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Abstract

The search for electric dipole moments (EDMs) of particles has been an active field of
research for the past 70 years. Scientific interest in EDMs stems from the fact that
these are direct signals of parity symmetry (P) violation, and time-reversal symmetry
(T) violation. In most extensions to the Standard Model, new CP-violating interactions
that can help explain the origin of the observed matter-antimatter asymmetry in the
universe also predict particle EDMs with sizes that current and near-future experiments
are sensitive to. The current best measurements of the electron EDM (eEDM) have
already constrained the energy scale of a broad class of CP-violating interactions to

energies above 3 TeV.

I describe progress towards a measurement of the eKDM using a beam of YbF molecules.
I implement a method that distills the molecular population into the required quantum
state, and a new method for detecting the molecules with higher efficiency. 1 characterise
the imperfections in this detection scheme. By minimising the impact of these imper-
fections and various sources of technical noise, I demonstrate an improvement in the
shot-noise limited sensitivity by a factor of 14.5 since the last published measurement.
The actual noise is limited by magnetic noise to 2.1 times this shot-noise limit. A mea-
surement of the eEDM at this shot-noise-limited sensitivity would improve constraints
of new CP-violating interactions by a factor of 3.2, and I present an outlook for such a

measurement.
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1. Introduction

1.1. Electric dipole moments, parity conservation

and time-reversal symmetry

The possibility of fundamental particles possessing electric dipole moments (EDMs) was
first proposed by Purcell and Ramsey in 1950 [1]. At the time, the widely held view was
that particles cannot have EDMs because the physical laws of nature are invariant under
reflections in space, which is known as parity symmetry. To see this, consider a particle
that has internal angular momentum j and a dipole moment d, as shown in Fig. 1.1.
The dipole moment operator is a vector operator, and by the Wigner-Eckart theorem,

it must therefore lie along the same axis as the angular momentum [2, p. 199]:
d = qj. (1.1)

The parity operation reverses the sign of d but not j, which implies that either the dipole
moment must be zero, or the two states linked by a parity operation are degenerate [3].
Additionally, the time-reversal operation reverses the sign of j but not d, which leads
us to the same conclusion. Fundamental particles such as neutrons and electrons are
known to obey the Pauli exclusion principle, which rules out any degeneracy in the same
quantum state. A non-zero EDM in these particles would therefore violate both parity

symmetry (P) and time-reversal symmetry (T), as was first pointed out by Landau [4].

It should be noted that the usual electric dipole moments of polar molecules do not
violate P and T. These “molecule-frame” dipole moments only arise when a sufficiently
strong electric field is applied to orient the molecule. In the weak-field limit, these

molecular dipole moments vanish in the laboratory frame. Another way of looking at it
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Figure 1.1.: A particle which has angular momentum j and electric dipole moment d violates
both P and T.

is to consider the electric dipole interaction —p,,, ;- E, where p,; is the molecular dipole
moment and E is an applied electric field. Since the alignment of the molecule depends
on the direction of the electric field, the direction of p reverses when E is reversed.
The interaction term therefore does not change sign under reversal of E. A fundamental
EDM d does not depend on an external field, therefore the EDM interaction term —d-E

does reverse sign when E reverses.

1.1.1. Evidence for violation of parity and time-reversal

symmetries

Although no experimental evidence for non-zero particle EDMs has been found thus far,
violation of P and T have been separately observed in other systems. Parity violation
was first demonstrated by Wu and coworkers [5] in the S-decay of %°Co, then shortly
afterwards in the decay of 7% mesons [6, 7]. In the Wu experiment, it was observed that
in the [-decay process, electrons were preferentially emitted in the opposite direction

to the nuclear spin of ®*Co (which has been called “left-handed” decay). If this process
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obeyed P, then we would expect “right-handed” decay, where electrons are emitted in

the same direction as the nuclear spin, to occur with equal probability.

Direct evidence of T violation was first observed in the B meson system by the BaBar
collaboration [8]. The experiment they carried out measured differences in the for-
ward and reverse transition rates of several decay processes in neutral B mesons. Cru-
cially, the initial and final states of the decays were linked by a time-reversal operation,
which enabled a direct method of measuring T-violating effects, independent of other

symmetry-violating effects such as CP violation [9)].

CP refers to the symmetry under the combined action of parity and charge conjugation
(C). The latter refers to symmetry under the exchange of particles and anti-particles.
The violation of CP is also relevant here because of the CPT theorem, which states that
any local, Lorentz-invariant quantum field theory is invariant under the combined action
of C, P and T [10-13]. CPT invariance is a property of the Standard Model and of most
popular extensions of the Standard Model, and is supported by all experimental tests
carried out so far [14, see Tests of Conservation Laws|. Assuming CPT invariance allows
us to interpret experimental observations of CP violation in the K meson [15] and B

meson [16] systems as indirect evidence for T violation as well.

CP violation is also important for cosmology, and in particular hitherto undiscovered
CP-violating processes may be the origin of the observed matter-antimatter asymmetry
in the universe. The latter is also known as the baryon asymmetry of the universe
(BAU), and its origin can be attributed to either a matter-antimatter asymmetric initial
state of the universe, or to baryogenesis processes that occurred shortly after the Big
Bang which created the asymmetry from an initially symmetric state [17]. Sakharov [18]
showed that the necessary ingredients for baryogenesis are (i) violation of baryon number,
(ii) C and CP violation and (iii) deviation from thermal equilibrium. Since no significant
amount of antimatter remains in the universe, and the product of annihilation processes
between matter and antimatter is photons, one can estimate the size of the BAU by the
baryon to photon ratio, n = Ng/N,. This ratio has been measured independently from
cosmic abundances of elements created during big bang nucleosynthesis and the cosmic
microwave background (CMB), and found to be n ~ 10719 [19].
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Figure 1.2.: Example of a lowest-order Feynman diagram showing how an electron EDM can
be generated within the Standard Model, adapted from [24].

1.1.2. Overview of theoretical models

The Standard Model of particle physics (SM) was being developed when the experiments
that discovered P violation [5] and CP violation [15] were carried out. It is no surprise
then that the SM accounts for these symmetry violations. P is violated maximally
by the V-A interaction in weak processes, which only allows the W boson to couple to
either left-handed particles or right-handed anti-particles [20]. CP violation occurs in the
complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which governs quark
mixing in the electroweak sector [21]. Although it is possible for the strong interaction to
violate CP via a term in the QCD Lagrangian parametrised by 6, current experimental
results on the neutron EDM limit the size of the 6 parameter to # < 107'% [22]. The
extremely small value for 6 constitutes the “strong CP problem”: since a CP-violating
term is allowed in the strong interaction, why is it so highly suppressed? The resolution
to this puzzle may lie in the existence of an axion field [23], which has been proposed as

a dark matter candidate as well, though it remains undetected thus far.

Nevertheless, almost all the experimental results for P, CP and T violations described
above agree with SM predictions'. The exception here is the observed baryon asymmetry
of the universe, n, which is far too large to have been produced by the CP-violating
CKM phase in the SM [17]. This, together with many issues such as the aforementioned
strong CP problem, the existence of dark matter and non-zero neutrino masses, motivate
the need for beyond-Standard-Model (BSM) theories. These theories generally include
additional sources of CP violation, which would generate T-violating phenomena such
as particle EDMs [22]. CP violation in the SM, via the CKM matrix, generates EDMs

IThe SM obeys the CPT theorem, so CP violation in the CKM matrix also implies T violation.
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that are many orders of magnitude smaller than current experimental sensitivities. For
example, the lowest-order Feynman diagram that contributes to a non-zero electron
EDM is a four-loop diagram; an example is shown in Fig. 1.2. The SM prediction
for the eEDM is d. < 1073% ¢ cm? [24], while the current experimental bound for it is
de < 1.1 x 107* e em (90% confidence limit) [25]. Experimental searches for particle
EDMs are therefore background-free® probes of new physics beyond the SM, and even
null results can set stringent limits on CP-violating mechanisms in BSM theories [22, 26,
27].

1.1.3. Theoretical interpretation of EDMs

A convenient and model-independent way to discuss the observation of BSM physics is
effective field theory (EFT). A schematic of this is shown in Fig. 1.3. EFT makes the
assumption that new physics occurs at high energy scales, and the SM can be viewed
as an effective “low-energy limit of a more fundamental theory” [28]. Below the energy
scale Fpe, at which new particles appear, the effect of BSM physics can be described
by a set of effective low-energy operators which involve only SM fields [29]. Taking into
account only CP-violating (CPV) terms, the effective Lagrangian can be written at the
electroweak scale (Egw ~ 246 GeV) as [29]

Lepy = Lo + Lo + L35, (1.2)

where Loxv and Ly are the CPV terms due to the CKM matrix and the strong inter-
action within the SM description, and are of dimension four. The effective CPV BSM

terms are of dimension six, and can be written as [29]

. 1
Lhgn = e Z%‘Oi, (1.3)

2According to Ref. [24], a CKM-induced electron EDM is, in fact, several orders of magnitude lower
at d, ~ 107** ¢ cm. This is the calculated value from four-loop diagrams such as the one in Fig. 1.2.
The main P and T-violating signal from the CKM matrix in the Standard Model actually comes from
a scalar electron-nucleon coupling, parametrised by Cs (more on this later). However, electron EDM
experiments are unable to distinguish between d. and Cg, and this CKM-induced electron-nucleon
coupling produces an equivalent d. of order 10738 e cm.

3The background here refers to observables predicted by Standard Model physics.
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Figure 1.3.: Schematic showing how CP-violating physics in the SM and BSM theories at high
energy scales can lead to observable EDMs in low-energy atomic and molecular
systems. Solid (dashed) arrows indicate strong (weak) contributions from higher-
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where A is the energy scale of BSM physics, the «;’s are Wilson coefficients which
encapsulate the details of the exact nature of BSM physics at higher energies, and

the O;’s are SM operators.

Eq. (1.3), which include electron and quark EDMs, quark chromo-EDMs, semi-leptonic
interactions, as well as four-quark and three-gluon couplings. Although the SM can
contribute to these terms via the CKM mechanism, its effect is negligibly small compared
to proposed BSM contributions [29]. A full list and description of these terms can be
found in [22] or [29]. Any underlying BSM theory can be expressed as Eq. (1.3) at the

electroweak scale, thus the EFT formalism can be used to interpret a wide range of

experiments in a model-independent way.

It turns out that there are twelve possible O; terms in
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While particle physics experiments can access the electroweak scale, tabletop atomic
and molecular EDM experiments operate at much lower energy scales. EFT is used
again to bridge the gap: the Lagrangian in Eq. (1.2) can be expressed in terms of
effective low-energy operators and coefficients when moving down energy scales [29] as
shown in Fig. 1.3. One would first match the terms in Eq. (1.3) to effective CP-violating
interaction terms at the hadronic scale (Epaqron ~ 1 GeV): electron-nucleon couplings,
pion-nucleon couplings and nucleon EDMs. This would be sufficient for interpreting
neutron EDM experiments, but for atomic and molecular experiments one would need
to match the terms at the hadronic scale to terms at the nuclear, atomic and molecular
scales. At the nuclear scale, the interaction terms are due to P- and T-violating nuclear
moments. The lowest such electric moment is the “Schiff moment”, which is effectively
a dipole moment that takes into account the effect of electron shielding, and the lowest
such magnetic moment is the magnetic quadrupole moment (MQM)* [31]. Finally, the
dependencies of the EDMs of paramagnetic and diamagnetic atoms and molecules on
nuclear moments, the electron EDM and electron-nucleon couplings can be calculated

from atomic theory [31].

The EDMs of heavy paramagnetic atoms and molecules are primarily sensitive to the
electron EDM, d., and the scalar electron-nucleon coupling, Cs [32]. The MQM con-
tributes as well if the nuclear spin is greater than 1/2 [31]. On the other hand, the
dominant contributions to the EDMs of heavy diamagnetic atoms and molecules are
the tensor electron-nucleon coupling, C7, and the isoscalar and isotensor pion-nucleon
couplings, ¢\¥ and ¢g). One way to constrain these parameters is to adopt the single-
source approach, where the atomic or molecular EDM is assumed to arise solely from
one cause. This is the way most EDM results are reported; for example, the most recent
limit on the electron EDM set the limit d. < 1.1 x 1072 ¢ cm assuming that Cg = 0,
and also gave Cs < 7.3 x 107! while assuming d. = 0 [25]. An alternative method
to constrain these parameters is to carry out a global fit, for example in [32]. The
global analysis has the advantage that two separate results from different molecules can
often constrain the parameters better than either of the results alone [32]. This last
point motivates using a variety of experimental systems to measure fundamental P- and

T-violating phenomena.

4A non-zero MQM requires a nuclear spin of I > 1 due to angular momentum selection rules [30]
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Figure 1.4.: Example of a one-loop diagram showing how an electron EDM can be generated
in supersymmetry, adapted from [27]. The tildes indicate superpartners of reg-
ular SM fields and the cross indicates a CP-violating phase due to breaking of
supersymmetry at low energies.

1.1.4. Connection to particle physics

Particle physics experiments have long sought evidence of new, massive particles through
direct production of these in colliders. The possibility of the existence of these new parti-
cles have been introduced by a variety of theories that extend the Standard Model, such
as supersymmetry, left-right symmetric models and multi-Higgs models. The current
upper limits to the mass of these new particles can be found in [33]. To give an example,
the mass of the selectron particle must be higher than 0.7 TeV based on the most recent

experimental data from the Large Hadron Collider.

EDM experiments, on the other hand, probe the existence of these massive particles
by their impact on a low-energy particle, such as an electron. An example of a one-
loop correction to the electron EDM due to the selectron is shown in Fig. 1.4. The
strength of the constraint that an EDM measurement places on the masses of these
particles are dependent on the exact mechanism of EDM generation. However, one can
make rough estimates. For example, Cesarotti and coworkers have shown that the best
constraint of the electron EDM thus far limits the mass of the selectron to above 50 TeV
for one-loop diagrams and 3 TeV for two-loop diagrams [34]. Thus, EDM measurements
can complement direct searches for new, heavy particles with collider experiments by
probing their indirect effect on the EDMs of low-energy particles. Moreover, with further
improvements in measurement sensitivity, the mass reach of EDM experiments can even
exceed that of the LHC.
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Figure 1.5.: Schematic of a beam-type EDM experiment.

1.2. Measuring the electron EDM with atoms and

molecules

In this work, we are interested in measuring the electron EDM (eEDM). Such experi-
ments usually measure the EDM of paramagnetic atoms or molecules and then derive
a limit on the eEDM from the result. These experiments usually employ some variant
of Ramsey’s separated oscillatory fields method [30] to measure small energy shifts due
to the EDM interaction. A simple schematic of a beam-type experiment is shown in
Fig. 1.5. An atomic or molecular beam, which can be continuous or pulsed, is produced
by a source. There is usually an optical pumping step which aims to increase the number
of useful atoms or molecules in the experiment by preparing them in a single quantum
state, and deplete the population in states which might otherwise interfere with the rest
of the experiment. The beam then enters a region of uniform electric (E) and magnetic
(B) fields which are aligned along the laboratory z-axis. The atoms or molecules are
then prepared in a state where their spins are aligned along the xz-axis. This “polariser”
step is equivalent to the 7/2-pulse of rf applied in a typical Ramsey-type experiment.

The spins precess in the zy-plane for a time 7, at a rate

w= (uB—i—dE)-hfFl, (1.4)
where p and d are the magnetic moment and EDM of the atom or molecule and F
is its total angular momentum. At the end of the precession region, an “analyser”
step maps the precession phase ¢ = w7t onto the population of another state, which is
typically detected by laser-induced fluorescence (LIF). The EDM, d, can be measured
by reversing the direction of E relative to that of B and measuring the change in the

precession frequency w.
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Paramagnetic atoms and molecules are favoured when it comes to measuring the eEDM
because of the large enhancement of the latter in these systems. I will now discuss how

this enhancement arises and give an overview of eEDM experiments.

1.2.1. Paramagnetic atoms

The idea of interpreting limits of EDMs of paramagnetic atoms or molecules as limits
on the eEDM was initially not considered promising because of a theorem by Schiff [35],
which states that the EDM interaction of an atom or molecule with an electric field
is zero even if its constituent electrons and nucleons have non-zero EDMs. This can
be understood as follows. Consider an electrically neutral system composed of point
particles with electrostatic forces between them. If an external electric field is applied,
the system remains neutral and so the electrostatic forces on each of its constituent
particles must vanish. Then, even if the particles have EDMs, since the average electric
field at each particle is zero due to shielding from the other particles, there is no first-
order energy shift. However, this is true only in the non-relativistic limit. Sandars [30]
showed that if relativistic effects were taken into account, then not only does an eEDM
give rise to an atomic EDM, but in fact for heavy paramagnetic atoms the atomic EDM
can be much larger than the eEDM. For an atom with an unpaired valence electron, the
energy shift due to the eEDM can be calculated in the framework of the Dirac equation
as [36, 37|

ABeqm = — (¢o| (1 = B)d:X - Eq |¢o) , (1.5)

where | @) is the Dirac four-component spinor of the electron, = (§ % )and X = (g 2)
are Dirac matrices, and o is a vector of the three Pauli spin matrices. The total electric
field E; = Ejy + Eey is the sum the internal field E;;; and an externally applied field
Ecxi, and |¢g) is the electronic wavefunction. As Sandars notes [36], the dependence
on the external field “is contained both within the operator and in the wavefunction”
since the atom is partially polarised by the external field. Treating the external field as

a perturbation, the resulting energy shift can be written to first order in Eqy as [38]

Ay = —2d, 3 0012 Bexe [0} (0] (1 = 52 - B [9)

EO_En _de <¢0‘(1_5>2'Eext’¢0>~

(1.6)

n#0
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Table 1.1.: Enhancement factors for some heavy atoms.

Atomic species R
Cs 124 [40]
Tl -585 [40]
Fr 895 [41]
Xe -0.008 [42]
Hg 0.012 [42]

The first term is the energy shift due to the interaction of the eEDM with the internal
electric field that arises when the external field mixes higher-lying states of opposite
parity, |¢,), with the ground state |¢g). The second term comes from the interaction of
the eEDM with the external field. For heavy paramagnetic atoms, it can be shown that
the first term is of order Z3a?, while the second term is of order Z?a? [39], where Z is
the atomic number and « is the fine structure constant®. The second term is therefore

negligible for heavy atoms and the EDM energy shift can be estimated as [37, 39
ABoqm ~ —10230%d, Eeys, (1.7)

where F. is the magnitude of the external field. Since the energy shift due to the
interaction of an EDM of a bare electron in an external field is —d.Fey, one can define

an enhancement factor that heavy paramagnetic atoms provide for the eEDM:

R= daéom ~ 102302 (1.8)
Some values for R for heavy atoms, calculated more carefully than the estimate above,
are tabulated in Table 1.1. I have included calculations for some diamagnetic atoms
(Xe and Hg) as well for completeness. The contribution of the eEDM to the EDMs
of diamagnetic atoms enters at one order higher in perturbation theory than that of
paramagnetic atoms, via the hyperfine interaction [31]. The factor R is not really an

“enhancement” in this case, but nevertheless it can be calculated.

The best experimental limits for the eEDM from atomic systems, assuming that d. is
the sole source of the atomic EDM, are given in Table 1.2. Despite the insensitivity of
the EDM of diamagnetic Hg to the electron EDM, the extraordinary precision of the

Hg experiment [45] means that it is able to set an extremely stringent limit on d., if

5See Appendix A for an explanation of these estimates.

11



1. Introduction

Table 1.2.: Experimental limits on d. (with confidence limits) set by some heavy atoms, as-
suming that the eEDM is the sole contribution to the atomic EDM.

Atomic species Upper bound on d, (e cm)

Cs 5.7 x 10726 [43] (68% C.L.)
Tl 1.6 x 10727 [44] (90% C.L.)
Hg 6.2 x 10728 [45] (95% C.L.)

we assume that other sources of T violation in the Hg atom are zero. However, since
the EDM of Hg is also sensitive to P- and T-violating nucleon EDMs and pion-nucleon
couplings, the Tl result would be more constraining in a global analysis of P- and T-

violating parameters.

Ultimately, the T1 experiment was limited by three large systematic effects [44, 46].
First, there is a “motional magnetic field” generated in the moving frame of the atoms,
B, = (vxE)/c? where v is the velocity of the atoms and E is the applied electric field.
If B and E were slightly misaligned, then B,,, would cause a Zeeman shift that correlated
with the direction of E, which mimics an EDM energy shift. Second, the same motional
magnetic field tilts the quantisation axis of the atoms in the electric field, which causes
a geometric phase to be accumulated if magnetic field gradients are present. This phase
depends on the sign of the electric field relative to the magnetic field, and so also mimcs
an EDM phase. Third, a magnetic field that correlates with E could be generated by
leakage and charging currents when switching the direction of E. This also leads to a
false EDM signal.

1.2.2. Paramagnetic molecules

Paramagnetic and polar molecules offer two distinct advantages over atoms for measuring
d.. First, these molecules are much more polarisable than atoms, and therefore have
larger enhancement factors than atoms. Second, molecules offer better suppression and

rejection of systematic effects than atoms.

It can be seen from Eq. (1.6) that the EDM energy shift, AFEqqn, can be large if the

spacing between states of opposite parities, Fy — E,, is small. In atoms, typically it

12
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Table 1.3.: Effective electric fields for some polar molecules.

Molecular species Eo (GV cm_l)

YbF -26 [49]
BaF 7.4 [50]
PbO 25 [51]
ThO -80 [52]
HfF~+ 23 [53, 54]
ThF+ 35 [55]
YbOH -23 [56]

is the valence s and p states that are mixed, which have separations on the order of
10" Hz. As a result, atoms are only weakly polarised in an external field, which is
evident from the linear dependence of AFEeqy, on Fey in Eq. (1.7). In polar molecules,
rotational levels that are adjacent have opposite parities and these have a typical energy
spacing of 101910 Hz. Polar molecules are therefore much more strongly polarised by
external fields, resulting in greater enhancement of the eEDM. This was first pointed
out by Sushkov and Flambaum [47], though Sandars had earlier considered a similar
effect to investigate the proton EDM in the TIF molecule [48]. In this regime of strong
polarisation, the perturbative description in Eq. (1.6) is no longer appropriate. One
description is to consider the valence electron in the polar molecule interacting with an
effective electric field E.g inside the molecule, which by symmetry must be directed along
the internuclear axis, fi [48]. In the absence of an external field to align the molecule,
this interaction averages to zero. The role of the external field is then to polarise the
molecule so that we can leverage the large effective field provided by the molecule itself,
which has typical magnitudes of 10-100 GVcecm™!. The calculated values for E.g for
some polar molecules are shown in Table 1.3. The EDM energy shift for polar molecules

can then be written as
AEiedm - _n(Eext)deEeﬁ"a (19)

where the polarisation factor n(Ee) = (@1 - Z) quantifies how aligned the molecule is to
the direction of the external field (defined to be along Z).

So far, only four paramagnetic molecules — YbF, PbO, ThO and HfF* — have been used
to set limits on the eEDM. The best results from each experiment are given in Table 1.4.
The YbF molecule was the first paramagnetic molecule used to measure the eEDM,

using its ground X2X T state [60]. The strong tensor polarisability of the ground state

13
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Table 1.4.: Experimental limits (90% confidence level) on d. set by some paramagnetic
molecules, assuming that the eEDM is the sole contribution to the molecular EDM.

Molecular species  Upper bound on d, (e cm)

YbF 1.06 x 10727 [57]
PbO 1.7 x 10726 [58]
HfF+ 1.3 x 1072 [59)
ThO 1.1 x 1072 [25)

of YbF effectively “pins” the internuclear axis of the molecule to the electric field [61],
making the molecule insensitive to magnetic fields perpendicular to the direction of
the electric field. This greatly reduces the effect of the motional magnetic field and
the geometric phase [60], which had limited the Tl experiment. Control of leakage
currents is also made easier since only relatively modest fields are required to achieve
high enhancement factors. For example, the electric field strength in the YbF experiment
was 10kVem™! [62] (which gives n = 0.558) whereas that of the Tl experiment was
123kV em™! [44]. In 2011, the precision of atomic measurements was surpassed by polar
molecules for the first time as the Imperial group used YbF molecules to set an upper
bound® of |d.| < 1.06 x 107*" ¢ cm [57]. Future experiments are likely to yield much
better sensitivities through longer coherence times 7 as YbF has an electronic structure
that is amenable to laser cooling and the eEDM-sensitive state is the ground state and

so has an infinite lifetime.

In 2013, the Yale group published a measurement of the eEDM using PbO molecules in
the paramagnetic a2 " state, which reported a limit of |d.| < 1.7 x 10726 ¢ cm [58]. The
experiment was conducted in a high-temperature vapour cell, rather than in a beam-type
configuration. Although it set a weaker limit than the YbF experiment, this experiment
demonstrated the advantages of using a state with an €2-doublet structure for an eEDM
measurement, where € refers to the projection of electronic angular momentum (J.) on
the internuclear axis (fi). Such a doublet occurs in molecular states with €2 # 0, as there
are two possible projections of J. onto fi: 2 = +|Q|. In the absence of an external field,
the eigenstates are symmetric or antisymmetric combinations of [2) and |—£2) and are
defined by their parity, P, as shown in the top of Fig. 1.6. The “parity-doublet” has
a small splitting Aq due to a coupling between J. and the total angular momentum

J =J.+ N, where N is the rotational angular momentum. This splitting can be very

6All eEDM limits quoted here are at the 90% confidence level.
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small compared to the splitting between the rotational levels: for PbO Ag = 11.2 MHz
compared to the rotational constant of B, ~ 7 GHz [63]. This has two consequences that
are advantageous for an eEDM measurement. First, full polarisation of the molecule
(Jn] = 1) is easily achieved with low electric fields, |Eeg| > 15 Vem™! [63], allowing
the experiment to leverage the large effective field of the molecule and be independent
of the magnitude of E.y. Second, the fully-polarised molecule can be in one of two
states, 7 = %1, indicating the molecule pointing along or against the direction of the
applied field, as shown in the bottom of Fig. 1.6. These states have approximately
the same magnetic g-factor”, but the opposite sign for E.g, so by taking differences
between measurements in the two states one can protect against systematic effects due
to unwanted magnetic fields [58]. This property of having an “internal co-magnetometer”
due to the 2-doublet structure of the EDM-sensitive state helped reduce the systematic

error due to leakage currents in this experiment by a factor of 100 [58].

In 2014, using a beam of ThO molecules in the paramagnetic H?A; state, the ACME
collaboration pushed the eEDM limit down to |d.| < 8.7 x 1072 ¢ cm [65]. The ThO
molecule has an effective field of 80 GV em™! [52], which is 3 times as large as that of
YbF or PbO. Just like the PbO experiment, the 3A; state has an -doublet structure
(Aq ~ 360kHz [66, appendix D]) and the advantages associated with such a struc-
ture. The 3A; state has the added benefit of having a very small magnetic g-factor®,
g ~ —0.0044 [67], which further suppresses the effect of any systematics related to
magnetic fields. In 2018, the second-generation ThO experiment improved the eEDM
limit to |d.| < 1.1 x 1072 e cm [25], where the increase in sensitivity came primarily
from increasing the number of molecules detected in this experiment. This was done
by improving the state preparation through a carefully-designed rotational cooling and
STIRAP? scheme [68], as well as increasing the detected solid angle of the molecules and

detection efficiency [25]. This last result is the current experimental limit on d,.

"In PbO, the difference in the g factors of the n = +1 states depends on the applied electric field
magnitude Foyy: Age = olEex Ago + 3”‘“°‘Ee"°g, where Agyp ~ 0.0003 and g ~ 0.86 are the
difference and average of the g-factors of the parlty states, Aq is the Q-doublet splitting and fiype)
is the molecular dipole moment [64]. The first term is suppressed at high fields, and the second
changes sign between opposite 7 states and so averages to zero.

8This arises because the 3A; state has the effective g-factor ¢ = g A + gs3 ~ 0 since g;, = 1, g5 = 2,
and for this state the projection of orbital and spin angular momenta onto the internuclear axis are
A =2 and ¥ = —1. The dominant contribution to g # 0 comes from spin-orbit coupling of the H
state to other electronic states [67].

9STIRAP stands for Stimulated Raman Adiabatic Passage.
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Figure 1.6.: An example of a J = 1 Q-doublet structure in the absence (top) and presence
(bottom) of electric and magnetic fields. Agtark is the tensor Stark shift in an
electric field, Azeeman is the magnetic Zeeman shift and Aqqp, is the shift due to
the EDM interaction in the molecule, d,FEefg.

Finally, a group at JILA carried out an eEDM measurement using trapped HfF™ molec-
ular ions, and in 2017 they reported the limit |d.| < 1.3 x 10728 e cm [59]. This was the
first such measurement using trapped molecular ions. The experiment was carried out in
an rf ion trap, and instead of the usual uniform electric field found in EDM experiments,
a rotating bias electric field was applied which caused the ions to undergo additional
circular micromotion in the trap [69]. This electric field polarises the HfFT ions and
defines the quantisation axis, so it can be viewed as the “uniform” electric field in the
molecule’s frame of reference. A uniform magnetic field in the rotating frame is produced
by generating a static magnetic field gradient in the laboratory frame with a pair of anti-
Helmholtz coils [69]. HfFT has a similar >A; state to ThO, with Ag ~ 700kHz [70].
The experiment allows long coherence times of 7 > 700 ms although at the expense of

fewer molecules, especially when compared to beam-type experiments.
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1.2.3. Future eEDM experiments

This thesis describes an improvement in the statistical sensitivity of the YbF experi-
ment through better state preparation and detection, which was reported recently in
[71]. The demonstrated sensitivity is close to the shot-noise limit, and investigation of
potential systematic effects is ongoing. The HfFT experiment at JILA has also shown
an improvement of almost a factor of 50 in statistical sensitivity by developing a new
state detection method that can distinguish between two different oriented states. This
development helped them overcome technical noise and reach the quantum projection
noise (QPN) limit, which allowed them to leverage the long coherence times of 1.5s and
relatively large number of trapped molecular ions [72]. The ACME collaboration has re-
ported the characterisation of a Q3A, state in the ThO molecule, which can be used for
electrostatic lensing and co-magnetometry due to its large Stark shift and magnetic mo-
ment [73]. This can be used to increase the number of useful molecules in the experiment
and improve their characterisation of systematic effects due to magnetic field gradients.
The last two experiments are likely to be eventually limited by the eEDM-sensitive state
lifetime, which is 2.1s for HfF" [74] and ~ 2ms for ThO [75].

Elsewhere, efforts are underway to incorporate laser cooling and trapping into eEDM
experiments. Laser cooling can significantly increase the number of atoms or molecules
in the experiment and improve coherence times, leading to better sensitivities. At Penn-
sylvania State University, Cs atoms are laser-cooled in a magneto-optical trap (MOT)
before being loaded into an optical lattice and subsequently launched into a region of
uniform electric and magnetic fields, where the EDM measurement is performed [76]. An
experiment to measure the EDM of laser-cooled Fr atoms is underway in Tohoku Uni-
versity [77], where Fr was chosen for its large enhancement factor of 895 (see Table 1.1).
The NL-eEDM collaboration and the Imperial group are planning to measure the eEDM
with a laser-cooled beam of BaF [78] and YbF [79], respectively. The Imperial group
has already demonstrated successful transverse cooling of YbF molecules [80] from a
cryogenic buffer-gas-cooled source, and are planning to carry out a future experiment
with much longer coherence times with these laser-cooled molecules. The PolyEDM
collaboration has also achieved transverse laser cooling of YbOH molecules [81]. The
YbOH molecule is a promising candidate for eEDM searches as it is both amenable to
laser cooling and has low-lying “bending” vibrational modes which are long-lived and
are similar to the 2-doublet structures of HfF* and ThO [82].
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Finally, a method to measure the EDM of polar molecules trapped in an inert-gas matrix
has been proposed by Vutha, Horbatsch and Hessels [83]. The main benefit of the
proposed technique is a large increase in the number of molecules in the experiment,
while maintaining second-long coherence times. This technique also has potentially
strong systematic error rejection by embedding a molecule that is less sensitive to the
eEDM in the same matrix [83].

1.3. This thesis

The last published measurement of the eEDM from the YbF experiment was in 2011 [57].
Since then, various upgrades were carried out and the details of these are in [84-86]. The
most important of these are the new state preparation and state detection schemes, pro-
posed by J. Devlin [85] and implemented together with I. Rabey [86]. These schemes
increased the number of molecules participating in the experiment and their detection
efficiency. An overview of the YbF energy levels and these schemes are given in Chap-
ter 2.

I joined the experiment in June 2016, while the detection method was being tested. 1
helped to implement the detection methods and I later developed techniques to maximise
the interferometer contrast with the new detection scheme. Furthermore, I helped install
new optical atomic magnetometers in order to better characterise the ambient magnetic
field of the experiment. These details, together with a comprehensive look at all the other
experimental methods, are presented in Chapter 3. After improving the theoretical shot-
noise limit of the experiment, I helped reduce various sources of noise in the experiment to
below this limit and achieved an experimental eEDM sensitivity close to this limit. I also
modified the data acquisition and analysis procedure to incorporate the new detection
methods. This is the subject of Chapter 4. After achieving this, we are now in the process
of characterising potential systematic effects in the experiment. I conclude this thesis in
Chapter 5 by first discussing the main systematics that we are currently investigating,
and then presenting an outlook for a full EDM measurement. Finally, I discuss a next-
generation experiment that will use a source of buffer-gas-cooled and laser-cooled YbF
molecules to make an eEDM measurement with an order-of-magnitude improvement in

sensitivity.
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This chapter gives an overview of the YbF EDM experiment at Imperial College Lon-
don. First, I introduce the molecular structure of YbF and highlight the relevant states
and transitions for the experiment. I then give an overview of the eEDM measure-
ment sequence. Finally, I derive the shot-noise limit for the statistical sensitivity of the

experiment.

2.1. Molecular structure of YbF

To describe the energy levels of a diatomic molecule, the first step is to use the Born-
Oppenheimer approximation to separate nuclear motion from electronic motion. This
is justified as follows: since the electron is much lighter than the nucleus, the electrons
move much more quickly than the nuclei and so the electrons are able to adiabatically

follow the slowly-changing positions of the nuclei.

2.1.1. Electronic states

The largest contribution to the electronic state energy is the electrostatic Coloumb
interaction between the electrons and the nuclei. In atoms, the quantum numbers used
to describe electronic states are the principal quantum number n, the orbital angular
momentum L, the magnetic quantum number m which is the z-component of the orbital
angular momentum, and the spin angular momentum S. In diatomic molecules, there

is a strong internal electric field along the internuclear axis fi. The electronic orbital
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Table 2.1.: Angular momentum operators and quantum numbers used in this thesis and their
descriptions. The subscript 2’ here indicates the component along the internuclear

axis.

Operator Quantum number Description

L L Electronic orbital angular momentum

S S Electronic spin angular momentum

R R Rotational angular momentum

1 1 Nuclear spin angular momentum

J=L+S+R J Total angular momentum without nuclear spin

N=J-S N Total angular momentum without electronic or
nuclear spin

G=S+I1 G Total spin (electronic and nuclear)

F=J+1 F Total angular momentum

L, A Component of L along internuclear axis

S, )y Component of S along internuclear axis

Sy Q Component of J along internuclear axis

angular momentum vector L is strongly coupled to this field and precesses rapidly around
it, thus L is not well-defined and therefore no longer a good quantum number. However,
the component of Lk along the internuclear axis, A, is still a good quantum number. For a
state with orbital angular momentum L, A can take on values 0, +1,+2,...,+L, which
by convention is denoted as a X, I1, A, ... state. States with A # 0 have two components
+A which are degenerate, although spin-orbit and rotational couplings with nearby
electronic states can lift this degeneracy (A-doubling). These A # 0 states also generate
an internal magnetic field along fi, which the magnetic moment of the electrons (arising
from their spin) can couple to. This is known as spin-orbit coupling, and for sufficiently
strong coupling strengths the spin vector S precesses around f as well. In this case, we
define the component of S along i as X, which can take on values —S, —S+1,...,5-1,S.
The spin multiplicity is therefore 25 4 1. The total electronic angular momentum along
the internuclear axis is then defined as 2 = A + 3. A summary of symbols used in this
thesis to describe various angular momenta' is given in Table 2.1. The electronic state

of a diatomic molecule in a A # 0 state is written as 251 Aq.

For a A = 0 state, there is no spin-orbit coupling, which means that S is not coupled to

fi. Thus, ¥ and © are not well-defined. These states are labelled as 25t A*/~ where the

I'Note that ¥ is both the symbol for a state with A = 0 and the quantum number for the operator S,;
its meaning should be clear from the context in which it is used.
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Table 2.2.: Measured values of molecular parameters for the ground X?Y7T state and first ex-
cited AL /5 state of '™YDbF, all from [39] unless stated.

Parameter (units) Value for X?3T state Value for A%, state
E, (THz) 0 542.8102(1)

A (THz) - 40.9304(1)

we (THz) 15.1895(2) -

weZe (GHz) 67.3(1) -

B(v=0) (GHz) 7.23377(2) [90] 7.4276(4)

a. (MHz) 46.5(4) -

D(v =0) (kHz) 7.16(12) 7.35(12)

superscript +/— refers to the symmetry of the electronic wavefunction upon reflection
about an arbitrary plane containing the internuclear axis. The electronic energy of a
state is then given by

Eg =~ Ey+ ANY, (2.1)

where Ej is the electrostatic energy relative to the ground state and A parametrises the
spin-orbit coupling term in the molecular Hamiltonian, AL - S. For the YbF molecule,
the measured values for Fy and A are given in Table 2.2 alongside other parameters

which we will introduce later.

The Yb atom has the ground-state electronic configuration [Xe]4f46s?, whereas that
of the F atom is [He]2s*2p°. In the YbF molecule, one 6s electron is donated to the
2p orbital of fluorine, leaving a valence electron that in the molecular ground state has
mostly Yb 6so character [87]. This ground state is labelled X2X*. There is no spin-orbit
coupling in this state since it is a X state. In the first excited state of YbF, labelled
A’TI, the valence electron is of approximately 6pm character [88]. This state has strong
spin-orbit coupling, as shown in Table 2.2, which splits the state into 2 = 1/2 and
) = 3/2 components. These components are sufficiently distinct that it is common to
treat them as separate electronic levels Afﬂl /2 and A§H3 /2, and in this thesis we will
only be concerned with the former (which lies closest in energy to the X state), and will
refer to this as the A state.
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2.1.2. Nuclear motion — vibration and rotation

Turning to the nuclear motion, we find that it can be separated into vibrational and
rotational parts. The vibration of a diatomic molecule can be thought of as a stretching
along its internuclear axis, or equivalently an oscillation of the bond length around the
equilibrium distance between the two nuclei. To lowest order, this can be approximated
as a harmonic oscillator. We can therefore write the energies of the vibrational levels
as

Eyin(v) = we(v +1/2), (2.2)

where the frequency w. depends on the electronic state of the molecule and v is the
vibrational quantum number. The rotational motion of the molecule can be approxi-
mated as a rigid rotor, where the two nuclei rotate about their centre of mass at a fixed

distance from each other. The energies of the rigid rotor are
E.t«(R) = BR(R+1), (2.3)

where the rotational constant B is related to the moment of inertia of the rotor I by
B = h?/(87?I), and R is the rotational quantum number. Higher-order corrections to
the above energies can be obtained via a more rigorous analysis of the vibrational and

rotational motion [91, § 6.8], leading to the expressions

Eoin(v) = we(v 4+ 1/2) — weze(v +1/2)% 4 - -+ |

(2.4)
Evot(v, R) = B(v)R(R+1) = D(v)R* (R+1)*+ - - - |

where
Bw) =B, —a.(v+1/2)+---,

(2.5)
D(v) =D+ (v +1/2) +--- .

The term parametrised by x, represents a first-order correction due to anharmonicity in
the vibration potential. The term B(v) is the same rotational constant as B in Eq. (2.3),
but with corrections due to the vibrational motion, and the subscript e explicitly shows
the dependence on the electronic state. Finally, the term with D(v) represents the first-
order correction due to the stretching of the bond from the rotational motion and is
usually referred to as the centrifugal distortion term. Dunfield et al. [89] measured these

parameters for the X and A states of " YDbF; their results are reproduced in Table 2.2.
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2.1. Molecular structure of YbF

The vibrational constants were not determined for the A state as its v = 1 level is
strongly perturbed by a nearby Q = 1/2 state labelled as 18.6]0.5] [88, 89].

The gross-structure energies of a diatomic molecule can therefore be written as

E = Eel + Evib + Erot

(2.6)
~ Ey+ ANY + w.(v+1/2) + BR(R+1).

From the measured values of the parameters given in Table 2.2, we see that E, >
Eip, > E,o, so the molecular structure of YbF can be described first by an electronic
state, which splits into different vibrational states v = 0,1,..., and within each vi-
brational manifold we get a further splitting into rotational states R = 0,1,.... The
structure of the rotational levels is dependent on the couplings between the electronic,
rotational and nuclear degrees of freedom, which are sometimes referred to as rotational
perturbations [92]. In this experiment, we are only concerned with the three lowest
rotational states of the (X?XF, v = 0) manifold, and the lowest rotational state of the

(A?II4 )5, v = 0) manifold. We will now describe these states in more detail.

2.1.3. Rotational and hyperfine couplings

As mentioned above, rotational couplings involve interactions between the rotational
motion of the molecule, described by R, and either the nuclear or electronic angular
momenta. The hyperfine interaction describes the coupling of nuclear spin I to the
electronic angular momenta L and S. The form of these interactions depends on the

electronic state, and so we will discuss these separately for the X and A states.

X2%+ ground state

There is no orbital angular momentum in this state, L = 0, so the spin-orbit coupling
vanishes. This state is therefore best described by Hund’s case (b) [91], where S is not
coupled to fi. The total angular momentum without spinis N=J — S =R, so N and

R are interchangeable in this state. We can write down the effective Hamiltonian that

23



2. Experiment overview

Table 2.3.: Spin-rotation and hyperfine parameters for the ground X2- 7 state of " YDF, all
from [90]. Note here that by and b; parametrise the centrifugal distortion of b:
b="bo+bN(N+1).

Parameter (units) Value

~ (MHz) 113.42400(16)
v (kHz) 3.9823(11)
72 (mHz) -25(1)
bo (MHz) 141.7956(5)
by (kHz) -0.510
( Hz) 85.4026(14)
C (kHz) 20.38(13)

includes molecule rotation, spin-rotation coupling and hyperfine interactions [90, 93]:
H =DBN?+~S-N+bl-S+cl.S., +CI-N. (2.7)

The first term describes molecule rotation, Hyor = BR? = BN?, so N is the rotational
quantum number. The next term describes the spin-rotation coupling with parameter
v, and we note here that v displays a strong dependence on rotation in this state and

can be parametrised as [90, 94]
Y= +N1NEN+1)+ N (N+1)>+---. (2.8)

The last three terms in Eq. (2.7) describe the hyperfine interaction of the electron spin S
and molecule rotation N with nuclear spin I, where b, ¢ and C' are hyperfine parameters
and 2z’ refers to the z-axis in the molecule frame, i.e. the internuclear axis. These

parameters were measured in [90] and are reproduced here in Table 2.3.

We will be using the first three rotational states for the experiment, N = 0,1, 2, and in
these low- NV states the hyperfine interaction is stronger than the spin-rotation coupling.
Therefore, the states are well described by a basis which couples first the electron and
nuclear spins, G = I+S, and then couples the spin and rotation angular momenta to give
the total angular momentum F = G + N, which is also known as Hund’s case (bgg) [95].
The '™YD isotope has zero nuclear spin while 'F has a spin of 1/2, so I = 1/2 which
means G = 0,1. The N = 0 rotational level is therefore split into hyperfine components
F =0,1, whereas N # 0 levels are split into ' = N + 1, Ny, N;; N — 1 levels, where we
use the notation N, and N, to refer to the higher-lying and lower-lying F' = N states,
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2.1. Molecular structure of YbF
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Figure 2.1.: Energy level diagram of the states used in the experiment. The energy separations
were measured by Sauer et al. [90].

respectively. Each hyperfine level has a (2F + 1)-fold degeneracy, which is lifted by an
external magnetic field via the Zeeman interaction. Fig. 2.1 shows the hyperfine and
rotational splittings in the N = 0, 1, 2 levels of the ground state. The states that we use
to measure the eEDM are the mp = £1 components of the F' = 1 hyperfine level in the
(X*¥*, v =0, N = 0) manifold.

A2H1/2 excited state

We will use primed quantum numbers in the A%l /2 state to distinguish them from
quantum numbers in the ground state. The spin-orbit coupling in the A%/, state is
sufficiently large that the state is best described by Hund’s case (c¢) [88]. In this case,
L is no longer tightly coupled to the internuclear axis by electrostatic forces and thus
A’ is not well-defined. Instead, the electronic angular momenta L and S are combined
with the rotational angular momentum R to give the total angular momentum excluding

nuclear spin: J =L + S + R. The component of J along the internuclear axis, .J.,, has
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2. Experiment overview

two quantum numbers ' = £1/2 which correspond to .J,, pointing along or against the
internuclear axis. However, these are not eigenstates of parity as the parity operation
transforms the ' = 1/2 state into the ' = —1/2 state and vice versa’. We can,
however, construct eigenstates by taking symmetric and antisymmetric combinations of
these states: )
le) = 75 (I = 1/2) + | = ~1/2)),
1

V2

The e and f states have well-defined parities of 4£(—1)7~%/2 respectively. The degeneracy

(2.9)

/) (19°=1/2) - | = -1/2)).

of these states is lifted by terms in the rotational Hamiltonian and spin-orbit interaction
that have off-diagonal matrix elements between the A®II;/, state and the higher-lying

B2Y* state. This can be seen by considering the rotational Hamiltonian:

H,ot = BR?
= B(J-L-S)?
= B[(J* - J3) + (L* — L2) +(S* - S2)
+(LyS_+L-Sy)— (JoL_+J_Ly)— (J.S_+ J_Sy)).

(2.10)

The first term is the effective rotational Hamiltonian BJ? which gives the rotational
energy spectrum BJ'(J' +1). The terms L, L%, J%, S* and S? give a constant energy
offset. All the terms involving ladder operators can be treated as perturbations as these
only have non-zero off-diagonal matrix elements with other electronic levels. It turns out
that these matrix elements are slightly different for the e and f states, therefore resulting
in different perturbative shifts in energy and a splitting to occur between the two states.
This is called Q-doubling and the magnitude of the splitting is Aq =~ p(J' + 1/2) for a
perturbation of 2II; 5 levels by a X" state [92, § 2.5.4]. For the lowest rotational state
in the A state of '™YDbF, J' = 1/2, the Q-doubling splitting has been measured to be
p = 11.8 GHz [89].

The e and f states in J' = 1/2 are then further split by the hyperfine interaction into
states F' = 0, 1, where F = J +1. The form of the hyperfine interaction in this %II state

is more complicated than the ground state because of the non-zero A and (2-doubling,

2We should be careful in stating what the parity operation means here: it is the reflection through a
plane containing the internuclear axis. This reverses the coordinates of all the electrons but not the
nuclei, so €' is reversed with respect to the internuclear axis.
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2.1. Molecular structure of YbF

so we will not go into its details here, but it has been considered in [88] and [93]. The
hyperfine splitting in the J' = 1/2 state has been measured to be very small, on the
order of a few MHz [88] and smaller than the natural linewidth of the excited state,
which is 5.7 MHz [96]. Therefore, we treat these levels as degenerate in Fig. 2.1.

2.1.4. Interactions with external fields

To measure the eEDM, the YbF molecules are placed in a region of uniform electric and
magnetic fields. We now discuss the Stark, Zeeman and EDM interactions that arise
due to these fields, with particular attention paid to states in the (X*3T v =0, N = 0)

manifold.
Stark interaction

In the presence of an electric field E, the Hamiltonian for the Stark interaction is Hs =
—p - E, where p is the dipole moment operator. The dipole moment of the X?X+ state
is 1.97 MHz/(V/cm) [88]. Let us consider the effect of the Stark interaction on the

rotational levels of the ground state. The effective Hamiltonian can be written as

H = Hrot + Hs + ths

(2.11)
=BN?’ —pu-E4+~+S-N+0bI-S+cl. S, +CI-N.

The Stark Hamiltonian has non-zero matrix elements connecting rotational states with
AN = £1, Amy = 0. The rotational levels are therefore strongly mixed by the electric
field, resulting in a large Stark shift of these levels as shown in Fig. 2.2. For the electric
fields we are considering, the levels initially labelled by N do not cross so we can still use
N and my to label these Stark-shifted levels, although N is no longer a good quantum

number.

Within each rotational manifold, the hyperfine levels are also shifted differently due
to the so-called tensor Stark interaction. When the electric field is absent, the tensor
part of the hyperfine interaction mixes levels with the same F' but different N, where
AN = £2. Since the rotational energy is much larger than the hyperfine energies, this

mixing term is very small, which results in a small F-dependent, but mpg-independent
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Figure 2.2.: Stark shift of the rotational levels in the X2X T state.

shift of the hyperfine levels. When the electric field is present, rotational levels with
the same |my| but different N are strongly mixed together, which now causes the effect
of the tensor hyperfine mixing to become much larger. Moreover, since the rotational
mixing is dependent on |my| (see Fig. 2.2), the shift in energies of the hyperfine levels
now depends on |mpg|. In the N = 0 ground rotational state, this causes the hyperfine
splitting Ayy, between the F' = 0 and F' = 1 levels to change with the applied electric
field. Additionally, it causes a tensor Stark shift Ag between the |1,0) and |1,+1)

Zeeman sublevels. These effects are shown in Fig. 2.3.

We can use the Hamiltonian in Eq. (2.11) to calculate the polarisation factor, which we
introduced in Section 1.2.2. Recall that it was given by n = (fi - Z) = (cos#), where 6
is the angle between the internuclear axis and the z-axis. Here we let the electric field
point along the z-axis. Since - E = pFE cosf, we can easily calculate n by taking the

derivative of the energy of the relevant state with respect to E:

A1) dH
ap = L) = st =—m
(2.12)
— n(E) = _ld#H)
Tl

where in the first step I have neglected extra terms due to the change in the wavefunction

with E. Figure 2.4 shows the dependence of 1 on the applied electric field. We usually
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2.1. Molecular structure of YbF
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Figure 2.3.: (a) The hyperfine levels of N = 0 in the ground electronic and vibrational manifold.
The grey dashed lines represent the F' = 1 levels without any fields present. The
tensor Stark effect causes a splitting of Ag between the |1,0) and |1, £1) sublevels
and a change in the hyperfine splitting Apy, between |0,0) and |1,£1). The
Zeeman and EDM interactions cause a splitting of 2(Az — Aegm) between the
|1,£1) sublevels. (b) The variation of Ay, (green solid line) and Ag (blue dotted
line) with applied electric field.
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Figure 2.4.: Polarisation factor of the N = 0 state.
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2. Experiment overview

run the experiment at 10kV ecm™!, which gives n = 0.558. Importantly, reversing the

direction of the electric field changes the sign of 7.

Zeeman interaction

In the experiment, we also apply a weak magnetic field B in the presence of a strong
electric field. The magnetic field is nominally parallel to the electric field, along the
z-axis, but may contain components in the plane perpendicular to the electric field
direction. The effective Hamiltonian describing the Zeeman interaction in the ground
state is given by

Hz = gspupS - B = gsupS.B., (2.13)

where gg ~ 2.002 is the electron spin g-factor, S is the total spin and up is the Bohr
magneton. We have neglected the Zeeman interaction between the external magnetic
field and the nuclear spin of fluorine since it is smaller by a factor of the electron-
to-nucleon mass ratio. We have also neglected any component of the magnetic field
perpendicular to z; its effect has been shown to be small as it is suppressed by the
tensor Stark splitting Ag [61]. The Zeeman shift is then AEy; = grupmpB,, where the
relation of gr to the electron g-factor, gs ~ 2, can be calculated from spherical tensor
methods. For the state (N, F)) = (0,1) in which we measure the eEDM, gp has been
calculated to be gr = gs/2 ~ 1 [85, Appendix B.3].

EDM interaction

Recall that the eEDM is directed along the spin of the electron S, and that in a polar
molecule it interacts with an effective electric field directed along the internuclear axis
of the molecule . The effective Hamiltonian describing the eEDM interaction in this

state is therefore given by

S
%edm - _de : Eeff = de@ : Eeﬁﬁ7 (214)
where E.g = —Egfi since by convention fi points from the negative (F) to the positive

(YD) nucleus, whereas the internal electric field points in the opposite direction. The
energy shift of the |F,mp) = |1, £1) states, in the presence of an electric field directed
along 2, is Aeqm = —deEegmp(fi - 2) = —d.E.gmpn. The polarisation factor n projects

the molecule-frame quantity onto the laboratory z-axis.
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2.1. Molecular structure of YbF

The combined effect of the Zeeman and EDM interactions is to shift the |1, 1) levels
in opposite directions, causing a splitting of magnitude 2(Ayz F Acqm), where the —
sign is used when the applied fields E and B are pointing along the same direction,
and 4+ is used when the fields are pointing in opposite directions. This will be crucial
for measuring the eEDM, but before moving on to the measurement scheme I will first

discuss the transitions between the states that we have described in this section.

2.1.5. Transitions

In this experiment, we are concerned with driving optical transitions between the ground
vibrational states in the X?X+ and A?Il, /2 states in the absence of external fields. These
optical transitions are shown as green lines in Fig. 2.5. These are electric dipole (E1)
transitions and the selection rules are AF = 0,4+1, Ampr = 0,£1 (but not Ampr = 0
if AFF = 0), AJ = 0,£1 and that the parity of the state must change. There is
no selection rule for the vibrational quantum number v since the form of the vibra-
tional potential is different for the two electronic states. The branching ratio from
an excited vibrational state v’ to a ground vibrational state v is proportional to the
squared vibrational wavefunction overlap or Franck-Condon factor, |(v'|v)|*. For YDbF,
|(v/ = 0]v = 0)|? = 0.928 [96], so a molecule in v' = 0 has a probability of I',~o = 0.072 of
decaying into an unaddressed v > 0 state, shown as dashed lines in Fig. 2.5. Given these
rules we can see from Fig. 2.5 that there are two groups of transitions which are closed
apart from branching to other vibrational states. The first closed set of transitions is
formed by the Q(0) transitions, which connect the N = 0 states to the f states, and the
OP15(2) transitions, which connect the N = 2 states to the f states. The second closed
set of transitions are just the P(1) transitions, which connect the N = 1 states to the e
states. As we will see later, the rotationally-closed nature of these transitions is crucial

to the effectiveness of the state preparation and detection schemes.

The microwave transitions are shown as blue lines in Fig. 2.5. These are also E1 tran-
sitions and obey the selection rules AF = 0,+1, Amp = 0,£1 (but not Ampg = 0
if AF = 0) and AN = £1. This last rule is equivalent to the requirement that the
parity of the state must change after the transition. We use the microwave transitions
to connect molecular population in the F' = 0,1 hyperfine levels in N = 0 to the N =1

states.
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Figure 2.5.: Optical, microwave and rf transitions used in the YbF eEDM experiment.

Finally, the rf transitions are shown as red lines in Fig. 2.5. These are magnetic dipole
(M1) transitions and the selection rules that apply are AF = 0,£1, Ampr = 0,£1 (but
not Amprp = 0 if AF = 0), and that the parity of the initial and final states are the

same. We use rf magnetic fields to drive transitions between hyperfine levels in N = 0

and N = 1.

2.2. Measurement scheme

This section aims to give an overview of our EDM measurement scheme, which is shown

in Fig. 2.6. We start by describing a single experimental shot, which is a single traverse

i 111 decays to
Q(0)°P12(2) ' e E + v>0 states
optical microwave rf

of the machine by the molecular beam.
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2.2. Measurement scheme
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Figure 2.6.: Overview of the experiment and interferometer states. (a) Pulsed beams of YbF
molecules are produced with equal populations in the four N = 0 sublevels. (b)
Population is optically pumped using microwave, rf and optical fields into £’ = 0.
(c) An equal superposition of mp = +1 and mp = —1 is created by an rf pulse.
(d) The two populated levels accumulate a relative phase due to interaction with
E and B fields. (e) Population in the original superposition is projected back into
F =0 by an rf pulse. (f) Population in F' = 0 is detected. (g) Population in F' =1
is detected.
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2. Experiment overview

2.2.1. Shot sequence

(a) Molecular beam production

A pulsed supersonic beam of YbF molecules, which has a forward velocity of 600m/s
and a temperature of 2K, is produced by ablating a Yb target with a pulsed Nd:YAG
laser into a supersonically expanding gas jet of Ar and SFg [97]. The pulsed beam is

produced at a rate of 25 Hz, which is the repetition rate of the experiment.
(b) State preparation

The initial state of the experiment is the (N, F') = (0,0) state of the ground electronic
and vibrational state. The number of molecules participating in the experiment is in-
creased by transferring population from the N = 0,1,2 states into 0,0, as shown in
Fig. 2.7. We optically pump population from the even-parity states (0,1), (2,1), (2,2)
and (2,2, into the (0,0) state via the odd-parity AL, j5(v' = 0, J' = 1/2, f) state. Since
the (2,2y,) and (2, 1) states are closely spaced in energy, we address them using a single
laser frequency. Due to the selection rule AF = +1, the state (2, 3) does not participate
in optical pumping. As mentioned in Section 2.1.5, the set of Q(0) and °P14(2) tran-
sitions is rotationally closed, so the only loss channels are decays to higher vibrational
states. The N = 1 states have odd parity and therefore cannot be optically pumped
into the even-parity (0,0) state. Instead, we couple all hyperfine states in N =1 to the
(0,1) state using one microwave field and two rf fields, as shown in Fig. 2.7, so that the
population in N =1 can then be optically pumped into (0,0) as well. This stage of the

experiment takes around 40 ps.
(c) Prepare superposition

After being prepared in the (N, F') = (0, 0) state, the molecules enter a region of uniform
electric (E) and magnetic (B) fields which are directed along the z-axis. The fields
shift the N = 0 hyperfine levels as shown in Fig. 2.3. Here, we take the energy of
|F,mp) = |0,0) to be zero, and the energies of |1, £1) to be A(w + A,), where A, =
Az — Acam = ppB — ndcEeg.
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Figure 2.7.: Relevant transitions for state preparation.

A resonant m-pulse of rf magnetic field, at frequency wy¢, with length 7y and polarised
along the z-axis, transfers population from [0, 0) into the state |) = (|1, +1)—|1, —1))/v/2.
Typically, 7, = 4pns. The state |x) is the mp = 0 state in the basis where the quantisa-

tion axis is along the x-axis. The action of the rf pulse can be written as

je WWrTrt

|0,0) — 5

(11,+1) = |1,-1)). (2.15)
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2. Experiment overview

(d) Evolution in electric and magnetic fields

The molecules then evolve in uniform E and B fields for an interferometer time 7 =
800 s and the superposition above develops a relative phase difference of 2¢ = 2(Az —
Acam)T/h = 2(¢pp—0¢E), where ¢ and ¢ are the Zeeman and EDM phases, respectively.

The state evolution is

. 7iwrf7'rfefiw‘r

e
V2

F AW Trf

e

z) = — (e7 11, +1) — €1, -1)) (2.16)

The state now can be rewritten as:

je” e i T o — T :
— g (T = 1 1)) = e (cos o o) + sing ).
(2.17)
where |y) = —i(|1,+1) + |1,—1))/v/2 is the mp = 0 state in the basis with y as the

quantisation axis, and is orthogonal to |z).
(e) Recombine superposition

A second 7-pulse of rf (identical to the first) is applied at the end of the interferometer,
which projects the population in |z) back to the |0,0) state:

— e W (cos ¢ |z) + sin @ |y)) — — cos @ |0,0) — ie T e gin ¢ |y) . (2.18)

The probabilities of finding a molecule in the FF = 0 and F' = 1 levels are given by

po = cos? ¢ and p; = sin? ¢ respectively.
(f, g) State-sensitive detection

The molecular populations in the FF = 0 and F' = 1 levels are then measured in two
separate and sequential detectors. We label the detector that measures ' = 0 population
as A, and that which measures F' = 1 population as B. The detection scheme is shown
in Fig. 2.8. In detector A, a resonant microwave field couples the states (N, F') = (0,0)
and (1,1,). A probe laser together with sidebands, tuned to the P(1) transition, is used
to detect the molecules. In detector B, the same is carried out except with resonant
microwaves coupling the states (0,1) and (1,2) instead, which detects population in

F =1. The P(1) transition is rotationally closed, allowing each molecule to scatter, on
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Figure 2.8.: Relevant transitions for state detection.

average, 1/(1 —I'y~9) = 13.8 photons before it decays to a higher vibrational state and
becomes dark to the probe laser. In each detector, the molecules interact with the probe

lasers for about 20 ps.

2.2.2. Asymmetry

We call the number of photons counted in each detector sy and sg, and combine them

to form a quantity called the asymmetry, defined as

A= A58 (2.19)
SA + SB

This quantity is immune to shot-to-shot fluctuations in the number of molecules from

the source, Nyo. In the ideal detection case, we have

SA = Nmoi€po = Nmol€ cos? ,
oo ° ¢ (2.20)
SB = Nmol€p1 == ]\/vmoles1112 Qb,
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Figure 2.9.: A simple EDM experiment. The phase due to the EDM interaction, ¢g, has been
exaggerated in this plot. The asymmetry curve is sampled at eight different points,
here labelled by their switch state (E,B, dB).

where € is the number of photons detected per molecule, which we define to be the
detection efficiency. The asymmetry is A = cos2¢ in this case. We define the contrast,

C, as the amplitude of the cos2¢ term in the asymmetry,
A = Ccos2¢. (2.21)

In the perfect experiment, we have C = 1. We discuss imperfections which reduce C in
Section 3.5.5.

2.2.3. A simple EDM experiment

The above is a description of a single shot, which by itself is insufficient for us to obtain
a value for the eEDM. A simple way to measure the eEDM is to reverse the direction of
the electric field and observe the resultant change in \A. This is an example of a switched
parameter (or simply switch), which we define to be able to take on values of +1 and
—1. The switch corresponding to the electric field direction is E € {—1,+41}. In practice,
two other switches, B and B are needed to obtain a physically meaningful measurement

of the eEDM. B = +1 corresponds to setting the applied magnetic field such that the

38



2.2. Measurement scheme

Zeeman phase is ¢p = £7/4, and 0B = %1 corresponds to changing the magnitude of
the applied magnetic field by a small amount FBsg®. The asymmetry measured then

depends on the values of these switches:
A(E,B, dB) = C cos {QB <Z — 5B¢53) - 2E¢E} , (2.22)
where ¢sp = upBspT/h and ¢p = nd.Eeqr/h. Expanding the above expression we get

A(E,B, dB) = C cos (B;T — 2B0Bosp — 2E<;5E)
— CBsin (2B6Bosp + 2Edp) (2.23)
~ 2C (0Bosp + EBog) ,

where in the last line we have taken the phases ¢sp and ¢g to be small and used the
approximation sin ¢ ~ ¢. We measure A eight times, once in each of the eight possible
permutations of (E,B, dB), corresponding to the points highlighted in Fig. 2.9. For a
switched parameter X, we define the asymmetry correlated with the parameter as its
channel {X}:

{x} = ]1[ ixi/li; (2.24)

where X; and A; are the values of the switched parameter and asymmetry in the i*® shot.
N is the total number of shots, which in this simple experiment is N = 8. We can also

have channels of multiple parameters, for example,
1 N
XY} = N > XA, (2.25)
i=1

It is then straightforward to show that for the eight measurements of A made, {E-B} =
2¢pC and {0B} = 2¢s55C. The eEDM can then be extracted as follows:

d — ﬁqbw {E'B} . ,UBBJB {E-B}

"~ nEgr {B}  nEg {6B} (2.26)

We define a block to be a set of N continuous shots which give a single value of d. when
analysed. In the simple experiment described above, N = 8 and three parameters were

switched. In the real experiment, a block contains N = 4096 shots and nine switched

3This definition is such that 6B = +1(—1) moves the point on the interference curve up (down), as
shown in Fig. 2.9.
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2. Experiment overview

parameters. These other switched parameters do not directly affect the measurement
of d. as described, but instead they help optimise the machine sensitivity and protect

against systematic errors and noise. These will be discussed further in Section 3.7.2.

2.3. Sensitivity of the experiment

The sensitivity of the experiment to d. ultimately depends on how well we can measure
a change in the interferometer phase ¢. Since ¢prp = nd.FeqT/h, the uncertainty of the

measurement is given by

_h
B N EesT
B h
N N EesT

(o) O¢

99
A

e

T4 (2.27)
$=tm/4

. ho A
" 29CEegT
To calculate o4, we need to first consider the uncertainties in the measured photon

counts sp and sg.

Let us first assume that the number of molecules N, is fixed. In the last stage of
the interferometer, given by Eq. (2.18), the molecules are projected into the F' = 0 and
F =1 states with probabilities cos? ¢ and sin® ¢ respectively, resulting in N, and N,
molecules populating the respective states. There is inherent quantum projection noise
in such a process which causes fluctuations in N, and N, [98]. The variances of N, and
N, due to this are

ox. = O']2Vy = Npol cos® ¢ sin? ¢. (2.28)

In each detector, the N, or N, molecules are detected with efficiency e. The detection
can be separated into two parts: first, each molecule scatters some number of photons
nse, and second, each of these photons are collected by the optics and photomultiplier
tube (PMT) with a certain probability €., giving an overall detection efficiency € = nge..
There is some uncertainty associated with the first process, as shown in Ref. [99], but
for our experiment the collection efficiency of these photons is so low (this is estimated
to be €. = 0.6% [85]) that its effect is small. Nevertheless, we can write the mean and

variance in the number of photons scattered by each molecule as (ny) and o2 . The
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2.3. Sensitivity of the experiment

second detection process can be modelled as a series of Bernoulli trials d; where the

probability of successful detection (d; = 1) is e..

The photon counts in each detector can then be written as the compound random

variables?
Ny Msc,i

sa=)_ > dj

==l (2.29)

Ny Nsc,i

SB :szija

i=1 j=1

whose expectations and variances can be shown to be [100, p. 102 and p. 113]

(54) = €Nl cOS*
(sB) = €Npo1sin® ¢
afA = [e(l —€)+ egagsc] Niot €052 ¢ + €2 Npol cos® ¢ sin? ¢

o2 = [6(1 —€)+ ezaisc] Niot Sin? ¢ + €2 Npol cos® ¢ sin? ¢.

SB

(2.30)

The two photon counts are clearly not independent of each other, and we can use the

same methods as above to calculate their covariance. The result is
Cov[sa, sp] = (sasB) — (sa)(sB) = —€*Npol cOs” ¢ sin® ¢. (2.31)

We now define the difference and sum of the photon counts as sp = sp — sg and
st = sa + sg. The expectation values and variances of these quantities are [101, p.
351]

(sp) = (54) — (sB) = €Nmol COS 2¢
(s1) = (sa) + (sB) = €Numol

2 2 2 € ) € 02 (2 32)
Tsp = OSA + USB —2 COV[SA7 SB] = ENmol I+ 5 sin 2¢ + — 7< nsc> —1 '

SC SC

2
2 2 2 € Onge
9 = USA + UsB + QCOV[SAa SB] = €]\/vmol [1 + Nae <<nsc> - 1)] P

4A compound random variable S is defined as the sum of a random number N of i.i.d. variables X,
ie. § =N X; [100, p. 102].
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while the covariance between these two quantities is

Cov|sp, st] = (spsT) — (sp){(sT)
= (53 — i) — (sp)(s1)

= <SA>2 + UEA — <3B>2 — O'?B — (sp)(sT) (2.33)

€

o2
= eNpol [1 + — (" — 1)] cos 2¢,
Nse \ (Nsc)
2

where in the second-to-last line we have used the variance formula % = (X?) — (X)2.
Finally, we are in a position to calculate the variance in the asymmetry A = sp/st. The

variance of a ratio of two random variables is a standard result [101, p. 351], giving

2 2 2
2 Covlsp, st
o2 = <<3D>> ( Tsp_ . Tor ’ . 2.34
A=) \ G T on2 T o)) (234)
Substituting Eqs. (2.30) to (2.33) into Eq. (2.34) yields the form

0% = sin’ 29 [1 te (1 - <1 + Ug)] . (2.35)

6-]Vmol nsc) <nsc>2

Since the experiment is conducted at the phases ¢ = £7/4 4+ d¢, where ¢ < 1, substi-

tuting this into the above expression gives

2
0% = d\flmol [1 + € (1 E <n1> + <Z”>2>] + O(6¢*) ~ Faet (2.36)
Since st is just the total photon count in both detectors, we are left with the simple result
that the fundamental uncertainty in our measurement is limited by the Poissonian shot-
noise from counting photons, modified by a small factor due to the optical cycling nature
of the detection process, Fyei. In Appendix B, I calculate this factor to be Fy; = 1.15.
Substituting this result into Eq. (2.27) gives us the shot-noise-limited sensitivity of the

experiment:

h\/ Fdet

e = 20 EegTCy/(sT) .

To maximise the sensitivity of the experiment, we should therefore maximise the po-

(2.37)

larisation factor 7, interferometer time 7, contrast C and total photon count st. The
polarisation factor has a maximum value of 1, and to achieve full polarisation requires

much larger electric fields than we can currently support (see Section 3.4.3). The inter-
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2.3. Sensitivity of the experiment

ferometer time 7 is limited by the length of the plates and machine, which has not been
changed for the work described in this thesis. The main upgrades to the experiment since
the 2011 measurement are the new state preparation and detection techniques, which

increase st while maintaining a high C. These are described in Sections 3.3 and 3.5.
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3. Experimental methods

This chapter describes the methods and apparatus used in the YbF eEDM experiment.
I start by describing the vacuum system and computer control of the experiment. Then,
I explain in detail each section of the beam machine, which has been sketched out in
Fig. 2.6. Next, I give an overview of the newly-installed magnetometers. Finally, with
all the necessary information provided, I outline the details of how we carry out the full

eEDM measurement.

3.1. Common hardware

This section describes the infrastructure that is common to all the subsequent sections
in the chapter. The beam machine is a 2 m-long vertical stainless steel vacuum chamber.
It is made up of three parts: the source chamber at the bottom, followed by the main
chamber where the interferometry is carried out, and then the detection chamber at the
top. The main and detection chambers of the beam machine are shown in Fig. 3.1. All

of the labelled parts will be discussed in this chapter.

3.1.1. Vacuum system

The source chamber is pumped by three turbomolecular pumps while the main and
detection chambers are pumped by a single turbomolecular pump at the top of the
machine. The pumping is separate since the source chamber is separated from the

others by a skimmer with a 2mm aperture. The turbomolecular pumps are backed by
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Figure 3.1.: Beam machine, showing the main and detection chambers. There is an inner
magnetic shield inside of the main chamber. The two outer magnetic shields have
been removed.

a dry scroll pump. The pressure in both chambers is typically around 2 x 10~" mbar,

which is low enough that we can neglect collisions with the background gas [61].

Importantly, all the turbomolecular pumps used have magnetically-levitated bearings.
We found that using pumps that had grease-lubricated bearings caused the machine to
vibrate, which in turn resulted in fluctuations in the magnetic field inside the machine
that can be correlated to machine vibrations. This source of magnetic field noise dis-
appeared once we switched over to magnetically-levitated pumps. We will discuss this
further in Section 4.3.1.

3.1.2. Computer control

The main computer used in the experiment is an NI PX/le-8130 embedded controller.
To control the hardware and acquire data, we use a variety of data acquisition and
analog and digital output modules from National Instruments. The embedded controller

also has a serial port, several USB ports and a GPIB connector, which enables us to
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3.2. Molecule source

control a variety of instruments. One important aspect of our experimental control is the
digital pattern generator, which is a digital output module tasked specifically with the
output of TTL pulses. The pattern generator controls the timing of various experimental
procedures during a single shot. A collection of custom software applications' is used to

run all our experiments [84].

3.2. Molecule source

The molecule source used in our experiment produces a large, stable flux of molecules
(about 10° detected molecules per pulse) at a repetition rate of 25 Hz. It requires only
a small amount of regular maintenance to function reliably and as such, it has been
virtually unchanged for many years. The source was built by M. Tarbutt [97] and
installed on the experiment by P. Condylis [102] in 2006. A detailed description of the

source can be found in [84]. I will give a brief description here for completeness.

A pulsed beam of YbF molecules is produced by laser ablation of Yb metal in the
presence of SFg gas. A Brilliant Q-switched Nd:YAG pulsed laser is used for ablation.
It receives two digital triggers from the pattern generator: one to trigger the flashlamp
pulse and the second to trigger the Q-switch. The Yb is a 3mm-wide strip of metal
that is glued onto the rim of a stainless steel disc — this is called the target wheel.
The target wheel can be rotated by a computer-controlled motor and drive shafts, and
rotating this wheel (which we call target-stepping) allows the laser to hit a fresh spot
of Yb. We find that the after a period of laser ablation (typically tens of minutes), a
black substance builds up on the Yb which prevents further molecule formation. During
extended periods of data-taking, the target-stepping procedure is automated. Typically,
the entire rim is blackened after a week of constant use, and we then need to remove the
target wheel in order to scrape off the black substance with a file. The SFg is mixed with
argon® and the gas mixture is introduced into the source chamber via a pulsed solenoid
valve. The release of the gas from the valve is also triggered by a TTL pulse from the

pattern generator.

https://github.com/ColdMatter/EDMSuite/
2We use a 2% SFg, 98% Ar mixture.
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Figure 3.2.: A typical set of time-of-flight (TOF) curves showing the detection of molecules in
the lower (black curve) and upper (red curve) detectors. The dashed lines show
the integration ranges used for results presented in Section 3.5.

The gas mixture supersonically expands from a region of high pressure (inside the valve)
to a region of low pressure (inside the source chamber), which cools it down to 4 K while
increasing its forward velocity [97]. As YbF molecules are produced, they are entrained
and cooled to 4 K by this gas mixture. A skimmer, with a 2 mm-diameter aperture, is
used to separate the source chamber from the main experimental chamber. The skimmer
is also designed to prevent shock waves from destroying the molecular beam as it passes
through to the main chamber. The molecular beam that emerges has a mean forward

velocity of 600ms™!.

A typical set of time-of-flight curves, showing the detection of
molecules in both detectors, is shown in Fig. 3.2. Molecule detection is further discussed

in Section 3.5.

As described in [84], the molecular flux can be maximised by scanning over three source
parameters: the time the gas valve is held open, the time between opening the valve
and triggering the Q-switch and the time between triggering the flashlamp and Q-switch
in the laser. This optimisation is usually carried out once every few months as these
parameters can change as the flashlamp in the laser degrades. We also find that day-

to-day optimisation of the molecular flux can be done by adjusting the position of the
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3.3. State preparation

laser ablation spot and the valve drive voltage®. The time of the Q-switch trigger is
conventionally taken as ¢ = 0 in a single shot, as this is the time that the molecules are

formed by laser ablation.

3.3. State preparation

After producing a molecular beam, we prepare the YbF molecules in the initial state
(N,F) = (0,0). This is done by optically pumping population in (0,1) as well as
the N = 2 hyperfine levels, and coupling population in N = 1 into the optical cycle
by microwaves and rf. The scheme was shown in Fig. 2.7 and it had already been
successfully implemented by the time I joined the experiment, as reported in [86]. Here

I will give a brief overview of the hardware and results.

3.3.1. Hardware and apparatus

Figure 3.3 shows the state preparation region. The molecular beam travels vertically
along the y-axis. The pump lasers are a set of counter-propagating elliptical beams which
travel along the x-axis. These beams have 1/e? diameters of 23.5 x 2.2 mm along the y
and z axes, providing an interaction time of 40 us with the molecules. The peak laser
intensities are approximately 120 mW/cm?, 340 mW /cm? and 140 mW /cm? for the fre-
quency components addressing the (N, F') = (0, 1) state, the (2,2y,) and (2, 1) states, and
the (2, 2,) state, respectively. A microwave horn delivers a maximum of 19 dBm of power
at the frequency resonant with the (0,1) — (1,2) transition, fr—; = 14458 057 kHz. The
horn was designed by J. Devlin and the details of their construction and installation can
be found in [85]. A set of resonant rf coils, designed by B. Sauer, surround the molecular
beam path [86]. Their resonances are tuned to 30.9 MHz, 155.7 MHz and 161.2 MHz.
The rf is delivered via a drive coil which couples the rf to the resonant coils. The latter
then generate rf radiation which drive M1 transitions between the hyperfine levels in
N =1.

3The valve drive voltage and the time the gas valve is held open are linked. The former controls how
much the solenoid valve is opened and the latter controls how long it is open for, and so both control
how much gas is let through per pulse.
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Figure 3.3.: The state preparation region. The radiation needed for the optical pumping scheme
is provided by two counter-propagating laser beams, the microwave horn, and the
rf coils. The rf coils are driven by a drive coil. There is also a clean-up beam that
co-propagates with one of the pump laser beams.

An overview of the hardware used to generate the different forms of radiation is shown in
Fig. 3.4. The laser addressing the (0, 1) state is called the N = 0 pump laser. This laser
is generated first by an IR seed laser — the Toptica DL pro, which is a grating-stabilised
diode laser. The output of this seed laser is fibre-coupled to a Yb fibre amplifier from
Keopsys, which increases the IR power to 5W. The amplified IR is then frequency-
doubled in free space using a periodically-poled lithium niobate (PPLN) crystal from
Covesion, which is temperature-controlled in order to satisfy the phase-matching con-
dition in the crystal. The power of the frequency-doubled output is usually around
400mW. A second laser, tuned to the “Py5(2) transition, is called the N = 2 pump laser.
This is a frequency-doubled solid state fibre laser: the Menlo Orange One equipped with
a doubler head made by NTT, which has an output power of 200mW. The frequency
of this laser is tuned to the F' = 2, component of the OP12(2) transition. The output
from this laser is split by a A/2 waveplate and polarising beamsplitter (PBS), and re-
combined after an acousto-optic modulator (AOM) shifts the frequency of one of the
beams downwards by 185.5 MHz to the middle of the F' = 2;, and F' = 1 components of
the 9Py5(2) transition. This allows us to address three of the four hyperfine components
in N = 2, as described in Section 2.2.1. As Fig. 3.4 shows, both the N =0 and N = 2
lasers are combined on a PBS, which produces two output beams, each containing an

equal amount of power for each of the three frequency components. The two beams are
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shaped by cylindrical lenses to achieve the required beam dimensions and directed to

the state preparation region.

Additionally, there is a clean-up beam that co-propagates with one of the pump beams.
This beam comes from the detection lasers and contains the three frequencies needed to
drive the P(1) transitions, as described later in Section 3.5. The beam is broadened to
have a bandwidth of about 200 MHz using an overdriven EOM resonant at 25 MHz, as
shown in Fig. 3.4. The purpose of the clean-up beam is to remove any molecular popu-
lation from states which have transitions close to the P(1) transition so that the former
transitions do not contribute to unwanted detector background. We will defer further

discussion of the clean-up beam until we have discussed state detection in Section 3.5.

The pump lasers are locked, using a transfer cavity method [103], to a stabilised Moglabs
reference laser that is in turn locked to a Rb atomic transition using Zeeman-modulated
spectroscopy. A dichroic mirror (DM) is used to combine the pump and reference lasers
into a scanning Fabry-Perot cavity. The cavity length is scanned using a triangle wave
at a frequency of 26 Hz, with the scan range chosen such that the transmission peaks
from the two pump lasers and the reference laser are visible in one scan. The cavity
lengths at which the two pump lasers and reference laser are transmitted are Lpi, Lpo
and L respectively. The pump lasers are locked to the reference laser by keeping the
differences L1 — Lyer and Lpy — Lyer constant. We achieve a frequency stability of about
1 MHz using this locking method.

The microwaves are generated by an Anapico APSYN420 synthesiser which can be
controlled via GPIB. The same hardware is responsible for generating the microwave
frequencies needed for state preparation, as well as those used in state detection (see
Section 3.5). The microwave frequency can be adjusted within a single shot using the
List sweep function of the synthesiser. The amplitude is controlled via a mixer and an
analog multiplexer, which selects the appropriate input for the particular region that
the microwaves are being sent to. The initial switch controls the microwave pulse time
and duration, while the three-way switch is responsible for directing the microwaves to

the correct region.

The rf fields are generated by home-built voltage-controlled oscillators (VCOs). It was
found during testing that the radiation at 155.7 MHz has very little effect on the optical
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Figure 3.4.: Overview of hardware used to generate optical, microwave and rf radiation for
state preparation. The 155.7 MHz VCO, although present, was not used for the
experiment.

pumping [86], and we have therefore not used it. We adjust the rf amplitudes directly at
the VCOs. The two rf fields are then combined, amplified and sent into the drive coil.

3.3.2. Results

Figure 3.5 shows the results of the state preparation scheme which were obtained by
I. Rabey [86]. Using one of the two detectors, we measure the population in (0,0) by
scanning the frequency of a weak probe laser around the F' = 0 component of the Q(0)
transition, and detecting the laser-induced fluorescence. When we add only the N =0
pump laser, which was the method used in the previous eEDM measurement [57, 62],
the signal increases by a factor 1.8 + 0.2 over the signal from the thermal population
in ' = 0. The origin of the error bar is shot-to-shot fluctuations in the number of
molecules. Numerical simulations using optical Bloch equations (OBEs), carried out by
J. Devlin [85], predict a factor of 1.9, in good agreement with the measurement. When
we add the N = 2 pump laser, the enhancement factor grows to 5.9 + 0.6. Adding the
microwave field increases this to 8.7+ 0.8, and adding the rf fields increases this further
to 11.8£1.2. This last factor is again in agreement with OBE simulations which predict

a signal increase of 10.5.
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Figure 3.5.: Increase in molecule population in the (N, F') = (0,0) state due to optical, mi-
crowave and rf fields. The signal is normalised to the F' = 0 signal with no optical
pumping.

3.4. Interferometer

The molecules, now prepared in their initial state |F,mp) = |0,0), travel into the in-
terferometer region. We have already described the action of the interferometer with
idealised rf m-pulses in Section 2.2.1, and the probabilities of finding a molecule in the
F =0 and F = 1 hyperfine states in N = 0 after the interferometer region are given
by po = cos’¢ and p; = sin’® ¢ respectively, as shown in Fig. 3.6(a). The unequal
amplitudes for each detection are due to several imperfections which are discussed in
Section 3.5. The signals are combined into the asymmetry defined in Eq. (2.19), as
shown in Fig. 3.6(b).

I will first motivate some of the methods in this section by giving an overview of how
imperfections in the rf pulses can lead to reduced sensitivity and potential systematic
errors in the measurement. Then, I will give an overview of the interferometer apparatus

before discussing why we replaced the electric field plates.
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Figure 3.6.: (a) Interference curves for detector A, which detects F' = 0 molecules (black), and
detector B, which detects F' = 1 molecules (red). (b) Asymmetry interference
curve calculated from (a) and Eq. (2.19).

3.4.1. Imperfections in rf pulses

Let us consider imperfections in the rf pulses and their effect on the interferometer
output. The amplitude of each rf pulse may not be optimised, such that the m-pulse
condition ;7¢ = 7 is not satisfied. Here, €); is the Rabi frequency of the i*" rf pulse and
Tyt is the rf pulse length (same for both pulses). There may be some non-zero detuning
of the rf from resonance, §; = wyi; — Anypi, Where wy is the rf frequency and Ay, is
the hyperfine splitting between |F,mp) = 10,0) and |1, £1) (see Fig. 2.3). We will also

consider a possible rotation of the polarisation angle of the rf magnetic field in the z-y

plane.

The z basis states for the N = 0 manifold are (|0,0),|1,—1),|1,+1)), where we have
ignored the |1, 0) level because it does not participate in the rf transitions. In this basis,

the free evolution of the state in uniform electric and magnetic fields can be described

by the propagator [84]

1 0 0
Hfree (7_) =10 e_i(Ahyp_Az)T 0 s (31)
0 0 efi(AhprrAz)T

where A, = Ay — Aeam is the half the energy splitting between |1, £1) due to the Zeeman

and eEDM interactions.
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3.4. Interferometer

To describe the rf transitions, it is more convenient to work in a rotated basis which
we call the Cartesian basis, given by {|0,0),|z(0:)),|y(6:))}. The state |z(0y)) =
(e~ |1, +1) — i
0, in the z-y plane. The state |y(6y)) = —i(e

1,—1))/+/2 is the state excited by rf polarised along the polar angle
—i0 |1, 1) + e |1, —1))/v/2 is simply

the state orthogonal to |z(6y)). The rotation from the z basis to Cartesian basis can be

described by the transformation

V2 0 0
Ulb) = —=| 0 —eifr el | (3.2)

0 efierf _Z'efwrf

A state in the z-basis can be transformed to the Cartesian basis as follows: |¢)_, =

UH0) [))..

In the Cartesian basis, the evolution of a state when an rf pulse of length 7 and initial

phase @, is applied can be described by the propagator [84]

. TWpETrf WL fTRf -
(ic+ s)e 2 SLse 2 et 0
. ,iAhypTrf QO _ wpfTyf —id . E) _ wpfTyf
¢(7op, Ppg) = —ie™ 2 Jirse e (ic — {ps)e 0 . (3.3)
A
0 0 emiTF

where ¢ = cos (WQM), s = sin (%) and W = Q2 + §2.

The initial state of the molecules in the z basis is |¢), = (1,0,0), i.e. all the molecules
are in |0,0). Let the two rf pulses, each of length 7, be applied at times ¢ = 0 and

t = 7 + 1. Then the state after the second rf pulse in the z basis is

|1/)>z - U(Qrf,2) ' Hrf,2<7—rf7 wrf(T + Trf) + ¢rf) : UT<9rf,2> : Hfree(T) . U(erf,l)

(3.4)
a1 (7er, 0) - Ut (Beg1) - [00), -

We are able to add an additional phase shift of ¢, between the two rf pulses, which will
prove to be very useful. Writing the amplitudes in the final state as 1)) = (ao, a—, a4),

the probabilities that the molecule can be found in F' = 0 and F' = 1 are given by
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po = |apl? and p; = 1 — |ag|*. Evaluating Eq. (3.4), we can show that

po = Ax COS2(¢ — Aby) + Agr cos(¢p — Abys) + Ay,
P = A; Sin2(¢ — Abyg) — Ag cos(¢p — Abyg) + Ay,

Ar = 51530153, (3.5)
AR = 281826162 [(81826%1062 — CICQ) cos + (5102051 + SQClOCQ) sin 79] ,
Ao = (cf + sion) (¢ + 5503),

Ai=1—-Ag— A

where «; = 0;/W; and 3; = Q;/W;. The relative phase accumulated between the rf
and the molecules is ¥ = 0o(T + Tyf) — d17u¢ + éur, and the relative angle between the
polarisation direction of the two rf pulses is Abfy = Oygo — Org1. Arp is the amplitude of
the main interference signal, Ag is a term due to the Ramsey interference between |0, 0)

and the |1, £1) states, and A/, are constant terms.

Substituting these expressions into the expression for the asymmetry in Eq. (2.19), we
see that
A = Ajcos(2¢ — 2A0,¢) 4+ 2Ag cos(p — Abyg) + (240 + A — 1). (3.6)

Any imperfections in the rf amplitude and frequency will therefore reduce interferometric
contrast since A; < 1. They also lead to the appearance of a Ramsey term and a constant
term. The Ramsey term is a potential source of systematic error since it depends strongly
on the detuning o, which can depend on the switch state E if there is any asymmetry in
switching the electric field which leads to a different Stark shift of the hyperfine splitting
Apyp. A combination of an E-dependent detuning and a non-reversing magnetic field can
thus lead to a false eEDM. We minimise the effect of this systematic error by introducing
a PI switch, which changes ¢,f between ¢y and ¢y + 7, where ¢, is an arbitrary phase.
Doing so ensures that the Ramsey term averages to zero over a block. Furthermore, we
randomise ¢y between blocks so that the long-term average of the Ramsey term also

vanishes.

Apart from the Ramsey term, another potential source of systematic error arises from
the rotation of the polarisation direction between the two rf pulses, Af.¢, as it directly

adds to the interferometer phase. A change in the electric field direction could lead to
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3.4. Interferometer

slightly different rf transmission line properties which can lead to a different Af,, giving
an E-dependent phase which appears as an EDM signal. This was already observed in
the past when the rf was coupled strongly to the high-voltage lines that generated the
electric field, and although this has been suppressed by the methods discussed in [85],
the systematic effect remains difficult to characterise because A#,; is indistinguishable

from the Zeeman phase due to a background magnetic field.

3.4.2. Hardware and apparatus

The interferometer region is surrounded by three passive magnetic shields, one of which
is inside the vacuum chamber and pictured in Fig. 3.7. A pair of electric field plates
provide a uniform electric field E along the z-axis. These field plates were originally
a gold-tape-on-glass design [86], but these were replaced with the previous gold-coated
aluminium plates [84] in June 2018. We will explain the reason for this change at the
end of this section. Two current coils, attached to the magnetic shield, are set up in a
Helmholtz configuration to apply a uniform magnetic field B along the z-axis. A pair
of parallel aluminium plates serves as an rf transmission line [84], which enables us to
apply an oscillating magnetic field directed along the z-axis to the molecules anywhere
within this region. We also have several magnetometers placed around the interferometer

region, which we discuss in detail in Section 3.6.

The main hardware used to generate the required fields is shown in Fig. 3.8. The high
voltage used for the electric field is generated by a pair of unipolar Applied Kilovots
supplies. A bleed box enables the field plates to be discharged to ground; this is done
when reversing the direction of the electric field. The reversal is done automatically
by a set of relays [104]. A set of rf chokes are placed close to the machine and these
suppress coupling of rf into the high voltage lines [85]. We monitor leakage currents,
another potential source of systematic error, using a set of ammeters that float at high
voltage and have nA precision [105] — these are labelled NL (north leakage) and SL
(south leakage) in Fig. 3.8 as we conventionally label the two plates North and South.
We can manually reverse the direction of the electric field as well by swapping the cables

just before the leakage monitors.
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Figure 3.7.: Schematic of the interferometer region of the beam machine.
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Figure 3.8.: Overview of hardware used to generate the electric field, magnetic field and rf
pulses in the interferometer region, and to control the Quspin magnetometers.
Several switches are shown using blue arrows, and several detectors are highlighted

with red text.
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3.4. Interferometer

The currents that generate the uniform magnetic field are supplied by a home-built pre-
cision current source [84], which is able to switch quickly between four current outputs.
These correspond to the four different values of the magnetic field we need to run the
experiment, which is controlled by the switch states B and 0B. The magnetic field inside

the machine can be switched in less than 350 ps using this current source [84].

The rf is generated by a HP 8657A synthesiser. A pair of rf switches control the timings
and lengths of the two rf pulses. We are able to control the frequencies of the rf in the
two pulses using the onboard DCFM of the synthesiser. The individual pulse amplitudes
can be adjusted using a voltage-controlled rf attenuator. The relative phase between the
two rf pulses can also be changed using the onboard DCFM and a bi-phase modulator
that can apply a m phase change. The first method of changing the relative phase is
called the “phase scrambler” and is used to change ¢ between blocks. The second is
called the “pi-flipper” and is used to switch PI. The resultant rf pulses are amplified and
sent to the rf transmission line. We monitor the rf leakage current (RFC) and reflected
rf power (RF1/RF2) from the transmission line, which guard against systematic errors
arising from rf multipactor discharges and reflected rf power from the high-voltage lines,

respectively [85].

3.4.3. Electric field plates

When I first joined the experiment, the electric field plates used were made of glass, with
a thin 90 nm layer of gold foil adhered to the surface, as described in [86]. The reason
for this design was to have as thin a conductive layer as possible in order to minimise
magnetic Johnson noise [106]. The Johnson noise of these glass plates corresponds to
an eEDM uncertainty of 1.1 x 1073! ¢ em over 4 x 107 measurements. By contrast, the
magnetic Johnson noise of the previously used field plates, which were entirely made
of aluminium, is equivalent to an eEDM uncertainty of 1.2 x 1072 ¢ cm over a dataset
of 4 x 107 measurements [106]. This does not limit the current experiment, which was
predicted to have a shot-noise sensitivity of 5 x 107%° e cm over a dataset of the same
size [86], but is not negligible either. However, these aluminium plates are unsuitable
for any future experiments such as a laser-cooled fountain of YbF molecules [79], which

has a projected eEDM sensitivity at the 1073! e cm level.

29



3. Experimental methods

The problems with the glass field plates started when we tried to increase the strength of
the electric field that can be supported on the plates by a method known as high-voltage
conditioning [107]. The voltage applied to the plates was slowly increased in steps of
0.1kV while reversing the polarity of the plates every minute. A leakage monitor was
used to ensure that we stopped the process as soon as we saw any large currents that
tended to increase exponentially — a sign of electrical breakdown. Often, current spikes
are observed, which we attribute to foreign particles or imperfections on the conducting
surface being removed as a result of the discharge. Initial conditioning when the glass
plates were first installed resulted in the plates being able to comfortably support an
electric field of 8.3kV cm™! [36].

However, their performance slowly degraded over time. Re-conditioning the plates did
not seem to help as any breakdown that occurred caused the plates to deteriorate back
to a lower threshold field than prior to the breakdown. We also noticed a low constant
leakage current in the region of tens of nA that increased with increasing voltage applied
to the plate, which we attribute to field emission [108], often seen as a precursor to
breakdown. In March 2018, we could only support an electric field of 3.3kV ecm~!, which
would have reduced the polarisation factor by a factor of 2 when compared to running

at the desired field of 10kV ecm™!.

After several months of investigation, we eventually found the source of these discharges
to be one of the rf plates that was directly behind the electric field plates. As shown
in Fig. 3.9(a), the rf plate in question had graphite tape going around the face and
edges, which was placed there in order to prevent rf multipactor discharges [85, 86]. The
graphite tape around the edges had frayed, causing sharp whiskers of graphite to form.
These sharp, conducting edges have high surface charge density, which causes electrons
to be easily emitted from such points. When the local electric field is sufficiently high,
these points can cause large discharges that damage the extremely thin gold tape we
have on the plates. Unfortunately, the damage had already been done to our plates in
the form of small tears along the edge of the gold tape where the discharges occurred, as
shown in Fig. 3.9(b). This suggests that usual high-voltage conditioning, which works by
removing localised charge emitters on the field plates via destructive discharge events,

will not work for our gold-taped plates as the tape is too thin.
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Graphite tape
on edges

Figure 3.9.: (a) Rf plates, with graphite tape going over the edge of one of them. (b) Edge-on
view of the gold-taped glass field plates. The spots where discharge events have
damaged the gold tape are circled.

We have removed the graphite tape on the edges of the rf plate and replaced the field
plates with the previous gold-coated aluminium plates, measuring 750 mm by 70 mm,
which were described in [84]!. We are now able to support an electric field of +8kV
with these plates without any significant leakage current, though we usually run at
+6kV, corresponding to an electric field of 10kV em™!. Although the gold-tape-on-
glass plates have been repaired, it was decided that we continue the experiment with
the aluminium plates since the magnetic Johnson noise is not expected to increase the

projected sensitivity by more than 10%.

3.5. State detection

After the interferometer region, the molecules in (N, F') = (0,0) and (0, 1) are detected
by coupling either one of the state populations to the N = 1 hyperfine levels and

4The one difference is that the high-voltage feeds are now inserted at the top of the plates instead of
the middle.
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measuring the fluorescence induced by lasers tuned to the P(1) transition. Using this
scheme, each molecule scatters up to 13.9 photons on average and both interferometer
quadratures are detected. These are major improvements over the previous method
where each molecule scattered about one photon and only one quadrature could be
detected [57, 62]. In this section, I will first give an overview of the detector hardware
and highlight some results showing the increase in detection efficiency due to optical
cycling. Next, I will explain methods that we use to ensure that the detectors are
identical. T will then highlight how detector crosstalk was discovered to be a problem
and show how imperfections in the detectors lead to reduced interferometric contrast
and measurement sensitivity. Finally, I present methods and results from our efforts to

maximise the contrast.

3.5.1. Hardware and apparatus

The molecular population in each state is detected in two sequential detectors, which are
illustrated in Fig. 3.10. Each detector includes two microwave horns, although only one
is used when detecting the molecules. The other horn is included so that the standing
wave pattern of the microwave field can be changed, allowing us to test for systematic
effects in the experiment. In each detector, we can apply either microwave frequency,
so the order of detecting the FF = 0 and F' = 1 populations can be reversed to check
for systematic effects. The microwaves are generated from the same system as that for

state preparation which was described in Section 3.3.

The probe lasers come from a Toptica DLC TA-SHG pro solid state system, which
combines a seed laser, tapered amplifier and frequency-doubling resonant cavity. This
high-power system provides 1 W of 552nm light. As Fig. 3.10 shows, the laser output
is first double-passed through an AOM operating at around 350 MHz, which blue-shifts
the light by 700 MHz. The purpose of this AOM is to allow the laser frequency to be
stepped by a small amount when taking data — this is a switch in the experiment, which
we call LF1. To ensure that the optical cycling due to the rotationally-closed nature of
the P(1) transition is maximised, we use three probe laser frequencies so that we excite
molecules from all of the N = 1 hyperfine levels. Thus, the probe laser is split into
three components, one of which is unshifted and the other two red-shifted in frequency
by 158.5 MHz and 192.1 MHz. These three frequencies address the F' = 1,, F' = 0/2 and
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Figure 3.10.: The detection chamber and an overview of the hardware used to generate the
lasers and microwaves that are used for state detection.

F' =1, components of N = 1, respectively, and are combined on a 50:50 beamsplitter,
which produces two output beams. One of the output beams is carried by an optical
fibre to the upper detector and this same light is routed to pass through the lower
detector to ensure some common-mode rejection of fluctuations in the light. A second
fibre delivers the second output beam to the lower detector, which counter propagates
along the same path. Each beam has a circular Gaussian profile and a 1/e*-radius of
6 mm. The combined peak intensities of the two beams are 80 mW /cm?, 160 mW /cm?

and 80 mW /cm? for the three frequencies listed above, respectively.

Some of the P(1) transitions have F' > F’ where F, F” are the total angular momenta of
the hyperfine states in the ground and excited electronic states. It is well known that if
the driving laser has a static polarisation, such a configuration has dark states, which will
significantly reduce the number of photons scattered per molecule [109]. We destabilise
these dark states by modulating the polarisation of the probe beams between y and z
(with circular in between) using electro-optic modulators (EOMs) [86]. We use a rate
of 0.9 MHz because our simulations using optical Bloch equations show that dark-state
destabilization has a broad optimum around this frequency for various beam intensities,
as shown in Fig. 3.11. We also counter-propagate the probe beams as shown in Fig. 3.10
as we found that this also increases the detected photon signal. We hypothesise that
counter-propagating the laser beams creates polarisation gradients in the x-direction.
The molecules then experience a further varying laser polarisation as they fly through

the detection region since they have non-zero transverse velocity.
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Figure 3.11.: A numerical simulation, using optical Bloch equations, of the number of photons
scattered for a molecule that interacts with a Gaussian beam (in one dimension)
for different polarisation modulation frequencies and peak beam intensities I. The
peak intensities are quoted in units of the two-level saturation intensity for the
A-X transition in YbF, Iy = mhe/(3A3) = 4.4mW /cm?. A molecule traversing
through the centre of the detection region would interact with a (one-dimensional)
Gaussian beam with peak intensity I = 1815,¢, whereas molecules that travel off-
axis would interact with beams of lower intensities. The red dashed line shows the
frequency of polarisation modulation used in the experiment, which is 0.9 MHz.

The laser-induced fluorescence from the molecules is collected by an aspheric lens on one
side of the molecular beam and a large spherical mirror on the opposite side and imaged
onto a photomultiplier tube (PMT) by a second aspheric lens. We direct 6% of the
scattered photons onto the PMT in this way, and the quantum efficiency of the PMTs at
552nm is 0.1, thus the overall collection efficiency is 0.6% [85]. With such a high laser
power in the detection region, it is imperative that we minimise the background signal
due to laser scatter. Although this background can be measured® and subtracted away,
there is still the increase in uncertainty due to the noise in the laser scatter. We minimise
this background in a few ways. As described in [86], the input and output arms of the
laser ports were extended outwards by 30 cm away from the main chamber, a scatter-
blocking shield was constructed around the detection region, and all the surfaces were

blackened using soot from an acetylene flame. Furthermore, we have now also installed

5This is done by measuring the PMT signal when the molecules are not in the detection region, see
Section 3.7.
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Figure 3.12.: Schematic showing the optical baffles, scatter-blocking shield and extended arms
that help reduce the laser scatter in the detector.

several optical baffles along the input and output arms of the laser ports which aim
to minimise the amount of off-axis scattering paths available for the lasers, as shown
in Fig. 3.12. There are two baffles on each laser port, and the inner baffle which is
closer to the machine has an aperture with a smaller diameter (18 mm) than the outer
baffle (20mm). FEach baffle is a tapered knife edge, with the wider part of the taper
facing towards the centre of the machine. These help increase the acceptance angle of
any scattered light directed away from the detection region while minimising the angle
for any scattered light directed towards it. We also notice that it is important to use
Viton rubber gaskets to connect the main chamber to the extended arms instead of
copper gaskets, as the reflective surfaces of the copper that protrude into the machine
was found to increase the laser scatter. With these measures, the scatter comes down to
about 50 (100) photons in 1 us in the lower (upper) detection region, equivalent to 5%
(10%) of the molecular signal averaged over the time window used in the data analysis.
The increase in uncertainty in the measurement due to noise in the laser scatter is then

negligible (see Section 4.2.1).

The photoelectron current signals generated by the two PMTs are converted into voltage
signals by transimpedance amplifiers, which are then sampled by the data acquisition
board. A typical set of time-of-flight (TOF) curves from the two detectors has been
shown in Fig. 3.2. We typically integrate these TOF curves to obtain a total photon
count, and the dashed lines in Fig. 3.2 indicate the limits used when integrating the
TOFs for results presented in this section. For the lower detector these are 200 ps-wide
centred on the peak of the TOF curve, and for the upper detector they are about 230 ps-
wide® to account for the added spread in the molecular beam pulse due to the velocity

distribution of the molecules.

6This is a factor of L, /Ly larger than the integration gates for the lower detector, where L, and L,
are the distance of the source to the upper and lower detectors, respectively.
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Table 3.1.: Comparison of signal increase due to detection techniques with that predicted by
simulations using optical Bloch equations.

Average number of

Signal Signal photons scattered
increase increase per molecule
Detection method (experiment) (simulation) (simulation)
Single-frequency probe laser 1 1 2.3
Probe laser with sidebands 2.3 £0.3 2.0 4.6
Sidebands and 3.8+0.4 5.2 11.9

polarisation modulation

Sidebands, polarisation

modulation and 4.9+0.7 5.2 11.9
counter-propagating beams

3.5.2. Optical cycling

Figure 3.13 shows the improvement in the signal from one of the detectors when we use
the methods described above to increase the optical cycling of the molecules. In all the
cases, the total laser power is 100 mW. For the counter-propagating case, we have used
50mW per beam. The results are summarised in Table 3.1, where the optical Bloch
equation (OBE) simulations used to theoretically predict the optical cycling efficiency
were done by J. Lim following the methods presented in [85]. When sidebands are added
to the probe laser, the signal detected increases by a factor of 2.3 £+ 0.3, in agreement
with our simulations. When we also modulate the polarisation of the probe lasers, the
signal detected is a factor of 3.8 4 0.4 higher than in the single-frequency case. This is
lower than the OBE simulation prediction of 5.2, suggesting that the polarisation of the
probe light is not being fully modulated after passing through the optical fibres. When
the light counter-propagates through the machine (keeping the total power constant),
the increase in signal is 4.9+0.7, which agrees with the predicted increase when the dark
states are fully destabilised. The OBE simulations show that even with full polarisation
modulation, we have yet to reach the maximum. This is due to insufficient interaction
time of the molecules with the probe lasers in the detection region. A larger probe beam
diameter could have been used, but it would have resulted in an unacceptably large
amount of laser scatter in the detectors, and also made it more challenging to image all
the signal photons onto the PMTs.
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Figure 3.13.: Increase in the detected signal using P(1) detection due to methods that improve
the optical cycling of the molecules. The signals are normalised to the peak signal
when only a single frequency is used in the probe laser and the backgrounds are
subtracted.

The average of 11.9 photons scattered per molecule using this detection method is an
order of magnitude higher than the 1.2 photons scattered per molecule using the previous
detection method, which simply measured population in one of the ground hyperfine
states by optically exciting the Q(0) transition [57, 62]. Moreover, the current detection
method allows us to detect both FF = 0 and F' = 1 molecules independently, which
doubles the number of useful molecules in the experiment compared to the previous

detection method, further improving our sensitivity.

3.5.3. Balancing detector efficiencies

Since we are now detecting F' = 0 and F' = 1 molecules in separate detectors, we need to
ensure that their detection efficiencies are equal. First, we calibrated the lower and upper

detector PMTs by operating at a set of (low) light signals and comparing the output
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Figure 3.14.: (a) Laser-induced fluorescence observed when scanning the probe laser over the
P(1) transition frequency. In the lower (upper) detector, we measure molecular
population in F' =0 (F = 1). For this scan, the populations in both states were
equal. (b) An OBE numerical simulation of the dependence of detected signals
on the probe laser frequency.

voltage of the transimpedance amplifier with the count rate measured using a pulse
discriminator followed by a frequency counter. The result is that for every volt of signal
measured, the photon count rate is 510 MHz. Next, we aligned the probe lasers carefully
so that the angle with which the probe lasers intersect the molecular beam in the z-z
(horizontal) plane is the same in both detector regions. This is because a non-zero angle
will cause the k-vector of the photons to have some component along the direction of
travel of the molecular beam, resulting in a Doppler shift. A difference in this angle for
the two detectors will therefore result in different Doppler shifts and therefore unequal
scattering rates. This then gives us a simple way of checking the probe laser beam
alignment: by scanning the frequency of the probe laser and detecting the fluorescence.
Figure 3.14(a) shows a typical scan taken to ensure that the laser alignment is correct.
Here, we have applied an rf 7/2-pulse so that the molecular populations in F' = 0 and
F = 1 are equal when the molecules reach the detector region. The lower detector

measures F' = 0 population, and the upper detector measures F' = 1 population.

The coincidence of the fluorescence peak positions in Fig. 3.14(a) tells us that the lasers
are sufficiently well-aligned. The different lineshapes reflect the fact that the microwaves
connect molecular population in F' = 0 and F' = 1 to different hyperfine states in N = 1.
For example, the sideband that addresses the (N, F') = (1, 1) level is ~ 30 MHz away
from the sideband that addresses the (1,2) and (1,0) levels. Since the F' = 1 detection

connects population to (1,2), we expect that when the probe lasers are blue-detuned
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Figure 3.15.: For each scan, only either the lower or upper detector was active, and in both cases
the detector was set up to measure F' = 0 population. (a) Molecular population
moved to F' = 1, so only leftover N = 1 population detected. (b) Molecular
population remains in /' = 0, so this and the leftover N = 1 population is

detected.

by ~ 30 MHz, there would be an increase in the number of photons scattered compared

to F' = 0 detection. This is seen both in the experimental data and the numerical

simulations using optical Bloch equations in Fig. 3.14(b).

In order to check how equal the detection efficiencies of the two detectors are, we carry
out the same scan as above but measuring F' = 0 population using only the lower or only
the upper detector. The results are shown in Fig. 3.15. In the first panel, the molecular
population is moved to F' = 1 using an rf m-pulse, and we simply detect the leftover
population in NV = 1 from the optical pumping step. The fluorescence peaks coincide,
indicating that we are able to detect N = 1 population with equal efficiency in both

detectors. In the second panel, the molecular population remains in /' = 0 and we detect
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this together with the leftover N = 1 population. Here, the peak of the fluorescence is
smaller in the upper detector by 17% compared to the lower detector. The microwave
powers were set to be the same, so this might indicate different resonant properties or
different standing wave patterns produced by the microwave horns in the two detectors.
As we show later, a small difference in detection efficiencies will not affect the contrast

of the interferometer.

3.5.4. Detection crosstalk

A more serious problem arises in the form of crosstalk between our detection regions.
An obvious source of crosstalk occurs when the lower detector leaves some population
in N = 1 which is then detected at the upper detector. We have already discussed
above how to destabilise any dark states in N = 1 which can contribute to the leftover
population. With the N = 1 dark states destabilised, we expect that by increasing the
probe laser intensity and the microwave power sufficiently, we should be able to pump
all the molecules into the higher vibrational states. We investigated this by detecting
F' = 0 population in both lower and upper detectors. The upper detector should not
measure any I = 0 molecules if we have completely pumped out the molecules in the
lower detector. In order to distinguish between £’ = 0 population and other background
(such as background from other isotopes), we obtained interference curves by operating
the interferometer in the way described at the start of Section 3.5 and scanning the

applied magnetic field.

Figure 3.16 shows that as we increase either the laser or microwave power, the amplitude
of the interference curve in the upper detector decreases, suggesting that we are able to
pump out F' = 0 better. However, we observe that as we increase the laser or microwave
power further, an interference signal returns but with a 7 phase shift. This signal can
only originate from molecular population in F' = 1, thus indicating that as the laser or
microwave power increases, the power broadening increases which then off-resonantly
couples F' = 1 population with the N = 1 hyperfine levels. This is plausible since the
(N,F) = (0,0) = (1,1;) and (0,1) — (1,2) transitions are only 9 MHz apart. Indeed,
we confirmed experimentally that the amplitude of the m-phase-shifted interference curve

increases when we further increase the powers.
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Figure 3.16.: Interference curves obtained by scanning the applied magnetic field. We detect

F = 0 population in both the lower and upper detectors, shown as black and red
lines respectively. For panels (a)-(c), we kept the microwave power constant and
varied the total probe laser power Pager. For panels (d)-(f), we kept the Plager
constant and varied the microwave power by changing the voltage sent to the
microwave mixer, V. A higher Vi, indicates more microwave power.
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Therefore, we have to achieve a compromise between reducing the leftover population
(and increasing the number of scattered photons) and minimising this off-resonant cou-
pling of the unwanted hyperfine state in N = 0 with the N = 1 levels. The best way to
do this is to maximise the interferometric contrast. From Fig. 3.16, we can already see
that the optimum values for the laser power and microwave mixer voltage are close to
130 mW and 0.75V respectively.

3.5.5. Maximising contrast

I will first derive the expected signal in the presence of imperfections and show how
these imperfections reduce the contrast and therefore sensitivity of the experiment. Let
the lower detector be A, i.e. the one that detects population in F' = 0. First, the optical
cycling process does not completely deplete the population in N = 1, and so we write
the fraction of population left in N = 1 after the lower detector as fir;. Next, we include
the observation that there is some off-resonant driving of the F' = 1 state when driving
the F' = 0 microwave transition, and vice-versa, and denote the fraction of population
that is off-resonantly driven as f,,. We account for the difference in detection efficiencies
of the two regions by a fraction f., so that the detection efficiencies are (1 £ f,)e in
the two regions. In addition to the background due to laser scatter from the apparatus
which can be subtracted away, we have another constant background term due to photon
scattering from molecules in other states. We represent the latter as a fraction of the
total number of molecules, fiq ¢ and figu, for the lower and upper detectors respectively.

The measured photon counts can then be written as

$a = Ninol€Ar(1+ fo)(cos® ¢ + frcosd + forsin® ¢+ fige),

3.7
SB :NmoleAI(]-_fs)((l_for)(Sin2¢_fRCOS¢)+fleftCOSQ¢+fbg,u)7 ( )

where we have omitted terms with products of small fractions. Here fr = Ar/A; is

the Ramsey term amplitude as a fraction of the signal amplitude. The asymmetry, as
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defined in Eq. (2.19), can now be written as

_SA—SB
—SA+SB
fE 3fleft
~\|\= or — T - u 2
<2+f 1 + fogt = fogu | +2frcos @ (3.8)

+ (1 = fiett — for — foge — fogu) cos2¢p — i (2fc + fie) cos 4¢

= A, + Agcos ¢ + C cos2¢ + Aq cos 4¢,

where again we have neglected all terms proportional to a product of two or more small
quantities. If the order of detecting the molecules is reversed, we obtain a very similar

expression to Eq. (3.8).

We have set C to be the coefficient of the cos 2¢ term in the expression for A. In addition,
there is a constant term A., a Ramsey term with amplitude Agr and a frequency-doubled
term with amplitude A4. The Ramsey component can be removed by methods discussed
in Section 3.4, and if all the other imperfections are small, then the cos2¢ term domi-
nates. The sensitivity of the experiment depends on how well we can measure a change

in A from a corresponding change in the phase ¢, which is given by

0A

(97gz5 = |(—2Csin2¢ — 4 A4sin 4¢)|¢:7r/4 =2C

/4 (3.9)
=2 (1 - fleft - for - fbg,f - fbg,u) )

where we have set Ag = 0 and ¢ is set to w/4. The sensitivity of the experiment can

therefore be maximised by minimising the imperfection terms.

We have already seen that modulating the polarisation of the probe lasers also reduces
the leftover population term fi.r;. We have tried to avoid the off-resonant term f,,, entirely
by trying out different detection schemes, such as coupling (N, F) = (0,1) to (1,1)
instead of (1,2) so that when driving this transition we are less likely to off-resonantly
drive population from (0, 0) since the microwave transition frequencies are further apart.
However, as was shown in [86], the other transitions are too weak for it to be a practical
scheme. Recall that increasing the power of the probe lasers and microwaves would
also help to decrease leftover population, but we should be careful that any off-resonant

driving of the other hyperfine state does not result in an overall decrease in contrast. In
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Figure 3.17.: The change in contrast when the probe laser power is varied in (a), and when
the microwave power in the detectors is varied via the mixer voltage in (b). The
black crosses indicate detection where F' = 0 (F' = 1) population is detected in
the lower (upper) detector, whereas the red circles indicate detection where the
order is reversed.

order to check this, we measured our interferometer contrast while varying the probe laser
and microwave powers, and the results are shown in Fig. 3.17. The contrast increases up
till our maximum probe laser power of 160 mW and is flat for microwave mixer voltages
of more than 0.5V. We run the experiment at laser and microwave powers of 160 mW

and 0.7V (sent to mixer) respectively”.

The background scatter from the molecular beam, which is responsible for fi,,, mainly
comes from two sources. The first source is molecular population in N = 1 that remained
after the optical pumping step. We show this in Fig. 3.18(a), where we operated the
usual optical pumping scheme, but scanned a weak probe laser in the detection region
around the '™P(1) transitions®. The red data show the spectrum after optical pumping
is applied. The important frequencies are the ones shown by the blue dashed lines, since
these are the frequencies used in the detection scheme. Any residual population at these
frequencies will contribute to the background. We see that there remains a significant
amount of population (about 17%) in the F' = 0/F = 2 hyperfine levels of N = 1 in
IYDE.

"The maximum laser power we have now is 160 mW because the introduction of the 350 MHz AOM
in the probe laser system shown in Fig. 3.10 reduced the total amount of power available at the
detectors.

8Here, we use the superscript to denote the relevant isotope of Yb that the transition refers to.
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Figure 3.18.: Spectral lines around the ™P(1) transitions, obtained by using a weak probe
laser (400 uW) in the detection region. The ™P(1) and ™P(2) transitions are
indicated by the dashed lines. The blue dashed lines, labelled ™P(1) are the
frequencies used in the detectors, so any remaining population at these frequencies
contributes to the background signal. Black: no optical pumping was carried out.
Red: (a) regular optical pumping is done; (b) The detection light (1™*P(1)) was
used to pump the molecules, in place of the regular optical pumping, in order to
show the origin of the background signal in the detection region.

The other isotopologues of YbF are the second source of background from molecular
scattering. We show this in Fig. 3.18(b). In the figure, we note that the ™P(1) lines
overlap with the '™P(2) lines, so the latter can contribute to background scatter since
our detection method requires high laser power, leading to very large power broadening.
The natural abundances of 1™YbF and '™?YbF are 32% and 22% respectively, so this is
a significant source of background. We demonstrate this by applying a pump laser tuned
to the ™P(1) transitions (the same laser frequencies as the probe lasers). The N = 1
levels are depleted, though not completely, and there are other peaks in the vicinity
that are also pumped out. This result shows that the detection light interacts with
molecules in other states as well as the V = 1 states of interest. These other molecules

also contribute to the background we observe in the detectors.
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Table 3.2.: Improvements in contrast. We show the contrast for the cases where either F' =0
or I' = 1 population is detected first. Unless stated, the total laser power is 100 mW
(if using counter-propagating beams, this corresponds to 50 mW per beam).

Contrast Contrast
(F' =0 first) (F =1 first)

No improvements 0.35 0.37
Clean-up beam (CU) 0.44 0.45
Counter-propagating beams (CP) 0.39 0.40
Polarisation modulation (PM) 0.45 0.43
PM + CU 0.56 0.53
PM + CP + CU 0.58 0.55
PM + CP + CU at 80 mW per beam 0.62 0.61

Table 3.3.: List of experiments used to determine the sizes of the imperfection terms. sq is
the measured signal due to the F' = 0 molecules, and is used here to normalise the
other quantities.

Microwaves in ~ Microwaves in ~ Signal in lower Signal in upper

Experiment lower detector upper detector detector, s, detector, s,
1 None None foe,e50 foguSo
2 F=0 None fog,e50 + S0 Jogus0 + fieteS0
3 F=1 F=0 fbg,@s(] + forSO fbg,uSO =+ (1 - for)SO

This background due to other molecules can be minimised by introducing some “clean-
up” light into the optical pumping region. As described in Section 3.3, this clean-up light
is obtained by picking off a small amount of probe laser light, broadening its frequency
spectrum with an overdriven EOM such that its bandwidth is about 200 MHz, and
directing this light into the optical pumping region. Since the 72P(2) transitions are
not rotationally-closed, whereas the '"P(1) transitions are, we remove the background
without adversely affecting the efficiency of the regular optical pumping scheme. In
Table 3.2, we show the improvement in contrast after applying the methods described
above: (i) polarisation modulation of the probe lasers (PM), (ii) counter-propagating
beams in the detector (CP) and (iii) clean-up beam in the optical pumping region (CU).
The contrast was measured by fitting interference curves, obtained by scanning the
magnetic field, to Eq. (3.8). We have achieved a contrast of |C| = 0.62 for the detector
configuration where we measure F' = 0 population first, and a contrast of |C| = 0.61 for

the opposite configuration that measures F' = 1 population first.

76



3.5. State detection

Table 3.4.: Measured imperfection terms for detector configurations where F' = 0 or F = 1
molecules are detected first in the lower detector.

Imperfection term F =0 first F =1 first

Jiett 0.15+0.03 0.1940.03
for 0.034+0.03 0.03+0.03
foat 0.174+0.03 0.20 £+ 0.03
fog 0.06 +0.02 0.07 + 0.02

In order to check that we fully understood our detection method, we carried out addi-
tional experiments as shown in Table 3.3 to determine the imperfection terms fif, for,
fogr and fpgu. In these experiments, the interferometer was not active so all molecular
population was in F' = 0, and the probe lasers were present. The detection microwaves
were either absent, or when present they either couple £ = 0 or F' = 1 population to
the N =1 levels. From the signals written down in Table 3.3, the imperfections terms

can be derived as
Su,2 — Su,l
fleft -

)
Se,2 — Se1
x S¢3 — Se1
for = —— where x = ————
1+2x Su3 — Su,1 (3 10)
. Se1
fbg,é - )
Se2 — Se1
Su,l
fogu = Jrett ————,
Su,2 — Su,l

where s;; and s,; are the signals from the lower and upper detector in the experiment
labelled 7. The same experiments were carried out for the case where F' = 1 molecules
are detected by using an rf m-pulse to transfer all the molecules to F' = 1 before the
detection region, and changing the F' = 0 microwaves in the detection regions to F' = 1,
and vice versa. The results are shown in Table 3.4 and the errors come from shot-to-shot
fluctuations in molecule number which we estimate to be about 10%. From these results,
we can calculate that the interferometer contrast for the detector configuration where
F = 0 molecules are detected first is Cy = 0.58 + 0.05, and for the configuration where
F' =1 molecules are detected first C; = 0.52+0.06. These agree with the measured final

contrast values in Table 3.2.

Figure 3.19 shows the interference curves with maximum contrast, with lines representing
fits to Eq. (3.8). We have added a phase offset ¢y, to account for the ambient background
magnetic field. The fit parameters are shown in Table 3.5, with the fit residuals plotted
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Figure 3.19.: Interference curves obtained by detecting population in F' = 0 first, then F' =1
(blue open circles), and the other way round (green open diamonds). Solid lines
are fits to Eq. (3.8), with fit residuals shown below.

Table 3.5.: Fit parameters for the data shown in Fig. 3.19.

Measuring C A. Agr Ag ¢y (rad)

F = 0 population first 0.623 0.054 -0.012 -0.041 -0.21m
F =1 population first -0.609 0.045 0.001 -0.026 0.29 7

as well. The fit residuals for the configuration where F' = 1 molecules are detected
first (in green) show a cos ¢ behaviour. This is due to the Ramsey component which
changes for different molecular velocities, while these interference curves are obtained
by integrating over all velocities, so there is a residual Ramsey component that is not
fit to. In the full experiment, the Ramsey component is averaged to zero, so we will
not need to worry about this. The other terms in the asymmetry, A, and Ay, are small

compared to the contrast.
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3.6. Magnetometers

The control of ambient magnetic fields is crucial to the experiment because these fields
contribute directly to the interferometer phase. We note here that the experiment is
only sensitive to the component of the magnetic field that lies along the electric field
direction as the effect of the other components are suppressed by the tensor Stark shift
of the F' =1 levels.

First, random magnetic field noise directly results in phase noise, which reduces the
sensitivity of the experiment. We reduce this by enclosing the experiment in three layers
of mu-metal shielding and phase-locking the experiment to the mains frequency [85].
As mentioned earlier, although we have reverted to the aluminium field plates, the
magnetic Johnson noise generated by these plates should still be negligible for the present
experiment. Furthermore, by switching the electric field (see Section 3.7.2), we are able

to suppress noise up to the switching frequencies.

Second, any magnetic field that is correlated with the direction of the electric field will
generate an E-correlated phase, which presents a serious systematic effect. This field
can plausibly be generated by leakage currents on the field plates, charging currents
that magnetise parts of the inner magnetic shield during an electric field reversal, or
an asymmetry in the amount of current drawn by the high-voltage supplies in the two
electric field states. Previously, we have placed limits on this systematic by measur-
ing the leakage currents from the field plates and using worst-case models for how the
current could flow on the plates [57, 86]. Offline measurements were also carried out
to investigate magnetic fields resulting from shield magnetisation that could be caused
by charging currents during an electric field switch [85]. However, these are not direct
methods of measuring the magnetic field inside the machine, and are often based on pes-
simistic, worst-case models [85]. Therefore, we decided to install a set of optical atomic
magnetometers inside the machine in order to improve our limits on these systematic

effects.

The optical atomic magnetometers used are the first-generation zero-field magnetometers
manufactured by QuSpin. Their operation is described in [110]. Each magnetometer

consists of a vapour cell of rubidium atoms and a circularly-polarised laser is used to
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both optically pump and detect the atoms. In zero field, the rubidium atoms are spin-
polarised by the laser and are therefore mostly transparent to the laser. In a non-zero
magnetic field perpendicular to the direction of the laser beam, the atoms’ spins precess
due to the field which causes absorption of the laser. The field strength is then measured
by detecting the transmitted laser light. Low-frequency noise is reduced by applying a
modulated magnetic field at a known frequency and demodulating the photodetector

signal against it.

Atomic magnetometers have become competitive with other forms of magnetometry
(such as superconducting devices, known as SQUIDs) due to the realisation of the spin-
exchange relaxation-free (SERF) regime. The sensitivity of atomic magnetometers was
previously limited by spin-exchange collisions between the atoms. However, as first
demonstrated by Happer and Tang [111], when the atomic densities are sufficiently high
“the spin-exchange broadening vanishes”. The first operational atomic magnetometer
using this principle was demonstrated by Romalis and coworkers [112], where a sensi-
tivity of 0.5fT/ VHz was achieved. Similarly, the QuSpin magnetometer operates in the
SERF regime by increasing the density of rubidium atoms by heating the vapour cell to
around 150 °C [110]. These magnetometers have been shown to achieve a sensitivity of
10T /v/Hz in the 1-100 Hz frequency band [110).

These atomic magnetometers were chosen because they did not have any magnetic com-
ponents which could affect regular operation of the experiment, unlike fluxgate magne-
tometers. They also do not require cryogenic conditions like SQUID magnetometers do,
and are able to achieve sufficient sensitivities for the requirements of our experiment, as
will be explained further in this section. Furthermore, their small measurement volume
of 27mm? allows some rudimentary mapping of the magnetic field in our interferometer
region. I will now explain how we installed these magnetometers and their noise perfor-
mance, but leave the analysis of their implications for the experimental sensitivity and

systematic effects to later chapters.

3.6.1. Hardware

We have installed five of these QuSpin magnetometers. The original outer casing of

the magnetometers, which had a high outgassing rate in vacuum, was replaced with a
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PEEK mounting case

%
. .//‘»
magnetometers

Figure 3.20.: (a) The QuSpin magnetometer in a ceramic Macor case placed in the lower half
of the mounting case. (b) The PEEK mounting case that holds the magnetome-
ter securely. (c) Magnetometers mounted on the North side of the aluminium
structure holding the plates together. (d) Same as (c) but on the South side.
The magnetometers are labelled from 1 to 5 based on their vertical position in
the machine.

low-outgassing Macor ceramic casing, which we designed and machined for this purpose.
They are as shown in Fig. 3.20(a). We placed the magnetometers in a mounting case
made from a polymer called polyether ether ketone (PEEK), shown in Fig. 3.20(b),
which allowed us to attach the magnetometers onto the aluminium frame that also
held the electric field plates and rf plates. The mounting case was also designed to
protect the brittle ceramic cases from being damaged. The magnetometers were placed
in a staggered fashion on both sides of the field plates, as shown in Fig. 3.20(c) and
Fig. 3.20(d). For ease of reference we will number the magnetometers from 1 to 5 from
the bottom to the top of the machine. The magnetometers each have two sensitive axes

of measurement which correspond to the y and z axes of our experiment.
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Figure 3.21.: (a) Noise spectra of the magnetometers in the test shield setup. The coloured
lines show the spectra before we fixed the linear drift issue. The black line shows
the noise spectra of magnetometer 2 after we eliminated the linear drift. (b)
Time-series plot showing the output of magnetometer 2 before (red) and after
(black) fixing the linear drift.

3.6.2. Magnetic field noise

First, we characterised the sensitivity of the QuSpin magnetometers to magnetic fields
by placing it in a test setup: a three-layer, cylindrical mu-metal shield with end caps.
The coloured lines in Fig. 3.21(a) show the noise spectra for the five magnetometers in
the test shields. The strong 1/f dependence was initially thought to be a characteristic
of the magnetometer. Later, it was realised that it was characteristic of a constant
linear drift in the magnetometers’ output as shown by the red curve in Fig. 3.21(b).
This was discovered to be caused by charge build-up on the analog inputs of the data
acquisition board, and by grounding these input connectors via 1 M{2 resistors, we were
able to remove the linear drift as shown by the black curve in Fig. 3.21(b). The resultant
noise spectrum of magnetometer 2 was measured and shown in Fig. 3.21(a), which still
displays a 1/f behaviour at sub-Hz frequencies, though the noise is lower than before.
The noise floor above 10 Hz was found to be 30 fT/+/Hz, which is about thrice that of
the quoted specifications from QuSpin. This may be because the shielding factor of the
test shields is not high enough for the remnant magnetic field noise to be below the true

noise floor of the magnetometers.

The magnetometers were then installed onto the aluminium structure inside the machine

as described above. Their noise spectra were measured and shown in Fig. 3.22. We also
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Figure 3.22.: Noise spectra of the magnetometers inside the experiment chamber, shown by the
different coloured lines. The black curve is the noise spectrum from magnetometer
2 in the test shields, plotted here for comparison.

plot, in the same figure, the magnetometer noise spectrum inside the test shields for
comparison. First, we see that the noise floor is a factor of 10 higher in the main
chamber than the test shields. This is to be expected since the radii of the cylindrical
magnetic shields of the main chamber are much larger than that of the test shields, and
the shielding factor is roughly inversely proportional to the radius of such a shield [113].
We estimate that based on the radii alone, the test shields have a shielding factor 4 times
greater than that of the main chamber. Furthermore, the middle and outer shields on the
main chamber lack end-caps while the test shields all have end-caps, which would also
increase the shielding factor for the latter. Second, there are many peaks present in the

noise spectra at sub-Hz frequencies. The origin of these have yet to be investigated.

3.7. Data acquisition and analysis

We have presented an overview of the apparatus used to run the experiment. I will now

discuss how a full eEDM measurement is carried out.
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Figure 3.23.: (a) The time-dependent detector signals for the lower (black) and upper (red) de-
tectors, sp(t) and s,(t). The laser scatter backgrounds by and b, are obtained by
averaging the signals between the dashed lines. (b) The background-subtracted
detector signals, sy(t) (in black) and s/,(¢) (in red). (c) The stretched lower detec-
tor signal, sj(t'), along with the upper detector signal. (d) The time-dependent
asymmetry signal, A(?).

3.7.1. Detectors

For each experimental shot, we record data with several detectors. We distinguish
between two types of detectors: single-point detectors and time-dependent detectors.
Single-point detectors record only one value per shot, whereas time-dependent detectors
record a series of points during a certain time interval. The PMTs for the lower and
upper molecule detectors are examples of time-dependent detectors, where the time
interval is defined so that we only record data when the molecules are flying through the
detectors. A list of detectors can be found in Tables 3.6 and 3.7. Most of these detectors
have been discussed in earlier sections. It is worth noting that we use the “short” and
“battery” detectors as dummy detectors to ensure that the data acquisition board does

not introduce any systematic errors in the data.
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There are a few detectors listed in the tables which are not actual physical detectors.
These are the asymmetry time-dependent detector and the two laser scatter background
single-point detectors. Figure 3.23 illustrates how we obtain the signals for these de-
tectors. We start with the PMT signals from the lower and upper molecule detectors,
se(t) and s,(t), as shown in Fig. 3.23(a). The laser scatter background detected by
each PMT is measured by averaging the signal in the last 100 s of the signal, when the
molecules have left the detection region. These backgrounds, b, and b,, are recorded
as single-point detectors. They are also subtracted from the PMT signals to give the
signals s(t) and s/ (t) shown in Fig. 3.23(b). The molecules reaching the upper detector
at time ¢ arrive in the lower detector at the earlier time ¢ = (L1/Ls)t, so we calculate

the time-dependent asymmetry as
/ t/ o t
A(t) = M (3.11)

The signal s;(t’) is shown in Fig. 3.23(c). The resultant asymmetry detector signal A(t),
which represents the asymmetry for molecules with different arrival times and hence

different velocities, is shown in Fig. 3.23(d).

3.7.2. Blocks, switches, channels

As discussed in Section 2.2.3, in order to obtain a physically meaningful measurement
of the eEDM, d., we need to obtain eight values of the asymmetry in different switch
states. The switch states were defined as (E, B, 6B). In the simple example discussed
in that section, a collection of these eight shots is called a block, and each block gives a
single measurement of d.. In the full experiment, we switch six other parameters for a
total of nine switches, as listed in Table 3.8. This gives 2 = 512 unique switch states.
A full experimental block consists of 4096 measurements such that each switch state is

visited eight times.

A switch will take on values +1 and —1 during a block. The sequence of values for each
shot in a block is called its waveform, Wy, where X represents an arbitrary switch. The
waveforms contain an equal number of +1 and —1 and are generated before each block
according to the partial randomisation method presented in [114]. The waveforms are

chosen such that they are all mutually orthogonal and contain sufficient high-frequency
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Table 3.6.: Single-point detectors that record a single value per shot.

Detector Name Measures

North leakage monitor NL Leakage current on cable connected to the North field
plate

South leakage monitor SL Leakage current on cable connected to the South field
plate

Top photodiode TPD  Power of the probe laser beam from the higher optical
fibre

Bottom photodiode BPD  Power of the probe laser beam from the lower optical
fibre

Miniflux 1  magne- M1 Magnetic field along z axis close to high voltage sup-

tometer plies

Miniflur 2 magne- M2 Magnetic field along z axis over the optical table

tometer

Miniflux 3 magne- M3 Magnetic field along 2z axis above the computer and

tometer electronics control rack

rfl reflected power R1 Power of rf reflected out of machine during first rf
pulse

rf2 reflected power R2 Power of rf reflected out of machine during second rf
pulse

Pi-flip monitor PF Phase applied by pi-flipper

Valve voltage monitor VV Magnitude of pulsed voltage used to drive solenoid
valve for the source

Phase lock frequency  PLF  Clock frequency which is phase-locked to the mains

Phase lock error PLE  Phase error between the mains cycle and the clock
cycle

Lower detector PMT BLB  Laser scatter background detected by PMT in the

background lower detector

Upper detector PMT TLB  Laser scatter background detected by PMT in the

background upper detector

components to reject low-frequency noise. The partial randomisation is needed to min-

imise bias in the measurement due to any reproducible backgrounds. The one exception

to this is the waveform for the electric field switch, Wg. We impose a 14 s waiting time

during an electric field reversal to allow the charging currents to settle [104], and it

would be impractical if this were done many times over the course of a block. Therefore,

WE is chosen to be relatively slow and is also fixed apart from an overall multiplication

by —1, which is randomly applied before each block.
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3.7. Data acquisition and analysis

Table 3.7.: Time-dependent detectors that record a series of data points within a defined time
interval at a specified resolution.

Detector Name Measures Time inter- Resolution
val (s) (ns)
Lower detector BOT  Laser-induced fluorescence from 2100-2900 10
PMT molecules in the lower detector
Upper detector TOP  Laser-induced fluorescence from 2500-3300 10
PMT molecules in the upper detector
Bartington MAG Magnetic field along z axis be- 700-3500 200
magnetometer tween vacuum chamber and mid-
dle magnetic shield
Short GND  Voltage across a 50 resistor to 700-3500 200
ground
Battery BAT  Voltage across a 9V battery 2100-3300 10
rf ammeter RFC DC current flowing onto the rf 700-3500 100
plates
Asymmetry ASY  Asymmetry signal calculated 2500-3300 10

from BOT and TOP

Table 3.8.: Switches in a block. The meaning of the parameters in the third column can be
found in Table 3.10.

Switch name Description Step

E Direction of the electric field +10kVem™!

B Direction of the magnetic field Biis £11.20T
0B Small step in magnetic field 1.4nT

RF1A Amplitude of the first rf pulse a1 = 5%

RF2A Amplitude of the second rf pulse ey = 5%

RF1F Frequency of the first rf pulse v = 7.8 kHz
RF2F Frequency of the second rf pulse Vv = 7.8 kHz
LF1 Frequency of the probe lasers Vprobe £ 0.9 MHz
PI A relative m phase shift between the rf pulses Oy +7/2

We can now generalise the definition of a channel, first defined for the asymmetry in

Eq. (2.24), to other detectors. A channel is just the detector signal that is correlated

with a particular combination of switches, over a block:

1 N

{X‘Y'Z"'}det:N

i=1

> (WyiWy i Wa, -

(3.12)

: ) Sdet,i»
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Table 3.9.: Some interesting channels and their physical interpretations.

Channel Physical interpretation

{6B} Slope of the interference curve at the working points of the experiment,
equal to twice the contrast of the interferometer. The value of this
channel converts other channels from units of asymmetry to units of
interferometer phase.

{0} Average asymmetry offset from zero, indicating imperfections as shown
in Eq. (3.8).

{0}BoT Average PMT signal from the lower molecule detector.

{B}/{6B} Phase due to the background magnetic field which is not fully cancelled
by Bhias-

{E-B}/{6B} The most important channel, whose value is proportional to d..

{E}mac Magnetic field along z, measured by the Bartington, which reverses
with E.

{E}nL Leakage current from the North plate correlated with the electric field
direction.

{E- 0B} Change in contrast correlated with the electric field direction.

{RF1A-0B}  Change in contrast between the stepped values of the amplitude of the
first rf pulse. A non-zero value is proportional to the detuning of the
centre amplitude, a,s from the m-pulse condition.

{P1} Proportional to the Ramsey component of the interference curve as
shown in Eq. (3.8).

where N = 4096 is the number of points in a block, and X, Y, Z are switches. The channel
with none of the switches is called {0} 4 — this just gives the average detector signal over
the block. Since the asymmetry detector and its channels are referred to so often, we will
drop the detector subscript when referring to the asymmetry channels. The channels
retain the time-dependence of the detector signals if the latter are time-dependent. Some
important channels for the experiment are listed in Table 3.9. Note that combinations

of time-dependent detector channels also retain their time-dependence.

One key aspect of our experiment is the ability to optimise parameter values from block
to block by analysing certain combinations of channels. For example, the combination
{RF1A - 0B} /{dB} is proportional to the detuning of the first rf pulse amplitude from its
ideal value, which maximises the contrast. By using the value of this combination of
channels as an error signal, we are able to servo the amplitude of the first rf pulse to
its optimal value using an integral lock. This is done for six different parameters in our

experiment, as shown in Table 3.10. This allows the experiment to be automatically
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3.7. Data acquisition and analysis

Table 3.10.: Parameters held constant within a block, but changed between blocks.

Parameter Description Servo error channel
Qe Centre amplitude of the first rf pulse {RF{?;}(S B}
rfo Centre amplitude of the second rf pulse {RF{?};}‘S B}
Uyl Centre frequency of the first rf pulse {Ri?;f B}
Vy2 Centre frequency of the second rf pulse {RF{?];’f B}
Vprobe Centre frequency of the probe lasers {LF;SB}
Bhias Bias z magnetic field used to cancel the ambient {%}
background field
oo Relative phase between the rf pulses chosen ran-

domly from (0, 107)

optimised and to run continuously for more than a day. Fully automated data-taking
is typically only prevented by the unlocking of the laser from the transfer cavity lock,

which happens a few times per week.

Most of the channel values are expected to be zero if our experiment is working well.
Some notable exceptions include the {0B} channel, which we want to maximise since it
is proportional to the contrast, and the average PMT signals in each detector, {0}gor
and {O}rop. Apart from a few channels like these, a non-zero channel often points to

an imperfection in the experiment that could potentially lead to a systematic error.

3.7.3. Clusters and manual state reversals

The origin of a non-zero channel can be narrowed down by performing “manual state”
reversals. These manual states refer to switches that are performed manually, external
to the machine. We have encountered some of these already in Fig. 3.8: we can reverse
the connections between the field plates and the high voltage supplies, the connections
between the magnetic field coils and precision current source, and input and output
cables that deliver the rf pulses. The manual states are represented by booleans M,
My and Mge respectively, where they are either +1 (true) or —1 (false). A detailed
description of what these manual states refer to can be found in [84, § 3.5]. A new, fourth

manual reversal switches the order in which we detect the molecules in the detector; this
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is done by switching the order of the microwave frequencies produced by the Anapico
synthesiser. We call this manual state Myy, and it is ¢true when we detect F' = 0 molecules
in the lower detector, and F' = 1 molecules in the upper detector, and false when their
order is reversed. By reversing these manual states and observing the behaviour of
the non-zero channels, we can often deduce whether the latter is caused by something
inside the main chamber or outside it (more precisely, before or after the point where

we perform the manual reversal).

A set of blocks taken continuously with the same set of manual states is called a cluster.
Thus, channel values for blocks in each cluster are usually signed by the appropriate
manual state. For example, the channel containing the eEDM value, {E - B}, is signed
by Mg, Mg and My, while the contrast channel {0B} is signed only by Myy.

3.8. Summary

In this chapter, I have given a comprehensive overview of the eEDM experiment in its
current form. During my time with the experiment, I replaced the electric field plates,
refined the detection scheme and proposed and implemented the techniques used to
maximise the contrast of the interferometer. I also modified the data acquisition and
analysis to accommodate the new detection scheme. Finally, I installed and characterised
the optical atomic magnetometers. In the next chapter, I will discuss how we have
overcome various sources of noise in the experiment in order to attain an experimental

sensitivity close to the shot-noise limit.
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4. Noise and sensitivity

This chapter focuses on the characterisation and suppression of noise sources in the
experiment, in order to fully leverage the gains in sensitivity from the methods described
in the preceding chapter. As shown in Section 2.3, the eEDM sensitivity is directly
proportional to the uncertainty in measuring the asymmetry, o4, at the interferometer
phase ¢ = /4. We therefore often refer to o4 instead of o4, when discussing the effect

of noise.

Moreover, we can distinguish between whether the noise we observe is amplitude or
phase noise of the interferometer by measuring the asymmetry at different phases. At
¢ = /4, we are most sensitive to phase noise (although amplitude noise still comes
in), whereas at ¢ = 0 we are only sensitive to amplitude noise. These are referred to
as “side-of-fringe” and “top-of-fringe” measurements of the asymmetry noise. However,
one can see that at ¢ = 0, the populations in each of the hyperfine states of the N =0
ground state are very different (in the ideal case, we would detect all the molecules in one
detector and none in the other), whereas at ¢ = 7/4 the populations are equal. Some
properties of the detection, such as the detection efficiency, could depend on the number
of molecules in the detection state. Therefore, in order to make a fairer comparison,
we instead apply a single rf 7/2-pulse in the interferometer region, which transfers half
the population in the F' = 0 initial state to the F' = 1 states. The detectors should
now detect equal populations in F' = 0 and F' = 1, but any noise on the asymmetry is

insensitive to the phase since there is no interferometer.

We typically take 1000 consecutive asymmetry measurements (shots) at 25 Hz, and for
each shot, we calculate the asymmetry A by Eq. (2.19), where the photon counts s, and
sp are integrated time-of-flight curves over appropriate gates, as we have described when

discussing Fig. 3.2. T will now describe the various sources of noise in the experiment.
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4. Noise and sensitivity

4.1. Photodetector noise

The photomultiplier tubes used to detect the photons have noise associated with the
statistical nature of the secondary electron emission process at each dynode [115]. This
increases the variance in the number of photons detected by an excess noise factor Fi:
02 = F,02 , where 02, is the shot-noise limit. For a PMT with equal gain § across each
dynode stage, the excess noise factor can be approximated as F, ~ §/(6 — 1) [115]. The
Hamamatsu R669 PMTs we use have m = 10 dynode stages and we operate at a gain

of G = ™ = 10°. This gives § ~ 3 and an excess noise factor of approximately 1.5.

We have measured the noise performance of the PMT by measuring typical laser scat-
ter background in each detector. We measure the variance in the number of photons
detected in both detectors to be 1.5 times that of the shot-noise variance expected from
a Poissonian process, which agrees with the calculated estimate above. By replacing

o? with FlLo?

Sasm sp i Eq. (2.32) and proceeding with the calculation, one can show

that 0% ~ F./(st). Thus, this noise increases the uncertainty in the asymmetry, and
therefore that of the eEDM, by y/F, = 1.2 above the shot-noise limit.

4.2. Noise due to probe lasers

The probe lasers are central to the detection of the molecules and as such, fluctuations
in any of their aspects can lead to noise in our measurement. Here, we investigate four
sources of noise related to the probe lasers: the background laser scatter and fluctuations

in the laser beam pointing, frequency and power.

4.2.1. Laser scatter background

The laser scatter background comes from the probe laser scattering off the interior
surfaces of the detection chamber and being detected by the PMTs. Let b, and b,
be the number of laser scatter background photons detected in the lower and upper

detectors. We subtract these backgrounds from the total measured signals sy, ¢ and sy, y,
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4.2. Noise due to probe lasers

as described in Section 3.7.1, in order to obtain the signals sy, = Sm ¢/u — bg/u. As the
signal s, and background b are measured at different times, the background entering
Sy 1s a different random variable &’ drawn from the same distribution that b was drawn
from, so we write sy, 00 = Smol,e + b} Ju> where s, is the true signal coming from photons
scattering off the molecular beam. We can now write an expression for the variance in
the signals s (dropping the ¢/u subscript temporarily):

o2 =02 +oy+0; —2Cov[b, V], (4.1)
where we have assumed the molecular and background signals are independent, but b
and b are not. We find experimentally that Cov[b, V'] & 0.40401 = 0.402. We can then
define, similarly to the excess noise factor, a “background noise factor” F, = 02/0? =

Smol

14 1.2(b) /(Smo1), where we have assumed Poissonian distributions for both b and syl

Typically, within the integration gates used in the experiment, this laser scatter back-
ground is 7% and 20% of the molecular signal in the lower and upper detectors, respec-
tively. Thus, we find that F,, = 1.08 and [}, = 1.24. Their effect on the asymmetry
signal can be similarly derived, and we find that typically F, 4 ~ 1.23 (as expected, this

is dominated by Fy,). Thus, the increase in the uncertainty o4 due to the laser scatter
background is /F, 4 = 1.1.

4.2.2. Beam pointing fluctuations

During a systematic investigation of potential noise sources associated with the probe
lasers, we discovered that their beam pointing was fluctuating in the z-axis, as shown
by the blue curve in Fig. 4.1(a). The fluctuations have a strong frequency component at
14 Hz, which was found to be a mechanical resonance of the optical cage-mount system
used to deliver the probe beams to the machine. We also find that the amplitude of these
fluctuations is 7pm as shown by the blue histogram plot in Fig. 4.1(b). We estimate
their effect on the asymmetry noise by exaggerating the change in beam pointing and
measuring the change in the asymmetry, as shown in Fig. 4.1(c), from which we find
that 04 pointing = 0.0023. This is at the same level as the shot-noise-limited asymmetry

noise from detecting 2 x 10° photons, which is 0.4 ¢, = 0.0022.
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Figure 4.1.: The data in blue and orange represent measurements taken before and after shock-
absorbing bushings were installed on the cage-mount system for the probe laser
beams. (a) Fluctuations in the beam position along the z-axis. (b) Histograms
of the beam pointing fluctuations. (c) The change in asymmetry as a function of
greatly exaggerated beam position deviations. (d) Histograms of 1000 asymmetry

measurements.

We reduced the beam pointing fluctuations by installing cross-bars with shock-absorbing
bushings on the cage-mount posts in order to dampen the mechanical resonances. Their
effect is shown by the orange curves in Fig. 4.1(a)-(b), where we have reduced the
fluctuations to about 2pum, corresponding to 0.4 pointing = 0.0006, which is negligible
compared to the shot-noise limit. In Fig. 4.1(d), we plot histograms of 1000 top-of-
fringe asymmetry measurements done before (blue) and after (orange) the bushings

were installed. We find that the uncertainty in the asymmetry decreased from 0.0074 to
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0.0059 after we reduced the fluctuations in the beam pointing.
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Figure 4.2.: The asymmetry as a function of probe laser frequency. Inset: asymmetry data
close to the resonance frequency is fit to a straight line, giving a gradient of
0.0026 MHz !

4.2.3. Frequency noise

Fluctuations in the laser frequency can also cause fluctuations in the asymmetry because,
as seen in Fig. 3.14, the lineshapes for the signals detected in the two detectors are
slightly different. The asymmetry as a function of frequency is shown in Fig. 4.2. We
estimate the sensitivity of the asymmetry to laser frequency by fitting a straight line
to the data points close to the resonance frequency, as shown in the inset, and find
DA/Of = 0.0026 MHz!. To achieve the shot-noise limit of .4, = 0.0022, we therefore
have to keep the laser frequency stable to significantly less than 0.8 MHz.

As described in Section 3.3, we lock the lasers to a reference laser which is in turn locked
to an atomic transition in Rb by a transfer cavity method. We estimate the frequency
noise amplitude to be about 0.7 MHz using the error signal from this locking scheme,
so the resultant noise should be a factor of 1.3 above the shot-noise level o4, quoted
above. The linewidth of the reference laser is about 0.2 MHz, so the frequency noise can
be decreased further by improving the performance of our transfer cavity lock. Currently,
we are using a digital implementation of transfer cavity lock: the determination of the
transmission peaks’ positions and the calculation of the error signals are carried out on
a computer. This limits the bandwidth of the lock to about 10 Hz. We can improve
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Figure 4.3.: Histograms of “top-of-fringe” asymmetry measurements carried out before (blue)
and after (gold) an issue with the reference laser, which was causing larger fre-
quency fluctuations, was corrected.

this by switching to an analog-based implementation of transfer cavity lock, which is

currently being tested.

To show how even a small increase in frequency noise can increase the noise in the
asymmetry, I show in Fig. 4.3 results from top-of-fringe asymmetry measurements carried
out before and after we corrected a problem with the reference laser! which increased
the frequency noise to a few MHz. After correcting the issue, the noise in the asymmetry
decreased from 0.0075 to 0.0049.

4.2.4. Power fluctuations

Finally, to round off the investigation of the probe laser, we tested whether laser power
fluctuations could contribute to asymmetry noise. We do not expect this to have a large
impact as ideally we are driving the transitions near saturation. Figure 4.4 shows the
asymmetry as a function of total probe laser power and a third-order polynomial fit. We
find that the gradient at 160 mW, the laser power that we operate at, is 0.000 26 mW 1.
Using a power meter, we find that the fluctuations in the probe laser power are at most
3mW in size, and so we expect that the fluctuations in laser intensity to contribute

negligibly to the asymmetry noise.

IThe problem was that we had accidentally flipped a switch which modulated the current to the diode
in the reference laser, which caused the reference laser frequency to be modulated.
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Figure 4.4.: Asymmetry as a function of laser power. The red line is a third-order polynomial
fit to the data.

4.3. Magnetic noise

So far, we have mainly discussed sources of amplitude noise on the interferometer. Now,
we turn to phase noise caused by fluctuations in the magnetic field. As described in the
previous chapter, we reduce the magnetic field noise that the molecules experience by
enclosing the experiment in three layers of mu-metal shielding. Furthermore, we phase-
lock the experiment to the mains frequency, thus suppressing any magnetic noise arising
from the mains. Any further sources of magnetic noise can be tracked down with the

help of the newly-installed optical atomic magnetometers, as we shall see.

4.3.1. Turbo pump vibrations

Using the QuSpin magnetometers, we found that one large source of magnetic noise was
vibrations of the turbo pumps attached to the main chamber. This can be understood
as follows: the innermost magnetic shield is attached rigidly to the main chamber, and
when the latter vibrates, it causes the magnetic shield (and the dipoles therein) to

vibrate as well, which causes the magnetic field inside the chamber to fluctuate.
We measured the chamber vibrations by reflecting a weak laser off one of the windows

on the chamber and using a photodiode with a thin slit formed with two knife edges to

detect the reflected laser beam. The spot size of the laser beam was larger than the thin
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Figure 4.5.: The vibrations of the main chamber before and after the ceramic-bearing turbo
was replaced are plotted in (a) and (c). The vibrations were measured using
a photodiode and a laser beam reflected off a chamber window, as described in
the main text. The magnetic field before and after the top turbo was replaced
was measured by two QuSpin magnetometers, one placed closer to the top of the
chamber, and the other placed closer to the bottom, and are plotted in (b) and

(d).

slit, so we were able to detect vibrations by looking at the fluctuations in the detected
power. Figure 4.5(a) shows such a measurement — we see a strong oscillation at 278 Hz,
which we attribute to a mechanical resonance of the turbo pumps (we confirmed this by
spinning down the turbo pumps and the observing the disappearance of these oscilla-
tions). Furthermore, we found that the magnetic field measured by the magnetometers,
shown in Fig. 4.5(b), also oscillated at this same frequency, in phase with the vibrations
of the chamber. The stronger fluctuations seen in the magnetometer near the top of the
chamber indicated that the culprit was likely to be the turbo pump attached to the top
of the machine. The turbo pump at the top had greased ceramic bearings, whereas the
turbo pumps at the bottom (attached to the source chamber) had magnetically-levitated
bearings. This led us to replace the former with a magnetic-bearing turbo, which reduced

the vibrations and the magnetic noise immediately, as shown in Fig. 4.5(c)-(d).
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Figure 4.6.: (a) Top-of-fringe asymmetry measurements before (in blue) and after (in gold) the
replacement of the ceramic-bearing turbo. (b) Same as (a) but showing side-of-
fringe asymmetry measurements instead.

The effect of magnetic noise can be clearly seen in Fig. 4.6, where the top-of-fringe and
side-of-fringe measurements of the asymmetry are plotted in (a) and (b), respectively.
The blue histograms show asymmetry measurements before the replacement of the turbo,
and the gold histograms show the measurements after the replacement. Before the turbo
was replaced, the large spread of asymmetry values in the side-of-fringe measurements,
but not in the top-of-fringe measurements, indicates phase noise caused by the magnetic
field fluctuations. After the turbo was replaced, both types of asymmetry measurements
show o4 =~ 0.005.

4.3.2. Slow magnetic field noise

In Fig. 4.6, after we had replaced the turbo pump, we see that the side-of-fringe and
top-of-fringe measurements of the asymmetry give similar levels of uncertainty. We find
that this is about twice as large as the expected shot-noise level, but the excess noise is
not dominated by phase noise. From the measurements of the excess noise due to the
PMTs, background scatter and laser frequency, we find that we expect to be at 1.7 times

the shot-noise limit, which is close to our observations.
Although this is true for the asymmetry measurements, it may not be true when we

run the full experiment with blocks, as described in Section 3.7.2. We usually only

take 40s of asymmetry data to determine their noise, whereas the eEDM values are
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determined from block-to-block, where each block takes about six minutes to complete.
Thus, the eEDM measurement is much more sensitive to slow magnetic field noise than
the asymmetry measurements. We discuss this in Section 4.5.3 when looking at the
sensitivity of the full experiment. However, before that, I will point out a useful method

that we have used to identify localised sources of magnetic field inside the machine.

4.3.3. Molecules as magnetic field probes

While searching for magnetic noise sources, we realised that the YbF molecules could
also act as magnetic field probes of localised regions in the machine. This could be done
because the interferometer region is defined by the times of the two rf pulses, and so
we can run experiments where the interferometer region is a short portion of the main
chamber, as long as it is within the length of the rf transmission line. Thus, we are
able to probe the average magnetic field within such short regions, in effect producing
a map of the magnetic field along the length of the interferometer. Similar maps of the
electric field uniformity and rf polarisation and amplitude standing wave pattern have
been previously demonstrated in our experiment [116], and these also make use of the

fact that we can apply these rf pulses anywhere within the interferometer region.

The magnetic field mapping is illustrated in Fig. 4.7. A total of eight overlapping inter-
ferometers, each of duration 220 s corresponding to a distance of approximately 13 cm
in the machine, were used to construct the magnetic field maps. For each interfer-
ometer, we scan the magnetic field to obtain interference curves, from which we can
determine the background field by the phase offset. Since this phase is proportional to
the average background magnetic field of the interferometer region, we obtain a moving
average of the magnetic field in the entire chamber in this way?. Furthermore, within
each interferometer measurement, we can time-bin the molecules arriving at the detec-
tor and separate them into groups of different velocities. Since the different velocity
groups of molecules sample slightly different regions of the interferometer, this allows us
to increase the resolution of the field map (although it should be noted that it is still a

moving average of the field that is measured).

2More precisely, it is the magnetic field along the z-direction that we measure.
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Figure 4.7.: Illustration of the approximate positions of the short interferometer regions, la-
belled 1 to 8, that we use to map out the magnetic field.
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Figure 4.8.: Magnetic field maps of the full interferometer region, where we have labelled the

groups of data by the corresponding interferometer as shown in Fig. 4.7. The
phase was determined by fitting to the asymmetry interference curve obtained for
each point. (a) A magnetic component present in the center of the machine gives

rise to a m/2 phase shift. (b) The field map after the magnetic component was
removed, showing no large phase shifts.

The magnetic field map can then be used to search for magnetic components inside the
inner magnetic shield. We typically use this method to check for magnetic components
after every rebuild of the machine. One example of this is shown in Fig. 4.8, where in
(a) we found that the phase of the interferometer changed by almost 7/2 in the center
of the machine. This helped us to identify a highly magnetic piece of a drill bit that was
embedded in a non-magnetic screw that we used inside the machine. All the screws are
vacuum-relieved by drilling through their centers and a shard of a drill bit must have

lodged in this screw during this process. When this was later removed, we obtained the
graph shown in (b) of the same figure.
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Figure 4.9.: Asymmetry as a function of molecule speed, where we detect population in F' =
0 first, then F' = 1 (blue open circles), and the other way round (green open
diamonds).

4.4. Molecule source fluctuations

The final source of noise that we considered was fluctuations of the molecule source. At
first glance, the asymmetry as defined in Eq. (2.19) should be insensitive to any fluctu-
ations in the number of molecules, N,,,. However, various imperfections such as those
described in Section 3.5.5 can vary depending on the forward speed of the molecules,
which can in turn cause the asymmetry to vary across a single molecular beam pulse.
We will first show measurements of this asymmetry variation, before discussing our in-
vestigation of how source fluctuations could combine with this and lead to asymmetry

noise.

4.4.1. Asymmetry variation with molecule speed

We can quantify the asymmetry variation with molecule speed by binning the detector
signals by arrival time. Each time bin corresponds to a narrow group of molecule speeds.
Figure 4.9 shows the result of applying this procedure to side-of-fringe asymmetry mea-
surements, where the time bins were chosen to be 10 us-wide. We show measurements
where F' = 0 population is detected in the lower detector and F' = 1 detected in the up-

per detector in blue, and measurements where the detection order is reversed in green.
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4.4. Molecule source fluctuations

We can expand Eq. (3.8) around ¢ = 7/4 to obtain, for the case where we detect F' = 0

molecules first,

Al = Z +6¢) ~ (AC — Aat é%) - (2(2 + é%) 56. (4.2)

Similarly, for the case where we detect F' = 1 molecules first, the asymmetry is

Ao = % +0¢) &~ (AC —Ag — é%) + (2(3 + é%) 9. (4.3)
All the parameters in Eqs. (4.2) and (4.3), including the phase deviation d¢, have a
dependence on molecule speed as shown in Fig. 4.10. The parameter variations were
measured by scanning the magnetic field to obtain interference curves similar to those
shown in Fig. 3.19. We time-bin the detector signals in the same way as above and
for each bin, we obtain an interference curve which we fit to Eq. (3.8) to obtain the

parameters.

There are three main reasons for the parameter variations we measure. First, the rf
transmission line is not perfect due to an impedance mismatch between the transmission
line plates and the semi-rigid coaxial cables that deliver the rf to the plates, causing a
standing wave of rf amplitude across the transmission line. Thus, when the m-pulses of rf
are applied to the molecules, the w-pulse condition cannot be simultaneously satisfied for
all the molecules since their position along the transmission line is different for different
speeds. Second, the electric field is also not completely uniform across the length of the
field plates. Molecules at different positions therefore have slightly different hyperfine
Stark shifts, which cause the rf detuning to vary across the molecular pulse. These
two effects combine to cause a variation in the contrast C and constant term A, with
molecule speed, shown in Fig. 4.10(a) and Fig. 4.10(c). The Ramsey component Ag,
shown in Fig. 4.10(d), can also vary with molecule speed as a result of rf imperfections,
although this is less important for the full experiment as we average this term to zero.
Third, magnetic field gradients along the length of the interferometer cause molecules
of different speeds to sample different magnetic fields in the interferometer, resulting in

a variation in the phase of the interferometer as shown in Fig. 4.10(b).

The frequency-doubled term A4 does not vary much compared to the other terms. Since

Aq depends on f, and fier, (see Eq. (3.8)), this suggests that the imperfections related to
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Figure 4.10.: Various parameters, defined in Eq. (3.8), that contribute to the asymmetry, as a
function of molecule speed. The data in blue corresponds to the case where we
detect population in F' = 0 first, then F' = 1, and the data in green corresponds
to the reversed detection order. (a) Contrast (b) Phase offset from ¢ = /4
(c) Constant term A. (d) Ramsey term Ag (e) Frequency-doubled term A4 (f)
Calculated variation in asymmetry from the parameters according to Egs. (4.2)
and (4.3).

the detection efficiency and leftover population do not vary much with molecule speed.
This might be expected since these are imperfections in the detector rather than the
interferometer, and all molecules regardless of speed should be detected in the same way
apart from differences in interaction time with the probe lasers. The latter should be a
small effect as we are driving the transitions near saturation. Finally, the variation in

asymmetry can be calculated from the parameter variations using Eqgs. (4.2) and (4.3),
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4.4. Molecule source fluctuations

which is shown in Fig. 4.10(f). We see that this agrees with the measured asymmetry

variation in Fig. 4.9.

4.4.2. Fluctuations in the speed distribution of the molecule

beam

We now discuss how asymmetry variations can combine with fluctuations in the forward
speed distribution of the molecule beam, Ny(v), to produce excess noise. We first

consider the asymmetry as a function of molecule speed, i.e.

_se(v) —su(v)  se(v) — su(v)
A = S T 5@~ Do) (44

where the dependences of s, and s, on the speed v are made explicit, and we assume the
detection efficiency e is the same for all v, such that s;(v) + s, (v) = €Npor(v). Typically,

we integrate the asymmetry over a range of molecule speeds (vy, v5):

se(v)dv — [ sy (v)dv

fvl se(v)dv + f su(v)dv
P el0) — su(0)] o

Jo? [se(v) + sy (v)] dv
o Naai(v) A(v)dv
S5l Nmot(v)dv

A_

(4.5)

where in the last line we have used Eq. (4.4). The final asymmetry is effectively a
weighted average of the asymmetries at different speeds, where the weights are given by
the number of molecules at that speed. Writing the total number of molecules within
the integration gates as Ny = [;7 Nioi(v)dv, we can show that the fluctuations in A are
given by

oh=Vi+Va+ Vs (4.6)
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Figure 4.11.: Plots showing the expected shot noise limit (dashed line), “pure” asymmetry
noise term /V; (dot-dash line) and the total asymmetry noise o4 (solid line) as
a function of gate width vy — v;. All the integration gates are centred on the
mean velocity of the molecular pulses, which was 610ms~! for this dataset. (a)
Detecting F' = 0 first, then F' = 1. (b) Detecting F' = 1 first, then F' = 0.

where
Vi = ]\},2/ dv/ dv’ Ninot (V) N1 (v') Cov[A(v), A(v')]
Vs = N2 / dv / dv'[A(v) — AJJAW) — A Cov[Nunoi(v), Nonor(v)]

V=1 / [ av / v’ Nopor (0)[A(W) — A] Cov[A(), Nt (v')].

The term V; is the contribution to the noise when there are no shot-to-shot fluctuations
in Nyo1(v), which can be viewed as noise coming purely from fluctuations in the asym-
metry. The term V5 is the noise due to the shot-to-shot fluctuations in Ny, (v) which
encompasses both fluctuations in the absolute number of molecules and changes in the
distribution (i.e. the relative number of molecules at different velocities v). The term
V3 contains the covariance between the asymmetry and molecular beam fluctuations. If
the asymmetry was independent of the molecule speed, then V, and V3 vanish (since

A(v) = A) and the noise becomes independent of source fluctuations.

The total noise o 4 and its “pure” asymmetry contribution 1/V; are plotted as functions of
integration gate width vy —v; in Fig. 4.11, where the gates are centred on 610 ms™! (the
average centre velocity of the molecular beam pulses). I have also plotted the expected
shot noise (see Eq. (2.36)) for comparison. We find that the molecular beam fluctuations

contribute very little to the asymmetry noise, although it does seem that they become
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4.5. Sensitivity of the full experiment

more important as we integrate over wider gates. The latter can be understood by
observing that A4 (v) — A becomes larger towards the wings of the molecular beam pulse,

as shown in Fig. 4.9.

4.5. Sensitivity of the full experiment

In the previous sections, we have demonstrated a reduction in the noise down to twice
the shot-noise limit in the asymmetry measurements. This noise is likely to be amplitude
noise since both side-of-fringe and top-of-fringe measurements show no noticeable differ-
ence in the noise. Noise from the PMTs, laser scatter background and laser frequency
fluctuations have accounted for most of this excess noise. At this point, we decided to
proceed with measuring the sensitivity of the full experiment by taking blocks of data

as described in Section 3.7.2.

4.5.1. Analysis methods

From each block, we obtain an arrival-time-dependent EDM channel, {E - B} /{¢B}, from
which we can obtain the eEDM, d., according to Eq. (2.26). The PMTs are sampled
with a resolution of 10 ps, so each point in this channel corresponds to an effective time
bin of the same length. We label the EDM at each time bin as d,(t;), where {t;} are the
(discrete) arrival times. We switch the values of nine parameters, as listed in Table 3.8,
over the course of a block. Since a block contains 4096 shots, and there are only 2% = 512
unique machine states, we are able to obtain eight values for each channel in the block.
The final channel value is an average over these eight values, from which we can also

estimate a standard error for the channel.

There are two averaging procedures to be carried out in order to obtain an estimate of
the eEDM, d., as well as its associated lo-uncertainty, o, , over a dataset of NV}, blocks.
The first involves estimating the mean across different time bins, and the second involves
estimating the mean over different blocks. The two are different because the the first

procedure needs to take into account the potential correlations between data over the
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4. Noise and sensitivity

different arrival times. For example, each molecule spends, on average, 20 is interacting
with the probe lasers in each detection region, which suggests that the data must be
correlated on at least that timescale. The second averaging procedure, over different
blocks, can be carried out assuming that the data points are independent of each other.
These averaging procedures can be carried out in either order, but before discussing
these, I will first review some of the statistics we need to deal with potential correlations
in the data.

Estimating the mean from correlated data

The following discussion is based on [117]. Let {z;},i =1,...,n be a set of n observa-
tions with correlations described by a covariance matrix C. An efficient and unbiased

estimator® of the mean, T, is obtained by minimising the x2-function [117],

n

x> =Y (z —7)(x; —T)Cy, (4.7)
ij=1

with respect to T. However, the covariance matrix is often unknown or difficult to
estimate. If the variances of the individual data points, o?, are known, we can instead
estimate the mean by taking a weighted average, where the weights are the reciprocals
of the variances:

T = zn:wixi w; = 71/(7’2 : (4.8)

i=1 ’ ?:1(1/ UJQ‘)

If the data were uncorrelated, then the covariance matrix is simply diagonal, C;; = 4,507,
and Eq. (4.8) is equivalent to minimising the y? of Eq. (4.7). For correlated data,
Eq. (4.8) is still an unbiased estimator but is no longer efficient. One can show using

simple error propagation rules that the standard error of this estimate is

(4.9)

We note that for uncorrelated data, this reduces to the familiar form g, = (327 %)‘%.

3An efficient estimator is one that minimises the deviation of the estimate from the true value, whereas
an unbiased estimator has an expectation value equal to the true value.
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4.5. Sensitivity of the full experiment

The reduced chi-squared statistic, x? = x?/v, is often used to assess how well a certain
model fits the data. Here, v is the number of degrees of freedom. In our case of estimating
the mean, there is only one fitted parameter, so v = n — 1. If we assume uncorrelated

data to be our “model”; then

1 & (2 — 1)
2 i
= ) 4.10

=1

A value of x? = 1 indicates that the model and error estimates o7 fit the data well.
If x2 > 1, then the errors are either underestimated, or there are negative correlations
between the data points. Conservatively, we can assume the former, which leads us

to increase our error estimates o? — o7

x2. This also has the effect of increasing the
weighted error estimate of Eq. (4.9) by x,. Conversely, if we have x? < 1, then the errors
are either overestimated, or there are positive correlations within the dataset. In this
case, if it is likely that correlations are present, we can estimate them by assuming an

ansatz for the covariance matrix of the form [117]:
Cij - 5ij0i2 + fcorraiaja (411)

where we have introduced a constant correlation between the different data points, feop.
We then solve x?(feore) = 1 (with the definition of x? in Eq. (4.7)) to obtain an estimate
for feorr, from which we can make a revised estimate of the weighted mean error using
Eq. (4.9).

Averaging procedures

We now return to the issue of obtaining an eEDM estimate from the data. There are
two broad methods. (1) We average across the time bins first, obtaining an estimate
d. j for the j™ block, and then estimate the mean across the N, blocks. (2) We find the

mean for each time bin over all the blocks, obtaining an estimate d.(¢;) for each time

bin, and then average over the time bins.
The first method is more straightforward and I call this Method 1. In the j*® block, we

have eEDM data {d. ;(t;)} which could be correlated with each other. The covariance

matrix cannot be estimated with any confidence since each d. ;(¢;) is obtained only from
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eight independent measurements. However, the errors associated with each of the time-
binned data allow us to use the weighted mean (Eq. (4.8)) to obtain an estimate d, ;.
Next, we can make an estimate of d, across all the blocks and its standard error by using
the bootstrapped 10% trimmed mean [118]. The trimmed mean is used because it is more
robust to outliers, and bootstrapping is a random resampling technique used to easily
obtain standard errors for parameter estimates even for non-normal distributions [118].
We generate a bootstrap set by drawing randomly from the N, values of E we already
have, allowing for the possibility of drawing the same value more than once. We estimate
the 10% trimmed mean from this bootstrap set, obtaining a bootstrap estimate of the
mean. By repeating this procedure many times (typically 5000 — 10000 repetitions), we
build up a distribution for the estimate of the mean. The standard deviation of these

bootstrap estimates is the standard error of the trimmed mean of the eEDM.

The second method involves averaging over the different blocks first in order to obtain

estimates for the mean in each time bin, d.(¢;). This first step, where we average over
the blocks, is carried out using the bootstrapped 10% trimmed mean exactly as it was
done in Method I, but for each time bin separately. After this, we combine the time-bin
means in one of two ways. The first, which I call Method Il(a), is the weighted mean of
Eq. (4.8). As we will see later in the results section, the naive error estimate Eq. (4.9)
tends to give x? < 1, indicating that positive correlations exist between the different time
bins. This can be addressed using the method of parameterising a correlation matrix
with feorr, as discussed in the preceding section, which will give us a better estimate of

the standard error on our estimate of d,.

The second way to combine {d.(t;)} is to extend the bootstrap method of the first step,
which I call Method II(b). After we generate the bootstrap set, we estimate not just
the trimmed mean for the individual time bins, but also the sample covariance matrix,

defined as

1 B

C(ti, te) = N1 ;(de,j(ti) = de(t:))(de 3 (r) = de(tr))- (4.12)

We can then obtain a bootstrap estimate of the mean of d. by minimising the y? of
Eq. (4.7), using the trimmed means for each time bin as the data points {z;} and
C'(t;,tx) as the covariance matrix. This can again be repeated many times to obtain
a set of bootstrap estimates, from which we can determine the standard error of the

mean.
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4.5. Sensitivity of the full experiment

Data cuts

We also apply cuts to remove blocks that have a poor signal-to-noise ratio or particularly
unstable source flux. First, I apply a “signal cut” which removes all blocks which has
a total molecular signal (by adding up the signals from both detectors) of fewer than
5 x 10* photons. The second cut is a “contrast cut”, where I remove blocks which have
a measured contrast of less than 0.4. For both these cuts, I have varied the thresholds

and checked that the mean and error estimates for d, are consistent.

4.5.2. Results

We obtained three clusters of data, taken between October 2019 and March 2020. A
summary of their results is presented in Table 4.1. The first thing to address is the
number of blocks omitted from analysis due to the data cuts discussed earlier. The first
cluster was taken with “normal” running conditions where the source was in a good
condition and the signal was therefore consistently high, resulting in a low number of
blocks cut from the final analysis. In contrast, the second and third clusters have poorer
molecular signal and so there were a relatively larger number of blocks cut from the final
analysis. The reason for this is because after the first cluster of data taken, when we
next took data we saw a shift in the value for d.. As all that had changed was replacing
a faulty component in the electronics required for the preparation of the rf pulses, we
naturally suspected that the rf had a role to play in this systematic effect. The second
and third clusters were taken with different rf manual states, and indeed we see that the
value of d. depends on the rf manual state. However, when we were carrying out this
investigation, we were not too concerned with the source condition, thus resulting in a
poorer signal overall. This should not be a problem for the actual experiment as the

source can be cleaned and optimised following the procedures laid out in Section 3.2.

The systematic effect was investigated thoroughly and we found that there was a small
leakage current on the rf plates due to rf multipactor discharge, as was first reported by
Devlin [85]. This leakage current can result in magnetic fields which can generate a false
EDM. As the required rf pulse amplitudes are different in the two rf manual states, due

to the slightly different standing wave that forms when the rf direction is reversed, and
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Table 4.1.: Comparison of estimates of the mean and standard error for d. for three separate
clusters, using three different averaging methods. NV}, refers to the total number of
analysed blocks, excluding the blocks that had been cut from the analysis.

Cluster Ny, # blocks cut  Method — x? d.t PRV SRV N
I 1.2 —-11+0.5 7.9
240c¢t1902 293 26 I1(a) 041 —-09+0.6 9.9 2.5

I(b) 017 —-074+05 8.1

I 093 43+14 15
24Feb2004 111 35 [I(a) 063 42+1.3 13 3.2
II(b) 047" 45+1.5 16

I 096 —83+06 6.6
(a) 072 —-834+08 7.7 3.1
(b) 036" —834+06 6.5

02Mar2010 103 53 IT

" x? averaged over all bootstrap sets. T In units of 1072 ¢ cm.

Yy = Ca[FeFya.

since the level of multipactor discharge is sensitive to the rf power, it is consistent with
the fact that the value of d. changes with rf manual state. As we did not see this effect
in the first cluster of data, we can only hypothesise that something degraded within the
machine which now causes the discharge. We are currently attempting to locate and

minimise the source of this discharge.

[ analysed these clusters using the averaging methods described above. The x? for
Method I was consistently close to 1, which confirms that the assumption that data from
different blocks are independent. Nevertheless, the standard error estimate obtained
from the bootstrapping process was multiplied by \/X? in order to obtain our estimate
for o4,. For Method II(a), we see that the x? (for the weighted mean error estimate)
ranges from 0.4 to 0.7 for the three clusters, and since we know that the data from
different time bins could be correlated, it is likely that this is the reason for y? < 1.
We therefore carry out the procedure to produce a new error estimate as described in
Section 4.5.1. In Method II(b), where we minimise x? using an estimated covariance
matrix for each bootstrap set, the x? shown in Table 4.1 is the average from all the
bootstrap sets. The low values for this across all three clusters is indicative of the
high degree of correlation between the time-bins in the data; nevertheless I still have
confidence that the final error estimate is a good one as it is determined by the spread

of bootstrap means.
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Figure 4.12.: The eEDM as a function of arrival time for the three clusters listed in Table 4.1.
Blue circles: 240c¢t1902. Green diamonds: 24Feb2004. Gold crosses: 02Mar2010.
The second cluster shows a large increase in the eEDM at earlier arrival times
(which corresponds to faster molecules). Note that systematic effects were being
investigated in the green and gold datasets.

The results show that the estimates for the mean and error for d, are consistent for all
three methods used. The mean value does change significantly across clusters, but this
is in part due to systematic tests that we were carrying out for the latter two clusters,
so there is no significance to these changes. In order to better compare the experimental
sensitivity for different clusters, we multiply the error estimate o4, by /N, to obtain
an eEDM sensitivity per block of data. We can compare these to the shot-noise-limited
sensitivities, &4, , calculated from Eq. (2.37) and including the excess noise factors due to
the PMTs and laser scatter background described earlier in this chapter. We see that,

at best, our experimental sensitivity is twice the shot-noise-limited sensitivity.

The first cluster analysed (240c¢t1902) was the dataset used in a recent publication which
stated that for 212 blocks analysed, the eEDM sensitivity was o4, = 1.8 x 10728 ¢ cm [71].
This corresponds to a per-block statistical sensitivity of o4 v/Ny, = 2.6 x 107" ¢ cm,
which is smaller than the quoted per-block sensitivity in Table 4.1. This is because we
had used Method II(a) in the data analysis for that paper, but without accounting for
correlations and had therefore under-reported the error estimates. The second cluster
analysed (24Feb2004) has worse sensitivity per block than the other two clusters, and

we attribute this to an as-yet unresolved systematic effect which caused the value of
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d. to vary across the time-of-flight profile of the molecular beam pulse, as shown in
Fig. 4.12 (green diamonds). The other two clusters (blue circles and gold crosses) show
significantly less variation across the time bins. The remaining noise seen in the two

“quieter” clusters is suspected to be magnetic noise.

4.5.3. Magnetic noise at block timescales

Previously, we had determined that any excess noise above the shot-noise for the asym-
metry measurements was likely to be amplitude noise since both side-of-fringe and top-
of-fringe measurements show no noticeable difference in the noise. However, these asym-
metry measurements were taken over 40 s of integration time, whereas EDM data is taken
over blocks that are six minutes long, which makes the latter more susceptible to low-
frequency magnetic noise. Moreover, as seen in Fig. 3.22, the magnetic noise in the

machine shows a strong 1/f behaviour below 1 Hz.

The E switch waveform does remove some of the noise. Taking Eq. (2.23) and adding a

magnetic noise term /3, the asymmetry measured in the i** shot of a block is
Ai = 2C[(0B)i¢sp + EiBidr + Bigpl , (4.13)

where E;, B; and (0B); are the switch states in the i*" shot, and ¢, = gupBiT/h is the
the i*" realisation of the phase noise due to 3. The eEDM channel is then given by

{E-B} XN EBA
{0B} & XL (0B)iA;
_¢et ~ Y Eidg,
Pon (4.14)

o35 1 1
= —+ 55— 2 Eb
PsB B&BNZ; 2

_ ¢7E + ﬁblock7
o5 DBsi

where N = 4096 is the total number of shots in a block and Sy is the error term due
to B. The error term averages to zero over many blocks if the noise is random, but its

variance a?j’block = B2, 18 non-zero. By defining the discrete Fourier transform (DFT)

114



4.5. Sensitivity of the full experiment

of B as
1 X e
(F[B)r = N > BTt (4.15)
j=1
we can show that the agblock can be written as [114]
2 1 & 2| -1 2
T5tock = 37z 2| (FIBDRFI(F T ED [, (4.16)
k=1

where F~1[E] is the inverse DFT of the switching waveform E. Thus, we find that the
contribution of magnetic (phase) noise at some frequency is proportional to the Fourier
component of the E waveform at that frequency. The E waveform is deliberately set to be
slow because of hardware constraints; its largest Fourier components are between 0.01
and 0.1 Hz. Using Eq. (4.16) together with the known E waveform and magnetic noise
spectrum of the main machine as measured by the magnetometers, we can calculate
OB block- We can also estimate the equivalent uncertainty in d. arising from the magnetic

field noise, given by
G BO B block (4 17)

(o) =
de,f3,block 'r]Eeff
The results are summarised in Table 4.2. Here, we also give the result of the measurement

made inside the test shield where the magnetic field noise is at least ten times smaller.

We have also measured o3 piock directly by measuring “magnetic field blocks” where we
carry out the experiment with the magnetometers operating, but without any molecules
or changes in the applied field (effectively disabling the switches® B and 6B). For each
block, the channel associated with switching the electric field direction, {E}quspin, for
each of the magnetometers gives (pocc for the block. The standard deviation of these
channel values over a cluster of such blocks then gives o4 piock. The results from a cluster
of magnetic field blocks, consisting of N, = 133 blocks, is shown in Table 4.2. The
measured values for o pock agrees with the calculated values from offline measurements
to within a factor of two. The equivalent magnetic noise in EDM units is also comparable
to the measured eEDM sensitivities in Table 4.1, which leads us to believe that the excess

noise we see in the EDM measurements is most likely due to magnetic field noise.

4We do this because the dynamic range of the QuSpin magnetometers is fairly small, on the order of
the magnetic field step applied by 0B, so running the blocks with the magnetic field being stepped
by B and 0B would make the magnetometer measurements unrealiable.
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Table 4.2.: Magnetic field noise that our measurement of d. is sensitive to, averaged over a
block. We compare noise calculated from the measured magnetic field spectra shown
in Fig. 3.22, to noise measured directly using magnetic field blocks, as described in
the main text. We note that QuSpin 1 had operational issues at the time of taking
magnetic field block data, and that the magnetometer used in the test shield was
changed, but this did not affect the measurement result (as the noise is well above
the noise floor of the magnetometers).

Calculated” Measured’

Sensor g plock(PT)  Ta. sblock(1072 e cm) 05 p10ek(PT)  0d, g p10ck (10727 € cm)

QuSpin 1 2.9 12 - -

QuSpin 2 1.6 6.4 1.4 5.4
QuSpin 3 2.7 11 3.9 16
QuSpin 4 2.6 10 1.7 6.8
QuSpin 5 0.9 3.7 1.7 6.9
Test shield* 0.14 0.58 0.09 0.37

" Calculated from Eq. (4.16) with F[3] measured offline.

T Measured with magnetic field blocks.

Y QuSpin 2 used for calculated noise, whereas a second-generation QuSpin was used
for the measured noise.

4.6. Summary

This chapter has focused primarily on identifying and minimising sources of noise in the
experiment. First, I calculated excess noise factors due to secondary electron emission
in the PMTs and laser scatter background. Next, I have described how we identified and
reduced noise due to the beam pointing of the probe lasers and fluctuations in the laser
frequency, and that there remains a small amount of excess noise from the latter. I have
then shown how we can use the magnetometers and molecules themselves to identify
sources of magnetic noise, which turned out to be primarily due to vibrations of the
turbo pumps. With all these, we have managed to reduce the asymmetry noise to twice

the shot-noise limit.

Next, I explained how we determined our sensitivity to the eEDM of the full experiment
by introducing different averaging techniques we can use for our data. I have shown

that the final sensitivity is independent of the chosen analysis method. The most recent
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cluster data obtained gives us an eEDM uncertainty per block of

6.6 x 1072 ¢ cm

e \/Wb 3

which is just over twice the shot-noise limit for the cluster, given by

04

3.1 x 1072 ¢ cm

f* - )
" VN

4.6. Summary

(4.18)

(4.19)

which includes the excess noise factors, i.e. £ = 4.1/ FelFpa. I have also shown how the

noise above this limit is most likely due to slow magnetic noise, which are not picked up

by the asymmetry measurements because the latter were carried out on a much faster

timescale than the block measurements.

To conclude, we expect to take about N, = 200 blocks in a day, which gives us a per-day

eEDM sensitivity of
4.7 %x 107 e cm

(4.20)

We expect to be able to take Ngays = 100 days worth of data, which would give us a

final statistical sensitivity on the order of o4, ~ 5 x 107* ¢ cm.

117






5. Conclusions and outlook

This thesis describes an eEDM experiment with YbF molecules with a much-improved
statistical sensitivity over its predecessor. In this final chapter, I review the main im-
provements made to the experiment. I then present an outlook for an eEDM measure-
ment using YbF molecules at this level of precision and discuss its impact. Finally, I
discuss potential improvements that can be made for a next-generation eEDM experi-

ment using laser-cooled YbF molecules.

5.1. Summary of improvements

The improvements to the statistical sensitivity of the experiment have been achieved
by increasing the number of useful molecules using a new state preparation scheme
and improving the detection efficiency of these molecules by using an optical cycling
transition for detection. These were first proposed in [85] and the initial implementation
of these methods was first carried out in [86]. The state preparation scheme optically
pumps molecules from the lowest three rotational states in the ground electronic and
vibrational manifold into the absolute ground state of YbF, (N, F) = (0,0), which is
the initial state of the experiment. In doing so, we increase the population in that state
by a factor of 11.8. The previous method of state preparation only had one laser tuned
to the F' =1 component of Q(0), and that yielded an increase in the F' = 0 population
by a factor of 1.9.

The state detection method has been changed from detecting F' = 0 population directly

using the Q(0) transition to detecting both F' = 0 and F' = 1 populations by coupling
them to the N = 1 hyperfine levels and using the P(1) transition for detection. The
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5. Conclusions and outlook

P(1) transition is rotationally-closed so molecules scatter photons until they decay to a
higher-lying vibrational state. Since the branching ratio for that decay is 0.072, each
molecule can scatter an average of 13.9 photons. This is an order of magnitude higher
than the Q(0) detection method which scattered 1.2 photons per molecule on average.
The new detection method also allows us to detect both F' = 0 and F' = 1 populations,

thus doubling the number of molecules we detect.

A number of techniques were used to improve the detection efficiency and contrast of the
interferometer. First, the polarisation of the probe lasers was modulated in two ways:
by using an electro-optic modulator to directly modulate the polarisation of the lasers,
and by counter-propagating the probe lasers to set up polarisation gradients along the
beam direction. This was done to destabilise dark states that can form in the ground
state manifold. This also reduces the amount of population left over in the N = 1
levels as the molecules move from the lower to upper detector; this leftover population
causes detection crosstalk as leftover molecules from the lower F' = 0 detector will be
detected in the upper F' = 1 detector. Second, a clean-up beam was introduced to the
state preparation region to clear out any population from states in other isotopologues
of YbF that was found to contribute to the background in the detectors. Third, the laser
and microwave powers in the detectors were optimised to minimise off-resonant driving
of the F' = 1 state when detecting F' = 0 population, and vice versa. We find that after
applying these methods, we detect up to 11.9 photons per molecule on average, which is
limited by the amount of interaction time between the molecules and probe lasers. We
also find that the contrast is maximised at C = 0.6, where the main limitation comes from
leftover population (again, limited by interaction time in the detector) and incomplete
pumping out of the N = 1 levels during state preparation, which also contributes to

detection background.

The technical noise of the experiment was then characterised and minimised. The excess
noise factor due to secondary electron emission in the PMTs was measured to be F, = 1.5
which increases the detection noise by v/F. = 1.2. The laser scatter in the experiment
was reduced by installing optical baffles in the probe laser ports and blackening the
interior surfaces of the detection chamber. The residual scatter only contributes an
increase in noise of \/Fyg 4 = 1.1. Probe laser frequency noise is expected to inflate
the shot-noise uncertainty by a factor of 1.3, limited by the frequency stability of our

laser lock. We can improve the performance of the laser lock to 0.2 MHz, which is the
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5.2. Statistical sensitivity

measured linewidth of our reference laser, by switching to an analog implementation
of transfer cavity lock. Other sources of noise related to the probe lasers, such as
beam pointing and power, were reduced and measured to be negligible at our level
of sensitivity. The magnetic field noise in the experiment was characterised by newly-
installed optical magnetometers from QuSpin. This allowed us to locate sources of noise,

such as vibrations due to turbo pumps, and remove them.

5.2. Statistical sensitivity

In 2011, the published measurement reported a 1o statistical uncertainty of 5.7 x 1072% ¢ cm
from N, = 6194 blocks of data [57]. This uncertainty was limited entirely by the shot-

noise [84]. This gave a per-block statistical uncertainty of

(2011) 4.5 x 10_26

& VN,

Several small improvements were made between 2011 and 2013, including an upgrade of

e cm. (5.1)

the rf transmission line, additional magnetic shielding and new high voltage supplies for
the electric field plates [84]. The measured statistical uncertainty after these upgrades
was 7.4 x 1072 ¢ cm from a dataset with N, = 1074, which translated to a per-block

sensitivity of
(2013) 2.4 % 10_26

7de VN

This was found to be 1.3 times the shot-noise limit, and the origin of excess noise had

e cm. (5.2)

not been determined [84].

In this thesis, I have demonstrated a per-block sensitivity of

(2020) 0.66 x 10726
o =

" VN,

I have also calculated the shot-noise limit, including excess noise due to the PMTs and

e cm. (5.3)

laser scatter background, to be

#(2020) 0.31 x 10726

&a, N e cm. (5.4)
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5. Conclusions and outlook

This shows that our experimental sensitivity is still 2.1 times the shot-noise limit, while
we expect to be at best 1.3 times above this limit due to laser frequency noise. From
auxiliary magnetic field block measurements using the QuSpin optical magnetometers,
as described in Section 4.5.3, we find that the magnetic field noise in equivalent EDM

units is
B 0.64 x 10726

BTN,

suggesting that our sensitivity is wholly limited by magnetic field noise. Using a set of

e cm, (5.5)

test shields with a higher shielding factor, we find that a QuSpin magnetometer measures

a magnetic field uncertainty (in EDM units) of

O_(test) o 0.037 x 10726
B = N,

This can be viewed as a lower bound to the magnetic field noise that can be measured in

e cm. (5.6)

the lab by the QuSpin magnetometer. Therefore, it is entirely possibly to reduce the ex-
perimental uncertainty for d. down to the shot-noise limit by improving the suppression

of magnetic field noise in the main chamber of the experiment.

5.3. Outlook I: a near-term measurement of the
eEDM

The shot-noise limit in Eq. (5.4) is a factor of 6.8 better than the experimental sensitivity
demonstrated in 2013, and a factor of 14.5 better than that of the published measurement
in 2011. We are able to take 200 blocks of data in a single day, and we plan to run the
experiment for 100 days to obtain a dataset of N}, = 2 x 10* blocks. Assuming we are

able to get to the shot-noise limit, the dataset will have a statistical sensitivity of
o4, (stat.) = 2.2 x 1072 ¢ cm. (5.7)

In order to make a measurement of d., we would need to be able to characterise system-
atic effects in the experiment at a precision better than that statistical uncertainty of
Eq. (5.7). Table 5.1 lists the known systematic effects in the eEDM experiment and their
current upper limits set by the 2011 and 2013 datasets. We are currently investigating
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5.3. Outlook I: a near-term measurement of the eEDM

Table 5.1.: Table of current and projected upper limits for systematic errors in the experiment.
There is currently no estimate for the systematic effect related to the high-voltage
(HV) supplies, and this effect is not included in the estimate for the total uncer-
tainty; see main text for a discussion.

. Current upper Projected upper
Systematic effect limit (1072 € cm) limit (1072 € cm)
HV supplies - -

Uncorrected E-asymmetry 6 0.8
Residual rfl detuning 6 0.8
E-correlated magnetic fields 2.06" 0.837
Voltage offset 0.63 0.63
rf rotation 0.84 0.84
Geometric phase 0.1 0.1
Motional magnetic field 0.005 0.005
Total 10.2 1.76

* The current limit is set by a combination of leakage current measurements and aux-
iliary offline shield magnetisation measurements [85].

T The projected limit is based on taking magnetic field blocks with the QuSpin mag-
netometers.

these systematic effects. The table also lists the projected upper limits for the current

experiment.

The first of these is an unknown systematic effect related to the high-voltage (HV)
supplies that generate the electric fields in the experiment [85]. As discussed in [85],
this systematic error was difficult to analyse previously because its size was close to the
statistical precision of the experiment. Now that the statistical precision is much better,

we can return to a study of this effect.

The second effect is a possible shift in the value of d. due to an asymmetry in the
magnitude of the electric field, 0 E, upon reversal of its direction. The limit was set in
2013 by intentionally running the experiment with E = £4.17V cm ™! and measuring a
gradient of (9d./0(6F)) = (2.1 £2.9) x 1072 ¢ cm/(V/cm) [84]. When combined with
a typical size of JE ~ 0.1V em ™! in the experiment?, this leads to the upper limit quoted
in Table 5.1. The third effect is a residual correlation of the detuning of the first rf pulse,

I§F is estimated using the Stark shift of the molecules at the positions where the two rf pulses are
applied, using the channels {E - RF1F} and {E - RF2F}, as described in Section 4.3.1 of [84].
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0rf1, with the value of d.. It was discovered during the 2011 measurement that there was
a phase correlated with the detuning of both rf pulses which, when accompanied by an
imperfect reversal of the electric field?, causes a systematic shift of d.. This was corrected
on a block-by-block basis as described in [62]. However, even after the corrections were
applied, it was found that when there was a voltage offset of the ground plane of the two
field plates of order V = 100V, there remained a residual linear correlation of d, with
only d,. Although such a correlation was not present at V' ~ 0, a possible systematic
shift was accounted for by multiplying the measured gradient dd./06,s at zero offset,
which was consistent with zero, with the average rfl detuning for the dataset [84], giving
the value in Table 5.1. For the second and third systematic effects, better measurements
of the null gradients would reduce the size of the upper limits, which can be achieved
with a better statistical sensitivity. I have therefore projected these upper limits to be

reduced by a factor of 6.8, reflecting the gain in statistical sensitivity since 2013.

The fourth systematic effect concerns magnetic fields that are correlated with E. Previ-
ously, the Bartington fluxgate magnetometers used were all external to the main vacuum
chamber and we could not directly measure the magnetic field that the molecules see.
Therefore, upper limits to the E-correlated magnetic field were obtained by modelling
the potential sources of such fields, such as leakage currents on the field plates and
magnetisation of the inner magnetic shield, and making measurements of these quanti-
ties [85]. However, we now have a much more direct probe of the magnetic field inside
the machine by using the QuSpin magnetometers. As described in Section 4.5.3, we can
determine the size of any E-correlated magnetic fields directly via the channel {E}quspin
when taking magnetic field blocks. We plan to interleave these with regular blocks dur-
ing data-taking. If we can get to the noise floor given by Eq. (5.6), and we take one
magnetic field block for every 10 blocks of regular data (giving us 2000 magnetic field
blocks), that will allow us to determine any E-correlated magnetic fields to a precision

of 8.3 x 1072 ¢ cm.

The last four effects are sufficiently small that we will not need to discuss them here;
they are described in [84]. In total, the systematic uncertainty is projected to be

1.76 x 1072 ¢ cm, which when combined with the shot-noise-limited statistical uncer-

2An imperfect E-reversal causes a different hyperfine Stark shift between the F' = 0 and F = 1 states,
leading to an E-dependent rf detuning.

124



5.3. Outlook I: a near-term measurement of the eEDM
3 ThO ' ThO
(a) = HfF* (H) s HF*
= 90% CL YbF (forecast)
2 90% CL (forecast)
N\
1
%
o
- 0
wn
(@)
-1
AN
_9 \ \
-3

-2 -1 0 1 2 3
de (10728 ¢ cm)

-2 -1 0 1 2 3
de (10728 € cm)

-3

Figure 5.1.: Constraint plots for d. and Cg. The sensitivities of each molecule to d. and
Cg are obtained from [22]. All bounds set by individual molecules are shown
at the 1o level. The red contour is the 90% confidence limit (CL) ellipse which
combines all the measurements from individual molecular systems shown. (a)
The 90% CL ellipse for the best measurements to date, which are the ThO and
HfF " experiments. (b) The forecasted 90% confidence limit ellipse if we make a
measurement with YbF molecules with an uncertainty given by Eq. (5.8).

tainty in Eq. (5.7), gives a total eEDM 1o uncertainty of

ghredicted — 9.8 x 107 ¢ cm. (5.8)

Recall from the discussion in Section 1.1.3 that there are two CP-violating terms that
contribute to the EDMs of paramagnetic atoms and molecules. The first is the electron
EDM, d., and the second is the CP-violating scalar electron-nucleon interaction given by
the parameter C's. A measurement in a single system cannot measure both quantities. It
is conventional to report the results of these measurements in terms of d, alone, assuming
Cs = 0. From measurements in two different systems, it becomes possible to constrain
both d. and Cg. Figure 5.1 shows the 90% confidence limit (CL) ellipse in the parameter
space spanned by d, and Cys obtained from the best current measurements, and shows
how this would be reduced by a measurement in YbF at the level of sensitivity given
in Eq. (5.8), assuming a central value of zero. The bounds in this plot, which are at
the 1o level, were calculated from the sensitivities of each molecular system to both d.

and Cyg given in [22]. We see that the projected YbF measurement would significantly
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5. Conclusions and outlook

improve the current constraints, reducing the 90% CL on d. and Cg by a factor of 3.2.
This would be a very worthwhile improvement to our current knowledge of CP-violating

quantities and interactions.

5.4. Outlook II: an eEDM experiment with

laser-cooled YbF molecules

A next-generation eEDM experiment is currently being designed and built in our group.
This experiment will use a cryogenic buffer-gas source of YbF, based on the design pre-
sented in [119], which has been shown to produce a molecular beam with an average
forward speed of 160 ms™! [80], a factor of 3.8 lower than the supersonic source we cur-
rently use for the eEDM experiment. Transverse laser cooling of YbF in one dimension
has recently been demonstrated [80], and the extension to two dimensions is currently
being tested. The eEDM experiment will then leverage the slower forward speed and
much more collimated nature of the molecular beam by extending the interaction re-
gion to a length of 3.4 m, thus increasing the coherence time from 0.8 ms in the current

experiment to 20 ms.

From the current experiment, we have learnt that the interaction time of the molecules
with the lasers in the detection region limits both the number of photons scattered and
contrast of the interferometer. The much slower beam in the new experiment will enable
sufficient interaction time to overcome this limitation. Furthermore, we know that the
incomplete pumping out of N = 1 molecules in the state preparation region is a large
contributor to the background in the detectors. Thus, a dedicated clean-up region after
the state preparation region is necessary to remove this population, which can be done
using a laser tuned to the R(1) transition. An isotopically-pure source of Yb is also
desirable as it would increase molecular yield and remove any background due to other

Yb isotopes.
With these upgrades, the new experiment is expected to probe the eEDM at the 1072 ¢ cm

to 1073 e cm level, providing a platform for probing new physics at energies of 30-300
TeV.
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A. An estimate of the enhancement

factor

In Section 1.2, the EDM energy shift in paramagnetic atoms due to the electron EDM

was given in Eq. (1.6) as

AP = —24, (o er - Eex |¢n>£§¢n‘ (El — B)X - Ein |¢0) —d. (¢o] (1= B)E Eext |0) -
220 0— Ln

(A.1)

We take the paramagnetic atom to be a hydrogen-like atom with nuclear charge 7.
The Bohr radius is then a = ag/Z, where aq is the Bohr radius for hydrogen. Then
(¢o| er - Eeyy |@n) ~ eaFEey and |Ey — E,| ~ €*/a. Writing the term with X - Ey,; out, we

get

(6a] (1= )5 - B 60) = (60l (8 o ) 60} (A2)

The operator only couples the small component of the wavefunctions, which are an
order ~ v/c smaller than the big components. The term can therefore be estimated as
~ Eiv?/c*. The internal field is just the Coloumb field from the nucleus (at the Bohr
radius): Fi ~ Ze/a?, and to estimate (v/c)? we can use the Bohr model where the
electron undergoes circular motion due to the Coloumb potential:

mev? Ze? , 7%
= MV

47'('60(10
2 2.2 2 2
v Z<e Mee e
() =

dmegmec? 4dmegh? 4dreghc

a 4depa?

(A.3)

c2
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A. An estimate of the enhancement factor

Similarly, the second term in Eq. (A.1) can be estimated as (¢o| (1 — £)2 - Eext |¢0) ~

7202 Eqy. We can now estimate the EDM energy shift in paramagnetic atoms to be

Z
AFuqm ~ =2d,0Fuq 22 220° — d,2°0* Fo ~ =24, Ee 7°0° = —dyomFext.  (A4)
es a

We have neglected the second term for heavy atoms, and the last equivalence shows the

enhancement factor to be of order R = datom/de ~ Z3a*.
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B. Calculation of excess noise due

to optical cycling detection

In this appendix, I calculate the excess noise factor due to optical cycling detection,
Fyes, following the methods given in [99]. This factor increases the uncertainty of the
asymmetry measurements above the simple shot-noise limit given by the photon counts,
i.e. for N detected photons this is 0% = Fye/N. Following Eq. (2.28), I discussed
how each molecule scatters ng. photons, where ng. is a random variable. Lasner and
DeMille [99] give a simple analysis of the distribution of ng arising from an optical
cycling process such as ours. In short, it is a combination of a Poissonian distribution
(arising from the randomness of spontaneous decay events) and a geometric distribution
(since each decay event has a probability b of causing the molecule to end up in a dark
state and therefore stop scattering photons). The mean and variance of ng. are given by

equations (6) and (7) of the aforementioned paper, and reproduced here:

1— e—brT
<nsc> = )
b (B.1)
N 1—b+e To(2brT — 2rT + 1) — e 2T
g =
Nsc b2 )

where r is the scattering rate and 7' is the interaction time of the molecules with the
probe lasers. The scattering rate is given by r = n.I', where I' = 27 x 5.7 MHz is the
excited state linewidth [96] and n, is the probability of occupying the excited state. An
expression for n, for this multi-level system can be found in [79, Appendix A], which I

reproduce here:
Ne

(Ng + Ne) + 2N92[sat/[tot,

(B.2)

Ne ™2

where N, and N, are the number of ground and excited state sublevels, respectively,

Ly = mhel'/(3)3) is the two-level saturation intensity of the transition, and Iy is the
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B. Calculation of excess noise due to optical cycling detection

total intensity of the probe beams. This assumes that each sideband is addressed by an

equal amount of laser intensity.

For the P(1) transition which we use to detect the molecules, we find that b = 0.072,
T =20ps, N, =12, N, = 4 and I, = 4015, Substituting these values into Eq. (B.1)
gives (ng) = 13.9 and o2 = 179. The excess detection factor is given, from Eq. (2.36),
by

2

1 o
For =1 11— —r + " | =1.15, B.3
d ' + 6( <nSC> + <nSC>2> ( )

where € = e.(ng.) and e. = 0.006 is the collection efficiency of our detectors. This

increases the shot-noise uncertainty of the experiment by /Fge = 1.07.
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