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ABSTRACT

Over the past decades, measurements of the electron electric dipole moment (eEDM, d,)
have emerged as a powerful probe of physics beyond the Standard Model. The current best
limit, |de| < 4.1x 10730 e-cm, set by the JILA EDM experiment, improves upon the previous
ACME II result by a factor of two. This thesis presents the progress and developments of the
ACME III experiment, which aims to further improve the sensitivity to de by an additional
order of magnitude. Such an improvement will enable probes of new physics at the 10 TeV
scale and beyond using a tabletop experiment.

To achieve this target sensitivity, several major upgrades have been implemented in
ACME III. These include engineering efforts to increase the molecular flux, extend the spin
precession time, and improve the readout efficiency. In parallel, new engineering controls have
been developed to mitigate known sources of systematic error. This thesis describes these
upgrades in detail and documents the progress made toward understanding and controlling

systematic effects.
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CHAPTER 1
INTRODUCTION

1.1 The Standard Model and its limitations

The Standard Model (SM) of particle physics is undoubtedly one of the most successful
theories in modern physics. From the prediction and observation of the Higgs boson [1, 2] to
the precise calculation and measurement of the electron anomalous magnetic dipole moment
[3, 4], the direct predictions of the Standard Model have so far survived all experimental
tests. However, there is plenty of indirect evidence indicating that the Standard Model
is not the ultimate theory of nature. The biggest mysteries can be briefly summarized as

follows:

1. Dark matter and dark energy: The SM contains no viable candidate to explain

the observed dark matter or dark energy in the universe [5].

2. Neutrino mass and flavor oscillation: Within the minimal SM, neutrinos are

massless, which is inconsistent with the observed neutrino flavor oscillations [6].

3. Matter—antimatter asymmetry: The SM contains CP-violating sources that are

too small to explain the observed matter-antimatter asymmetry in the universe [7-9).

4. Hierarchy problem: The SM lacks a natural explanation for the large separation

between the electroweak scale and the Planck scale [10].

5. Gravity: The SM does not include gravity [11].

These mysteries strongly suggest the existence of new physics beyond the Standard
Model (BSM). Due to the lack of direct evidence for BSM physics at high-energy colliders

such as the LHC, there are few guiding principles beyond mathematical consistency and



naturalness for theorists to construct BSM models. Among the existing elegant frameworks,
supersymmetry (SUSY) is perhaps the most well-known and extensively studied [12, 13].

SUSY introduces a symmetry that relates known fermions (bosons) to new bosonic
(fermionic) superpartners. As a consequence of this symmetry, the contributions of super-
partners can cancel large quantum corrections to the Higgs mass, thereby providing a natural
solution to the hierarchy problem. Furthermore, potentially stable superpartners can act as
Weakly Interacting Massive Particles (WIMPs) and explain the observed dark matter abun-
dance [14]. In addition, SUSY generically introduces new CP-violating phases, providing
additional sources of CP violation beyond the SM that may explain the matter-antimatter
asymmetry [15]. Lastly, SUSY arises naturally in string theory, which is a leading candidate
for a theory of quantum gravity [16].

The search for BSM physics such as SUSY was one of the main motivations for the
construction of the LHC, but no direct evidence has been found to date [17, 18]. This thesis
presents a BSM physics search effort complementary to high-energy collider experiments [19];
it is part of a broader class of non-collider experiments searching for new physics |20, 21].
More specifically, the ACME experiment searches for new CP-violating physics by probing
the electron electric dipole moment (eEDM or d¢) [22, 23].

The Standard model predicts a value of de that is many orders of magnitude below the
current experimental sensitivity [20, 23, 24]. Thus, any non-zero measurement of d, would
be a clear sign of BSM physics. On the other hand, a null measurement can be interpreted
as a constraint on BSM physics. Quantitatively, we can make order-of-magnitude estimates
for an n-loop Feynman diagram,

2 _ e (X"
A _66de <47r> sin ¢cp, (1.1)

where A is the energy scale of new CP-violating physics, me is the electron mass, dd, is

the uncertainty in the measured de, « is the fine-structure constant, and ¢cp is the new
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CP-violating phase [25]. A null measurement rules out BSM physics at energy scales A or
below. Assuming sin¢cp ~ 1 and n < 2 [26], the previous generation of the experiment
was already ruling out BSM physics at the ~ 3 TeV scale! [23]. As we continue to improve
the experimental sensitivity dde, we can either rule out BSM physics at progressively higher
energy scales or eventually observe a non-zero d. and provide crucial experimental guidance

for constructing the ultimate theory of nature.

1.2 Overview of eEDM experiments

Given that we want to experimentally measure the eEDM, how should we do it? Without
the benefit of hindsight, this is an extremely difficult problem. The interaction of an electron
with its environment is dominated first by its electric monopole moment and then by its
magnetic dipole moment; the effect of its electric dipole moment is vanishingly small in
comparison. Moreover, an electron is difficult to trap in isolation and measure with high
precision. The key conceptual breakthrough occurred when physicists realized that it is
possible to measure the eEDM in atomic or molecular bound systems [28].

Before explaining this breakthrough, it is useful to first understand why measuring the
eEDM in a bound system initially seemed impossible. In such a system, the eEDM Stark
interaction can be characterized using an effective average electric field felt by the electron,
((/:(;ﬁ‘. Naively, this average electric field is expected to be zero; otherwise, the electron would
rapidly redistribute its wavefunction until the average field vanished. This intuitive argu-
ment can be made fully rigorous and is known as Schiff’s theorem [29]. However, Schiff’s
theorem relies on several assumptions that are not fully satisfied in real atomic or molecu-
lar systems. For our purposes, the most important assumption is that the electron moves

non-relativistically. The key realization was that in atoms or molecules containing heavy

nuclei, the valence electrons can move relativistically near the nucleus, thereby violating this

1. For a more general comparison, see Fan [27].



assumption of Schiff’s theorem to an almost maximal extent [28, 30-32]. For example, in tho-
rium monoxide, the molecule used by ACME;, the effective electric field is Eg ~ 78 GV /cm
[33, 34]. This is orders of magnitude larger than any electric field that can be applied in a
laboratory setting.

Figure 1.1 shows the history of eEDM experimental limits in atomic and molecular
systems. Initial rapid progress was made in atomic systems such as thallium (T1) and cesium
(Cs) [35-40], while molecular eEDM experiments have taken over in the last decade or two
[20, 22, 23, 41-44]. Some additional discussion is required to explain why molecules provide

superior platforms for eEDM measurements.

10-21 ¢
1034 ¢ *
°
Y $ °
Q
_E, 10-25 1 ® o ® Atoms
= . ° Tl
=
O 107271 ® PbO
- o YbF
¢ ACME
107291 *. * JILA
= this work (proj.)

1970 1980 1990 2000 2010 2020
Year

Figure 1.1: History of eEDM experimental limits. TIl: best limit for atomic eEDM [45];
YDbE: first molecular eEDM experiment [42]; PbO: first molecular eEDM experiment using
the so-called Q-doublet structure [41]; JILA: current eEDM record using HfF' ions [20];
ACME (this work): ThO molecular eEDM experiment |23|. The triangle marker indicates
the projected limit based on the current experimental sensitivity. Data points compiled by
Xing Fan.

The electron electric dipole moment d; is a vector, and an important question is: in

which direction does this vector point? The answer is that it always points along the electron



spin 5, such that?

— ~

But why must this be the case? One common explanation invokes the Wigner—Eckart the-
orem, although this explanation can be somewhat misleading. While the Wigner—Ickart
theorem implies that d; must be colinear with S , it does not determine discrete transfor-
mation properties. As a result, the most that can be concluded from this argument alone
is d, = j:deg, with the relative sign potentially flipped under combinations of C, P, and T
transformations. A more satisfactory explanation follows from the broader reasoning out-
lined above. The motivation for studying the eEDM is that most natural extensions of the
SM predict its existence, and in all such predictions one finds d:z = d,S because they obey
the fundamental principles of quantum field theory (QFT). From the perspective of symme-
try and degrees of freedom, the only internal pseudovector associated with the electron is its
spin®; any vector quantity not aligned with Eq. (1.2) would constitute an additional internal
degree of freedom beyond those allowed in QFT.

A direct corollary of Eq. (1.2) is that the eEDM violates both P and T symmetries.
This is readily seen because the electric field £ is a vector that changes sign under P but not

under T, so the eEDM interaction Hamiltonian
Hegpm = —de - € = _deév £ (1.3)

is odd under both P and T transformations. By the CPT theorem?*, CP symmetry is also

violated. In this sense, the electron behaves like an antenna for new CP-violating physics,

2. Here, d. can be either positive or negative.

3. In contrast, composite particles like the ThO molecule have additional internal degrees of freedom,
such as the molecular axis, in addition to their total angular momentum. This means that the molecular
EDM does not have to lie along the direction of the total angular momentum.

4. This assumption is used throughout the thesis. It can be derived under reasonable conditions [46], and
no experimental violation of CPT has been observed to date [47-49].



and the eEDM points along the direction of this antenna, 5’, because there is no other internal
direction available.

Given these discrete symmetry properties, we are now ready to explain why molecules
are superior platforms for eEDM measurements. The Hamiltonian for an atomic or molecular

bound system can be written as

Hiotal = Hppd + HegpM + Hext, (1.4)

where Hy g is the internal Hamiltonian of the bound system, H.gpy is the eEDM interaction
Hamiltonian, and Hey¢ describes interactions with external electric and magnetic fields.
Ignoring Hext for the moment, because Hy,,q is even under parity while Hogppy is odd, the
two Hamiltonians cannot be simultaneously diagonalized; the already tiny Hogpy interaction
is therefore further suppressed to second order in perturbation theory by the energy gap
between opposite-parity states. This suppression can be reduced, or even completely lifted,
by applying an external electric field to mix parity eigenstates. In atomic systems this
is difficult to achieve in practice because the energy gap between opposite-parity states
is typically on the scale of eV. In molecular systems, however, opposite-parity states are
separated by at most a few rotational constants, corresponding to an energy scale of 1073 ¢V
or smaller [50]. In certain diatomic molecules with A- or Q-doublet structure, and more
generally in polyatomic molecules, this separation can be further reduced due to additional
internal degrees of freedom [51|. Once the parity states are fully mixed, no suppression of
H.gpym remains, and increasing the external electric field provides no additional benefit.
There can, however, still be practical advantages to operating at smaller external electric

fields, such as reduced sensitivity to systematic errors [43, 45].



1.3 ThO as an eEDM platform

As explained in the last section, it is advantageous to measure the electron electric dipole
moment using molecules. The ACME experiment performs the eEDM measurement in a cold
molecular beam of thorium monoxide (ThO). This molecule offers several advantages as an

eEDM measurement platform (roughly in order of importance):

1. large effective internal electric field Eug ~ 78 GV /cm [33, 34], inducing a large eEDM

energy shift despite the small expected value of dp;

2. Q-doublet structure in the H 3Aq science state with ms-scale lifetime® [52]. This allows
full polarization of the molecule in a small external electric field and spectroscopic
reversal of molecular orientation®, fully mitigating several known systematic errors of

atomic eEDM experiments [45];

3. it can be created in a slow, cold, and bright (~ 10 molecules/sr/s) molecular beam

using the technique of a cryogenic buffer-gas beam source [53-55];

4. convenient optical transitions, as defined by the laser technology standards and budgets

available ~ 15 years ago [56];

5. no nuclear spin. Neither thorium-232 nor oxygen-16 has nuclear spin, simplifying the

angular momentum coupling. This is helpful for interpreting a non-zero eEDM signal7

5. See Sec. 2.1 for more details

6. Also known as an internal co-magnetometer. Flipping the molecular axis flips the energy correction due
to the eEDM without flipping the Zeeman shift, which is governed purely by angular momentum, thereby
allowing us to separate the two effects.

7. There are multiple sources of T- or CP-violation expected in molecules. In the absence of nuclear spin,
there is an additional eEDM-independent source of CP violation via the scalar lepton—nucleon interaction
coefficient Cg [33, 34]. With nuclear spin, the heavy nucleus may contribute via its Schiff moment and via
the tensor lepton—nucleon interaction coefficient Cp [57]. The Cg term turns out to be the dominant SM
CP-violating effect in ThO [58]. We typically do not discuss this term because it is more complicated to
explain. Similar to the eEDM, the Cs term is also expected to be small within the SM alone, and observation
of a nonzero value would counstitute clear evidence of BSM physics.



and is practically helpful for modeling systematic errors®.

As we will explain in Chapter 2, the existence of a non-zero d. causes a relative energy
shift of size 2d.Eg between two molecular states related by a time-reversal operation. By
performing precision spectroscopy to measure this energy shift, we can infer the value of d,
with high precision through the large internal electric field £ and improved experimental

sensitivity.

1.4 Other EDM searches

This thesis exclusively focuses on the measurement of the electron electric dipole moment
using ThO molecules. However, other eEDM searches are also actively ongoing. Notably,
but not exclusively, JILA is building their next-generation bucket-brigade experiment using a
new ion species, ThF™ [61-63]. Imperial College London is assembling their next-generation
YDbF molecular beam experiment [64]. A proposal to build a solid-state eEDM experiment
is also being pursued [65].

Beyond eEDM searches, there are also active efforts targeting other types of EDMs. In
particular, searches for nuclear EDMs have become increasingly prominent in recent years.
The current best limit comes from the atomic mercury-199 experiment [66]. Another beam
experiment using thallium fluoride (T1F) molecules is also ongoing within the DeMille group
[67]. Due to the additional BSM signal amplification offered by nuclei with octupole de-
formation [68, 69|, many groups are shifting to species containing these rare nuclei. An
experiment assembling francium (Fr) atoms with silver (Ag) atoms to form FrAg molecules
is being developed with rapid progress within the DeMille group |70, 71]. A cryogenic crystal
experiment using europium (Eu) doped into yttrium orthosilicate (YSO) is being developed

in Toronto |72, 73]. Xing Fan’s group at Harvard is building a molecular ion trap experi-

8. This is primarily a practical advantage. On the other hand, work from the Hutzler and Doyle groups
has demonstrated substantial gains offered by additional internal degrees of freedom [59, 60].

8



ment similar to JILA’s, but targeting a nuclear EDM using 229Th. Xing Wu’s QuESTLAB
at MSU is developing a thorium-containing trapped-molecule experiment using novel slowing
and cooling techniques |74]. Hosted at Harvard, the RaX collaboration is building a trapped
radium (Ra)-containing molecular experiment [75]. On the atomic side, a radium-225 exper-
iment is being pursued both at Argonne and at USTC, following their recent success with
ytterbium as a proxy [76, 77].

Moving beyond nuclear EDMs, an interesting nuclear MQM search using YbOH is being
undertaken at Caltech [59|. Searches for neutron and muon EDMs are also ongoing, typically
using experimental techniques significantly different from those employed in atomic and

molecular systems [78-83|.

1.5 Structure of this thesis

The ACME experiment has already been very well documented in previous theses [52,
53, 56, 84-93|. This thesis focuses on new progress and updates. Sufficient background is
usually provided to make the new developments understandable, but the interested reader
is encouraged to consult previous ACME publications for further details.

In Chapter 2, we provide an overview of the experimental methods used in ACME.
ACME is an engineering-heavy experiment, and we include lessons learned that may be
of general interest to other experimentalists. In Chapter 3, we explain the data analysis
methods used in ACME, with a focus on the new methodologies adopted in this generation
of the experiment. In Chapter 4, we present our current understanding of systematic errors
and excess noise in the experiment. One of the systematic errors identified arises from
decays of a metastable state. We believe this effect may be of general interest and present
our modeling efforts in Chapter 5. Finally, in Chapter 6, we summarize the current status

of the experiment with preliminary results.



CHAPTER 2
EXPERIMENTAL METHODS

2.1 Molecular structure

Numerous excellent presentations of the molecular structure of ThO can be found in
previous ACME theses. I present my own approach in this section with the right mixture
of hand—wavingl. I do not intend to make any serious derivations, but rather to provide a
qualitative understanding of the molecular structure and notation used in ACME. Relevant

molecular constants will also be summarized for easy reference.

2.1.1 TL:DR

Thankfully, both thorium-232 and oxygen-16 are spinless isotopes and have > 99% nat-
ural abundance. This lack of nuclear spin simplifies the angular momentum coupling and
provides a clean interpretation platform, with the main T-violating signals being the eEDM
de and the electron—nucleon coupling C'g. The ground and lowest-lying metastable states of
thorium monoxide are well described by the Hund’s case (a) coupling scheme |50]|. This in-
cludes the H 3A; science state used for the eEDM measurement; although the excited states
are better described by Hund’s case (c), we restrict most of the mathematical descriptions
of the quantum states to the Hund’s case (a) basis for simplicity.

In the Hund’s case (a) coupling scheme, the molecular wavefunction consists of separable

parts

‘\Ijtotal> = ‘¢e1ectr0nic> ’wvibrationzﬂ) ‘wrotationzﬂ) (2'1)

=, A, E,Q)v)|J, M, Q), (2.2)

1. Judged entirely based on my personal preference.
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where 7 is the quantum number for the electronic state; A is the projection of the electronic
orbital angular momentum onto the nuclear axis; > is the projection of the electronic spin
angular momentum onto the nuclear axis; 2 = A+ X is the projection of the total electronic
angular momentum onto the nuclear axis; v is the quantum number for the vibrational state;
J is the total molecular angular momentum; and M is the projection of the total angular
momentum onto the lab Z axis. The separable parts are ordered in decreasing energy scale.

There are four energy scales of interest:

Eelectronic => Espin—orbit ~ Eyibrational > Erotational- (2~3)

This relative energy scale justifies the Born—Oppenheimer approximation, and specifically the
choice of the Hund’s case (a) coupling scheme. By convention, the electronic and spin—orbit
quantum numbers are labeled by a letter denoting the electronic state (e.g. n = X, H, Q)
followed by the term symbol 25+1A|Q|, where A is represented by Greek letters (X, II,
A, etc.). For example, the H state used for the eEDM measurement is labeled H3A;.
This fully describes the energy contribution from the electronic and spin—orbit parts. For
the list of electronic plus spin—orbit states used in ACME, see figure 2.1. The vibrational
energy levels are labeled by v = 0,1,2, ..., starting from the lowest-energy level. For almost
all of the ACME experiment, the molecules occupy the vibrational ground state v = 0,
which we omit by default. The rotational energy levels are labeled by J, M, ) as described
above. Importantly, for a given electronic plus spin—orbit state such as H 3A1, the angular
momentum projections X, A, Q can only take two values of equal magnitude (e.g. Q = £1),
since different magnitudes correspond to different spin—orbit states. This leads to the Q-
doublet structure in ThO, which is crucial for the eEDM measurement, as explained later.
Ignoring the vibrational wavefunction, the full molecular wavefunction for a single elec-
tronic spin—orbit state can be written as n25+1A‘Q| |J, M, Q). For simplicity and for the

purposes of ACME, we focus on the science-state H, J = 1 manifold, where the effective

11



Hamiltonian is given by

Hn:H,le = Hgtark T HZeeman + H-doublet T+ HeEDM (2~4)

. . A
- —d-g—ﬁ-6+79|J: 1, M, 4+Q) (J =1, M, —Q| — delogQ,  (2.5)

where d is the molecular electric dipole moment operator, £ is the external laboratory electric
field, fi is the molecular magnetic dipole moment operator, B is the external laboratory
magnetic field, Aq is the (2-doublet splitting, d. is the electron electric dipole moment, and
Eoft 1 the effective internal electric field in the H state.

The energy shifts corresponding to each term in Eq. 2.5 are explained pictorially in
figure 2.2. There are a total of six states in this manifold with |J =1, M,Q = +1) and
M = —1,0,1. For now, we assume that there are no external fields other than a static
electric field £ = 522 and a static magnetic field B = BZZ applied along the lab Z axis.
The Stark and Zeeman effect terms can be evaluated as diagonal matrix elements in this

basis:

<‘] = 17M79| (_J g) |J =1, Mla Q/> = _dH,JingQMéMMléﬁﬁlv (26)

<J = 17M7§2| (_/j: g) |J = ]-7M/79/> = _MH,JilBZM(;]V[M/(;QQ/' (27)

Here, dy j—1 is the magnitude of the molecular electric dipole moment in the H, J = 1 state,
and pp j—1 is the magnitude of the molecular magnetic dipole moment in the H,J = 1
state. Generally, these dipole moments scale with J as dy j = % and ppy g = J(l}—lil)’
where dp and ppr are the J-independent dipole moments of the H state. Since the H state is
very weakly magnetic, this J scaling does not apply to ug j due to additional perturbations.
Furthermore, in a large electric field there is an additional correction to the magnetic moment
that depends on the orientation of the molecule relative to the electric-field direction.

The Stark effect term can be explained classically as the interaction between the per-

12
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Figure 2.1: Energy level diagrams of ThO. Grey lines indicate levels considered to be not
useful for ACME TIII. The lowest three levels X, H, and Q are colored blue, red, and purple,
respectively. Transition wavelengths are given in the corresponding colors in nm [94].

manent molecular electric dipole moment and the external electric field. We define the
orientation of the molecular dipole moment relative to the lab electric-field direction as
N = EQM = +1, where £ = sgn(€ - Z) denotes the orientation of the external electric field

along the lab Z axis2. The Stark effect term in Eq. 2.6 now simplifies to

Hgtark = —dp, j=1|EIN. (2.8)

In the absence of the Stark effect, the eEDM Hamiltonian term is suppressed to second
order. This can be seen by examining the good quantum numbers. For the eEDM Hamilto-

nian to contribute without suppression, €2 must be a good quantum number. However, the

2. This is denoted as D in the JILA EDM experiment, which avoids possible confusion with the nuclear
angular momentum N in the Hund’s case (b) scheme. We will not use the Hund’s case (b) symbol N in this
work.
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presence of the Q-doublet interaction mixes opposite-() states at the energy scale Ag. This
mixing in turn suppresses the eEDM interaction by a factor % < }%06_8/1% in ThO.
To prevent this suppression, an external interaction is required such that €2 becomes a good
quantum number. The Stark interaction satisfies this criterion, as the good quantum num-
bers are NV, M, or equivalently Q, M. For this reason, we measure the eEDM while applying
an electric field capable of generating an energy shift ~ 100 MHz > Hq_joublet = 360 kHz.

More details about the {2-doublet structure are given in Sec. 2.1.6.

(a) (b)

€ab=0  Bap=0 de=0 2] 1€1ab >0 Bap=0 d.=0 21
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o ' o on —% =
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o T 3 p ~ 100 MHz P=-1
184 ~ 360 kHz p— 41 P —— o
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Figure 2.2: Classical picture of energy shifts in the science state H under external fields.
(a) Zero-field energy levels with Q-doublet structure. (b) The Stark effect polarizes the
molecules, and the resulting |[M| = 1 energies depend on the molecular orientation A. (c)
The Zeeman effect splits the M = =£1 levels. (d) The eEDM interaction shifts the levels
depending on the relative orientation between the electron spin and the molecular dipole
moment. Figure modified from Zack Lasner’s thesis [91].

It remains to describe the effective Hamiltonian due to interactions with external AC
14



or DC fields. We only showed the diagonal elements in the case of fields applied along the

lab Z direction earlier. In general, the interaction Hamiltonian can be written as
Hy=—-d-£E—ji-B, (2.9)

which looks identical to the Stark and Zeeman terms above. However, we are now interested
in the off-diagonal matrix elements between different states or for fields applied along different

directions. In Hund’s case (a), the E1 transition dipole matrix element is given by

(i, J,M, NS, S| d-E| v, , M QN S5 (2.10)
=(—1)M =07l () g dssy (1. ATS_p(d)|n . A
J 1 J! J 1 J!
x v/ (2J +1)(2J' +1) : (2.11)

-0 Q-9 o -M M-M M

where T]i(é') and T]i(d) are the k™ spherical tensor components of rank 1 for the electric
field and electric dipole operators, respectively. The evaluation of the reduced matrix el-
ements (n,A|Tk1(d)|77’ ,\’) relies on experimental measurements, and the measured values
are summarized in Table 2.1. The physical meaning of these reduced matrix elements is
that they quantify the molecular-frame E1 moment between electronic states. By con-

vention, d (n, A|Ta(d)|n', A") is called the parallel transition dipole moment, while

nll =
dp | = (n, A|TL,(d)|n’,\') is called the perpendicular transition dipole moment. For a
specific pair of transitions n,Q — ', Q. it is clear from Eq. 2.10 that only dy | or dy 1

contributes. Thus, there is no ambiguity in defining a table of reduced E1 matrix elements,

as shown in Table 2.1.
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X H Q A C E I

X | 1.09(1) 0.15(4) 0.51(2) 0.72
H 1.67(4) 0.31(9)  0.02  0.018(11)  0.27
Q 1.60 0.40 0.23
A 0.15(4)  0.31(9)

C|051(2) 002 040 1.03

E 0.018(11) 1.39(1)

1| 0.72 027 023 1.67(1)

Table 2.1: Reduced E1 matrix elements in units of eag (1.28 MHz/(V /cm), 2.54 D). Values
are based on previous measurements [52, 86, 87, 90, 91, 94-99|. For each transition, only

one of d77 | or dp, | 1s non-zero.

A similar expression exists for the M1 transition dipole matrix element:

(0, J, M, A, S, % | ji- By, T, M, Q5 N, 8 %) (2.12)
/_
—(=)MO T (B) (0, QT o (), V) (2T + (2 + 1) (2.13)
J 1 J’ J 1 J’
X : (2.14)

-0 0-9 o -M M-M M

where Tkl(B) and Té(,u) are the k™ spherical tensor components of rank 1 for the magnetic
field and magnetic dipole operators, respectively. The key difference between the E1 and M1
transition matrix elements is that we do not treat the spin as an independent quantum num-
ber in the M1 case, because the magnetic field couples directly to the spin; this explains the
absence of the factors dgg/0yyy, and the spin dependence is implicitly absorbed into the re-
duced matrix element (n, QT ()], Q). By convention, we define i | = (1, QT (), )
as the parallel magnetic transition dipole moment and 4, | = (n, QITL, (1), Q') as the per-
pendicular magnetic transition dipole moment. Again, although we have written the matrix
element assuming both states are in Hund’s case (a), the result is compatible with the up-
per state being in Hund’s case (c). The measured and estimated values of these reduced
M1 matrix elements are summarized in Table 2.2. Unlike the reduced E1 matrix element
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(n, A|TL(d)|n, \'), the reduced M1 matrix element (n, Q|T} ()|, Q) depends on the signs
of Q and Q. This is intuitive because the magnetic dipole moment depends on both the
orbital and spin angular momenta, which have different signs for different {2 projections.
This implies that the (non-reduced) E1 and M1 transition dipole moments differ by a sign

of Q or 0/, depending on the specific transition.

X H Q C I
X | <0.001 0.40
H -0.00784(4) 0.16  0.08(5)
Q 2.07(11)
C| 040 -0.16 1.23(6)
I 0.08(5) 0.5260(1)

Table 2.2: Directly measured molecular-frame diagonal matrix elements [y in units of up

[52, 86, 87, 90, 91, 94-99|. Note that this does not include the rotational factor, which

Q
scales as i, j = % The off-diagonal matrix elements for X—C' and C-H are based

on theoretical calculations and scaling from measured E1 matrix elements [100]. The H-I
matrix element is estimated by Brendon O’Leary in his thesis [87]. The H-state molecular-
frame dipole moment was measured to be —0.0088(1) in previous generations of ACME [101].
The new measurement, which we believe is more accurate, will be published in an upcoming
paper that also describes the ACME III magnetic shield and field coil system.

State Lifetime Q-doublet splitting
H J=1 4.2(5) ms 360 kHz
Q,J=2 > 62ms < 10kHz
C,J=1 468(30) ns 51 MHz
ILJ=1 115(4) ns 91 MHz

Table 2.3: Measured lifetimes and Q-doublet splittings [52, 87, 90, 95-97].

2.1.2  Born—Oppenheimer approximation

We begin the introduction of the Born-Oppenheimer approximation by writing out

the spinless full Hamiltonian for a diatomic molecule and separating electronic and nuclear

17



motions.

Hiol = Hele + Hnuc; (2.15)
h? 5 h?
Hy. = —— 2 _ " v
ele om £ vz 2(M1 +M2> Zvl v]
2 1,]
2 2
e Zae
+ —_— — —_— (2.16)
; dreg Ry % dmegRiq

h2 71 Zoe?
Hnuc - _—Vz 122

—_— 2.1
ou T 4mwegR (2.17)

where m is the electron mass, My, Mo are the nuclear masses, u = J\%IJFNJ[V%Q is the reduced

mass of the nuclei, R;; is the distance between electrons i and j, R, is the distance between
electron ¢ and nucleus «, and R is the internuclear distance. Treating the nuclear positions

as fixed parameters, we can write the solutions of the electronic Hamiltonian as

Heo$d (75; R) = EJ(R) ¢d (75 R), (2.18)

where 7 is the electronic state label and r; are the electronic coordinates in the molecular

frame. We can do the same for the nuclear Hamiltonian:

Hnucwguc(R7 97 ¢) = EQU.C z/}IqUC(Ru 97 (b)’ (219)

where 6, ¢ are the angular coordinates of the internuclear axis in the lab frame. Note that
the nuclear wavefunction depends on the electronic state n through the electronic potential
energy surface F (R), which acts as a potential for the nuclear motion, as expected since
the electron density is the source of binding in molecules.

The basis set of the Born—-Oppenheimer approximation is then given by product states

18



of the electronic and nuclear wavefunctions:

Yiotal = @Z}g (7:;7 R) wguc(Ra 0, 925) (2.20)

This is not the exact solution of the full molecular Hamiltonian. However, it turns out to be
a very good approximation because of the large mass difference between the electrons and
the nuclei. To examine the quality of this approximation, we consider the off-diagonal matrix

elements of the full Hamiltonian that couple different Born—Oppenheimer basis states:

Copy = (W&¥iuel Hete + Huuelod Yifuc) (2.21)
= <¢g¢guc|Hnuc|¢g wguc> (222>

R o .
= g, (Yl (QW + Py - VR) [riuc) (2.23)
Qn,n’ = <¢g’v%{|¢g >’ (2.25)

where we assume 7 # 1/, so the cross terms of the electronic Hamiltonian vanish because
it does not act on the nuclear wavefunction. The Born—Oppenheimer approximation is

equivalent to setting C),, = 0 for all  # n/. Physically, these coefficients describe the change

m
in the electronic wavefunction as the nuclear separation changes, and therefore quantify the
inability of the electrons to instantaneously redistribute upon changes in nuclear positions.
Setting them to zero corresponds to assuming that electrons instantaneously relax into the
new energy minimum for any nuclear configuration. Using a simple back-of-the-envelope

estimate, we can show that this approximation is very good for heavy molecules such as

ThO. Using atomic units, the off-diagonal coupling terms can be estimated as

hQ

Chy ~
24(2ap)?

- ~ 10 Glg, (2.26)
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where we use p = 16 amu for ThO and 2ag as the typical bond length. This coupling
is negligible compared to the typical electronic and spin—orbit energy scales, which are 2
10 THz. This justifies the choice of the Born-Oppenheimer basis set in Eq. 2.20. With this

basis, the Hamiltonian problem simplifies to

Ho1Wiotal = (Helc + Hnu0)¢g(ﬁ§ R) ¢I7Zuc(Ra 0, QS) (2-27)
~ e (73; R) [Ed(R) + Huuc] ¥ituc(R, 0, ¢), (2.28)

i.e., by treating the electronic part as its own degree of freedom labeled by the quantum
number 7, the quantum many-body problem is reduced to a two-body problem involving
only the two nuclei moving in the lab frame, with a binding potential EY (R) provided by

the electrons, plus the Coulomb repulsion between the nuclei contained in Hpye.

2.1.8 Spin—orbit

To motivate the spin—orbit coupling in diatomic molecules, we begin by considering light
diatomic molecules where the spin—orbit coupling is negligible compared to the rotational
energy scale. The total molecular Hamiltonian is symmetric with respect to rotations of the
molecular-frame coordinates about the internuclear axis. This leads to the conservation of
the projection of the orbital angular momentum onto the internuclear axis, which we denote
by A. Thus, A is a good quantum number. There are three energy scales of interest that

determine which Hund’s case coupling scheme is appropriate.

(Htot) = (Hele) + (Hso) + (Hrot) (2.29)

2 S5 o = o
~ 2?717(1—2%)2 AL S+ (BT =T, (2.30)
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where by convention A and B denote the spin—orbit and rotational constants, respectively,
and J, = L+ S is the total electronic angular momentum. Because of the difference between

the electron and nuclear masses, the electronic energy is generally greater than the rotational

M 16 amu

constant by a factor of order ~ e Mo

where p is the reduced mass of the ThO nuclei.
The only remaining question is the size of the spin—orbit constant A. For light molecules,
A < B, and terms such as B J-S prevent X from being a good quantum number even though
S remains a good quantum number. This term is therefore called the spin-uncoupling term.

If instead Hy. > A > B, then A remains a good quantum number because the elec-
tronic energy dominates. The spin—orbit term can be written in terms of raising and lowering

operators as

R 1
HSO =AL-S5=A L()SO + §(L+S_ + L_S+) . (2.31)

The Ly terms change A and are therefore suppressed by the large electronic energy scale.

Thus, only the LySp term survives, and ¥ remains a good quantum number, with the 15¢
order spin—orbit coupling energy given by
(Hgp) = AAX. (2.32)

In this limit, both the orbital and spin angular momenta are said to be pinned to the
internuclear axis, and this coupling scheme is called Hund’s case (a). The classical picture
of Hund’s case (a) is shown in figure 2.3.

In the limit where A 2 A (Hg).), where A (Hg.) is the energy spacing with the closest
electronic state, the off-diagonal terms in Eq. 2.31 imply that neither A nor ¥ are good
quantum numbers. However, the projection of the total electronic angular momentum onto
the internuclear axis, {2 = A + X, remains a good quantum number because of the rotational
symmetry about the internuclear axis. This coupling scheme is called Hund’s case (c¢). Some

of the excited, non-metastable states in ThO used in ACME are better described by Hund’s

21



case (¢). This can be seen from the density of states in figure 2.1, where A (H.) is expected
to be much smaller in the > 10000 cm™! region than in the < 10000 cm™! region where
the ground and metastable states reside. For simplicity, we describe all molecular states in
the Hund’s case (a) basis throughout this work.

For standardization of notation, we label the simultaneous energy eigenstates of the

electronic and spin—orbit interaction by n, A, S, > as

e (75 R) = [n, A; S, ) . (2.33)

Figure 2.3: Hund’s coupling scheme (a). R denotes the nuclear angular momentum.

2.1.4 Vibrational motion

The Born-Oppenheimer approximation greatly reduces the degrees of freedom in the
molecular Hamiltonian by treating the electronic state as a separate degree of freedom. As
shown in Eq. 2.28, the remaining problem is a two-body problem of the two nuclei moving in

the lab frame with a binding potential provided by the electrons. The nuclear Hamiltonian
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can be further separated into vibrational and rotational parts:

Hrno = Huuclear + Hyinding (2.34)
— —%V% + %ZOOR@Q + E(R) (2.35)
RS ] e 2 -

VIL(R) = Z}I#Z(g? + EN(R), (2.37)

where R is the nuclear angular momentum operator (not to be confused with the internuclear
separation R). The effective potential Vezf(R) contains an attractive part from the electronic
binding energy and a repulsive part from the nuclear Coulomb repulsion, resulting in an
energy minimum at the equilibrium bond length R = R.. Each electronic state plus spin—
orbit state 7 has its own effective potential curve Ve?f(R) The terms in brackets correspond to
vibrational motion along the internuclear axis, while the last term corresponds to rotational
motion of the nuclear axis, which is discussed in the next subsection.

In general, the effective potential curve V(;ZF(R) is anharmonic. A good approximation

for its functional form is given by the Morse potential
2
Vi(R) ~ De (1 e PR, (2.38)

where D, is the dissociation energy, R, is the equilibrium bond length, and [ is a parameter
related to the curvature of the potential at the minimum. The vibrational wavefunctions
can be solved analytically together with the rotational wavefunctions. The energy spectrum
contains contributions from both anharmonic vibrations and rotational motion, as well as
their couplings. For simplicity, we do not discuss these effects here, since in ACME we mostly
work with the lowest vibrational state v = 0. More details about this spectrum can be found

in Brown and Carrington [50]. Near the minimum, this potential is well approximated as
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harmonic, with an approximately factorizable vibrational wavefunction

Urin(R) = |v). (2.39)

2.1.5 Rotational motion and branching ratios

After solving the vibrational motion, we now only need to deal with the rotational degree

of freedom in Eq. 2.36. The rotational plus spin-orbit Hamiltonian is given by

R2
Hyop spin-orbit = W + AAY (2.40)
= BR? + AAY (2.41)
= B(J — J¢)? + AAY, (2.42)
where B = 25% is the rotational constant, and AAX is the spin-orbit contribution in Hund’s

case (a). This is the Hamiltonian of a rigid rotor plus an additional contribution from spin-
orbit coupling. The angular momentum about the internuclear axis is conserved, and the
total electronic angular momentum projection onto the internuclear axis Jo-n =Q = A+ 3
is a good quantum number. The good quantum numbers are thus .J, M, ). The rotational

wavefunctions are given by the Wigner D-matrices

<¢79;¢|J7 M7 Q) = DA{7Q<¢7971/}) (243)

_ \/Tem‘bdﬂ)ﬂ(ﬁ)em% (2.44)
T Y

where ¢, 6 are the Euler angles relating the molecular axis frame to the lab frame, and v is

the internal rotation angle about the internuclear axis.
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The rotational energy without the spin-orbit contribution is given by
Hyot |J, M, Q) ~ B[ J(J +1) — QQ] |7, M, Q) (2.45)

where we have neglected the off-diagonal coupling term —2BJ - J. for now. This term is
actually very important in generating the so-called ¢2-doublet structure in heavy molecules
like ThO. We will discuss this in more detail in the next subsection.

We are often interested in the branching ratios due to spontaneous emission from an
excited electronic state n’, A/, S', ¥ with vibrational state v/ and rotational state J', M’ €)'.
Let the lower state be n, A, .S, > with vibrational state v and rotational state J, M, ). For E1
spontaneous emission, we need to compute the E1 transition dipole matrix element between
these two states. We can organize this calculation by separating the electronic, vibrational,

and rotational parts of the total wavefunction.

N 2
(0 A: S, 2| (0] (M, QId- ET M QY V) |of A3 ', 2 (2.46)

o [ () P E(J, M, Q; J', M Q) bgg655r, (2.47)

where we have assumed that the electronic transition dipole moment is approximately con-
stant as a function of R, so we can factor out the vibrational overlap (v|v/). The squared
modulus of this overlap is the Franck—Condon factor and quantifies the probability of an elec-
tronic transition between states with arbitrary vibrational quantum numbers.. The rotational
factor Z(J, M, Q; J', M’ Q') captures the angular-momentum dependence and is related to
the Honl-London factor, which we derive next. The term |d| is the reduced transition dipole
matrix element in the molecular frame characterizing the strength of the transition.

To derive the Honl-London factor, we first note the difficulty in evaluating this matrix

element: the electric field &€ is defined in the lab frame, while the electronic wavefunctions
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such as |n, A; S, ¥) are defined in the molecular frame. To carry out the dot product, we

rotate the molecular dipole operator from the molecular frame to the lab frame:

(0, A; S8 (J, M, Qld- |, MY | A8, %) (2.48)
=D 058,510 MO €YD DU T @ M) 1 NS, (2.49)

where D is the Wigner D-matrix operator rotating from the molecular frame to the lab frame
so that the dot product can be evaluated in the lab frame. The Wigner D-matrix acts only
on the nuclear degrees of freedom, so we can factor out the electronic part of the matrix

element.

(248) = S (=1 (L M QT EDL 17 M)
p,q

x (n,A; S, 3| Tq1<cf> ', A5 S %) (2.50)

—Z PTHE) (-)M /(27 + 1) (2] + 1)

A T N (Y A T e
X 6s50nsy (0, ATy (d)|n, A') (2.51)
-M p M —-Q —q

—(—n)M=07l,  (E)VERTF )T +1)
J 1 J\N[(J 1 7 L
X 655/622I <n> A|TQ—Q/(d>’n 7A > :
M M-M M)\-Q -9 o

(2.52)

In the first step we simply factored out the electronic part. In the second step we used
the standard formula for matrix elements of Wigner D-matrices [50] and the fact that the
electric dipole operator does not act on spin degrees of freedom. In the last step we performed

the sum over p, ¢ using the properties of the 35 symbols. This result is identical to the E1
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matrix element written earlier in eq. 2.10. The squared modulus of this transition matrix

element has the angular-momentum dependence

2 2
_ e . 1 J! J g
E(J,M, Q. M Q) =2 +1)(2) + 1)
-M M-M M) \-Q Q- &
(2.53)

This rotational dependence, together with the Franck—Condon factor and the reduced dipole
matrix element, completely determines the transition strength and thus the branching ratios
to different quantum states. Sometimes we are interested in the total transition strength
between two rotational levels J,Q and J’, Q) summed over all initial and final M, M’ states.
This motivates the definition of the Hénl-London factor.

The Honl-London factor S(J,€2;J,€) is defined as the rotational factor = summed
over all initial and final M, M’ states. Using the properties of 3; symbols, we can evaluate

this sum to obtain

S0 Q)= > 2, M QT M) (2.54)
M, M’
2
J 1 g
= (27" +1) : (2.55)
—Q Q-0 o

This Honl-London factor quantifies the relative strength of rotational transitions between
different .J, 2 states for a given electronic and vibrational transition. In molecular spec-
troscopy, it is common to label rotational transitions using the branch notation P(.J), Q(J),
and R(J) corresponding to J' — J = —1,0,1, respectively®. For example, the R(0) line

corresponds to a transition connecting J = 0 to J’ = 1, while the Q(1) line corresponds to

3. Note that J’ is the upper state and .J is the lower state, so a given transition has a fixed label regardless
of direction.
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a transition connecting J = 1 to J' = 1. Their relative strength can be computed using the

S(0,9:1,9)

ratios of Honl-London factors SO.OT0)

2.1.6 -doubling

We now return to the off-diagonal coupling term —2BJ-J. in eq. 2.42, which we neglected

in the last subsection. This term can be expanded as
1

The first term can contribute to the diagonal matrix elements and is already included in
the rotational energy expression in the last subsection. The next two terms contribute off-
diagonally, and couple states with A2 = +1. Counsider, for example, the effect of these
off-diagonal terms for a |Q] = 1 state such as the H or I state in ThO. These terms can
couple the H or [ state with {2 = 41 to states with (2 = 0. The resulting energy shift can
be estimated using second-order perturbation theory as

B2

AQ ~ .
Eigj=1 — Pa=o

(2.57)

There are two important differences here between the H and I states in ThO. The I, IT state
lies much closer to {2 = 0 states than the H state, resulting in a much smaller denomenator
and thus a much larger energy shift. In particular, because J-J. conserves parity, the || = 1
state can only couple to 2 = 0 states of the same parity. This means only one of the two
nominally degenerate parity states of the I state gets shifted via this coupling, while the
other remains unshifted. The resulting energy eigenstates of parity in Hund’s case (a) are
written as
M AQ) £ (=175 M, —Q)

T, M, +) = Y . (2.58)
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These doublets are called parity doublets. Whether the upper or lower parity state cor-
responds to the symmetric or antisymmetric combination depends on whether the nearby
) = 0 state lies above or below in energy and on the parity of the {2 = 0 state coupled, which
in turn depends on the value of J and S and on the reflection symmetry of the electronic
wavefunction about the nuclear axis if A = 0.

Unlike the I state, the H state is very far from any 2 = 0 states, resulting in a large
denomenator. In addition, with only 1 unit of angular momentum change, the H 3 A can
only be coupled to 3H0 states. There are always two such states next to each other with
opposite parity, resulting in a nearly equal amount of pushing for the two opposite parity
states of the H state. These two factors together lead to a much smaller 2 doublet splitting
for the H state. The presence of these closely spaced opposite-parity states is extremely
useful for EDM measurements, as they allow large molecular polarization in relatively small
applied electric fields. We will elaborate on this further in the next subsection.

The physical origin of (2-doubling is often described as a Coriolis coupling between
the nuclear rotation and the electronic motion. One intuitive picture is discussed in Nick
Hutzler’s thesis, where different parity states correspond to different effective moments of
inertia for the nuclear rotation due to differences in the electronic motion [53|. However, this
picture does not reliably produce quantitative estimates of the energy scale for most states,

so we do not pursue it further here.

2.1.7 Interaction with external fields

An important aspect of molecular structure for EDM measurements is its interaction

with external electric and magnetic fields. We are interested in E1 and M1 matrix elements
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of the form

<777 A7 Sa E| <J7 M7 Q|j g| ‘]/a Mla Q/> |77/7 A/; Slv E/> ) (259)

(. A; 8, S| (J, M, Qlji - Bl M) |if N 87 5). (2.60)

We derived the E1 matrix element in subsection 2.1.5. It is given in eq. 2.10 and is copied

below for convenience:

<777 A7 Su E’ <<]7 M7 Q|J §|Jla Mlv Q,> ’77/7 A,; S/7 E/>

1 J!

=(-nM=9pl,  (EWVERIF 12T +1)
M M-—M M

J 1 J 1 YIANY
X dg505sr (11, ATgy_gu(d)|n, A7) (2.61)
-0 Q- o
Most of this derivation consists of rotating the dipole operator from the molecular frame
to the lab frame using Wigner D-matrices. The M1 matrix element can be derived in an

analogous way. The only difference arises in the step where the electronic part of the matrix

element is factored out:

El: <777A; Saleql(Jj |77/’A/;S/72/> = 555’522’ <U7A|T;(Cf)|n/,A/> ) <2'62>

ML (g, A 8,2 Ty () [, A3 S, %) = (0, AT (i)', ) (2.63)

The M1 matrix element cannot be factorized into spin and orbital parts because the magnetic
dipole operator acts on both spin and orbital degrees of freedom. Since the excited states in

ThO are predominantly Hund’s case (c) states, we express the M1 matrix element in terms
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of Q2 rather than A, S,Y. The final M1 matrix element is therefore

(n, A; 8,2 (J, M, Q)i - BT, MY, ) A 7,5

1 J!

—(—nM-07l, (BRI + DT + 1)
M M-—M M

4 1 T 1 >Nl o
X (n, UT_ou (i)', ) . (2.64)
-0 Q-9 o
From this expression, it might appear that the Zeeman and Stark shifts always have the

same sign. This is not the case. The diagonal matrix elements follow from the properties of

the time-reversal operator 7:

(n, ATy (D), Q) = (T (0, QAY(TTG (D T(T |, 2)) (2.65)
= — (n, =QITy (i) n, =), (2.66)
(0, AT (), A) = (T, AN(TTG(d)T)(T [n, A)) (2.67)
=+ (n, —A|Tg (d)|n, —A) . (2.68)

This makes intuitive sense because the molecular-frame electric dipole does not care
about the direction in which the electrons are orbiting, while the magnetic dipole does.
Therefore, the magnetic dipole moment changes sign with €2, while the electric dipole moment
does not. This leads to different signs for the Stark shift oc QM oc N versus the Zeeman
shift oc Q2M o M. Assuming that the electric field £ = £,7 and magnetic field B = B, Z

are collinear with the lab Z direction, the diagonal energy shifts for E1 and M1 are
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QM

= & Ty
QM

= Bz 1y

(2.69)

M1: (2.70)

where d, | = <n,A|T&(cf)|n,A> and g1, |1 = (n,Q|T01(ﬁ)|n,Q> are the body-fixed-frame dipole

moments along the internuclear axis. It is customary to absorb the J dependence into the

d Q
" . _ Gy — |
definition of the dipole moments such that d, ; = T+ and pp j = ppgy g = TI+1)"

such that?

El: = —gzdn’J QM = —5zdn’<]./\/’, (2.71)

Ml: = —=Bzuy M = —=Bzgy jupM, (2.72)

where g, 7 is the J-dependent molecular g factor and N' = QM sgn(€z) is the molecular
orientation quantum number [102]. This orientation quantum number can be understood
classically as follows. Consider the science state H,J = 1, where J = Q| = |M| = 1. This
implies J = J. From the definitions of 2 and M, we have () = fe A=J-hand M =.J-Z.
Therefore, OM = - Z gives the direction of the molecular axis relative to the lab Z axis.
Thus, N = QM sgn(€y) describes whether the molecular axis is aligned or anti-aligned with
the external electric field direction. Note that with this definition we can equivalently write
n-Z=QM = N sgn(€y). This will be important in the upcoming discussion of the EDM
measurement switching sequence.

We now proceed to the discussion of the off-diagonal matrix elements, which are im-

portant when considering E1 and M1 transitions or mixing between different states. The

4. Note that s, | carries a sgn(€2) dependence while d,, | does not, as explained earlier. This means that
both d, ; and pu, ; do not depend on the sign of €2, which is a more natural definition for these dipole
moments. Beware that a different convention, in which the 2 dependence is not absorbed into w7, is
sometimes used in the literature [97].
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off-diagonal matrix elements can be read off directly from eqs. 2.61 and 2.64. For the ACME
experiment, the most important property of these off-diagonal matrix elements is the relative
sign between the E1 and M1 matrix elements connecting the same two states as a function

of 2. In other words, we are interested in

sgn <777 A‘Té— /(CZ}|7]/7 A/> vs. sgn <7]7 _A|TEQ+Q/( _j|77/7 _A,> (2 73)
1, QT ()l ) =T, o ) )

assuming that the transition is spin-allowed so that dgg/dyyy = 1. Let 7 be the parity
operator. Using the identity ({(ma|)(7O7)(|73)) = (a| O |B), where O is any operator, it is

straightforward to show that

1 N/ AL _ 1 N AL
Sgn<<n,AITQ_Q/( )I?%M) _ _Sgn<<77, AT, ()], A>>, (.74

<777 Q‘Téigl (ﬁ)|7]/7 Q/> <777 _Q|TEQ+Q/ (ﬁ)|7]/7 _Q/>

because WT(}(J)W = qu(j) while 7rqu () = —qu (i). In other words, upon flipping the
signs of O, A, %, Q' A’ Y/ the relative sign between the E1 and M1 matrix elements flips.
Colloquially, we say that the E1 and M1 matrix elements differ by a sign of 2 [91].

So far the discussion has been somewhat abstract, but this sign difference has a very
intuitive classical explanation, as shown in figure 2.4. Essentially, the internuclear axis
n determines the interaction with electric fields, while the direction of electron rotation
J. determines the interaction with magnetic fields. The projection ) = Jo - therefore
determines the relative sign between the E1 and M1 matrix elements.

The Q2-dependent relative sign between the E1 and M1 matrix elements has very impor-
tant consequences in ACME. From eq. 2.5, we see that the eEDM Hamiltonian also flips sign
with 2. This means that, in the presence of non-reversing fields, interference between the E1
and M1 transition matrix elements can closely resemble, or even exactly mimic, an eEDM
signal. In ACME II and III, there is a very significant source of E1-M1-interference-induced
systematic error due to AC fields, which we will discuss in more detail in the systematic error
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Figure 2.4: Classical pictures of molecular rotational states with different signs of 2. The
electrons rotate around the internuclear axis in opposite directions for opposite signs of €.
This leads to opposite magnetic dipole moments while the electric dipole moments are the
same, resulting in a sign difference between E1 and M1 matrix elements upon flipping the
sign of €.

chapter. DC electric and magnetic fields also have the potential to generate large systematic
errors from such interference, but we show here that this can be calibrated out by reversing
the direction of the electric or magnetic field.

Consider a DC electric field £ = £,7 and a magnetic field B = ByZ. There is off-
diagonal mixing between different J states. For example, the H, J = 1 state can mix with the
H,J = 2 state through both E1 and M1 couplings. They are separated by 4By ~ 40 GHz,

and the second-order energy shift can be estimated as

2
(J=1,QELMI1 T =2,0)2 (/=1 Ezdg ) +Buy ] =2,0) -
4By - 4By (2.75)
2 52 2 2
Ezdp) + 20 2Bzdy 1) + Bzry
~ , (2.76)
iBy

where we have approximated rotational factors to be of order unity for simplicity. The

second term is the E1-M1 interference term, which flips sign with 2. This looks exactly
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like an eEDM signal, except that it depends on the applied electric and magnetic fields. In
principle, it can be calibrated out by reversing the direction of the magnetic field B; — —B.
However, in practice there is always a small residual magnetic field that does not reverse
perfectly when performing the magnetic-field switch. Therefore, it is also important to
reverse the electric field £, — —&5 to calibrate out this systematic. The combination of
these two switches ensures that it is possible to confirm any residual E1-M1 interference
effect due to DC fields is below our desired sensitivity. As an additional precaution, we also
vary the magnitude of the applied electric field to search for possible similar effects that we
may not have anticipated.

The interference effect described above was first observed and understood in the PbO
eEDM experiment [41]. By ACME convention, we call this effect the A/-correlated g factor
for the following reasons. Writing its Q-dependent energy correction using N’ = Qsgn(E5) M,

we obtain
Ezldp 1

5, (5ZdH,ﬂH,||
2By

by ) Nsgn(E7)M = By ( > NM, (2.77)

which has exactly the form of a g factor correlated with A and linearly proportional to |E5],
hence its name. It turns out that additional molecular perturbation effects also produce
an energy correction with this same functional form; these are explained in detail in Nick

Hutzler’s thesis [53].

2.1.8 EDM interaction and the 3/\; state

The interaction between the electron EDM and the internal molecular electric field is
best illustrated pictorially. The classical picture is shown in figure 2.5. The key property is
that the electron EDM d, is proportional to the electron spin S , so they always flip directions
together. Under the time-reversal operation 7T, both the spin S and the electron EDM d;
flip direction. This is different from a classical electric dipole moment, which does not flip

direction under time reversal. This difference results in a time reversal-odd Hamiltonian
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term

Hppym = —de - Eefr (2.78)
= —(deS) - (—Ecgp) (2.79)
= de&off2 (2.80)
= —deEepfl, (2.81)

where we have used the fact that in the science state H3Aq, the electron spin projection

satisfies > = —(). This is exactly the same term written earlier in eq. 2.5. In order for the
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Figure 2.5: Classical picture of the interaction between the electron EDM and the effective
internal molecular electric field. The molecular state on the left is related to the state on the
right by the time-reversal operation. The electronic angular momentum projection {2 = Jo-h
flips under time reversal. In addition, because d; x S , the electron EDM also flips direction
under time reversal. The EDM interaction therefore changes sign between these two states,
leading to an energy shift equal to —d.Eg depending on the sign of €.

effective electric field E.¢ to be large, at least one of the valence electrons must occupy a o
orbital so that it can approach the heavy nucleus, where relativistic effects are large. This
requires the other valence electron to occupy a 0 orbital to produce the desired 3A1 state.

This is indeed the case for ThO. The two valence electrons in ThO are expected to have
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6do and 7so character [94]. The exact value of Ef can be most accurately computed using
relativistic many-body calculations, with the most up-to-date value being Eg = 78 GV /cm
and an uncertainty of approximately 3% |33, 34|. The value of &g cannot be checked
experimentally without knowing the value of d.. However, these relativistic calculations also
predict other molecular properties, such as the electronic state energies, molecular-frame
dipole moment, and hyperfine constants, which can be measured experimentally and used
for indirect validation.

More generally, there may be additional time-reversal-symmetry-violating interactions
between the electrons and the molecule, such as the scalar—pseudoscalar nucleon—electron

interaction —WgClg, giving the full time-reversal-symmetry-violating Hamiltonian
(H7) = —de&ef§) — WgCgS2 (2.82)

Notably, any time-reversal-symmetry-violating interaction within the science state H must
be correlated with the sign of €2, because €2 is also T-odd. The ACME experiment thus
probes multiple possible sources of time-reversal-symmetry violation simultaneously. It is
mathematically impossible to disentangle different sources of time-reversal-symmetry viola-
tion using only a single molecular species. Therefore, experiments with different molecular
species are required in order to distinguish among them once nonzero signals are observed.

The g factor of Hund’s case (a) states can be easily estimated. We are interested in the
matrix element of [ = QSMB§+ gLMBE; where gg ~ 2 and g7, = 1. Because both the spin

and orbital angular momenta are pinned to the internuclear axis, we can approximate

‘“n,ll‘ ~ up(25 + A) (2.83)

~ 0 for the 3A state. (2.84)

In other words, because the spin and orbital angular momenta are anti-aligned in the correct
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proportions in the 3A; state, their magnetic dipole moments nearly cancel. The classical
picture of this cancellation is shown in figure 2.2. In reality, this cancellation is not exact
because the electron ¢ factor is not exactly 2 and because of additional contributions from
spin-orbit mixing with other molecular states. This is worked out in detail in Nick Hutzler’s
thesis [53].

The 3A; state is not unique in having a small g factor; other states such as 2H1/2 also
exhibit similar cancellation effects. However, the 211, /2 state is not well suited for an EDM
measurement because its valence electron occupies a 7 orbital, which does not produce Eqg
due to the centrifugal barrier suppressing relativistic enhancement. Thus, for Hund’s case
(a) states, at least two valence electrons are required to simultaneously achieve a very small
molecular g factor and the strongest EDM sensitivity.

The class of two-valence-electron molecules in the A state has been the most popular
choice for electron EDM measurements for the past 15 years. In recent years, however, there
has been growing interest in molecules with a single valence electron, which generally allow
much greater quantum control. If one additionally considers polyatomic molecules, it is pos-
sible to recover most of the features that make 3A1 states attractive for EDM measurements
[51, 59]. Among these, polyatomic molecules with integer total angular momentum F' appear
particularly promising for beam experiments, as they have been shown to be compatible with

ACME-style measurements [60].

2.1.9 Other effects

There are other small effects in molecules that can be treated as effective Hamiltonian
terms. A common source of such terms comes from the expansion of the molecular-axis

rotational Hamiltonian term B(f— J;)z. As shown in the spin-orbit coupling subsection 2.1.3
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and the (2-doubling subsection 2.1.6, there are terms such as
BJ-S and BJ-J., (2.85)

where the first term describes the spin-uncoupling effect and the second term describes the
2-doubling effect. They differ simply by an L-uncoupling term J - L and are therefore
not independent. We chose the (2-doubling term in subsection 2.1.6 because it is the more
suitable choice for Hund’s case (a) and (c¢) states, where € is a good quantum number.

Other than the Q-doubling term, additional Hamiltonian terms are generally not nec-
essarily small compared to the Stark splitting we apply in the lab (typically a few hundred
MHz). However, they are almost always diagonal in the ||, J, M basis and therefore do
not cause observable effects in our measurements. Examples include the spin—spin coupling
between different electrons and the spin—rotation coupling between the electron spin and the
nuclear rotation, which are proportional to A (322 - S(S+ 1)) and y S. (f—je), respectively
[50].

It is obvious from a symmetry point of view why there is a lack of correction terms
that are odd in M, which are the only kinds of Hamiltonian terms measured in ACME. Any
such term would require the breaking of time-reversal symmetry, which is not present in the
standard molecular Hamiltonian without external fields. To induce such M-odd terms, one
would need time-odd effects such as a B field, rotation of the quantization axis, or rotation
of the coordinate system itself (e.g. Earth’s rotation).

In the external-field interaction subsection 2.1.7, we discussed how an N -correlated g
factor can arise from E1-M1 interference effects. In fact, there is another contribution from
third-order perturbation theory involving the Stark effect, the Zeeman effect, and the spin-
uncoupling interaction. This was first worked out in an effort led by Nick Hutzler [53], and
it was shown to be comparable in magnitude to the E1-M1 interference effect discussed in
2.1.7.
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2.2 Spin precession measurement and switches

1

2.2.1 Ramsey measurement in J = 3

We perform our EDM measurement using a Ramsey-type spin precession measurement.

It is not exactly a Ramsey measurement, but for background we briefly review the standard

Ramsey technique here. In a standard Ramsey measurement, one seeks to measure the

energy difference between two states | 1) and | |). The measurement sequence is as follows.
D+ T

First, one prepares a superposition state 7 using a 5 pulse. Then, one lets the state

freely precess for a time 7" under the Hamiltonian

H="2000 - 100, (2.86)

After time T, the state evolves to

[ +e ™)
T

[W(T)) = (2.87)

Finally, one applies another & pulse and performs state readout. The result is fluorescence

proportional to

S = {1 [(T))? (2.88)

% (1+ cos(wT)). (2.89)

If both the up and down states are detected, one can define the asymmetry as

_5% 5

=555, = cos(wT). (2.90)

By measuring the asymmetry A, one can extract the precession frequency w and thus the

energy difference between the two states, given knowledge of the precession time 7.
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In general, it is convenient for visualization and mathematical simplicity to map any
two-level system onto a spin—% system. The quantum state is then described by two angular
parameters 6 and ¢ on the Bloch sphere. The state | 1) corresponds to the north pole with
0 = 0, while the state | |) corresponds to the south pole with § = 7. A general pure state is

given by
|y = e~10/2 cos (g) | 1) + ¢'9/2 in (g) | ). (2.91)

This quantum state can be represented by a vector S on the Bloch sphere with polar angle
0 and azimuthal angle ¢. Any non-dissipative evolution of this two-level system can be

represented as a rotation of the Bloch vector S about some axis.

2.2.2  Ramsey-like measurement in J = 1 and correspondence with photon

polarization

ACME’s spin precession measurement is very similar to a Ramsey measurement, but
there are some important differences. First, the two-level system we are working with is not
a Spin—% system, but rather the J = 1 rotational manifold of the H state. In particular,
we are only interested in the two M = =£1 sublevels of the J = 1 state, which we denote
as |[M = +1) and |[M = —1). The H, M = 0 sublevel is not used in our measurement.
This is similar to plane-wave photons, where only two polarization states are used, with
the longitudinal polarization state being prohibited by Maxwell’s equations. In fact, this
similarity can be taken almost literally.

For the science H state in ACME, we only drive transitions between the H, J =1, M =
+1 states and the J = 1, M = 0 state of an electronically excited state (either C or I); an
example laser coupling is shown in figure 2.6. Clearly, there will always be one polarization

bright state and one polarization dark state in this A-type three-level system. The bright
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and dark states can be defined as

1B) = e ¥ sinO|M = +1) + ¢ cos ©| M = —1), (2.92)

D) = —e~ " cos O] M = +1) + ¥ sin ©| M = —1). (2.93)

If we change the polarization of the laser light, the bright and dark states will change as
well. It turns out that the parameters 6 and © defined here for the bright and dark states
rotate exactly like the polarization of the laser.

Let us define the coordinate system using the readout laser. The readout light is linearly
polarized along either the x or y direction®. This choice defines the local z and y axes and
therefore fully specifies the polarization bright and dark states. In this coordinate system,

the bright and dark states are given by

M =41) + M = -1)
— 7% ,
M =+1) - |M = -1)
— 7% ,

|B) (2.94)

D)

(2.95)

with § = 0 and © = 7. It turns out that if we change the laser polarization, the dark state
will change exactly like the polarization state of a photon. For example, if we change the

laser polarization to right circular polarization, the dark state becomes

D) = |M = -1), (2.96)

which corresponds to a right-circularly polarized photon state. In general, 8 and © of the

bright and dark states, as defined in Eq. 2.94 and 2.95, correspond exactly to the polarization

5. These axes do not necessarily coincide with the laboratory X and Y directions; they instead define
a local measurement frame set by the chosen linear polarization. Following ACME convention, we use x,y
and X,Y interchangeably when no ambiguity arises.
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parameters of a photon, where 6 describes the orientation of the polarization ellipse and ©
describes the ellipticity. This correspondence is very useful for visualizing and understanding
our spin precession measurement in ACME, and is the main reason we often do not directly

map the quantum state to a spin—% system but instead to a spin-1 system.

I,LJ=1,M=0

Collect
512nm

H J=1M -1 0 |

Figure 2.6: Laser coupling the H,J = 1, M = +1 states to the I, J = 1, M = 0 state. The
resulting 512 nm fluorescence is collected for state readout.

We are now ready to describe the ACME spin precession measurement sequence. First,
we prepare the initial state by optically pumping into a dark state using diagonal linear

polarization. The prepared state is thus

—e /A M = +1) + &AM = —1)
7 .

i) = |D) = (2.97)

Next, we let the state freely precess for a time T, with the M = 41 states separated in
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energy by w. After time T, the state evolves to

_e—i(wT+7r/4)|M = 1) + ei(wT+7r/4)’M = 1)

V2

[W(T)) = (2.98)

Finally, we perform state readout by alternating x and y linear polarization rapidly at around
178 kHz. This is fast compared to the molecule transit time through the detection laser beam,
which is around 10 us, so that each molecule experiences both polarizations during readout.

The resulting fluorescence signals for each polarization are proportional to

Sy = [(By|(T))|? = sin®(wT + 7/4), (2.99)

Sy = [(By|(T))|?> = cos®(WT + 7 /4), (2.100)

where |B) and |By) are the bright states for x and y linear polarization, respectively. By
defining the asymmetry as
Se— Sy

= —2 = —gin(2wT 2.101
A 5o+ 3y sin(2wT), (2.101)

we see that, instead of the cos(wT) dependence in a standard Ramsey measurement, we
obtain a sin(2wT') dependence. The 7/4 phase offset arises from the diagonal linear po-
larization used in the initial state preparation, while the factor of 2 in front of w1 comes
from the fact that the J = 1 system precesses twice as fast as a spin—% system for the same
energy splitting between the two levels. The asymmetry has the standard shot-noise-limited
uncertainty 0.4 = 1/v/N for (A) = 0, where N is the total number of detected photons. The
corresponding uncertainty in the precession phase ¢ = wT is therefore 6 = 1/ (2\/N ).

The ACME measurement scheme described above is not exactly a Ramsey measurement,
not only because we are working with a J = 1 system instead of a spin—% system, but also
because we do not apply explicit 5 pulses for state preparation and readout. Instead, we use

optical pumping to prepare the initial dark state and optical detection for readout. Although
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this is not a traditional Ramsey % pulse sequence, the spirit and outcome are the same. The
preparation creates a superposition state in the M = +1 manifold, and the readout projects
the final state onto two orthogonal states (here in the x-y plane of the Bloch sphere rather
than along +2z) to extract the precession phase. Therefore, we still sometimes refer to this

as a Ramsey-type spin precession measurement.

2.2.83  Switches and parity channels

In a perfectly ideal experiment, one would have perfect contrast and know the precession
time T exactly. The electric and magnetic fields would be perfectly controlled so that the
only contribution to the precession frequency w would come from the eEDM interaction.
In this case, the simple Ramsey-type measurement described above would be sufficient to
extract the eEDM signal. However, in reality there are many imperfections and additional
phase contributions not related to the eEDM. Therefore, we perform a series of experimental
switches to characterize the contrast and precession time and to isolate the eEDM signal
from other contributions.

Most switches take binary values of 1. For a set of switches such as {N,&,B,P,...},

we denote their values as N, &, B, P, ... = £1. The full set of switches is described below.

1. Polarization switch: We rapidly switch the readout laser polarization between x
and y linear polarization at around 178 kHz to perform state readout. The integrated
fluorescence when the polarization is x/y is denoted S; /Sy, respectively. We do not
assign a switch label to the readout laser polarization. Instead, we use these signals to

compute an asymmetry at time ¢; given by

which is used to extract the accumulated precession phase. The relative timescales of
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the switches are shown in figure 2.7. The molecular beam pulse is generated at 50 Hz;
data from each pulse is called a “shot”. We sum 25 shots to form a “trace”. After

collecting a trace, additional switches are applied before collecting the next trace.

2. N switch (molecular orientation): This corresponds to the orientation of the
molecule relative to the applied electric field. In particular, this switch is performed
by changing the frequency of the state preparation laser to spectroscopically select
molecular states with different orientations. N = =£1 corresponds to the molecular

axis aligned or anti-aligned with the applied electric field.

3. € switch (electric field direction): This corresponds to reversing the direction of
the applied electric field in the lab. This is performed by reversing the voltage applied
to the electrodes. £ = £1 corresponds to the field pointing along or against the lab Z

direction.

4. 0 switch (polarization dither): Due to imperfections such as molecular beam ve-
locity dispersion and polarization imperfections, the measured asymmetry depends on

both the phase and the contrast,

A =Csin(2(¢ — 0)),

where ¢ < 1 is the precession phase, C is the contrast, and # = +1° is a small dither,
or deliberate offset, of the readout laser linear polarization away from the nominal
readout direction (§ = 0). By dithering 6 between +1°, we estimate the contrast in

situ for each trace using

1A 194
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The phase is then estimated as

o= (2.103)

These relations rely on small-angle approximations whose validity has been examined in

previous generations of ACME [91]. The switch value § = £1 corresponds to 6 = £1°.

5. B switch (magnetic field direction): This corresponds to reversing the applied
magnetic field. This is performed by reversing the applied current of the magnetic
field coils. B = =+1 corresponds to the field pointing along or against the lab Z
direction®. The difference in precession phase between the two B states is used to
extract the precession time using the calibrated magnetic moment of the H state and
the applied field magnitude. The B switch is performed every 8 traces; the resulting
16 traces (both B states) are combined to form a block, which is the smallest unit used
to extract the precession time.

The P, R, L, and € switches explained below are collectively referred to as superblock
switches. There are 2% = 16 possible combinations. The corresponding 16 blocks are
combined to form a superblock, which is the smallest unit of data expected to be free of

systematic errors and is therefore the smallest unit used to compute an eEDM result.

6. P switch (readout parity): The readout laser couples the H, J = 1, M = +1 states
to an excited I, J = 1, M = 0 state. Due to {2-doubling in the [ state, there are two
such M = 0 states with opposite parity seperated by around 91 MHz. The P switch
is performed through frequency selection of the excited-state parity, with P = +1
corresponding to even or odd parity. Effectively, this operation rotates the readout

laser polarization by 90° similar to the R switch.

7. R switch (readout polarization rotation): By rotating the readout half wave

6. With the exception of the readout X,Y lasers, the coordinate system of this writing follows ACME
convention where molecules fly toward +X direction, gravity points in +Y direction, and Z is defined by
the right hand rule.
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plate by 45°, the R switch rotates the readout laser polarization by 90°, effectively

swapping the definitions of x and y linear polarization.

8. L switch (lead reversal): This switch changes the lead assignment for the voltage
supplies connected to the field plates without changing the actual electric field direc-
tion. Both plate voltages are reversed simultaneously to keep the field direction fixed.

This switch is used to diagnose imperfections associated with the voltage supplies.

9. ¢ switch (cleanup birefringence): This switch changes the birefringence seen by
the preparation (cleanup) laser, which prepares the initial dark state through optical
pumping. It is implemented by simultaneously rotating the cleanup laser polarization
by 90° and switching the parity of the M = 0 excited state used for cleanup. The net
effect is that the effective linear polarization seen by the molecules is unchanged while
the ellipticity induced by birefringence flips sign. This is a new switch introduced in

ACME III to control cleanup-related systematics.

10. Slow switches: In addition to the fast switches above, there are slow switches applied
on timescales of hours to days, such as changing the electric field magnitude, readout
laser power, and other experimental parameters. These are used to probe potential sys-
tematic effects. At the time of writing, the final set of slow switches for the ACME III

data run has not yet been finalized.

After we collect a superblock of data, we compute what we call parity channels. For any
measured quantity X (e.g. asymmetry A or precession phase ¢), we can decompose it into
different parity channels according to its dependence on the various switches. For example,

the N'E-correlated channel of A is computed as

Ve LS AN, g BB, ), (2.104)
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Figure 2.7: Example switching timescales used for checking systematic errors. (a) The fastest
timescale is the polarization switch, which alternates between X and Y linear polarization
every 2.8 us. (b) Each molecular beam pulse (shot) is generated at 50 Hz, and only around
14 ms of data is collected from each pulse. We combine 25 shots to form a trace. (c) After
every trace, one or more of N, &,0, B is switched. Here, N’ and & are switched every other
trace so that N'E is switched every trace. (d) After every block (16 traces), one or more of
the superblock switches P, R, L, % is switched. Sometimes L is not switched to speed up
data collection. After collecting one superblock, we vary the knob of interest (e.g., A
N-correlated detuning). See 4.1.1 for details about systematics checks.
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where n is the total number of switches in {N,&,B,P,...}, and AN, E,B,P,---) is the
measured asymmetry for a particular combination of switch values. Equivalently, we can

write the measured quantity A as a sum over all possible parity channels:
ANEBP, ) = A" + ANN + A% + ANENE+ ABB+ -, (2.105)

where A" is the non-reversing channel that is not correlated with any switch, AN s the
N -correlated channel, and ANE s the channel correlated with the product of the A" and &
switch values. The ellipsis denotes all other possible combinations of switches.

In general, the set of values A(J\7, EB,P,--- ) forms a 2"-dimensional vector space, and
so does the set of parity channels {.AN, A€ ANg, ...}. We refer to the former as the state
basis and the latter as the parity basis. These two vector spaces describe the same data
and are isomorphic. By convention, we call the isomorphism that maps the state basis to
the parity basis the parity transformation. Its explicit matrix representation depends on the
ordering of the basis states but follows directly from the definitions above.

We record measurements naturally in the state basis. However, for data analysis it is
often much more convenient to work in the parity basis because different channels isolate
different physical effects. For example, the B channel is dominated by the Zeeman effect
and is used to extract the precession phase. The eEDM contribution is expected to appear
only in the N'E channel. To see this, recall that the eEDM Hamiltonian term is proportional
to Q = NE M, and the measured phase corresponds to the energy difference between the
M = +1 states. Physically, N defines the orientation of the molecule relative to the applied
electric field, while £ defines the direction of the applied electric field in the lab. Their
product therefore specifies the orientation of the molecular axis in the lab frame, which in
turn determines the direction of the effective internal electric field £.¢ and the sign of the
eEDM energy shift. This switching protocol is crucial for isolating the eEDM signal from

other contributions to the precession phase.
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2.3 Experimental setup

2.3.1 Experimental schematic

The schematic of the ACME III experimental setup is shown in figure 2.8. The main
components of the experiment include the molecular beam source, compact rotational cooling
stage, molecular electrostatic lens for beam focusing, "Qleanup" stage for state preparation,
and the interaction region for spin precession measurement. Each of these components is

described in detail in the following subsections.
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Figure 2.8: Experimental schematic of the ACME III electron EDM measurement apparatus.
The ThO molecules are produced in a cryogenic buffer gas beam source, rotationally cooled
to the ground X, J = 0 state using optical pumping, transferred to the ), J = 2 lensing state,
focused using an electrostatic lens, transferred back to the ground X, J = 0 state using the
"Qleanup" optical pumping stage, prepared into the science H,J = 1 state using vertical
STIRAP, with imperfections in the prepared states from this process subsequently cleaned up
by the cleanup/preparation laser, and finally the spin precession measurement is performed
in the interaction region using a Ramsey-type measurement. The resulting fluorescence from
state readout is collected using a light collection system with SiPM detectors.

2.3.2 Beam source

We produce ThO molecules by ablating a ThO9 ceramic target with ~ 15 mJ pulses from
a Nd:YAG laser. ThO molecules are subsequently formed in the locally high-temperature

region. The ThO molecules are then rapidly cooled through collisions with cold neon buffer
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gas at around 20 K. The cold ThO molecules are extracted from the cell and undergo
further cooling and collimation in a cryogenic buffer gas beam source [53, 54]. The resulting
molecular beam has a forward velocity of around 200 m/s with a rotational temperature of

approximately 4 K.

2.3.8 Compact rotational cooling

To gather the molecules into a single quantum state, we perform rotational cooling by
optically pumping molecules from the J = 1,2 states to the ground X, J = 0 state via the
excited C,J = 1 state. The rotational cooling level scheme is shown in figure 2.9. The
rotational cooling laser is multi-passed using an in-vacuum prism. The resulting rotational
cooling is compact and efficient, with approximately a factor of 3 increase in the population
of the ground X, J = 0 state. This compactness is required to reduce the distance between
the beam source and the molecular electrostatic lens in order to minimize loss from beam

divergence. The resulting distance between the source and the lens is around 30 cm [103].

(a) E-field OFF E-field ON
Cr=1 MR cr=1 | ’,‘“*wﬁlv
polarization "' A r'v*‘ polarization \\‘ Jf
switch |l switch Voo
XJ=2 2 -1 0 1 XJ=1 9 0 1
M M
P(2) Q(1)

Figure 2.9: Rotational cooling level scheme. Molecules are optically excited from the X, J =
1,2 states to the excited C,J = 1 state, which then decays to the X,J = 0 ground state
with high branching ratio. Polarization switching is performed to destabilize dark states.
The frequencies of the rotational cooling lasers are rapidly switched between the P(2) and
Q(1) transitions to address both X,J = 1,2 states. The Q(1) branch is parity-forbidden
and therefore requires mixing of opposite-parity states in the C' state using an electric field
switched at the same frequency. Figure reproduced from Wu et al. [103].
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2.3.4  Molecular electrostatic lens

After rotational cooling, we need to transfer the X, .J = 0 molecules to the Q,J = 2
state. The ), J = 2 state has a large Stark shift and small parity-doublet splitting, making it
ideal for lensing at a modest applied electric field of 10.4 kV/em. To transfer to the lensing
state in @,J = 2, we use stimulated Raman adiabatic passage (STIRAP) to coherently
transfer population from the ground X,J = 0 state to the lensing @), J = 2 state with

near-unity efficiency via the intermediate C,.J = 1 state [103].

1196 nm Laser
lnear Pol.

690 nm Laser
Linear Pol.

M=-2 M==-1 M=0 M=+1 M=+2

J =2

Q

Figure 2.10: Level scheme for transferring molecules from the ground X, J = 0 state to the
lensing (), J = 2 state using STTRAP via the excited C, J = 1 state. The pump laser couples
the X,J =0+« C,J =1 transition, while the Stokes laser couples the C,J =1+ Q,J =2
transition. The 690 nm pump laser and the 1196 nm Stokes laser are partially overlapped in
space. The molecules first encounter the Stokes laser, whose intensity adiabatically ramps
down while the pump laser intensity ramps up. The molecules remain in the dark state,
which evolves from the initial X, J = 0 state to the final (), J = 2 state as the molecules fly
through the laser beams. Figure prepared by Zhen Han.

After the STIRAP transfer stage, the molecules are collimated in a hexapole electrostatic
lens. The electrostatic lens consists of six cylindrical electrodes arranged in a hexapole

configuration, as shown in figure 2.11. By applying alternating positive and negative voltages
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to adjacent electrodes, we generate an electric field whose strength is proportional to the
square of the distance 72 from the center of the hexapole. The lensing state behaves like a
weak-field-seeking classical dipole (due to its linear Stark shift) and therefore experiences a

harmonic potential capable of collimating a point source.
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Figure 2.11: Electrostatic potential generated by the electrostatic lens. (a) Cross-sectional
view of the hexapole with R ~ 2 cm. (b) Electric field, and hence electrostatic potential,
seen by the molecules along two different cut lines. Figure reproduced from Wu et al. [103].

Typically, the need for a harmonic potential to collimate a point source is explained
mathematically using the thick-lens approximation [91, 103|. For simplicity, we provide a
harmonic-oscillator picture here. If the potential is harmonic, the transverse motion of the
molecules in the lens can be described as simple harmonic motion. To show that collimation
can be achieved, it suffices to show that when the molecules enter the lens, their oscillation
phase is identical regardless of their initial transverse position and velocity; then, by choosing
the appropriate lens length, all molecules exit the lens with zero transverse velocity, i.e. they
are collimated. For a point source, the velocity—position relation is v.g oc rg, where 79
and v, are the initial transverse position and velocity at the lens entrance. The maximal
transverse displacement inside the lens is then rmax o Ep o v.g o 79, where Ey is
the initial transverse kinetic energy. Importantly, since all molecules are traveling radially

outward, their oscillation phase upon entering the lens is uniquely determined by rg/rmax,
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which is independent of initial conditions. Thus, all molecules execute harmonic motion
with the same phase but different amplitudes. By choosing the appropriate passage time,

collimation is achieved.

2.3.5  Qleanup stage

After the electrostatic lens, the molecules are transferred back to the ground X, J = 0
state using optical pumping via the excited I,.J = 1 state. This stage is called Qleanup
because it cleans up almost all residual population from the lensing ), J = 2 state after the
STIRAP stage. Near-complete depletion of this state turns out to be crucial for reducing

systematics. The exact level scheme for Qleanup is shown in figure 2.12.

J=1

746nm Laser

Pol. Switched

Figure 2.12: Qleanup level scheme. We pump out the @), J = 2 state using optical pumping
via the excited I, J = 1 state. Polarization switching is used to destabilize dark states. To
evade parity selection rules, we apply an electric field at around 100 kHz to mix opposite-
parity states in the () state, which are separated by < 10 kHz. The molecules then decay
to the ground X, J = 0 state with high branching ratio. Rotational branching to the J = 2
state is repumped back to the J = 0 state through the C' state (not shown). Figure prepared
by Zhen Han.
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2.3.6  Interaction region for Ramsey measurement

After the Qleanup stage, the molecules enter a magnetically shielded region with residual
magnetic fields below 10 uG after compensation. After an additional ~ 10 c¢cm of flight,
the molecules enter a region of uniform electric and magnetic fields for the spin precession
measurement. The electric field is generated by a pair of glass field plates with transparent
conductive coating7. The magnetic field is generated by a set of self-shielded coils.

To prepare the molecules in the H, J = 1 science state, we use another STIRAP stage,
with laser beams sent vertically through the apparatus to coherently transfer population
from the ground X, J = 0 state to the H,.J = 1 state via the excited C,.J = 1 state. The
level scheme for this "vertical STIRAP" stage is shown in figure 2.13. The prepared quantum
state is largely set by the polarization of the 1090 nm Stokes beam, with some uncontrolled
state-preparation imperfections that can lead to systematics in the EDM measurement.

After the vertical STTRAP stage, molecules next encounter a cleanup stage to remove
systematics-inducing state imperfections from the state-transfer process via optical pump-
ing. To maximize signal, the linear polarization direction of the cleanup laser is aligned to
maximize overlap of the molecular state with the dark state of the cleanup laser. This stage
is also sometimes called the preparation or refinement stage in the ACME literature. The
level scheme for this cleanup stage is shown in figure 2.14.

After the cleanup stage, the molecules freely precess for ~1 m, corresponding to about
5 ms of evolution time, before state readout is performed. This is done using 703 nm light
to couple the H,J = 1, M = %1 states to the excited I, J = 1, M = 0 state. The resulting
512 nm fluorescence is collected for state readout. The level scheme for state readout is shown
in figure 2.15. The fluorescence is collected by eight large lens doublets, with the photons

guided by lightpipes to silicon photomultipliers (SiPMs).

7. ITO coating. The transparency is needed to allow laser beams with polarizations orthogonal to the
quantization axis defined by the electric field.
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Figure 2.13: Level diagram for the vertical STTRAP stage used to transfer population from
the ground X,.J = 0 state to the science H,J = 1 state. The pump laser couples the
X,J =0+« C,J =1 transition, while the Stokes laser couples the C,J =1+« H,J =1
transition. The 1090 nm frequency is changed to switch between different N states of H.
Figure prepared by Zhen Han.

2.4 Improvements over the last generation

Table 2.4 summarizes the main statistical sensitivity improvements in ACME III over
ACME II. With the exception of the technical noise improvement, all improvements have
been demonstrated [52, 103-107]. To rigorously demonstrate the suppression of technical

noise, we need to wait for the final data run to compare excess noise relative to shot noise.

Table 2.4: Sensitivity Improvement

Proposed Improvement Signal Gain 7 Gain EDM Sensitivity Gain
Longer precession time 0.3 d 2.7
Electrostatic lens 12 1 3.5
SiPM detector 2.7 1 1.6
Improved collection optics 1.7 1 1.3
Eliminated timing jitter noise 1 1 1.7
Load-lock target change 1.4 1 1.2
Total 23 5 39
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Figure 2.14: Level diagram for the cleanup stage after the vertical STIRAP, used to clean
up systematics from the state-transfer process. When the % switch is changed, both the
polarization of the cleanup laser and the parity of the excited C,J = 1 state used for
cleanup are changed. This effectively flips the ellipticity seen by the molecules while keeping
the linear polarization direction unchanged. Figure prepared by Zhen Han.

The longer precession time is made possible by the most recent measurements of the
H state lifetime [52]|, which showed that the H state lifetime is around 4.2ms instead of
the previously believed ~ 1 ms. This allows us to increase the precession time from 1ms in
ACME II to 5ms in ACME III. We cannot extend the precession time further due to signal
loss from the decay of the H state [99].

The electrostatic lens prevents beam divergence loss, and the expected gain from this
is around a factor of 12 in signal. The SiPM detectors have higher quantum efficiency
compared to the PMTs used in ACME II, leading to a factor of 2.7 gain in signal. The
improved collection optics, with larger numerical aperture, also lead to a factor of 1.7 gain
in signal.

The ACME II experiment suffered from technical noise due to timing jitter in the
data acquisition system [107]. After understanding the mechanism behind this noise, we
redesigned the data acquisition system to eliminate this noise source in ACME III. The fix is

to synchronize all clocks and ensure that the polarization switching and the data acquisition
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Figure 2.15: Level diagram for state readout. The readout laser couples the H, J =1, M =
+1 states to an excited I, J = 1, M = 0 state. The resulting 512 nm fluorescence is collected
for state readout. The polarization of the readout laser is rapidly switched between x and y
linear polarization at around 178 kHz to perform state readout. The P switch changes the
parity of the excited I, J = 1, M = 0 state used for readout. Figure prepared by Zhen Han.

are commensurate with the clock rate.
Finally, the load-lock target change system allows us to change the ThO9 target without
breaking vacuum. This allows us to reduce signal loss from target degradation by enabling

rapid target swapping [106].

2.5 Hardware details or where to find them

This section provides a more detailed description of the various hardware components
that I have worked on. For components that I have not worked on directly, I provide

references to the relevant ACME writings where more details can be found.
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2.5.1 Beam source

The beam source development was almost entirely led by Zhen Han. Zack Lasner
contributed to the design drawings and helped with the initial construction. The 300K
vacuum chamber and the pulse tubes were recycled from the previous generation. The
cryogenic 4 K and 40 K radiation shields and the 20 K buffer gas cell were newly designed
and built for ACME III. Both the 4K and 40 K radiation shields are made of gold-plated
OFHC copper with a lightweight design to minimize thermal mass. [t was found by the Doyle
group that 40K copper (instead of aluminum) radiation shields are better for minimizing
cool-down time.

The most important improvement of the beam source is the addition of the vacuum
load-lock system for changing the ThO9 target without breaking vacuum. The load-lock

system is described in detail in Han et al. [106].

2.5.2  Compact rotational cooling

The compact rotational cooling stage was designed and built by Xing Wu. After moving
ACME from Harvard to Northwestern, Zhen Han constructed all the optics for the rotational
cooling stage, and the setup is shown in figure 2.16. Although we initially planned to perform
fast polarization switching of the rotational cooling light to destabilize dark states, Zhen Han
realized that the polarization-switching Pockels cell did not noticeably increase the rotational
cooling gain. This is possibly due to the fact that the laser beams traverse the molecules
13 times in the prism while the excited C state can scatter at most four photons. The
birefringence inside the in-vacuum prism may already be sufficient to scramble dark states.
Because of this discovery, we moved the Pockels cell elsewhere where it can be used more
efficiently.

One possibly useful technical detail is that the in-vacuum prisms are mounted with
the vacuum-compatible epoxy OPTOCAST 3553-LVUTF-HM. Xing Wu measured the out-
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gassing rate to be < 1072 torrLs~!em™2. I performed a similar measurement with the
3553-250K-HM variant and found a comparable outgassing rate. The part numbers LVUTF
and 250K denote low viscosity and 250k cps viscosity, respectively. This suggests that the

OPTOCAST 3553 epoxy family, across different viscosities, is vacuum compatible.
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Figure 2.16: (a) Optics setup for rotational cooling. (b) Switching cycle. The polarization
EOM controls whether the Q(1) or P(2) light enters the tapered amplifier for rotational
cooling. The electric field is switched on and off accordingly to mix opposite-parity states
in the C state, enabling excitation of the nominally parity-forbidden Q(1) transition. (c)
Actual rotational cooling setup inside the vacuum chamber. Figure prepared by Zhen Han.

2.5.3 Molecular electrostatic lens

The electrostatic lens was designed and built by Xing Wu with some help from me.
After moving from Harvard to Northwestern, Xing Wu, Zhen Han, Collin Diver, and I

worked together to integrate the electrostatic lens with the new beamline. The X —C'—@Q
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STIRAP for transferring to the lensing state and the Qleanup stage for pumping the lensing
@ state back to X were built by Zhen Han.

The electrostatic lens design is described in detail in Wu et al. [103]. The previous
generation of ACME attempted to build an electrostatic lens using the ground electronic
state X for lensing, in an effort led by Adam West. However, due to the small Stark shift in
the X state, the electric field required for lensing was too challenging from an engineering
standpoint. It was also subsequently realized that the high-voltage lens generated X-rays due
to uncontrolled discharges and bremsstrahlung. This is a significant health hazard and was
one of the main reasons for abandoning the electrostatic lens in ACME II [108]. Nevertheless,
significant progress was made in the last generation toward building an electrostatic lens,
and the CeNTREX experiment built upon this work to make a working electrostatic lens
without X-rays [57]. In this generation of the experiment, we borrowed heavily from their
design in terms of CAD, high-voltage electronics, and manufacturing. The CeNTREX design
already follows best practices for high-voltage applications, such as avoiding triple junctions
[109]. More details can be found in Oskari Timgren’s thesis [57].

After first assembling the electrostatic lens, we performed high-voltage conditioning up
to £30kV on each electrode. This is the maximum voltage that our high-voltage supply,
a Spellman TOF3000, can provide. We also installed Geiger counters around the lens to
monitor possible X-ray generation. No excess counts above background were observed during
normal operation. One of the main improvements in ACME III is the use of the @, J = 2
state for lensing instead of the X state. The required electric field for lensing in the @) state
is only 14kV /cm for the short beamline at Harvard and 10.4 kV/cm for the longer beamline
at Northwestern. This is an exponentially easier problem, especially given our improved
understanding of high-voltage engineering.

One major concern with the electrostatic lens is the possibility of overfocusing the

molecular beam such that molecules deposit on the surface of the ITO-coated glass field
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plates in the interaction region. If a significant number of molecules deposit on the field
plates, they can potentially create uncontrolled patch electric fields that lead to systematic
errors. To address this concern, we performed detailed simulations of the molecular beam
trajectory through the lens using our best knowledge of the phase-space distribution of the
molecular beam from the source. The simulation result is shown in figure 2.17. One useful
lesson from the simulation is that it is more efficient to add beam collimators before the
lens to block highly divergent molecules rather than blocking molecules after the lens. This
is likely because highly divergent molecules tend to become overfocused and deposit on the
field plates anyway. After optimization of the collimator size and position, we found that

the fraction of molecules depositing on the field plates is negligible.
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Figure 2.17: Simulation of molecular beam trajectories through the electrostatic lens at
various applied voltages. The red lines indicate molecules that do not reach the detection
region, while the green lines indicate molecules that successfully reach the detection region.
Figure reproduced from Wu et al. [103].
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2.5.4  Magnetic shields

The magnetic shields were the biggest engineering challenge in ACME 111, requiring
roughly two full PhD-years of effort until commissioning. The effort was led by Siyuan Liu,
Maya Watts, and Xing Fan. Details of the magnetic shield design and construction can be
found in [93]. As of the time of this writing, a paper summarizing all technical details of the
shields and magnetic coils is in preparation for publication.

The main challenge with the magnetic shields is their sheer size and weight. The outer-
layer shield is more than 2 m long, and there are a total of three layers of mu-metal shields. An
additional difficulty arises from the fact that mu-metal is a delicate material, as deformation
and mechanical stress can significantly degrade its magnetic permeability. There are good
reasons to suspect that the magnetic field performance inside the shields degraded in the
last generation of the experiment due to mechanical stress during assembly and disassembly
[90, 91]. To minimize deformation-induced stress, the shields were designed to be rectangular
rather than cylindrical. Nevertheless, smooth and non-destructive assembly and disassembly
of the shields still required significant planning and engineering effort. Xing Fan was the
primary driver of this aspect and substantially optimized the assembly and disassembly
procedure.

When the shields were first assembled and degaussed, we observed unexpectedly large
residual fields of approximately 50 uG. This was traced to a small DC offset current in the
degaussing coils, which magnetized the shields during the degaussing process. After careful
investigation led by Xing Fan, this offset was eliminated and the residual fields were reduced
to below 10 uG. Another interesting observation during the degaussing investigation is that
the DC shielding factor appears to be significantly higher than the AC shielding factor. In
other words, the shields appear to self-magnetize after degaussing in a way that cancels
external DC fields more effectively than time-varying fields. We modeled this behavior using

standard hysteresis models, with details described in appendix A. Jakob from CeNTREX
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independently observed similar behavior and performed related modeling [110].

2.5.5 Magnetic coils

The magnetic field coil design was initially led by Bingjie Hao. After she left the group,
Daniel Ang took over the coil simulation work, and Xing Fan led the design and construction
of the coils. Ayami Hiramoto and Siyuan Liu also contributed to the construction and char-
acterization of the coils. I performed independent simulations of the field coils for verification
and visualization, and T also helped with testing the coils after construction. Details of the
magnetic coil design will be included in an upcoming magnetic shield paper that is currently
in preparation.

For the purposes of this thesis, it suffices to give the field and field-gradient efficiencies of
the coils, as well as their off-diagonal contributions, which were measured using commercial
magnetometer58 set up by Maya Watts and Ayami Hiramoto. These results are summarized

in figures 2.18 and 2.19.

2.5.6  Interaction region vacuum chamber

The interaction region vacuum chamber was designed by Cole Meisenhelder and manu-
factured by Atlas Technologies. Details of the design can be found in Cole’s thesis [92]. The
initial testing and characterization of the chamber were done by me and Zhen Han.

After baking the chamber at 100°C for a week, the pressure was still surprisingly high,
consistent with a leak rate of 10~° mbar - L/s, despite passing the helium leak test. The final
pressure is below 10~ 7 mbar and is sufficient for the experiment, but the high apparent leak
rate was puzzling and we decided to investigate further.

We initially suspected that there might be virtual leaks inside the chamber due to

trapped volumes. However, John Doyle realized that this leak rate could be due to diffusion

8. QuSpin Total-Field Magnetometer (QTFM). Do not recommend.
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Figure 2.18: Magnetic field efficiency matrix from the coils. Vertical axis: different coil
sets/modes. Horizontal axis: generated field direction. Color: coil efficiency in £G/mA. The
fact that the off-diagonal elements are small compared to the diagonal elements indicates
good orthogonality of the coil design.

of gases through the Viton O-rings used in the chamber. To test this hypothesis, we sealed
the chamber in a bag and backed the turbo pump using the leak checker. We then filled the
sealed bag with helium gas and observed the leak-checker reading rising very slowly. In fact,
even after removal of the surrounding helium gas, the leak-checker reading remained high for
hours, indicating that helium had diffused into the Viton O-rings and was slowly diffusing
back out. We performed finite-element analysis of the diffusion process using literature values
and found good agreement with the observed leak rate and time constant. We were satisfied

with this explanation and decided to move on.

2.5.7 Magnetometer pockets

The magnetometer pockets are re-entrant aluminum insets that protrude into the in-
teraction region vacuum chamber to allow insertion of magnetic field sensors close to the

molecular beam path. The pockets were designed by Xing Fan and installed by me. During
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Figure 2.19: Magnetic field gradient efficiency matrix from the coils. Vertical axis: different
coil sets/modes. Horizontal axis: generated field-gradient component. Color: coil efficiency
in uG/cm/mA. Note that not all off-diagonal elements are small due to constraints imposed
by Maxwell’s equations.

initial testing, we found that the magnetometer pockets were likely magnetic. Xing Fan cut
open one of the pockets and found conclusive evidence that the welding joints were magnetic,
as shown in figure 2.20. He then ordered monolithic aluminum pockets without any welding

joints for the final installation.

2.5.8 Glass electric field plates

The glass electric field plate system was the most open-ended engineering project of
ACME III. No one had a concrete plan that was guaranteed to work. The main challenge
was to build a large 1.3m x 0.3m glass plate with a very low birefringence gradient (<
1074 mm_l) and good electric-field uniformity. The initial investigation was led by Cole
Meisenhelder and Daniel Ang. There were two proposals for building a composite field
plate that I continued to work on after joining the group. Eventually, both proposals were

abandoned due to technical challenges, and we decided to implement a monolithic field plate.
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Figure 2.20: Magnetometer pocket with two welding joints. Both were found to be magnetic.
Figure prepared by Xing Fan.

Zhen Han built the polarimeter for testing the birefringence |111]. Xing Fan and Collin Diver
helped with the mounting design and assembly.

The initial proposal was to use an ultra-low-birefringence glass from Schott called
SF5THTULTRA. Roughly speaking, the ultra-low birefringence is achieved by mixing the
right amount of lead oxide into the glass. The lead oxide pulls the stress-optic coeflicient
toward the negative side, canceling the positive stress-optic coefficient of regular glass [112].
The stress-optic coefficient crosses zero around 580 nm and remains small at our operating
wavelength of 703nm?. Zhen Han used his polarimeter to measure the birefringence gradi-
ent of a small test piece of SF57THTULTRA glass and found it to be ~ 0.075 x 10~ 12pa—1,
compared to ~ 3 x 10712 Pa~! for typical glass.

The main challenge with using SF5THTULTRA glass is that it is not manufactured in
large sizes. The largest size that Schott can produce is around 20cm x 20cm. To build
a large field plate, we initially planned to glue multiple glass pieces together to form a

composite field plate. One idea was to glue the glass pieces in a rectangular, LEGO-like

9. For optics experts, this is analogous to ULE glass, which has a zero crossing of the coefficient of thermal
expansion at a particular temperature. ULE is a glass—ceramic, with the glass phase contributing a positive
coefficient of thermal expansion and the ceramic phase contributing a negative one.
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pattern. Another idea, proposed by Cole Meisenhelder and John Doyle, was to machine
circular holes in a large piece of glass and insert SFS5THTULTRA glass pieces into the holes.
In this design, the specialized glass would only be used in regions where the laser beams pass
through, while the non-laser regions could be made of regular soda-lime glass, which has a
very similar coefficient of thermal expansion to SEFSTHTULTRA.

The composite field plate plan rendered the birefringence problem largely trivial. The
key remaining engineering challenge was electric-field uniformity. The glass pieces needed to
be chamfered at the edges, which meant that at the glue joints there would be surface flatness
issues that could lead to electric-field inhomogeneity. One solution investigated by Daniel
Ang was to add a shim electrode at every glue joint, allowing the electric-field uniformity
to be tuned using these shim electrodes. We eventually decided that this approach was
too complicated from a systematic-error diagnostics perspective and abandoned it. Another
possible solution, proposed by Dave DeMille, was to fill the gaps with vacuum-compatible
epoxy. We began with Master Bond EP30-2 epoxy, which has been tested by LIGO [113], and
we independently verified that it has a low outgassing rate. This epoxy approach improved
the joint flatness from ~ 250 yum to ~ 5 pm.

The main challenge I encountered with this approach was that the epoxy would not
remain flat due to surface tension. I experimented with different epoxy viscosities and
found that more viscous variants performed better, which is consistent with expectations for
dynamic wetting. I also tried adding ~ 1 pum copper powder to the epoxy to modify the
contact angle. This yielded the best flatness of ~ 5 um at the joint. We also attempted to
overfill the joint with epoxy and then grind and polish the surface flat. The main issue with
this approach was that the epoxy tended to delaminate from the polished glass surface during
grinding. Cracks then rapidly propagated at the delaminated joints, limiting the achievable
surface flatness. Development ultimately stalled at around ~ 5 um flatness at the joints.

There were three main concerns with the epoxy-based approach. First, the ITO coating
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we planned to use is only about 200 nm thick. If the surface flatness is much larger than this,
there may be small patch areas that are not coated with ITO, leading to patch potentials and
known systematic effects in the EDM measurement. Second, although we never observed
systematic errors associated with electric-field gradients, poor surface flatness could introduce
electric-field gradients significantly different from those in previous generations, potentially
leading to new systematics. Finally, Jerry Gabrielse frequently reminded me in collaboration
meetings that epoxy had caused major problems in his previous experiments. Due to these
concerns, I eventually began investigating the use of monolithic field plates.

If we decide to build monolithic field plates, we cannot use SEF57THTULTRA glass due
to manufacturing size limitations. This means the field plates will have a large stress—optic
coefficient, and a serious investigation is required to study the stress mechanics of such a large
glass plate. In particular, we need to ensure that mounting stress, residual manufacturing
stress, and thermal stress from laser heating do not produce large birefringence gradients.

To control mounting-stress-induced birefringence, I first investigated the mounting de-
signs used in previous generations of ACME. The ACME IT mounting design caused the field
plates to bend after tightening, as shown in figure 2.21. It was believed that this bending
stress was the main source of birefringence in ACME II. I simulated the birefringence from
this bending in COMSOL and found that bending alone does not produce birefringence.
In fact, this is well known in the glass manufacturing industry and is documented in the
literature [114]. The detailed mathematical explanation is derived in Appendix B. The key
takeaway is that all birefringence contributions arise from accidentally applied tangential
stress normal to the clamping surface. Bending stresses average out to zero through the
thickness and do not contribute to birefringence.

To minimize tangential clamping stress, I designed a mounting system using ball joints
to ensure that the clamping force is always normal to the glass surface. The idea is that the

ball can roll and relax any tangential force component. In reality, as the clamping force is
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Figure 2.21: Bending of the electric field plate in ACME II due to mounting. Figure repro-
duced from O’Leary [87].

increased, the ball and/or contact surfaces deform slightly, leading to rolling resistance. This
rolling resistance can generate a small tangential force component. In practice, I found that
even when the rolling resistance is large enough to hold the glass against gravity using only
six clamping points, the induced birefringence gradient remains well below our requirement.
The rolling resistance is therefore a feature rather than a bug, as it helps hold the glass in
place.

I first demonstrated this approach on the ACME II field plate assembly and then verified
it with a test assembly capable of mounting a 1.3m long soda-lime glass field plate. This
gave us confidence that mounting-stress-induced birefringence can be kept under control.
The details of the mounting design are shown in Figs. 2.22 and 2.23.

We also need to ensure that the residual manufacturing stress is small enough to avoid
producing large birefringence gradients. The difficulty lies in the fact that residual stress is
size dependent, and it would be prohibitively expensive, both in cost and time, to purchase a
full-size test piece solely to characterize the residual birefringence. We therefore had to study
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Figure 2.22: Mounting scheme of the field plates using ball joints to ensure a normal clamping
force. Titanium spheres are held between two circular titanium disks. Between the titanium
disks and the glass surface, a thin Kapton sheet is inserted to provide electrical insulation
and to prevent direct glass—metal contact, which could lead to cracking of the glass.

and predict the residual stress indirectly. Fortunately, this turns out to be a manageable task.
Residual stress in glass is mainly caused by thermal gradients during the annealing process
[115]. It is essentially a differential thermal expansion problem. The key parameters are
the cooling rate, thermal expansion coefficient, thermal conductivity, heat capacity, density,
stress—optic coefficient, and the geometry of the glass piece. All of these, except the cooling
rate, are known for the glass we selected, Corning 7980 fused silica. The cooling rate can
be estimated from the annealing schedule, which is on the order of days. Using conservative
estimates for the cooling rate, I performed finite-element analysis in COMSOL to simulate
the thermal gradients during cooling and the resulting residual stress. To model the cutting
process, I set the surfaces of the cut pieces to be traction-free. Multiple cutting geometries
were simulated, and in all cases the residual stresses were found to be below our requirement.
This gave us confidence that residual manufacturing stress would not be a problem. We also
measured the residual stress of a small test piece of Corning 7980 fused silica using Zhen

Han’s polarimeter and extrapolated to the full-size plate using empirical scaling laws from
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Figure 2.23: Ball bearing assembly for the field plates. The titanium spheres are held between
two circular titanium disks. During assembly, an installation washer with a slightly larger
inner diameter is used to hold the spheres in place. Its height is smaller than the clamping
assembly so that it does not provide any clamping force. Because only 3-4 spheres are
needed per assembly, filler washers are used to fill the remaining space and ensure maximal
separation of the spheres.

the literature [115]. The agreement between this empirical approach and the simulations
provided further confidence. After receiving the full-size fused silica plates, we measured the
birefringence gradients and found them to be approximately 1.5 x 10~4 /mm in the regions
traversed by the laser beams, which is below the ACME III design target of 1.7 x 10’4/mm
obtained based on scaling from birefringence gradients in ACME 1.

Finally, we must ensure that thermal stress from laser heating is small enough to avoid
producing large birefringence gradients. In ACME I, the preparation and readout laser op-
erated at 1090 nm rather than 703nm. The field plates were made of Schott Borofloat 33,
which has a relatively large absorption of about 5% at 1090 nm. This resulted in signifi-
cant thermally induced birefringence gradients and constituted a leading systematic error
[53]. We performed polarimetry tests on both fused silica and thin ITO-coated samples to
independently verify that absorption in either the glass substrate or the ITO coating is suf-
ficiently small to avoid significant thermally induced birefringence. For a bulk material, the
thermally induced birefringence at fixed laser power and wavelength scales as o« KESu/k,

where K is the stress—optic coefficient, F is Young’s modulus, S is the thermal expansion
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coefficient, p is the absorption per unit length, and x is the thermal conductivity. To mea-
sure this coefficient, it suffices to illuminate the material with a heating laser and measure
the resulting change in birefringence a few beam waists away from the heating spot. In
the absence of cooling, a Gaussian heating beam produces an approximately constant bire-
fringence across the transverse plane of the glass at distances sufficiently far from the beam
center. This follows from the exact solution of the biharmonic equation governing Airy stress
functions [116, 117]. Therefore, measuring the birefringence a few beam waists away directly
probes the material-dependent coefficient o« K E(Spu/k relevant for thermal stress-induced
birefringence. This method is fast and straightforward, and our measurements showed that
thermally induced birefringence is not a concern for ACME III.

After we concluded that the stress-induced birefringence was under control, we pro-
ceeded to the manufacturing of the full-size field plates. This was difficult mainly because it
was hard to find vendors willing to handle glass pieces of this size. The glass was manufac-
tured by Corning using material 7980STD/0C. The dimensions are 1.3 m by 0.3 m by 15 mm.
The subsequent grinding and polishing were performed by Displays & Optical Technologies,
Inc., which was the best vendor I have ever worked with in terms of communication, quality,
and timeliness. The final glass was specified to have a global surface flatness of 5 ym. After
polishing, the glass plates were sent to Thin Film Devices Inc. for ITO coating. Although
the company initially promised to coat the pieces at their California facility, they ultimately
shipped the glass to their South Korea facility without notifying us. The surface resistance
was also approximately 200 /[J instead of the initially promised 2000 $2/C]. Nevertheless,
after measuring uncontrolled electric fields between the field plates, we did not observe any
significant difference compared to previous generations.

After receiving the coated glass plates, we proceeded with assembly. Initially, we ob-
served significant bending of the field plates during mounting. Although bending itself does

not cause birefringence, we were concerned that it could introduce electric field inhomogene-
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ity. We determined that the bending was likely caused by deformation of the aluminum
frame. The machining process had relieved a significant amount of internal stress in the
aluminum, leading to distortion. We communicated this issue to the machining company,
3ERP, who proposed an improved process. Their solution was to perform a rough machining
step, anneal the frame, and then carry out final precision machininglo. This approach signif-
icantly reduced the bending. We then performed white-light interferometry measurements
of the surface flatness of the assembled field plates [87], finding a flatness of approximately
100 um. Because this was not fully satisfactory, we shimmed the frame to further reduce
bending. The shimming process was lengthy and labor-intensive, as assembly and disassem-
bly were complicated by the ball-bearing mounting design. I received substantial help from
Collin Diver and Xing Fan during this process. After multiple iterations of shimming and
measurement, we achieved a surface flatness of approximately 40 pm, matching the global
flatness achieved in ACME II despite the much larger plate size. We measured the birefrin-
gence gradient after final assembly and confirmed that it was between 0.8 X 10_4/mm to
1.5 x 10~*/mm, which is below the ACME III design target of 1.7 x 10~4/mm.

After finalizing the field plate assembly, we installed it into the interaction region cham-
ber. A photograph of the completed assembly is shown in figure 2.24. After installation,
we repeated both polarimetry and flatness measurements for confirmation. The polarimetry
measurements verified that the birefringence gradient remained below the requirement. The
locations used for the flatness measurements are shown in figure 2.25. The maximum sepa-
ration deviation between the measured points is approximately 20 um, confirming that the

flatness of the field plate assembly was not significantly altered during installation.

10. The initial frame was made of 6061 aluminum, which has substantial residual stress. T651 aluminum
is designed to have roughly ten times lower residual stress. We purchased a piece of T651 and measured its
residual stress, finding results consistent with the literature. However, because we sought an improvement
beyond a factor of ten, we adopted the solution proposed by 3ERP instead.
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Figure 2.24: (a) Field plate assembly viewed from the beam box side. The collimating black
razor blades are ceramic to prevent residual magnetism and are coated with graphite to
prevent charge buildup. The gold-coated copper guard rails block dielectrics from direct
line of sight of the molecular beam. By applying a bias voltage to them, we can also reduce
electric field inhomogeneity. (b) Field plate assembly viewed from the side. One of the plates
is fixed to the breadboard, while the other plate sits on two sapphire spheres for alignment.
The kinematic design follows the ACME I design |56].

2.5.9  Low birefringence vacuum window

In addition to the field plates, we also needed to build low-birefringence vacuum windows
for the interaction region chamber. Initially there were plans to make in-situ rotatable
vacuum windows so that we could rotate the window birefringence axis to align with the
laser polarization. This effort was led by Cole Meisenhelder and Zhen Han. Eventually, we
realized that a regular vacuum window design with O-rings would be sufficient as long as we
use the ultra-low-birefringence glass SE57THTULTRA. There were some initial concerns about
vacuum-pressure-induced birefringence, but recall that bending induced by vacuum cannot
cause birefringence on its own, as shown in appendix B. The dominant source of birefringence
comes from the O-ring contact stress, which may contain tangential components.

We made a small test vacuum chamber with regular glass to show that even with regular
glass, vacuum only induced a birefringence gradient of around 1.5-10~4 /mm, which is already
below the ACME III design target of 1.7- 10_4/mm. If we use the SEFSTHTULTRA glass, the

birefringence gradient induced by vacuum should be even smaller. This was confirmed by
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Figure 2.25: Red: points used for flatness measurement. The maximum separation deviation
between the points is approximately 20 pm.

Takahiko Masuda at Okayama University using a separately built polarimeter. Interestingly,
in the test setup with regular glass, vacuum induced around 2-3% birefringence on the glass,
with the fast axis oriented about 20° away from the rectangular glass symmetry axis. We
think this is due to randomness in the O-ring contact stress and not due to vacuum-induced
bending, whose stress pattern would be symmetric.

The final design of the vacuum window was done by Cole Meisenhelder [92]. The

assembly was done by me and Ayami Hiramoto.

2.5.10 Interaction region optics

There are three main optical subsystems in the interaction region: the vertical STIRAP
optics, the cleanup optics, and the readout optics. The vertical STIRAP optics and the
supporting structure were almost entirely built by Collin Diver. The optics used for the
cleanup stage were built by me with significant input from Collin Diver and Zhen Han. The
readout optics were built by Zhen Han and me.

The setup of the cleanup optics is shown in figure 2.26. The main purpose of the cleanup
optics is to clean up systematics from the vertical STIRAP stage by optical pumping. To
maximize signal, the linear polarization direction of the cleanup laser is aligned with the
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molecule to maximize the overlap of the molecular state with the dark state of the cleanup
laser. This is done using the transmitted beam by rotating the last Glan-Laser polarizer
right before the vacuum chamber. Once this is done, the orientation of the polarizers is fixed,
and we align the reflected beam to be colinear with the transmitted beam at the second PBS.
By moving the motorized beam blocker to block either the reflected or transmitted beam,

we obtain pure horizontal or vertical linear polarization output from the cleanup optics.

To Experiment
(Cleanup)
703nm
laser from
Preci laser system
A
2
an-Laser Motorized
polarizer blocker
< LB B >
Motorized
blocker
I
4 mEn >

S

Figure 2.26: Cleanup optics setup. The reflected and transmitted beams of the first PBS are
recombined to copropagate at the second PBS, forming the identity operator for laser po-
larization. By using the motorized beam blocker to block either the reflected or transmitted
beam, we obtain a projection operator that projects the output fiber polarization into either
horizontal or vertical linear polarization. When the % switch is changed, the frequency of the
laser is also changed to address the opposite-parity C,J = 1 state. This frequency change is
implemented using two AOMs combined with another PBS on a seperate breadboard.

We initially planned to perform the polarization rotation of the ¥ switch with a half-
wave plate. However, the birefringence gradients from the half-wave plate caused significant
systematics, and we had to abandon this plan. We then tried rotating the PBS cube directly

by 90°. This worked suboptimally. The main issue was that the PBS had limited parallelism
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tolerance. When we rotated the PBS by 90°, there was a significant pointing change in the
output laser beam, on the order of a millimeter at the molecule location, which is 1 m away.
This resulted in imperfect cancellation of systematics from the % switch in many scenarios,
and we decided to abandon this method as well. The final configuration shown in figure 2.26
no longer allows us to freely rotate the orientation of the cleanup polarization but provided
the best € switch suppression, and we ultimately adopted it.

For the readout optics, we also went through several versions before settling on the final
design shown in figure 2.29.

The first version is shown in figure 2.27 and is almost identical to the ACME II readout
setup. The key issue with this setup is that the laser beams had to have a small waist
to achieve sufficient AOM diffraction efficiency. This resulted in significant beam-shape
differences between the X and Y readout beams because they have different path lengths.
The beams also suffered from aberrations immediately after the fiber asphere and were not
very Gaussian. To address this issue, Zhen Han proposed a second version of the readout
optics shown in figure 2.28. The key change is that the AOM polarization switching is
done before the fiber. The X and Y polarization beams are then coupled into two separate
fibers. This removes any requirement on the beam waist after the fiber and resulted in much
better beam quality. However, the two different fibers led to intensity drifts between the X
and Y beams due to temperature changes, despite the fact that the fibers were nominally
polarization maintaining. This intensity drift led to noise in the asymmetry channel, and we
eventually decided to address the beam quality issue by using different AOMs.

The final version of the readout optics is shown in figure 2.29 and was built by Zhen
Han. New AOMs with a larger active aperture were purchased to allow for a larger beam
waist and improved beam quality. The AOMs were also water-cooled to improve thermal
stability. The entire setup was enclosed in a box to prevent room light from entering the

interaction chamber. Zhen Han further added water cooling to the breadboard, which should
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Figure 2.27: First version of the readout optics, almost identical to the ACME II readout
setup. Other optics are removed for easy comparison with the second version shown in
figure 2.28.

Readout X

Readout ¥

stabilize the index of refraction of the air inside the box. Two sets of quadrant photodiodes
(QPDs) were also added to monitor the intensity and pointing stability of the readout beams.
The QPD signals can also be used for active feedback if needed using commercial solutions
from Thorlabs. With all these improvements, the final readout optics provided good beam
quality, stability, and low noise.

To accurately align the readout X-polarization beam with the Y-polarization beam, we
send them 3-4 m downstream to maximize spatial overlap. To ensure that they propagate
along the same wavevector /%, we observe the interference fringes formed by the two beams.
An additional PBS oriented at 45° with respect to both polarizations is added to allow
interference between the two orthogonal polarizations. Polarization switching is also turned
off so that the beams overlap in time. We additionally introduce a 1 Hz frequency difference
between the X and Y polarization AOMs. This creates a 1 Hz differential phase shift

between the two beams, and any misalignment in k shows up as moving interference fringes.
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Figure 2.28: Second version of the readout optics proposed by Zhen Han. The main im-
provement is that both the X and Y readout beams have a larger waist and more similar
beam sizes. Other optics are removed for easy comparison with the first version shown in
figure 2.27.

By adjusting the mirrors to minimize fringe motion on a distant screen, we ensure that the

two beams are well aligned in k.

2.5.11 Light collection system with SiPM

The new light collection lenses were designed by Daniel Ang [99]. The design choice
of using straight lightpipes instead of bent lightpipes is explained in Cole Meisenhelder’s
thesis [92]. The actual assembly in the experiment was done by Ayami Hiramoto, Xing
Fan, Zhen Han, and me. The SiPM detectors were designed, tested, and integrated by
Takahiko Masuda and Ayami Hiramoto, with assistance from Cole Meisenhelder and Daniel

Ang [104, 105, 118].
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Figure 2.29: Final version of the readout optics currently used in the experiment. A triplet
lens expansion system is used to make the final beam size continuously tunable. Figure
prepared by Zhen Han.
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2.5.12  Data acquisition system

The data acquisition system was designed and assembled by Daniel Ang [99]. Integration
of the data acquisition system with the rest of the experiment was done by Zhen Han,
Collin Diver, and me. The main improvement of the data acquisition system is higher data
throughput. In the previous generation of the experiment, we only saved the signal from
each trace by summing every 25 shots. It was later realized that it is potentially useful for

debugging purposes to examine data from individual shots. The new data acquisition system
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is capable of saving data from each individual shot at the full experimental repetition rate of
50 Hz. This allows more detailed analysis of the data and facilitates identification of sources
of excess noise. For most data runs, we still save the summed data to reduce data size, but

for the final data run we will fully utilize this shot-saving capability.
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CHAPTER 3
DATA ANALYSIS

The ACME-style data analysis theoretical framework has been studied in great detail
by Zack Lasner|91]. The hardware and technical aspects of the data analysis implementation
were explained in Cris Panda’s thesis [90]. Lessons learned from ACME II data analysis and
additional technical changes have been summarized by Cole Meisenhelder and Daniel Ang

[92, 99]. In this thesis, I mainly focus on aspects not covered in these previous works.

3.1 Pipeline to extract phase and precession frequency

We record the molecular fluorescence data from the eight SiPMs using an 8-channel
FPGA digitizer (NI PXIe-5171). It is triggered by the YAG laser at 50 Hz. For each trigger,
we record 14 ms of data every 20 ms. Digitized data from each channel contain 175,000
samples with 14-bit resolution on a 5 Vpp scale. Each sample has a duration of 80 ns. The
X and Y readout laser beams are alternately switched on and off every 35 samples, i.e., 2.8 us.
This corresponds to a polarization switching frequency of approximately 178 kHz!, rather
than the originally planned 250 kHz, based on lessons learned during systematic studies.
The TTL signal used to switch the laser polarization is generated by a high-precision delay
generator (SRS DG645), which is phase-locked to the 10 MHz rubidium frequency standard
(SRS FS725). The FPGA digitizer is also phase-locked to the same rubidium frequency
standard.

The data throughput from the FPGA digitizer is near the limit of a 10 Gb fiber connec-
tion. This means that reading all saved data takes approximately as much time as acquiring
it. Therefore, we also save summed trace data—defined as the sum of every 25 shots—into

a 32 bit integer binary file. This summed data is sufficient for most analyses, and we some-

1. See 4.4.5 for details on the choice of this frequency.
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times disable shot-by-shot saving to reduce data volume. At the time of writing, we have
accumulated roughly 240 TB of data; had every shot been saved, the total data size would
have exceeded 1 PB. For the remainder of this thesis, I focus exclusively on the analysis of
the trace data.

Each binary file consists of one block of data containing 16 traces with distinct N, €, 6, B
states, as explained in subsection 2.2.3. After reading the binary file, we obtain a 16 x 8 x
175000 array of 32-bit integers. The first dimension corresponds to the 16 switch states, the
second to the 8 SIPM channels, and the third to the time samples. This array is subsequently
reshaped into two 16 x8x2500x 35 arrays corresponding to Sy and Sy fluorescence. The axis
with 2500 samples corresponds to time within a shot, while the 35-sample axis corresponds to
time within a polarization bin. The average signal on these time scales is shown in figure 3.1.

Next, we sum the fluorescence signal within each polarization bin to obtain the total
number of photoelectrons collected per bin. This yields two 16 x8x 2500 arrays corresponding
to X and Y fluorescence. We then perform background subtraction by subtracting the mean
of the first 100 bins of each trace.? These first 100 bins contain molecules from the previous
shot or trace. To improve estimation of the true electronic background, we added an RF
switch to turn off both X and Y polarizations during the first 4 ms of collected data.

After background subtraction, we convert the 32-bit integers to photoelectrons by di-
viding by the single-photon response of each SiPM channel. We then apply a signal cut that
discards data points with signal below 10% of the maximum value. This ensures that the

denominator in the asymmetry calculation is not too small, which would otherwise lead to

2. ACME II performed independent background subtraction for the X and Y polarizations because scat-
tered readout light was detected by the photon collection system. The new SiPM collection system prefer-
entially detects 512 nm fluorescence, and we have not observed evidence of 703 nm scattering. Nevertheless,
we follow the same background subtraction procedure.
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Figure 3.1: Fluorescence signal within a shot. The vertical axis is the instantaneous pho-
toelectron rate, such that the area under the curve corresponds to the total number of
photoelectrons collected. Top: time within a polarization switching cycle, which is 5.6 us
or 70 samples. When the laser light is turned on, the fluorescence starts to increase and
reaches a maximum after roughly one Rabi oscillation period. The fluorescence then decays
to a steady state whose level depends on newly arriving molecules entering the laser beam.
After the laser light is turned off, the fluorescence decays at approximately the excited-state
lifetime. Bottom: fluorescence signal within a shot, which is 14 ms or 175,000 samples. Each
shot contains 2,500 polarization switching cycles.

non-Gaussian statistics [91]. We then compute the asymmetry and total signal:

_ Sx — Sy
_SX—i-Sy,

S=5x+Sy. (3.2)

A

We now have two 16 x 8 x 2500 arrays corresponding to the asymmetry and total signal.

Points removed by the signal cut are marked as NaN in both arrays. We then group the 2500
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polarization-bin samples into groups of 20, forming 125 time bins. A linear fit is performed
on the asymmetry versus time data to extract the mean asymmetry and the reduced chi-
squared, which is used to check for possible excess noise in the asymmetry channel, as
shown in figure 3.2. A linear fit is used instead of a constant fit because the asymmetry
inherently has a time-dependent mean due to effects such as correlations between molecule
arrival time and velocity, as well as the deterministic shape of the fluorescence signal within
a shot. Typically, the reduced chi-squared from this procedure is around 1.15, which is not

significantly higher than the shot-noise limit, and we do not investigate the origin of this

H
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Figure 3.2: (a) Distribution of measured asymmetry within a group. (b) Distribution of
reduced chi-squared values from different SiPM channels and the average reduced chi-squared
within the signal-cut region. The average reduced chi-squared is around 1.15, slightly higher
than the SiPM-limited noise floor given by the Fano factor of approximately 1.07 [104].

Next, we use the asymmetry data, now a 16 x 8 x 125 array, to compute the contrast and
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phase. Let ¢ denote the molecular precession phase, and let 647 be the readout polarization

angles corresponding to X and Y polarization. The measured asymmetry can be written as

A=Csin[2(6 — 0)]. (3.3)

We define A4 and A_ as two 16 x 8 x 125 arrays, differing only in that A4 corresponds to

6 =+1 and A_ corresponds to 6 = —1. The f-averaged asymmetry and contrast are then
given by
A A
Ay =TT (3.4)
180° Ay — A
CO="%A0 2 (3:5)

where Af = 2° is the total dithering angle. The contrast defined in this way can be either
positive or negative, depending on which side of the Ramsey fringe the measurement is
performed. This procedure is somewhat unique to ACME, as we never measure the full
Ramsey fringe; instead, we operate on the region of the fringe with the largest slope to
maximize phase sensitivity. Using the small-angle approximation, the precession phase can

be extracted as
Ao

RS 2y (3.6)

The validity of this small-angle approximation is discussed in detail in Lasner [91]. The
primary concern is potential systematic error arising from imperfect contrast measurement.
In ACME nomenclature, this class of systematics is referred to as “correlated contrast” and
is discussed extensively in previous theses [90, 91, 99].

After extracting the phase, we can compute the precession frequency by examining the
B-correlated phase shift. The phase array is now an 8 x 8 x 125 array. For each of the 125

time bins, we compute the difference between the mean phase at B = +1 and B = —1. This
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difference, divided by twice the precession time, gives a one-dimensional array of 125 Zeeman
precession phases. Using the applied magnetic field and the known magnetic moment of the
H state, we convert this into a one-dimensional array of 125 precession times 7. As expected
for a beam whose forward velocity is correlated with arrival time, the precession time 7 is
correlated with time within a trace, with faster molecules arriving earlier.

With the one-dimensional arrays of precession phase ¢ and precession time 7, we com-

pute the precession frequency as

, (3.7)

which yields an 8 x 8 x 125 array, just like ¢. This completes the data analysis for each
binary file, which contains a block of 16 traces. To extract meaningful eEDM information,
we collect all blocks within a superblock (16 blocks from the P, R, L, € switches). These
are concatenated to form 128 x 8 x 125 arrays of asymmetry, contrast, phase, and precession
frequency. As explained in Sec. 2.2.3, these quantities are initially represented in the state
basis. For physical interpretation, we transform them into the parity basis using Eq. 2.104.
This produces another set of 128 x 8 x 125 arrays, now expressed in the parity basis. The
eEDM signal, for example, is contained in the N'E channel of the precession-frequency array.
This describes nearly all steps of the data analysis, except for two subtle but important
procedures that are intentionally omitted here for simplicity. These are discussed in Secs. 3.2
and 3.3.

The contrast Cp, as defined so far, corresponds to the slope of the Ramsey fringe and
can take either positive or negative values. This is often inconvenient for data visualization.

We therefore define the unsigned contrast and contrast-sign-adjusted asymmetry as

C = |Col, (3-8)

A = sgn(Cy) Ay, (3.9)
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which we refer to simply as the contrast and asymmetry for the remainder of the thesis.
When needed, Cy and A are referred to as the signed contrast and unadjusted asymmetry,
respectively. Typically, the non-reversing contrast C™ is around 0.95 in ACME III, and
the signed contrast Cg)) R therefore also has a magnitude of approximately 0.95. The signed
contrast predominantly appears in the PR channel because the P and R switches effectively
swap the roles of the X and Y polarizations, thereby flipping the slope of the Ramsey fringe.

This makes the PR parity channel particularly important for data interpretation.

3.2 Blinding the eEDM

3.2.1 The blinding procedure

The purpose of blinding is to prevent experimenter bias from affecting the final result.
From discussions with other members of the EDM community, a common trend is that Pls
tend to hope for a non-zero result, while students tend to hope for a null result. To prevent
such bias from influencing the analysis, we blind the eEDM channel with a large offset. The
final statistical uncertainty of the last ACME IT data run was approximately 400 urad/s. We
therefore chose to blind the eEDM channel with a value drawn from a gaussian distribution
with a standard deviation of 1 mrad/s. Given our expected final statistical sensitivity of

~ 10 prad/s, this constitutes a comfortably large blind.
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ACME II implemented blinding by directly adding the blind in the parity basis,

Wﬁﬁided = N + Wpling, (3.10)
M edea = @V + wplina T (3.11)
ANE qoa = AVE +2Cwppna T (3.12)
oo = PNE, (3.13)
GPTNE — gANE (3.14)
Ay = APTNE, (3.15)

where non-eEDM parity channels are left unblinded. While conceptually simple, this proce-
dure is not strictly self-consistent. In practice, fluctuations in contrast and precession time
lead to mixing between parity channels. As a result, adding a blind only to the N'E channel
inevitably leaks some of the blind into other parity channels. This is not a serious issue
provided one is aware of it and avoids overly careful comparisons [91|. However, we find it
equally simple to implement a fully self-consistent blinding scheme. The solution is to blind

the data in the state basis rather than in the parity basis:

Whlinded,state (/\7 év Ba .- ) = Wstate + Whlind ,/\75, (3-16)
¢bhnded state(N £ B» .. ) = Qstate + Whlind 7’./\75:’, (3.17)
Abhnded state (N £ 37 .- ) = Astate + 2Cstate Whlind TNS (3.18)

This procedure is conceptually simple: it amounts to adding a N'E-correlated offset directly
to the state-basis observables. It is fully self-consistent because any mixing between parity
channels arising from variations in contrast or precession time is automatically included.
We do not view parity-channel mixing as problematic, since a true eEDM signal would mix

channels in precisely the same way. This consideration does, however, place an upper bound
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on the size of the blind: an excessively large blind could introduce so much mixing into
other parity channels that data interpretation becomes difficult. Given the observed level of
channel mixing in our system, a blind of 1 mrad/s is sufficiently small to avoid such issues.

In practice, this blinding procedure is implemented immediately after extracting the

precession frequency from each block of 16 traces.

3.2.2  Blinding information leaking

In the previous generation of the experiment, the blind value happened to be around 20
away from zero. This raised concern among some members of the collaboration, because such
a value would be implausibly large for the true eEDM given previous experimental limits>.
This implies that information about the value of the blind was leaked after inspecting the
blinded results. We argue here that although information about the blind value itself may
be leaked, no meaningful information about the true eEDM channel is revealed, which is the
primary purpose of blinding.

Let us define the following random variables:

1. E: the true EDM value. Its distribution is subjective and reflects prior belief about
the real EDM value. Let its probability density function (pdf) be f(e), which may be
informed by previous experiments or theoretical expectations (e.g. zero in the Standard

Model).
2. B: the blind value. Its distribution is chosen by us, with pdf g(b).

3. Y = FE + B: the blinded EDM value visible to the experimenters. Since F and B are
independent, its pdf is given by [ f(y — b)g(b) db.

To quantify how much information is revealed by observing the blinded EDM, we con-

3. 20 of the blind distribution typically corresponds to > 4o relative to previous measurements.
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sider the conditional pdf of E given Y,

pdfpy(ey)  fle)gly —e)
pdfy(y) [ fly—"0)g(b)db

hiy(ely) = (3.19)

As an illustrative example, suppose both F and B follow Gaussian distributions,

fe) = V%% exp (—%) , (3.20)

1 b
g(b):mabexp _Q : (3.21)

In this case, the conditional distribution can be evaluated analytically,

2
1{1 1 (yo? — e(of + 02))
h ely) =, — | —=+—=|exp|— ) 3.22

E|Y< |y) o (Ug Ug) p[ 20_203(03 n 02) ( )

This conditional pdf is Gaussian with mean

HElY =

0%%—03

and standard deviation

(3.23)

This is the key result. As long as the blind width is much larger than the expected spread
of the true EDM, inspection of the blinded EDM value does not allow us to update either

our estimate or uncertainty of the true EDM. Nearly all information revealed by inspecting
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the blinded result pertains to the blind value b, rather than to the true EDM value e.

3.3 Arrival time center of mass shifts

We first explain what we mean by arrival time center-of-mass (COM) shifts. Over
timescales of minutes, the cryogenic buffer-gas beam is not a stable source in terms of its
kinematic properties. As a result, the arrival-time distribution of the molecules at the de-
tection region slowly drifts over time. In my analysis, I shift the center of mass of the
arrival-time distribution of each block (roughly 10-20 s of data) so that each block has ap-
proximately the same arrival-time center of mass. This procedure is illustrated in figure 3.3.
The shift is applied immediately after grouping the polarization-bin data, as described in
Sec. 3.1. This procedure is unique to my analysis and is not performed by other members
of the collaboration.

To motivate this procedure, we briefly review how data from different measurements
are combined. Suppose we have two sets of measurements, A; and As, with corresponding

signals S7 and Sy. They are combined as

S1A1 + S9.A9

Acombined = S, + S — (3.24)
XY Xy Y
_ (X1 + Y1) %59 + (X2 + Vo) 3247 (3.25)
X1+YV1+Xo+Ys ’
(XN +X) - +Y9) (3.26)
(X1 + X2) + (Y1 +Ya)’ '
Scombined = 51 + 52, (3.27)

where X; and Y; are the X- and Y-polarization signals for measurement set i. This procedure
is equivalent to directly summing the signals from different measurements separately for the
X and Y polarizations.

If the two data sets have the same excess noise, this method is also equivalent to a
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are averaged, providing substantial conceptual simplicity?.
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Figure 3.3: (a) Total molecular signal within a trace, with time labeled by group index,
before center-of-mass shifting. (b) After center-of-mass shifting.

weighted average based on error estimates. Except for a few special cases, I do not combine
data using rescaled errors; instead, all weighting is based on shot-noise uncertainty. A
key advantage of this approach is that it is automatically commutative. As described in
Sec. 3.1, quantities such as ¢ and w are stored as higher-dimensional arrays. This combining

procedure guarantees that the final result is independent of the order in which different axes

4. Strictly speaking, this is not exact because of NaN entries in the arrays. In practice, summation is
performed using the nansum function in NumPy. This technical detail is the primary motivation for applying
the center-of-mass shift.



The parity transformation used to extract parity channels can be viewed as a generalized
unweighted mean. The non-reversing channel (nr) is literally the unweighted mean over
all switch states, while the other parity channels differ from unweighted means only by
sign flips. As a result, the transformed quantities are not, in general, shot-noise limited
compared to results obtained using an optimally weighted mean. This unweighted approach
is unfortunately unavoidable, because introducing weights into the parity transformation
leads to systematic errors [53].

To minimize the excess noise introduced by the parity transformation, it is advantageous
for all switch states to have the same, or at least similar, signal levels. The arrival-time
center-of-mass shifting procedure achieves exactly this. In most cases, this procedure does
not significantly reduce the noise. However, there are situations—for example, when the
ablation spot on the target is adjusted during a superblock—where the molecular arrival-
time distribution can shift by as much as ~ 20% of its width. In such cases, applying the
center-of-mass shift is especially beneficial.

An alternative approach adopted by other members of the ACME III collaboration is to
first combine all group data before performing any further analysis. After this step, there are
no remaining NaN values, and all subsequent averaging becomes fully commutative. This
approach is also closer to the data analysis methods used in previous generations of the
experiment. Its disadvantage is that it removes access to time-dependent effects within the
molecular time-of-flight distribution. For systematic error studies, I find this time-resolved
information to be valuable, and therefore I choose to retain the group axis until the final
stage of the analysis.

Examples of the final qﬁN € and ¢P as functions of arrival time after center-of-mass
shifting are shown in Figs. 3.4 and 3.5, respectively. From the gbB versus arrival-time plot,
for example, we observe that earlier-arriving molecules exhibit smaller Zeeman precession

phases, consistent with faster molecules spending less time in the magnetic field.
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Figure 3.4: Example of ng € versus arrival time (equivalently, group index). Data are taken
from a systematic-study run, as the final data run has not yet begun.

In previous generations of the experiment, final analysis results from different analysis
codes were combined to produce a single final result. Because the approach presented here is
more liberal and may be more susceptible to false positives in systematic-error identification,
the current plan is to use this analysis primarily for systematic studies, while relying on the
more conservative analyses from other members of the collaboration for the final eEDM
result. This is not a concern, as we already have sufficient independent analysis codes from

the University of Chicago, Northwestern University, and Okayama University.

3.4 Simulated data

To validate the data analysis pipeline, we wrote a data simulator to generate fake data
with parity-channel means set by us. The simulator is written in Python and is capable

of generating data with statistical properties very similar to those of the real data. In
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Figure 3.5: Example of ¢B versus arrival time (equivalently, group index). Data are taken
from a systematic-study run, as the final data run has not yet begun.

particular, molecular kinematic properties are drawn from realistic distributions, which then
fully determine the precession times and phases. The fluorescence signal is drawn from a
Poisson distribution with a mean determined by the realistic molecule number and detection
efficiency.

One main difference between the simulated data and the real data is that Poisson sam-
pling is performed only at the polarization-bin level in the simulated data. This means each
bin contains a single independent sample instead of 35 samples. This choice is made to
reduce computation time, as each Poisson sampling at our data volume scales as O(1) [119].
Different SiPM channels receive independent Poisson samples, and the results are saved to
a binary file in the same format as the real data after conversion using the single-photon
response. The simulated data are then analyzed using exactly the same analysis pipeline as
the real data.

We initially used the simulated data to cross-check the analysis pipeline without applying
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blinding. During this process, we identified a systematic effect in the asymmetry, which was
traced to the shape of the signal envelope within a trace. Let Sx; and Sy,; denote the X-
and Y-polarization signals within polarization bin i. Because of the polarization-switching
scheme, Sy ; is always measured after Sx ;. As a result, Sy; tends to be smaller or larger
than Sy ; depending on whether the signal envelope is decreasing or increasing. This effect
is also observed in the real data. We believe it is not problematic because it does not carry a
NE correlation. In addition, its net contribution averages out provided that the signal levels
at the beginning and end of the signal-cut region are similar.

We also used the simulated data to study potential noise sources in the eEDM channel.
In particular, we suspected that electronic ground noise might contribute significantly after
initial data taking began. To test this, we recorded electronic noise data without producing
molecules and added this noise to the simulated data. The results showed that electronic
ground noise can indeed contribute to the total noise. Efforts to reduce this noise were then
undertaken by Ayami Hiramoto, Takahiko Masuda, and Zhen Han. After mitigation, we
again recorded electronic noise data and added it to the simulated data. The results are
shown in figure 3.6. For simulated signal levels of 3 x 10 counts per shot, electronic noise
is not a significant contributor to the eEDM channel. However, when the signal level drops
below ~ 8 x 10° counts per shot, the noise contribution becomes significant and increases
nonlinearly with decreasing signal. This behavior is consistent with observations from the

real data, where substantial excess noise appears at low signal levels.
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Figure 3.6: Electronic noise measured experimentally was added to the simulated data to
examine noise propagation into each parity channel. For the simulated signal levels shown
here, electronic noise is not a dominant contribution to the eEDM channel. At lower signal
levels, the simulations reproduce the excess noise increase observed in real data. “No ran-
domization” indicates that the electronic noise is added state by state without shuffling.
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CHAPTER 4
SYSTEMATICS AND EXCESS NOISE

4.1 Search philosophy

The rigorous search for systematic errors is always a difficult task in precision measure-
ment experiments. Historical results from other experiments show that systematic errors
are often underestimated. The most problematic systematics typically arise from incomplete
understanding of the apparatus, which is difficult to predict or model a prior.

In general, the search for systematic errors can be viewed as a Bayesian inference prob-
lem. We begin with prior beliefs about the properties of the measurement apparatus and
perform a wide range of measurements while varying experimental parameters or control
knobs. If the measurement results change in a manner inconsistent with these prior beliefs,
we must update our understanding of the apparatus by investigating possible causes of the
unexpected behavior. This process is iterated until a satisfactory understanding is achieved
and a reasonable bound on systematic errors can be assigned.

In an ideal experiment, this procedure would continue until no hidden information about
the apparatus remains. The resulting systematic uncertainty would then represent a true
bound on possible systematic effects and would follow Gaussian statistics. In practice, how-
ever, precision measurements are constrained by practical considerations such as engineering
limitations and the finite lifetime of graduate students. Consequently, the final assigned
systematic uncertainty also reflects the judgement, experience, and risk tolerance of the ex-
perimenters, and need not follow Gaussian statistics. For this reason, it is important to
document the entire systematic search process in detail so that future experimenters can
independently assess the methodology and conclusions.

In ACME III, we varied approximately 60 experimental control parameters in the search

for systematic effects. The eEDM signal resides in the N'E-correlated channel. We therefore
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carefully monitor nearby channels that differ by one symmetry label, such as N, £, and
NEE, as well as the NEPR channel. Although the latter differs by two symmetry labels,

it is particularly relevant because the signed contrast Cy carries a PR correlation.

4.1.1 Intentional parameter variation

The procedure in which we intentionally vary experimental parameters or control knobs
is referred to as intentional parameter variation (IPV). Often, a parameter P has an ideal
value P = 0 at which no systematic error is expected. The final experiment is performed
near this ideal point, with mean pp and uncertainty op; these quantities are typically
characterized using auxiliary measurements.

We then deliberately vary P to an exaggerated non-ideal value P = AP > op and
measure the resulting change in the eEDM channel, Awﬁg‘\s,, with statistical uncertainty

5wﬁ<‘€/. From this, we estimate the slope

AOJN‘S
~ AP

with uncertainty

&UJ\/E

6Sp = %. (4.2)

The systematic uncertainty associated with parameter P in the final measurement is then

swliép = \/(Spop)? + (0Sppup)? (4.3)
3 2 < 2
Awﬁgv i, N &uﬁgvu (4 4)
Ap P Ap P '

For most parameters we vary, the measured slope is statistically consistent with zero.
In such cases, Awﬁﬁ{, ~ (5wﬁ[,€/. Similarly, the knob is zeroed for the final measurement such

that up ~ op. Under these conditions, the two terms in the systematic uncertainty are
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comparable and

NE op - NE

This uncertainty is proportional to the statistical uncertainty of the IPV measurement,
5wﬁ£‘€/, as expected. Crucially, it is also inversely proportional to the ratio AP/op, which
quantifies the degree of exaggeration used in the IPV measurement. Without this enhance-
ment factor, the systematic uncertainty associated with each parameter would exceed the
final statistical uncertainty of the eEDM measurement unless each IPV study were carried
out for a duration comparable to the full eEDM data run, which is impractical. The IPV
exaggeration ratio is therefore the key factor that enables a comprehensive systematic search
within a reasonable amount of time.

The IPV procedure outlined above relies on two important assumptions. First, it as-
sumes that the systematic effect vanishes at the ideal point P = 0. This assumption is often
well motivated but rarely proven rigorously. Second, it assumes that the eEDM response is
linear over the range [0, AP]l. This assumption is typically valid because AP is chosen to
be large compared to the residual imperfection op but still small compared to the scale at

which nonlinear effects become significant.

4.1.2  Slow switches

Not every parameter P has an ideal value at which zero systematic error is expected.
For example, we perform the eEDM measurement at two different electric field magnitudes,
€ = 80 and 140 V/cm. The molecule is fully polarized at both field strengths due to the
small 2-doublet splitting, and therefore there is no reason to expect either electric field value
to be intrinsically ideal. In such cases, the only reasonably rigorous approach is to perform

the eEDM measurement at both field values, spending approximately half of the total data-

1. This estimate is conservative for linear or superlinear scaling. If the scaling is sublinear, the systematic
uncertainty would be underestimated.
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taking time at each setting. The difference between the two measured eEDM values then
provides an estimate of the systematic uncertainty associated with the choice of electric field
strength. From this, it is immediately clear that the resulting systematic uncertainty cannot,
in general, be smaller than the final statistical uncertainty. In ACME III, we refer to this
approach as slow switching, because these parameters are switched on timescales of hours,
much longer than the duration of a superblock (a few minutes).

In practice, the difficulty of the experiment tends to scale exponentially with the number
of such slow switches. This is because slow switches are typically much harder to implement
and often require manual intervention. If there are n slow switches and equal time is to be
spent at each setting, approximately 2" configurations must be measured. As an example,
the k switch corresponds to reversing the propagation direction of the 703 nm readout laser.
Ideally, this could be accomplished by installing optics on both sides of the vacuum chamber
and switching the laser power between them. In reality, however, one side of the chamber is
occupied by optics required for 746 nm co-magnetometry. As a result, switching i requires
manual rearrangement of optics, which is time consuming. At the time of writing, the final
list of slow switches to be implemented in the production data run is still under internal

discussion.

4.2 Inclusion criteria for systematics

In principle, if we include systematic uncertainties from all parameters that were varied,
the final systematic error bar would be very large. This is because not every parameter
can be varied with a high IPV ratio, and the systematic uncertainty from some parameters
may exceed the final statistical uncertainty. Including such parameters would unnecessarily
inflate the final systematic error budget when no systematic slope is observed. To avoid this,
we adopt a set of inclusion criteria to determine which effects enter the final systematic error

budget. These criteria closely follow those used in previous generations of the experiment,

104



with only minimal modifications [22, 23|, and are summarized below.

A. In an TPV measurement, if a non-zero slope is observed at greater than the 30 con-
fidence level, we initiate an investigation to understand the origin of the systematic
effect. Unless the observed slope is clearly attributable to an accidental or correctable
mistake in the setup, the corresponding systematic uncertainty is included in the final
budget using the procedure described in Sec. 4.1.1.

Similarly, if a discrepancy in the eEDM result is observed between two slow-switch
settings at greater than the 30 confidence level, a systematic uncertainty equal to the

size of the discrepancy is included.

B. If anon-zero mean is observed at greater than the 50 confidence level in a parity channel
that is one symmetry label away from the eEDM channel N'E, or in a channel differing
by a PR label, we investigate the origin of the unexpected mean. If no satisfactory
explanation is found, we assign a systematic uncertainty due to possible correlation or

leakage between that channel and the eEDM channel.

C. If a similar experiment has previously observed a systematic effect associated with
a parameter P, but the underlying mechanism was not understood, we include the
systematic uncertainty inferred from the IPV measurement of that parameter, even if

no statistically significant slope is observed in our own I[PV study.

In previous generations of the experiment, these were referred to as class A, B, and C
systematics, respectively. Systematic effects that do not satisfy any of the above inclusion

criteria are not included in the final systematic error budget.

4.3 Auxiliary measurements

As discussed in Sec. 4.1.1, estimating the systematic uncertainty associated with each

parameter P requires knowledge of its mean value pup and uncertainty op during the fi-
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nal eEDM measurement. Some parameters, such as laser detuning, are straightforward to
characterize. Others are both more difficult to measure and more critical for controlling
systematics. These include the non-reversing electric field E™, magnetic field gradients, and
laser beam ellipticity. We therefore perform a set of auxiliary measurements to accurately

characterize these quantities.

4.3.1 Microwave electric field mapping

In the first generation of the experiment, the non-reversing electric field E™ was iden-
tified as a significant source of systematic error [22]. A microwave spectroscopy technique
was subsequently developed to map E™ in the spin precession region. This technique, with
only minor refinements, has been used in all three generations of the experiment.

The method relies on driving the microwave transition

|H,J=1,M ==+1) = |H,J =2,M = 0),

which occurs near 39 GHz and has a differential Stark shift of approximately 1 kHz/(mV /cm).
By scanning the microwave frequency and measuring population transfer as a function of
molecular flight time, we obtain a spatial map of the electric field in the spin precession
region. A detailed description of the technique is given in Zack Lasner’s thesis [91]. The
microwave system was set up by Xing Fan and Ayami Hiramoto; here we report only the
results.

The results of the microwave electric field mapping are shown in figure 4.1. We observe a
non-reversing electric field E™ at the level of ~ 5-10 mV /em throughout the spin precession
region. This magnitude is comparable to that observed in the previous generation of the
experiment and is likely attributable to patch potentials on ['TO coating of the field plates.

The high-voltage supplies were independently calibrated to remove offsets, and the residual
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lead-correlated field X is consistent with zero within uncertainties.
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Figure 4.1: Electric field mapping obtained using microwave spectroscopy. Two physically
relevant parity channels are shown. Black: non-reversing electric field E™ attributed to
patch potentials on the ITO coating of the field plates. Red: lead-correlated electric field
85, sensitive to possible voltage offsets in the electric-field supplies. Figure prepared by
Ayami Hiramoto.

4.3.2  Magnetic field mapping using commercial magnetometers

Historically, magnetic fields have been a significant source of systematic errors in eEDM
experiments. In ACME II, a mechanism was identified by which magnetic field gradients
can generate eEDM-correlated systematics [90, 91]. It is therefore crucial to accurately
characterize magnetic field gradients within the spin precession region. After the interaction
region chamber was installed inside the magnetic shields, we observed that the residual
magnetic field increased from approximately 10 uG to 50 uG. The origin of this increase is
not fully understood. To investigate it, we performed detailed three-dimensional magnetic

field mapping using commercial QuSpin magnetometers with a resolution of approximately
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Figure 4.2: Magnetic field mapping using commercial QuSpin magnetometers. Gray arrow:
molecular beam direction. Black square: field plates. Red arrows: direction of the magnetic
field component being mapped. The maximum observed field strength is approximately 50—
60 uG.

Further development of the magnetic field mapping was led by Maya Watts and Ayami
Hiramoto. Approximately eight QuSpin magnetometers were mounted on a motorized rota-
tion stage and inserted into the magnetometer pockets of the interaction region. The QuSpins
are vector magnetometers capable of measuring all three components of the magnetic field.
Controlled rotations were used to calibrate offsets in the magnetometers. Unlike the fluxgate
magnetometers employed in earlier generations of the experiment, the QuSpin sensors are
zero-field rubidium magnetometers that require only a small bias field for operation2. We
did not observe any measurable increase in noise in the eEDM channel when the QuSpin
magnetometers were operating.

Although it is in principle possible to perform the eEDM measurement with the QuSpins

2. The Rb magnetometers require a bias field comparable to the ambient background field, whereas
fluxgate magnetometers require a field large enough to saturate a ferromagnetic core.
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powered on, we are reconsidering this approach. When the QuSpins are operated during
magnetic field reversals, the internal temperature of the sensors undergoes thermal cycles.
This behavior was confirmed by independent measurements of the external case temperature
performed by Ayami Hiramoto and Maya Watts. We suspect that repeated thermal cycling
is responsible for the observed failure of several QuSpin units after approximately one year
of operation. Ongoing efforts aim to mitigate this issue by actively air-cooling the QuSpins,
although the effectiveness of this approach remains uncertain. In addition, the QuSpin
sensors employ AC heating coils to regulate the temperature of the rubidium vapor cell.
The associated AC magnetic fields may constitute an additional concern, as none of our

available magnetometers can directly characterize these fields.

4.3.83 (@ state co-magnetometer

In addition to mapping the magnetic fields using commercial magnetometers, we also
developed a co-magnetometer based on the @) state of ThO. Unlike the H state used for the
eEDM measurement, the () state has a much larger g factor of around 0.7, making it ideal for
measuring magnetic fields. The () state is also already prepared in the lens STIRAP process.
To utilize it for the co-magnetometer, we simply turn off the Qleanup beam, which normally
depletes the ()-state population. The molecules in the () state then enter the spin precession
region and accumulate Zeeman phase just like the H-state molecules. The preparation and
readout scheme of the () state is exactly the same as that of the H state, except that we use
a different laser frequency of around 746 nm.

The initial testing of the @)-state co-magnetometer was led by Xing Wu and me at the
Harvard beamline. After we moved to Northwestern, Collin Diver took over the development
with some help from Zhen Han and me. Because of the large Stark shift along the Z
direction, we are only sensitive to the magnetic field component along Z. This means we can

only measure the By field and the gradients 0B /0X, 0B, /0Y, and 0By /0Z. As a quick
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reminder, the Z direction is the direction of the applied electric field, X is the direction of
the molecular beam, and Y is the lab vertical direction and the direction along which we use
a cylindrical lens to expand the laser beams.

To measure the 0By /0X gradient, a longitudinal preparation beam that drives the
@ — C transition is applied. The magnetic field as a function of the X coordinate is then
obtained using time-of-flight information.

To measure the 0B;/0Y gradient, we block half of the readout beam using a razor
blade. The change in the average measured magnetic field is then used to extract the
gradient information.

To measure the 0By /0Z gradient, a () — I laser beam is sent vertically downward in

the Qleanup region to selectively deplete molecules at different Z positions.

4.3.4  Molecular polarimetry

The idea for molecular polarimetry originated from the need to accurately measure the
laser beam ellipticity inside the spin precession region. One concern about measuring the
laser beam ellipticity outside the vacuum chamber is that only the net birefringence from
both sides of the field plates and vacuum windows can be measured. In reality, the molecules
only see the light after it passes through one side of the field plates and vacuum windows.
To address this concern, we developed a molecular polarimetry technique to measure the
laser beam ellipticity in situ using the molecules themselves. The basic idea utilizes the
correspondence principle explained in 2.2.2. For example, to measure the ellipticity of the
preparation laser, we note that the molecular dark state prepared by the preparation laser

is defined by its polarization,

D) = —e~0prep cos Oprep| M = +1) + e%ep sin O prep| M = —1), (4.6)
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where Oprep = 7 4+ dOprep describes nearly linear light with a small ellipticity parameterized
by dOprep. This ellipticity is also proportional to the population difference between the

M = +1 states, with

Sln2 @prep - COS2 @prep = Sln(2d®prep) (47)

This means that to measure the ellipticity d©prep, we simply need to measure the population
difference between the M = 41 states after the preparation laser. This is done by switching
the polarization of the readout laser between left- and right-circular polarization, which
selectively measures the population in the M = +1 and M = —1 states, respectively,
as shown in figure 4.3. The difference between these two measurements then gives the
population difference and thus the ellipticity of the preparation laser. In a manner similar

to the regular eEDM measurement, we define the asymmetry for molecular polarimetry as

Apolarimetry =

In terms of the Stokes parameters, the asymmetry defined here is equivalent to S/I, where
S is the circular-polarization Stokes parameter and [ is the total intensity. We therefore
also use the notation S/I interchangeably to refer to the asymmetry measured in molecular
polarimetry.

Molecular polarimetry can also be performed for the readout laser in a similar man-
ner. We perform the polarimetry measurements with switches analogous to those used in
the regular eEDM measurement to isolate various effects, including imperfections from the
waveplates. Because this technique is newly introduced in ACME III, we include a more de-
tailed discussion of the procedure and interpretation of the results in appendix C. One major

benefit of this polarimetry technique is that it is almost trivial to set up: it only requires
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Figure 4.3: (a) Polarization switching used for the regular eEDM measurement, with X
and Y linear polarizations alternated. (b) Polarization switching scheme used for molecular
polarimetry, with left- and right-circular polarizations alternated.

inserting and aligning a quarter-wave plate in the optics. In the final eEDM measurement,
however, the quarter-wave plate used for polarimetry will not be left in the optical path due

to concerns about its birefringence.

4.4 Discovered systematics and mitigation

4.4.1  Structure of this section

The tradition in ACME theses is to discuss all systematic errors that meet the inclu-
sion criteria defined in section 4.2. This includes systematic errors identified in previous
generations of the experiment. I choose not to follow this tradition here for two reasons.
First, at the time of writing, the systematic error studies are not yet complete, so a com-
prehensive summary is not possible. Second, we have discovered many new phenomena in
this generation of the experiment, and I believe it is more fruitful to focus on these new dis-
coveries rather than rehashing previously studied systematics. Readers interested in earlier
systematic errors are referred to the theses of Cris Panda and Zack Lasner [90, 91].

There are several aspects of the discovered systematics that may be of general interest:
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how they were discovered, how they were modeled, and how they were mitigated. The
modeling aspect tends to be more technical and is therefore separated into its own section,
section 4.5. For the systematic error arising from excited-state decay, the modeling has not
been worked out in previous generations and therefore warrants its own chapter. This is
discussed in detail in chapter 5.

In this section, we focus on the discovery process and the mitigation strategies.

4.4.2  AC Stark shift from reflection

We send the 703 nm cleanup and readout lasers through a series of optics before they
encounter the molecular beam. Ideally, we align the laser beam via retroreflection from the
electric field plates, which define the quantization axis and the lab Z direction. However, the
vacuum windows are not aligned with the field plates at the mrad level. The two windows
also appear to be misaligned with respect to each other at a similar level. This means we
effectively have three different reflections of the laser beam: one from the front vacuum
window, one from the back vacuum window, and one from the two field plates, which were
aligned using white-light interferometry3. The front-window reflection cannot reach the
molecules, but we theorize that if either of the other two reflections hits the molecules, it
could cause systematic errors via AC Stark shift.

Recall that, due to our switching scheme, most AC Stark shift effects do not show up as
systematic errors. For an AC Stark shift to generate a systematic error, it must be correlated
with N'E. In our experiment, we have a correlated detuning ANE due to the presence of a
non-reversing electric field £, which does not reverse in the lab frame when we attempt
to flip the applied electric field £€. This non-reversing field couples to the orientation of
the molecular dipole N’ in the lab frame via the linear Stark shift, generating a correlated

ANE

detuning , as shown in figure 4.4.

3. We only noticed this after assembling the magnetic shields, so fixing it could take weeks of beam time.
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Figure 4.4: Origin of the correlated detuning ANE from the non-reversing electric field
EM via. linear Stark shift — (dpyon) - E™ = —drpoE™NE.(a) When the molecular lab
orientation N'E is aligned with the non-reversing electric field E™, the energy is shifted
down. (b) When the molecular lab orientation N'E is anti-aligned with £ the energy is
shifted up. The differential Stark shift between different N'€ configurations thus leads to a
correlated detuning ANE,

In addition, our laser beams acquire a small ellipticity d© from the birefringence of the
optics they pass through. The effect of this ellipticity is that one of the M = 41 states
is coupled more strongly to the excited state than the other. This leads to a differential
AC Stark shift between the two M states, as shown in figure 4.5. The amplitude of this
differential AC Stark shift is proportional to both the detuning A and the ellipticity dO of
the laser beam. Therefore, the presence of a correlated detuning ANE Jeads to a differential
AC Stark shift that is correlated with N'E, which directly enters the eEDM channel as a
systematic error.

The derivation of this systematic error model is shown in section 4.5.1, which uses
time-independent perturbation theory. This treatment assumes that the laser beam is un-
saturated, with a Rabi frequency much smaller than either the decay rate or the detuning.
This assumption is only valid for the weak reflection beams. To mitigate this systematic
error for the cleanup beam, we deliberately slightly misalign the cleanup beam such that the
reflection intersects the molecular beam slightly upstream of the main beam. In this way,
any systematic phase accumulated from the reflection beam is removed by the main beam

through dissipation. A similar procedure is applied to the readout beam, with the reflection
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Figure 4.5: Coupling diagram illustrating the AC Stark shift systematic from an unsaturated
laser beam, e.g. a reflection beam. Here, A is the detuning of the laser from resonance, €2,
is the Rabi frequency of the laser,  is the decay rate of the excited state, and d© is the
ellipticity of the laser beam. The ellipticity causes different coupling strengths to the M = +1
states, leading to a differential AC Stark shift that is proportional to both the detuning and
the ellipticity.

aligned downstream.

We first observed this systematic error when attempting to measure the electric field
using a two-photon Raman transition. We noticed that even with large one-photon and
two-photon detunings, phase shifts were still observed in the molecules as we modulated
the ellipticity of the Raman beams. This led us to the AC Stark shift model in the weakly
driven regime. We have also observed evidence of this effect when implementing the €
switch, which flips the ellipticity of the laser beam without necessarily preserving power or
alignment. This switch should convert the AC Stark shift systematic from the N'E channel
to the NEZ channel. When the conversion was imperfect, we were usually able to identify
a downstream weak reflection beam that appeared only in one of the % states due to a -

correlated misalignment. Correcting the alignment of this reflection beam typically restored
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proper conversion. Further discussion of the % switch can be found in section 4.4.4.

4.4.3 AC Stark shift from the cleanup beam

A very similar AC Stark shift systematic error due to the correlated detuning ANE
also exists for the main cleanup beam. However, because the cleanup beam is typically
very strong and saturated, the perturbative model used for the weakly driven system in
the previous subsection is no longer valid. Physically, the cleanup beam provides a strong
dissipative interaction that removes any memory of the molecular state. This strong drive
then ramps down on a timescale of around 10 us as the molecules exit the laser beam. During
the strong drive, any correlated detuning ANE « (2, is not expected to cause significant
systematic errors, where (2, is the maximum Rabi frequency of the cleanup beam. The
systematic error only begins to accumulate during the ramp-down process. This therefore
becomes a time-dependent perturbation problem, which is much more difficult to solve.
Understanding this systematic error was one of the main projects in ACME 1. We reproduce
their derivations in section 4.5.2 and only summarize the main results here.

The functional form of the systematic error from the cleanup beam turns out to be very
similar to that of the weak reflection beam. The main difference is that the proportionality
constant is different and must be determined numerically. The systematic error from the

cleanup beam can be expressed as

NE
% R . 4.1
<bAC Stark dXx X o1 ) ( O)

where % is the ellipticity gradient of the cleanup beam in the lab X direction, oy is the

width of the laser beam in the X direction, and oy is a numerically calculated constant
that depends on the exact dynamics of the ramp-down process. For our experiment, the

ellipticity gradient % is typically around 2 X 10_4/ mm, the beam width oy is around
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AN€ is around 27 x 5 kHz, and opg is around 27 x 10 MHz. Plugging in these values

1 mm,
gives qﬁﬁfc‘g Stark ~ 100 nrad and wﬁ[g Stark ~ 20 prad/s. This is comparable to the final
statistical uncertainty of the eEDM measurement.

Interestingly, the numerical constant oy turns out to be mostly insensitive to the Rabi
frequency. Significantly different Rabi frequencies have been used across different generations
of ACME, yet this numerical constant remains roughly the same [85-87|. This was under-
stood in ACME I as a consequence of adiabatic following during the ramp-down process.
The detuning dependence only becomes important during the last Rabi oscillation cycle,
when the Rabi frequency is no longer sufficient to pump all molecules out of the dark state.
Changing the Rabi frequency therefore mainly shifts the timing of this last cycle, without
substantially altering the overall dynamics.

Another difference between the cleanup-beam systematic and the weak-reflection-beam
systematic is that the cleanup-beam effect is sensitive to the spatial gradient of the ellipticity
rather than the absolute ellipticity. This is because, in the high-intensity region of the cleanup
beam, the molecules begin in the instantaneous dark state defined by the local ellipticity.
Additional pumping dynamics only occur if the dark state itself changes as the molecules
move through the beam. This change is quantified by the spatial gradient of the ellipticity.

To mitigate this systematic error, we have carefully engineered the field plates and vac-
uum windows to be as free of birefringence gradients as possible, as explained in sections 2.5.8
and 2.5.9. For the optics outside of vacuum, we avoided the use of any waveplates after the
final polarizer and used only large lenses for beam shaping. We find that large lenses tend
to have smaller birefringence gradients than smaller lenses, likely because it is much harder
to securely mount a small lens without introducing stress.

In addition to this careful engineering to reduce birefringence gradients, we developed a
new switching scheme to further suppress this systematic error. This new switch, called the

¢ switch, flips the ellipticity of the laser beam. In this way, any systematic error from the
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cleanup beam is converted from the N'E channel to the NE¥ channel. By averaging over
both % states, the systematic error from the cleanup beam is suppressed. More discussion

of the € switch can be found in section 4.4.4.

4.4.4 Addition of the € switch

In ACME I, there was a switch called the G switch, which performs a global rotation of
the readout and cleanup polarizations by 90°. This rotation flips the ellipticity of the laser
beams and therefore converts AC Stark shift systematic errors from the cleanup and readout
beams from the N'E channel to the NEG channel. However, this suppression mechanism was
not well recognized at the time, and the G switch was not implemented in ACME II due to
the difficulty of state preparation with the vertical STIRAP scheme.

In ACME III, the same technical difficulty with the vertical STIRAP scheme still exists,
as the STIRAP beams cannot have any significant polarization component along the lab
vertical direction. This means that if we naively rotate the cleanup and readout polarizations
by 90°, the molecular state prepared by STIRAP will almost completely overlap with the
bright state of the cleanup beam, leading to nearly complete loss of signal. To circumvent
this problem, we developed a new switch called the € switch, which flips the ellipticity of the
cleanup beam without significantly redefining the dark state. To see this, let the polarization

of the cleanup beam be described by

¢ =—e " cos Oéi1 + ¥ sin@e_y. (4.11)

This couples the science H state to the excited I state, as shown in figure 4.3. Recall that

the I, M = 0 state remains a good parity eigenstate even in the presence of an electric field
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and is given by

. 1 .
1M =0,P) = — <|I,Q:+1,M:0>+P|I,Q:—1,M:0>>. (4.12)

This P-dependent sign has real consequences for the molecular dark state defined by the

cleanup beam. The molecular dark state is given by the effective polarization

Eoff = _em0=iPHDE o Oéi1 + O+IPHDE gin Oé_1, (4.13)
which differs from the original polarization by a P-dependent 90° rotation. From the per-
spective of the molecular dark state, rotating the linear polarization by 90° while changing
the parity P of the excited state is therefore equivalent to a 180° rotation, which is the
identity operation. However, from the perspective of birefringent optics, rotating the linear
polarization by 90° flips the ellipticity*. This allows us to flip the ellipticity of the cleanup
beam without significantly altering the molecular dark state by combining a 90° polarization
rotation with a parity switch. We refer to this combined operation as the € switch.

We have demonstrated suppression of systematic errors using the % switch in several
different settings. We first demonstrated the suppression by clamping a piece of acrylic with
a vise, intentionally creating a large birefringence gradient. We later also demonstrated this
effect unintentionally by inserting a small cylindrical window intended for intensity moni-
toring. This window was clamped by a standard retaining ring and exhibited a surprisingly
large birefringence gradient. The results of this demonstration are shown in figure 4.6.

We expect the & switch to suppress AC Stark shift systematic errors from the main
cleanup beam to well below the final statistical uncertainty, given the already low birefrin-

gence gradients achieved through engineering controls. However, there remain several AC

Stark shift systematics that are not suppressed by the € switch.

4. If this is not obvious, we derive it in appendix C.
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Figure 4.6: Demonstration of systematic error suppression from the % switch. Here, the
dominant birefringence gradient comes from a small cylindrical window clamped very tightly.
Without the € switch, almost all of the systematic error appears in the A€ channel. With
the € switch, the systematic error is converted to the NE% channel. The imperfect con-
version is likely due to the readout beam, whose frequency was scanned together with the
cleanup beam.

When we first implemented the % switch, the 90° polarization rotation was performed
using a PBS with limited parallelism. As a result, the outgoing cleanup beam exhibited a
@ -correlated pointing shift. This pointing shift can lead to %-dependent stray reflections
and generate unsuppressed systematic errors, as discussed in section 4.4.2. To mitigate this
effect, we ultimately minimized the correlated pointing shift by pre-aligning the two % states
and switching between them using motorized beam blockers. Details of this implementation
are described in section 2.5.10.

Another source of unsuppressed AC Stark shift systematic error arises from the readout
beam. The readout beam intrinsically includes € suppression [87], because the X and Y
polarizations used for the eEDM measurement are already separated by 90°. However, while
we can avoid half-wave plates in the cleanup beam path, we must use a half-wave plate
to rotate the polarization of both the X and Y readout beams for the phase measurement
scheme. Polarimetry measurements show that the waveplates we used exhibit significant first-

and second-order birefringence gradients. As a result, even when the X and Y beam profiles
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are well overlapped, their ellipticity gradients can differ sufficiently to generate a systematic
error. Therefore, we will need to monitor the magnitude of this systematic throughout the
final eEDM data run. Additional suppression techniques exist, such as rotating the half-
wave plate by 90° and 180° to average over birefringence gradients. These methods have
been experimentally demonstrated to be effective at suppressing readout-beam AC Stark
systematics. At the time of writing, however, we have not decided whether to implement
them in the final eEDM run, as they would increase the duration of a superblock, reducing
the number of statistically independent data points and limiting the time available for slow

switches.

4.4.5 AC Stark shift from pointing/differential phase

During the IPV process, we noticed that the measured eEDM depended on the pointing

of the readout beam. To our surprise, this dependence was sinusoidal, with functional form
Psys o< (XY overlap) - sin(a - Afyy), (4.14)

where Afxy is the differential pointing angle between the two beams, and « is a proportion-
ality constant. For our setup, a =~ 402/,6—7;&(21 This sinusoidal dependence disappeared when the
spatial overlap between the two beams was poor. This behavior puzzled us, and we began a
series of careful two-dimensional scans to investigate how other experimental knobs affected
this sinusoidal dependence. This was a month-long effort, during which we systematically
went through all plausible knobs in the experiment. To perform this study at all, we first
had to improve the pointing stability of the readout system to below the 10 urad level. This
was implemented by Zhen Han, who also first noticed the pointing dependence. The detailed
implementation of the improved pointing stability system is described in section 2.5.10.

In these two-dimensional scans, we were unable to identify any knob that significantly
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affected the sinusoidal dependence other than the spatial overlap. There was one important
hint, however, that eventually led us in the right direction: the differential-pointing depen-
dence was not isotropic. In particular, the sinusoidal dependence was much stronger along
a direction approximately 45° from the lab X axis. Along the orthogonal direction, the
dependence was much weaker. We suspected that this anisotropy could be used to identify
the origin of the systematic error.

To test this, we installed a Dove prism in one of the readout beam paths. The Dove
prism rotates the applied pointing by 90°, so naively we expected the sinusoidal depen-
dence to rotate by 90° as well. To our surprise, the sinusoidal dependence was virtually
unchanged, as shown in figure 4.7. This observation led to a shift in our interpretation: the
relevant experimental parameter was not the differential pointing between the two beams it-
self, but rather another parameter that is modulated when the pointing of the readout beam
is changed. Collin Diver quickly realized that one such parameter is the differential phase
between the two readout polarizations. As the pointing of the readout beam is adjusted
with a motorized mirror, the optical path length also changes slightly, at the scale of a few
laser wavelengths, as illustrated in figure 4.8. This induces a differential phase shift between
the X and Y polarizations. We tested this hypothesis by directly varying the differential
phase, either by adjusting the AOM RF phase or by changing the optical path length with
a motorized translation stage. Both tests confirmed that the differential phase between the
two polarizations is indeed responsible for this systematic error.

How does the differential laser phase lead to systematic errors? It turns out that even
though the RF TTL pulses used to switch the polarization of the AOMs are programmed to
separate the two polarizations temporally, the extinction ratios of the AOMs are not perfect,
and both polarizations are simultaneously present at a small level. This differential phase
can then be converted into an ellipticity, which leads to AC Stark shift systematic errors

through a mechanism similar to that explained in section 4.4.3.
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Figure 4.7: Two-dimensional scans of the pointing dependence, where the horizontal axis
corresponds to horizontal pointing and the vertical axis corresponds to vertical pointing.
Clear anisotropy is observed, as the sinusoidal dependence is much stronger along one diag-
onal direction. (a) After Dove prism rotation by 90°. (b) Before Dove prism rotation. The
anisotropy direction remains unchanged even after the Dove prism rotation. The amplitude
and phase change are likely due to slight misalignment of the Dove prism and fluctuations
in the system between the two measurements. Color represents the size of the systematic
error in multiples of our estimated final statistical uncertainty of 20 urad/s.

We further investigated the origin of the finite extinction ratios of the AOMs. By
performing an interferometric measurement of the AOM output beam, we discovered that
the acoustic waves inside the AOM crystal were reflecting off the crystal surfaces, as shown
in figure 4.9. Because our polarization switching cycle was not commensurate with the
acoustic round-trip time, there was always some residual acoustic wave present when the
other polarization was turned on.

To mitigate this systematic error, we first changed the polarization switching cycle to
be close to the acoustic round-trip time of the AOM crystal. Due to concerns about timing
jitter, we restricted the polarization switching cycle to be an integer multiple of one sample
period of our data acquisition system (80 ns). Our final polarization switching period is 70
samples (5.6 us), corresponding to a switching frequency of about 178 kHz. This procedure
reduced the systematic error by approximately a factor of 20.

In addition, we added differential phase scrambling between the two polarizations by in-
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Figure 4.8: Origin of the so-called pointing systematics. As we modulate the pointing of the
readout beam, the laser beam path length also changes slightly, at the scale of a few laser
wavelengths. This leads to a differential phase between the X and Y polarizations. If, in
addition, the extinction ratios of the AOMs used for polarization switching are not perfect,
this differential phase can be converted into an ellipticity, which leads to AC Stark shift
systematic errors.
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troducing a 2 kHz frequency offset between the two AOM RF drives. This rapidly scrambles
the differential phase between the two polarizations when combined with the random kine-
matic properties of the molecular beam. The combination of these two mitigation strategies
reduced this systematic error to below a resolvable level.

We expect the 2 kHz frequency offset between the two AOM RF drives not to intro-
duce additional systematic errors, because the frequency difference is small compared to the

differential Doppler shift, which is limited by alignment (~ 10 kHz)5. We also performed

5. This suggests that the applied differential frequency is physically distinct from a differential Doppler
shift. Although this may seem counterintuitive, the optical phase is given by kx — wt. In the laboratory
frame, the Doppler shift arises from the k term via a phase gradient, while a frequency shift arises from the
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Figure 4.9: Interferometric measurement of the electric field amplitude of the AOM output
beam as a function of time after one RF pulse. The multiple bumps in the electric field
amplitude correspond to acoustic wave reflections inside the AOM crystal. The electric
field is normalized to the first pulse, which is the main pulse used for the experiment. We
estimated the round-trip time of the AOM using caliper measurements of the AOM crystal
thickness and the speed of sound in the TeO9 crystal. The round-trip time agrees with the
time delay between the bumps in the electric field amplitude at the percent level.

IPV tests to confirm that this differential phase scrambling does not introduce additional

systematic errors.

4.4.6 Q) state decay

When we first started performing molecular polarimetry to check the polarization quality
of our lasers, we noticed a puzzling phenomenon: there was an ellipticity component of the
measured polarization that was correlated with N'E, N, and £. We denote these as (S/I)N‘S7
(S/I)N, and (S/I)€ using Stokes-parameter notation. This was very concerning because new
NE-correlated imperfections in the system can lead to a new class of systematic errors.

To study this phenomenon, we performed a series of IPV tests to try to find a knob that
would modulate these ellipticity components. After a month-long effort of systematically go-
ing through all possible knobs, we found that the voltage offset of the electric field plates can
significantly modulate these ellipticity components. This was a surprise because the voltage

offset nominally does not change the electric field inside the interaction region. However,

w term. The two effects are therefore indeed physically distinct.
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the voltage offset does change the electric field upstream of the glass electrodes, where the
molecules fly through. This led us to suspect that the imperfections were generated during
upstream state preparation.

We were quickly able to identify the problematic state preparation step: the lens STI-
RAP process, which prepares the molecules into the (), M = 2 lensing state, was the main
contributor to these ellipticity components. The smoking-gun evidence was that when we
prepared the molecules into the @), M = —2 lensing state instead, the sign of all these
ellipticity components flipped.

How could the ()-state preparation affect what we measured in the H state? It turns out
that the () state decays into the H state via a ~ 12 ym transition. The (S/I)Ng, (S/I)N,
and (S/I)¢ components we measured are essentially correlated population imbalances among
the M sublevels, which can be partially preserved through the decay process®. We had
considered this decay channel previously but rejected it because an order-unity ellipticity in
the (Q-state population would be required to explain the magnitude of the measured ellipticity
components. This seemed unlikely because the molecules fly through a long region of low
electric and magnetic fields, thereby losing a well-defined quantization axis. We therefore
expected the () state to be thoroughly mixed among all M sublevels before entering the
interaction region.

It turns out that our intuition was completely wrong. We provide a brief qualitative
explanation here and relegate the detailed modeling to chapter 5. To explain this phe-
nomenon, we first need to convert the observed (S/I )N € into a more transparent quantity
in the molecular basis. Recall that we define S/I as the population in M = +1 minus the
population in M = —1, divided by the total population within the same N state. Essentially,
it is a measure of an M-correlated population imbalance. Therefore, the observed (S/I )N £

corresponds to a NEM = Q-correlated population imbalance, where, as a reminder,  is the

6. The selection rule is |[AM| < 1 and 2 must be preserved.
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projection of the total electronic angular momentum along the molecular axis. This recasts
the observation into a more familiar language for AMO physicists.

Recall that in the lens STIRAP process, we prepare the molecules into the M = 2
sublevel of the lensing state. For a fixed orientation of the electric field in the STIRAP
region, this fully specifies the ) state of the molecules. Without loss of generality, let the
molecules be prepared in the 2 = +2 state. To explain the observed (S/I )N € we therefore
need to understand how the molecules can remain predominantly in the 2 = +2 state
throughout the entire flight path despite possible mixing from electric and magnetic fields.

The different mixing and coupling mechanisms are summarized in figure 4.10. The
mixing from ambient fields depends on the adiabaticity of the system and is explained in
detail in chapter 5. The key observation is that, regardless of the exact dynamics, ambient
fields cannot efficiently mix different ) states. This is intuitive because € is the electronic
angular momentum about the molecular axis and behaves like a gyroscopic degree of freedom.
An ideal gyroscope is insensitive to reorientation of its spin axis and maintains its spin angular
momentum. In reality, non-ideal gyroscopes do respond to reorientation via Coriolis-type
coupling. In diatomic molecules, this coupling is precisely the 2-doublet splitting, quantified
by Aq. In the @ state, this splitting satisfies A < 10 kHz, resulting in nearly ideal
gyroscopic behavior”. Therefore, the molecules approximately preserve their initial € state
throughout the entire flight path, leading to the population pattern shown in figure 4.10 and
the observed (S/I)Ng measured in polarimetry mode. Some mixing between the @ = £2
states does occur, leading to imperfect {2 conservation. This residual mixing turns out to
explain the observed (S/I)N and (S/I)%.

After we understood the mechanism of this decay pattern, we characterized the resulting
systematic errors using an IPV-style measurement led by Collin Diver. The intentional

parameter we varied was the initial population imbalance in the @), M = =+2 state. By

7. This smallness is expected because the angular momentum would need to change by four units.
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Figure 4.10: Molecular states in the |J,€, M) basis. Interactions that mix 2 and M are
shown in orange and purple, respectively: orange, Aq, the Q-doublet splitting; purple, Ex y
and By y, the transverse electric and magnetic fields; also purple, —);, the quantization-
axis rotation rate describing the molecules’ inability to adiabatically follow back to the
same Z axis after traversing different experimental regions. The approximate final ()-state
population distribution is indicated by black circles. See chapter 5 for a detailed explanation.

controlling the polarization of the STIRAP beams or by varying the magnetic field in the
lens STIRAP region, we varied the initial population imbalance in ), M = +2 and measured
the corresponding eEDM systematic error. The result showed that the lens STIRAP process
was capable of generating a gigantic systematic error as large as 2 mrad/s, which is two
orders of magnitude larger than our final statistical uncertainty.

To mitigate this systematic error, we implemented a new state-preparation step after the
electrostatic lens to pump all residual ()-state population into the X state. Our original plan
for this () — X step was to use another STIRAP. However, the residual ()-state population
after STTRAP would be much higher than that obtained with an optical pumping step. This
optical pumping step, which removes the residual ()-state population, is called the Qleanup

step and is explained in detail in 2.3.5. In addition, instead of preparing the molecules in the
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Q, M = 2 lensing state, we now prepare them in a balanced superposition of the QQ, M = +2
lensing states to further suppress possible systematic errors from this decay process. Lastly,
we found that the decay systematics scale with the retardance error of the readout half-
wave plate. We therefore ordered custom half-wave plates at our operating wavelength of
703 nm to further suppress this systematic error. Together, these mitigation strategies reduce
the decay systematic error to below our final statistical uncertainty according to the IPV
procedure.

The exact mechanism responsible for the systematic errors observed in the IPV mea-
surement is still not fully understood. Because the size of the systematic error depends
on the retardance error of the readout half-wave plate, we suspect that the effect does not
arise from a true phase shift, but instead from an effective ellipticity imperfection in the
readout process. The apparent phase that we extract contains a component that behaves
like an ellipticity—ellipticity coupling, dO,eadout @OTHO PR, Where dOpayqout is the elliptic-
ity imperfection of the readout optics and dOTy, is the ellipticity imperfection of the ThO
molecular state itself. We know that the lens STIRAP can generate a d@ﬁl\ffo component.
Collin Diver has proposed that the readout process also contains an effective d@readoutﬁfz
component, which can lead to an apparent phase gzﬁé\yfs‘? X dOreadout d@JT\/hEO' However, the
exact origin of this effective ellipticity in the readout process is still not fully understood. At
the time of writing, we are prioritizing beam time for characterizing other systematic errors,
as this particular effect has already been bounded by the IPV procedure.

Could the decay process directly give rise to phase systematic errors? This is, in prin-
ciple, possible because the Q, M = +1 — H, M = 41 decay proceeds only via Z-polarized
light. Therefore, the relative phase information between the M = +1 states in the () state

is preserved through the decay processS. We give a simple example of how phase systematic

8. This phase preservation does not generally apply to all systems; the frequency splitting between the
M = 41 states must be smaller than the linewidth of the transition for phase preservation to hold. In our
case, the interaction length is only 5 ms, and the resulting transit-time broadening enables phase preservation.
Physically, the spread in decay time is not sufficient to fully scramble the relative phase between the two M
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errors can arise from this decay process in chapter 5. However, we have not observed any
evidence for phase systematic errors from this decay process in our IPV procedure.

The discovery of this decay systematic error could have important implications for future
EDM experiments. If the decay lifetime is much longer than the interaction time, the
decay can appear as a continuously accumulating signal that may be indistinguishable from
a genuine precession frequency shift. Additionally, the extra internal degrees of freedom
available in molecules make it difficult to achieve complete quantum control and to identify
all possible metastable states. In our experiment, for example, we know that there are still
residual decaying populations in vibrationally excited states of both the H and () states.
Due to practical constraints, we have not rigorously characterized these states, although we
have good reasons to believe that their contributions are small. Future experiments will need

to be aware of such decay channels as they push toward even higher precision.

4.4.7 STIRAP Stark Interference

The Stark interference systematic error occurs when we intend to drive an E'1 transition
but simultaneously drive an M1 transition due to constraints imposed by Maxwell’s equa-
tions. The mechanism was first worked out by Brendon O’Leary in the context of ACME I
[87]. It turns out that this particular systematic error is maximized when the laser is sent
in a direction orthogonal to the lab Z quantization axis. This is exactly the geometry used
in our vertical STIRAP setup. Therefore, we focus the discussion of this systematic error on
the vertical STIRAP configuration.

We will not go through a detailed derivation of this systematic error, as it has already
been presented in [87]. Instead, we provide a qualitative explanation based on molecular
symmetry. Recall that the ekDM Hamiltonian term is an {2-correlated energy shift. There-

fore, any 2-correlated phase shift can mimic an eEDM signal. Recall also that in the presence

states through Zeeman precession.
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of non-zero electric and magnetic fields, molecular states with opposite signs of €2 respond
differently, as shown in figure 2.4. Because of this difference in response, when E1 and M1
transitions are simultaneously driven, the interference between these two transition ampli-
tudes can differ for the two () states, thereby preparing an )-correlated phase during the
STIRAP process. This is the essence of the Stark interference systematic error.

The mechanism derived by Brendon O’Leary depends on the ellipticity of the 1090 nm
Stokes beam. We indeed observe this behavior when we intentionally vary the ellipticity
of the Stokes beam. However, we also scanned additional parameters, such as the linear
polarization angles of the pump and Stokes beams, and found further dependences that are
not explained by O’Leary’s model. This scanning capability was newly implemented by
Collin Diver, and therefore these additional dependences were not observed in ACME II.

To model these additional dependences, we built a full numerical simulation of the
vertical STIRAP process including both E1 and M1 transitions. All 13 states in the X,
C, and H manifolds involved in the STIRAP process were included. The M1 transition
amplitudes are not experimentally known, so we used theoretical values from the literature
[100|. The simulation successfully reproduced the additional dependences to within factors
of order unity, which we attribute to uncertainties in the exact STIRAP parameters. The
simulation allowed us to identify three additional pathways that can lead to Stark interference
systematic errors, as shown in figure 4.11.

The mitigation strategies for this systematic error are similar to those used in ACME I1.
We use the cleanup beam to dissipatively remove any systematic phase generated by the
vertical STIRAP process. In addition, we carefully align the STIRAP waveplates to minimize
the systematic phase even in the absence of the cleanup. We will also monitor this systematic
error throughout the entire final eEDM data run using our IPV procedure.

Why do the cleanup and readout lasers not suffer significantly from this Stark interfer-

ence systematic error? This can again be explained by a symmetry argument. When the
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Figure 4.11: (a) Stark interference path worked out by Brendon O’Leary. The E1 and M1
are between the same pair of states and lead to different dark states depending on the sign
of Q2. (b) additional pathway where the pump is driven by E1 and the Stokes is driven by
M1. (c) additional pathway where the pump is driven by M1 and the Stokes is driven by
E1. (d) additional pathway describing a two photon E1— M1 transition within H through a
virtual intermediate state in C'. While (a) is a bona fide STIRAP process, (b)-(d) are better
described as Raman processes that prepare an €) correlated phase. All these pathways can
lead to Stark interference systematic errors.

laser propagates along the lab Z axis, without loss of generality, suppose the E'1 transition
is driven by X-polarized light and the corresponding M1 transition is driven by Y -polarized
light. The E'1 and M1 transitions differ by parity, and recall that a change in parity in the
cleanup and readout processes effectively corresponds to a 90° rotation in polarization. As a
result, the M1 transition attempts to drive the same transition as the E'1 transition, which
prevents a Stark interference phase from being generated.

Naively, this argument might suggest that Stark interference would instead produce an
Q- or Né&-correlated Rabi frequency in the cleanup and readout processes. However, this
possibility was ruled out by Brendon O’Leary’s detailed calculation [87]. Briefly, the key

point is that the E'1 and M1 matrix elements differ by a factor of ¢, analogous to the o,
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and oy Pauli matrices. Their amplitudes therefore add in quadrature rather than linearly,
preventing the generation of any correlated Rabi frequency QN € Equivalently, the E'1 and

M1 drives are 90° out of phase with each other.

4.4.8 Mysterious Q/TW

In ACME I, there was evidence suggesting the presence of a mysterious N E-correlated
Rabi frequency QN [53, 87]. After switching the readout transition from 1090 nm to 703 nm
in ACME TI, the evidence for this effect became much weaker [90, 91|. Although there was
no evidence that this effect led to systematic errors, ACME II nevertheless used the IPV
procedure to place a bound on possible systematic errors induced by it [23].

In ACME III, we further studied this effect using our improved statistical sensitivity.
We defer the detailed mathematical description to sections 4.5.2 and 4.5.3. Briefly, if the
cleanup detuning is not set exactly to zero, a correlated detuning ANE can be misinterpreted
as a correlated Rabi frequency Q{y € within an AC Stark shift model.

Using microwave spectroscopy, we reduced the non-reversing electric field and hence
AN€ from around 5 kHz to below 1 kHz. We then measured Q{yg using a procedure very
similar to that used in ACME II. We found that the measured Q{y € became consistent with
zero within our statistical uncertainty. This suggests that we do not observe the same myste-
rious QJTV € effect as in ACME 1. However, this effect is classified as a class C systematic error
and satisfies our inclusion criteria. Therefore, we will still include it in the final systematic

error budget using the same TPV procedure as in ACME II.

4.4.9  Driving transitions between unwanted states

Molecules offer a rich set of internal states that can be utilized for precision measure-
ments. However, additional degrees of freedom also mean more possible unwanted states that

can be accidentally driven by our lasers. One of the most obvious unwanted states is the
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opposite-parity state for the readout transition. As a quick reminder, the readout transition
excites the molecules to the I, M = 0 state with even or odd parity depending on the choice
of switch state P. These parity states are separated by only about 91 MHz, and whenever
we excite one, we inadvertently excite the other off-resonantly at some small level. Possible
AC Stark shift systematics from this opposite-parity state can arise and were first worked
out by Brendon O’Leary [87]. The expected effect size is smaller than our final statistical
uncertainty and is therefore not a source of concern. We include a detailed derivation in
4.5.4, as it was not included in previous ACME publications.

In ACME III, we have seen evidence that additional unwanted states are being driven
by our lasers. At the time of writing, we are still actively investigating the exact mechanism,
so we only provide a brief summary here. During the IPV tests, we noticed a non-zero
ng and an oriented, N E-correlated signal that increases as we increase the saturation of the
readout laser. The non-zero qﬁN was later understood by Collin Diver to arise from unwanted
transitions from H, M = 0 to I, M = £1 states that are off-resonantly driven by the readout
laser. The oriented N E-correlated signal is still not fully understood at the time of writing.
However, there is evidence suggesting that, depending on the sign of NE, scattered photons
preferentially travel toward one Z direction compared to the other at the ~ 0.1% level. We
suspect this could be due to interference effects in the unwanted transitions (e.g. E1 decay
interfering with M1 decay), leading to a small directional bias in the fluorescence pattern.

Due to the presence of these unwanted transitions, we have decided to implement a
slow switch on the readout laser power. By reducing the laser power by half, for example,
we expect the effect from most unwanted transitions to be reduced by a similar factor. We
believe this will provide a reliable way to bound the associated systematic errors using our

slow-switch procedure.
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4.5 Systematic error models

In this section, we present detailed models of various AC Stark shift systematic errors
in ACME. We first derive the AC Stark shift in the unsaturated regime in Sec. 4.5.1. This
treatment applies to weak reflection beams whose effects can be handled perturbatively. The
non-perturbative case is more involved and is addressed in Sec. 4.5.2 using time-dependent
perturbation theory. This latter analysis not only explains how a correlated detuning ANE
can produce systematic errors, but also shows how the same effect can be misinterpreted as
a correlated Rabi frequency Qi\/ € , as discussed in Sec. 4.5.3. Finally, we derive the AC Stark

shift systematic arising from driving the opposite-parity state in Sec. 4.5.4.

4.5.1 AC Stark shift from the reflection beam

How the presence of a correlated detuning ANE can lead to AC Stark shift systematics
is best explained in the unsaturated regime, where time-independent perturbation theory
can be applied. The laser coupling diagram is shown in figure 4.5. Let the ellipticity of the
interaction laser be described by © = T 4+ d©. The Hamiltonian of this three-level A system
in the {|/,M =0),|H,M =+1),|H, M = —1)} basis is given by

A —iy/2 %cos@ QTTsin@ I, M = 0)

H = %cos@ 0 0 |\H, M = +1) (4.15)
L sino 0 0 |H, M = —1)

, Qy Q
A—iv/2 —(1-dO) —=(1+dO

/2 5 (1-d8) T(1+de)
Q,

> 51— 40) 0 0 , (4.16)

Q,
14+ do 0 0
2\/5( )

Q
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where A is the detuning of the laser from resonance, €2, is the Rabi frequency of the laser,
and v is the decay rate of the excited state. Using time-independent perturbation theory,
the AC Stark shift of each of the M = +£1 states is given by

Q2

AEy_4q = mu T dO)>. (4.17)

In particular, we are only interested in the differential AC Stark shift between the two M

states, which is given by

QQ
AB)—p1 = AByr—1 = g s [(1 402 —(1+ d@)Q] (4.18)
02dO
~ 3 D (4.19)
02dO A
~ — 1 4
—2iv/2 ( i iv/Q) (4:20)
2 2
_Qde QQrdz@A, (4.21)
o v

where we have assumed that the detuning is small compared to the decay rate, A < 7. The
first term is imaginary and describes differential decay between the two M states, while the
second term is real and describes the differential AC Stark shift. Ignoring the dissipative
term, this perturbative calculation shows that the differential AC Stark shift is proportional
to both the detuning A and the ellipticity d© of the laser beam. Therefore, if there is a
correlated detuning ANE together with a non-zero ellipticity d©, a NE-correlated phase
shift will be induced when the molecules interact with this laser beam. This calculation is
only valid in the unsaturated regime where time-independent perturbation theory applies. In
the actual experiment, this regime is only relevant for weak reflection beams. To model the

systematics from the main cleanup beam, time-dependent perturbation theory is required.
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4.5.2  AC Stark shift from the cleanup beam

The derivation of the AC Stark shift systematics from the cleanup beam is much more
involved due to the time dependence of the problem. We follow the formulation laid out by
Brendon O’Leary [87|, attempting to fill in details that may have been obvious to him but
not to the author. The basic idea is to apply time-dependent perturbation theory to the
same three-level A system formed by the {|I,M =0),|H, M =+1),|H, M = —1)} states.
To do so, we first transform the Hamiltonian such that it is approximately diagonal. This is
achieved through two transformations. The first transformation is to the bright/dark basis
defined by the laser polarization, and the second transformation is to the dressed-state basis,
or instantaneous eigenstate basis of the time-dependent Hamiltonian. The different bases

are illustrated in figure 4.12.

A c,P) C o
|B4 (6, N, P)
E iXK— o
ﬁ D, N, P))
L@, el (1) Plk(er, &) IEB -
iXK+
|B_(¢:. N, P)

|-, N |4+, N |D(&:, N, P)}

Figure 4.12: Energy diagram for three different bases used to understand the AC Stark shift
systematics. A: M = +£1 basis. B: bright/dark basis defined by the laser polarization. x is
the rate of change of the laser polarization. C: dressed-state basis, or instantaneous eigenstate
basis of the time-dependent Hamiltonian. Figure reproduced from Brendon O’Leary’s thesis
[87]. For ACME I, the excited state used was C' instead of I as in our case, but the structure
is exactly the same. Additional state labels P, N are added.

As a quick reminder, the laser polarization can be expressed in the spherical basis as

0

¢=—e"Ycos Oé 1 + " sin Oc_1, (4.22)
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The initial Hamiltonian for this polarization is given by

A; L@, -e) ()P (e, &) 11,P)
H= ey -0) ) 0 \H, M = —1,N),
(—1)7PY (61 9) 0 s \H, M = +1,N)

(4.23)

where A = A — iv/2 is a complex-valued detuning describing the combined effect of the

single-photon detuning A and excited-state decay =y, § is the two-photon detuning due to

the Zeeman shift, and €2, is the Rabi frequency. As a reminder, é1; denote right- and left-

handed circular polarizations. Following Brendon O’Leary, we add the switch-state labels

P.N to the states. However, they are cumbersome, and for notational simplicity we define

|I) = |I,P) and |+) = |H, M = 1, N) for the remainder of this section.

We first perform a basis transformation to the bright/dark basis defined by the laser

polarization using the unitary transformation

1 0 0
0 le41] £-1
1 0 0
; - |5—1|2Jrl A \6—1|2Jrl
_ _ 1 1
U'=10 (-|B) (-|D) |= Vel Vel
e* 1
0 (+|B) (+|D) 0 = ; :
E_ E_
le41] le41]

where, for simplicity, we have introduced two new variables
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The transformed Hamiltonian via H = UHUT — iUUT is then given by

=
I

50 0 iy | 1B@E), (4.27)

where |B(€)) is the bright state defined by the polarization €, |D(¢€)) is the dark state, and
X = © — i(f + 0) describes the rate of change of the laser polarization via equation 4.22.
Physically, x describes the rotation of the bright and dark states into each other. For
this rotation, the effect of the Zeeman interaction is equivalent to a rotation of the laser
polarization.

The Hamiltonian in equation 4.27 is clearly still not diagonal. However, it is straight-
forward to approximately diagonalize it by transforming to the dressed-state basis, assuming
that x is small compared to the other energy scales. The dressed-state basis, which defines

the unitary transformation W, is given by
|B+) = +££|C) + rx[B(€)), D) =1[D(e)), (4.28)

where the mixing amplitudes are defined as

1 A
VA2 4 Q2
The transformed Hamiltonian via H = WHWT — iWWT is then given by
0 —ix*ky —ix¥ k- |D)

~ . A
H=| ixkx Ep_ _%A%—é% |B_), (4.30)

.. i QA

T I
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with diagonal terms

N | —

Epy =

(AI + /A2 + Q%) ., Ep=0. (4.31)

This Hamiltonian is now nearly diagonal, with only small off-diagonal terms. We are thus

ready to apply time-dependent perturbation theory to solve for the time evolution of

[¥(t)) = ep(D)|D) + cp4+ (1) [B+) + cp—(t) [B-) - (4.32)

The initial conditions are

p(0) =1,  cpi(0) =cp_(0) =0, (4.33)

because the cleanup removes essentially all previous history of the molecules, such that they

start in the dark state. Using first-order time-dependent perturbation theory, the solution is

t o
ep(t) = ep(0) = 3 / V() rg () BB+ ey (0) (4.34)
¥ 0

. . t .
cpe(t) = e EBlep (0) + e_ZEBit/ X () kx(t) eZEBit/cD(O) dt’. (4.35)
0

This solution is written in the dressed-state basis. For interpretation, we transform back to

the bright/dark basis by applying the inverse of W,

, t , ,
cp(t) =) e 'bnl /0 dt’ x (') e P8+ (k4)? (4.36)
+
— d_X —t1Epyt t 14 iEgyt 2
= Ze dt't'e (k) (4.37)
t o 0
= dx1I, (4.38)
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with

1= Z (KJ:F)Z ¢~ 1PBxt/2 sinc(Epyt/2), (4.39)
+

where we have assumed that x = dx/t is constant over the laser profile and dy is the total
change in the polarization parameter xy. To summarize, after an interaction time ¢ with the

cleanup laser, the small admixture of the bright state acquired by the molecules is
cp(t) = dx1l, (4.40)

where II is a complex optical pumping factor and dy is the total change in laser polarization
over the interaction time.
It turns out that the phase induced by this small admixture is simply given by Im(cp),

with the proof derived in appendix D.

PAC Stark = Im(cp) (4.41)
— Im(dy 1II) (4.42)
— Im[(dO — i(6 - t + d6))(Re Il + i Im IT)] (4.43)
— dOTmII + (6 - t + df) ReTl. (4.44)

Recall that we set out to derive the systematic phase shift induced by a correlated detuning
AN 1f the optical pumping factor Il is completely even in detuning, then no (bﬁ/g Stark CAN
appear after the parity transformation. However, the imaginary part of 11 is completely odd

in detuning, while the real part is completely even. This means that we obtain a systematic
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phase shift from the first term,

Qﬁﬁ/‘g Stark = 4O Im Ve (4.45)
de OImII NE
A=0
do ANE
= ﬁO—X . O_H y (447)
1
OImII
o = ( A ) ) (4.48)
A=0

where g—g is the ellipticity gradient of the laser beam, ox is the characteristic length scale

of the laser beam, and oyy is the characteristic detuning scale of the optical pumping factor.

This is the main takeaway. Recall that d© is the change in ellipticity over the laser
profile. We thus obtain a functional form very similar to that of the unsaturated case
discussed in 4.5.1, with the important distinction that it is the change in ellipticity over the
laser profile that matters, rather than the absolute ellipticity. For the cleanup beam, this
means that the birefringence gradient matters, not the absolute birefringence.

While we used first-order time-dependent perturbation theory to derive this result,
series-expansion results for many laser profiles were worked out by Brendon O’Leary [87].
An exact proof of this functional dependence using generalized symmetry arguments is given

in appendix E.

4.5.83  Correlated Rabi frequency

The formulation developed in the previous subsection can also be used to understand

the effect of a correlated Rabi frequency Q{y € The systematic phase is given by

¢AC Stark — d@ ImH + (5 -t + dg) Re H, (449)
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where II is the complex optical pumping factor defined previously, d© is the change in
ellipticity over the laser profile, § is the two-photon detuning due to the Zeeman shift,
t is the characteristic interaction time with the laser, and df is the change in the linear
polarization angle over the laser profile.

The real part of II can be expanded as

ORell

02 Rell
AnrANc‘: _
o0, *

oV 4 A .
Q, =00 0, =0

ReTVE = (4.50)
which to first order mainly depends on the correlated Rabi frequency Q{y €. If the one-photon
non-reversing detuning A™ is nonzero, there is also a second-order contribution from the
correlated detuning ANE,

This correlated optical pumping factor can couple with the reversing and non-reversing

magnetic fields to produce NEB and NE contributions given by

ONE Bt = 0° - - ReTIVE, (4.51)
INE seark = O - - Re TIVE. (4.52)

This common dependence on the optical pumping factor Re Il allows us to bound the con-
tribution to the N'E channel using the measured N'EB channel, together with measured or
bounded values of the Zeeman shifts 68 and §™.

Note, however, that ANE contributes to Re IFVE if the one-photon detuning is not zero.
Based on our IPV measurements, we believe this to be the dominant contribution to Re Ve

in our experiment.
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4.5.4  Opposite parity state

We would like to understand how the presence of an opposite-parity state with M =0

can lead to possible systematics in the eEDM measurement. We therefore begin with the

rotating-frame Hamiltonian of the laser—molecule interaction that includes both parities of

the excited I state. We denote the parity of the on-resonant state as P and the parity of

the off-resonant state as —P.

Hrot =

A, + 75AI 0 —ie_wgr cos © ie_wQQT sin ©
0 AW 6’1995 cos © 6*19525 sin ©

iet? Q,é cos © erTQCos © 0 0

fierT sin® ¢ Qr2sin (C] 0 0

|I,—P, M =0)
|I,P, M = 0)

, (4.53)
|H, M = +1)
|H, M = —1)

where Ay, = A —iv7/2 is the complex detuning including the actual detuning A and decay

from the I state at rate v;, Ay is the (2-doublet splitting of the I state, €2 is the Rabi

frequency, and ©, 0 are the laser polarization parameters. We keep Ay until the end before

separating its real and imaginary parts.

Next, we transform to the bright and dark state basis via

10 0 0
01 0 0

00 e WcosO® €¥sind

00 — ¥sin® ¢?cosO
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The transformed Hamiltonian UHUT is

A +PA; 0 —ig’" cos 20
0 A, b
Hpp =]
MTT cos 20 %
—i—% sin20 0

iy

5 sin 20 ’[7_75’]\/[:0)
0 1I,P, M =0)
(4.55)
0 |H, B)
. 11,D)

Notably, the dark state is no longer fully dark due to its coupling to the opposite —P

parity state. In addition, if the light has nonzero ellipticity, i.e. © # 7, the opposite-parity

state acquires an admixture of the bright state through the cos20© term. Since the dark

state acquires an admixture of the opposite-parity state via off-resonant coupling, it there-

fore acquires a small admixture of the bright state through second-order perturbation.

To work out the exact second-order contribution, we first transform to the dressed-state

basis via
1 0 0 0
0 ke K- O
U= , (4.56)
0 —k— Kkt O
0 0 0 1
and the transformed Hamiltonian UHUT is given by
AL+ 75AI B 1QrKk_ cos 20 B i2p k4 cos 20 i€), sin 20 )
2 2 2 |I,—P, M =0)
1Qyk_ cos 20
— 0 0 B+)
Havessed = 182K cos 20
% 0 Ep_ 0 |B-)
2 sin 20 H,D
= 0 0 0 D)
(4.57)
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where x4+ and Fp,_ are the dressed-state eigenvectors and eigenvalues, given by

|B1) = 4k |I,P,M =0) + sz |B),

1
Epy = (A*i\/AZJrQ%),

1 A
=__ |1+ -

K4 _.
V2 /A2 402

This is a nearly diagonal Hamiltonian, and hence we can apply second-order perturba-

tion theory to compute the admixture of the bright state arising from coupling through the

opposite (off-resonant) parity state.

D'y = D)+ Y ape|Bs). (4.58)
+

where |D') is the perturbed dark state and the admixture coefficient is

ag, = <B:l:|Hdressed|Iu _757M = 0><[7 _757M = O’Hdressed|Ha D>
* (Ep — Ep+)(Ep — Ef_p) ’

(4.59)

where Ep = 0 is the eigenvalue of the dark state and £, p= Ay + PA7 is the eigenvalue

of the off-resonant parity state. Plugging in the matrix elements yields

_ Q2 cos 20 5in 20 K
AN +PANERy

CLBi = (4.60)

We are ultimately interested in the admixture of the bright state in | D), which is given
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by the projection

(BID') = ap, (B|Bx) (4.61)
+
=> ap (4.62)
+
2 2
_ Q7 cos 2@§1n 20 KT (4.63)
2 .
_ 27 cos 2@~sm 20 4A2* (4.64)
A(Ax +PAp)  QF
24O A
__ 2494 (4.65)
Ay +PA;
2dO(A — iy /2
__ 2d6(A—11/2) (4.66)
—iv7/2 + PAr
240 (PATA + A% 4-42/4 5
— - ( ~ ! ) +i dOPA1 . (4.67)
(A+PA)? + (v7/2)? (A+PAL)?+ (11/2)?

This gives the admixture of the bright state. The phase induced by this admixture is

given by the imaginary part of the bright-state amplitude, as shown in appendix D:

DA
d¢ =Tm((B|D")) = dOPAMT (4.68)
(A +PAL)? + (v7/2)?
- dOA 2dOAN?
~ P OA1 11 (4.69)

A2 1 A2 42/ (A2 4 AT 443/4)2

where we have expanded the result into a P-correlated part and a P-independent part.
Plugging in d© = 0.01, AN¢ = 5 kHz, A; = 91 MHz, and v; = 1.1 x 107s™L, we

NE ~ 4 prad /s, which is below our final statistical

obtain ¢N € ~ 20 nrad, or equivalently w
sensitivity by a factor of order unity. Note that this estimate assumes an average ellipticity
in the readout X,Y beams. Because the two readout polarizations are orthogonal, average

ellipticity picked up from birefringent optics should be suppressed, so the actual systematic

is likely even smaller and unlikely to be observable in our experiment.

147



4.6 Excess noise sources

4.6.1 Zeeman phase noise

In ACME II, we discovered that excess noise begins to appear when a magnetic field
larger than about 2.6 mG is applied [90, 91|. Subsequent investigation showed that this
excess noise was due to fluctuations in the mean forward velocity of the molecular beam.
This caused trace-to-trace variations in the Zeeman phase accumulated by the molecules.
The variation is random in nature, and the noise therefore leaks into the eEDM channel.

To mitigate this noise in ACME III, we shimmed the residual magnetic field down to
below 10 uG and reduced the switching magnetic field to 100 pG. This reduced the Zeeman
phase noise to a negligible level. However, excess noise does begin to dominate again if we

increase the magnetic field to values much larger than 100 uG.

4.6.2  Power imbalance of readout beams

As mentioned in 2.5.10, one significant source of excess noise observed early on was due
to limited saturation of the readout transition. This can be seen from the following simple
argument. The lifetime of the excited I state is about 115 ns, while the X, Y polarizations
are only turned on for approximately 1.2 us. The depleted population can then be estimated
as 1 — e 1-218/(271) ~ 99.5% if the transition is fully saturated. If the transition is not fully
saturated and the laser intensity drifts, the population then fluctuates at a characteristic scale
of ~ 0.5%, corresponding to a phase noise of order 1073, which is enormous compared to our
statistical sensitivity of ~ 10~% / VvHz. In reality, an accurate calculation of the saturation
must account for spatial transport in a beam experiment, and this simple estimate just serves
as a plausibility argument for the observed noise.

Why is the readout transition not deeply saturated? There are practical limits, such

as limited power from the sum-frequency-generation laser system and stimulated Brillouin
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scattering in the optical fiber discovered by Collin Diver. However, the dominant reason is
physical and relates to systematics. In a diatomic molecule, the 2-doublet structure provides
closely spaced opposite-parity states that can be used to orient the molecules in a modest
electric field. The same structure, however, also provides an ideal environment for driving
unwanted transitions, with many states lying only ~ 100 MHz away from the main readout
transition. There is substantial evidence in our systematic data that some of these unwanted
transitions are being driven, although we do not observe a statistically significant shift in the
eEDM channel. Out of caution, we therefore do not fully saturate the readout transition and
instead modulate the readout laser power as a slow switch. We are continuing to investigate
possible systematics from this effect, as such interference mechanisms have been shown to
be significant sources of systematic error in other precision measurements [120, 121]. As
explained in 2.5.10, our primary method to mitigate this noise is to deliver the readout
power through a single fiber instead of two fibers. This makes the power drift in the X and

Y polarizations highly correlated and thereby reduces noise in the asymmetry.

4.6.3 Muiscellaneous sources

In addition to the two main sources of excess noise discussed above, we have also in-
vestigated several other possible sources of excess noise. These effects have the potential
to increase the reduced chi-squared by 0.2-0.5, which is sufficient to explain the currently
observed excess noise level of X?ed ~ 1.5-2. We do not dwell on these sources in detail, as
our primary focus is on understanding systematic errors.

We have observed increased excess noise in the parity channel when the asymmetry in
any state exceeds approximately 0.3. This is likely due to the nonlinear relationship between
asymmetry and phase. This observation motivated the use of a small dither angle of +1°
to keep the asymmetry small. We also perform daily to weekly zeroing of the non-reversing

phase using either a magnetic field or the readout half-wave plate.
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A 1° dither angle prevents us from saturating the Cramér—Rao bound on the phase.
Our phase estimator is based on ¢ = A/(2C). With a dither angle of 1°, the uncertainty in
the contrast is no longer negligible and limits the best achievable excess noise ratio to about
X?e q ~ 1.3 relative to shot noise. Similarly, any signal-level mismatch between different parity
channels further limits the minimum achievable excess noise. In my analysis, I compare the
excess noise to the naive photon shot noise obtained by simply summing photon counts.
Other members of the collaboration instead compare to the propagated photon shot noise,
which accounts for the dither angle and signal-level mismatch. That approach typically

yields a lower excess noise ratio of X%e q ~ 1.5, whereas my analysis typically yields X?e 4~ 2
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CHAPTER 5
ADIABATIC AND NON-ADIABATIC FOLLOWING OF
ELECTRIC AND MAGNETIC FIELDS IN ACME III

5.1 Overview

One major difference between ACME IIT and previous generations is the use of molecules
in the J = 2 state before the interaction region. Previously, the molecules were mostly in
the X,J = 0 ground state. When we first set up ACME III, we planned to transfer the
molecules back to the X, J = 0 state after the lens using a second STIRAP stage (STIRAP
IT). However, we discovered that there was a large population of molecules in the @, J = 2
state after the STIRAP II stage, which nominally removes these molecules. These molecules
continue to decay to the H,J = 1 state even after the H — I cleanup laser and therefore
evade being properly cleaned up. For these reasons, it is especially important to understand
the dynamics of these molecules in the context of ACME III.

In section 5.2, we write down the Hamiltonian in the |J,Q, M) basis. It turns out that
the Hamiltonian can be conveniently separated into a 2 x 2 block matrix form by treating the
+(2 submanifold as an almost isolated subspace. Of course, the €2 subspaces are not strictly
isolated but are instead coupled at a frequency given by the (2-doublet splitting. In the @
state of ThO, however, the Q2-doublet splitting is sufficiently small that this approximation
is often valid.

In section 5.3, we attempt to diagonalize the Hamiltonian and discuss properties of its

solutions, including

1. Near conservation of population in each {2 state in the @), J = 2 manifold in ACME III.
This statement by itself is not surprising, since the 2-doublet splitting in the @), J = 2
state is very small. However, recall that Q = NEM. Consequently, conservation of

population in 2, combined with preparation in a well-defined €2 state, directly leads to
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the observed (S/])Ng signal.

. Low co-magnetometer signal. Contrary to earlier expectations, stray fields actually
mix the Q-state molecules rather efficiently (at least at Northwestern). However, this
mixing occurs only within a single {2 state, and the molecules remain highly elliptical

in each NV state, leading to a reduced co-magnetometer signal.

. Geometric phase. We show that expressions for the geometric phase can be straight-
forwardly derived using Wigner D matrices. We also estimate its approximate magni-
tude for ACME III, following a procedure similar to that used by Amar for ACME I
[122, 123].

. Potential systematics. We discuss possible systematic effects arising from this Hamil-
tonian and present two examples in which an -correlated phase can occur for the
Q,J = 2, M = £1 states. Such phases can appear as EDM-mimicking signals in the

H state via Z-polarized decay.

Various symbols are introduced throughout this chapter. For clarity, they are summa-

rized in table 5.1.

5.2 Hamiltonian

Let us begin by choosing an ordering of the basis. This will dramatically simplify the

math that follows. Let us say we are interested in the manifold where the total angular

momentum is J and the projection of the total electronic angular momentum onto the

molecular axis is +|Q2|. We order the basis states |.J, 2, M) as follows:

|‘]> |Q|’ _‘]> ) |‘]7 |Q|>_‘]+ 1> ) |J’ |Q’7J>lv |J>_|Q’7_J> ) |J,—|Q|’ —J + 1>7...,|J,—|Q|,J>l.
|2, incre;ging in M -9, incr;;sing in M
(5.1)
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Table 5.1: Definitions of symbols used in this chapter.

Symbol Physical meaning

E Electric field vector (in frequency units).

B Magnetic field vector (in frequency units).

Aq Splitting of the 2 doublets.

N+ Quantization axis for the £|€2| manifolds.

O+ First Euler (zyz) angle for the £[€2| manifolds.

0+ Second Euler (zyz) angle for the £|2| manifolds.

Vmeas Third Euler (zyz) angle; rotation needed to align with the lab mea-
surement axes.

REuler-zyz Rotation operator using the FEuler zyz convention.

U+ Euler rotation from the lab frame to the frame whose z axis is aligned
with n4.

m4+ Projection of total angular momentum onto n.

Unq Differential rotation operator between the £|Q| quantization axes.

M Projection of total angular momentum onto the lab Z axis.

by Eigenvalues of —iUiU:r_L (rotation rates of n4).

We also need to choose a quantization axis. We define this to be the lab Z axis. In
ACME; this is colinear with the propagation direction of the STIRAP beams and with the
electric field direction of the interaction-region field plates. In this chapter, we are interested
in the time evolution between STIRAP I (X — C' — @ lens STIRAP) and the end of the
interaction region defined by the field plates. Let ¢ = 0 be the time when the molecules leave
STIRAP I, and let ¢ = T be the time when the molecules reach the end of the precession
region and are read out. We are interested in the time evolution described by the time-
dependent Hamiltonian H (t).

Let us first look at a specific example of what the Hamiltonian looks like. This will help
us write down the general time-dependent Hamiltonian later. Suppose that at ¢ = 0, the

electric and magnetic fields are both aligned with the lab Z axis. The Hamiltonian is then
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given by

H(t =0) =
17,191, — )
(Ey —By)(—J) 0 0 0 20 0 0 0 5,180 —7 4 1
0 (Ez —Bz)(—=J +1) 0 0 0 % 0 0
0 0 0 0 0 e 0
0 0 0 (Ez —Bz)(J) 0 0 0 20 |7, 19, J)
a9 0 0 0 (—Ez —Bz)(—J) 0 0 0 17, ~ 191, )
0 ol 0 0 0 (—Ey —Byz)(-J+1) 0 0
y o z — Bz 17, -9, -7 + 1)
0 0 20 0 0 0 0
0 0 20 0 0 0 (-Ez-BW)/ |4—q
[, =1, J)
DyEz(1)|Q] . : e
Here, E4(t) = 212200 iS the magnitude of the Stark shift without the dependence

JT+1)
on M and the sign of €2, where D” is the parallel dipole moment of the molecule in this
manifold and £ is the projection of the electric field onto the lab Z axis. Similarly, B, (t) =
%i%)m is the magnitude of the Zeeman shift without the dependence on M, where up
is the Bohr magneton, g is the parallel g factor, and By is the projection of the magnetic
field onto the lab Z axis. Finally, Aq is the frequency splitting of the €2 doublets in this

manifold. In this special case of perfectly aligned electric and magnetic fields along Z, the

Hamiltonian has a simple block form

A
(Ey —By)Jy TQ[ |7,Q)

A
TQ[ (—E; —By)Jy, |J, =)
t=0

In general, the electric and magnetic fields are not fully aligned with the lab Z axis. We
can therefore define E = (Ey,Ey,Ey) and B = (By, By, B) such that

B -Bwy 7| 5 1,0)
H(t) = . (5.3)
Sor BBy T | P




Here we have dropped the explicit evaluation at ¢ = 0 to be fully general. This is
the most important step. The key point is that we have moved to a basis of even and
odd superpositions of good-parity states, which rotates the off-diagonal Stark terms onto
the diagonal. The Stark interaction now appears as a pure vector shift, which dramatically
simplifies the mathematics.

We are now ready to fully state the Hamiltonian problem of interest.

Statement of the Hamiltonian problem:

Using the basis |J, 2, M) =

T =[Q, =J) 1= 190, =T + 1), T =0, 119 =) |19 =T + 1), |19, )

_|Q|, increasing in M 12|, increasing in M
(5.4)
we have a time-dependent Hamiltonian of the block form
. B . Ag
(E(t) —B(t)) - J - 1 PAIY)
H(t) = (5.5)
A L _10
Sor [ (-Bw -Bay.J | P

In later derivations, we will refer to the (+E(t) — B(¢)) - J blocks as the diagonal blocks
and the %I blocks as the off-diagonal blocks.
The system starts at ¢ = 0 and ends at some ¢ = T. What can we say about the

dynamics described by this Hamiltonian?

Of course, the exact solution of the wavefunction cannot be obtained without exact
knowledge of the fields as functions of time. This is impossible in ACME for many reasons.

However, we will show that we can still say quite a few general things about this system

155



using properties of angular momentum.

5.3 Derivations

5.3.1 Setup and definitions

Let us begin by transforming the Hamiltonian to a near-diagonal form. Let us define

the following two quantization axes!:

—

t) F B(t)

ha(r) = ) F B
+E () — B(1)

= (sin 6+ (t) cos P+ (t),sin 04 (t) sin o+ (t), cos 6+(t)), (5.6)

where 04 (t), ¢+ (t) are the polar and azimuthal angles of the quantization axes n4(t). Ob-
serve that the effect of the electric field is equal and opposite in the £|€2| manifolds relative to
the magnetic field. This means the £|2| manifolds effectively see two different quantization
axes, as defined by n+(¢).

With n4(t) defined, note that the diagonal block matrix elements are simply of the form
N+ () - J. This means that if we rotate to a local coordinate system such that the local z
axis is aligned with n4(¢), the diagonal block matrices are diagonalized into the form .J,.

This motivates the following definitions.

Us(t) = Rpnter-2y (0, 021, 6(1)) = (D5, (0,041, 64(1)) ) (5.7)

where the unitary operator is an Euler—zyz rotation operator and its matrix elements are
given by the finite Wigner matrices DT{L - At this point there is no preferred measurement
x,y axes defined by the final 2z rotation, so we are free to set that rotation angle to zero.

Each Ut acts only on the £|Q2| subspace, so we define the full unitary operator on the entire

1. There are two possible sign choices here. We choose the convention where, if the electric field dominates,
the two doublets have their quantization axes pointing in the same direction instead of opposite directions.
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Hilbert space as

U(t) = . (5.8)

0 |U_(t)

The Hamiltonian is then transformed according to

Ht) =UHOU () —iu@)UT () (5.9)
By @ Aq f i
E(t) - Bo)|J: | SEU+0Ule | vrori@) 0 Q) (1)
%U,(t)Ui(f) —‘f]ﬁ(f)—@(t) J, 0 v_wote | e
(5.10)
B - B0 | S20a,0 | mwito] o 7.
2,0 | -|-E0 -Bo) 0o ooty | o
(5.11)

where we have added the label n4(¢) in |J, £|(2

>ﬁi(t) to keep track of the fact that the
quantization axes for the £|{)| states are no longer the lab Z axis but instead n4(¢). The

off-diagonal blocks

Ung(t) = Us(OUL (1) % (D], (0, 04(8) = 0—(1), 6+(t) — 6-(1)))

represent the differential rotation between U4 (t), and the last approximation assumes small
angles. Usually, this is a very small rotation and Ua, (t) =~ I. Only when the two quan-
tization axes n+(t) differ significantly in orientation does this differential rotation become

nontrivial, which occurs if and only if the Stark and Zeeman shifts are comparable in magni-
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tude and orthogonal in direction. This is not the case in the ACME spin-precession region.

With the above setup and definitions, we are ready to derive some properties of this time-
dependent Hamiltonian problem. For simplicity, we will drop the explicit time dependence
(t) when possible. We find it helpful to conceptually divide the Hamiltonian matrix elements

as follows.

1. £ ‘jﬂ@ — I@‘ J is fully diagonal and proportional to m—, the projection of total angular
momentum onto 7+, the local quantization axes®. It is the dominant term in most
regions of ACME such as the STIRAP I, electrostatic lens, and interaction region. It
is fully €2- and m-+-conserving. When it dominates, {2 and m4 are good quantum

numbers. However, some () sublevels may be degenerate. In this case, other effects

such as the 2-doublet term come into play.

2. %UAQ is the only term in our Hamiltonian that couples the £|€2| states. Its relative
size compared to the energy splittings between eigenstates of & ’i@ — I@’ J, determines
whether (2 is conserved. In most regions of ACME, the rotation Up, = I is trivial,
and thus it only couples states with m4 = m_. However, in transition regions where
IB| ~ |E|, this rotation may become nontrivial and can couple different m4 states, e.g.

m— = —m+.

3. The off-diagonal elements of UiUl describe how fast the quantization axis rotates.
This is the non-adiabatic term. When these elements are not small compared to the
energy differences of the matrix elements of + ’:I:E — @‘ J», m4 is no longer a good
quantum number and transitions between different m+ sublevels occur. This term,

however, never causes mixing between different €2 states.

4. The diagonal elements of UiUl describe the phenomenon of geometric phase. When

2. Whenever we use the quantum number M, we are referring to the lab Z axis instead of the local z
axis.
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the quantization axis moves in space, the different m4 sublevels acquire a Berry phase

due to the geometric nature of parallel transport.

Next, we consider a few ACME-relevant regimes where

1.E=B=22 and ]E] > |B|, Aq, |Ai|, where \; is any eigenvalue of —iU+UL Physically,
this is equivalent to saying that the magnetic field, the Q2-doublet splitting, and the
rotation rate of the local quantization axis are small. This is applicable to all STTRAP
regions and the interaction region. It is not strictly true in the lens region because the

electric field direction there is not uniform, but the qualitative properties are similar.

2. B~ Z, and |I§| > \I@| ~ Aq =~ |\;|. This is applicable to the bellow plus nipple region

after the second STIRAP (Q — C' — X) but before entering the magnetic shields.

3. |E| ~ |\j| ~ Aq > |B|. This is applicable to most non-interaction regions inside the

magnetic shields.

4. |\| > |E|, [B], A for some eigenvalue \; of U+UL This is only applicable to a few
small regions in the transition zones between the electrostatic lens and STIRAP II and
is possibly applicable to some small regions near the fixed collimator right before the
field plates. The fast rotation of the local quantization axis arises because the fields
in these regions are effectively zero, so any tiny change can appear as a very rapid

rotation of the quantization axis.

Regime 1: ‘I_Ef’ J, dominates

This is the most common regime in ACME. In this case, E=1B= Z, and \IE\ >
IB|, Aq, ||, where ); is any eigenvalue of —iU+UI. From the definition, iy = A_ = Z,
so the differential rotation operator Un,, = I. Thus, the 2-doublet matrix elements behave

exactly as expected and couple states with the same M. By our assumption, these same M
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states are well separated in energy because

E-B

M—(—‘—E—@)M))%Z‘I@‘M»AQ (5.12)

for all M # 0. Therefore, the off-diagonal term Ag /2 is strongly suppressed according to
perturbation theory, because it is much smaller than the difference between the two diagonal
elements it connects. The only exception is M = 0. As a result, the eigenstates in this
regime are |J,Q, M) for M # 0 and |J,Q, M) + |J,—Q, M) for M = 0. Thus, if molecules

start in one of the M # 0 states, they remain there, as shown in figure 5.1.

i1t

-1 0
M

Figure 5.1: Energy levels in regime 1. Population in |J, £|Q|, M # 0) is conserved.

Regime 2: ‘I@‘ J, dominates

In this regime, B ~ Z and |B| > ]E], Aq, |\i|, where \; is any eigenvalue of —iU+UL
This regime is applicable to the bellows-plus-nipple region after the second STIRAP (Q —
C' — X) but before entering the magnetic shields. To see why, we roughly estimate the

energy scales of each interaction:
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(a) Magnetic field: The Earth’s magnetic field is around half a gauss. Using the g factor
for the @ state with M =1, Q =2, and J = 2, this corresponds to an energy of order
300 kHz.

(b) Electric field: When no electric field is intentionally applied, stray fields are domi-
nated by surface charges. Since all surfaces visible to the molecules in this region are
metallic and relatively far away (> 5cm), we estimate electric fields of a few mV /cm,

corresponding to an energy scale of order 10 kHz.

(c) © doublet: For the @ state with J = 2, this splitting was measured to be less than

10 kHz [97].

(d) Rate of quantization-axis rotation, \;: We estimate this for regions where the
electric and magnetic fields are not near zero. The characteristic length scale is L &~
2 cm, set by the separation between the molecular beam and the nearest charge-carrying

surface. With a beam velocity of 200 m/s, the maximal characteristic rotation rate is

s 200m/s

i S ~ 10kHz.

2cm

Although the solution in this regime is simple, it is still useful to work through it using
our formulation. The only subtlety is that the quantization axes n4 are no longer aligned.
In this case, we can no longer use the same label M for both 4|Q| manifolds. Instead, we
use m+ to denote the projection along the axis n4 within the +|Q| submanifold. Plugging

in the definitions of the quantization-axis angles from equation 5.6, we find that the two
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quantization axes point in opposite directions:

hy =—n_~—27, (5.13)
04. =0_+ T, (514)
oy =0 (5.15)

Hence, Ua, = REuler-zy~(0, 7, 0), and its matrix elements are given by D;{%m,(OﬂT, 0).
This connects states with my = —m_. This may seem counterintuitive because we are
working in the local coordinate system. To clarify this, let us map back to the lab frame.
Since B ~ Z by assumption, we have n4 ~ +7. Thus, M = Fmy. In other words, in the

lab frame, the A term simply connects states with the same M but opposite €2, as shown

in figure 5.2.

i1t

-1 0
M
Figure 5.2: Energy levels in regime 2. Population in |J; M) is conserved, but €2 is not a good
quantum number. If the molecules are prepared in a single +§2 state, they will begin to mix
into —(2 at a rate set by the {2-doublet splitting Aq, suppressed depending on the size of

the Stark shift. In this figure, the Stark shift is assumed to be comparable to the doublet
splitting.
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Regime 3: no term dominates

In this regime, |E| ~ |A;| & Aq > |[B|. This is applicable to most non-interaction regions
inside the magnetic shields. Neither the electric nor the magnetic field is strong enough to
clearly define a quantization axis. In this case, it is best not to use our formulation above,
since near-zero fields may lead to ill-defined n+ and formally large \; near singularities.
Instead, it is best to work in the lab Z basis.

In this regime, different M states within the same €2 sub-manifold are mixed by stray
electric fields in the X and Y directions. The corresponding energy scale is likely at the level
of a few kHz or less. At the same time, the +{) states mix into the —{) states within the

same M sub-manifold at a rate set by Aq, as shown in figure 5.3.

\""-.‘__‘ ///
S rs
= —e
-':‘:_v-’.___“'
P P
’,’
-7 &y, Bxy
' —— 140Q)
———
— | =Q)
-1 0 1
M

Figure 5.3: Energy levels in regime 3. Two types of mixing (purple and orange) are relevant.
Transverse electric and magnetic fields mix states with different M but the same 2. The
Aq term mixes states with the same M but opposite €.
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Regime 4: )\; dominates

In this regime, |\;| > |E|, [B|, A for some eigenvalue \; of U+UL This is only appli-
cable to a few tiny regions in the transition between the electrostatic lens and STIRAP, and
possibly to some small regions near the fixed collimator right before the field plates. In these
regions, the electric field passes through zero, and the rate of rotation of the quantization
axis, \;, becomes extremely large.

In this case, the time evolution is simply described by a net rotation across the region.
The molecular states before entering and after leaving the region are related by a Wigner D
matrix, as in equation 5.8. The rotation occurs strictly within a given +|€)| sub-manifold,
and 2 is conserved. Technically, in this regime there is no change in the molecular quantum
state in the lab frame. The apparent state changes arise because the local coordinate system
changes rapidly while the molecules are unable to adiabatically follow. In this sense, there
is no intrinsic mixing between different M levels in this regime.

However, consider the example in which the molecules leave the electrostatic lens in the
low-field-seeking |m_ = 2,2 = —2) state and enter a region where one of ’i@ — @‘ passes
through zero. This region is very small in volume, so only a small fraction of molecules
traverse it. Most molecules therefore adiabatically follow the local quantization axis and end
up in M = 2 again. In contrast, molecules that pass through the zero-field region generally
do not return to the M = 2 state due to the large \; term when viewed in the local coordinate
system.

As a result, when considering the net effect of this zero-field region, the \; term ef-
fectively appears as mixing between different M states, while still conserving €2. This is

illustrated in figure 5.4.
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Figure 5.4: Energy levels in regime 4. The net effect of the fast rotation of the local quan-
tization axis is that not all molecules adiabatically return to the same M state they started
in. In other words, this effect mixes different M states while conserving 2.

5.8.2  Conservation of M, and detected (S/IYN¢

Using the |J, 2, M) basis, we summarize the interactions that mix different 2, M states
in figure 4.10. Using the black circles, we also show the approximate ()-state population
distribution detected in the interaction region after initially preparing the molecules in the
M = 2 state. From the figure, it is clear that there is substantial mixing among different
M states within the same £|Q)| sub-manifold, while the mixing between the £|€2| manifolds
is incomplete. This is not surprising, since the mixing among different M states is typically
~ 10 kHz, whereas the mixing between the +|Q)| states is likely only < 1 kHz. Although
the matrix element Aq is likely larger than 1 kHz by an order-unity factor, it is always
suppressed by stray electric fields by an order-unity factor unless M = 0. As a result, its
effective contribution is probably < 1 kHz. Given that the no-quantization-axis flight time
is around 1 ms, we therefore expect imperfect mixing between the 4|Q)| states.

The near conservation of {2 observed in the () state also explains the observed (S/I)Ng
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in the H state. Note that E1 decay from () — H strictly conserves 2. Moreover, since
Q=NEM, (5.16)

a Q-correlated population distribution is exactly equivalent to a N E-correlated population
difference between the M = =1 sub-levels, which is (S/I)Ng. In this context, it is also
straightforward to show that (S/I)€ and (S/I )N simply reflects incomplete mixing among
different M states within the same €2 sub-manifold. We do observe this effect, but it is

smaller than (S/[)Ng by a factor of 2-20.

5.3.8  Low Q-state magnetometer signal level

Because the population is distributed as shown in figure 4.10, when we prepare the
molecules in the superposition |Q, M)+ |—Q, —M) by optical pumping, we pump out most of
the molecules. This effect was especially apparent at Harvard, where the detected population
is around 0.1% of the total population. There, we likely have insufficient mixing among
both M and €2. The magnetometer signal is significantly improved at Northwestern, where
the detected population is around 5%, possibly due to the longer flight path that allows
additional mixing between the +|Q| states and a different stray-field distribution that induces

substantially better mixing among different M states.

5.8.4  Geometric phase and ¢°

In the limit of large electric and magnetic fields such that no states other than my =0
are degenerate, almost all off-diagonal terms in equation 5.11 are strongly suppressed. The
T

only first-order corrections remaining for the m+ # 0 levels are the diagonal terms of ULUL.

As mentioned earlier, these terms correspond to the geometric phase. We now work out the
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relevant expressions. As a reminder, the unitary transformation is defined as

U () = Riuter-rya(0,02(8), 0£(1) = (D}, ,(0,02(8), 62(1))) (5.7)

where the polar and azimuthal angles are defined by the two quantization axes of the 4|

sub-manifolds,

—

(t) FB(#)
+E(t) — B(t)

n+(t) = = (sin O+ (t) cos ¢+ (t), sin O+ () sin ¢+ (t), cos 0+ (t)) . (5.6)
In earlier sections, we set 1), the final Z rotation of the Euler angles, to zero. This corresponds
to choosing a particular XY coordinate system for measurement. Since none of the earlier
discussion involved measuring phases between the =M states, this choice was allowed for

conceptual simplicity. We now restore this degree of freedom and modify equation 5.7 to

U (1) = Reuler-rys(Vimeas (1), 0(8), 0£(1) = (D7, (meas(®), 0(8), 62(1)) ) . (5.17)

Note that the physical meaning of ¥meas(t) is the angle required to rotate the local zy
coordinates defined by equation 5.7 to the actual experimental XY coordinates, which are
arbitrary by choice. Hence, there is no + label on ¥yeas because we measure the phases of
the £|Q2| states in the same XY coordinate system, as is the case in ACME.

As an example, in the ACME interaction region we have defined coordinate systems at
the cleanup and at the readout. Let the angular offsets between these coordinate systems
and the lab XY axes be ¥(fjeanup) and ¥(treadout)- If these two angles differ, we would

measure a corresponding phase

(0 (tcleanup ) -y (treadout ) :
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This measured phase is solely due to misalignment and not to any geometric-phase physics.
This is one benefit of using the Euler zyz convention: it cleanly separates this arbitrary
contribution from the true geometric phase.

Let us now examine the geometric-phase contributions from the diagonal elements. We

begin with the following properties of the Wigner D matrix. Let

Uyt = D (0,0, 6) = e~ m0q7 (),

m

The diagonal elements satisfy
—i(UUT) =mip+0-60+mcosh . (5.18)
mm

The first contribution, m@, from the final Euler z rotation, simply describes the phase
arising from the angular offset between the lab XY coordinates and the local zy coordinates
defined by the Euler rotations. It is completely history independent and depends only on
the instantaneous angular offset, so it is not related to geometric phase.

The second contribution from @ vanishes because geometric phase is associated with
rotations about the initial z axis. From the definition of , we see that it carries no handedness
about the z axis and therefore does not contribute. The final term, m cos 6 ¢, is the genuine
geometric-phase contribution. The total geometric phase accumulated over time for a state

with quantum number m is

t ) t )
bsometric = M /t Of cos O(t) (1) dt = m /t Of (cosO1(t) — 1)o(t) dt, (5.19)

where we have used the standard assumption that ¢(t;) — ¢(tg) = 0 mod 27 to obtain an
expression proportional to a solid angle. In the context of ACME, we are free to add constant

terms to the geometric phase because we are interested only in its N'E-correlated component
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rather than its non-reversing component.
Due to the presence of §2 doublets, there are two sets of Euler angles, 1+ and ¢+,

corresponding to the two quantization axes n4. Therefore,

t

f .
Beometsic 4[], ma) = Mk /t 11— cos 0 (1)) b (1) dt. (5.20)
0

Estimating geometric phase in ACME

Amar has estimated this previously, so we use similar numbers [123|. Suppose there is
both a non-reversing and an &-correlated transverse electric field of 10 kHz that rotates by
a full 27 over the interaction region. Similarly, suppose there is both a non-reversing and
an B-correlated transverse magnetic field of 1 Hz pointing along the same direction as the

transverse electric field. Then

_E; ¥B; _ (10+10€ £0.0018)kHz _ (1 + 1€ ¥ 10~*B)

6 ~~ —_
* E, 100 MHz 104 !

(5.21)

where we have dropped the B™ contribution since it is only a tiny correction. The total

phase accumulated is approximately

2 5 45 D
Ggeometric, 4[], m.) = (1 = cos 1) 2 ~ 63 7 0~ (1 +EF1074BF 10 455‘) . (5.22)
We now consider the relative phase between my and m_ = —m_ within the same N
state. For notational convenience, let |[N| = |Q] = |m+| = 1, as in our standard EDM

measurement.

¢geometric,\N,m+> - ¢geometric,|}\/,m_:fm+> i ¢geometric,|Q:Ngm+,m+> o ¢geometric,|—Q,m,:—m+)

2 2

(5.23)
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where the magnetic-field contributions cancel because they are the same for the £
states, and because we have neglected the second-order term above. If retained, it would
contribute at the level of ~ 10716 rad.

This estimate shows that the leading contribution is only ~ 10 urad/s, consistent with
Amar’s estimate and barely detectable by ACME III. Importantly, as Amar first pointed out,
this phase is only £ correlated, and it is difficult to generate a A dependence. In principle,
motional fields and a A -correlated g factor could introduce a N'€ dependence, but it would

be completely undetectable in ACME.

5.3.5  Systematics from non-adiabatic following or electric fields

One way to eliminate the € population imbalance, or (S/I)Ng, is to prepare the initial
(Q-state population evenly in both (2 states. Although this sounds appealing, we must ensure
that this does not merely hide the problem and lead to a worst-case scenario: rotating the
quantum state to minimize the AN'€ population imbalance while maximizing the N'E phase.

Another scenario to consider is the region after Q — I ~» X pumping in the second
STTIRAP. The remaining molecules in the dark state have M = 0 and negative parity. This
configuration would not produce any N'E population imbalance, but it could still generate a
NE phase. Below, we discuss possible mechanisms by which this can occur through adiabatic

following. We begin with a brief summary:

1. If, in the interaction region, there is an (2-correlated phase for the @), M = +1 states,
this systematic phase will be inherited by the H, M = +1 states when the ) — H

decay occurs via Z-polarized light, producing a systematic phase.

2. In the first STIRAP (X — C' — @), if the molecules begin with an Q-correlated phase
and this phase survives up to the magnetic shields, it could appear as a systematic

phase. We will show that this mechanism is suppressed and is likely not a concern.
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3. In the "Qleanup" region after the lens, if the dark-state M = 0 molecules do not
mix uniformly with the opposite-parity M = 0 state, they could interact with stray

transverse electric fields inside the shields and generate systematics.

First STIRAP equal population in M = £2

This is a contrived example, included only as an existence proof. Suppose the population

after the first STIRAP begins in

1 : .
= (e—w 0, M =2) + ¢ |-, M = —2>) :

so that there is an initial relative phase between the £) states. Such a relative phase could
arise, for example, if the linear polarization used for first STIRAP and that used for readout
in the interaction region are not perfectly aligned, which is certainly true to some extent.
Next, suppose that through a combination of adiabatic and non-adiabatic following,
the molecular state transforms according to D;]n 7:%,(0, 5,0) upon arriving at the interaction

region. The final state is then

Ifinal) = <—e—i¢ QM =1) — e QM =—1) + ¢ |-, M = 1) + ¢ |-Q, M = —1>)

1
2
+ (other M states).

We see that the relative phase ¢ between the +(2 states is retained. This provides an explicit
example of an EDM-mimicking phase. However, this mechanism is strongly suppressed in
practice because the molecules rapidly dephase in the electrostatic lens. As a result, the
evolution cannot be described by a simple unitary rotation as assumed here. This rapid
dephasing should erase any pre-existing phase coherence between the +() states. Because
the lens acts as an effective dephasing stage, preparing the molecules in the state |Q, M = 2)+

|—Q, M = —2) is actually a reasonable strategy and should not be particularly susceptible
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to systematic errors.

Second STIRAP residual M = 0 dark state

The current plan to replace the second STIRAP is to instead perform optical pumping
Q@ — I ~ X,J = 0 via the near-cycling state I. Even with polarization switching, some

population remains in

1
D) = 5 (12 = 2,M = 0) +]0 = =2, M = 0))., (5.25)

First, we assume that this pure state is not completely remixed before entering the magnetic
shields. This is possible because the lab magnetic field provides a quantization axis and
suppresses mixing between different M states. As a result, some molecules remain in the
|D) state upon entering the shields.

Next, suppose that there is a phase-dependent asymmetry from both the H state and

the @ state (which eventually decays to H), which we denote as

Dy _ Xy —Yy

AH = sin(2<;§H) = SH = XH i YH, (526)
D Xo —Y,
Ag = sin(26q) = Sg = XZ n Yg, (5.27)

where A, Ag are the asymmetries measured from the H state and the @ state (via decay),
®H, ¢ are the corresponding molecular phases, Xy, Yy, X, Y() are the signals in the X,V
polarizations for the H and () states, and D,.S denote the difference and sum in X,Y,

respectively.
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For the total asymmetry after combining both signals, we obtain

Dg+D
Atotal = —SH T SCC; (5.28)
_ Di+504q (5.29)
S+ SQ
Dy + SgAg
N — % 5.30
SH ) ( )

where we have used the fact that the H-state signal Sp is much larger than the @-state
signal S, which arises from decay into H.

Substituting the phase dependence of the asymmetries, we find

D+ SpA
Atotal & % (5.31)
B Sy Sin(2¢H) + SQ Sin(2¢Q) (5 32)
- S, 7 '
( SQ .
o+ E(b@ if 9 =~ 0,
~ Atotal —~ SQ : _ SQ : T
Ptotal ~ 5 og + 254 Sln(2¢Q) =4 og+ E, if ¢Q —og =~ 1 (mod 7),
S0 . 3T
\(bH_E’ lf¢Q—¢H~Z (mod ),

(5.33)

where we have used the fact that the laser polarization is aligned such that ¢ ~ 0.

If we are looking for N E-correlated systematics, we are essentially looking for terms of
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the form

f ,
> (2—)]3 o5 NE, if 6 ~ 0,
P! H
(S—Q) " (—Sm(Q(bQ))P/Ng else.
| \Su > ’

(5.34)
Here the sum is performed over all parity channels P’. The key takeaway is that we must
worry not only about an actual Q-state phase correlated with N'E, but also about a Q)-state
signal size correlated with N'E, especially when the non-reversing phases of the H and
states are not well aligned.

We are now ready to present the systematic error model for the dark state in the
"Qleanup" step in the second STIRAP region. Between the field plates and the entrance
of the magnetic shields, the electric and magnetic fields are small. As a result, there is no
preferred reference frame, and we work entirely in the lab frame. For simplicity, we assume
the magnetic field is zero. Let there be a stray non-reversing electric field £5 along the Z
direction and a non-reversing transverse electric field £, in some direction in the XY plane.
In combination with coupling from the 2-doublet splitting, we show that this configuration
can generate both a N'E-correlated signal and a non-reversing phase, which together produce
a NE-correlated phase according to equation 5.34.

The level diagram of this setup is shown in Fig. 5.5. Without loss of generality, consider
starting in the upper doublet state with M = 0. Because the M = 0 states contain both
+() components, they can in general couple to all four |M| = 1 states via transverse electric
fields. However, for a fixed direction of £ , only two of the four |M| = 1 states are coupled.
This is illustrated on the right side of the diagram, where the basis has been redefined using

the angle ¢ | between £ and the lab X axis.

174



The transfer rate from the M = 0 state to the coupled | M| = 1 states can be estimated

using perturbation theory as
2

_ &

Ez+Aq/2’
where the electric fields are expressed in frequency units. This rate is explicitly upper/lower-
state dependent and therefore depends on QM. If €7 and £ do not reverse with the
interaction-region electric field, this mechanism generates an N E-dependent population. The
effect is maximized in the regime £, ~ Aq, which is likely relevant in the chamber region

upstream of the field plates. If the phase defined by £ differs from the typical non-reversing

phase ¢ of the ThO molecules, this appears as a systematic according to FEq. 5.34.
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Figure 5.5: Level diagram for illustrating NE = QM dependent mixing. For simplicity, the
only Hamiltonian terms included are a quantization field £, a transverse field £, and a
Aq splitting. The angle ¢ | is the angle between the transverse field and the lab X axis.

In sum, we showed a simple scenario in which the time evolution of the STIRAP II
dark state in stray electric fields can lead to EDM systematics. This phenomenon is in
fact quite general when stray fields in other directions are included, because we operate
in the regime Estray ~ Ag ~ ]_/Tﬂight. In this regime, the QM dependence is maximized
and the flight time is not long enough to ensure full mixing. This also makes estimating

the possible size of this effect difficult. The time evolution between the first two STIRAP
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chambers should be mostly adiabatic, and the population remaining in the dark state should
be small, so this effect is expected to be small for ACME III. Indeed, tests performed by
Collin Diver suggested that although we did observe systematics from the decay of the @
state, the dominant contribution likely comes from an ellipticity—ellipticity coupling, in which
an effective ellipticity imperfection dOFR of the readout couples to (S/1 )N € of the Q state
to produce an apparent systematic phase. This is not an effect of coherent phase-preserving

decay, but rather a population effect.
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CHAPTER 6
SUMMARY AND OUTLOOK

6.1 Summary

In this thesis, we have presented the progress of the ACME III experiment, which aims
to measure the electron electric dipole moment (eEDM) with unprecedented sensitivity.
In chapter 1, we motivated the eEDM search as a probe of physics beyond the Standard
Model; molecules with large internal effective electric fields provide ideal platforms for such
searches. In chapter 2, we described the ACME III experimental method and apparatus in
detail, with emphasis on the changes and improvements relative to the previous ACME II
experiment. In chapter 3, we explained our data analysis and blinding procedures, focusing
on new protocols implemented in this generation of ACME. In chapter 4, we described our
methods for identifying and controlling systematic errors in the experiment. Due to the
increased sensitivity, many new effects have been observed and understood. One of the
largest systematic effects arises from the metastable () state decaying into the science H
state. The detailed modeling of this effect in ACME is presented in chapter 5. Currently,
the ACME experiment is in the final phase of systematic investigations before beginning the
acquisition of final eEDM data. The next section summarizes our progress on systematic

studies and the outlook moving forward.

6.2 Outlook

We began taking beamline data in early 2024 after finishing the major hardware con-
struction. Since then, we have been carefully characterizing the system and studying hidden
imperfections that we were previously unaware of. Around November 2025, we felt that
most of the unexpected imperfections in the system had been identified and understood.

We then began taking long IPV data sets while checking the statistical sensitivity of the
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system. Figure 6.1 shows some preliminary data taken during this systematics investigation
phase. We have demonstrated a factor of 30 improvement in statistical sensitivity per unit

time compared to ACME II, sufficient to reach the ACME II statistical limit in around 40

minutes.
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Figure 6.1: Preliminary data taken during the systematics investigation. (a) Top: his-
togram of centered and normalized eEDM measurements. Bottom: normal probability plot
compared with an ideal normal distribution. (¢) Top: mean-removed eEDM measurements
collected as a function of experiment time. Bottom: error of the mean as a function of
averaging time. It takes around 40 minutes to reach the final statistical sensitivity of ACME
IT and 60 minutes to reach that of JILA TI.

We summarize our progress on the intentional parameter variation (IPV) systematics
investigation in Table 6.1. In ACME II, over 40 parameters were intentionally varied to
look for possible correlations with the eEDM channel. In ACME III, we have added around
another 20 parameters to the IPV list due to the increased complexity of the system. So
far, we have collected data for all but 3 parameters. It is important to point out that not all

parameters have an ideal value for which we can confidently say that no systematic errors
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can occur even if we average down for a month. This means we cannot rigorously bound
possible systematic errors from these parameters, as explained in 4.1.1. Our approach is to
try as hard as we reasonably can to measure a non-zero effect. For most of these parameters,
we collected half a day to a full day of IPV data; if we do not see any statistically significant
correlation, we consider the parameter to be not concerning.

At the time of this writing, we are working to understand the correlation between
the eEDM channel and the correlated detuning A/SV%IRAP of the 1090 nm STIRAP laser.
This parameter was shown to produce systematic errors in the previous generation through
correlated center-of-mass shifts of the molecular beam coupling to magnetic field gradients
[23]. In this generation of the experiment, however, we have observed additional systematic
effects even after zeroing the magnetic field gradients. Currently, we are actively investigating
the root cause of this systematic effect and exploring possible mitigation strategies. If we
do not successfully understand and mitigate this effect, we will have to conservatively assign
a systematic uncertainty associated with this parameter, as done in other eEDM searches
[43, 124]. This procedure would limit our final achievable sensitivity to approximately 1 x
10739 ¢ - cm, which is still a factor of 10 improvement over ACME IL.

In sum, we have demonstrated a factor of 30 improvement in statistical sensitivity
compared to the previous generation of ACME. We have completed most of the systematic
error investigations and are working to understand what we believe to be the last problematic
parameter, AJS\/T%R Ap- We expect to finish this investigation and start the final eEDM data
collection in the next few months. Depending on the outcome of the A/S\%R Ap investigation,
the final data set will consist of approximately one to two months of data collection, and
we expect to reach a final sensitivity of at least 1 x 10730 ¢ - cm, which is a factor of 4

improvement over the current best limit [20].
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Parameters Data collected 10x limit

Lasers: Pointing and position
Differential X,Y translation v X
Differential horizontal pointing v v
Differential vertical pointing v v
Precession time v X
Laser propagation direction k v X
Cleanup pointing v v
Cleanup translation v X
Lasers: Detuning
XY differential detuning v v
Cleanup detuning v v
A AP AN ANE from 703 cleanup and readout v v
AN¢ from 1090 STIRAP X X
A™ from 1196 lens STIRAP v v
A™ from 690 lens STIRAP v v
A™ from 746 v v
746 91 MHz sideband on/off v v
Rotational cooling detuning v v
Lasers: Power
Cleanup power, readout power v X
X,Y power asymmetry v v
P state power asymmetry v X
Lasers: Polarization
Cleanup polarization rotation v X
Cleanup ellipticity v X
Probe ellipticity X X
Probe polarization rotation, dither angle v X
Lens STIRAP HWP, QWP v X
Electric Field
£ field magnitude || v X
Voises On field plates v v
e v X
Magnetic Field
B, BB v v
By, By, BS, BS v v
%nr7%nr,%nr7%nr / /
o, B 98,5 08,5 0B,5 9p.B 9B.B v v
Jx ) Qx ' Oy 0z ' Oz O Oz
Other
Q state decay v
Block switches settling times X X
Polarization switching frequency v X

Table 6.1: IPV progress as of January 2026. We have collected data for more than 50
experimental parameters. The last column indicates whether a limit can be placed that is
10 times smaller than the ACME II systematic error budget.
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APPENDIX A
MODELING DEGAUSSING OF MAGNETIC SHIELDS

During the degaussing investigation led by Xing Fan, we observed several phenomena

that were initially not understood. In particular, we observed that

1. the DC shielding factor is much higher than the AC shielding factor. In other words,

after degaussing, the shield magnetizes itself in a way that cancels external fields;

2. a demagnetized shield can be magnetized by a very small DC current offset in the
degaussing coils. Suppose this corresponds to an applied field of 6 H. If the same field
is applied directly to the demagnetized shield without degaussing, no irreversible mag-

netization occurs. This indicates a strong nonlinearity in the magnetization process;
3. the residual magnetic field drift is smaller when the degaussing performance is better.

We argue that the first two observations can be explained using the two most common
hysteresis models: the Jiles-Atherton model and the Preisach model. The third observation
is more difficult to interpret, as the drift may be caused by a variety of effects, such as
temperature fluctuations and mechanical stress changes.

In this appendix, we review the basics of these two hysteresis models as they apply to
degaussing and use them to explain the observed phenomena. Readers not interested in the
details may skip directly to the conclusion section, which is written to be understandable

without reading the intervening sections.

A.1 The Jiles—Atherton hysteresis model

A.1.1 Pros

The main advantages of the Jiles—Atherton model include the following:
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1. Simplicity: hysteresis is described by a relatively simple ordinary differential equation,

which is a familiar and convenient framework for physicists.

2. Implementation in COMSOL: under the Ampére’s law node, COMSOL includes a
built-in implementation of the Jiles—Atherton model. In addition, the material library
provides default Jiles—Atherton materials, allowing one to quickly begin simulating and

exploring basic properties of magnetic hysteresis.

3. Low memory requirement: compared to the Preisach model, which requires a large
number of hysterons for accurate results, the Jiles-Atherton model has significantly

lower memory requirements.

A.1.2 Description of the model

Since COMSOL has already implemented the Jiles—Atherton model, we follow the no-
tation used in the COMSOL documentation. Readers interested in additional details are
referred to Jiles [125].

We are interested in predicting how a ferromagnetic material changes its magnetization
in response to the magnetizing field H. We define the effective field experienced by the

material as

H, = H+ oM, (A1)

where « is the inter-domain coupling constant.

The total magnetization M is written as the sum of a reversible part and an irreversible
part. The reversible part is described by the anhysteretic magnetization curve. The anhys-
teretic magnetization as a function of the effective magnetizing field He is given by

) o (A.2)

~1
a TH,|) =%
V) |H|

Man - MS L(
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where L(x) = coth(z) — 1/x is the Langevin function, M, is the saturation magnetization,
and a characterizes the domain wall density.
We are now ready to describe the change in the total magnetization dM as the sum of

an irreversible contribution and a reversible contribution:

where ¢, is the magnetization reversibility. The vector
X = ky ' (Man — M)

is referred to as the auxiliary vector. It measures the distance between the total magnetiza-
tion M and the anhysteretic magnetization May, in units of the pinning parameter kj, which
characterizes pinning losses. Equation (A.3) is the ordinary differential equation governing
the evolution of the magnetization. Given the current magnetization M, the applied field H,
and an incremental change dH, the corresponding change in magnetization can be computed
from Eq. (A.3).

In summary, this phenomenological model contains five free parameters:
1. magnetization reversibility: ¢, (dimensionless);
2. saturation magnetization: My (units of A/m);
3. domain wall density parameter: a (units of A/m);
4. pinning loss parameter: kj (units of A/m);
5. inter-domain coupling constant: « (dimensionless).

These parameters are scalar constants by default, but in COMSOL they can be generalized

to tensors or made dependent on quantities such as magnetization and temperature. For
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experimental methods used to determine these parameters, see Chapter 7 of Jiles’s book

[125].

A.1.8 Understanding degaussing through the Jiles—Atherton model

The action of degaussing is straightforward to interpret within the Jiles—Atherton frame-
work. During degaussing, the evolution of the system is dominated by the irreversible con-
tribution to the magnetization change, corresponding to the first term in Eq. (A.3). Note
that the vector

x = ky t (Man — M)

points from the current magnetization toward the anhysteretic magnetization. Physically,
this term represents an effective attraction of the system toward the anhysteretic state. In
addition, the rate of approach to the anhysteretic curve decreases linearly with the distance
from it through the factor x - dH¢. Intuitively, this suggests that after a sufficiently well-
designed degaussing waveform, the system will converge toward the center of attraction,
namely Manl.

Note that the ratio between the AC and DC shielding factors is determined by the
magnetization reversibility ¢,.. To see this, consider a system that has been fully degaussed
so that x = 0. In this case, the first term in Eq. (A.3) vanishes, and the magnetization
change reduces to

dM = Cr dMan.

In contrast, when the system is not degaussed, one has dM = dMjy,. Therefore, the ratio of
the AC to DC permeabilities, pac/ppc, is set by the relative change in magnetization and

is simply given by ¢,. This behavior is confirmed by our numerical simulations in COMSOL.

1. A fully rigorous argument is complicated by the vector nature of COMSOL’s implementation. For the
scalar formulation, the proof is straightforward.
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The Jiles—Atherton model also provides a sufficient condition for reversibility. From
Eq. (A.3), the irreversible contribution vanishes when x = 0, which occurs when the mag-
netization coincides with the anhysteretic magnetization, i.e., after perfect degaussing. This
explains the second phenomenon described in the introduction. A fully degaussed shield is
difficult to magnetize using fields much smaller than the pinning loss. However, if the same
small field is applied as a DC offset during the degaussing process, the magnetization follows
the anhysteretic curve and the shield acquires a magnetization increment dMyy,. After the

DC offset is removed, a residual magnetization of (1 — ¢;) dMyy remains.

A.2 The Preisach hysteresis model

A.2.1 Pros

The main advantages of the Preisach model include the following:

1. Generality: the Preisach model describes hysteresis using a distribution of bistable
elements, or hysterons. By appropriately choosing this distribution, one can model a

wide range of hysteretic phenomena, not limited to ferromagnetism.

2. Existing implementations: the Preisach model is already implemented in both MATLAB

and Python.

3. Amenability to thermodynamic analysis: thermodynamic treatments based on the
Preisach model have been developed [126]. In particular, under certain simplifying
assumptions, degaussing can be shown to gradually drive the system toward a global

free-energy minimum.

A.2.2  Description of the model

In this subsection, we follow the notation of Bertotti [126].
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We begin by motivating the use of bistable elements. Consider a binary bistable switch,

shown in Fig. A.1.

+Am

Figure A.1: Possible values m of a binary bistable switch.

This switch outputs a binary value (2Am) in response to the input field H. Its hysteresis
loop is centered at H = hy. Outside the indeterminate region, defined by hy — he < H <
hy, + he, the switch has a unique output. Specifically, it H is sufficiently low (H < hy, — he),
the switch outputs —Am, whereas if H is sufficiently high (H > hy + h¢), the switch outputs
+Am.

Within the indeterminate region, the switch can take either of the two values (£Am),
with the actual value determined by the history of the switch. In practice, the switch retains
its previous value. For example, if the switch output is Am before entering this region, it

remains Am as H varies within the indeterminate region. Formally, this behavior is described

(

Am, if H(t) > hy + he,
m(H(t),t) = ¢ —Am, if H(t) < hy — he, (A.4)

m(H(t — dt),t —dt), if hy — he < H(t) < hy + he.

\

The input—output relation of this bistable switch exhibits hysteresis, and the dependence
on its history is explicit in Eq. (A.4). To model macroscopic hysteresis more accurately, a
single switch is insufficient. Instead, we consider an ensemble of such switches spanning
all possible values of hy, and he. This ensemble can be represented in the (h¢, hy) plane,

commonly referred to as the Preisach plane, shown in Fig. A.2.
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Figure A.2: The right half of the (h¢, hy) plane (the Preisach plane) contains all possible
bistable switches defined in Eq. (A.4). For a given value of H, the plane is divided into three
regions according to Eq. (A.4). In regions I and III, the switches output —Am and +Am,
respectively. In region II, the switch states are determined by their history. The physical
picture can be understood by considering the sum of a symmetric double-well potential and a
linear potential proportional to H, as illustrated in the figure. In regions I and III, the linear
potential dominates, resulting in a single minimum and hence a single-valued output. In the
indeterminate region II, the field H is insufficient to overcome the double-well potential, so
two minima exist, and a classical particle in this potential remains in its previous minimum.

For each possible pair of switch parameters (hy, he), the density of switches may differ.
We denote this density by p(he¢, hy), which is referred to as the Preisach distribution. By

symmetry considerations, the Preisach distribution must be even in hy, i.e.,

p(he, hu) = p(he, —ha). (A.5)

Next, we introduce the concept of the Preisach state line. Suppose the system starts

in a completely magnetized (saturated) state. In this case, the switches can be partitioned
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by a single zigzag line, called the Preisach state line b(h.), as illustrated in Fig. A.3. All
switches below b(h.) take the value +Am, while all switches above it take the value —Am.

To determine b(h.), one applies the definition in Eq. (A.4) sequentially as the field H
evolves. At first glance, this may appear impractical, since the definition would need to be
applied an infinite number of times. However, it is sufficient to apply the update rule only at
the turning points of H, as well as at the initial and final values of H. A graphical illustration
of one step in this procedure is shown in Fig. A.2. An explicit example of constructing the

state line b(h¢) is shown in Fig. A.4.

Figure A.3: Example Preisach state line.

Together with the Preisach distribution, the switch states in the Preisach plane com-

pletely determine the macroscopic magnetization, which can be written as?

00 b(he) +o0
M = Am/ dhe [/ p(he, hy) dhy — / p(he, hay) dhu] (A.6)
0 —00 b(he)
00 b(he)
= QAm/ dhc/ p(he, hy) dhy, (A.7)
0 0

2. We deviate from the normalization conventions used by Bertotti by constant factors for simplicity. See
Chapter 13 of Ref. [126] for details.
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Figure A.4: An example of a Preisach state line b(h.) (right) generated by the magnetizing
field shown on the left. The state line is completely determined by the turning points of
H(t), including the initial and final values. One can verify that b(h.) is generated according
to the definition given in Eq. (A.4).

where the second line follows from the symmetry of the Preisach distribution given in
Eq. (A.5). In other words, the magnetization M is proportional to the weighted area under

the Preisach state line b(h¢), with the weighting determined by p(he, hy,).

Finally, we consider the Preisach state line generated by a degaussing waveform, shown
in Fig. A.5. In general, the state line produced by a degaussing waveform superposed with
a DC offset field H, has a sawtooth-like structure centered at H,. The size of the sawteeth
is determined by the difference between successive extrema of the degaussing field. As this

difference approaches zero, the state line converges to b(h.) — H,.

A.2.3 Understanding degaussing through the Preisach model

In the previous subsection, we noted that the Preisach state line b(h.) produced by an
ideal degaussing process is approximately b(h.) = 0. It follows immediately from Eq. (A.7)
that this corresponds to a state of zero net magnetization. Thus, although the Preisach
framework requires some setup, the description of degaussing within this model is straight-

forward.
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Figure A.5: Additional examples of Preisach state lines. The line oscillating about the h,
axis is generated by a degaussing waveform. The outermost sawteeth correspond to the
largest applied fields. As the field amplitude decreases while oscillating, additional sawteeth
are generated progressively from right to left. A degaussing waveform with an added DC
bias H, produces an identical state line, shifted vertically by H,.

The Preisach model also provides a clear explanation for the enhancement of the effec-
tive permeability along the anhysteresis curve. Consider the example waveforms shown in
Fig. A.6. To demonstrate this enhancement, it suffices to show that the magnetization pro-
duced by a biased degaussing waveform is larger than that produced by a simple linear ramp?.
This is immediately evident from the corresponding Preisach planes shown in Fig. A.7. The
weighted area under the state line b(h,) is clearly larger for the biased degaussing waveform,
leading to a larger magnetization.

Within the Preisach model, the enhancement of the effective permeability arises nat-
urally from the collective behavior of bistable switches. The increase in u results from
the progressive alignment of switches that require increasingly large fields to change state.
Without degaussing, the system generally becomes trapped in local energy minima with
only partial alignment, leading to a smaller magnetization. In contrast, the Jiles—Atherton

model incorporates the effective permeability enhancement phenomenologically through the

3. As discussed earlier, only the turning points of the field are relevant, so the detailed shape of the ramp
is unimportant. We also implicitly assume that the magnetization M depends linearly on H both before
and after degaussing; discussion of an effective permeability is only meaningful under this assumption.
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constant ¢,. From this perspective, the Preisach model provides a more transparent physical
interpretation of anhysteresis.

H

— linear ramp

_____ biased degauss

Figure A.6: Comparison between a linear ramp to H = 3 and a degaussing waveform with
a DC offset of 3.

A.2.4 Free energy minimization

Studying the magnetization of ferromagnetic materials is challenging due to the strong
internal couplings present in these systems. Such couplings give rise to many local minima
and metastable states in the free-energy landscape. Within the Preisach framework, this
metastability is modeled through an ensemble of bistable switches. In this picture, each
Preisach state line b(h.) corresponds to a particular metastable state of the ferromagnetic
material. Finding the global energy minimum of the system is therefore equivalent to iden-
tifying the state line b(h.) that minimizes the free energy.

This problem is treated in detail by Bertotti [126]; here we summarize only the main con-
clusions. When the mean-field energy contributions (such as magnetostatic and domain-wall
energies) are small compared to the coupling to the external magnetic field, the free energy
is minimized after degaussing. However, when the mean-field terms are non-negligible, de-
gaussing does not necessarily drive the system to the global energy minimum. This result
is somewhat counterintuitive and highlights the complexity of the magnetic energy land-

scape. Readers interested in a more detailed discussion are referred to Chapters 13 and 14
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Preisach plane after linear ramp

Preisach plane after biased degauss

-1

Figure A.7: Resulting Preisach planes corresponding to the waveforms shown in Fig. A.6.

of Bertotti*[126].

A.3 Conclusion

In summary, we believe we have a reasonable understanding of the origins of the higher
DC shielding factor and the nonlinear response to degaussing offsets described in the intro-
duction.

The enhanced DC shielding factor is a well-known phenomenon in the literature. Af-
ter degaussing, the magnetization follows the so-called anhysteresis curve, as illustrated in

Fig. A.8. The effective permeability of this curve is generally higher than that of the initial

4. Strictly speaking, because the temperature is finite, the system is never guaranteed to reach the global
minimum. Nevertheless, the conclusion remains somewhat surprising.
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magnetization curve, resulting in an increased DC shielding factor. A clear discussion of
this behavior is given by Yashchuk et al. [127]. The underlying physical mechanism is most
transparently explained within the Preisach model. The magnetic system possesses many
local energy minima in the space of possible magnetization states. When an external field
is applied, the system may become trapped in one of these local minima before reaching the
global minimum magnetization Mg)ghal min, leading to a reduced magnetization and hence a
smaller effective permeability. Degaussing effectively provides the activation needed to help

the system escape local minima and approach the global minimum.

B ; Slope=p,,
Hysteresis
curve .
Anbhysteretic curve
Initial curve
/,,"/Slopezum
H

Figure A.8: Various magnetization curves that a ferromagnetic material may follow. If the
shield is initially demagnetized, then upon application of a magnetizing field H it follows
the initial magnetization curve. If a degaussing sequence is performed while the same mag-
netizing field H is applied, the system instead follows the anhysteresis curve. In general, the
effective permeability pay of the anhysteresis curve is larger than the permeability pug, of the
initial curve.

The degaussing offset nonlinearity can also be understood in terms of anhysteresis, to-
gether with an additional statement about reversibility. This mechanism is most transparent
in the Jiles—Atherton model. Once the system is sufficiently degaussed®, the magnetization
response becomes reversible. Consider the application of a small external field 6 H. If the
shields are initially demagnetized, the reversibility condition implies that 6 H alone is insuf-

ficient to produce any irreversible magnetization.

5. As noted earlier, the criterion for sufficient degaussing is set by the pinning loss.
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In contrast, if the same field 0 H is applied as a DC offset during the degaussing process,
the magnetization follows the anhysteresis curve and acquires a magnetization pan 0 H, where
pan is the effective relative permeability of the anhysteresis curve. When the DC offset field
0 H is subsequently removed, the magnetization decreases by u, 0 H, where pu;, is the relative
permeability of the initial magnetization curve near H = 0, as illustrated in Fig. A.8. Since
both the Jiles—Atherton and Preisach models predict that pan > pyiy, a residual magnetiza-
tion remains. Thus, a DC offset applied during degaussing can produce a net magnetization,

even though the same offset field applied by itself is incapable of magnetizing the shield.
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APPENDIX B
FIELD PLATE BENDING STRESS MECHANICS

B.1 Background

In ACME 11, it was observed that the field plates were bent. We suspected that this
bending might be responsible for the observed birefringence in the field plates. Here we argue
that this is not the case. A simple (quadratic) bending profile, such as the one shown in
Fig. 2.21, cannot produce birefringence. Any birefringence must instead arise from applied
tangential forces near the edges of the glass field plates. In addition, we present a set of design

targets that, if satisfied, will result in zero birefringence from clamping-induced stress.

B.2 Boundary value problem

For problems in linear elasticity, the governing equations consist of the equilibrium
equations

O‘UJ' = 0, (Bl)

which express force balance at mechanical equilibrium. This equation states that an in-
finitesimal volume element of the solid is not accelerating. For simplicity, we neglect body
forces such as gravity. In addition to the equilibrium equations, the stress and strain fields
must satisfy the stress compatibility equations,
2.
ik epar I
J 01,0y
where e, is an element of the infinitesimal strain tensor, describing how an infinitesimal

volume deforms under stress. The strain tensor is related to the stress tensor through the
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stress—strain relation (Hooke’s law),

Oij = Adjj emm + 2 e,

where A and p are material constants determined by Young’s modulus and Poisson’s ratio.
We do not assign equation numbers to these relations, as they are not central to the discussion
that follows and are included primarily for completeness.

Given this set of partial differential equations, appropriate boundary conditions are
required to ensure existence and uniqueness of a solution. Consider solving for the stress
tensor within a body bounded by a closed surface S. Intuitively, if the forces acting on the
surface are known, or if the deformation of the surface from its natural state is specified,
the stress field within the body is fully determined. Formally, let the surface be partitioned
into two disjoint parts, S7 and Sy. A sufficient condition for existence and uniqueness is to
specify the traction T = o -1 on S and the displacement u on S;,. The traction represents
the force per unit area acting on the surface in the direction of the outward normal n,
while the displacement describes the deviation of the surface from its undeformed, natural

configuration.

B.3 Solving the boundary value problem

We have formulated the boundary value problem in a somewhat abstract way by al-
lowing, at each point on the closed surface, either the traction or the displacement to be
specified. This formulation is, however, well suited to the ACME II field plates. On the main

1

faces (normal to ACME Z direction), the displacement is known*. At the edges (normal

to the ACME X or Y directions), forces are applied by the clamping mechanism. If these

1. Strictly speaking, the interferometric measurement only determines differences in displacement. How-
ever, if the measured displacement difference has a quadratic dependence on z, it is difficult to envision a
scenario in which each individual field plate does not also exhibit a quadratic profile in x. For the purposes
of this discussion, we therefore assume that each field plate has a quadratic displacement profile.
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forces were known exactly, the stress tensor could be uniquely determined. Although the
edge forces are not known precisely, we can nevertheless establish a useful result under the

following assumptions:

1. The rectangular field plate occupies the region —L,; < 2 < Ly, —Ly <y < Ly, and
—L, < z < L;. Suppose that 05, = 0y, = 0 on the main faces at » = *L,. This
assumption is valid for ACME because these faces are exposed to vacuum and must

therefore be traction-free, i.e., o -z = 0.

L, L,
—-L, —-L,

on the surfaces x* = +L,, and that

L, L,

_Lz

2. Suppose that

on the surfaces y = £L,. Physically, this corresponds to a clamping mechanism that
does not apply net tangential forces in the Z direction. The integrals account for the

total stress across the thickness of the field plates.

3. Assume that the stresses are approximately uniform across the main faces of the field

plates. In particular, suppose that

L;
/ O'jdeZQLZ’Ujk,
—L;

for i,j,k € {x,y}. This assumption is only approximately satisfied for the ACME II

field plates; deviations from it are discussed later.

With these assumptions, we show that the stress components capable of producing

birefringence must average to zero when integrated across the thickness of the plate. In
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other words,

L,
/L o;jdz=0 fori,je{z,y}.

This implies that a laser propagating along the Z direction does not accumulate any net
birefringence after passing through the field plates.

Proof: We begin by explicitly writing the first equilibrium equation from Eq. (B.1),
Ozxx T Oxyy + Oxz,z = 0. (B-4>

We integrate this equation over an entire cross section normal to the x direction:

L. (L,
—L,J-L,

L. L, L. L,
:/ / amn’xdydz—i—/ aggy‘_gi dz—l—/ sz}_ZL dy (B.6)
L.J)-1L, L. y L 2

- y
L. L,
:/ / Oraa dydz, (B.7)
—L.J-1L,

where the last equality follows from Assumptions 1 and 2, since oy is evaluated at y = £L,

and o, at z = £L,. Equation (B.7) allows us to perform the following integration:

L. Ly L. Ly
/ / O-l‘l‘<x07y7z> dde - / / U$$<_L$7yaz) dde
—L,J-L —L, J—Ly

o L, Ly
+/ / / Oy, dy dz dz, (B.8)
—L,J-1./J-L,
L. Ly
:/ / UII<_LI7y7Z) dde, (Bg)
—L.J-1L,
0

(B.10)

The step from Eq. (B.8) to Eq. (B.9) follows directly from Eq. (B.7), while the final equality

follows from Assumption 2. Physically, Assumption 2 states that no net forces tangential
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to Z are applied at the edges of the field plates. Equation (B.7) implies that, for any cross
section normal to z, the total force in the z direction obtained by integrating the stress over
that cross section is independent of z. Since this force vanishes at the edges, it must vanish
for all cross sections normal to x.

We have not yet made use of Assumption 3. This assumption states that o, is uniform

across y, which allows us to write

L. 1 Ly L
/ Opp dz = —/ / oxz dzdy = 0. (B.11)
~L. 2Ly J-r,/)-L.

Using essentially the same argument, with appropriately chosen cross sections, one can sim-

L, L, L,
_LZ

~L, ~L,

ilarly show that

This completes the proof that the stress components capable of producing birefringence must

average to zero across the thickness of the field plates.

B.4 Implications for field plate clamping design

In the previous section, we identified a set of conditions that, if satisfied, guarantee
zero birefringence arising from clamping stress. We now discuss these conditions in the
context of ACME II and ACME III. Condition 1 is always satisfied. Condition 2 must be
violated in ACME II. In the previous section, we showed that if Condition 2 were satisfied,
the birefringence averaged over a cross section normal to y would vanish. However, the
ACME 1I field plates exhibited an approximately constant ~ 2% birefringence offset along
such cross sections [88]. This observation implies the presence of a nonzero clamping force
with a tangential component along the 2 direction.

With improved mechanical design, Condition 2 can be approximately satisfied. Condi-
tion 3 is only approximately satisfied in ACME II, as the stress-induced birefringence varied
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by roughly 20% across the field plates. Note, however, that the stress component responsible
for bending should be nearly uniform. This follows from the fact that the observed bending
profile is close to quadratic, corresponding to an approximately constant radius of curvature
of about 40m across the plates. A nearly constant radius of curvature implies a nearly
uniform bending stress. The observed nonuniformity is therefore most likely due to spatial
variations in the clamping forces.

In ACME III, we aim to better satisfy Condition 3 by distributing the clamping force
over as many contact points as is practical. Ultimately, we experimentally verified that
Conditions 2 and 3 are sufficiently well satisfied by constructing and testing a dedicated

clamping setup.

200



APPENDIX C
MOLECULAR POLARIMETRY PARITY CHANNELS

C.1 Overview

In this appendix, we work out the contributions to the various parity channels arising
from the polarimetry switches N, £, Q, B, P, and R. A new switch, Q, is introduced; it
rotates the quarter-wave plate (QWP) used in polarimetry by 90°, thereby flipping the sign
of the measured asymmetry. This provides a means to separate true ellipticity from possible
systematic effects.

We perform polarimetry in two modes. In the preparation polarimetry mode, the read-
out light is fully circularly polarized. In the readout polarimetry mode, the preparation light
is fully circularly polarized.

To determine the contributions to the different parity channels, we first analyze the
imperfections generated when light propagates through birefringent materials in Sec. C.2. We
then determine the total imperfections introduced by the full polarimetry optics in Secs. C.3
and C.4. Using these results, we compute the measured asymmetry in Sec. C.5. Finally, we
summarize the contributions to the different parity channels in Sec. C.6.

We work in the circular polarization basis,

& = —e Wi cog Q; €41+ e'fi sin ©;é_1, (C.1)

and also in the linear polarization basis,

€ = _e—iwi cos W, €, + emji sin ¥, €y. (0'2)
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The transformation from the circular basis to the linear basis is given by

1 1
v=| vz V2 (C.3)
Vi VA

In practice, we work in the vicinity of ©,¥ = 7/4, § = 0,7/2, and ¢ = £7/4. In
this limit, df corresponds to a small admixture of diagonal linear polarization, d© to a
small admixture of circular polarization, d¥ to a small admixture of vertical or horizontal
polarization, and di) to a small admixture of diagonal linear polarization. As a convenient

reference, the imperfections generated by different wave plates are summarized in Table C.1.

Oin Oin Wave plate @out,O 9011t,0 dOout dbout
% 0 HWP @ QHWP % 20pr %{% sin(20HWp) _%dEI%IWP Sil’l(49pr)
1
=0 QWP@Z4diqwp 0 NA 51/ d0wp + 4d0%wp NA
g 0 QWP @ d@pr % 0 7d9pr dQpr(l + dfsQWP)
0 ZWP @ 07wp z 0 —BZWE sin(207wp) LdoZp sin(40zwp)
0 HWP @ fwp 0 NA Lorwe. NA
das
% 0 QWP @ GQWP % QQWP + % 7% 0
% 0 ZWP Q Oz7wp g NA 7% NA

Table C.1: Polarization imperfections generated after propagation through different wave
plates. Here HWP denotes a half-wave plate, QWP a quarter-wave plate, and ZWP a zero-
order wave plate (or, more generally, a weakly birefringent element). All orientation angles ¢
are defined with respect to a common laboratory axis. The retardance error d¢ is defined as
the deviation from the ideal retardance of the HWP, QWP, or ZWP. The birefringent axes
of the HWP, QWP, and ZWP are denoted by Ogwp, Ogwp, and 0zywp, respectively.

C.2 Polarization imperfections from different wave plates

In this section, we derive the outgoing polarization imperfections after propagation
through different wave plates for various incident polarizations. All results are expanded to

second order in small imperfections.
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C.2.1 Linear input into HWP

Wave plate parameters: 0 = Ogwp, 6 = 7 + Kk dOgwp-

Incident polarization:

o= % + kdOy,, (C.4)
0 =0y + kdby,. (C.5)

Outgoing polarization:

1
0= + K 5 SiIl(QQO - QQHWP) déHWP - d@in} + I{2 COS(2(90 - QQHWP) d(SHWP d&im

T
4
(C.6)
do .
9 = —9() -+ QGHWP — Hd@in + ﬁ2% [déHWP sm(4(00 — GHWP)) -8 d@in COS(2(9() — GHWP))} .

(C.7)

C.2.2 Linear mput into QWP, circular output

Wave plate parameters: 6 = Q% + kdiqwp, 0 = 5+ k doqQwp, where Q is the po-
larimetry switch.

Incident polarization:

O = 1 £ KdOy, (C.8)
0= Z ¥ % + ke dly,. (C.9)
Outgoing polarization:
U= % +k (Q dO0;, + déQWP) + 12 2(dfy, — dIqwp) dOqwp, (C.10)
b= i%@ + 1 O(dby, — dIqwp) — K2d0qwp (O ddqwp + 2d6y,). (C.11)
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C.2.3  Linear input into QWP, linear output

Wave plate parameters: 0 = x diqwp, 6 = § + k doqwp-

Incident polarization:

@z%im&%,
T T
QZZ:FZ—’_Rde

Outgoing polarization:

e
© = 7 £ s(diqwp — dbi) F r*ddqwp O,

™ ™

0= — F — + k(dfqwp + dOu) + K2 ddqwp (dbqwp — dbi,).

4 4

C.2.4 Linear input into ZWP

Wave plate parameters: 6 = 0zwp, 0 = kK dozwp-

Incident polarization:

@:%im@m
9:%;%+mwm

Outgoing polarization:

do
0= % + /i(d@in + Z2W e Sin(wZWP)) + k2d0zwp by cos(207wp),

™

4

0:E$

do
4 + K dain + HQdéZWP [
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P Sin(4QZWP) + dO;y COS(Z@ZWP) .

(C.12)

(C.13)

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)



C.2.5 Circular input into HWP, circular output

Wave plate parameters: 0 = Ogwp, 6 = 7 + Kk dOgwp-

Incident polarization:

@z%imﬂm

T
Y = iz + K dy,.
Outgoing polarization:

d(SHWP SiIl(QQHWP )

b

U = % + kK {dllfin cos(49HWP) — dibip Sin(49HWP) -

dé
(S :I:% +K {d\Din sin(40HWp) + diy COS(40HWP) + H2WP Cos(QGHWp)

C.2.6 Circular input into ZWP

Wave plate parameters: 0 = Ozwp, 0 = K dozwp.

Incident polarization:

wz%imwm
T
Y= :I:Z + K diip.

Outgoing polarization:

do
U = % + "’f(dqjin + Z2WP sin(29zwp)) ,

T do
Y = j:Z + ﬁ(dwin + Z2WP cos(QGZWP)> .
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(C.20)

(C.21)

(C.22)

(C.23)

(C.24)

(C.25)

(C.26)

(C.27)



C.3 Combined imperfections, readout polarimetry mode

In this section, we derive the total polarization imperfections after the light propagates

through all optical elements in the readout polarimetry mode.

C.3.1 Preparation side

Incident polarization:

o= % + £ dOy, (C.28)
0 = Kk dby,. (C.29)
Outgoing polarization:
. do - dd
v = % + R(Q dOi, + Q2WP +Q Z2VVP SiH(Z@ZWP)) + K2 2(db;y, — dfgqwp) dOgwp,

(C.30)

. - ~ dé ~
Y = %Q Tk (Q dbin, — Qdoqwp + ZQWP COS(Q@ZWP)) — H2d9QWP (Q doqwp + 2d@in)-

(C.31)
C.3.2 Readout side
Incident polarization:
T
T T
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Outgoing polarization:

s

O = 1 + g |:7d5pr Sin(QGHWP) — d§zwp sin(40HWp — 262WP) — QdQQWP}
+ KQdGQWP [d(usp COS(QGHWP) + d(szwp COS(49HWP - 2ezwp)} s (034)
™ T
0= —Ziz —K?dewp

2

+ % |:—8d9QWP (d(usp COS(29HWP) + dépr) - 2d5zwp COS(49HWP — 20ZWP)

X (2d5HWP Sin(QGHWp) + dézwp sin(49pr — QQZWP)) + 4d9pr — dé%wp Sin(40HWp)] .

(C.35)
C.4 Combined imperfections, prep polarimetry mode
In this section, we derive the total polarization imperfections after the light propagates

through all optical elements in the preparation polarimetry mode.

C.4.1 Preparation side

Incident polarization:

@
I

(C.36)

)
|
S

(C.37)

Outgoing polarization:

™

dé
0= Z + /i( Z2VVP Sin(29zwp> -+ deQWP) - I<L2d5ZWP dQQWP COS(Q@ZWP), (0.38)

2
déZWP

0 = kdfqwp + K2 dfqwp (dépr + dozwp COS(QQZWP)) + Sin(lwzwp) .

(C.39)
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C.4.2 Readout side

Incident polarization:

(C.40)

(C.41)

Outgoing polarization:

U = % + g [Q<_d6HWP SiIl(Q@HWP) — ddzwp sin(ZHpr) + QQdQQWP sin(49pr)) — déQWP COS(49HWP)}
+ szepr [d(SQWP SiIl(49HWP) + QdQQWP COS(49HWP)} s (042)
P = :FQ% + g[d(Spr COS(Q@HWP) — Qd5QWp Sin(49HwP) + ddzwp COS(ZGZWP)

— QQ d@QWp COS(49HWP)} + KQQ dQQWP [2d9QWP Sin(49pr) - d(spr COS(49HWP)} . (043)

C.5 Measured asymmetry in the state basis

In this section, we derive the measured asymmetry in both the readout polarimetry mode
and the preparation polarimetry mode, using the total imperfections obtained in Secs. C.3
and C.4, respectively. In both cases, we include a small spin-precession phase ¢ and expand

to second order in small imperfections.

C.5.1 Readout polarimetry

In this mode, the preparation light is circularly polarized and the readout light is lin-

early polarized, as parameterized below. A small precession phase ¢ is included.
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~T
Yprep = QZ + K dprep, (C.44)

™

Wprep = 7 + £ dWprep, (C.45)
Oy = 20qwp + Rg (C.46)
Oy = g + 20wp + 7@%, (C.47)

Oy = % + £ dOrend, (C.48)
Oy = % — K dOpend, (C.49)
6 = K do. (C.50)

The measured asymmetry is

. R . R
A=r2 [d@read Q — P dWprep cos (% + 49pr) + PO difprep sin (% + 49pr>]

. R g R
— K2 4do [’P dqurep sin (% + 49HWP> +PQ d@bprep Cos <% + 49HWP) } . (C.51)

Here, the term d©,e,q @ is the primary quantity of interest. The remaining terms arise
from linear-linear polarization couplings, which are modulated by the wave-plate angles and

therefore depend on the switches Q and R.

C.5.2  Preparation polarimetry

In this mode, the preparation light is linearly polarized and the readout light is circu-

larly polarized, as parameterized below. A small precession phase ¢ is included.
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Qprep - /{/deprep7 (052)

™

@prep = 1 -+ /fd@prep, (053)
-
Yx = QZ + K dreads (C.54)
-

Yy = _QZ + Kk diPread: (C.55)

T
Uy = 1 + K dWead (C.56)

™
Yy = 1 K AV read, (C.57)
¢ = Kdo. (C.58)

The measured asymmetry is

A=rk (2@ dOprep — 2P d\yread) + 462P O dijrend (dBprep + dd) - (C.59)

This expression appears relatively simple because the detailed structure of the imperfections
has not yet been substituted; doing so would introduce additional dependence on the switches
Q and R. The first-order terms arise from circular—circular coupling, which depends on 0,
and vertical vertical coupling, which depends on P. The second-order term corresponds
to diagonal-diagonal coupling and is suppressed by one additional order, since both the
preparation and readout fields contain only zeroth-order vertical or circular polarization

components.

C.6 Polarimetry mode parity channels

In this section, we use the detailed forms of the imperfections derived in Secs. C.3

and C.4 to determine the contributions to the various parity channels. These results form
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the basis for interpreting the measured asymmetries.

C.6.1 Readout polarimetry

Writing out the full expression for the asymmetry is prohibitively cumbersome. Instead,

we list the contributions to each parity channel explicitly:

@ : £|2dOreaq — AOHWP read SI(20HWP read) — AOZWP read S(AOHWP read — 202WP read) — Qd‘gQWPJead}
+ k2 2d9QWP read [d5HWP,read co8(20iWP read) + AO7WP read COS(40HWP read — 29ZWP,read)} :
QPR : £ dézwp prep COS40HWP read — 20ZWP prep)
+ 152 2d07WPp prep (A6 + AOQWP read) SI(AOHWP read — 20ZWP prep)»
PR: — k& [d5QWP,prep SIN(40HWP read) — 2d0QWP prep COS(4‘9HWP7road)}

2 .
+ £7(do — dIQwp prep + AOQWP read) [2d5QWP,pmp cOS(40HWP read) — 4dOQWP prep Sm(49HWP,read)} :
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Interpretation.

Q :

QPR :
PR:
QR :
QP

QBPR :
BPR:

OPR :

First-order terms correspond to the readout ellipticity and its contributions
from wave-plate imperfections. Second-order terms arise from linear rotation
induced by dfqwp read-

Linear-linear coupling from imperfectly circular preparation due to ddzwp prep-
Linear-linear coupling from imperfectly circular preparation due to ddQwp prep-
Imperfect R via @), potentially arising from angle-dependent dogwp read-

Imperfect R via QPR; angle-dependent dogwp reaq does not contribute here.

: Imperfect R via PR; again, angle-dependent dogwp read does not contribute.

Possible additional contribution from imperfect half-wave-plate rotation.
Leakage from QPR due to AB.
Leakage from PR due to AB.

Leakage from PR due to AP

C.6.2 Preparation polarimetry

QK [Qd@pmp + 2deQVVP,prop + d’(sZVVP,pGC Sin(QeZVVP,prcp)}

2
— K7 4dSzWP prepd0QWP prep COS(202WP prep)

QP : KdOzwp read SN(207WP read)

+ 52 2(d + dOQWP prep)AZWP read CO(207WP read )

QP & QPR : k dOgwp yead SIN(20HWP read)

+ 12 2(d + dOQWP prep) WOHWP read CO(20HWP read )

PR: —k [daQVVP,read Sin(leWP,rea‘d) + 2d9QVVP,read COS(49HVVP,read>}

— 52(d¢ + AIQWP prep + AOQWP read) [Qd(sQWP,read cOS(40HWP read) — 440QWP read 5111(49HWP,read)} :
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Interpretation.

Q :
QP & QPR :

PR :

QBP

BPR:

PR :

Preparation ellipticity and its contributions from the preparation QWP and ZWP.
Linear-linear coupling arising from dogwp read and dozwp read-

This channel may also contain leakage from imperfect R, e.g., due to
angle-dependent dogwp read-

Linear-linear coupling from readout imperfections (ddqwp reads @0QWP read)-

: Leakage from the ()P channel due to imperfect PR, not related to dogwp read-

: Leakage from the QP channel via AB.

Leakage from the PR channel via AB.

Leakage from the PR channel via AP
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APPENDIX D
SYSTEMATIC PHASE FROM BRIGHT-STATE ADMIXTURE

A lot of potential systematic errors in ACME come from our state preparation scheme
where the molecules are optically pumped into the dark state. Imperfections in this optical
pumping can lead to a small admixture of the bright state, which can in turn lead to sys-
tematic shifts in the measured precession phase. In this appendix, we derive the relationship
between bright-state admixture and the resulting systematic phase shift.

We start with the standard parameterization of the molecular dark and bright states:

D) = —e P cos© M = +1) + ¢’ sin0© |M = —1), (D.1)

IB) = ¢ ?sin® [M = +1) + ¢ cos© |M = —1), (D.2)
where the nominal value © = 7/4 corresponds to purely linearly polarized molecules.
We now consider two scenarios:

1. the molecules acquire a small precession phase x d¢, where x is a bookkeeping param-
eter for perturbative expansions. For completeness, we also allow the molecules to

acquire a small ellipticity x dO;
2. the molecules acquire a small admixture of the nominal bright state, x dA.

We are interested in the mapping between these two descriptions. The second description
is often more convenient for solving Hamiltonian problems, while the first is the physically

relevant parameterization for extracting the electron EDM.
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To obtain this relationship, we equate the two descriptions perturbatively:

|D) + kdA |B) = —e~ 749 co5(O + kdO) M = +1) + " 5in(© — kdO) |M = —1) + O(x?)
= kdO |B) + kid¢ (e " cos© | M = +1) + ¢ sin© |M = —1)) + O(x?)
= kdO |B) + kid$ (e"“sin® [M = +1) + e cos© |M = —1)) + O(x?)

= k(dO© + idg) |B) + O(r?),

where we have used the nominal value © = /4, for which cos© = sin ©.

This establishes the important correspondence

dp = Tm(dA), (D.3)

dO = Re(dA). (D.4)

Notably, this relationship holds independently of the initial angle 6, and therefore applies

for all wave-plate angles and for either parity of the excited I state.
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APPENDIX E
AC STARK SHIFT SYSTEMATICS WITHOUT

PERTURBATION

In Sec. 4.5.2, we derived the detuning dependence of the ellipticity-induced AC Stark
shift systematic using perturbation theory. Here, we present a more general and rigorous

derivation based on symmetry arguments, without relying on perturbation theory.

Before introducing the symmetry argument, it is helpful to clarify the statement we

wish to prove. We begin with the Hamiltonian given in Eq. (4.27),

and study the properties of its solutions. The key feature of interest is the behavior of the

solution under a change of the detuning sign, A — —A. To emphasize this dependence, we

explicitly write the Hamiltonian as H(A) rather than simply H.

We write the corresponding solution as

[¥(t,A)) = ep(t, A)|D) + cp(t, A)|B) + ¢ (t, A)|I). (E.2)

In general, reversing the detuning in the Hamiltonian leads to different solutions, so the
coefficients cq (¢, £A), with « = D, B, I, are not equal.

As shown in Appendix D, the AC Stark shift phase is given by

SB(A) = Imep(t, A). (E.3)

This quantity represents the total AC Stark shift phase. To isolate the AC Stark shift
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systematic, we take the part that is odd in detuning. Explicitly,

SD(A) +6D(=A) | 6D(A) — 5(-A)

(E.4)

where the first term is even in A and the second term is odd. Only the detuning-odd term
contributes to the AC Stark shift systematic.
Our goal is to show that when the ellipticity changes sign, d® — —dO, the systematic

phase also changes sign:

O0P(A) —6®(—A) Imep(t,A) —Imcp(t, —A) = Imeg(t,A) — Imcp(t,—A)
2 - 2 - 2 ’
(E.5)

This shows that the A-odd AC Stark shift phase is also odd in ellipticity, which is
the desired result. Having clarified our goal, we are now ready to present the symmetry

argument. To do so, we first introduce an elementary but useful lemma.

Lemma: Suppose we have two systems of differential equations

oY =JI, 9o =K(t)e, (E.6)

subject to the initial condition

—

$(0) = 6(0) = G. (E.7)

Suppose in addition that there exists a time-independent invertible matrix R such that

R'K(H)R = J(¢), (E.8)
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and that the initial condition is invariant under R,
Rcy = 6. (E.9)

Then, by substituting gi; = RJ, we see that gz; solves 8,552 K(t)gg

This lemma is proved in one line and requires little further discussion; it is essentially a
generalized (not necessarily unitary) change of basis.

To apply the lemma, we rewrite the Schrodinger equation in the form of Eq. (E.6).
From Eq. (E.5), we need to understand how Imcpg(t,£A) transforms for both signs of
detuning. Because both +A and —A solutions enter, our enlarged system must include both
H(A) and H(—A). Each Hamiltonian has three complex-valued amplitudes (cy, cg, cp),
which we decompose into real and imaginary parts, giving 2 x 3 x 2 = 12 real variables.
This formulation allows more generalized transformations that mix solutions associated with
H(A) and H(-A).

We order these variables as
JT = (]7‘+7 Ii+7 I —, Ii—, Bry, Bi+7 By, Bj—, Dr4, Di+’ Dy—, DZ*) . (ElO)

where we write c(t), cg(t), and cp(t) as I, B, and D for brevity; the subscripts r and i
denote real and imaginary parts; and the subscripts + and — denote solutions corresponding
to H(A) and H(—A), respectively.

In this basis, it can be shown using the Hamiltonian H(+A) that the corresponding
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time-evolution matrix J is

-3 A 0 0 0 % o0 0 0 0 0 0
A -3 0 o -2 0 0 0 0 0 0 0
o 0 -3 -Aa 0 o o ¥ 0 0 0 0
0 0 A -3 0 o0 =% 0 0 0 0 0
o ¥ o o 0o 0 0 0 © 6 0 0
S % 0 0 0 0 0 -6 6 0 B.10)

o o o 2 0o 0o 0 0 0 0 6 4
o o =% 0o 0o 0o 0o 0 0 0 -6 6
o 0 0 0 -6 4§ 0 0 0 0 0
o 0 0 0 -9 -6 0 0 0 0 0 0
0 0 0 0 0 -6 6 0 0 0

o 0 0 0 0 0 -6 -6 0 0 0 0

To reduce redundancy, we do not write out K explicitly; it is obtained from J by the
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replacement © — —O. We find that with the transformation

o 01 0 0 0 0 00 0 0 O
o 0 0 -1 0 0 0 00 0 0 O
10 0 0 O 0 0 00 0 0 0

-10 0 0 0 0 O 0 0 0
0O 0 0 0o 0 0 -120 0 0 0

R_ o 0 oo 000 10 0 00 | (£.12)

o 0 0 0 -10 0 00 0 0 O
o 0 oo 01 0 0O0O0 0 0
o 0 oo o000 O0O0 0 1 0
o 0o 06 0 0 0 0 00 0 0 -1
o 06 oo 000 O01 0 0 O0
o 0o oo o000 0O0-1200

we satisfy R™1K(¢t)R = J(t). In addition, the initial condition I, B, D = 0,0, 1 is invariant
under this transformation. This means that R@/j solves the differential equation for —©
while 15 solves the differential equation for +©. To obtain the systematic shift, we return to

Eq. (E.5). In our present notation, the systematic contribution is

Im CB(t, A) —Im CB(t, —A) _ BH— - Bi— (E 13)
2 2 ' '

From the transformation R we see that B;; — B;_ while B;_ — B;;. This obviously

reverses the systematic shift. 0
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