 (“*"Hg) (see Table[3.3). Thus the satu-
ration intensity of the 61Sy — 63P; F' = 1/2 transition is Lot 1991g, =172 = 30.6 mW cm ™2,

The SD-DAVLL setup described in detail below uses a strong pump beam and a back-
reflected counter-propagating weak probe beam of the same light frequency v. Only atoms

in the velocity class vdv which fulfill |(v — k - v) — 1p| < £2 can contribute significantly to
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Figure 3.9: The basic signals involved in a DAVLL. Due to the Zeeman effect the magnetic
sub-levels in an atom (and so the corresponding absorption lines) are shifted away from
the resonance line center position. Consequently the right (¢7) and left (o) circularly
polarized sub components of a linearly polarized light beam are absorbed at different
rates when passing through the vapor. The difference between the two absorption signals
provides a dispersion-like error signal symmetric around the un-shifted line center.
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the light absorption and can therefore be saturated. Since the sign of k - v is opposite for
the pump and the probe beams in general two different velocity classes of atoms interact
with the laser beams unless k - v = 0. This is the case for atoms that only have velocity
components perpendicular to the light beams. For the electronic configuration of the
19Hg F' = 1/2 line, the saturation of the transition by the pump beam leads to a reduced
absorption of the probe beam (Lamb dip) and thus a small peak appears in the transmitted
light intensity at the resonance frequency 1. The exact shape of the Doppler-free line in
general also depends on effects of optical pumping as discussed, e.g., in Ref. [SKWM94].
The detected width of the transition is given by the natural life time, the power broadening
introduced by the pump and probe beam and other effects that reduce the excited state
lifetime, e.g., rest gas collisions.

The mercury SD-DAVLL setup

The SD-DAVLL setup for mercury is sketched in Figure [3.10] and a photograph is given
in Figure [3.1I] A variable fraction of the UV power available from the FHG system is
split off the main light beam by using a A/2-plate and a polarizing beam splitter cube (UV
PBS). A pair of beam-steering mirrors allows the alignment of the light path. A second
A/2 plate is used to maximize the transition of the UV light beam through a (nominally)
non-polarizing beam splitter plate (UV BSP) as it was found experimentally that the UV
BSP is not totally polarization insensitive. The high intensity pump beam passes through a
20 mm long spectroscopy cell installed between two coils in Helmholtz configuration (radius
R = 40mm, 25 turns). The Helmholtz coils provide a longitudinal bias magnetic field along
the light path with a calculated magnetic field of 0.56 mMT A~! at the center point. The
calculated longitudinal field distribution along the light path is given for a coil current of
1A in Figure [3.12]

The spectroscopy cells are filled with **Hg-enriched mercury (details of the production
procedure are given in App. and placed between two 1 mm apertures to block reflected
light beams. The light transmission through the cell is ~ 73% on the YHgF = 1/2
resonance. A transmission spectrum of the cell is given in appendix [E] To probe the atomic
saturation the transmitted pump beam is reflected back onto itself for best spatial overlap.
After passing the apertures again the probe beam is split a second time at the UV BSP. The
o™~ components of the beam are converted into s- and p- linearly polarized components
with a A\/4 plate. The resulting s- and p- components are separated with a polarizing
beam splitter. In this way the light components corresponding to o™~ polarization in the
spectroscopy cell are detected separately on the two photodiodes of a differential detector.
In addition to the detection signal of each photodiode the differential signal is available
at an extra output channel. To balance the differential detector output, the light power
in front of one photodiode can be adjusted by a neutral density filter (NDF). The three
output signals are typically passed through a RC circuit that acts as a 10 kHz low-pass
filter before being recorded or used for the frequency feedback.

A typical SD-DAVLL signal is shown in Figure[3.14]around the **Hg F = 1/2 resonance
recorded in a 20mm long spectroscopy cell filled with enriched *Hg. The pump beam
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Figure 3.10: Sketch of the SD-DAVLL setup used for the Hg co-magnetometer. A detailed
discussion of the light path is given in the text. The following abbreviations are used: FHG:
Forth-harmonic generator, A/2: half wave plate, UV PBS: UV polarizing beam splitter
cube, UV BSP: non-polarizing beam splitter plate, PRM: partially reflecting mirror, NDF"
neutral density filter, PD: photodiode.
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PRM

Figure 3.11: Picture of the SD-DAVLL setup. The cyan line indicates the light path. UV
light enters the setup via the mirror at the lower right corner of the picture and travels
to the left. The beam passes the 50/50 beam splitter plate (BSP). The pump beam is
traversing the Hg spectroscopy cell and bounces back from a (partially) reflecting mirror
to probe the saturation of the Hg atoms. The probe beam is split again at the BSP before
traveling through a \/4 plate. The s- and p- polarized light components are separated by
the polarizing beam splitter (PBS). Each component is detected on a photodiode (PD).

power was set to Poump = 120(1) pW (measured at the front side of the spectroscopy cell
with a calibrated power meterE[). In this setup the probe beam power can be measured only
in front of the polarizing beam splitter cube of the polarimeter as the probe beam is the
back-reflected pump beam (Ppone = 11.3(1) pW). The current in the Helmholtz coil pair
was set to Loy = 150mA. The extracted transition line width (FWHM) is I' = 7.8 MHz.
This has to be compared to the natural line width (FWHM) of 1.27 MHz.

Four possible reasons for the increased line width have been considered:

1. Frequency fluctuations: If the UV laser shows frequency fluctuations on the time
scale of the measurement time (=~ 1ms, frequency scan rate 10 GHzs™!) then the
recorded signal will be broadened accordingly. The influence of air pressure changes
on the laser frequency (e.g., due to the air conditioning system in the building)
was observed. For the measurement of the SD-DAVLL signal the FHG was free
running, i.e., the IR master laser was wavelength stabilized to the first resonator
cavity. A change in air pressure changes the refractive index of the air in the
resonator cavity and thus the corresponding laser frequency. A frequency shift of
~ 190 MHz mbar~!(47.5 MHz mbar™!) or a relative change of 1.9 x 10~" mbar~! has
been observed for the UV light (IR light). The literature value for the relative change

6Thorlabs PM100D, sensor head S130VC
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of the refractive index of air of standard composition and at STP and 15°C (stan-
dard air) is 2.7 x 10" mbar~! [Cid96]. For reference air pressure fluctuations of
1 x 102 mbar induce frequency fluctuations of 2 MHz for the UV light. The ambient
air pressure in the laboratory could not be surveyed to this level. If the laser is
frequency locked to an atomic transition these fluctuations are compensated for by
the frequency feedback system.

2. Angular misalignment: If the pump and probe beams are not exactly counter-prop-
agating there is a residual Doppler broadening dvp = vpa, where « is the angle of
misalignment between pump and probe beam. In case of *"Hg vp ~ 1 GHz. In the
SD-DAVLL setup, the distance between the first 1 mm aperture and the reflecting
mirror is L = 27cm. A maximum horizontal beam displacement of 1 mm after the
L = 54 cm long roundtrip corresponds to 1.9 mrad misalignment or an uncompen-
sated Doppler contribution of 1.9 MHz.

3. Power broadening: Due to induced emission, the excited state lifetime is reduced and
the transition is accordingly broadened. The expected power broadened FWHM is
[y = Toy/1+ I /I The extracted FWHM as a function of pump power in front of
the spectroscopy cell is shown in Figure [3.15] For the conditions of Figure the
FWHM contribution due to power broadening is ~ 1.9 MHz. From the fit of the ex-
pected intensity dependence an effective pump beam diameter dyeam ef = 0.67(3) mm
is extracted for a flat top intensity profile by assuming the pump beam power
Poump = 120(1) pW and that there is no attenuation along the light path. Ex-
trapolation to zero light power results in a FW HM = 4.5 MHz.

4. Pressure broadening: The excited state lifetime can be reduced due to quenching
collisions with rest gas. This possibility seems unlikely as the spectroscopy cell was
pumped below pest = 1 X 107¢mbar and baked for more than one day at 300°C
before it was filled with mercury. No pressure rise in the vacuum system was observed
when sealing the spectroscopy cell.

To optimize the slope of the SD-DAVLL signal around the line center position, the SD-
DAVLL signal as a function of the Helmholtz coil current was recorded for a set of specific
but fixed pump light intensities. The measurement results are shown in Figure for
the 9Hg F = 1/2 transition. The slope of the SD-DAVLL signal increases steeply with
increasing current before reaching a maximum and then decreasing again for even stronger
magnetic field. In the high magnetic field region, the Lamb dips for the 0% components
are shifted to far away from each other to produce a dispersion-like difference signal. The
natural limit for the pump light intensity is the amount of additional power broadening
that can be accepted. The SD-DAVLL technique has three advantages that make it
particularly attractive:

o The laser can be frequency stabilized without an additional frequency modulation on
the UV light.

o The technique can be applied to all Hg isotopes as can be seen from Figure [3.16
where the SD-DAVVL signal from a 2mm thick spectroscopy cell filled with natural
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Figure 3.12: The calculated magnitude of the magnetic field created by the Helmholtz coil
configuration (radius R = 40 mm, 25 turns) used in the SD-DAVLL setup. The field value
is given for positions on the symmetry axis relative to the center of the coil configuration
for 1 A coil current. The green vertical lines indicate the edges of the 20 mm spectroscopy
cell, while the blue vertical lines indicate the position of the coils.

Hg is shown. In addition a scan over the frequency range of all Hg isotopes is shown
in Fig)3.17]

» Besides the field independent zero crossing at the center of the resonance line there
are additional magnetic field-dependent lock points available in medium magnetic
fields. The magnetic field has to split the transitions between the magnetic sub-
levels by approximately their natural line width to optimize the signal slope. In this
way a laser can easily be frequency stabilized to one of these additional lock points
and its frequency can be tuned by magnetic field adjustment. The effect is shown in
Figure for the Hg 615y — 63P, F = 3/2 transition.

Summarizing, one can say that the SD-DAVLL setup provides an error signal around
the 19Hg F' = 1/2 resonance line that is very well suited to frequency stabilize the UV
laser system with the required frequency accuracy (as discussed in detail in Subsection
. Although there seems to be an additional contribution to the Doppler-free line
width beyond the effects discussed above that contributes with 2.6 MHz to the measured
linewidth.
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Figure 3.13: Slope of the SD-DAVLL signal at the center frequency as a function of the

Helmholtz coil current for different values of the pump beam power. The pump beam power

was set to 42.5uW (o), 57.5 pW (e), 84.3 nW (), 120 pW (M), 160 pW (W), 222 pW (A), and
270 pW (o). The lines are guides to the eye.

3.6 UV grade optical fibers

The UV laser system has been installed in a laboratory about 50 m away from the nEDM
experimental site. This laboratory provides better conditions in terms of temperature sta-
bility, cleanliness and accessibility compared to the experimental area around the thermally
insulated house with the nEDM apparatus inside. However, the disadvantage is that there
is no direct line-of-sight from the laboratory to the nEDM experiment. Therefore two
solarization-resistant] UV grade multimode optical fibersf have been installed to transport
the UV laser light from the optical table in the laboratory to the nEDM experiment. The
optical fibers have core diameters of 200 pm and 600 pm and a length of 50 m each. The
diameter of the laser beam in the precession chamber is three times larger for the 600 pm
fiber than for the 200 pm fiber. The measured transmission of the new 600 pm fiber was
4.2%. A second reason for the two optical fibers was the lack in experience with the
solarization behavior of this type of fibers. For detailed fiber specifications see App.[F]

"Solarization describes the decrease of light transmission due to UV exposure.
8Thorlabs UM22
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Figure 3.14: A typical SD-DAVLL signal around the **Hg 6 1Sy — 63P, F' = 1/2 transition
recorded in a 20 mm-long spectroscopy cell filled with **Hg-enriched mercury. Black points
indicate the background region in which a linear background function is fitted to the
measured data. Blue points indicate the signal region where the difference of two Lorentzian
lines is fitted on top of the background function. The red line represents the best fit. The
frequency axis is given relative to the average of the fitted peak positions. The signal was

recorded with Phymp = 120(1) pW, Pyobe = 11.3(1) pW and the current in the Helmholtz
coil pair was set to I.,; = 150 mA.



80 CHAPTER 3: THE COMPONENTS OF THE MERCURY CO-MAGNETOMETER

8 —
— - ////gﬁ
7 - & S—
N - /;/// -
I _—
=6 e
= e -
4
3
20 50 100 150 200 250
Pump beam power / uW

Figure 3.15: Full-width-half-maximum as a function of the pump beam power. The SD-
DAVLL signal in Figure was recorded with Ppymp = 120(1) pW. Thus the additional
contribution to the measured FWHM due to power broadening is ~ 1.9 MHz.

The FHG delivers enough UV power to run the **"Hg co-magnetometer despite the high
transmission losses of the optical fibers. The UV light is focused into the optical fiber and
in the first experiments the amount of light was regulated by a feedback control system on
the current of the tapered amplifier (TA)’} The end of the fiber is shown in Figure as
mounted at the nEDM experiment. The fiber end is mounted in a fiber dock with vertical
and horizontal adjustments of the beam position with micrometer screws. To control the
yaw and pitch angle the fiber dock is mounted on a yaw-pitch-platform with micrometer
screws. In this way the beam position is optimized for small misalignment relative to the
nEDM precession chamber. The position of a plano-convex lens (f = 25 mm), relative to
the endface of the optical fiber, can be sufficiently well adjusted with a telescopic lens tube
to produce a beam of low divergence in the precession chamber (optical fiber numerical

9A power stabilization scheme using an acousto-optical modulator (AOM) has been tested. The AOM
has a working frequency of 200 MHz. To diffract light efficiently, the input angle has to be matched
by aligning the AOM relative to the light beam. The FHG system shows some beam steering of the UV
beam with frequency tuning. For the 22 GHz separation between the two hyperfine transitions in *°Hg
the beam steering was too large to use the AOM without realignment for amplitude stabilization. Working
only around one hyperfine transition an AOM was separately tested for amplitude stabilization and shown
to work.
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Figure 3.16: SD-DAVLL signal measured with a 2mm thick spectroscopy cell filled with
Hg of natural isotopic composition. The SD-DAVLL signal is obtained for all the lines
overlapping within the their Doppler-width. Here the SD-DAVLL signal is shown in the
region of the '%Hg F=1/2, 2" Hg and ?*'Hg F=>5/2 line. For this plot the residual Doppler-
background was subtracted. Unfortunately this cell suffers from the same darkening effect

as shown in Figure [E.1]
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Figure 3.17: SD-DAVLL signal measured with a 2 mm thick spectroscopy cell filled with Hg
of natural isotopic composition. The SD-DAVLL signal is obtained for all the transitions
in the naturally abundant Hg isotopes. The ®®Hg isotope has an abundance of 0.15%.
The frequency axis is only a rough guide to the eye in this plot.
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Figure 3.18: A SD-DAVLL signal recorded for the F' = 3/2 transition (e) in *Hg with
Poump = 167(5) pW, Pyrobe = 8.9(1) pW. The same 20 mm long spectroscopy cell filled
with 1Hg enriched mercury was used as for the SD-DAVLL signal in Figure m The
current in the Helmholtz coil pair (HPC) was set to .oy = 948.5mA. A laser frequency
stabilized to one of the zero crossings to the left and right side of the central lock point
can be tuned by several MHz by changing the current in the HPC. The signal offset is due
to a non perfect balanced detector. A linear fit to the central region of the signal is given
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aperture NA=0.22).

The UV beam is linearly polarized with a Glan-Taylor polarizer. A 50/50 non-polarizing
beam splitter picks off a probe beam that is used for the intensity stabilization. A PID
controller acts on the TA current to compensate for intensity variations picked up in
the fiber. The non-deflected beam travels towards the vacuum tank. In the case of the
absorptive measurement scheme, a A/4 plate is inserted into the light path. The alignment
of the UV beam passing through the vacuum tank can be monitored with white paper
strips that fluoresce in the UV beam as can be seen in Figure [3.20f A superposition of a
picture at room light and a dark exposure is shown.

During the measurement it was found that mode interference is a major source of light
amplitude noise. The light modes guided in a multimode fiber interfere on the photode-
tector and any relative phase shift, e.g. to due mechanical vibrations of the fiber, change
the interference pattern and thus cause amplitude noise. A future setup should either use
single-mode optical fibers that guide only the fundamental mode of the light field to avoid
this effect or work with a direct line-of-sight access by bringing the UV laser system closer
to the nEDM experiment. Recently, improvements of the solarization resistance of single-
mode-optical-fibers have been reported by high-pressure hydrogen loading and subsequent
exposure to UV light [Win|. But further investigations are necessary on the temporal sta-
bility of the light transmission through single mode optical fibers or on the light transport
with automatically steered mirrors.
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Figure 3.19: The mounting platform of the UV fiber end at the nEDM experiment. The
fiber is screwed into a fiber coupler (A). The divergent light is refocused by a f = +25 mm
plano-convex lens (B) before passing a Glan-Taylor linear polarizer (C). A 50/50 non-
polarizing beam splitter (D) picks off a monitor beam at right angle. The undeflected
probe beam passes a A\/4 plate (E) and goes to the vacuum tank. The monitor beam is
refocused onto a photodiode (F). The measured light level is used to actively stabilize the
light power by controlling the current of the tapered amplifier. The micrometer screws
allow the adjustment of the yaw (G) and pitch (H) angles as well as the vertical (I) and
horizontal (J) position of the light beam.
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Figure 3.20: The UV beam in the nEDM vacuum tank can be aligned with the help of
white paper strips. The picture is a superposition of a room light exposure and a dark
exposure. The strips fluoresce under the illumination with UV light. The alignment strips
are removed for the "Hg co-magnetometer operation.



Chapter 4

The ""Hg co-magnetometer signal

In this chapter a refined model of the " Hg co-magnetometer signal is developed. This has
become necessary since the model presented in Ref. [GHIT98| only holds for small signal
amplitudes. With the use of laser light for the signal detection a significant increase in sig-
nal contrast was achieved compared to use of light from a 2**Hg discharge bulb. Applying
the old model to the data would lead to false conclusions. In a first step the fundamental
interaction of a vapor of (spin polarized) mercury atoms with a weak light beam is sum-
marized to explain the orientation dependent absorption and paramagnetic rotation. In a
second step the results are used to describe the process of optical pumping that is used to
produce spin-polarized *"Hg atoms in the nEDM setup. In the last section the new and
extended model for the signal generation in the '’Hg co-magnetometer is presented. This
extended model allows to derive an analytical expression for the atomic polarization of the
199Hg ensemble, in contrast to an exact model that is derived in Appendix @

A sketch of a generic setup of a "Hg co-magnetometer based on the absorption mea-
surement or on the paramagnetic rotation measurement is shown in Figure

4.1 The interaction of 'Hg atoms with a weak light
beam

In 1950 A.Kastler created a non-thermal equilibrium occupation of angular momentum
(magnetic) sub-levels in sodium atoms in an external magnetic field by the use of circularly
polarized resonance light [Kas50]. The detection scheme was based on the spatial intensity
distribution of the detected fluorescence light after excitation. This technique solely relies
on optical means to produce and probe the atomic polarization. It can be compared to
the state preparation used by O.Stern and W.Gerlach [GS22]. They used an external
magnetic field gradient to separate silver atoms in the two magnetic sub-levels of the
electronic ground state to demonstrate the spatial quantization of the spin axis. Kastler
called his technique "optical pumping".

The first one to point out the harmonic amplitude modulation of a circularly polarized
light beam propagating through an ensemble of precessing polarized sodium atoms was

87
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Figure 4.1: Comparison of the optical setups used to detect the Larmor precession of the
19Hg atoms (green) by the orientation dependent absorption of light (a) or the paramag-
netic rotation effect (b). The YHg atoms are in the same volume as the ultra-cold neutrons
(red). For method (a) the probe light is circularly polarized before entering the precession
chamber, by passing it through a linear polarizer and a \/4 plate. The precessing *Hg
atoms act as a time dependent analyzer for the light’s circular polarization. The intensity
modulation is recorded on a photodetector. For method (b) the light enters the precession
chamber with linear polarization at an angle of +45° relative to the analyzer plane. The
precessing atoms imprint a polarization modulation on the transmitted light beam that is
converted into an intensity modulation by a second linear polarizer in front of a balanced
photodetector. The balanced detector configuration suppresses common mode noise, e.g.,
intensity fluctuations. The coordinate system is chosen such that the light beam travels
along the z-axis. This is different from the general nEDM coordinate system.
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H. Dehmelt in 1957 [Deh57]. A detailed density matrix formalism for the effect of polarized
light on an ensemble of atoms was first worked out by J. Barrat and C. Cohen-Tannoudji
in conjunction with their experiments on the optical pumping of the odd mercury isotopes
99Hg and 2°'Hg. This work demonstrated for the first time the orientation dependent
light absorption for a diamagnetic atom as well as the shift of the atomic energy levels by
the interaction with the light itself (light shift) [BCT61l [Kas63]. A semi-classical operator
formalism was worked out by W. Happer and B. Marthur in 1967, also taking into account
the effect of the polarized atoms on the interacting light [HMG67]. This approach is used to
compare the absorptive measurement scheme and the detection of paramagnetic rotation
to generate a magnetometry signal in the *?Hg co-magnetometer in the nEDM experiment.
In the following all formulas are given in SI units while [HM67] uses the cgs system.

Here the interaction of 1% Hg atoms, the most relevant case for the mercury co-magneto-
meter in the nEDM experiment, with light beams of different polarization states is dis-
cussed. Results for 2'Hg are obtained in a similar way for the appropriate choice of the
angular momenta. The results obtained for ”Hg can be applied to the even isotopes of
mercury by considering only the contributions that are independent of nuclear spin. For the
calculations it is assumed that an ensemble of 1% Hg atoms with mass M in thermal equilib-
rium at temperature 7 is illuminated with light of frequency v (vacuum wavelength \). The
resonance frequencies of the two hyperfine components of the '“Hg 615y — 63P, F = 1/2
and F' = 3/2 transitions (see Figure are denoted by vy, where F = 1/2 or 3/2. The
natural line width is given by Iy and the oscillator strength of the transition is denoted
by fse. The nuclear spin (as well as the total angular momentum of the 615y electronic
ground state g) is denoted by I, the total angular momentum of the excited electronic
state e is denoted by F,. The light intensity Iy < Is where Iy is given by (3.20). Within
this semiclassical approach the interacting light is treated as a quasi-monochromatic wave
with amplitude %, wave vector k, complex polarization unit vector e and frequency v:

E )
E(r,t) = 70 eeiller=2mt) ¢ (4.1)

The position vector is given by r, the time variable by ¢ and c.c. denotes the complex
conjugate. The quantization of the light field is not taken into account but the atoms
are treated as quantum mechanical objects. The light beam travels along the z direction
(k = ke,), the vertical (horizontal) coordinate is denoted by x(y). In this way (X,¥,2)
form a right-handed coordinate system (see Figure [1.1). The complex polarization unit
vectors e are given by

1 1 1
A 1 . A 1 . A O ]' (A + A ) (4 2)
ér=— |1 6. =—7|—t €r = = — (L +¢é_ .
\/5 Y \/§ Y xT \/5 Y
0 0 0
Here the intensity of the plane wave is Iy = “i;%‘jc in cgs units. In [Swa07] the amplitude is normalized
such that Iy = ‘E8077|r20 in cgs units. This difference of a factor of two has to be taken into account when

comparing the two calculations.
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for left and right circular polarized light and for vertical (x-direction) linearly polarized
light. It can be seen that the linearly polarized light can be represented as the superposition
of a left and right circularly polarized component. For the electric field of the light wave
it is EX = E()éx.

The time evolution of the atom under the influence of the light field is governed by
Schrodinger’s equation

il (00 )0t) = (Hy + 6 H) W (4.3)

where 0 H is a small perturbation to the Hamiltonian H of the atoms in perfect vacuum.
According to [HM67], the Hamiltonian of the interacting system can be given as

H = Hy+6H = Hy — i (h/2) 6T + 6E (4.4)

where I is the light absorption rate and J F represents the shift of the atomic energy levels
due to the interaction between the atoms and the light. These effects will be discussed in
detail in the following subsections.

4.1.1 Light absorption

In the case of '*”Hg atoms (615, ground state, no ground state electronic spin, I = 3) the
light absorption rate can be separated into a scalar (nuclear spin independent) part 6T
and a vector (nuclear spin dependent) part p - 6Ty

where pu = ~I is the nuclear magnetic dipole moment and 7 the gyromagnetic ratio.
Because '"’Hg has nuclear spin I = 1/2 no higher order rank tensor interactions exist for
the ground state (Wigner-Eckart-theorem).

The scalar part describes the absorption of unpolarized light while the vector part causes
an orientation dependent absorption cross-section of the atom for circularly polarized light.
This orientation dependence lies at the heart of the optical pumping of Hg atoms in the
polarization cell and of the detection of the Larmor precession of the '’Hg atoms in the
precession chamber via light absorption. For the transition between the ground state and
the two hyperfine components of the first exited state (see Figure the scalar absorption
rate 0l is given by [HM67]

1 20F, +1 1
6Ty = —I,GImZ - — _—[,GImZ -
0T e MY o T et {2

The vector absorption rate 0Ty can be expressed as [HM67]

1 exe* 2F, +1
0T, = —Iy—GImZ - 24 I(I+1)—F (F,+1 4.7
L= 8710[7 m T Ty BHIUFD-RELD] (A7)
1 * 1 F,=L11=1
Lz [22° 2! T2 (4.8)
6h °I~ i -1 F=31=3
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where e and e* are the complex polarization vectors given in (4.2). The constant G is

given by [HMGT]
A2e?f | M
G = ge 4.9
2m2mec2eq \ 2RT (4.9)

and takes the transition-specific, but angular momentum independent parameters into
account. The complex Voigt-profile Z, a convolution of the natural Lorentzian line shape
of the atomic transition and a Gaussian function takes the Doppler broadening into account:

—u2

1 e e
Z_Z(M’T’V)—”/—oou—ﬁﬁ[v—(vwvc)ﬂ‘(%%)]du (4.10)

where v, and 7. take collisional line shifts and line broadening into account. The ***Hg co-
magnetometer in the nEDM experiment works at very low mercury density in the precession
chamber (ngy ~ 5 x 10 cm™3to1 x 10 cm™?) and a low background helium pressure to
stabilize the electric field (max. pp. = 1 X 1072 mbar). High precision values for the
collisional line shift and line broadening at pressures below 1bar are only available for
N, [JWO03]. Taking the values from Ref. [JW03] for line shifts Av. = —2.54 MHz/Torr
and pressure broadening AI'. = 9.01 MHz/Torr one can estimate an order of magnitude
for v, ~ —20kHz and T', ~ 72kHz for 1 x 10"2mbar. Following this argument one can
assume v, ~ 0 and ['. =~ 0. In the HgEDM experiment these corrections have to be taken
into account as in that case mercury atoms in a buffer gas atmosphere of several hundreds
of Torr are used [GSLT09].

From one sees that the vector absorption rate is only present for light with a
degree of circular polarization P, if one takes into account that

. 0 P, =+1 for 100% o™ polarization
exe ,
{ : } = 0 | withq P, = 0 for 100 % linear or no polarization (4.11)
—by P, =—1 for 100 % o~ polarization

The absorption cross-section per atom is plotted for a monochromatic light source (like the
new UV laser) in Figure |4.2|as a function of light frequency for (anti-)parallel alignment of
light and atomic polarization vector. Perfect conditions of 100 % polarized *"Hg atoms and
100 % circularly polarized light are assumed. For the F' = 1/2 transition the absorption
cross-section modulates between 0% and 100 % of the maximum absorption cross-section.
Atoms in the 6'Sy, F =1/2, mp = —i—% state are in a dark state for ot light due to angular
momentum conservation. Only atoms in the 6'Sy, F' = 1/2, mp = —% state can absorb
a o photon and be excited to the 63P, F' = 1/2, mp = —i—% state. For the F' = 3/2
transition the absorption cross-section for ot light modulates between 33 % and 100 % of
the maximum absorption cross-section since the 61S,, F'=1/2, mp = —1—% ground state is
not a dark state of the F' = 3/2 transition. Atoms in this state can be excited by o™ light
to the 6°P;, F =3/2, mp = +3 level.
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Figure 4.2: The absorption cross-section per atom for *Hg. The frequency is given as
a detuning from the 'Hg F' = 1/2 line center. For a parallel alignment of the light
polarization and atom polarization vector the cross-section is given by the red dashed line
(- = =). A comparison with Figure shows that the mp = +1/2 is a dark state of the
F = 1/2 transition but couples with relative factor of 1 to the mp = +3/2 sublevel of the
F = 3/2 transition. The blue solid line ( ) represents the anti-parallel alignment. In
this case the 6'Sy, F'=1/2, m_y, state couples to the 6Py, F' =1/2, m ., state with
maximum strength. But the coupling to the F' = 3/2, mp = +1/2 state is reduced to % of
its maximum value.

The absorption cross-section for the F' = 1/2 and the F' = 3/2 lines modulate with a
phase shift of 180°. This agrees with the rule that the sum over all hyperfine components
of the cross-section has to be the same as for an even isotope, that does not show any
modulation. The relative modulation depth is larger on the F' = 1/2 transition for the same
amount of overall light absorption. Each absorption process contributes to the transverse
spin relaxation of the 'Hg vapor. Therefore the F' = 1/2 transition is prefered over the
F = 3/2 transition since there is less depolarization by light at the same signal contrast.

To derive and a monochromatic light source was assumed. For the light of a
204Hg discharge bulb this assumption is not fulfilled as discussed in Section To obtain
the effective absorption cross-section oj,mp, between the light of a 204Hg discharge bulb and
the ensemble of 1%Hg atoms the absorption cross-section ., shown in Figure has to



4.1. THE INTERACTION OF "WHG ATOMS WITH A WEAK LIGHT BEAM 93

be convoluted with the normalized spectral density of the 2°*Hg bulb ®},,, (v):

Olamp — /Ulaser - q)lamp (V> dv (412)

For an ideal lamp (no self-absorption, no other isotopes, no isotope shift, same temperature
as the Hg vapor) with Doppler-broadened line shape and the approximation of
by a Doppler-profile, the absorption cross-section is given as the convolution of two
Doppler-profiles:

o) _ (”_”8)2 o1 K
2A aser, pea.
Oideallamp = Ulaser,peak/ € D dy = —F———. (413)

o0 V2mAp V2

Self-absorption, isotope-shift and light emitted by different isotopes will further reduce this
effective cross-section for the 2**Hg bulbs.

4.1.2 AC Light shifts

Near resonant light can shift the energy levels of the illuminated atoms. This effect is
known as AC light shift. The energy shift term has a scalar part, §Fj, common to all
magnetic sub-levels of a specific electronic configuration of the atom and independent of
the light polarization. A second part, —u - Byrs, represents an energy shift proportional
to the magnetic moment of the magnetic sub-levels in an effective magnetic field Byg
created by the light field (VLS - vector light shift)

0F = (SEO — M- BVLS- (414)
The scalar light shift can be expressed as [HM67]

1
2

2Fc+1
2I +1

1 Fo=5,1
_ 1 4.1
6E0 12[0G ReZ - Fe _ I ( 5)

w\»—t N[

I()G ReZ - {

w\w M\H

where G and Z are given by (4.9) and (4.10). All levels are always lowered in their energy
by the scalar light shift effect. For the vector light shift one finds [HM67]

1 exe* 2F, +1

B = —1 GRZ { ] ° 24+ T(IT+1)—F, (F,+1 4.16
1 e xe* 1 F=L1r7=1
— —I,—GReZ - ] R 2 4.17
12 OIV ¢ 1 {—1 Fe:%] % (4.17)

From and it follows that the VLS effect is only present for o polarized light
components and that the direction of the VLS field Byyg is parallel or anti-parallel to the
direction of light propagation k. The magnitude of the VLS field is proportional to the
degree of circular polarization Py, the light intensity /o and is an antisymmetric (dispersive)
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function f (v — 1) of the light frequency v detuning from the atomic resonance 1. The
function f (v — 1) absorbs all components of (4.17)) not explicitly given

BVLS = |Io| kPLf (l/ - Vo) . (418)

The induced change of the Larmor frequency can be calculated by assuming that the
magnetic moments of the "Hg atoms precess around the superposition B of the main
magnetic field By and the VLS field Byrs (a pseudo-magnetic field)

B = By + Byis. (4.19)

The Larmor precession frequency in this effective magnetic field is given by

B Byis\?
witg = VgV (Bo + Byrs)® =Yg Boy| 1 + 2 cos VIS ( VLS) = (4.20)
By By
B 1 Byis\?
= Yu¢Bo (1 + cos a gis + 5 sin? o ( gss> + .. ) , (4.21)

where « is the angle between the main magnetic field By and the VLS field Bys. For
a = 5 the first order dependence on Byyg vanishes and only the second order term remains.
Any angle o # 7 will produce a projection of the VLS field onto the main magnetic field.
While the quadratic contribution is negligible even for the frequency accuracy demanded
for n2EDM the linear contribution can be of concern for the nEDM measurement if the
angular alignment is not well under control or if there is a large frequency detuning of the
probe light from resonance as in the case of the 2**Hg discharge bulbs.

Here the VLS effect for typical measurement conditions in the nEDM experiment at PSI
is estimated. A light power of P = 5puW and a misalignment of the light beam relative
to the main magnetic field By of & = 1mrad is assumed. To estimate an upper limit,
valid for all concentrations of mercury atoms in the precession chamber, the decrease
of the light intensity along the light path or its modulation by the precessing atoms is
not taken into account. Furthermore the change of the beam volume in the chamber
due to the misalignment or due to beam divergence is neglected. These effects reduce the
volume-averaged VLS field as the beam diameter increases and thus the local light intensity
decreases. Compared to a beam propagation strictly perpendicular to the cylinder axis the
volume effect is on the order of cosa?® ~ 0.9999985. The VLS field has to be averaged
over the volume of the precession chamber. The diameter of the probe beam is irrelevant
but can be replaced by an effective beam cross-section that is only given by the precession
chamber geometry (Depamber= 470 mm, Hepamper= 120mm). For a non-divergent beam
with power Poeam (the intensity for a divergent beam becomes lower along the light path)
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the effective chamber cross-section follows from

1
B / Buys dVieam = 4.22
< VLS > V;:hamber V;:hamber Vbcam VLS b ( )
BVLS 1 / B beam

_ Lheam jur 4.23
Ibeam ‘/chamber Vbeam Abeam b ( )
_ BVLS Pbeachhamber _ BVLS 414’beaurn (424)

I beam ‘/chamber D chamberﬂ—H chamber

For the nEDM geometry it is
‘DC am erHC ambper

A chamb ; hamber ™ _ 443 em?, (4.25)

independent of the actual light beam diameter. The VLS effect is proportional to the
photon flux through the effective chamber cross-section. One can achieve the same result for
the volume-average VLS field if a duty cycle is attributed to the VLS field which correspond
to the volume ratio of light beam and precession chamber. The volume-averaged VLS field
normalized to the main magnetic field By is given in Fig. for a detuning range of +
2GHz. In Fig. it is given for the frequency range covering the *Hg and 2°*Hg lines
of interest. For the running conditions given above the residual VLS for a laser beam on
resonance with the Hg F = 1/2 transition is 6 ppb or 6 fT on the 1T field. This VLS
is still acceptable for n2EDM but can easily be decreased by reducing the amount of light.

4.1.3 Paramagnetic rotation

The effect of a dielectric medium on a plane electromagnetic wave propagating through it
can be described by the complex index of refraction n

n:nr—im:ﬁ:\/1+xml+§ (4.26)

where € is the complex relative permittivity and y is the susceptibility tensor operator.
A plane wave (frequency v, vacuum wave vector k || z) traveling along the z-direction is
described by

Ein (Z, t) — Eoez’(27rl/t—nkz)‘ (427)
The plane wave exiting from the medium of length [ is given by
Eou = —i27vnl/c E., (0, t) _ 677:27TV(1+%)l/cEin (0, t) . (428)

The real part of n, n,, describes the phase dispersion and the imaginary part, x, describes
the absorption of the wave in the medium as discussed in Subsection [4.1.1] The susceptibil-
ity tensor operator can be split in a scalar, spin independent and a vector, spin dependent

part E]
X = Xo+ Xi- (4.29)

2Here a operator notation applies: YE = xoE + x; E. For example x;E = const (u x E).
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Figure 4.3: The volume-averaged vector light shift field normalized to the main magnetic
field By for typical measurement conditions in the nEDM setup at PSI. A light power of
5pW and a misalignment of the light beam relative to the main magnetic field By of 1 mrad
is assumed. The UCN storage chamber has an effective cross-section of AL . = 443 cm?.

In the case of '%Hg atoms the scalar part is given by [HM6T]

1
: (4.30)
2

 NGZ(2F.+1) NGz [1 F.=1
XN="50er+1) 3 3

where N is the atomic number density and G and Z are given by (4.9) and (4.10). The
spin dependent part of the susceptibility tensor operator is given by [HM67]

iNGZ (2F. + 1)

= — 24+1(I+1)—F, (F,+1 4.31
iNG’Z(2Fe+1) I
= — 24+ 1(1+1)— F,(F, 1) = 4.32
4(I+1)(2I+1)[Jr (I+1) e(e+)]IX (4-32)
1 1
RS B £ 159
B 3 3 LI '
-1 for Fo=—-,1=—
2 2
|
= — ZleX (4-34)
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Figure 4.4: Detail of the data given in Fig. around the absorption line center of the
199Hg line. The position of the line center of 2**Hg is also indicated.

Note the nuclear spin dependence of (4.34)). From (4.26]) one gets
Eou = ¢ V() B, (0,1) (4.35)

where the exponential acts as an operator on E;,. The effect of the medium is given as the
additional complex phase —i27vl/c (% + %) In the case that the spin I is restricted to

the y-z-plane (in the coordinate system defined after (4.1])) one finds
I=|sin(wt)|. (4.36)

One can calculate the structure of (4.26]) for o™ and o~ light propagating in the spin-
polarized *"Hg vapor

0
. E
(2 + X0 — if(lIx) E, = (24 xo — cos (wt) x1) E; + i)ZlT; sin (wt) [0 (4.37)
1
- i By X
(2 + X0 — lelx) E_ = (2+ xo+cos (wt) x1) E_ + leﬁ sin (wt) | 0 (4.38)
1
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where the electric field vectors are defined after (4.2]). Since xo, X1 < 1 the additional
longitudinal electric field component is small and can be neglected. The corresponding
electric field vector for o™ and o~ light at the end of the polarized vapor is given by

il

ES" = ¢ IR (0,1) n e B H0) o s g (0 ) (4.39)
iy &

Eo — o TR (0,1) ~ o~ T (24x0) o+ 2 R0 cos(w) | (0,) (4.40)

To determine the effect on linearly polarized light (vertical to the spin precession plane,
x-direction) one combines (4.39)) and (4.40) for the case of the superposition

E, = Eyé, = \}5 (By+E-) (4.41)

to get

E)O(ut — e mcul (2+xo)e_ll7cruxl Cos(a.nf)\}§ (E+ + 6—2”%)(1 COs(wt)E_> ) (442)
While yq results in an undetectable common phase shift for both ¢ polarization compo-
nents, x; introduces a detectable differential phase shift ¢ between both ¢ polarization
components. A relative phase shift ¢ causes a rotation of the polarization plane of linearly
polarized light by the angle ® = ¢/2. For an atomic polarization degree P, the light
polarization angle is modulated at the Larmor frequency

D = ‘5 = PG“TC”R@ (Y1) cos (wt) = “TC”RG (Y1) e () - k (4.43)
where cos (wt) = fi (t) - k is the time dependent projection of the magnetic moment unit
vector on the unit vector of light propagation k.

As an example for the nEDM setup the rotation angle as a function of light frequency
is shown in Figure for a 100 % spin-polarized %Hg vapor with a number density of
1.6 x 101%cm™2 at 294 K and a light path of 50 cm. The light is assumed to be 100 % linearly
polarized. In the nEDM precession chamber (diameter Depamper = 47 ¢cm) this number
density corresponds to an absorption value of 27% on the F' = 1/2 line. To suppress
vector light shift effects due to residual circular polarization and to avoid signal amplitude
variations one normally probes the optical rotation between the two 615y — 63P, F = 1/2
and F' = 3/2 transitions [SLGT13]. For the parameters given above the polarization
rotation angle at a frequency between the two hyperfine transitions is ® ~ 10 mrad in the
nEDM setup.

For comparison a rotation angle of ® ~ 400 mrad [Swa07] is achieved in the HgEDM
experiment. Despite a &~ 21 times longer light path in the nEDM setup (470 mm vs.
22mm) the effect is a factor of 40 larger in the HgEDM experiment since the mercury
vapor is 1000 times more dense in the HGEDM cells (Npgepy = 1.6 x 102 em ™ at 294 K).

Here a signal amplitude estimate for the detection of paramagnetic rotation in the
nEDM setup is given. The optical rotation effect can be detected with first order sensitivity
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in ¢ with a linear polarizer under 45° relative to the incident plane of polarization:

2

1
C 1 1 [0 A [0 .
I(t)=— - |E™(t)- — |1 =—(1 =— (1 20 4.44

The amplitude of the intensity modulation is % = 1% for ® = 10mrad. To judge on
possible enhancement factors for the optical rotation in the nEDM setup a comparison to
the HgEDM setup and other magnetometers is useful. Here three aspects are discussed:

« Increase the number density of polarized 'Hg: As can be seen from Figure
the achievable atomic polarization decreases with the measured light absorption
and thus the Hg number density. In this measurement the optical pumping of
the "9Hg atoms was still performed with the 2*Hg discharge bulbs. Unless optical
pumping with the new laser system becomes much more efficient due to the larger
photon flux available it will be difficult to increase the number density at the same
polarization performance. Furthermore spin-relaxation by re-emitted photons has
then to be taken into account.

The HgEDM experiment has two main advantages compared to the nEDM setup
that allows it to run at much higher "Hg densities. First of all, the spin-polarized
199Hg ensemble can be prepared without regards to a second spin-polarized species of
easily absorbed UCN. This allows the use of a buffer gas atmosphere of 630 mbar CO.
The CO non-radiatively quenches the excited 6P, state to suppress the re-emission
of photons that cause depolarization at such a high density vapor. The second
advantage in the HgEDM experiment is the use of sealed small volume cells. Thus
the 1Hg atoms are polarized in the same volume as the spin precession takes place.
In the nEDM experiment the spin-polarized “Hg atoms are rapidly transferred
into the precession chamber as the atoms travel on ballistic trajectories. This fast
transfer is needed to minimize any dead time between filling the UCNs into the
storage chamber and the beginning of the Ramsey cycle. Long waiting times, e.g.,
due to optical pumping directly in the precession chamber lead to a reduced number
of counted UCN and thus decreased statistical sensitivity. A high buffer gas pressure
results in a diffusive transport of the '"’Hg atoms such that a fast transfer of the
atoms from the polarization to the precession chamber is not possible. Furthermore
the use a buffer gas in the nEDM experiment reduces the UCN lifetime drastically.
The UCN are up-scattering to the non-UCN energy regime and rapidly lost from the
storage chamber.

e Increase the interaction light path: By using a multi-pass cell geometry the
optical rotation effect might be efficiently enhanced as has been shown recently,
e.g., for Rb magnetometers [LVST11]. In this experiment two mirrors are mounted
inside a Rb vapor cell such that only the Rb vapor is between the mirror faces.
In the nEDM setup the light beam has to pass the two windows in the precession
chamber each time before reaching the mirrors that can only be installed outside of
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the electric field region. This will reduce the amount of detected light by absorption
and reflections on the windows. It is not yet clear if UCN- and HV-compatible
anti-reflection coatings for the windows exist. To judge the feasibility of a multi-pass
detection scheme residual window birefringence, absorption and reflection properties,
UCN compatibility of coatings and HV compatibility have to be studied in detail.

« Frequency stabilization at optical rotation maximum: A third alternative to
enhance the effect of paramagnetic rotation is to stabilize the UV laser frequency at
one of the maxima of the effect in the vicinity of the line centers of the ' = 1/2 or F' =
3/2 lines. Here the achievable optical rotation is 100 mrad. But the vector-light-shift
(VLS) effect and the paramagnetic rotation show the same frequency dependance
as can be seen from in combination with and and thus also the
VLS effect is maximized. From Figure 4.3 one obtains for a 5uW probe beam the
maximum relative VLS effect of 2.5 x 1077, To realize this setup two goals have to
be achieved. First of all the UV laser has to be frequency stabilized to the maximum
of the effect. This could be done, e.g. by measuring the effect in a smaller cell of
polarized ?Hg vapor and frequency modulation techniques. Furthermore the degree
of linear light polarization inside the precession chamber has to be higher than 99 %.
Thus birefringence induced by components in the light beam (windows (in electric
fields), wave plates,...) has to be controlled or compensated to the sub-percent level
in the nEDM/n2EDM setup.

4.2 An extended model for the absorptive signal

To extract the characteristic parameters of the *Hg co-magnetometer (light absorption,
atomic polarization,...) from the measured data one has to employ a model that de-
scribes how the absorptive signal is generated. Here the absorptive measurement scheme
is discussed. The first paragraph reproduces the signal model used so far (introduced in
[GHIT98]) and discusses its weaknesses. In the second paragraph, an extended signal model
that describes the observations with much higher accuracy is described.

4.2.1 Small signal model

A signal model for the Hg co-magnetometer was developed in [GHIT98] when the *Hg
co-magnetometer was introduced into the nEDM experiment. This model assumes an
intensity modulation of the light beam transmitted through the precession chamber with
amplitude ag, small compared to the DC light level I; as defined in Figure 2.9, The light
level Iy is measured after the mercury is filled into the chamber. This model explicitly
assumes that the measured intensity levels (I, I5) have no offsets due to non-absorbable
light (e.g., from other Hg isotopes), that there is no spectral misshaping of the light from
the 2*Hg bulb as discussed in Section and that no other mercury isotopes are present
in the enriched *"Hg. After releasing the mercury into the precession chamber the light
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Figure 4.5: Frequency dependence of the paramagnetic rotation effect. The frequency is
given as a detuning from the 'Hg, ' = 1/2 line center. For the calculation a 100 % spin-
polarized ""Hg vapor with a number density of 1.6 x 101°cm™ at 294K and a light path
of 50 cm is assumed. The light is taken to be 100 % linearly polarized.

intensity is given by

I, = Ie "ol (4.45)
The measured light absorption A is derived as
IL -1
A= _2—1_ ¢l (4.46)
I

where ny, is the Hg density in the chamber, o is the absorption cross-section and [ is the
diameter of the precession chamber. The AC signal amplitude is calculated by comparing
the light absorption by a polarized and an unpolarized ensemble of Hg atoms

-P
a, = [167’an0'(17P)l . Ilefnngal _ hefnngal ((enngal) B 1) (4.47)

where P is the atomic polarization. Substituting (4.46)) in (4.47)) gives the signal amplitude
as as a function of A and P

o, =L (1—A)(1-4)7"-1). (4.48)

A value for the atomic polarization can be extracted by rearranging (4.47))

In (1 + 1 )
_ 1(1-A)
= m(i—A4) (4.49)
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With the approximation that a; < I; and A < 1 the atomic polarization is given by
[GHIT98]

Qs

P%Il/l(l—g).

(4.50)

As discussed in Section the 2**Hg discharge bulbs have been found to not fulfill the
assumptions for this model if they are run at temperatures of 40°C. In addition the
assumption of symmetric modulation around the I level is not valid for large absorption
values A.

4.2.2 An extended model for the "Hg co-magnetometer signal

To be able to compare the 2**Hg bulb and the UV laser *Hg co-magnetometer one needs a
model that is valid in both situations. The transmitted light intensity after the precession
chamber is described by

P
o

]2 = (]1 - DCoffset> einlggHgal(ﬁi ) + DOoffset (451)

where « is a correction factor that takes into account that the absorption cross-section
between the 1%Hg atoms and the light emitted by the 2°*Hg atoms in the bulb can be
lowered due to spectral misshaping. The factor 3 takes light absorption by atoms other
than ""Hg into account, as well as the possibly reduced effective light absorption cross-
section as given by . The DClyger term accounts for light that cannot be absorbed by
the Hg atoms in the enriched ""Hg sample because it is emitted from isotopes different than
the ones in the enriched *"Hg sample. The modulation signal amplitude a, is assumed to
be half the difference between the maximum and the minimum transmitted light intensity

I;na:v — [57”77/ B ([1 — Dcoﬁset) (e—nlggHga’l(IB—i) o e—nlggHgol(ﬁ—‘,—z)) ) (452)

s = 2 - 2

The measured absorption value has to be corrected for offset light

I — I - 18
A = ———— = =1 — ¢ M%7, 4.53
Il - Dcoffset ( )
Substitution of (4.53)) into (4.52)) gives
a, = I — l;Coffsete—mggHgalﬁ (e—nnggo’l(—i) _ 6—n199Hgal(+§)> (4_54)
P
= (I1 — DCoftset) e M998 ginh <n199Hgal> (4.55)
Q@
I — I . P
= (]1 - Dcoﬂ‘set> (]_ - Il—lDC':ffset> sinh <an199HgO'l) . (456)
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The product nisspeol is directly measurable:

1 I — I,
l=—h(l——-—7——]. 4.
N199yg 0 5 n ( Il — Dcoﬁrset> ( 57)

The signal amplitude ay is given by

. P L — 1
s = (Is — DCloee hl{l—-—mn(l———"—F-"-—1]. 4.5
as = (I Coffset) SIN ( e n( Il_DCoffset>> (4.58)

Rearranging (4.58]) for the atomic polarization P gives
1
1 — I1—1I> )

I _DCoffset

arCSinh <I2—z‘;;cvoﬁset> . (459)

P=—-ap
In (
In the case of DCygeet = 0, @ = 1 and f = 1 the formula for the atomic polarization P
simplifies to

Qs

[2) = _ln(ll—A) arcsinh (1_1(16L8_A)> . (4.60)

For 100 % atomic polarization, DCyge; = 0, a = 1 and § = 1, the small amplitude model
starts to deviate from the extended signal model for absorptions above 20 %. The small
amplitude model predicts a modulation from —1I; to I; for 100% light absorption which
is unphysical. The extended model oscillates between 0 and I; for the same parameters.
In the appendix [D]| an exact signal model is developed to take the nonlinear character of
the exponential light absorption into account. The normalized AC amplitudes predicted
by the three models are compared for atomic polarizations of P = 25%, 50 % and 75 % in
Figure [4.6] It is found that the degree of atomic polarization is systematically underesti-
mated with the small amplitude model. For light absorption values A < 60 % and atomic
polarization P = 75 %, the extended model deviates only slightly from the exact model.
The extended model is used in this analysis as it provides an analytical expression for the
atomic polarization P in terms of light absorption A and modulation amplitude a, and the
deviations are found to be small in the absorption A and signal amplitude as range of the
nEDM experiment.

1
P = —m arCSinh (
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Figure 4.6: Comparison of the normalized modulation amplitude according to the small
amplitude model (red), the extended model (blue) and the exact model
(black) for the case of P = 25% ( ), P=50% (- - =), and P =75% (---) atomic
polarization, DCygeet = 0, a = 1 and S = 1. In the low absorption limit the three models
converge. The small amplitude model systematically predicts a larger signal amplitude
which in turn leads to an underestimation of the atomic polarization P. The extended
and the exact model only deviate significantly for light absorption A > 60 % and atomic
polarization P > 75 %.




Chapter 5

Comparison of 204Hg lamp and UV
laser based 1"”Hg co-magnetometry

The first section of this chapter presents the analysis procedure applied to the free induction
decay signals that have been recorded with the UV laser light source and the 2**Hg bulbs.
A direct comparison of the achieved signal contrast is provided in the second section. The
third section provides a comparison between the atomic polarization extracted with the
small signal amplitude model and the extended signal model as developed in Chapter
In the forth section the achieved signal-to-noise-density-ratio (SNDR) for the laser and
lamp based Hg co-magnetometer is presented. Section five is used to show that the laser
baser *"Hg co-magnetometer provides the necessary SNDR to achieve the magnetometry
requirements for the n2EDM experiment. Based on the atomic polarization extracted in
the third section a new model is developed to describe the optical pumping process in the
polarization chamber of the nEDM experiment in section six. The last section discusses the
depolarization of the ""Hg atoms in the precession chamber of the nEDM experiment and
motivates future investigations of the depolarization rate for different isotopic compositions
of the Hg vapor.

5.1 Data analysis procedure

In this section the general data treatment used to obtain the results in the following sections
is presented. The "Hg co-magnetometer related part of the current data-acquisition
system of the nEDM experiment is explained in detail in App.[C| The AC signal component
(see Figure is digitized after a multiple-feedback bandpass filter (measured center
frequency f.=7.85Hz and @@ = 5.06) by a 16-bit ADC at a sampling rate of 100 Hz. The
DC component is digitized with a 12-bit ADC.

The AC part of the recorded free induction decay (FID) signal is first passed through a
further digital finite impulse response (FIR) zero-phase shift bandpass filter (digital filter
parameters: length ngs = 151, low cut-off frequency 11 4¢ = 7Hz, high cut-off frequency
vhar = 9Hz) to suppress the second harmonic component that was not suppressed by

105
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the analog bandpass filter to below the noise level of the AC ADC. This second harmonic
decays with double the decay rate as the fundamental signal. It can create a so-called early-
to-late effect on the frequency extraction. At early times the second harmonic contribution
would add signal components that can interfere with the frequency extraction for a single
frequency fit. At later times these signal contributions are absent and can thus introduce
systematic effect in the frequency extraction. To exclude filter charging effects of the analog
and digitally filtered signal the first 4.5s are removed from the time series of filtered data
points. To exclude any filter charging effect of the analog filter at the end of the cycle
a time window of 0.5s that corresponds to approximately three times the length of the
digital filter kernel is removed at the end of the filtered signal. To determine the initial
FID signal parameters the filtered set of data points is fitted with the function given by

Age (t) = Age™ = sin (2mvt + ) (5.1)

where Ay is the initial amplitude of the filtered FID signal, 7 the signal decay time, v the
mean signal frequency and ¢q the initial signal phase. To extract the phase evolution as
a function of time the filtered FID signal is divided in subsets of 0.5s and each subset of
data points is refitted with fixed 7 but free Ag, v and ¢ (¢). In this way the phase evolution
of the FID signal is extracted.

The Fourier transform (FT) of the FID signal is useful to investigate the higher har-
monics of the signal and to search for additional noise sources that contribute at a constant
frequency. The FT of an exponentially decaying FID signal A(t) (A(t < 0) =0)

A(t) = Age " cos (2mvt + ¢p) (5.2)
is given by

A(w) = \/12_7r /_O:o A(t) e ™dw = \/12_7r /OOO zoe " cos (2mvt + ¢p) e “ldw (5.3)

in angular frequency space. Using Euler’s formula the power spectral density (PSD) is
obtained

A =— |7+ 0 ' 5.4
[A@) 87 |i(w—wo) +7 ‘ i (w4 wo) +7 (5:4)
The PSD in frequency space is obtained by
[AW)]
A = . :
Aw)| = 5 (55)

For the special case 7 < wy the Lorentzian line profile for |A(v)|” is recovered. While this
approximation is very well fulfilled in the regime of optical frequencies, this is not always
the case for the low frequency range the *Hg co-magnetometer is working in. Thus is
used to fit the line shape of the peak at the fundamental frequency. Additional deviations
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(phase shifts) are introduced by the analog bandpass filter that introduces a frequency
dependent phase shift.

To determine the noise level in the vicinity of the mean precession frequency the power
spectral density (PSD) of the FID signal has to be calculated. To reduce the influence of
the main peak on the neighboring frequency bins (leaking) a so-called window function is
applied to the FID signal (without the digital band pass filter) before calculating its FT. A
wide range of different window functions has been developed to optimize the FT of a signal
for different purposes, e.g. the separation of signal components with close-by frequencies
or the recovery of a weak signal in the frequency wing of a much stronger signal. For a
detailed review on digital filters the reader is referred to, e.g., Ref. [She05].

The windowed signal Sy, win is obtained by applying a Hanning window

2mn
Hann(n) = a (1 — cos (m)) for0<n<N-1 | (5.6)
0 else
to the FID signal S,, with total sample number N by multiplication
Snwin = Hann(n) - S,. (5.7)

_ ~1/2
The constant a = % = (ﬁ Nt Hann(n)%n) ~ 0.8165 is chosen such that the PSD
of white noiseE] is not altered by the application of the window functionﬂA comparison
of the non-windowed and windowed PSD is shown in Figure [5.1] The non-windowed
PSD reproduces the typical shape of the amplitude spectrum of an exponentially damped
oscillation where the peak completely dominates the PSD. In the FT of the windowed
FID signal the PSD reaches the noise level of the AC ADC for frequencies outside the
interval of 5Hz to 11 Hz. Within this interval the noise transmitted through the analog
bandpass filter is visible. To determine the noise PSD at the position of the FID signal
the transmission function of the analog bandpass filter (as described in App. is fitted to
the windowed FFT data and evaluated at the peak position. The regions of the peaks at
the fundamental and second harmonic frequency as well as around peaks from other noise
sources are excluded from the background fit.

5.2 AC signal comparison: UV laser vs. ***Hg bulb

To compare the achievable contrast of the **Hg co-magnetometer signal recorded with the
204Hg bulb and the UV laser three measurement runs where performed with identical optical
pumping setup (?**Hg bulb temperature 40 °C, RF generator excitation voltage 1.27 V) to
polarize the ""Hg atoms. The number of Hg atoms, and thus the light absorption, was

IThe term white noise refers to noise with a constant power spectral density independent of the fre-
quency.

2 Another common choice is a = 1/2. In this case Hann (
as the PSD of white noise is not reproduced.

N-1

5 ) = 1/2. Here this choice is inconvenient
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Figure 5.1: The power spectral density (PSD) can be calculated with and without window-
ing of the FID signal. While the PSD of the unwindowed FID signal ( ) is completely
dominated by the main peak around its center, one can extract the noise floor in the vicin-
ity of the peak from the PSD of the windowed FID signal ( ). A fit of ( )
reproduces the peak shape well. The transmission function of the analog bandpass filter is
fitted to the windowed FID signal (excluding regions of well peaked frequency components
(e)) to obtain an estimate of the PSD at the position of the main peak (- - —) (nREDM
run 6494, cycle 123).
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controlled by changing the temperature of the Hg source. This changes the dissociation
rate of HgO at a fixed accumulation time. The three different detection light configurations
are:

1. Configuration A: A 2*Hg discharge bulb as shown in Figure [3.4b temperature
stabilized to 40°C as described in [Roc09] (nREDM run 6440).

2. Configuration B: Light from the UV laser system is delivered to the experiment in
a 600 pm optical fiber as shown in Figure[3.19] The laser is frequency stabilized to the
Y9Hg61Sy — 6P, F =1/2line (F = 1/2 line, nEDM run 6454, 6462, configuration
B).

3. Configuration C: Light from the UV laser system is delivered to the experiment in

a 600 pm optical fiber as shown in Figure [3.19] The laser is frequency stabilized to
the Hg6'Sy — 63P; F = 3/2 line (F' = 3/2 line, nEDM run 6461).

The time of optical pumping, i.e., the time for which the ”Hg atoms accumulate and are
illuminated continuously in the polarization chamber was tjight jamp = 140s in configuration
A and tjight aser = 2125 in configurations B and C. A direct comparison of the lamp and
laser results is only possible if the atomic polarization P has reached its equilibrium value
P, qui within the shorter time interval fight lamp- TWo arguments that this is indeed the case
are presented in Section [5.3]

To become independent of different absolute light levels the AC signal amplitude as is
normalized to the light level I} without mercury atoms in the precession chamber. The
value of ag/I; is given in Figure as a function of the measured light absorption A. This
comparison is useful since the ratio as/I; has to have a maximum between A = 0 and
A =1. For A =0 there are no atoms in the precession chamber that could contribute to
the FID signal. On the other hand for A = 1 no photons reach the detector and thus no
FID signal can be recorded ] For configuration A a maximum value of (as/I;)5u% = 2.5%
was found at A ~ 12%. For configuration B a value of (as/11)g*} , = 12.5% at A ~ 43 %
is found. In configuration C (as/11)§%%, = 8.8 % was found at A ~ 57 %. The difference
in contrast and in the position of the maximum between configurations B and C can be
understood from Figure . In the best case (100 % atomic polarization, 100 % circular
light polarization) the light absorption cross-section shows a modulation between 0 % and
200 % of the unpolarized light absorption cross-section for the F' = 1/2 line while the
modulation is between 50 % and 150 % for the F' = 3/2 line. The polarization independent

3The current version of the nEDM DAQ only records the AC component of the FID signal during a
measurement cycle. DC information is only provided before the beginning and after the measurement
cycle. A even more reliable figure of merit would be the ratio of AC amplitude to the average number of
detected photons. Up to now the amount of detected light can only be recalculated (with variable gain
factors) by using the PMT gain calibration as a function of the applied HV. As the PMT HV is not written
to file automatically and has to be set manually it can be subject to unrecorded changes. Thus different
amount of photons can correspond to the same light level. This is especially the case with the discharge
bulb since the achievable modulation amplitude depends on the running conditions. To make use of the
full range of the 16-bit AC ADC the PMT HV was adjusted regularly resulting in variable gain factors.
This problem should be avoided in a future DAQ system.
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Figure 5.2: Normalized AC signal component for three different readout light configurations
as a function of light absorption: UV laser system frequency stabilized to the *"Hg F =
1/2 transition (o) or the 'Hg F = 3/2 transition(e) and the ***Hg discharge lamp (4)
temperature stabilized to 40 °C.

part of the light absorption cross-section does not contribute to the AC signal component
but reduces the overall light level. Therefore the maximum normalized AC signal is lower
and shifted to larger light absorption values for the F' = 3/2 line. The five fold increase
of normalized signal amplitude achieved with the UV laser frequency stabilized to the
Y9Hg6!'Sy — 63P, F = 1/2 line and the small light absorption that could be achieved
in the 2*Hg bulb configuration triggered the further investigation of the light spectrum
emitted by the 2**Hg bulb. The main reasons for the reduced modulation amplitude are
listed in Section 3.3l

5.3 Small amplitude model vs. extended model

To optimize the normalized AC signal component a high degree of atomic polarization P
is necessary. To study the influence of different parameters (optical pumping light power,
Hg atomic density, ...) on the achievable P one has to extract a value for P with one of the
signal models discussed in Subsection [4.2.1] and [£.2.2] To compare the results the atomic
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polarization P was first extracted with the small amplitude model for the data sets shown
in Figure As the light absorption was not always small was applied.

The atomic polarization P as a function of measured light absorption A is plotted
in Figure 5.3l A cut of A < 0.8 was applied to the data. To justify that the atomic
equilibrium polarization was reached after tjight jamp = 140s, data points from measurement
configuration B with tjight jaser = 140s (REDM run 6444) and tjght jaser = 1225 (REDM run
6453) are included in Figure . The measurement points for tight 1aser = 122's lie exactly
in the trend of configuration B. The points for fight 1aser = 140 lie a bit lower. These
points have been recorded only minutes after the 2**Hg bulb for the optical pumping was
switched on. Consequently it is not sure that the 2*4Hg bulb has reached its stable operation
conditions but it supports the two measurement points for 122s. The extracted atomic
polarization values P in configuration A are in general more than a factor of two lower than
for the configuration B and show a monotonic decrease with increasing light absorption A
while in configuration B and C there is a plateau up to A ~ 12.5%. A maximum value of
P =~ 52% is extracted for measurement configuration B while only P =~ 28 % is extracted
for configuration A.

A direct comparison of the atomic polarization P extracted from the same raw data
(nEDM run 6454) according to the small amplitude model and the extended model
for configuration B is shown in Figure . The small amplitude model and the
extended model are first compared without any correction for light absorption by Hg
atoms other than *Hg. The small difference in extracted polarization is due to the
different characteristic functions In (1 + ﬁ) in and sinh (ﬁ) in (4.60). The
small amplitude model assumes a symmetric amplitude modulation around the light level
for the absorption by unpolarized atoms. Thus it always predicts a larger modulation
amplitude than the extended model which assumes a modulation between the minimum
and maximum transmitted light level. In turn the atomic polarization P extracted with the
small amplitude model is always smaller than with the extended model. In a second step the
measured light absorption A is corrected for the absorption by ?°*Hg and 2°'Hg according
to the isotopic composition given in Figure (@ =1, B2 = 1.14 (for the calculation
see (B.1)), DCoes = 0. The light absorption by isotopes other than *"Hg causes a
systematic underestimation of the '"Hg atomic polarization by the factor 3y, = 1.14.
These two points have to be taken into account when investigating the influence of system
parameters on the achievable atomic polarization. The collaboration has switched to 1% Hg
from a different supplier (see Figure that has a lower relative content of 2**Hg and
*THg to reduce the necessary correction (£ = 1.03, see (B.1])).

From Figure one can see that the atomic polarization P reaches a plateau value for
light absorption (as measured in configuration B) below A < 12.5%, Pp,at =~ 62.5%. This
corresponds to an atomic density of 1.25 x 10* cm ™3 or an absorption length njg90199 =
0.05cm™! in the polarization chamber. During the campaign, measurement points have
mainly been taken around the standard operation conditions of the 1Hg co-magnetometer
A > 20%. From two measurement runs performed at absorption values below 12.5 % (light
exposure times ¢t = 176s (nEDM run 6445) and ¢ = 208s (nEDM run 6454), 27 points in
total) one can estimate the characteristic built-up time #puit—yp Of the atomic polarization
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Figure 5.3: Atomic polarization for the data sets given in Figure extracted with the
small amplitude model . The three different readout light configurations are: UV
laser frequency stabilized to the 'Hg F' = 1/2 transition ((o, 212s optical pumping time
(opt)), (A, 140s opt), (M, 1225 opt)) or the *"Hg F' = 3/2 transition (e, 2125 opt) and
the 2°‘Hg discharge lamp (4, 140s opt) temperature stabilized to 40 °C.
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Figure 5.4: Comparison of the atomic polarization P extracted from the same raw data
(nEDM run 6454) with the small amplitude model (¢) and the extended model without
a correction for light absorption by non “Hg atoms (e). The differences in P for low
light absorption values are explained in the text. Taking the light absorption by non **°Hg
atoms into account (A) shows that the atomic polarization P is underestimated by the
small amplitude model by a factor g = 1.14.



114 CHAPTER 5: **HG DISCHARGE BULB VS. UV LASER SYSTEM

in the polarization chamber. An exponential built-up function can be fitted to the atomic
polarization P in the plateau region for different values of ¢yyiis—up. The plateau polarization
Pyat is the free fit parameter. The result of such an evaluation is shown in Figure The
highest estimate for the built-up time, tpyiw—vp < 77s, is obtained when the built up
function just touches the lowest measurement point for the ¢ = 176s and the highest
point for the ¢ = 208 s measurement. For tjight jamp = 140s this would result in an atomic
polarization P = 84 %P, of the equilibrium polarization P,,. For the more likely case of
thuild—up < D0s (x*/n.d.f < 1.5(26n.d.f), p-value = 5%) P reaches 94% of P,, in 140s.
The minimal value of x?/n.d.f = 1.05 is obtained for thuild—up = 30.6s. In this case P
reaches 99 % of the equilibrium polarization in 140s. Together with the measurements
presented above one can conclude that the reduced light exposure time in measurement
configuration A of Section [5.2] can maximally account for a 16 % reduction of detected
atomic polarization P but has most likely an influence of less than 5 %.

To further characterize the 2°*Hg discharge bulbs the assumption that the atomic equi-
librium polarization P, has been reached in all the measurement configurations defined
in Section before the Hg vapor is released into the precession chamber is used. One
can adjust the parameters DCygeet, @ and 3 of the extended model such that the atomic
polarization extracted from measurement configuration A show the same scaling behavior
as in measurement configuration B as a function of light absorption. For this purpose the
dependance of the atomic polarization P on the measured light absorption (corrected for
non-'""Hg isotopes) is parametrized by the following function

1
P(4) = F+BA+CA?

(5.8)

where B, C' and F are free fit parameters and A is the "Hg F' = 1/2 equivalent light
absorption. From the fit the atomic equilibrium polarization P., = 1/F can be extracted.
The best fit of this function to the data set recorded with the UV laser setup frequency
stabilized to the "Hg F' = 1/2 line is shown in Figure 5.6} Subsequently the parameters
DCygiset, @ and 3 of the extended model have been adjusted in the analysis of the ?*‘Hg
lamp detected data set to minimize the mean squared distance of the corrected data points
to the interpolation function. Best agreement of the corrected lamp detected data set with
the interpolation function is found for DC\yget = 5.14V, a = 2.32 and [ = 0.67.

Compared to the average light level I; = 8V for the lamp based measurement run
this means that more than 60 % of the light emitted by the 2°*Hg bulbs at a temperature
of 40° cannot be absorbed at all and produce a constant background light level on the
photodetector. For an ideal lamp a factor of & = /2 would be expected due to the
additional Doppler-broadening of the light spectrum as shown in , but o = 1.64v/2 is
found. This large correction factor indicates a strong spectral deformation of the emission
line as discussed in Section [3.3] which leads to a reduced light absorption cross-section. In
case that no other Hg isotopes were present in the vapor g = i = 0.43. For the best
fit 3 = 0.67 which indicates that about 25% of the light emitted by the 2°*Hg bulbs is
absorbed by non-'*Hg atoms.
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Figure 5.5: An upper limit on the characteristic build-up time #,y1q—yp of the atomic polar-
ization P in the polarization chamber is obtained by fitting exponential build-up functions
to the P, values for different light exposure times. The average standard deviation of the
two data sets is used for weighting in the fit. A reduced x?/n.d.f < 1.5 (26 n.d.f) is reached
for thuila—up < 50s which corresponds to a p-value of 5%. The case that the exponential
built up curve just touched the lowest hand highest measurement point in the two data
sets is also given for tyyilg—up < 77s.
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Figure 5.6: The parameters DCygset, @ and [ of the extended model can be adjusted in
the analysis of the 22*Hg discharge bulb based measurements (M) such that the extracted
atomic polarization shows the same scaling behavior as for the measurements performed
with the laser frequency stabilized to the Hg F = 1/2 transition (e). The black line
is the best fit of to the measurement result for the laser. The model parameters
that minimize the mean squared distance of the corrected lamp detected data set to the
interpolation function are DCygeer = 5.14V, o = 2.32 and § = 0.67.
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In summary one can conclude that the extended model provides a coherent analysis
frame for the different measurement configurations. Only three well justified parameters
in the extended model are needed to explain the differences in the 2**Hg lamp based
measurements and the UV laser based measurements.

5.4 Signal to Noise comparison

To achieve a high magnetometric sensitivity of the Hg co-magnetometer the signal-to-
noise-density-ratio (SNDR) should be a high as possible. In Section [5.2a five fold increase
in signal contrast between the measurement performed with a ?**Hg discharge bulb and
the UV laser frequency stabilized to the '2Hg F' = 1/2 line is presented. As the noise
sources for the two detection light sources can be different one has to determine the SNDR
explicitly for the "Hg co-magnetometer with the discharge bulb as detection light source
(nEDM run 6440) and the UV laser frequency stabilized to the Hg F = 1/2 transition
(nEDM run 6494).

For the laser measurement the amount of light transmitted through the optical fiber
was actively stabilized by regulating the current in the tapered amplifier of the UV laser
system as described in Section[3.6] The PSD and the initial amplitude of the FID signal was
determined as described in Section Measurement cycles with unstable lamp conditions
(drifting I; level) or not frequency stabilized laser are removed from the analysis sample.
The obtained SNDR for the 2**Hg discharge bulb at 40°C is shown in Figure over
a time period of 17h. For the UV laser system the obtained SNDR is shown in Figure
over a time period of more than 66 h (Friday afternoon till Monday morning). The
average SNDR obtained with the UV laser is SNDRyp.er = 7860 + 1380 compared to
SNDR1amp,40°c = 1410 £ 110 achieved with the discharge bulb. Thus the increased signal
contrast is directly transferred to the achieved SNDR and the magnetometric sensitivity.
Histograms of the obtained SNDR are shown in Figure for the lamp and in Figure [5.10
for the laser configuration. The frequency stabilization scheme of the laser failed around
midnight on Feb 2 due to s continuous change in ambient air pressure, see Figure [5.11
The influence of the ambient air pressure on the laser system is described in Section [3.5.2]
The PID controller for the frequency stabilization reached its pre-set (software) limits of its
control output, which was chosen such as to keep the laser close to the resonance during Feb
2. The frequency stabilization scheme was reset per remote control several times during
the rest of the week end.

In general the noise situation for the laser can still be improved such that an even
higher signal-to-noise ratio can be achieved. The multimode optical fibers that have been
used for these test experiments show amplitude noise pickup over the 50 m from the laser
laboratory to the nEDM experimental site. Besides additional discrete peaks it was also
found that the noise floor of the delivered light was increased well above the level measured
in the laboratory for the same detected light power.

As a direct consequence of the results from the laser based measurements the 2**Hg bulb
temperature was reduced to 30 °C until the UV laser system will be permanently installed.
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Figure 5.7: The achieved signal-to-noise-density ratio for the '’Hg magnetometer with a
204Hg discharge bulb at 40°C over a period of 17 h.

The signal contrast and the achievable absorption could be increased my more than a
factor of two compared to the bulb at 40°C. This is shown in Figure [5.12] The signal-to-
noise density ratio increased accordingly to SNDRamp, 30°c = 3820(180) as can be seen in
Figure where a long term run (nEDM run 7529) around the optimal normalized signal
amplitude was analyzed. This provides strong evidence for the hypothesis of the spectral
misshaping of the light emitted by the 2**Hg discharge bulbs.

5.5 Laser-based ""Hg co-magnetometer sensitivity

The statistical sensitivity of the '*?Hg co-magnetometer is given by

5B > L\/ﬁ @.13)

(5) T/ me
Besides the SNDR (%) (the results are presented in Section also the correction factor
v/C has to be taken into account. The data of nEDM run 6494 (presented in Section
was recorded at a sampling rate of 100 Hz for a total recording time of 100s. After the



5.5. LASER-BASED YHG CO-MAGNETOMETER SENSITIVITY 119

14000
12000}
~ 10000 ',',.:;;f;-,":.’z e e
N VRGO e s s, R S I DY
I Vot e 0,"".".‘. ce 3. %e. ... Y. Jros e o |3 %
= 8000p v~ SOl e IR 3 : ey Ehpe [
a N e TRUTRNE SRR S ERERA LA
= 6000t arte e e B A TER S A
U) .. . ..o .. o . ~ e . R . .. "
4000} —— :
2000
C a 1 1 1 1 1 1 1 1
Feb 02 Feb 03 Feb 04
Date

Figure 5.8: The achieved signal-to-noise-density ratio for the '“’Hg magnetometer with
the UV laser frequency stabilized to the *Hg F' = 1/2 line over a period of more than
66 h. The frequency stabilization failed several times during the weekend due to a strong
weather change. The change in ambient air pressure (by about 30 mbar) caused the laser
frequency to be shifted as described in Section by about 600 MHz. The PID controller
for the frequency stabilization reached its pre-set (software) limits of its control output,
which was chosen such as to keep the laser close to the resonance during Feb 2. The limits
were not removed for the weekend, thus the laser lost its frequency lock several times. The
PID controller can easily compensate such large changes with increased output limits. This
issue was solved.
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Figure 5.9: Histogram of the probability density of the obtained signal-to-noise-density
ratios for the "Hg co-magnetometer with the 2°4Hg discharge bulb setup (M) at 40 °C.
The error bars assume pure counting statistics. A Gaussian function is fitted to the data
set ( ) to obtain the mean and the width of the distribution. The x?/n.d.f = 1.4 (6
n.d.f).

signal cuts presented in Section [5.1]a total signal length of 7' = 95.5 s remains. The typical
signal decay rate for that run was 8 = 1/7 = 1/102s = 0.0098s~!. For these conditions
V/C = 1.61. Evaluating (2.13)) results in

6Bos.5s > 16T (5.9)

uncertainty of the magnetic field measurement. Figure shows the magnetic field
uncertainty that can be obtained as a function of measurement time 7. The result is
compared with the case without any signal decay and with the case of a further increase
of the SNDR by a factor of two.

For the anticipated measurement time of 7'= 150s in the nEDM /n2EDM experiment
the calculated uncertainty on the magnetic field is

5B150s > 10.7T (5.10)

This shows that the laser based »YHg co-magnetometer satisfies the sensitivity require-
ments for the next generation experiment n2EDM, as put forward in Section [2.5] As
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ratios for the "Hg co-magnetometer with the UV laser system (M). The error bars assume
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the mean and the width of the distribution. The x?/n.d.f = 0.78 (18 n.d.f).
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Figure 5.12: Normalized AC signal component for three different readout light config-
urations as a function of light absorption: UV laser system frequency stabilized to the
19Hg F = 1/2 transition (o) or the YHg F' = 3/2 transition(e) and the ?*Hg discharge
lamp () temperature stabilized to 40°C. In addition the results for the 2**Hg discharge
lamp () temperature stabilized to 30°C are given.
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Figure 5.13: Histogram of the probability density of the obtained signal-to-noise-density
ratios for the "Hg co-magnetometer with the 2°4Hg discharge bulb setup (M) at 30°C.
The error bars assume pure counting statistics. A Gaussian function is fitted to the data
set ( ) to obtain the mean and the width of the distribution. The x?/n.d.f = 1.9 (6
n.d.f).

shown in Subsection signal decay times of 150s have been reached in the nEDM
precession chamber for light absorption values around 40 %, where the signal contrast is
maximized for the ?Hg co-magnetometer with UV laser light frequency stabilized on the
99HgF = 1/2 transition.

5.6 Optical pumping process of "Hg atoms in the
nEDM setup

As can be seen from Figure the atomic polarization P is not constant over the range
of measured light absorption A. One way to increase the signal contrast of the '*Hg co-
magnetometer is to increase the atomic polarization P. But in order to obtained a higher
atomic polarization P one has to understand the limits of the optical pumping process in
the polarization chamber, e.g., the relaxation mechanisms that take place. In this section
the rate equations for the optical pumping process are derived, numerically integrated and
compared to the measurement results.
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Figure 5.14: The uncertainty of the magnetic field measurement as a function of the total
measurement time 7'. The laser-baser *Hg co-magnetometer performance in January 2013
( ) is shown besides the prediction for an ideal, spin relaxation-free signal (— — —). The
limit is also given for a two times increased SNDR (---).
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Since the '%Hg atoms have total angular momentum F = 1/2 in their electronic
ground state, defined by the nuclear spin I = %, only spin orientation can occur. Higher
order angular momentum distributions like alignment are not possible for these atoms
(Wigner-Eckart-Theorem). In the nEDM setup as shown in Figure [2.5 the "Hg atoms
are spin-polarized in a cylindrical volume called the polarizing chamber below the main
UCN precession chamber via optical pumping. Figure [2.8| concentrates on the compo-
nents relevant for the optical pumping process in a schematic way. The ""Hg atoms are
continuously delivered to the cylindrical polarization chamber ((f), length l,, = 28.7cm,
inner diameter dy, = 7.3 cm, overall volume V,,; = 1200 cm?, particle mean free path
=% = ﬁ = 6.5cm) from the 'Hg source (a) via a capillary tube. Two

V.

lpol pol

types of Hg sources can be used interchangeably in the nEDM experiment. One contains
a droplet of liquid mercury that is temperature controlled around room temperature to
adjust the vapor pressure above the metal. The second source contains a sample of HgO
powder that is typically heated to a temperature of 230 °C to 300 °C to dissociate the HgO
into Hg atoms and oxygen. In both cases Hg or HgO that is highly enriched in **Hg (up
to 91 at—% '9Hg) is used. The Hg source is connected to the main vacuum system with
a double valve system that allows to disconnect the Hg source, e.g., for refilling, without
breaking the main experiment’s vacuum.

So far a 2™"Hg discharge bulb (b) produces near resonant light that is focused with a
lens (¢) into the polarization chamber. The light acquires circular polarization by pass-
ing through a linear polarizer (d, e.g., a multilayer Brewster plate) and a A/4 plate (e)
rotated by 45° to the linear polarizer axis. The circularly polarized light enters through
the circular endface window at the bottom of the polarization chamber (which represents
nearly the entire area of the light beam Aype.nm) and propagates along the direction of the
experiment’s main magnetic field. The typical illumination time is the cycle length of a
nEDM measurement (/~ 100s to 350s). For the further discussion of the optical pumping
it is assumed that the light has left circular (o%) polarization and excites the atoms on
the F' = 1/2 transition as depicted in Figure . From the level scheme one can see, that
only atoms in the 615y, F = 1/2, mp = —1/2 state can absorb the o™ polarized light, the
atoms in the mp = +1/2 form a so-called dark state of the transition. The excited state
6P, F =1/2, mp = +1/2 decays back into the electronic ground states mp = —1/2 and
mp = +1/2 with a branching ratio of 2:1 given by the Clebsch-Gordan coefficients. Thus
one needs on average three excitations of the atom in the mp = —1/2 electronic ground
state to transfer (pump) it to the mp = +1/2 ground state.

The imbalance in the population of the magnetic sub levels can be expressed as the
atomic polarization P of the atomic vapor

(Ny) — (N-)

P ooy

(5.11)
where (N, _) is the instantaneous ensemble averaged expectation value of the projection
operator for the my = £1/2 sub level. For short Ny = (N, _) will be used from here on.
Spin-relaxation mechanisms (e.g., wall collisions, magnetic field inhomogeneities, ...) in-
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duce mixing of the magnetic sub-levels and thus redistribute the atomic population among
the sub-levels which reduces the atomic polarization. Without any spin relaxation all **Hg
atoms will finally end up in the mg = +1/2 ground state, forming a 100 % polarized atomic
vapor. The time evolution of the magnetic sub level population in ""Hg can be modeled
by taking into account

« the absorption of circularly polarized light by a partly polarized vapor of 1%Hg atoms,

« a relaxation mechanism between the two magnetic sub levels that takes place at the
walls of the polarization chamber,

« and the constant proliferation of unpolarized *"Hg atoms from the Hg source.

The model for the optical pumping also has to reflect that some processes take place
over the whole chamber volume. Optical pumping, which is not a spatially homogenous
contribution and spin relaxation due to magnetic field inhomogeneities happen in the whole
volume of the polarization chamber. Wall relaxation only takes place at the surfaces but
can be taken into account with an ensemble averaged relaxation term, since the atoms
travel mostly on undisturbed ballistic trajectories between the chamber walls.

In the cylindrical polarization cell as used in the nEDM setup the time evolution of
the N_ state population due to optical pumping and dilution is given at a time ¢ and at a
distance x from the entrance window by the following differential equation

AN_ 1 N
AN L e VO Moaame 145 P O 1 P N+ Y, (5.12)
dt 3 2
where N_ is the instantaneous population number of the mp = —1/2 sub level, N (¢) is

the overall number of '%Hg atoms, [ is the local photon flux at the position of the atom,
Olamp = 2.8 x 107¥ c¢m? is the unpolarized absorption cross-section as defined in (4.6))
for a Doppler-broadened light source (up to spectral modifications) and N is the constant
production rate of unpolarized *Hg atoms from the *Hg source. The factor 3 takes light
absorption by other isotopes into account. Integration over the volume of the polarization
chamber (under the assumption of a non divergent homogeneous light beam) results in

dN_(t 1 N(t) fleo N
< ()> = o (1 — (1) YO JAR A U PR ERE)
v 3 Vool J0 2
1

dt pol
(1 - P(t)) -N _ N
— 7@ (t)/vpola(1+5 P(t))lpol _ 1 _ 14
3 °(1+5—P(t>)[e J+3 (5.14)

The differential equation is easier to interpret and to solve if it is entirely given in terms
of atomic polarization P instead of magnetic sublevel population numbers. For a constant

dilution with unpolarized Hg atoms it follows from (5.11]) that

dP(t) _ d N(t)=2N_(t) _ , 1 dN_(t)

dt dt N(t) ~ TN(t) dt N2(t) dt (5.15)
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Combining (5.12) and ([5.15)) one gets

di;ﬂ __§¢01€—N@vmmmmwu+ﬁ—Pwﬂmn_Pf” (5.16)

The effect of depolarizing wall collisions are taken into account by adding a time indepen-
dent relaxation rate

dP
( 7 )Wan =TrP(t) (5.17)
To reduce the spin relaxation special coatings, that have a lower depolarization probability
per bounce than the wall material (glass or plexiglass) itself, are applied to the walls of
the polarization chamber. Typically these coatings are Fomblin oil or paraffins or their
fluorinated sibling. Depolarization probabilities as low as 107% per bounce have been
demonstrated recently for rubidium atoms and an alkene based wall coating [BKLB10].
Suitable anti-relaxation coating for the ""Hg co-magnetometer have been investigated
within the nEDM collaboration. The results have been published in Ref. [CEHT13|. Details
on the measurement setup and the applied techniques are also given in Ref. [Hor12].

Combining and the rate of change of the atomic polarization during the
optical pumping process is given by

dt

3 'N(t) (1+ 58— P(1))

AP0 _ 2 1A= PO)  NOoumir8-POa _ P it) +TRP(t).  (5.18)

This differential equation can be numerically integrated. The model of the optical pumping
in the nEDM experiment is compared with experimental data in Figure [5.15. The atomic
polarization P as a function of the *Hg F = 1/2 equivalent light absorption A, which
is a measure of the total number of '’Hg atoms in the polarization chamber at the end
of the optical pumping cycle, is given for the measurements performed with the new laser
system (configuration B in Section . The atomic polarization P was extracted from the
recorded data according to the extended signal model presented in Subsection The
data was taken with a constant cycle length (time between two releases of polarized *Hg
atoms to the precession chamber) of tjaser, light = 212's and the number of 199Hg atoms was
controlled by changing the temperature of the HgO source. Equation ([5.18]) is integrated
numerically using the MATHEMATICA function NIntegrate from 0s to 212s in steps of
1s for a constant wall relaxation rate I'y = 0.017s~!. This value was measured 2 month
after the data presented here has been taken, but represents from the experience over the
last year a typical value. It is assumed that the polarization chamber contains no mercury
at time t = 0. This is a good approximation as these atoms only present at maximum

Vol = 5% of the accumulated atoms. To determine the parameters ®; and /5 in

VboltVehamber
(5.18) that give the best agreement with the measured data the interpolation function

1
P(A) =
(4) F+BA+CA?

(5.19)
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is first fitted to the atomic polarization values P extracted in Section [5.3] where A is the
19Hg F=1/2 equivalent light absorption and F, B, C' are the free parameters of the fit
E|. Subsequently the parameters &, and S in (5.18)) are adjusted to minimize the sum of

squared distances of the modeled data points’| to the best fit P(A). A modification of
the absorption cross-section for the 2**Hg lamp light (as discussed in Section was not
taken into account in this simulation. From it can be seen that only the product of
photon flux and absorption cross-section dominates the time evolution of the polarization.
Thus a spectral modification factor is not a free parameter. It was found that &, =
4.65 x 1012s71(3.6 W) and 3 = 1.11 reproduce the data best. For these parameters and
99Hg F' = 1/2 equivalent light absorption A < 0.7 the simulated data points lie within
+3% of the interpolation function.

This good agreement is a strong argument that the model takes the most relevant
aspects of the optical pumping process in the polarization chamber into account. In
Ref. [GHIT9§] it is claimed that depolarization by re-emitted photons is the limiting factor
for the achievable atomic polarization P. In this process the photons from the electronic
de-excitation are emitted in random spatial directions and absorbed by neighboring '“Hg
atoms in the dense '"Hg vapor. As the angular momentum transfer is not anymore well
defined the *"Hg atoms depolarizes. Our result is in contradiction with this claim. The
model described above reproduces the measured data without taking depolarization by
re-emitted photons into account. A further argument against depolarization by light as
the limiting process of the optical pumping can be derived from the integral instantaneous
relaxation rate of ""Hg atoms just before the injection into the precession chamber. In
the nEDM setup a '%Hg F' = 1/2 equivalent absorption A = 0.4 corresponds to 5.7 x 104
199Hg atoms in the precession (and thus in the polarization) chamber. With a typical
relaxation rate of 'y = 0.017s~! and atomic polarization P = 0.4 this gives an integral
relaxation rate of 3.9 x 10'2s~! in the "Hg vapor. Knowing that on average 3 photons
are needed to transfer a Hg atom from the mp = —1/2 to the my = +1/2 ground state
a photon flux of 1.2 x 10¥s7! is necessary to counterbalance the spin relaxation. This
photon flux corresponds to ~ 9.5 pW of UV light, which is a reasonable assumption for the
photon flux from the bulb. Increasing the photon flux in the model by a factor of six (with
otherwise unchanged parameters) predicts an increase of achievable atomic polarization up
to P ~ 0.8 even for A ~ 0.7 as shown in Figure [5.16] This prediction has to be verified
experimentally. Furthermore a suppression of 2*Hg can increase the achievable **?Hg po-
larization by several percent. The light absorption by unpolarizable 2°*Hg is suppressed
and more photons can be absorbed by *?Hg and contribute to the optical pumping.

4The interpolation function is the same as was used to investigate the spectral modification of the light
emitted by the 2*Hg bulbs as presented in Section

5The total number of '%°Hg atoms for each modeled point was calculated by varying the *°Hg produc-
tion rate according to N = Ny exp (const 1) with equidistantly spaced values of i. To take into account the
dominance of measurements points for A > 17% only every second modeled point below A = 17% was
used in adjusting the parameters ¢y and .
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Figure 5.15: Comparison of the model for the optical pumping process in the polarization
chamber with experimental data. The signal detection was performed with the laser light
locked to the 'Hg F = 1/2 transition. The black points are the atomic polarization
values P as extracted according to the model presented in Subsection [£.2.2] The best fit
of to the experimental data ( ) and the +3 % interval are shown (- — —). The
results obtained by solving with @y = 4.65 x 102571 and 3 = 1.11 lie within the
+3 % band for A < 0.7 (o).
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Figure 5.16: A prediction of achievable atomic polarization P for a different changes in
the optical pumping system. The black points are the atomic polarization values P as
extracted according to the model presented in Subsection The best fit of to
the experimental data ( ) is shown. Increasing the incident light power by a factor of
six should result in P ~ 0.8 for A ~ 0.7 (e). The suppression of 2*!Hg in the 1%Hg vapor
can increase the achievable atomic polarization P by about 10 % and the current light level
(0).
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5.7 The depolarization of mercury in the precession
chamber

The atomic polarization of the Hg vapor after the application of the I pulse decays
with a characteristic decay time, the so called transverse spin relaxation time 7. This time
constant is a combination of the transverse spin relaxation time Ty and the leakage time of
199Hg atoms out of the precession chamber Tie,x. Under normal operation conditions of the
99Hg co-magnetometer Tieax ~ 1000s and can be neglected. The total observed transverse
spin relaxation time is in general a combination of several spin relaxation mechanisms
caused by different sources in the system. The individual sources contribute with different
relaxation rates to the observed decay time. For an optimal performance of the 'Hg co-
magnetometer the relaxation time should be as long as possible as can be seen from Figure
. A detailed understanding of the influence of different system parameters (number
of Hg atoms, light flux, ...) can point the direction for performance improvements. Here
the important contributions for the spin relaxation rate are separated into three major

categories:

1 1 1 1

— = + + , 5.20

T2 Tmag Twall Tlight ( )
where ﬁ is the spin relaxation contribution from magnetic field inhomogeneities, ﬁ

describes depolarization processes that occur during collisions of the atoms with the wall of

the precession chamber and Tl‘lht takes into account that the *"Hg atoms are depolarized
ig

during the optical detection process. All three relaxation contributions have to be kept

small to achieve long spin coherence times on the order of hundreds of seconds.

5.7.1 Depolarization in inhomogeneous magnetic fields

In the case of the "Hg co-magnetometer the spin relaxation contribution due to magnetic
field inhomogeneities By, is given by [PRI12]

T;g B 1;1 * /Ooo dr(ws (0)w:(7)), (5.21)
where
I = /000 dr cos(woT) (wy (0)w, (T) + wy(())wy (1)) (5.22)

+ /OOO d sin(woT) (wy (0)wz (T) — wa(0)wy (7)),

is the the longitudinal spin relaxation rate and () represents the average over the atomic
ensemble. Here By, = B (r) — By is the local magnetic field inhomogeneity w = vBy,,. and
wo = 7Bp. The relaxation rate can be calculated as an auto correlation of the magnetic
field inhomogeneities. To reach long spin relaxation times for the UCN as well as the '%Hg
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atoms it is necessary to establish a well controlled magnetic field. To avoid large local
magnetic field gradients all components of the nEDM experiments that are in the vicinity
of the spin polarized species are carefully selected and checked for magnetic impurities.
This is done in a gradiometer setup of two Cs magnetometers. Details on the gradiometer
setup can be found, e.g., in Ref. [Zenl3].

5.7.2 Depolarization by light

The depolarization contribution from light absorption, Tign, is especially important for
the absorptive detection of the spin precession as described in Subsection [£.1.1 From the
sensitivity point of view it is desirable to have a high detection light level to achieve a
low shot noise limit on the light beam (assuming that no technical noise is present). On
the other hand the light absorption contributes to the depolarization of the atomic vapor.
The excited electronic state has a three orders of magnitude different g-factor than the
atomic ground state (see Section . During the lifetime of the excited state the total
angular momentum precesses with the increased Larmor frequency and completely looses
its phase relation to the atoms in the ground state. Furthermore the excited state decays
statistically. Thus the desired polarization lifetime sets an ultimate limit on the light
intensity for the absorptive measurement scheme.

The local depolarization contribution due to light absorption at a time ¢ at a position
r in the precession chamber can be calculated in the following way:

1 1

Toe (0.8~ ol BDO @D, (5.23)

where I (r,t) is the local, instantaneous light intensity, h the Planck constant, v the fre-
quency of the incident photons and o (r,t) is the instantaneous light absorption cross-
section which depends on the polarization of the atom. In contrast to (5.12)) where the
factor % was introduced to take into account the branching ratio of the excited state, here
the factor is 1 since each absorbed photon will leave an unpolarized atom. This atomic
state can be described as a 50/50 superposition of the mg = £1/2 sublevels with a relative
phase. But the expectation value the spin projection operator along the main magnetic
field direction is 0 and thus the atomic polarization is changed by one unit per absorbed
photon.

In the case of the "Hg co-magnetometer the cylindrical precession chamber of the
nEDM setup is traversed perpendicularly to the cylinder axis by a circularly polarized
light beam (see Figure . The light induced relaxation rate is given by
1 IO

—e

(r,1) =

—noo(1+Pa sin(wLt))[r| 14+ Pisi t 5.24
Thight ’ hv 7 (1 + Pysin(wnt)), ( )

where [ is the light intensity at the entrance window of the chamber, n is the density of
the mercury atoms, oy the unpolarized absorption cross-section, Py is the degree of atomic
polarization of the ensemble and wy, is the Larmor frequency of the atoms in the given
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magnetic field. The overall depolarization by light is given by the volume average over the
precession chamber volume (indicated by (), ). In case of the precessing *“Hg atoms
one also has to average over one revolution of the Larmor precession.

In a first step the influence of the circularly polarized light beam incident on the 'Hg
vapor (polarized along the magnetic field direction) before the 7 flip is applied will be
discussed. In this case the atoms seem to be unpolarized to the circularly polarized beam,
there is no time modulation and the light induced longitudinal relaxation contribution

T 1ight is given by

1 1 I
< > = ieinUOk-r X O-Od‘/chamber; (525)
Tl,light Vihamber ‘/chamber hv

where Vipamber is the volume of the precession chamber and k the propagation direction of
the probe light beam. For a non divergent light beam of area Apeam (5.24) evaluates to

1 I 0 Abeam _ D
= 1 —e 100 L/chamber 526
< Tl,light >Vchambcr hv ‘/Chambern ( ) ( )
1 0 Vi)eam —nooD
= — 1 _ 100 L/chamber . 527
hv ‘/;:hamber D chamberT? ( ¢ ) ( )

The factor in parentheses is giving the absorption A of the light beam by the atomic vapor
and is thus directly measurable by comparing the light levels detected before and after
filling the mercury vapor into the precession chamber. From

A — (1 _ e_nUODchamber) (528)
one can determine the product
100 Dehamper = — log (1 — A) . (5.29)

Combining Eqn.[5.28 and Eqn.[5.29 in Eqn.[5.27] results in

1 [0 Vbeam A
=—0 = 5.30
<T1,light >Vchamber h Vipamber 10g (1 — A) (5.30)
=) 1 A
=— = 5.31
hVO'O ﬂDchathiH(‘hﬂthr log (1 _ A) ( )
S 4 (5.32)

h? Agglog (1 — A)

In the nEDM experimental setup

1
< > = Py 8.6 x 107 *s tpW, (5.33)
Tthht Vehamber
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for A = 45%, A = 443cm? on the 6'Sy — 63P, F = 1/2 transition. This limits the
maximum light power in(!) the precession chamber to < 11.6pW for a relaxation time

Ty > 100s, without any other relaxation mechanism present.

For the transverse spin relaxation rate the situation is more complicated. The instan-
taneous local light intensity acquires a time modulation due to the precessing ensemble of
19Hg atoms. To calculate the time average of ([5.24]) the serial expansion of exp(s) is used:

1 I 1 i [—noo (1 + Pysin (wit)) 2™
__2o, .
T light hv Onxao = s!

The time average over one full revolution is given by

1 Iy 11 /2” > [—nao(l—i-PAsinm)x]SHd
e — m =
Talight / ¢ hvnz 2w Jo = s!
Iy 11& [—naox]yrl [ 2 (1—5 s 2)
=———2) ———F—— |Pysolhi(——,1—5,2,P
huanS:O s! AS2h 2 97 A +
1 —
2. (<575 1))

where o F] is the hypergeometric function

oFi(a,b,c,z) = i Mzn

— (c), n!

1 =0
(@)n = " for a, b, c.
qlg+1)---(¢g+n—-1) n>0.

with

With (5.29) it follows that

oo [logl=A)z]*
< 1 > 1o W2F1<_3 _8+11P§>=

Torgn /¢ 200" 2 s 2’ 2
log(1-A)z*®
1o - |:D} b } 2 (1_3 S 2
= + Zchamber 1| D Fl— 1—-=-2P
hyaoszo s! A28 2 2" A)+
1—s s
2, [ ——,—=,1 P2> .
+ 2 1( 9 ) 27 y LA

The volume average can be calculated from ([5.41))

1 1 1
- d‘/chamber =
Tz,hght VT Vehamber Venamper TQ,Iight T

(e 9]

IO Abeachhamber Z lOg (1 B A)S+1
g
2hv OVChamber log(1-A)%Z (s+1)
1—35

S 1—s s
P§32F1(2,1—2>27P§>+22F1< 5 7_271aPK>:|

X

(5.34)

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)
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For the limiting case that the atomic polarization points perpendicular to the direction of
light propagation, Py = 0, the first term in ([5.44)) vanishes. Using

N (125—; 1,0) —1 (5.45)
one can see that is obtained. The correction factor to is between 0 and 1
and thus reduces the depolarization by light effect. This is qualitatively expected. In the
coherently precessing ensemble of Hg atoms the absorption cross-section of an atom at
position r maximizes at a certain time t,,. But this happens also for all the other atoms in
between the atomic position r and the entrance window. At the time of maximal absorption
cross-section the instantaneous photon flux is lowest, thus the absorption/depolarization
rate is reduced. For normally achieved operation parameters (light absorption A = 0.45,
atomic polarization Py = 0.45, nEDM geometrical assumptions) ({5.44) predicts a small
correction for the transverse spin relaxation time

T2 light 1,light

1 1
< > = 0.97< > =P84 x 107 st pyW (5.46)
V::hamber V;:hamber

In case A = 0.6 and Py, = 0.6 operation conditions can be realized the correction factor is
~ 0.83.

From a measurement of the transverse spin relaxation rate as a function of detected light
power at otherwise unchanged experimental conditions the photon flux in the precession
chamber can be determined. Such a measurement is shown in Fig.[5.17l The light was
detected with a large area photodiode (Hamamatsu S1337-21 and a FEMTO DLCPA-200
transimpedance amplifier) outside of the vacuum tank. The spectral sensitivity of the
mounted photodiode (0.138(1) AW incl. entrance window) was determined relative to a
calibrated power meter H Comparing the scaling of the relaxation rate with the detected
light intensity and the theoretically predicted scaling of one can give a lower limit
on the integral light losses at the exit window of the precession chamber and the vacuum
tank. The measured relaxation rate dependance on the detected light intensity is I'y jignt =
1.02(1) x 1073 s~ ' uW~L. From this value it is found that not more than 7' = % =
82 % of the light inside the precession chamber is detected on the photodetector. This is a
reasonable lower bound as the windows in the vacuum tank and the precession chamber are
not anti-reflection coated. The expected transmission reduction due to surface reflection
loss are 0.92% = 0.85. In this estimate no absorption inside the window material or in the
dPE-coating of the window in the precession chamber is taken into account.

5.7.3 Depolarization by wall collisions

A further very important contribution to the observed spin relaxation time in the nEDM
precession chamber comes from atomic collisions with the walls of the precession chamber.

6Thorlabs PMD100 with SVC100 sensor head
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Figure 5.17: The transverse spin relaxation time was measured as a function of detected
laser power. A linear model was fitted to the data and a light induced spin relaxation
component of Ty jigne = 1.02(1) x 1072 s pW~! was determined. By comparison to the
theoretically predicted scaling behavior it is possible to set a lower limit of the light losses
between the precession chamber exit window and the photodetector. For details on the
detector see the text.
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Figure 5.18: An oxygen discharge cleaning is regularly performed to improve the surface
of the UCN precession chamber for the operation of the *Hg co-magnetometer. Here the
transverse spin relaxation time is given for a measurement run just before (run 6505, o)
and after a discharge cleaning (run 6506, A).

To improve the surface quality with respect to the spin relaxation time one regularly
performs a so-called discharge cleaning of the precession chamber with oxygen as process
gas [May98]. For this purpose the precession chamber is filled with ~ 1mbar of oxygen
and the high voltage power supply is ramped up to the breakthrough voltage to ignite a
plasma discharge. Via a feedback loop the current flowing between the two electrodes is
stabilized to 110 pA. The discharge runs for typically four time 500s with alternating HV
polarity. The beneficial effect of such a discharge cleaning is shown in Figure [5.18, The
spin relaxation time is increased from about 100s to 150 s for low light absorption values.
It is experimentally observed that the spin relaxation rate of the “Hg atoms decreases
with higher light absorption (and thus higher *Hg density in the precession chamber). A
model to describe this effect is developed in this section and compared to the depolarization
by light as discussed in the previous section.

The ""Hg can be adsorbed at the surface of the precession chamber close to paramag-
netic impurities or form short-lived paramagnetic molecules [RL0O4, BCC*13]. The “Hg
atoms depolarize in the local magnetic field gradient created by the impurity or due to the
changed magnetic moment in the bound molecular state. An equilibrium coverage 6 of the
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surface of the precession chamber by "Hg atoms can be approximated by the Langmuir
formula for constant temperature and low magnetic field

_ @
C1l+ap’

(5.47)

where p is the gas pressure and « is a constant. *?Hg atoms adsorbed at the wall are
preventing the ""Hg atoms in the gas volume from getting adsorbed themselves close to
depolarizing impurities on the surface. Therefore the wall relaxation constant ﬁ =TIRr
will be proportional to the unoccupied surface sites

1
Tp =T0(1—0(p)) =T (122 ) o~ 5.48
R =T -0 =18 (1= 12}~ (5.49

Following the ideal gas law pV = NkgT ([5.48) can be rewritten as
Ik

B 1+C¥]€BT N

Vehamber

T'x (5.49)

With (5.29) the wall relaxation constant can be given as a function of the measured light
absorption

Iy = Ik (5.50)
— m log (1 — A)
Defining the parameter o* = % allows to rewrite in the simple form
I i (5.51)

- 1—a*log(l—A)

This shows that alternative to spin precession without probe light (relaxation in the
dark), the contributions of spin relaxation by surface effects and by light induced depolar-
ization can be separated by their individual scaling behavior as a function of the measured
light absorption for a constant probe light intensity. A comparison of the two models (light
induced relaxation or wall induced relaxation) is shown in Figure for the data pre-
sented in Figure [5.18, The weights of each individual measurement point in the nonlinear
fit procedure (NonlinearModelFit in MATHEMATICA) have been rescaled to achieve a
x%/n.d.f. =1 for the wall induced relaxation model. Subsequently the light induced relax-
ation model was fitted with the same weights. For the light induced model the x?/n.d.f.
is found to be larger by a factor 1.67 and 2.14. Combining both models has only as small
effect on the goodness of fit. Thus one can conclude that the observed dependance of the
transverse spin relaxation time on the measured amount of light absorption can be more
likely explained by surface induced relaxation than by light induced effects.

These effects can be further investigated by adding Hg isotopes other than 2°‘Hg or
20lHg to the "Hg source. These isotopes are not detected with the laser, frequency
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stabilized to the *"Hg F' = 1/2 or F' = 3/2 line, since their isotope shift relative to the
transition lines in *Hg is much larger than the typical Doppler-width (1 GHz). Thus these
isotopes do not disturb the magnetometry signal by additional absorption of light, but can
maybe suppress wall induced transverse spin relaxation by occupying surface positions
close to paramagnetic impurities. These isotopes would present an absorption background
in case of the 2*Hg discharge bulb based magnetometer.
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Figure 5.19: Comparison of light or wall induced transverse spin relaxation for the *9Hg
co-magnetometer before and after an oxygen discharge cleaning of the precession chamber.
The model of wall induced spin relaxation reproduces the measurement better than the
model for light induced spin relaxation. Note the different scale on the y-axis.



Conclusion and Outlook

Here a summary of the results presented in the previous chapters is provided and propo-
sitions for future measurements with the UV laser system are made that have not been
possible with the ?**Hg discharge bulbs used so far.

Chapter 2: The nEDM experiment

A general introduction to the nEDM experiment is given in this chapter. Since the nEDM
experiment uses Ramsey’s method of separated oscillatory fields to detect a possible shift
of the Larmor frequency of neutrons in parallel or anti-parallel configuration of electric and
magnetic fields the technique is explained in detail. The use of the *Hg co-magnetometer
is motivated and its necessary sensitivity to magnetic field changes is derived. To reach the
sensitivity goal of the nEDM (n2EDM) experiment it has to be o (6 B) < 100(10)fT. The
minimum initial signal-to-noise-density ratio for a free induction decay signal, according
to the Cramér-Rao lower bound, is % > 840(8400) for the (possibly future) conditions of
the nEDM (n2EDM) experiment.

Chapter 3: The components of the ""Hg co-magnetometer

Optically detected nuclear magnetic resonance (ODNMR) is the fundamental principle of
the 9Hg co-magnetometer. The light sources used to spin polarize the Hg atoms and to
detect the atomic polarization are presented. The properties of the 2**Hg discharge bulbs
used so far are discussed in detail. In particular the influence of the bulb temperature
on the emitted light spectrum is discussed and identified as the major point to achieve an
improvement of the signal-to-noise-ratio. It was found that the discharge bulbs do not emit
a Doppler-broadened light spectrum but suffer from severe self-absorption (line-reversal)
effects if operated at temperatures around 40 °C. Furthermore light from other Hg isotopes
contributes a constant background of light that cannot be absorbed by *"Hg atoms. At
lower temperatures (with less self-absorption) the light output of the 2**Hg discharge bulbs
is limited to several microwatt. In contrast the purchased frequency quadrupled diode laser
system (FHG) provides more than 20 mW UV light of narrow-bandwidth without spectral
distortion. The laser light is frequency stabilized with a Sub-Doppler Dichroic Atomic
Vapor Laser Lock (SD-DAVLL) system. The concept of SD-DAVLL and its advantages
are discussed and the experimental setup to generate the SD-DAVLL signal is presented.

141
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It is shown that this setup allows to frequency stabilize the UV laser system to sub-MHz
accuracy without further frequency modulation in the UV range.

Chapter 4: The "Hg co-magnetometer signal

Chapter 4 discusses the fundamental interaction of a weak light beam with the *°Hg
atoms. The absorption of light, the light shift effect and the paramagnetic rotation are
introduced. From the results the necessary frequency accuracy of the light to suppress the
so-called vector light shift effect is derived on the one hand. This systematic effect can
alter the Larmor precession frequency of the 1%Hg atoms. On the other hand the results
are used to develop two new models for the generation of the FID signal by absorption of
light in the *Hg magnetometer. This has become necessary to predict the correct signal
amplitude as the laser-based ""Hg magnetometer signal does not fulfill the small signal
amplitude approximation used so far. The new models also take into account the short
comings of the 2°*Hg discharge bulb, which have been discussed in Chapter 3. Using the
old model to extract the atomic polarization from the FID signal amplitude leads to a
systematically underestimation of the degree of spin polarization of the *"Hg vapor. A
wrongly determined atomic polarization leads to wrong conclusions about the performance
limitations of the 1%Hg co-magnetometer and disguises the way for future improvements.

Chapter 5: Comparison of ""Hg discharge bulb and UV laser-
based 'Hg co-magnetometry

In Chapter 5 the results of Chapter 4 are applied to a direct comparison measurement
between the lamp and the laser-baser '%’Hg co-magnetometer. The general data analysis
procedure for the recorded FID signals is presented. A more than five times larger sig-
nal contrast was obtained by use of the UV laser system compared to a 2**Hg discharge
bulb under then standard running conditions. This improvement can be explained by the
properties of the discharge bulb as discussed in Chapters 3 and 4. It is found that the
initial signal-to-noise-density-ratio of the laser-based magnetometer improved accordingly
and is high enough to provide the magnetometer sensitivity goals defined in Chapter 2 for
the next generation experiment n2EDM. The optical pumping process of the *"Hg atoms
in the polarizer chamber is modeled and found to agree well with the experimental data.
As a consequence it turns out that the achievable spin polarization is not limited by light
induced depolarization but rather by the light intensity available from the 2°*Hg discharge
bulbs. Furthermore a comparison between transverse spin relaxation by light absorption
and by wall collisions is presented for the '%Hg atoms in the nEDM precession chamber.
The surface relaxation model allows to investigate the sources of transverse spin relaxation.
The new laser source allows to add even Hg isotopes (other than 2**Hg) to the '*Hg source
to investigate possible surface effects without disturbing the generation of the FID signal
of 19Hg.



Appendix A

The Cramér Rao lower bound

The Cramér Rao lower bound (CRLB) gives a lower limit on the variance o2 of a parameter
estimator © extracted from a data set
- 1
o (0) > L

0 (A.1)

where I (0) is the Fisher information. For N parameters the Fisher information matrix has
dimension N x N.

Here the derivation of the CRLB for the frequency estimator of an exponentially
damped sinusoidal function, as it is typical for the free induction decay (FID) signal of the
Hg co-magnetometer, is discussed. This approach is according to Georg Bison.

The digitized FID signal is assumed to have the following form

C(Aw,¢,7) = Acos|[w(n—ng)dt + ¢ e (A.2)

where A is the amplitude, w the angular frequency, ¢ the phase and 7 the decay time of
the signal. The sampling rate of the signal is given by sr = 1/dt with dt the time difference
between two sample points. The index of the sample in n. The total number of samples
is nq, taken in the total observation time T'. For the sake of mathematical simplicity a
second /2 phase shifted signal

S(A,w,é,7) = Asin[w (n — no) dt + ] e+ (A.3)
is added with the same parameters as for the cos signal.

The Fisher information matrix has dimension 4 x 4. The elements of the combined
variance matrix are

1 oc oCc 0S5 oS

.= —SN 22 -— A4
bk o4 EN: Oz Oxy, + Ox; Oy’ (A4)

where Yy extends over all sample points and ¢% is the signal amplitude noise. The
matrix elements have been evaluated with MATHEMATICA 9. To achieve statistical
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independence (1, , = 0) between the estimator of the phase ¢ and the angular frequency
w the following substitution is made

2dtng 2dt
—l+e 7 +ny—er-m

(~1+e) (<1 e

Then the elements of (A.4)) are given by

ny — (A.5)

T

2dt _ 2dt(ny—1) 2dt(n1+1) 2dt. 4dt
AthQG T Nq (6 T + e T -+ 26 T (n% _ 1) —er n% _ n%)(coth (dtnl) . 1)

]"J7"J - 2dt \ 3
2(-1+4e%) 0}
(A.6)
e‘wt(nfl_l) —1+ ezdt% n (coth (@> - 1)
Inn = . i (A7)
20%
A26_2dt(n:71) <_1 n €2dt7n1) n (COth (%> B 1>
I, 6= (A.8)
202
AthZG_zdt(nTrl)nl <€2dtTn1 4 eZdt(”;rH) o e%tn% + 627(#(2(711 _ 1)n1 . 1) - (nl o 1)2)
. =
T, T 3
<—1 + e@) o)
(A.9)
Adte~ M(nrl_l)nl <—ezrdtn1 +ny + ethrnl — 1)
L,=1,,= (A.10)

) ) 2dt \ 2
(—1 + 67) 203

All other matrix elements are 0. The element of the inverse matrix I~' related to the
angular frequency parameter w is given by

3
2e= (—1 + eQTdt) o3
Ath2n1 <—e4ftn% . n% i G*th(il_l) n e2dt(:i_1+1) + 2627& (n% - 1)> (COth (dtrﬂ) - 1)
(A.11)

-1
[w,w -

For the other elements [ L= Ii’_wl = 0. For a white amplitude noise spectrum the variance

o4 = pgﬁ, where p is the amplitude noise spectral density and ﬁ the measurement
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bandwidth according to the Nyquist theorem. To calculate the variance for only one of the
identical but phase shifted input signals one has to take into account

o4 (1) = 20% (2) (A.12)

where 0% (1) is the amplitude variance of the single signal and 0% (2) is the amplitude
variance of the combined signal. Then

2 3 srT—4
p?sr? (eﬁ — 1) e s sinh (%)

2 (~ -1
o°(w)=2I,,=— . A13
@ ’ A? (sr2T3 cosh (%) -T (sr2T2 + cosh (g) - 1)) ( )
For a constant signal amplitude (7 — oo0) one obtains
12 212
0% (&, 00) = 2IL (1 — 00) = Pt (A.14)
’ AT (erT2 — 1)
For a long enough measurement time (sr x 7' >> 1) the limit is
o 12p?
o? (@) = T (A.15)

which is independent of the sampling rate sr. This is the usual result for the CRLB for
the frequency estimator of a single frequency constant amplitude sine signal. For a finite
T one can write

o (@, 7) = Co* (&, 00) (A.16)

where C' > 1 is a correction factor. In the limiting case of high sampling rate (sr — oo0) C
is given by

o 2T?
37 (—ZT2 + 72 cosh (¥> — 72) (coth (%) — 1) .

The dependence of C' on the sampling rate is shown in Figure for T = 150s and
7 = 30s. For sr = 100Hz as currently used in the nEDM DAQ the approximation has
a relative deviation from the exact expression of only 2 x 10~*. Thus it is justified to
apply the limit sr — oo in our case. Rewriting as a function of the dimensionless
parameter r = 7/T one gets

(A.17)

e2/m — 1

€= 3r3 cosh (%) —3r(r242)

(A.18)

The correction factor C' is given as a function of r in Figure in the limit sr — oc.
For the values assumed in Section (T'" = 150s and 7 = 100s) r = 2/3 and the
correction factor on the frequency estimator error is given by

VC =217 (A.19)
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Figure A.1: The correction factor C' as a function of the signal sampling rate. A total
measurement time 7' = 150 s and a signal decay time 7 = 100 s is assumed.
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Figure A.2: The correction factor C' as a function of the dimensionless parameter r = 7/T'
in the limit of infinite sampling rate.



Appendix B

The isotopes of mercury

The Hg used in the *Hg co-magnetometer is enriched in 1% Hg to suppress light absorption
by Hg isotopes other than the useful *"Hg isotope. The isotopic composition of the Hg
used during the measurements presented in Chapter [5]is given in Figure The content
of ~ 3% of 2™Hg and 2'Hg in this sample presents an unwanted absorption background
for both the lamp and the laser readout light. Trace Sciences supplies Hg enriched up to
91 % in '"YHg with sub-percent residuals of 2**Hg and ?*'Hg, see Figure [B.2] This sample
of enriched Hg is used in the “Hg co-magnetometer. For the 'Hg F = 1/2 line, the
correction factor  as defined in is calculated from the absorption cross-section of
an isotope at the frequency of the '"'Hg F' = 1/2 line and its abundance in the sample

N1gy X O199(V1/2) + Noos X 0204(V1/2) + Noo10201 (V1)2)

N1g99 X 0199(V1/2)

B2 =

, (B.1)

where nx is the relative fraction of the isotopes X in the Hg sample and the Doppler-
broadened cross-section o (7' = 294K) is taken from (4.11) . For the Hg sample from
euriso-top 1/, = 1.14, for the sample of Trace Sciences (1 = 1.03. In the analog way
one gets for the *"Hg F' = 3/2 line for the euriso-top sample 53/, = 2.02 and for the Trace
Sciences sample 33/5 = 2.005.

147



148

@UHSO'EE:}Q@

YoWwR PARTNER
LABELL

www.eurisotop.com

FOR
ED COMPOUNDS
(3C, =N, D, °0) e i
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ANALYSIS CERTIFICATE

PRODUCT [ MERCURY 199 |
REFERENCE [ MHG1990 |
ANALYSIS N° [ 270 |
LoT [ J1851 ]
isotope weight element weight
1 1ISOTOPE [ 199Hg | [ 49 |me [ 500 |me
Compound weight
2 CHEMICAL FORM [ Hg O | [ 540 |me
3 ISOTOPIC CONTENT 83,80 %
ISOTOPE 196 198 199 200 201 202 204
Content % 1,73 | 1,06 | 8380 | 275 | 366 | 340 | 3,60
Relative accuracy % +/-0,05 | +/-0,05 | +/-0,20 | +/-0,05 | +/-0,05 | +/-0,05 | +/-0,05
4 CHEMICAL PURITY
[ o9 J»
5 ANALYTICAL METHOD ICP - MS
/ /
RESPONSABLE QUALITE DATE viga 77
F. ROBERT 10110/2013 W
|4

PARC DES ALGORITHMES - BAT. HOMERE ROUTE DE LORME - 91194 SAINTAUBIN CEDEX - FRANCE - Tél :+33 (0]1 69 41 97 98- Fax : +33 (0)1 69 41 93 52 - Email : eurisotop@eurisotop.com
S.A'S AU CAPITAL DE 228 000 € - RCS CORBEIL ESSONNES B 380 479 055 - SIRET 380 479 055 00010 - CODE NAF 2014 Z - TVA Inracommunautaire - FR 56 380 479 055

Figure B.1: Isotopic composition of the '"Hg enriched Hg used for the measurements

presented in Chapter [



CERTIFICATE UF ANALYSIS

209704
Name of Preparation: 199Hg TR_ACE L:;a-ﬁ%g ﬂi?gﬁfy'"ﬁﬂggtmi)
Sy Enriched: 91.09% Lot: 209107
Country of Destination: Switzerland
Compound weight: 27.0 mg
Elemental weight: 25.0 m
Consignee: Paul Scherrer Institut ¢ 9

CHARACTERISTICS OF ISOTOPE-ENRICHED PRODUCT

1. Weight of enriched isotope:

Compound weight: 27.0 mgs x 4 Elemental weight: 25.0 mgs x 4
Total Compound Mass 108 mgs Total Elemental Mass 100 mgs
Form: HgO (Oxide)
2. Isotopic composition:
Isotope 196 198 199 200 201 202 204
Enrichment | <0.5 1.2 91.09 | 4.22 0.92 1.89 0.68
(%)

3. Chemical Purity: 99.9% pure

4. Analytical method:  ICP-M

Verified and signed by: Date: January 21, 2013
Robyn Carter

Please note this material is not approved for use in humans

Figure B.2: Isotopic composition of 1%Hg enriched HgO from Trace Sciences.
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Appendix C

The DAQ system of the YHg
co-magnetometer

Here the hardware of the signal processing chain for the *Hg co-magnetometry signal is
described.

e Current to voltage conversion: The photo current signal from a photodiode or
photomultiplier tube (PMT) is converted with a FEMTO DLPCA-200 transimped-
ance amplifier EI The amplification gain can be chosen to be 10"V /A where n = 3—11.
The bandwidth of the amplifier depends on the choice of gain but is always above
1kHz and thus of no concern for the Hg co-magnetometer signal. For the PMT]
in use the maximally allowed anode current is 10 A and thus a gain of 10°V/A is
chosen to match the input range of the DC ADC. Depending on the detected light
level the high voltage for the PMT base can be adjusted to make use of the full DC
ADC range. For the large area photodiodeﬂ that was tested, transimpedance gain
factors of 1 x 10" VA=t or 1 x 10V A~! have been chosen.

o Separation of DC and AC signal component: The output voltage signal from
the transimpedance amplifier is fed to an active, second-order , multiple feedback
bandpass filter circuit to separate the DC and the AC signal components. The
electronic scheme is shown in Figure and Figure [C.2l The DC component is
passed through an inverting multiple-feed back low pass filter with a corner frequency
of 160 HZEI to adapt the negative input signal from the PMT to the positive input
range of the DC ADC. The AC signal component is separated by a double stage
second order multiple feedback bandpass filter. Each stage has a measured center
frequency of fo = 7.85Hz, a measured quality factor of () = 5.06 and a calculated
gain G (fo) = —3| The AC filter suppresses the higher order harmonic frequency

IFor a detailed specification see: www.femto.de
2Hamatsu RS6834
3Hamamtsu S1337-21

4Calculated from the parts specification in Figure

5Calculated from the parts specification in Figure
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components. The suppression of the second harmonic is not below the least significant
bit (LSB) of the AC ADC and has to be filtered (or taken into account) in the data
processing.

Digitization: The DC component of the ?Hg magnetometry signal is directed via
a multiplexer to a 1:2 voltage divider that adjusts the DC signal level to the input
range of the 12-bit ADC (AD7476). The AC component is passed through a further
amplifier whose gain can be adjusted by a adjustable voltage divider (potentiometer)
to match the signal amplitude to the input range of the 16-bit AC ADC (AD7685).

Calibration: To correctly record the DC and AC signal components the relative
gain factor between the DC and the AC signal chain has to be determined. This
is done by supplying an AC signal of known amplitude, frequency of 8 Hz and a
known (negative) DC offset to the nEDM DAQ PMT input. The amplitude of the
recorded sine signal is determined in ADC units by fitting a sinusoidal function. This
allows one to calculate the conversion factor between ADC units and voltage. It is
of great importance that the calibration procedure is repeated each time the relative
AC gain is changed (e.g. due to increased signal amplitude with the laser light).
Failure to do so will lead to wrongly extracted characteristic operation parameters,
in particular in a mal-determination of atomic polarization, and can cause tedious
and time consuming investigationsﬂ

6Warning: It happened
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Appendix D

The FID signal after a band pass
filter

In this appendix the signal amplitude from a FID after an ideal band pass filter (BPF) is
derived. It is assumed that only the signal components with frequency w are passed. Any
DC and higher harmonics at mw, m € N are cut by the BPF. Starting from (4.51)) and

taking the time modulation explicitly into account results in
I, = (]1 N DCoffset) €—n199Hgol(ﬁ—§ cos(wt)) + Dcoffset~ (Dl)

The factor a takes into account that a reduced effective absorption cross-section between
the "Hg atoms and the light from the 2**Hg discharge lamp will lower the modulation
amplitude. The factor § takes into account the additional possibility of light absorption
by non-'*"Hg atoms. The DC,ge term takes light into account that cannot be absorbed
by the Hg atoms because it is emitted by other isotopes than 2**Hg. Splitting in
DC and AC signal components allows to expand the modulation term in a Taylor series as
a function of the parameter nisop,0ol g

P m
e [TLlQQHgO'lE}

I = DClieer + (I — DClieet) € 001" > cos™ (wt) (D.2)
m=0

m!
The power series can be split in odd an even powers of cos™ (wt)

m
i {n199Hg0l§}

" cos™ (wt) = (D.3)
m=0 :
P 2m+1 P 2m
i n199Hg0'lE " i n199Hg0'lE "
=3 { om 1})' cos”™ ! (wt) + > {(me] cos™™ (wt) . (D.4)
m=0 ' m=0 :

suppressed in BPF, see(D.5)
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The powers cos™ can be substituted by

2 ZL/S (7: cos ((m —2k)zx) for evenm € N
(D.5)

cos™ () =

= 21(20_1)/2 (Z) cos ((m —2k)x) for odd m € N

From (D.5)) it is obvious that only odd m in (D.4]) will contribute to the signal after the
BPF. Then (D.4)) reads

( i {mggHgalﬂ "

m)

cos™ (wt) ) = (D.6)

m=0 BPF
o |:n Ulp]2m+1 2 m 2 1
199HgO L m —+
= cos((2m + 1 —2k)wt). D.7
— (2m + 1)! 92m+1 l;) ( k ) (( m )W ) ( )

Furthermore the BPF will only transmit signal components at the fundamental frequency
w thus only the term & = m in (D.7)) can contribute

00 ZE m

(Z [angT a} cos™ (wt)) = (D.8)

m=0 m: BPF

2m+1
iy nlggHngg}

=) |

m=0

L5 eer. oo

(2m +1)! P

Making use of the definition of the binomial coefficient

<Z> - (n—n/'f)‘k' (D.10)

one can write

o [nng O'lg}m ad {TL199H O'ZB} e 1 (2m + 1)!
oL s (wt) | =Y S 5 —cos (wt). (D.11)
= m! —=  (2Cm+1)!  22mml(m+1)!
Using the identity
(2m + 1)!
2 D=-— D.12
om =201 (D.12)

one arrives at E|

(i [n199Hng§}m cos™ (wt)) _ i {n199HgO'l§ (Qm + 1)!!

m! 2m+ 1) 2m(m+1)!

:| 2m—+1

cos (wt). (D.13)
Bpr  m=0

Lol — n-(n—2)-(n—4)-...-2 for n even,
S ln-n—=2)-(n—4)-...-1 fornodd
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which is the exact expression in terms of a power series. The AC signal component is thus
given by

2m+1
(om0l 2] (2m + 1)1

2m+1)! 27 (m+ 1)

0o
s = (Il - DCoffset> €_n199Hngﬁ Z

m=0

(D.14)

The exponential decay of the atomic polarization can be taken into account which gives

7t/7':| 2m—+1

N199Hg0'l§€ (2m+ 1)”
Cm+ 1! 2 (m+ 1)

ag = (Il - DCoffset) efnlggchrlB Z |: (D15)
m=0

The signal amplitude derived in as half the difference of the maximal and minimal
light intensity is obtained from by replacing the factors [(2m + 1)!1] / [2™ (m + 1)] =
1. This approximation is equivalent to neglecting the fact that harmonic signal sidebands
carry more and more power as the nonlinear modulation becomes stronger. There is no
analytical way to solve for the atomic polarization parameter P in general. A
comparison of the three signal models is shown in Figure [D.]] for polarization values of
P =1 and P = 0.25. For this plot it is assumed that DCygeet = 0, = 1 and [ = 1.
It is again clear that the three models agree for low light absorption A and low atomic
polarization P.

From it is also seen that the AC signal amplitude is not strictly decaying with
one time constant. Higher order terms of the series decay with fractions of the polarization
decay time 5. To quantify this effect an ideal noiseless sine signal is simulated according
to (I1 =1V, DCytset =0V, a =1, =1, up to order 10, moop,olP = 0.64) with
polarization decay time 7 = 100s and a total length of 200s. Subsequently the modeled
data points are subdivided in 20s long subsets. Each subset is fitted with up to
m = 3 and a single exponential decay. The extracted signal decay time for each of the
subsets is given in Fig[D.2] Clearly the polarization decay time 7 is underestimated from
the single exponential fit. The results agree for long delay times because the higher order
corrections become less relevant (or in other words the polarization decays and thus the
modulation depth). This effect is experimentally observed in the nEDM setup when the
polarization lifetime T} in the precession chamber is determined by the delayed 7 pulse
technique. In this measurement configuration the 7 is delayed after the 19Hg has been
filled into the precession chamber. The polarization lifetime is then extracted from the
initial FID amplitude as a function of the delay time.
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Figure D.2: The extracted decay time 7 of the FID signal as a function of the delay time
after the signal start. An ideal noiseless sine signal is simulated according to (D.15]) (details
are given in the text). If only one single exponential decay constant is taken into account
for the fit, the signal decay time 7 is underestimating the polarization decay time at the
beginning of the signal (M). For longer waiting times the signal decay time converges to
the polarization decay time since the contribution at the fundamental frequency that is
nonlinearly generated by the third harmonic frequency according to has decayed
away with 7/3. A fit according to (D.14)) with m < 3 reproduces the assumed polarization
decay time of the model for all time delays (o).
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Appendix E

Production of mercury spectroscopy
cells

The quality and long term stability of the SD-DAVLL signals crucially depends on the high
quality of the Hg spectroscopy cells. At the beginning commercially available spectroscopy
celld’] (made from SupraSil) of 1 mm or 2mm optical path length have been used in the SD-
DAVLL setup. Versions with Hg of natural isotopic composition or enriched in *’Hg were
purchased. It turned out, that these cells suffer from resonance-light induced deterioration,
e.g., the cells turned opaque (dark spot on the inner glass surface) at the position of the
UV beam within a time span of hours to a few days, see Figure [E.1] Under the microscope
no damage of the glass could be found. The effect only occurred for light on resonance
with one of the Hg isotopes and the dark spot can be removed by heating the spectroscopy
cell to about 100°C with a hot-air gun. Therefore it seems likely that the excited Hg
atoms suffer from a chemical reaction with some rest gas in the cell. The reaction product
accumulates at the position of the beam spot and renders the cell opaque. To improve
the long term stability of the SD-DAVLL signal (which is extremely important for nEDM
runs without intervention) empty cylindrical Spectrosil spectroscopy cells E] (optical path
length ranging from 1mm to 50 mm were purchased with the intention to fill these with
199Hg enriched mercury at sub-vapor pressure at room temperature.

During the first tests it was found that spectroscopy cells with long-term stable proper-
ties can be produced by gluing the stem of the spectroscopy cell (length about 60 mm) with
Araldite Rapide into a stainless steel flange (6 mm outer diameter, 4 mm inner diameter
steel pipe on a KF 16 flange). The intersection part was about 10 mm long. The stainless
steel flange was connected to a turbo molecular pump and a HgO source and evacuated to
~ 1 x 10~ %mbar. At the same time the spectroscopy cell body was put into a temperature
controlled oven and heated to 350 °C to remove water from the cell body surface. Due to
the poor thermal conductivity the glue joint never reached temperatures above 60°C. A
typical setup with a spectroscopy cell in the oven is shown in Figure [E.2] After a day of

Le-opthos
2Starna Scientific Ltd, UK or Starna Germany
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Figure E.1: A commercial Hg spectroscopy cell with 1 mm optical path length. The dark
spot was observed after several hours to few days of exposure to UV resonance light.
It turned out to be a opaque layer on the inner surface of the glass could be removed by
heating the cell to 100 °C. The cell is shown on its mounting support. A droplet of metallic
Hg is visible at the bottom of the cell.
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vacuum pump

Figure E.2: The setup to bake out the Hg spectroscopy cells. The spectroscopy cell is
attached to a turbo molecular vacuum pump and a HgO source. During the baking process
the cell is heated in the temperature controled oven and the pressure is measured with a
pressure gauge. The oven can be lowered around the cell such that a UV laser beam can
be shine through the spectroscopy cell from the left side of the picture. The temperature
of the glue joint was surveyed with PT100 sensors. Note that the multimeter in the picture
measure the temperature in °F.

baking the cell under vacuum, the oven was turned off and the cell cooled down to room
temperature. The set-up was installed next to the optical tale with the UV laser system
such that a UV beam could be steered through the cell and be detected on a power meter.
This allowed to survey the amount of Hg inside the cell before sealing it with a propane-
oxygen torch by frequency scanning the UV laser over the *Hg F' = 1/2 resonance line
and recording the light transmission. This online measurement of the Hg content was
important as a 5mm long spectroscopy cell filled with 80 % *°Hg enriched mercury at sat-
urated vapor pressure at 298 K has as transmission of &~ 1 x 107° (ng,; = 6.4 x 1013 cm™3).
The normalized transmission spectrum of a 20 mm long spectroscopy cell filled with **°Hg
enriched Hg is shown in Figure[E.3] In general the shorter spectroscopy cells up to 20 mm
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Figure E.3: The normalized transmission spectrum of a 20 mm spectroscopy cell filled with
99Hg enriched Hg. The mercury source was filled with the batch of isotopic composition
given in Fig[B.1] The different isotopes can be identified from Figure [3.2l The transmis-
sion lines a have been fitted with (3.1). The fit function is shown ( ) besides the
measurements points ()
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haven been found to be very convenient for the SD-DAVLL setup. The 20 mm long cell
performs at the time of writing this for several months without any sign of deterioration.



166 CHAPTER E: PRODUCTION OF MERCURY SPECTROSCOPY CELLS



Appendix F

Properties of solarization-resistant
UV fibers

To transport the UV laser light from the laboratory to the nEDM experimental site
solarization-resistant optical fibers have been used. Here we present the considerations
that have been taken into account for the choice of the type of fiber. The transmission
losses through an optical fiber increase towards the UV range due to Rayleigh scattering.
Rayleigh scattering describes the elastic scattering of light from structures much smaller
than the light’s wavelength. In optical fibers the scattering centers can be, e.g., refractive
index or impurity concentration fluctuations [Lin84]. The scattering cross-section scales
like Ogeate ¢ A~ In low loss telecommunication silica optical fibers the attenuation coeffi-
cient due to Rayleigh scattering is ~0.8 dABkm ™ for light with wavelength 1 pm [ZGSS03].
This results in a lower estimate of the attenuation coefficient > 200dBkm~! for 250 nm
light. The attenuation coefficient from the technical specifications [Tho] of the optical
fibers used in this work (Thorlabs UM22 “Step Index Multimode Fiber: 0.22 NA”, 200 pm
and 400 pm core diameter) is given in Figure The attenuation coefficient at 250 nm is
~250dBkm™!, in good agreement with the estimate. For a 50m optical fiber the trans-
mission (not taking coupling losses into account) is expected to be —12.5dB or 5.6 %.
Although the fibers are called solarization-resistant the transmission through the fibers
drops after operation of some weeks. In this study several mW of UV light have been
focused on the fiber end to compensate the high transmission losses. It is expected that
light induced degradation of the fibers will be at a much smaller level in case the optical
setup is brought closer to the nEDM setup. As the damping is exponential with fiber
length shorter fibers will allow for highly reduced intensity at the fiber input.
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Figure F.1: Wavelength dependent light attenuation coefficient of the UV optical fibers
used in this experiment. The plot is taken from the resellers technical specifications [Tha].
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