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Abstract

Atomic Parity Violation and Related Physics in Ytterbium
by
Dimitri Robert Dounas-Frazer
Doctor of Philosophy in Physics
University of California, Berkeley
Professor Dmitry Budker, Chair

Atomic parity violation has been observed in the 408 nm 6s% 1S, — 5d6s 2D, forbidden
transition of ytterbium. The parity-violating amplitude is 8.7(1.4) x 107! eay, two orders
of magnitude larger than in cesium, where the most precise experiments to date have been
performed. This is in accordance with theoretical predictions and constitutes the largest
atomic parity-violating amplitude yet observed. This also opens the way to future measure-
ments of neutron skins and anapole moments by comparing parity-violating amplitudes for
various isotopes and hyperfine components of the transition.

We present a detailed description of the observation. Linearly polarized 408 nm light
interacts with ytterbium atoms in crossed electric (E) and magnetic fields (B). The proba-
bility of the 652 1Sy — 5d6s 3D; transition contains a parity-violating term, proportional to
(€ -B)[(€ x E) - B], arising from interference between the amplitudes of transitions induced
by the electroweak interaction and the Stark effect (€ is the optical electric field). The
transition probability is detected by measuring the population of the metastable 6s6p 3P,
state, to which 65% of the atoms excited to the 5d6s 3D, state spontaneously decay. The
population of the 6s6p 3 Py state is determined by resonantly exciting the atoms with 649 nm
light to the 657s 35 state and collecting the fluorescence resulting from its decay. Systematic
corrections due to imperfections in the applied electric and magnetic fields are determined
in auxiliary experiments. The statistical uncertainty is dominated by parasitic frequency ex-
cursions of the 408-nm excitation light due to imperfect stabilization of the optical reference
with respect to the atomic resonance. The present uncertainties are 9% statistical and 8%
systematic. Methods of improving the accuracy for the future experiments are discussed.

We further present a measurement of the dynamic scalar and tensor polarizabilities of
ytterbium’s 5d6s 3D, state. The polarizabilities were measured by analyzing the spectral
lineshape of the 65215, — 5d6s3D; transition. Due to the interaction of atoms with the
standing wave, the lineshape has a characteristic polarizability-dependent distortion. A the-
oretical model was used to simulate the lineshape and determine a combination of the polar-
izabilities of the ground and excited states by fitting the model to experimental data. This
combination was measured with a 13% uncertainty, only 3% of which is due to uncertainty



in the simulation and fitting procedure. By comparing two different combinations of polar-
izabilities, the scalar and tensor polarizabilities of the state 5d6s 2D, were measured to be
ao(®D;) = 0.151(36) Hz - (V/cm) ™2 and ay(®D;) = —0.205(53) Hz - (V/cm) ™2, respectively.
We show that this technique can be applied to similar atomic systems.

Finally, we propose two methods for improving future measurements of atomic parity
violation using two-photon transitions. The first method is characterized by the absence of
static external electric and magnetic fields. Such measurements can be achieved by observing
the interference of parity-conserving and parity-violating two-photon transition amplitudes
between energy eigenstates of zero electronic angular momentum. General expressions for
induced two-photon transition amplitudes are derived. The two-photon scheme using the
65215y — 6s6plP — 6s6p 3Py transition in ytterbium (A = 399 nm, Xy =1280 nm)
is proposed as a crosscheck of the APV experiment which uses the single-photon 408 nm
652 1Sy — 5d6s 3D, transition. We estimate that the signal-to-noise ratio of the proposed
experiment is comparable to that achieved in the 408 nm system.

The second method allows for measurement of nuclear spin dependent atomic parity
violation without nuclear spin independent background. Such measurements can be achieved
by driving parity-violating two-photon J = 0 — 1 transitions driven by identical photons in
the presence of an external static magnetic field. We discuss two promising applications: the
462 nm 5s% 1Sy — 5s9p L P, transition in strontium-87, and the 741 nm 7s? 1Sy — 7sTp 3P,
transition in unstable radium-225.
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Chapter 1

Introduction

Symmetry is a powerful tool for understanding the dynamics of physical systems. One partic-
ularly useful consequence of symmetric systems is that they are characterized by conservation
laws [92]. For example, angular momentum is conserved in systems that have rotational sym-
metry. Parity, the subject of the present dissertation, is the conserved quantity associated
with symmetry under spatial inversion. For many years the laws of physics were thought to
be symmetric under a number of geometrical transformations, including spatial inversion.
However, in the middle of the 20th Century, the physics community was confronted with
irrefutable evidence that the electroweak interaction is not symmetric under spatial inversion
and hence conservation of parity is violated by electroweak processes.

The mid-1950s saw a flurry of activity related to parity violation. In 1956, Tsung-Dao Lee
and Chen Ning Yang pointed out that parity conservation in the electroweak interaction had
not yet been tested, and they proposed several experiments for performing such a test [83].
Within a year, Chien-Shiung Wu, Leon Lederman, and their collaborators at Columbia
University observed parity-violating effects in the beta decay of cobalt-60 [122] and in the
decay of charged pions [61]. Soon after, Jerome Friedman and Valentine Telegdi reproduced
the results of the pion decay experiments at the University of Chicago [60], further confirming
that parity is not conserved and that our universe is indeed distinguishable from its mirror
image. For their work, Lee and Yang were awarded the 1957 Nobel Prize in Physics.

Over the last 60 years, parity violation experiments have evolved from paradigm-shifting
observations to tools for placing constraints on physics beyond the Standard Model (SM).
This dissertation focuses on atomic parity violation (APV) experiments, a small subset of
parity violation experiments that nevertheless has far reaching implications, e.g., for high
energy particle physics and nuclear physics. In this chapter, we take an historical approach
to describing APV, give a rough sketch of the implications of APV experiments, and argue
that ytterbium is an ideal candidate for the study of APV. Detailed reviews of APV can be
found in Refs. [17, 27, 78, 91].
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Figure 1.1: Feynman diagrams for two electron-nucleon radiative processes: (left) one gov-
erned solely by electromagnetic processes and (right) a second one involving exchange of the
weak neutral gauge boson Z.

1.1 History and background

We begin our discussion with the background and history of APV. The theoretical origins
of APV trace back to the late 1950s, when Yakov Zel’dovich addressed the question of
how electroweak interactions manifest in atoms. His work lead to several predictions, key
among them the rotation of the plane of polarization of visible light transmitted through a
gas of optically inactive matter [124]. Such optical rotation arises in atomic vapors due to
electroweak neutral current interactions between electrons and nucleons. Zel’dovich’s initial
estimates suggested that the effect was too small to be observed.

To understand the difficulty of detecting electroweak processes in atoms, we perform a
naive order of magnitude estimate, following a similar tack to that taken in Ref. [17]. Con-
sider two different electron-nucleon radiative processes: an electromagnetic one of amplitude
Aem, and an electroweak one of amplitude A,, which involves exchange of the neutral weak
gauge boson Z, (Fig. 1.1). If we denote the four-momentum transfer between the electron
and the nucleon by g, then Aey, o €2/¢? and Ay, o g%/ (¢* + MZ,c?), where gz, ~ e and
My, = 91 GeV/c? are the coupling constant and mass of the Z, boson, respectively. In
atoms, the four-momentum is given by the inverse of the Bohr radius, i.e., ¢ ~ h/meac,
where m, = 0.51 MeV/c? is the electron mass and o ~ 1/137 is the fine structure constant.
Therefore, our naive estimate suggests that the electroweak amplitude is incredibly small
compared to its electromagnetic counterpart:

Aw/Aem ~ &®m?2 /M5 ~ 107", (1.1)

In practice, however, APV effects as large as 107 have been observed. The estimate (1.1)
is too pessimistic because it neglects the impact of several enhancement mechanisms.

In the mid-1970s, Claude and Marie-Anne Bouchiat demonstrated that there exists a
mechanism for enhancement of APV effects: the so-called Z? law [18]. According to the this
law, electroweak effects in atoms grow roughly as the cube of the atomic number Z. The
origins of the Z2 scaling can be understood qualitatively by considering the the electron-
nucleus potential due to APV interactions. This interaction is analogous to the Coulomb
interaction, but with the Z; boson playing the role of the mediating photon. In the non-
relativistic limit, an electron with position re, spin o, and velocity v,., will experience a
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potential

Hw _ QWGF
4/2

due to APV effects. Here Q, is the weak nuclear charge, analogous to the electric nuclear
charge Z, and Gy is the Fermi constant, which is proportional to (gz,/Mz,)*. The elec-
troweak charge accounts for one factor of Z in the Z3 law since Qyw ~ —N and N > Z for
most heavy, stable nuclei. The second factor of Z is related to the the term §®)(r.) in H,.
Because the APV interaction is a contact interaction, its strength depends on the electron
density near the nucleus. For orbitals that penetrate the nucleus, the electron density scales
linearly with Z. Finally, the third factor of Z is due to the electron helicity o, - v.. Near
the nucleus, the electron experiences a Coulombic electric potential and, consequently, the
electron velocity is proportional to the nuclear charge Z.

The Z3 enhancement of APV led researchers to search for parity-violating effects in heavy
atoms. In the late 1970s, a few years after the Bouchiats’ work and almost two decades after
Zel’dovich first predicted APV effects, optical rotation was finally observed in bismuth by
Lev Barkov and Max Zolotorev at the Nuclear Physics Institute in Novosibirsk [7]. Since
then, optical rotation has been measured by several groups in bismuth [8, 10, 73, 85, 118],
lead [87], and thallium [50, 116]. However, the most precise measurement of APV was
achieved using a different method: the Stark interference technique.

Proposed by the Bouchiats in 1975 [19], the Stark interference technique measures APV
using a difference in two transition rates: the rate R4, from initial state |A) to a final state
|B) and the rate R;_, ; between the “mirror states”|A) = P|A) and |B) = P|B), where P
is the spatial inversion operator. The inequality of these two rates can be understood as
follows. The Hamiltonian H governing these transitions has two contributions, one from
electromagnetic processes and another from electroweak processes. The latter contribution
makes H asymmetric under spatial inversion, that is, [P, H] # 0. It follows that non-
commutation with P also applies to the time evolution operator U(t) = exp(—iHt/h), that
is, [P,U(t)] # 0.! Then

[5(3)(re)cre ve/c+hc], (1.2)

Ri5=(BIU®)|A)]

A—

(BIPTIU(t)PlA)[?

= |
1.3)
5 (
# [(BIU(@®)[A)]7,
and hence APV manifests in a difference between the rates of transition between two states
and their mirror states,

The Stark interference technique uses electric dipole (E1) transitions between atomic
states of the same parity. Such transitions are strictly forbidden by QED because it is a
spatially symmetric theory. Electroweak neutral currents break this symmetry, giving rise
to a small but non-zero electric dipole amplitude E1,, ~ i x 107 eag, where the factor of

! Non-commutation of P with H has many other consequences as well. For example, if |A) is an eigenstate
of H, then its mirror state |A) is not.
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i preserves time reversal invariance [78|. A second transition, of amplitude Elg, is induced
by the Stark effect via application a static electric field E. The Stark-induced amplitude is
antisymmetric (odd) under spatial inversion. On the other hand, the weak-induced amplitude
is asymmetric and therefore contains a symmetric (even) contribution that gives rise to a
parity-violating asymmetry by interference with the much larger Stark-induced amplitude.
The transition rate satisfies Ry o< | £ Eley + Ely|?, where Ry = Ryp and R_ = R; .5
are the rates of the transition between the states and the mirror states, and the asymmetry
is defined as

R, —R_

R.TR 2Im(E1ly/Fley). (1.5)
In practice, experimental asymmetries are on the order of 107°. Because Ely o< E, the
strength of the parity-conserving transition is controlled by tuning the strength of the electric
field. Nevertheless, the transition is sufficiently weak that it must be detected by fluorescence.
We note that the transition rate scales like E? whereas the asymmetry scales like 1/FE.
Therefore, the shot-noise limited signal-to-noise ratio is, in principle, independent of E.

The Stark-interference technique was successfully employed for the first time by M.-A.
Bouchiat and her collaborators in Paris in 1982: they observed parity-violating Stark-weak
interference in the 540 nm 651/, — 757, transition in cesium [20]. Shortly thereafter, at
Berkeley, Persis Drell and Eugene Commins used the Stark interference technique to measure
APV in the 293 nm 6P, — 7P, o transition in thallium [41]. Ultimately, the most precise
measurement of APV was obtained by Carl Wieman’s group in Boulder in 1997. As was
the Paris group, the Boulder group was also investigating the 540 nm transition in cesium,
achieving sub-1% experimental precision [120].

We conclude our historical outline of APV by noting that the Stark interference technique
was also used to measure the most recent (and the largest) APV effect. In 2009, APV
was measured in the 408 nm 6s? 'Sy — 5d6s3D; transition in ytterbium [111, 112]. The
description of the ytterbium APV experiment is the subject of this dissertation.

A=

1.2 Implications

The three major goals of APV experiments are the determination of the nuclear weak charge
v, verification of the scaling of (), with neutron number N, and measurement of a parity-
violating nuclear moment called the nuclear anapole moment. These goals, which require
significant theoretical and experimental effort, have significant implications for both nuclear
physics and physics beyond the SM.

Testing the Standard Model

The electroweak parameter of utmost importance in APV experiments is the electroweak
charge @), associated with the exchange of the Z; boson between an atomic electron and the
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Figure 1.2: Running of the weak mixing angle. Predicted running of sin®#,, as a function
of momentum transfer ¢ (solid line) and its theoretical uncertainty (shaded area) is overlaid
with results from cesium APV (circle) and high-energy experiments at SLAC (triangle) and
CERN (square). See text for references.

nucleus. In the SM, @)y, is approximately equal to the neutron number N:
Qw=—N — Z(4sin*6,, — 1) =~ —N, (1.6)

where 0, is the weak mixing angle, given experimentally by sin?6, = 0.23. The weak
mixing angle is a SM parameter that determines the relative strength of electromagnetic
and electroweak couplings. Thus measurements of (), provide a stringent test of the SM at
low momentum transfer (¢ ~ MeV/c).

The cesium APV experiments yielded a value of Q(Cs) having experimental and theo-
retical uncertainties of 0.35% [120] and 0.20% [94], respectively. In combination with high-
energy experiments at SLAC [93] and CERN [25], the cesium APV results confirm the
predicted running of sin”#f,, over a momentum transfer spanning four orders of magnitude
(Fig. 1.2). Moreover, the excellent agreement between the measured value of Q,(Cs) and
that predicted by the SM constrains “new physics.” For example, some grand unification
and string theories hypothesize the existence of extra Z bosons which would contribute to
the weak charge. The cesium result implies a stringent lower bound on the mass of such
bosons: if they exist, they must be heavier than 1.3 TeV/c? [94]. Thus, despite the relatively
low energies involved in atomic physics processes, APV experiments are powerful tools for
exploring the limits of the SM.
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Probing neutron distributions

However, it has not yet been possible to test an important prediction of the SM concerning
the variation of @)y, along a chain of isotopes. It has been suggested [48] that rare earth atoms
may be good candidates for APV experiments because they have chains of stable isotopes,
and the APV effects may be enhanced due to the proximity of opposite-parity levels. While
the accuracy of atomic calculations is unlikely to ever approach that achieved for atoms
with a single valence electron, ratios of APV asymmetries between different isotopes should
provide ratios of electroweak charges, without involving, to first approximation, any atomic
structure calculations.

Measuring APV in isotopic chains has a second benefit: it can be used to probe neutron
distributions. In particular, ratios of APV asymmetries are sensitive to the so-called neutron
skin. The neutron skin is defined as the difference between the root-mean-square radii of
neutron and proton distributions within the nucleus. Originally, sensitivity of APV ratios
to the neutron skin was thought to limit their usefulness because uncertainties in neutron
distributions would complicate interpretation of the ratios [58]. However, recent work shows
that APV ratios can be used as tools to measure the neutron skin [23] and hence to shed
light on the open question of neutron distributions [75].

Measuring the nuclear anapole moment

The neutron skin isn’t the only nuclear property probed by APV experiments; they provide
measurements of a parity-violating nuclear moment called the anapole moment. Anapole
moments, whose existence was another of Zel’dovich’s key predictions in the late 1950s [125],
arise from electroweak interactions between nucleons and contribute to differences in APV
amplitudes of two different hyperfine lines belonging to the same transition (see, for example,
reviews [62, 71, 72]).

In general, the processes that contribute to APV are separated into two categories accord-
ing to their dependence on nuclear spin [78]. The dominant contributions to APV usually
come from nuclear spin-independent (NSI) processes, whereas nuclear spin-dependent (NSD)
effects constitute small corrections [55]. Measurements of NSI APV in cesium [120], for exam-
ple, led to the precise evaluation of @ (Cs), and those of NSD APV to the first observation of
the cesium nuclear anapole moment [56]. The thallium nuclear anapole moment has likewise
been extracted from NSD APV measurements [82].

The values of the cesium and thallium anapole moments result in constraints on elec-
troweak coupling constants that are difficult to reconcile with those obtained from other
nuclear-physics experiments and with each other [62, 71, 72]. Future anapole-moment mea-
surements will provide additional insight to this open problem, and are a major goal of
ongoing experiments in ytterbium [111], dysprosium [90], francium [64], radium ions [44,
63], and diatomic molecules [35].
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Table 1.1: Stable isotopes of ytterbium (Z = 70) and corresponding neutron number N,
nuclear spin 7, and abundance.

Nuclide symbol N I Abundance (%)

T70YT, 100 0 3
171y, 101 1/2 14
172yY, 102 0 22
173y, 103 5/2 16
174y, 104 0 32
176y, 106 0 13

1.3 The case for ytterbium

The subject of the present dissertation is APV in the 408 nm 652 1Sy — 5d6s 3D, transition
in ytterbium (Z = 70). This choice of atomic system was originally inspired by the prediction
that the corresponding APV amplitude would be about two orders of magnitude times larger
than that in cesium [33]. This prediction was supported by further theoretical work [30, 96]
and was ultimately verified experimentally [111].

The 408 nm transition in ytterbium is a particularly attractive candidate for APV mea-
surements because, in addition to exhibiting a large APV effect, ytterbium has several stable
isotopes (Table 1.1). Therefore, this system can be used to probe low-energy nuclear physics
in two ways: the neutron skin can be extracted from measurements of APV effects on a chain
of naturally occurring isotopes, and the nuclear anapole moment can be determined from
measurements in different hyperfine components for the same odd-neutron-number isotope.
This combination of features makes the ytterbium system a truly versatile tool.



Chapter 2

Observation of APV in ytterbium

In this chapter, we report experimental verification of the predicted APV amplitude en-
hancement in ytterbium (Yb) using a measurement of the APV effect in the forbidden 408
nm 65215y — 5d6s3D; transition of 1™Yb. [111, 112]. We measured the APV induced
transition matrix element to be 8.7(1.4) x 107 eqy, which confirms the theoretically antic-
ipated APV enhancement in Yb [33] and constitutes the largest APV effect observed so far.
However, the measurement accuracy is not yet sufficient for the observation of the isotopic
and hyperfine differences in the APV amplitude, the study of which is the main goal of
the present experiments. Here we describe the impact of the apparatus imperfections and
systematic effects on the accuracy of the measurements and discuss ways of improving it.

During the initial stage of the experiment, various spectroscopic properties of the 652 1.5, —
5d6s 3D, transition were measured, including: radiative lifetimes, Stark-induced amplitudes,
hyperfine structure, isotope shifts, and de-Stark shifts [21]. In addition, the 404 nm
652 1Sy — 5d6s 3Dy transition has been observed, and the corresponding electric quadrupole
transition amplitude and tensor transition polarizability have been measured [22]. The for-
bidden M1 amplitude of the 408 nm transition was measured to be 1.33 x 10™* yq using
the M1-E1 Stark interference technique [108]. The ytterbium atomic system, where transi-
tion amplitudes and interferences are well understood, has proven useful for gaining insight
into the Jones-dichroism effects that had been studied in condensed-matter systems at ex-
treme conditions and whose origin had been a matter of debate (see Ref. [24] and references
therein).

An experimental and theoretical study of the dynamic (ac) Stark effect on the 6s? 1Sy —
5d6s 3D, forbidden transition was also undertaken [40, 107]. A model was developed to cal-
culate spectral line shapes resulting from resonant excitation of atoms in an intense standing
light wave in the presence of off-resonant ac-Stark shifts. A byproduct of this work was an
independent determination of the Stark transition polarizability, which was found to be in
agreement with the earlier measurement [22].

The present Yb APV experiment uses an atomic beam. An alternative approach would
involve working with a heat-pipe-like vapor cell. Various aspects of such an experiment were
investigated, including measurements of collisional perturbations of relevant Yb states [80],
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nonlinear optical processes in a dense Yb vapor with pulsed UV-laser excitation [31]. Other
proposed schemes for measuring APV in Yb include measurement of optical rotation on
a transition between excited states [79] and measurement of parity-violating effects on the
two-photon 6s% 1Sy — 6s6p ' P, — 6s6p 3P, transition (Chapter 4).

In this chapter, we address the issues of sensitivity and systematics in the Yb APV
experiment. In Sections 2.1 and 2.2, the experimental technique and its application in the
present experiment are discussed. In Section 2.3, a method of analyzing the impact of various
apparatus imperfections is described based on theoretical modeling of signals recorded by the
detection system in the presence of imperfections. In Section 2.4, a detailed description of the
experimental apparatus is given, along with a discussion of the origins of the imperfections,
which is followed by an account of the measurements of the imperfections in Section 2.5. In
Sections 2.6, we discuss measurements and analysis of the APV amplitude and systematic
effects.

2.1 Experimental technique for the APV
measurement

The idea of the experiment is to excite the forbidden 408 nm transition (Fig. 2.1) with
resonant laser light in the presence of a quasi-static electric field. The APV amplitude of
this transition arises due to APV mixing of the 5d6s2D; and 6s6p ! P, states. This mixing
arises because ! P has a large admixture of the configuration 5d6p [33, 45]. The purpose of
the electric field is to provide a reference transition amplitude, which is due to Stark mixing
of the same states interfering with the APV amplitude. In such an interference method [19,
28], one is measuring the part of the transition probability that is linear in both the reference
Stark-induced amplitude and the one induced by the electroweak interaction. In addition
to enhancing the APV dependent signal, the Stark interference technique provides for all-
important reversals that separate the APV effects from the systematics.

Even though the APV effect in YD is relatively large, and the M1 transition is strongly
suppressed, the M1 transition amplitude is still three orders of magnitude larger than the
weak-interaction-induced amplitude. As a result, the geometry of the experiment was de-
signed to suppress spurious M 1-Stark interference. In addition, this effect is minimized by
the use of a power-build-up cavity to generate a standing light wave. Since a standing wave
has no net direction of propagation any transition rate which is linear in the M1 amplitude,
will cancel out (see below).

The advantages of the present experimental configuration can be demonstrated by con-
sidering Yb atoms in the presence of static electric (E) and magnetic (B) fields interacting
with a standing monochromatic wave produced by two counter-propagating coherent waves
in an optical cavity. The electric field in the standing wave, £, is a sum of the fields of the
two waves. In atomic units (A = m, = e = 1), the rate of the resonant transition from the
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Figure 2.1: Energy eigenstates and transitions relevant to the Yb APV experiment.

ground state 'Sy to the excited state 3D is

2
R(M) = (2)*aZ|A(M)]’ —, (2.1)
™
where « is the fine structure constant, Z is the intensity of the 408 nm light, I' is the
natural linewidth of the transition, A(M) is the transition amplitude, and M € {0,£1} is
the magnetic quantum number of the excited state. Here and in the rest of this section it is
assumed that the individual magnetic sublevels of the 3D; state are resolved.

The transition amplitude A(M) is the sum of E1 and M1 transition amplitudes:
A(M) = A (M) + Ay (M). (2.2)

The E'1 amplitude has two contributions corresponding to the Stark- and electroweak- mixing
of the 3Dy and ' P, states. That is,

Api(M) = A(M) + Ay(M) = iB(—=1)" (E x €)_y, +i¢(=1) e, (2.3)

where [ is the vector transition polarizability, ( is related to the reduced matrix element of the
Hamiltonian describing the weak interaction, € is the polarization of the optical field (given
by € = £¢), and ¢ 4, are the spherical components of the vector €. Although Stark-induced
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transitions are generally characterized by scalar, vector, and tensor polarizabilities [19, 22],
only the vector polarizability contributes for the case of a J = 0 — 1 transition. Equation
(2.3) is derived in Appendix A.1.

Similarly, the M1 transition amplitude has two components: one for each of the two
counter-propagating laser beams. Let €. = £ € denote the electric fields of the beams
traveling in the £k directions. Then € = £, 4+ £_ and the M1 amplitude is given by

Ay (M) = M(-D)M (k x E4) 3 + M(-DM (=k x E_)_,,
=M(-DM(k x E)_,,, (2.4)

where M is the reduced matrix element of the M1 transition and k is a unit vector in the
direction of the wavevector. Here we have introduced dk = dkk with 6k = (£, — E-)/€.
For a perfect standing wave, £, = £_ and hence 0k = 0 and the M1 transition is completely
suppressed. In practice, £. = &, — € due to the small but nonzero transmission of the back
mirror in the cavity. Since 0] < &, |0k| =~ |6€/E| < 1. Thus, although the M1 transition
amplitude is not strictly zero, it is highly suppressed.

Without loss of generality, the quantities 3, {, and M are assumed to be real. In
general, the rate R(M) given by Eq. (2.1) includes terms proportional to SM (Stark-M1
interference) and B¢ (Stark-weak interference). A careful choice of field geometry allows
for suppression of undesirable Stark-M1 interference. From Eq. (2.3), it is evident that
the Stark-PV interference is proportional to a pseudoscalar quantity called the rotational
mvariant:

(€-B)[(Ex &) -B], (2.5)
which is antisymmetric under spatial inversion (P-odd) and symmetric under time reversal
(T-even).

In the present experimental apparatus, the electric field E is applied orthogonally to the
magnetic field B and collinearly with the axis of the linearly-polarized standing light wave, as
shown in Fig. 2.2. This geometry is such that the M1 and Stark-induced amplitudes are out
of phase. Thus, they do not interfere and therefore do not produce spurious APV-mimicking
effects (see Section 2.3).

2.2 PV signature: Ideal case

In the ideal case where we neglect the apparatus imperfections, the static magnetic and
electric fields are B = Bz and E = E x, respectively, and the light polarization is

€ =sinfy + cosfz. (2.6)
With this field orientation (see Fig. 2.2), Egs. (2.2) through (2.4) yield

|A(0)|* = B*E?sin® 0 + 2¢ BE sin 6 cos 6, :
|A(£1)|? = (1/2)3*E? cos? § — ( BE sinf cos 0, (2.8)
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Figure 2.2: Experimental apparatus. An oven and collimator are used to generate a colli-
mated beam of Yb atoms, travelling in the z-direction. Downstream, atoms are illuminated
by 408 nm light in the presence of external electric (E) and magnetic (B) fields, where they
undergo the parity-violating 6s? 1Sy — 5d6s 3D, transition. Large optical fields are achieved
using a power build-up cavity (PBC). In this region, about a third of the excited atoms
fluoresce at 556 nm and the rest decay to the metastable state 3P,. Further downstream,
the population of 3P, is probed by driving the 649 nm 6s6p 3P, — 6s7s3S; transition.
Parabolic and spherical mirrors ensure optimal collection efficiency of the 2S; fluorescence.
Light guides transmit fluorescent light to a photomultiplier tube (PMT) and a photodiode

(PD). Not shown is the vacuum chamber, which contains all depicted elements except the
PMT and PD.



CHAPTER 2. OBSERVATION OF APV IN YTTERBIUM 13

where terms of order ¢? and higher are neglected and dk = 0 is assumed.

In order to isolate the Stark-weak interference term from the dominant Stark-induced
transition rate, we modulate the electric field: E = Ey. + Ea cos(wt), where E,. is the
modulation amplitude, w is the modulation frequency, and Ey4. provides a DC bias. Then
Egs. (2.7) and (2.8) become

R(M) = Ro(M) + Ry(M) cos(wt) + Ro(M) cos(2wt), (2.9)
where R, (M) is the amplitude of the nth harmonic of the transition rate R(M). For conve-
nience, we define the amplitudes A, (M) by

2
R,(M) = (27r)3ocI\An(M)]2—F. (2.10)
T
Then R,(M) o |A,(M)|*>. The dominant Stark-induced contribution, which oscillates at
twice the modulation frequency, is

|A2(0))? = (1/2)B*E2, sin? 0, (2.11)
|Ag(£1)]? = (1/4)3*E? cos® 6. (2.12)
On the other hand, the amplitude R;(M) contains the Stark-PV interference term:
|A1(0)* = 2B° By Eqc sin® 0 + 2¢3E, sin 0 cos 0, (2.13)
|AL(£1)]? = BPE.Fqc cos® 0 — (SE,.sinf cos . (2.14)

The zeroth harmonic, Ry(M), is a constant “background” to which our measurement tech-
nique is insensitive.

For a general polarization angle 6, all three Zeeman components of the transition are
present while scanning over the spectral profile of the transition (Fig. 2.3). The first-harmonic
signal due to Stark-PV interference has a characteristic signature: the sign of the oscillating
terms for the two extreme components of the transition is opposite to that of the central
component. The second-harmonic signal provides a reference for the lineshape since it is free
from interference effects linear in E. With a non-zero DC component present in the applied
electric field, a signature identical to that in the second harmonic will also appear in the
first harmonic. The latter can be used to increase the first-harmonic signal above the noise,
which makes the profile analysis more reliable.

To obtain the APV asymmetry Apgr from the measured first- and second-harmonic tran-
sition rates, we first normalize the first-harmonic signal R, (M) by its second-harmonic coun-
terpart Ro(M), generating a “partial” asymmetry:

A(M) = Ry(M)/Ra(M). (2.15)
The asymmetry is obtained by combining the partial asymmetries in the following way:
1 16¢
 sin20 BE,.

This method has the advantage that the asymmetry Apg is independent of Ey., so that the
bias field may be chosen based on technical requirements of the experimental apparatus.

Ar = A(—1) + A(+1) — 24(0) =

(2.16)
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Figure 2.3: Discrimination of the APV-effect by E-field modulation under static magnetic
field. Left: Schematic of transitions to different Zeeman sublevels of 3D;. Right: The Zeeman
pattern of the spectral profile is shown for the polarization angle § = 7/4 for the first and
second harmonic components of the transition rate. Effects of the DC bias are omitted.

2.3 PV signature: Impact of apparatus imperfections

While the current Yb-APV apparatus has been designed to minimize systematic effects, the
APV mimicking systematics may be a result of a combination of multiple apparatus imper-
fections. In order to understand the importance of these effects, the electric and magnetic
field misalignments and stray fields were included in a theoretical model of the transition
rates as well as the excitation light’s deviations from linear polarization. In addition, we
relax the assumption that 0k = 0 and include the effects of the residual M1 transition.

The quantization axis is defined along z and, following the ideal case model, the axis of
the standing light wave is collinear with x. We model an arbitrarily polarized light field as

€ = (sinf cos ¢ + icosfsin @)y + (cosf cos ¢ — isin @ sin @)z (2.17)

where 6 is the polarization angle and ¢ is the ellipticity. FElectric field imperfections are
included by taking

E->E=E+E,

where .
E = (E,Xx+ ¢,y +é,2)cos(wt) and E' = EqXx+ e,y + €.z,

are the AC and DC components of the electric field. It is assumed that the y- and z-
components of the AC field are in phase with the leading oscillating electric field. Out-of-
phase AC reduce to sums of in-phase and DC components and are implicitly included in
this model. The AC components are due to misalignments of the applied electric field with
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Table 2.1: Lowest-order terms contributing to the partial asymmetry A(M).

Aw (M) Anii (M) A, (M)
4 cotd
el B ’ 0
_ 4(tand 40k M(e, — é, tan0) de,psec?
M= BE,. i BE2, + E..
5 _ & 2
M= +1 _4Ctanf | 40k M(e, —é.tand) | de,psec’d
BEac BEgC Eac

respect to the light wave axis as well as to the quantization axis z. The DC components
arise due to a misalignment of the DC-bias field and also due to stray electric fields in the
interaction region. The magnetic field imperfections are defined within the same frame of
reference by taking analogously

B—-B=B+PB,

where
B=>b%x+by+Bz and B =0, x+V,5+1V.z,
where B and B’ are reversing and stray non-reversing magnetic fields, respectively. The
geometry of the ideal case is reproduced when ¢ =0, ¢, ., =¢,, =0, and ISLy =byy.=0.
Equations (2.1) through (2.4) apply when the quantization axis is along the magnetic
field, thus a rotation DD is applied to each of the vectors E, B, £, and k such that DB  z.
That is, we take

B - DB, E - DE, £ DE, and k — Dk, (2.18)

where
D = D(—ay, ¥)D (o, X). (2.19)

Here the matrix D(«, n) represents a rotation about an axis n through angle a. The angles
a, and o, are given by

Oy = (B =)y —b,.)/B> (2.20)

Thus, the electric field E and the polarization vector £ acquire additional components after
the rotation (besides, for example, e, and €,).

Due to the imperfections, the partial asymmetries now include additional terms besides
the Stark- and the PV effects:

AM) = A(M) + A (M) + Apn (M) + Ay (M), (2.21)

where Ay(M), Aw (M), Ay (M), Ay(M) are contributions to the partial asymmetry due to
E and B field imperfections and stray fields, the Stark-weak interference term, the Stark-
M1 interference term, and the distorted linear polarization of the light. Expressions for the
lowest-order terms are summarized in the Table 2.1.
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Table 2.2: List of the lowest-order terms contributing to the asymmetry Apr for |0| = 7/4
sorted with respect to their response to the reversals. Ajg 4 corresponding to a rather long
list of terms that are invariant with respect to all reversals, is not shown in the table.

-ALR,l -ALR,Q ALR,3
8(Eye: +ése)) 16D, L 16C | 16V.e, | 16Vse,
£z BEy  BEa | BEa | BEy

The asymmetry (2.16) has been chosen to determine the APV asymmetry. Since the M1
and ellipticity terms have opposite signs for M = =41, their contributions to Apg cancel,
while the contributions from A, (M) add.

The Stark contribution, As(M), has several terms that are produced due to different
imperfections and impacts all three Zeeman components, M = 0, £1. In order to determine
which terms could potentially mimic the APV asymmetry in A;r, we discriminate the APV
contribution to Apg with respect to the B-field reversal and flip of the polarization angle,
0. Switching to a different Zeeman component of the transition is also a reversal, which
is incorporated in the expression for the asymmetry, Apr. Analysis of the noise affecting
the accuracy of APV-asymmetry measurements demonstrate that the highest signal-to-noise
ratio is achieved when 6 = £ /4, and therefore, the polarization flip is a change of the po-
larization angle by 7/2. Thus, the asymmetry (2.16) must be determined for four different
combinations of the magnetic field directions and light-polarization angles: Apr(+B, +7/4),
Air(—B,+7/4), ALr(+B, —7/4), and AL r(—B, —7/4), so that terms having different sym-
metries with respect to the reversals can be isolated:

Arra -1 -1 +1 +1 A(+B,+0)

.ALRQ _1 -1 +1 +1 -1 . A(—B,—i—Q) (2 22)
Ars | 4] +1 -1 +1 -1 A(+B,—0) |- '
Arra +1 +1 +1 +1 A(—B,—0)

The result of this procedure is summarized in Table 2.2.

The APV asymmetry contributing to Apg ; is B-field even, 6-flip odd. It competes with
the second-order terms that are a combination of the E-field and B-field alignment imper-
fections and stray fields. Using the theoretical value of ¢ ~ 1072 eaq [30, 96] combined with
the measured |3 = 2.24(0.12) x 1078 eaop/(V/cm) [22, 107], the expected APV asymmetry,
16C/ﬂE~’, is about 1074, for § = /4 and E,. = 2 kV/cm. For a typical value of misalignments
and “parasitic” fields, e, ./FE,. and b, /B (on the order of 1073 in the present apparatus), the
contribution of the “parasitic” terms may be up to a few percent of the total value of Arg ;.
Ways of measuring the contribution of these imperfections are discussed in the following
sections.
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Figure 2.4: Schematic of the power buildup cavity.

2.4 Experimental apparatus

The forbidden 408 nm transition is excited by resonant laser light coupled into the power-
buildup cavity in the presence of the magnetic and electric fields. The transition rates are
detected by measuring the population of the 3P, state, where 65% of the atoms excited to
the 3D, state decay spontaneously (Fig. 2.1). This is done by resonantly exciting the atoms
with 649-nm light to the 657s 35 state downstream from the main interaction region, and by
collecting the fluorescence resulting from the decay of this state to the 3P; and 3P, states and
subsequently, from the decay of the 3P, state to the ground state 1Sy (556 nm transition).
As long as the 408 nm transition is not saturated, the fluorescence intensity measured in the
probe region is proportional to the rate of that transition.

A schematic of the Yb-APV apparatus is shown in Fig. 2.2. A beam of Yb atoms is
produced (inside of a vacuum chamber with a residual pressure of ~ 3 x 107% Torr) with an
effusive source: a stainless-steel oven loaded with Yb metal, operating at 500 — 600°C. The
oven is outfitted with a multi-slit nozzle, and there is an external vane collimator reducing
the spread of the atomic beam in the horizontal direction. The resulting Doppler width of
the 408 nm transition is ~ 12 MHz [107].

Downstream from the collimator, the atoms enter the main interaction region where the
Stark- and APV-induced transitions take place. Up to 80 mW of light at the transition
wavelength of 408.345 nm in vacuum is produced by frequency doubling the output of a
Ti:Sapphire laser (Coherent 899) using the Wavetrain® ring-resonator doubler. After shap-
ing and linearly polarizing the laser beam, ~ 10 mW of the 408 nm radiation is coupled into
a power buildup cavity (PBC) inside the vacuum chamber.
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Figure 2.5: Schematic of the optical setup. Light at 408-nm is produced by frequency dou-
bling the output of a Ti:Sapphire laser (Coherent 899) using the Wavetrain® ring resonator
doubler. The laser is locked to the PBC using the FM-sideband technique. The PBC is
locked to a confocal Fabry-Pérot étalon. This scannable étalon provides the master fre-
quency. The 649-nm excitation light is derived from a single-frequency diode laser (New
Focus Vortex). The diode laser is locked to a frequency-stabilized He-Ne laser using another

scanning Fabry-Pérot étalon.
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The cavity was designed to operate as an asymmetric cavity with flat input mirror and
curved back mirror with a 25-cm radius of curvature and 22-cm separation between the
mirrors. The atomic beam intersects the cavity mode in the middle of the cavity, where
the 1/e? radius of the mode in intensity is 172 pum. The asymmetric configuration has the
advantage of larger mode radius at the interaction position compared to a symmetric cavity.
A larger mode allows us to reduce the ac-Stark shifts, consequently reducing the width of
the 408 nm transition. Alternatively, the cavity can be modified to operate in the symmetric
confocal condition where multiple transverse modes can be excited, thereby increasing the
effective “mode” size. However, we were unable to obtain high power and stable lock for the
confocal configuration.

The cavity mirrors were purchased from Research Electro Optics, Inc. For the flat input
mirror the transmission is 350 ppm with the absorption and scattering losses of 150 ppm to-
tal at 408 nm. The curved back mirror is designed to have a lower transmission of 50 ppm in
order to additionally suppress the net light wave vector and, therefore, the M1 transition am-
plitude. The absorption and scattering losses in the curved mirror are 120 ppm. The finesse
and the circulating power of the PBC are up to F = 9000 and P = 8 W. These parameters
were routinely monitored during the PV measurements. Details of the characterization of
the PBC are addressed in Appendix A.2.

We found that the use of the 408 nm-PBC in vacuum is accompanied by substantial
degradation of the mirrors. Typically after 6 hours of operation, the finesse drops by a
factor of two. This is a limiting factor for the duration of the measurement run. The
degradation of the finesse is due to the increased absorption and scattering losses. This
effect is reversible: the mirror parameters can be restored by operating the PBC for several
minutes in air, which makes performing a number of runs possible without replacing the
mirrors. However, it takes several hours with the present apparatus to reach the desired
vacuum after exposing the PBC to air. Presently, this effect is under investigation aiming
for longer-duration experiments and shorter breaks in between.

A schematic of the PBC setup is presented in Fig. 2.4. The mirrors are mounted on
precision optical mounts (Lees mounts) with micrometer adjustments for the horizontal and
vertical angles and the pivot point of the mirror face. The mirror mounts are attached to an
Invar rod supported by adjustable table resting on lead blocks. The input mirror is mounted
on a piezo-ceramic transducer allowing cavity scanning.

The laser is locked to the PBC using the FM-sideband technique [42]. In order to remove
frequency excursions of the PBC in the acoustic frequency range, the cavity is locked to
a more stable confocal Fabry-Pérot étalon, once again using the FM-sideband technique.
This stable scannable cavity provides the master frequency, with the power-build-up cavity
serving as the secondary master for the laser. A schematic of the optical system is presented
in Fig. 2.5.

The magnetic field is generated by a pair of rectangular coils designed to produce a
magnetic field up to 100 G with a 1% non-uniformity over the volume with the dimensions
of 1 x 1 x 1 cm? in the interaction region. Additional coils placed outside of the vacuum
chamber compensate for the external magnetic fields down to 10 mG at the interaction region.
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Figure 2.6: Schematic of the E-field electrodes assembly, and a result of the E-field modeling
showing an X-Z slice of the amplitude of the E-field z-component, e,, in a midplane (Y=0)
of the assembly normalized by the total E-field amplitude, E. The voltage is applied to
electrode 1, and electrode 2 and the correction electrodes are grounded.
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The residual B-field of this magnitude does not have an impact on the APV measurements
since its contribution is discriminated using the field reversals.

The electric field is generated with two wire-frame electrodes separated by 2.1 cm (see
Fig. 2.6). The copper electrode frames support arrays of 0.2-mm diameter gold-plated wires.
This design allows us to reduce the stray charges accumulated on the electrodes by min-
imizing the surface area facing the atomic beam, thereby minimizing stray electric fields.
AC voltage of up to 10 kV at a frequency of 76.2 Hz is supplied to the electrodes via a
high-voltage amplifier. An additional DC bias voltage of up to 100 V can be added.

The result of the electric field non-uniformity calculations is shown in Fig. 2.6. These
calculations demonstrate that errors in the centering of the light beam with respect to
the E-field plates may induce substantial parasitic components as large as, for example,
le.| ~ 5 x 1073F,., producing parasitic effects comparable to the APV asymmetry. In
order to measure and/or compensate the impact of the parasitic fields, additional electrodes
designed to simulate stray E-field components were added to the interaction region. By
applying high-voltage to these electrodes (“correction electrodes” in Fig. 2.6), the parasitic-
field components may be exaggerated and accurately measured as described in the following
sections.

Light at 556 nm emitted from the interaction region is collected with a light guide and
detected with a photomultiplier tube. This signal is used for initial selection of the atomic
resonance and for monitoring purposes. Fluorescent light from the probe region is collected
onto a light guide using two optically polished curved aluminum reflectors and registered
with a cooled photodetector (PD). The PD consists of a large-area (1 x 1 cm?) Hamamatsu
photodiode connected to a 1-Gf) transimpedance pre-amplifier, both contained in a cooled
housing (temperatures down to —15°C). The pre-amp’s bandwidth is 1 kHz and the output
noise is ~ 1 mV (rms). The 649-nm excitation light is derived from a single-frequency diode
laser (New Focus Vortex) producing &~ 1.2 mW of c¢w output, high enough to saturate the
6s6p 3Py — 657s3S5; transition. Due to the saturation of this transition, ~3 fluorescence
photons per atom exited to the 3Py state are emitted at the probe region. The natural width
of the 649-nm transition is 70 MHz, thus, its profile covers all transverse velocity groups (v,,)
in the atomic beam (=~ 8 MHz Doppler width at 649 nm). A drift of the laser frequency
(~ 100 MHz per minute) is eliminated by locking the diode laser to a frequency-stabilized
He-Ne laser using a scanning Fabry-Pérot étalon with the scanning rate of 25 Hz. The
spectral distance between the étalon transmission peaks from the two lasers is measured
during each scan and maintained constant within an accuracy of 3 MHz, good enough to
eliminate any degradation of the probe-region signal.

The signals from the PMT and PD are fed into lock-in amplifiers for frequency discrim-
ination and averaging. A typical time of a single spectral-profile acquisition is 20 s. The
signals at the first and the second harmonic of the electric-field modulation frequency are
registered simultaneously, which reduces the influence of slow drifts, such as instabilities of
the atomic-beam flux. The modulation frequency is limited by several factors. Thermal
distribution of atomic velocities in the beam causes a spread (of ~ 2 ms) in the time of flight
between the interaction region and the probe region. This, along with the finite bandwidth
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Figure 2.7: A profile of the B-field-split 408-nm spectral line of '"Yb recorded at 1st- and
2nd-harmonic of the modulation. Also a simulated APV-contribution is shown for clarity.
E=5 kV/cm; DC offset=40 V/cm; 6 = w/4; an effective integration time is 10 s per point.

of the PD, leads to a reduction of the signal-modulation contrast (see below). The choice of
the modulation frequency of 76.2 Hz is a tradeoff between this contrast degradation and the
frequent E-field reversal.

2.5 Results and analysis

In Fig. 2.7 a profile of the B-field-split 408 nm spectral line of the YD is shown. The
649-nm-light-induced fluorescence was recorded during a single profile scan. Statistical error
bars determined directly from the spread of data are smaller than the points in the figure.
The peculiar asymmetric line shape of the Zeeman components is a result of the dynamic
Stark effect [107].

During a typical experimental run 100 profiles are recorded for each combination of the
magnetic field and the polarization angle (400 profile scans in total). In order to compute
the normalized amplitude, A(M), of a selected Zeeman component, the actual first-harmonic
signal near the Zeeman peak is divided by the respective second-harmonic signal and then
averaged over a number of the data points'. Then, the combination Arr of Eq. (2.16) is

n the normalized rate calculations only data points having intensity higher that 1/3 of the respective
Zeeman peak are used to avoid excessive noise from spectral regions with low signal intensity.
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Table 2.3: Results of measurements of the electric field imperfections using artificially ex-
aggerated AC- and DC-components, €%, and e;”,. These fields were generated by use of the
correction electrodes, Fig. 2.6. E,. = 2000(2) V/cm.

DC-Set AC-Set
Exaggerated imperfections (V/cm)
et = —140(2) & = —120(2)
ecr = 20(2) & = 30(2)
Measurements (mV /cm)
éyes”/(2E,.) = 16(10) ey€5" [(2E,.) = 4(5)

b, /B + €5"¢. /(2E,.) = 442(10) €.65" /(2E,.) = 40(5)
Parasitic fields (V/cm)
é, = 3.2(2) e, = 0.5(0.6)
2F,by /B + ¢, = —12.6(0.3) e, = —1.3(0.2)

computed for each profile scan followed by averaging the result over all the scans at a given
B-6 configuration. This procedure is repeated for all four reversals, and all B-6 symmetrical
contributions, Apg1_4, are determined. In the present experiment, the values of Ajg 23.4-
terms are found to be consistent with zero within the statistical uncertainty, which is the
same as that of the APV-asymmetry (see below).

As can be seen from Table 2.2, terms in Ay ; associated with the fields imperfection are

of crucial importance:
€, n by n €y
“Y\2E. " B) " “2E,

In order to measure the contribution of these terms, artificially exaggerated E-field imperfec-
tions both static and oscillating, e5*, ef”, €;% and €2”, are imposed by use of the “correction
electrodes” (see Fig. 2.6), and two sets of the experiments were performed. In the first one,
a DC-voltage was applied to the correction electrodes, and the measurements were done
reversing e;” and ef”. These experiments yield values of ¢, and €, + 2Eacl~)x /B. In the sec-
ond set, an AC-voltage modulated synchronously with the main E-field is applied to the
correction electrodes. In order to reverse the sign of the parasitic terms a m-phase-shift of
e;” and €7 with respect to the modulation signal is employed by switching the wiring of
the correction electrodes. Thus, values of the DC-imperfections, e, and e,, are determined.
The magnitudes of the applied electric fields and their distributions are calculated using a
3D-numerical-model of the interaction region. The results of the experiments are presented
in Table 2.3.

The net contribution of these imperfections to Apgr; in the absence of the exaggerated

16
Eac
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fields is found to be?:

e, by é
ey <2Eac + E) +e, QEZC = —2.6(1.6)star.(1.5) syst. mV/cm. (2.23)

The systematic uncertainty comes from a sensitivity of the numerical model of the E-field,
which is used for calculating the exaggerated fields in the interaction region, to an imper-
fect approximation of the electrode-system geometry. These experiments suggest that this
field’s imperfection cannot mimic the APV-effect entirely, nevertheless, it appears to be a
major source of systematic uncertainty impacting the accuracy of the APV-asymmetry mea-
surements. The most prominent contribution is given by a combined effect of the parasitic
components of the electric field and the non-zero projection of the leading magnetic field
on the direction of the electric field: e,(&,/2E, + b,/B). The APV-asymmetry parameter,
¢/p is obtained from the measured value of A1 by compensating for the influence of these
magnetic- and electric-field imperfections, Eq. (2.23).

There is another effect that cannot, by itself, mimic the PV-asymmetry, but needs to be
taken into account for proper calibration. This effect is related to the E-field modulation
implemented in the present experiment. The atoms are excited to the metastable state,
656p 3P, by the light beam in the interaction region and then travel ~20 cm until they are
detected downstream in the probe region. Due to the spread in the time-of-flight between the
interaction and probe regions, the phase mixing leads to a reduction of the signal modulation
contrast at the probe region, and it depends on the signal-modulation frequency. Since
the signal comprises two time-scales of interest, first- and second-harmonic of the E-field
modulation, the contrast reduction is different for the two. Therefore, the ratio of the signal
modulation amplitudes, A(M), on which we base the APV-asymmetry observation, appear
altered in the probe region compared to what it would be at the interaction region. The
amplitude combination, Arg, and, therefore, the APV-parameter, (/f, are similarly affected.
In our data analysis, a correction coefficient, Cj, is introduced, which has been calculated

|:g:|p7()67€g C |:C:|'Ie(1

Under present experimental conditions, this coefficient, Cy, is found to be 1.028(3), and the
measured APV parameter is corrected accordingly. Principles of its derivation are given in
Appendix A.3.

In Fig. 2.8, the APV interference parameter /(5 is shown as determined in 19 separate
runs (~60 hours of integration in total). Its mean value is

(/B = 39(4)stat.(3)syst. mV /cm, (2.24)

which is in agreement with the theoretical predictions [30, 96]. The value of the APV
parameter was extracted using the expression given in the first column of Table 2.2, taking

2Compare with the APV asymmetry parameter (/3 ~ 40 mV /cm.
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Figure 2.8: APV asymmetry in ytterbium. Shown are the measurements of the Stark-weak
interference parameter (/8. The mean value is 39(4)stat.(5)syst. MV /cm, which corresponds
to a weak-interaction-induced transition amplitude || = 8.7(1.4) x 10710 eqy.

into account the calibration correction Cy. Thus, |¢] = 8.7(1.4) x 1071% eag, which is the
largest APV amplitude observed so far (here we used || = 2.24(12) x 107 eag/(V/cm) [22,
107]).

The sign of the APV interference parameter ¢/ is found by comparing the measurements
with the theoretical model of the transition rates employing the field geometry shown in
Fig. 2.2. The direction and, thus, the signs of the electric and magnetic fields as well
as the polarization angle 6 were calibrated prior to the APV measurements. Special care
was taken of detecting parasitic phase shifts in the lock-in amplifier. A signal from an
arbitrary function direct digital synthesis (DDS) generator simulating the output of the
probe region photodetector was fed into the amplifier. The signal is comprised of a sum of
two sinusoidal waveforms, one frequency doubled, attenuated, and phase shifted with respect
to the other. Results of the signal parameters measurement from the lock-in, such as the
first-to-second harmonic amplitude ratio, relative phase shift and its sign, are compared to
those used in the DDS generator to simulate the signal. The difference in the measured and
generated amplitude ratio is found to be below 0.01%, and the relative phase shift is detected
within £1.5°. No relative sign flips between the first- and second-harmonic amplitudes were
detected.

2.6 Error budget

The present measurement accuracy is not yet sufficient to observe the isotopic and hyperfine
differences in the APV amplitude, which requires an accuracy better than ~ 1% for APV
amplitude in a single transition [23, 97, 105].
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In the present apparatus, the signal levels achieved values high enough to reach the signal-
to-noise ratio (SNR) for the APV asymmetry if the noise were dominated by the fluorescence-
photon shot-noise. The ideal shot-noise-limited SNR can be estimated as follows. Let N; ~
10® be the number of atoms illuminated by 408 nm light of intensity Z ~ 80 W/mm?, which
corresponds to about 10 W of power and a beam radius of about 200 pm (Sec 2.4). Then the
number of excited atoms contributing to the first and second harmonics of the fluorescence
signal are Nyo = N;Rot, where ¢ is the measurement time. Here N, and N; < N, are

the number of excited atoms due to parity-conserving and parity-violating processes. The
signal-to-noise ratio is SNR = N; /4/ Ny, which reduces to

SNR ~ (\/8maZt/T ~ 3./t(s) (2.25)

in the absence of a DC bias and systematic sources of noise. This is good enough to reach
the sub-percent accuracy in a few hours of integration. However, a number of additional
factors limit the accuracy.

One of the most important noise sources is the fluctuations of the modulating- and DC-
field parameters during the experiment. The first- and the second-harmonic signals depend
differently on the modulating electric field amplitude, F,., and the DC-bias, thus, a noise in
the electronics controlling the fields contaminates the first-to-second harmonic ratio directly.
A substantial effort was made to cope with this problem: a home-built high-voltage amplifier
used in the first 13 runs was replaced by a commercial Trek 609B amplifier and a circuit
controlling the DC-bias was upgraded. This allowed us to control the DC-bias and FE,.
with mV-scale accuracy that would make the SNR to approach the shot-noise limit if this
were the only source of the noise. As seen in Fig. 2.8, the last six measurements exhibit
higher accuracy than the rest. These are the runs after the HV-system upgrade. However,
the present SNR of ~ 0.03/4/7(s) is worse by almost two orders of magnitude than the
shot-noise limit.

There are other fluctuations in the system parameters, such as light intensity fluctuations
in the PBC, fluctuations of the spectral position of the PBC resonance with respect to the
frequency reference, and noise in the detection system. All of them contribute to the noise
in the first- and the second- harmonic signals but we found that such noise largely canceled
in the ratio A(M).

However, there is a noise source, which is not canceled in the ratio. The following
experiments demonstrated that this noise source is related to frequency excursions of the
Fabry-Pérot étalon serving as the frequency reference for the optical system. In these ex-
periments the excitation light was frequency tuned to a wing of the atomic resonance, and
the first- and second-harmonic signals were recorded without scanning over the resonance.
Then, the same was done when the spectral position was set at the peak of the resonance,
and a change of the SNR for the harmonics ratio was determined. These experiments were
performed using the upgraded HV-system. Results of the measurements are presented in
Fig. 2.9.

For a shot-noise-limied signal, the SNR at the peak of the resonance is expected to be a
factor of about v/2 higher than at the wing due to larger signal. It was found, however, that
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Figure 2.9: Impact of the frequency excursions of the Fabry-Pérot étalon on the noise level
in the harmonics ratio. A change in the noise level when the optical system was tuned from
the wing of the atomic resonance to its peak is shown. In the inserts above the excitation
light spectral position is shown schematically with respect to the atomic resonance. Arrows
denote the fluctuations.

the SNR went up by a factor of 4 by tuning from the wing to the peak of the resonance.
This demonstrates that the main source of noise is not photon statistics but fluctuations
in the spectral reference. Indeed, the frequency excursions at the wing of the spectral line
produces substantially more intensity noise due to a steeper spectral slope than that at the
peak, where the slope is nominally zero. It must be emphasized, that in the case of slow
frequency excursions (compared to the E-field modulation period), the noise in the first- and
the second-harmonic channels would be canceled in the ratio. However, fast excursions can
generate noise in the signal ratio.

The factors affecting the measurement accuracy mentioned above have an impact on the
statistical error of the result. The present systematic errors (summarized in Table 2.4) has
nearly the same significance as the statistical one and also comprises a number of factors.

One of the most significant factors is the uncertainty in the field-imperfection contribu-
tions, Eq. (2.23). This uncertainty is mostly due to statistical factors such as laser drifts,
nevertheless, it provides an offset to the PV-parameter. Since the measurement of this con-
tribution is actually the same measurement as the APV-effect, any improvements of the
stability reduces the overall systematic uncertainty. We would like to emphasize also that
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Table 2.4: List of factors contributing to the systematic uncertainty of the parameter (/5.

Factor Uncertainty (%)
E value:
geometry 5)
numerical modeling 3
Applied field imperfections | 5
Phase mixing 0.5
Other 1
Total (in quadrature) 8

Eq. (2.23) represents a mean value of the imperfection contribution over numerous exper-
iments averaging over possible fluctuations of the field-imperfection contribution. These
fluctuations may be partially responsible for the variance in the APV-parameter, and, thus,
the statistical uncertainty of its value. This fact demonstrates that the elimination of the
field-imperfections is an essential requirement for improving the overall accuracy of the ex-
periments.

Another significant source of the systematic uncertainty is the uncertainty in the value
of the electric field in the interaction region. While the voltage applied to the E-field plates
and the correction electrodes is controlled precisely, the actual E-field value used in the
APV parameter determination depends on the accuracy of the numerical modeling of the
electric-field distribution in the particular geometry. There are two factors in the model
contributing to the uncertainty: finite accuracy of measurements of the interaction region
geometrical parameters, and the imperfect approximation of the geometry in the numerical
simulation.

However, while this systematic uncertainty plays a significant role for measurements of
the APV parameter of a single isotope, for the isotope ratios this uncertainty will cancel (or
will be substantially reduced), if the measurements observing different isotopes are performed
without changing the E-field geometry. The same is true for the calibration parameter, Cj,
which also cancels in the isotope ratios.

There are other, rather minor, factors contributing to the systematic uncertainty, for
example, a finite accuracy of the polarization angle flip, errors in the lock-in amplifiers, a
finite dynamic range of the lock-ins etc. The net contribution of these factors is found to be
< 1%. A summary of the systematic error budget is presented in Table 2.4.

One goal of the future measurements of the parity-violation effects in ytterbium is ob-
serving a difference in the APV effect between different isotopes. The net uncertainty of
the APV parameter of a single isotope must be better than 1% based on the theoretical
predictions. Methods for improvement are discussed in Chapter 5.
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Chapter 3

Measurement of ac polarizabilities in
ytterbium

Static (dc) and dynamic (ac) electric dipole polarizabilities determine the response of neu-
tral particles to applied electric fields. They are related to a host of atomic and molecular
quantities, including the dielectric constant, refractive index, and Stark shift [2, 3, 12, 13],
and are an important consideration for many current atomic, molecular, and optical physics
experiments [88]. For example, polarizabilities play a vital role in the production of light
traps for quantum information processing applications [123]. In the context of optical atomic
clocks, Stark shifts constitute an important systematic effect that must be controlled [5, 26,
109, 114]. Similarly, Stark shifts also contribute to systematic effects in atomic parity viola-
tion (APV) measurements [111, 112, 119, 121]. Hence the determination of polarizabilities
is a priority for high-precision atomic physics.

Present experiments typically rely on theoretical calculations of electric dipole polariz-
abilities [9, 43, 100]. Several methods for measuring polarizabilities also exist. Early schemes
involved the deflection of atoms in an inhomogeneous electric field [12]. More recent tech-
niques include absolute frequency measurements [5], atom interferometry [32, 51, 89], and
a technique that uses light force [76, 77]. However, these methods typically provide infor-
mation about the polarizability of an atom in its ground state [88]. Therefore, they are
inappropriate for high-precision experiments where the polarizabilities of excited states are
relevant.

As part of an ongoing investigation of parity violation in atomic ytterbium (Yb) [111,
112], a scheme for measuring a combination of polarizabilities of the ground and an excited
state of Yb was developed [40, 107]. The scheme involves the simulation and measurement
of the spectral lineshape of a forbidden electric dipole transition driven by a standing wave
of light in the presence of a dc electric field. Due to the standing wave, the ac Stark
shifts of the upper and lower states introduce a polarizability-dependent distortion in the
lineshape, a phenomenon which was first observed and characterized during a search for
APV in cesium [119]. The difference of polarizabilities of the two states is treated as a
variable parameter in the simulation and is measured by fitting the simulated lineshape to
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experimental data. We call this scheme the Lineshape Simulation Method (LSM). The LSM
can be generalized to an arbitrary atomic species.

In this chapter, we present the next generation of the LSM, which was described in
Ref. [40]. The numerical procedures accommodate for a broad domain of values of input pa-
rameters, e.g., the intensity of the standing wave. In addition, the independent dimensionless
parameters that determine the lineshape have been explicitly identified, thus facilitating er-
ror analysis. In general, the LSM is compatible with a variety of atomic species and field
geometries. The LSM is sensitive to the difference of polarizabilities of the atom in its
ground and excited states. Nevertheless, this method may yield unambiguous measurements
of the vector and tensor components of the excited state polarizability, as we will show. In
this sense, we present a versatile method for measuring the excited-state polarizabilities of
atoms.

We demonstrate the LSM using the 408-nm 652 'S, — 5d6s3D; transition in atomic
Yb. Whereas the previous results [107] were obtained in the absence of a magnetic field,
the present work uses a magnetic field to isolate Zeeman sublevels of the excited state. The
ac Stark shifts of the sublevels are characterized by different combinations of scalar, vector,
and tensor polarizabilities. This approach allows for the unambiguous determination of these
polarizabilities. The ac scalar and tensor polarizabilities of the excited state 5d6s 3D in Yb
are measured for the first time. Due to improvements in the experimental apparatus, the
signal-to-noise ratio of the observed lineshape is an order of magnitude larger than for the
previous implementation. In the present work, the statistical error introduced by the LSM
is negligible compared to the systematic uncertainty of the experiment.

This chapter is organized as follows. In Section 3.1, we introduce our conventions for the
polarizabilities and the Stark shift. The theoretical model, numerical procedure, and results
of the simulation are discussed in Section 3.2. In Section 3.3 we apply the LSM to the Yb
system and present the results. Finally, a summary of the results and an outlook for future
experiments are given in Section 3.4.

3.1 Atomic system

Throughout this work, we consider a Stark-induced transition between two atomic states of
the same parity. The transition is induced by applying a uniform dc electric field E. We
assume that the transition is driven by a standing wave of light formed by two counter-
propagating waves with the same polarization traveling in the +k directions. In this case,
the electric field of the light is given by

E(r,t) = E(r) cos(wt) €, (3.1)

where
E(r) = & cos(k -r)e "1/, (3.2)

Here &, k, w, and € are the amplitude, wave-vector, angular frequency, and polarization of

~

the electric field, respectively, ry, is the radius of the standing wave, and r;, = |r — k(k - r)|
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is the perpendicular distance from the center of the standing wave. In addition to these
parameters, we define the wave-number k = |k| = w/c and the wavelength A = 27/k, where
¢ is the speed of light. We assume that & > 0 since the overall sign of the field can be
incorporated into the polarization €. Equation (3.2) is appropriate for the case of a light
field with a Gaussian profile. The discussion is limited to optical frequencies. In this regime,
E(r,t) is uniform over atomic length scales. In order to study the influence of the magnetic
structure of the transition, we also assume the presence of a uniform dc magnetic field B.
The quantization axis (z-axis) is chosen so that B = Bz for B > 0.

The dynamics of an atom in the presence of the external magnetic and electric fields
described above is governed by the total Hamiltonian

H = Hy + Hi(t), (3.3)

where Hy = Ha+ Hyz+ Hg. and Hy(t) = H,.(t) are the time-independent and time-dependent
parts of H. Here Hp is the atomic Hamiltonian, H; = —u - B is the Zeeman Hamiltonian,
Hy. = —d-E and H,.(t) = —d - E(r,t) are the dc and ac Stark Hamiltonians, and g and d
are the magnetic and electric dipole moments of the atom, respectively. We assume that B,
E, and €(r,t) are sufficiently electroweak that Hyz, Hq., and H,. can be treated as successive
perturbations to Hy.

Let [£) = |yJM) and wa(f) = wa(yJ) represent the degenerate eigenstates of the atomic
Hamiltonian Ha and their corresponding energies, respectively. Here J is the total angular
momentum quantum number, M € {J,J —1,...,—J} is the magnetic quantum number
corresponding to the projection of the total angular momentum along the z-axis, and v is a
set of other quantum numbers. Then, to lowest order in the perturbing fields B and E, the
eigenstates of Hy are

E |Hdc||£>
) + ') 3.4
0+ L ey (3.4)
with corresponding energies
w(Z) = (UA<€) + (A)Z(f) + wdc(é). (35)

Here wz(¢) and wq.(¢) represent the Zeeman and dc Stark shifts, respectively. The Zeeman
shift is given by wz(¢) = geioBM , where g, is the Landé factor of the state |¢) and pg is the
Bohr magneton. Throughout this work, we assume that B is sufficiently strong to completely
isolate the Zeeman sublevels of |¢). The dc Stark shift is given by we.(¢) = —(1/2)ad°E?,
where E = |E| is the magnitude of the dc electric field, and a$® is the dc polarizability of
the atom in state |¢). To derive Eq. (3.4), we neglected mixing of atomic eigenstates due to
the magnetic field.

The atomic energy levels are also shifted by the ac Stark shift [2, 3, 12, 13], which is
induced by the dynamic field €(r,t). We assume that the frequency of the standing wave
satisfies w & wgy, where w,, is the resonant frequency of the electric-dipole (E1) transition
from the perturbed electronic ground state |g) to a perturbed excited state |@). Thus it is
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appropriate to make a two-level approximation that involves neglecting dynamic interactions
between states other than |g) and |a@). However, such an approximation can only account for
ac Stark shifts that arise due to mixing of the states |[g) and |a) with each other. To address
this situation, we modify the energy of the perturbed ground state as follows:

w(g) = w(g) + wac(9), (3.6)

where
wae(G) = —az[E(r) /2], (3.7)

is the ac Stark shift' of |g) due to mixing of |g) with states other than [@), and ag is the
corresponding ac polarizability of the state |g). An analogous modification is made to the
energy of the perturbed state |a).

We further assume that the unperturbed ground and excited states |g) = |v,J,M,) and
la) = |vaJaM,) have the same parity. In this case, the § — @ transition is induced by the dc
electric field [19] and the mixing of the states |g) and |a) with each other is characterized by
the induced dipole matrix element

(@ld - €|g) = din. (3.8)

We assume d;, > 0 since any complex phase can be incorporated into the states |a@) and
|g). Note that the value of dj, depends on the dc field E and the light polarization €. In
particular, di, — 0 as E — 0. Therefore, the dynamic field does not cause mixing of the
states |g) and |a) in the absence of the electric field. The polarizability ag in Eq. (3.7)
represents the ac polarizability of the unperturbed ground state |g), provided the effects of
the dc field on the ac polarizability can be neglected. In this case, ag = ay.

In general, ac polarizabilities depend on the polarization € and frequency w of the external
light field. The polarizability of an arbitrary atomic state |¢) can be decomposed into three
terms:

M 3M2— J(J+1)3le-22— 1

ozg:ozo(vJ)+ioz1(7J)7(e X €) -7+ ay(yJ) T — 1) 5 (3.9)

The quantities ag(vJ), ai(vJ), and as(yJ) are referred to as the scalar, vector, and tensor
polarizabilities, respectively [12]. The scalar, vector, and tensor polarizabilities are indepen-
dent of the magnetic quantum number M and the polarization €, and hence are independent
of the choice of quantization axis and field geometry. However, they depend on the light
frequency w, as described in Appendix D.

Hereafter, we abandon the use of the overline to distinguish between perturbed and
unperturbed atomic states. Despite the lack of an overline, quantum states should be inter-
preted as atomic states that have been perturbed by the static electric and magnetic fields
E and B, unless otherwise noted.

! In Refs. [107] and [40], a different convention for the ac Stark shift is used.
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Figure 3.1: Energy-level diagram. Shown are the energy eigenstates of an atom and the
electronic transitions relevant to the LSM.

We consider a system in which atoms in the excited state undergo spontaneous decay to
the lower states |b) and |c) with corresponding rates I'y, and I'y. = I’y — Iy, where I, is the
natural linewidth of the state |a). A schematic of the relevant energy level structure is shown
in Fig. 3.1. As atoms decay from |b) down to |g), they emit fluorescent light of frequency
wrg- The LSM involves both the simulation and measurement of the spectral lineshape of
the ¢ — a transition. In this context, the “spectral lineshape” refers to the probability of
emission of fluorescent light of frequency wy, as a function of laser frequency w. Although
polarizabilities a, and o, depend on w, we assume that they are effectively constant for
W A Waeg. The LSM can be applied to any atomic system with the energy level structure
shown in Fig. 3.1.

3.2 Spectral lineshape

The ac Stark shifts cause the resonant frequency of the g — a transition to shift as atoms
travel through the standing wave. As a result, the spectral lineshape depends heavily on
the details of the light field. Because the light field amplitude E(r) is not spatially uniform
[see Eq. (3.2) and the discussion thereafter], an atom with coordinate r(t) will experience a
time-dependent electric field in its rest frame.

Assuming constant velocity, the atom’s position is r(t) = vt + ry where v is the atomic
velocity and ry is the position of the atom when ¢t = 0. The origin O is chosen to be at one
of the nodes of the standing wave. A diagram of the geometry is shown in Fig. 3.2. The
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Figure 3.2: Parameters of atomic trajectory. The atom’s position r(¢) and velocity v are
shown for some time ¢ > 0 and have been projected onto two planes: (a) the plane formed
by the vectors k and v, where k is the wave-vector of the standing wave of light, and (b)
the plane normal to k and containing the origin O. A contour plot of the spatial extent
of the light intensity is shown for reference; white and purple indicate minimal (zero) and
maximal intensity, respectively. Here ro| and 7o, correspond to the components of r(t) that
are parallel and perpendicular to k when ¢t = 0.
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time-dependent field experienced by the atom is given by
Elr(t)] = & cos(kvyt + kroyp) e~ (A +E/E (3.10)

where £(r) is given by Eq. (3.2). Here v = k-vand v, =|v— RUH| are the components of
the velocity that are perpendicular and parallel to k. Similarly, 7 and ro; correspond to
the perpendicular and parallel components of the position ry.

The total time dependence of the electric field in Eq. (3.1) is due to the fast oscillation of
the light at frequency w and the slow modulation of the amplitude with a frequency kv;. The
amplitude modulation is additionally characterized by a temporal Gaussian envelope with a
characteristic width ry, /v, which is the amount of time an atom spends within the radius
of the standing wave. We consider non-relativistic atoms for which the conditions w > kv
and w > v, /m, are valid, and the optical oscillations are much faster than the modulation of
the amplitude E[r(t)]. In this case, the ac Stark shift is obtained by substituting Eq. (3.10)
into Eq. (3.7).

Absorption profile

In order to gain a qualitative understanding of the physics, we make the simplifying assump-
tion

E(t) = Ecos(kuyt). (3.11)

In this case, the Stark shifts of the ground and excited states lead to the following shift of
the resonant energy of the g — a transition:

Wac (@) — Wac(g) = —tay(E0/2)? cos® (kuyt), (3.12)

where
Qog = g — Q, (3.13)

is the difference of the polarizabilities of the ground and excited states. From an atom’s
perspective, this is equivalent to a polarizability-dependent frequency modulation of the two
counterpropagting light fields. Thus, the features of the ¢ — a lineshape can be understood
by studying a related system: stationary atoms with fixed energy levels in the presence of
two counter-propagating, frequency-modulated electric fields. In this subsection, we turn
our attention to such a system.
The frequency-modulated electric fields have instantaneous frequencies w, and w_ given
by
wi(t) = w £ kv + wnAm cos(wnt), (3.14)

where

L
=2 A, = 2970
Wm kv, and m T6hk; ,

are the modulation frequency and modulation index, respectively. Equation (3.14) in-
cludes the term kv which accounts for the Doppler shifts of the frequencies of the two

(3.15)
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counter-propagating waves. To derive Eq. (3.14), we used a trigonometric identity to write
cos?(kut) = (1/2)[1 + cos(2kv)t)] and we neglected the time-independent term because it
can be interpreted as an overall shift of the optical frequency: w — w 4+ wy An. The instan-
taneous frequency w4 (t) is characteristic of a light field with a time-dependent phase [104].
Such a field is given by

g:t — (1/2)5O€i[(w:|:kvu)t+Am sin(wmt)]7 (316)

where the factor of 1/2 is included so that the total field, which is the sum of two traveling
waves, has an amplitude of &. Note that the instantaneous frequency is the time derivative
of the argument of £,. The effective field £, can be decomposed in the following way:

Ex= Y (1/2)Eu(An)elethurtnam)t, (3.17)

n=—oo

where .J,, are Bessel functions of the first kind. Thus the effective field consists of a principal
field (n = 0) which oscillates at a frequency w & kv, and infinitely many sidebands (n # 0)
which oscillate at frequencies w 4= kv + nwy,. The amplitude of the electric field of nth
sideband is (1/2)&J,(Am)-

The total electric field & seen by the atom is the sum of the two counter-propagating
light fields. To add the fields, the summation index in Eq. (3.17) is changed from n to n+ 1
and the field £_ is expressed as

o0

E = Z (1/2)50Jn+1(Am)ei(w+kv”+nwm)t,

n=—oo

where —kv) +wy, = +kv) because the modulation frequency wy, is exactly twice the Doppler
shift. Hence the sidebands of the two counter-propagating waves overlap and the total field
is given by

Er =Ex+E =D Een (3.18)

where c

&, = ?O[Jnﬂ +J,] and w, =w+ kv + 2nky. (3.19)
In particular, the first-order sidebands from one field correspond with the carrier of the
other [107], resulting in an absorption profile with a polarizability-dependent distortion.
The “absorption profile” is a plot of the transition rate as a function of w.

The rate of the ¢ — a transition is given by

= 2
R:Zh—z

n=—0oo

L./2m
(wn — wag)* + (Fa/2)*

dingn

(3.20)

Equation (3.20) is valid in the electroweak excitation limit, that is, when the excitation
rate R is much smaller than all other relevant rates. To derive Eq. (3.20), we neglected
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(W — Wyg) wp

Figure 3.3: Absorption profile. Shown is a plot of the transition rate R as a function of
the laser frequency w for the case of a single atom with parallel speed v, = wp/k, where
wp is the Doppler broadening of the line. The transition rate is normalized by Ry to have
a maximum value of unity. Here the modulation index satisfies A,, < 0. For A,, > 0, the
peak on the left is taller than the peak on the right. In the insert, the average transition
rate R is shown in three cases: (a) the condition I',/4 < wp is violated, (b) the condition
hwp < |ag | B3 is violated, and (c) both conditions in Eq. (3.22) are satisfied. To generate
these curves, we made use of the approximation k ~ k,, which is valid in the near-resonant
regime (W & wyy).

the interference of different harmonic components, e.g., £,e“"t and &, e™“~t. Such terms

contribute small corrections to the transition rate which do not affect the qualitative behavior
of the absorption profile. A plot of the absorption profile is given in Fig. 3.3. The single-atom
absorption profile is clearly asymmetric about the atomic resonance (w = wyy).

For an ensemble of atoms, the absorption profile is obtained by averaging the transition
rate (3.20) over the velocity distribution. The average rate is

ﬁ = /OOR(U”) wL(v”, Uc) dU”, (3.21)

where wy, (v, vc) is the appropriate probability distribution for the parallel velocity v, and

vc is a characteristic speed in the k direction. A plot of the average transition rate is shown
in the insert of Fig. 3.3. For the insert, wy,(v), vc) is taken to be a Lorentzian distribution
with a full-width at half the maximum value (FWHM) of v¢ = wp/k, where wp is the overall
Doppler broadening of the line. The resulting absorption profile is similar to experimentally
observed lineshapes in Yb (Section 3.3).

The absorption profile exhibits a polarizability-dependent feature: a dip that separates
the profile into two distinct peaks. The sign of the polarizability c,, determines whether the
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peak on the left is larger or smaller than the peak on the right. The following conditions
need to be met in order for the distortion to be observed:

[./4<wp and hwp < |ogl&S. (3.22)

The former condition ensures that the sidebands of the FM waves can be resolved. The
latter ensures that the amplitude of the first-order sidebands is not negligible compared
to the amplitude of the carrier, that is, A, # 0 for vy ~ vc. If either wp < I'y/4 or
hwp > |Ozag]8~§, then the asymmetric distortion will be suppressed, as can be seen in the
insert of Fig. 3.3. In this case, the methods described here cannot be used to measure the
polarizability c,,. However, the LSM can still be used to measure o, in the absence of the
distortion by comparing displacements of the central peak of the lineshape.

By omitting the Gaussian envelope exp(—v?t?/r?) in Eq. (3.11), we neglect effects of
the atom’s finite transit time, such as broadening of the spectral line [36]. Nonetheless, the
transit time must satisfy the following restrictions:

vy S dinéo/h and vy /1, < wp, (3.23)

where d;,& /R is the Rabi frequency of the g — a transition. The former condition represents
a system in which atoms have enough time to undergo excitation to the upper state |a), as
will be discussed in Section 3.2. The latter condition ensures that the Doppler broadening is
sufficiently large that most atoms travel through many nodes and antinodes of the standing
wave during their transit.

Although the absorption profile provides a satisfactory illustration of the physics, it
cannot be used to measure the ac polarizabilities. The transition rate presented in Eq. (3.20)
is valid only in the electroweak excitation limit and therefore cannot account for saturation
effects. Moreover, Eq. (3.20) does not properly take into account interference of different
probability amplitudes, nor does it include finite transit-time effects. A more complete
picture is required to generate a theoretical lineshape that can be fitted to experimental
data. Such a picture is achieved by the following model.

Fluorescence probability

Hereafter, we return our attention to the original system: moving atoms illuminated by
light with a fixed frequency w. The spectral lineshape of the ¢ — a transition is modeled
by computing the probability of emission of fluorescent light of frequency wy, as a function
of laser frequency w. The computation involves three steps. First, the time-dependent
population py, of the state |b) is computed by numerically solving the optical Bloch equations
(OBE) for the case of atoms traveling through a non-uniform field (see Fig. 3.2). Second,
the probability of fluorescence F is determined by integrating the time-dependent decay rate
['ypp With respect to time. Finally, the average fluorescence probability F is computed by
taking a weighted average of F with respect to the atomic velocity v and the offset ry.
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Although the LSM can be used in conjunction with any atomic source, our model makes
use of distributions that are appropriate for a collimated beam of thermal atoms traveling in
a direction that is orthogonal to the standing wave. In this case, v, represents the component
of the atom’s velocity along the atomic beam, and v /v, represents the angular spread of
the beam. The corresponding velocity distribution is

w(v) = wr(vy,vr) w(v), ve), (3.24)

where
wr(vy,vr) = 2(1&/1}%)6_(”/”) , (3.25)

is the distribution of velocities appropriate for thermal atoms escaping from a hole, and
wr, (v, ve) is the velocity distribution appropriate for a collimated atomic beam. Here vy =
/2kpT /M is the thermal speed of the atom, 7" is the temperature of the oven, M is the
atom’s mass, kg is Boltzmann’s constant, and v is the characteristic speed determined by
the atomic-beam collimator. To model the effects of a vane collimator, we approximate the
spread of parallel velocities by a Lorentzian distribution with a FWHM of v¢ = wp/k, where
wp is the overall Doppler broadening of the line.

In the following model, we use dimensionless parameters. Dimensionless parameters
ease computation, and potentially facilitate the application of the model to several different
atomic systems. Throughout, we make the approximation k =~ k,, which is valid in the
near-resonant regime (w ~ wyy).

Time is measured in units 1/T",. We define the dimensionless time 7 = I', ¢ and decay
rates Gy, = I'y/Ty, Ge = T'./Ty, Gap = T'ap/Ta, and G, = 1 — Gyp. We further define the
dimensionless perpendicular and parallel velocities u; = v, /vr and u = v /v, and the
dimensionless perpendicular and parallel offsets & = ro, /7, and ¢ = krg, respectively.

Consistent with the discussion in Section 3.2, we introduce the following dimensionless
parameters: the saturation parameter Sy, characteristic modulation index S, and Doppler
parameter So, defined by

So = [din&o/(RTL)] (3.26)
S1 = a,,& /(16hwp), (3.27)

and
Sy = 2wp /Ty, (3.28)

respectively. We define an additional parameter S3 by
Sg = UT/(TbFa). (329)

Note that 7,/v, is the time that an atom spends within the radius of the light field and
hence 1/(S3u, ) represents the dimensionless transit time.

In terms of the dimensionless parameters, the conditions presented in expressions (3.22)
reduce to Sy > 1/2 and |S;| 2 1/16. When either of these conditions is violated, the
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characteristic dip in the lineshape is suppressed, as can be seen in Fig. 3.4. Likewise, con-
ditions (3.23) reduce to S5 < /Sy and S3 < (1/2)S,. Whereas the absorption profile
discussed in Section 3.2 was valid only in the weak excitation limit (Sy < 1), the model of
the fluorescence can accommodate large saturation parameters.

Let p,m be the elements of the density matrix in the atom’s rest frame for states n,m €
{g,a,b,c}. We assume that the rotating wave approximation holds and dynamic interactions
between states other than |g) and |a) can be neglected. In this case, the dimensionless optical
Bloch equations (OBE) for the configuration shown in Fig. 3.1 are [84]

l

paa = _§Q(pag - pga) — Paa; (3303)
) ( 1 .

Pag = +§Q(p99 o paa) - 5(1 - QZA)paga (3-30b)
pvy = —Gopry + Gappaas (3.30c)
pcc = _chcc + Gacpaaa (330d)

where pp, = d(pnm)/d7r. The remaining density matrix elements p,, and p,, are determined
from Y pnn =1 and py, = pj;,. Here

0= {“L‘de—h‘g”(ﬂ = VS0 f(€w), (3:31)
is the Rabi frequency,
_ 1 w(a) —w(g)| _ 2
A= P_a [w — T] =0+ 25152 f(f, U) s (332)

is the detuning of the laser light from the resonance, § = (w — weyy)/I'y, and the function
f(&,u) is defined by

f(&,u) = cos|(Sa/2)u™ + e 1(Ssurr)*+€%], (3.33)

where £ = (¢,&) and u = (uj,uy). We further assume that all atoms initially occupy the
ground state.

The probability that an atom will emit fluorescent light of frequency ws, in a time interval
(7, 7¢] is given by

Tf
F = / Gb pbb(T) dT, (334)
where Gy pyy(7) is the time-dependent rate of the b — ¢ decay. The choice of integration
interval [1;, 7¢] depends on both the transit time and the characteristic time of the fluorescent
decay after the atoms leave the light field. In the case where the a — b — ¢ decay time
is shorter than the transit time, it is appropriate to define the integration limits by —7; =
7 = 3/(S3u,). The factor of 3 ensures that the atom is “far” from the standing wave at the



CHAPTER 3. MEASUREMENT OF AC POLARIZABILITIES IN YTTERBIUM 41

oot —— T
0o 1 2 3
5/(25S,)

Figure 3.4: Results of simulation. The simulated lineshape F(§) is shown for two different
values each of the modulation index S; and the Doppler parameter S5, as indicated by the
insert: (a) the condition Sy > 1/2 is violated, (b) the condition |S;| 2 1/16 is violated, and
(c) both conditions are satisfied. For each curve, the saturation parameter is Sp = 1.0. The
lineshapes are normalized by the maximum peak height F. To ease comparison, the middle
and top curves are shifted vertically by 0.7 and 1.0, respectively.

integration limits. To model a system with slower decays, the integration limit 7 must be
extended.

The fluorescence probability depends on the parameters of the atomic trajectory, that is,
F = F(&,u). We define the average probability of fluorescence by

7= [ Fewuigwagan (3.35)

where w(&, u) is the probability distribution associated with the atom’s initial position and
velocity. In our model, we assume w(&,u) = w;(&)wy(u), where the distribution w; is a
uniform distribution over the intervals & € [—3,3] and ¢ € [—m,7]. The finite integration
limits are justified by the following properties of the system: First, the amplitude of the
standing wave drops to less than 0.01% of its maximum value when |{| > 3. Therefore,
atoms will only pass through the light if [{] < 3. Second, ¢ constitutes a phase shift of
the electric field which is unique only for ¢ € [—m,7]. Consistent with Eqgs. (3.24) and
(3.25), the velocity distribution satisfies wo(u) = wr(uy, 1wy, (v, 1), where wp(u,, 1) is the
velocity distribution for atoms escaping from a hole with unit thermal speed, and wr, (v, 1)
is a Lorentzian distribution with FWHM of 1.
The fluorescence probability is a function of the detuning ¢ from the atomic resonance,
that is,
F =F(58,G), (3.36)
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where S = (Sp, S1,52,53) and G = (G, Gy, G.) are parameters. We refer to a plot of
F(8;S,G) as a function of § as the “simulated lineshape” of the g — a transition. Three such
plots are shown in Fig. 3.4. In Fig. 3.4, curves (a) and (b) demonstrate the suppression of the
polarizability-dependent distortion when either the Doppler parameter S, or the modulation
index S is too small. The distortion is most pronounced in curve (c), for which S > 1/2 and
|S1] 2 1/16. The simulated lineshapes in Fig. 3.4 are qualitatively similar to the absorption
profiles in the insert of Fig. 3.3, as expected.

Numerical procedure

The numerical procedures described here are valid for a variety of atomic species. How-
ever, the simulations were performed with parameter values appropriate for the Yb system
described in Section 3.3.

We used a stiffly stable Rosenback method [98] to numerically solve a system of equations
related to Egs. (3.30) and (3.34), with —7 = 7¢ = 3/(S5uy ). This system of equations is de-
scribed in Appendix B.2. The Rosenback method involves two tolerances—denoted atol and
rtol in Ref. [98]-which were both set to 107°. The multi-dimensional integral in Eq. (3.35)
was computed using an adaptive Monte Carlo routine [98]. In our implementation, the inte-
gration routine involves 10° evaluations of the integrand. For various values of S, the average
estimated error was less than 1% of the value of the integral.

For computational purposes, we restricted the integration to the following finite domain:
£ e [-3,3], ¢ € [-mm|, uy €[0,3], and u € [-6,6]. The subdomains for { and ¢ were
discussed after Eq. (3.35). The finite integration subdomains for u and u, are justified as
follows: Atoms with a large parallel speed |u| experience a Doppler shift that is much larger
than the characteristic Doppler broadening of the spectral line. Such atoms only contribute
to the wings of the lineshape, where || is large and the probability of fluorescence is very
small. Moreover, for a Lorentzian velocity distribution with unit FWHM, |u)| < 6 for about
95% of atoms.

On the other hand, atoms with a perpendicular speed that satisfies u; > 1/Sy/S3 are
moving so fast that the transit time is much smaller than the inverse Rabi frequency. Such
atoms do not spend enough time in the light field for the ¢ — a transition to be realized.
Since most atoms travel at or near the thermal speed u; = 1, the condition /Sy/S3 = 1
represents a system in which most atoms have enough time to interact with the light. We
assume that atoms with speed v, > 3 do not contribute significantly to the lineshape. Note
that u; > 3 for only about 0.1% of atoms. Finally, we ignore counterflow of atoms in the
atomic beam by requiring u; > 0.

For fixed G = (0.35,0.45,0) and S3 = 0.53, we computed the average fluorescence
F(6;S, G) for 100 discrete values of § € [§_, 6, ], and various discrete values of Sy € [0.1,10],
Sy € [0.01,1], and Sy € [1,100]. Here 61 = 25,55 + 3[(1/2)S2 + Gy, + 1]. The results were
interpolated using cubic splines to approximate the continuous function F(§;S, G). Three
curves which are typical of those produced by this procedure are presented in Fig. 3.4.
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The LSM involves fitting the simulated curve F(6;S,G) to the observed lineshape to
determine best-fit values of Sy, Si, and S;. From the best-fit values, the following three
quantities can be calculated: the polarizability difference a4, the circulating power P of the
standing wave,?and the Doppler broadening wp of the g — a transition which are given by

8,
gg = AT X 5152/50, (337)
1 rth’a 2
P= { o } % So. (3.38)
and
wp = (Ta/2) X S, (3.39)

respectively. Here a & 1/137 is the fine structure constant. The present implementation of
the LSM uses Mathematica’s nonlinear regression routine to determine the best-fit values of
So, S1, and Sy. Alternatively, Eq. (3.38) can be solved for d;, in terms of P and S;. Thus
the LSM can also be used to measure the induced dipole moment when the power is known,
as was done in the previous application of the LSM [107].

The treatment of systematic errors and statistical uncertainties is straightforward. In
Eq. (3.37), for instance, the uncertainty in the dimensionful quantity d2 /(hT'y) is due solely
to systematic effects, whereas the uncertainty in the term S;55/Sy arises from statistical
uncertainties in both the observed signal and the fitting algorithm. The total uncertainty
of the quantity a,, is obtained by adding these independent uncertainties in quadrature. If
the signal-to-noise ratio (SNR) of the observed lineshape is sufficiently high, then the error
of the measurement of «,, will be dominated by the uncertainties of the known quantities
dip and T',,.

3.3 Application to ytterbium

The electronic structure of Yb is shown in Fig. 3.5. The low-lying energy eigenstates of Yb
match the structure shown in Fig. 3.1 under the following mapping: g = 1Sy, a = 3Dy,
b =3P, and ¢ = 3P,. Therefore, the LSM can be used to measure the difference in ac
polarizabilities of the upper state >D; and the ground state 1Sy at 408 nm by analyzing the
lineshape of the 408-nm 'Sy — 3D, transition. In this case, the lineshape is measured by
observing the 556-nm fluorescence of the 3P, — 1Sy decay. The intermediate state 3P, is
metastable and hence I', =~ 0.

2The standing wave is formed by two counter-propagating waves of light. The circulating power of
the standing wave is defined as the average power of a single traveling wave. The electric field of the
wave propagating in the +k direction is given by & (r,t) = (1/2)& exp|—(rL/rb)?] cos(kr| £ wt). The
corresponding time-averaged intensity in SI units is I(r,) = (1/32ma)&Z exp[—2(r1 /r)?], where the time
average is taken over a single period of oscillation. Therefore, the circulating power of the standing wave is
given by P= [[° I(rp)2mry dry = (1/640)r2&3.
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Figure 3.5: Ytterbium energy levels. Shown are the low-lying energy eigenstates of Yb and
the electronic transitions relevant to the polarizability experiment.

There is an additional decay of 3D; to the metastable state 3P,, which is not shown in
Fig. 3.1. The state ¢ can represent multiple metastable states, including both 3P, and 3P,.
In this interpretation, Iy, is the rate of decay of 2D, to all metastable states.

The highly forbidden 'Sy — 3D, transition is induced by the Stark mixing technique.
This technique involves the application of a static, uniform electric field E which mixes the
upper state 3D; with opposite-parity states, predominantly the 'P, state. The effective
dipole moment d;, associated with the Stark-induced transition is given by [107]

din = Pag| (B x €)1y, (3.40)

where ,, = 2.18(10) x 107® € - ag - (V/ecm) ™! is the vector transition polarizability of the
1Sy — 3D, transition, e is the elementary charge, ag is the Bohr radius, and (Eg. X e)(l) is
a spherical tensor of rank one.*Here M, is the magnetic quantum number of the 2D, state.

Because the angular momentum of the ground state 'Sy is J, = 0, only the scalar term
in Eq. (3.9) contributes to the polarizability of 'Sy. That is, a, = ap(*Sp) and so ay is
independent of the geometry of the applied fields. Hence the dependence of o,y on the field

3Let AM) be the rank-one spherical tensor associated with the Cartesian vector A. Then the components
of A are given by Aél) = A, and A(ili = F(A, £iA,)/V2.
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geometry is due entirely to the vector and tensor polarizabilities a;(*D;) and as(3Dy) of the
excited state 3D;. In this case, the LSM is sensitive to the difference of the scalar polarizabil-
ities of the ground and excited states. However, the vector and tensor polarizabilities of the
excited state can be measured unambiguously by varying the polarization of the standing
wave.

A recent calculation [37] of the polarizability of the ground state 1Sy at 408 nm yielded*

ao('Sp) = 0.570(3) Hz - (V/cm) 2. (3.41)

Calculations of the polarizability 3D, at 408 nm are complicated by the potential existence of
odd-parity eigenstates with energy close to twice the energy of a 408-nm photon. Such states
could lead to a resonantly enhanced polarizability of the 3D, state. The energy spectrum
in this region (which is below the ionization limit) is very dense due to the excitation of 4 f
orbitals. The knowledge of the energy spectrum is far from complete in this region. This
provides one of the motivations for determining the polarizabilities experimentally.

The first implementation of the LSM [107] was used to measure the quantity®

ag, = —0.624(68) Hz - (V/cm) ™2, (3.42)

were o, = 2(*D1)+ao(*Dy) —ag(*Sp). Here the superscript “I” is introduced to distinguish
this measurement from the results of the present work. To determine the tensor contribution
a(*D1) unambiguously requires a second measurement of a different combination of scalar
and tensor polarizabilities. This is accomplished in the present work by the application
of a dc electric field that is parallel to the standing wave (Fig. 3.6), whereas the previous
measurement was performed with a dc field that was perpendicular to the standing wave. In
addition, the current experiment includes a strong magnetic field not present in the previous
case. The magnetic field makes possible the measurement of the vector polarizability, as
discussed in Section 3.4.

Experimental apparatus and field geometry

The details of the experimental apparatus were reported elsewhere [112], and only a brief
description is provided here. A schematic of the setup is shown in Fig. 3.6. A beam of Yb
atoms is produced by a stainless-steel oven loaded with Yb metal, operating at 500 °C. The
oven is outfitted with a multislit nozzle, and there is an external vane collimator reducing
the spread of the atomic beam in the z-direction. Downstream from the collimator, atoms
enter a region with three external fields: a uniform, static magnetic field B; a uniform, static
electric field E; and a non-uniform, dynamic electric field €(r,t).

4Equation (3.7) implies that arqg has units of energy per squared electric field. However, in this work
Qiqg is normalized by 27h and presented in units of frequency per squared electric field. For a more thorough
discussion of unit conventions, see Ref. [88].

5 The quantity agg presented here is larger than the analogous quantity presented in Ref. [107] by a
factor of 2. This difference is due to the fact that we adopt a different convention for the Stark shift than is
used in that work.
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Figure 3.6: Experimental apparatus. A collimated beam of ytterbium atoms interacts with
a standing wave of light in the presence of dc electric and magnetic fields. The light is
resonant with the 408-nm 'S, — 2D, transition, and the 556-nm fluorescence is detected by
the photomultiplier tube (PMT). The neodymium (Nd) magnets are axially magnetized in
the z-direction. The standing wave is generated in a power buildup cavity (PBC). With the
exception of the PMT, the apparatus is contained in a vacuum chamber.
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Figure 3.7: Results of fitting program. Shown is a comparison of the observed and the
simulated lineshapes of the 'Sy — 3D; transition. The data correspond to Run 3 in Table
3.1. Also shown are the residuals, magnified by a factor of 10. The residuals are the difference
of the data and the simulation.

The magnetic field B is generated by a pair of axially magnetized neodymium (Nd) mag-
nets. These magnets produce a field with sufficient strength (more than 50 G) to completely
isolate the Zeeman sublevels of the upper state 3D;. The electric field E is generated by two
wire-frame electrodes separated by 2 cm. The ac electric field €(r, t) is due to standing-wave
light at the transition wavelength of 408.346 nm in vacuum, which is produced by doubling
the frequency of the output of a Ti:sapphire laser (Coherent 899). About 7 mW of 408-nm
light is coupled into a power buildup cavity (PBC) with finesse of approximately 15,000. The
PBC is an asymmetric cavity with a flat input mirror and a curved back mirror with a 50-cm
radius of curvature. The separation between the mirrors is 22 cm. Fluorescent light with
a wavelength of 556 nm is collected with a light guide and detected with a photomultiplier
tube (PMT). With the exception of the PMT, the entire apparatus is contained within a
vacuum chamber with a residual gas pressure of 3 x 1075 Torr.

As can be seen in Fig. 3.6, the fields B and E point in the z direction. Likewise, the
standing wave is oriented along the z-axis. The light field €(r,t) lies in the xy-plane. For
this geometry, the transition to the upper state |>Dy; M, = 0) is suppressed.

The polarization of the light field is of the form € = €, X + €, y, where |e,]|? + |¢,[* = 1.
To further characterize the polarization, we introduce three parameters: polarization angle
0, degree of ellipticity ¢, and handedness h, which are given by [4]

tan 20 = 2Re(ez€;) /(lea]” — |ey ), (3.43)
sin 2¢ = 2 |Im(e,€, )| = |i(e x €) - 2], (3.44)
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Table 3.1: Summary of results. The uncertainty in the fitted parameters is the asymptotic
standard error returned by the fitting algorithm.

Run 00'102 01'102 S() Sl SQ 5152/5’0
1 5.1(1) 5.5(4) 2.83(17) -0.208(3) 34(1.1) | -2.53(16)
2 5.0(1) 3.2(3) 2.76(16) -0.215(3) 30(1.1) | -2.33(17)
3 5.4(1) 7.0(3) 2.68(12) -0.187(2) 34(1.0) | -2.35(13)
4 5.0(1) 4.7(3) 2.56(17) -0.195(3) 29(1.1) | -2.22(17)
Avg. 2.70(7)  -0.199(1) 31.8(5) | -2.36(8)
and
h = —sgnli(e x €) - z]. (3.45)

Linearly, circularly, and elliptically polarized light are described by ¢ = 0, ¢ = 7/4, and
0 < ¢ < m/4, respectively. The sense of rotation is determined by h: left and right-handed
polarizations correspond to h = +1 and h = —1, respectively. Substituting E = E z and
€ = ¢, X+ ¢,y into Egs. (3.40) and (3.9) yields

i = g BN/ (/D1 + B, 5 (20)], (3.46)
and .
g = ao(*Dy) — hM, sin(2¢)a; (*Dy) — §a2(3D1), (3.47)

for M, = 1. Here we have used Eqgs. (3.44) and (3.45) to eliminate €, and ¢, in favor of
the degree of ellipticity ¢ and the handedness h. For this geometry, both d;, and «, are
independent of the polarization angle 6.

According to the geometry in Fig. 3.6, the component of the atom’s velocity that is
perpendicular to the standing wave is v, = (v2 + vz)l/ 2. The output of the oven is about
6 mm in the y-direction, and is located more than 20 cm away from the standing wave. In
order for an atom to pass through the standing wave, its velocity components must satisfy
|v,/vs| < 0.015. Therefore, the approximation v, = v, is valid and the use of the thermal
distribution given in Eq. (3.25) is justified. However, for a high-precision measurement, the
effect of this approximation needs to be investigated.

Data analysis

The data were acquired over four separate experiments (runs). During each run, approxi-
mately 2000 lineshapes were recorded at a rate of about 100 ms per lineshape and an average
lineshape was computed. This procedure resulted in 4 lineshapes, each with an effective in-
tegration time of about 200 s. A typical lineshape is shown in Fig. 3.7. After fitting the
theoretical model to the data, the statistical uncertainties of each run were scaled to give a
reduced y? of unity. The scale factor varied between 4.0 and 4.7 depending on the run. The
resulting error bars are shown in the figure. The relatively large scale factor indicates that



CHAPTER 3. MEASUREMENT OF AC POLARIZABILITIES IN YTTERBIUM 49

the accuracy of the fit is dominated by either systematic distortion of the profile during the
scan, or profile features that are neglected in the theoretical model, but not by the statistical
uncertainty of the signal.

In the present experiment, the oven temperature was 7' = 500(50) °C and the magnitude
of the dc electric field was E' = 4.24(6) kV/cm. The atoms intersect the standing wave in the
middle of the PBC where the radius of the light beam is 7, = 196(5) pm. We used linearly
polarized light with ¢ = 0(1)°. Then Eqgs. (3.37) through (3.39) become

gy = [0.134(17) Hz - (V/em) %] x S1.55/ 50, (3.48)
P =1[5.02(98) W] x Sy, 49)
and
wp = [27 % 0.209(17) MHz] x Ss, (3.50)
where ag, = ao(*Dy) — (1/2)aa(*D1) — ap('Sp). Here the superscript “II” is used to dis-

tinguish the results of the present work from the previous measurement. The dimensionless
decay rates are G4, = 0.35(4), G = 0.45(4), and G. = 0, and the parameter S is given by
S3 = 0.53(5).

As part of our analysis, we normalized the observed and simulated lineshapes by their
maximum values. In addition, we introduced two calibration parameters to the simulated
curve:

F(;8,G,c) = (14 ) F((1 —e1); S, G) — ¢, (3.51)
where ¢ = (cq, ¢1). Here ¢y accounts for the background of the observed signal. The param-
eter ¢; is a scaling factor that accounts for any variation in the calibration of the frequency
axis of the data relative to the simulation. Such deviations could arise due to misalignment
of the atomic beam relative to the axis of the PBC, deviations in the perpendicular velocity
distribution, or the uncertainty of the timescale 1/I',. In practice, both ¢y and ¢; represent
very small corrections, with typical values on the order of 0.05 (see Table 3.1).

The results of the fitting for each run are given in Table 3.1. Combining these results
with Egs. (3.48) through (3.50) yields

gy = —0.316(42) Hz - (V /cm) 2, (3.52)

P = 13.6(2.6) W, and wp = 27 x 6.58(53) MHz. The measured values of the circulating
power P and the Doppler broadening wp are consistent with (and more precise than) direct
measurements of these quantities. A comparison of the data to the fit is shown in Fig. 3.7.
The quality of both the data and the fit are sufficiently high that the uncertainty of the mea-
sured value of afllg is primarily due to the uncertainties in the vector transition polarizability
Bag and the linewidth I';. A summary of the factors that contribute to the uncertainty of
the measurement are shown in Table 3.2.

The quantity o, = ao(*D1) — (1/2)a2(*Dy) — ag('So) is a combination of the ac scalar
and tensor polarizabilities of the states 3D; and 'S;. The tensor polarizability of 3D, is
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Table 3.2: Error budget. Shown are the factors contributing to the uncertainty of the
measured value of o .

Factor Uncertainty (%)
Vector transition polarizability (8,4) 9
Lifetime of 3D, 8
Light polarization 4
3
3

DC electric field
Simulation and data fit
Total (in quadrature) 13

II

determined unambiguously by comparing the present measurement of o, with the previous

ag
measurement of a}lg, which was discussed after Eq. (3.42). We find
as(®D;) = —0.205(53) Hz - (V/cm) ™2, (3.53)
and
ao(*Dy) — ap('Sp) = —0.418(36) Hz - (V/cm) 2. (3.54)

Finally, the scalar polarizability of 3D, is isolated by substituting the calculated value
ao(1Sp), given by Eq. (3.41), into Eq. (3.54):

ao(®*D;) = 0.151(36) Hz - (V/cm) 2. (3.55)

In the presence of linearly polarized light, the polarizability of 3D; is dominated by the
tensor polarizability. However, for light with arbitrary polarization, ay(>D;) also plays a
role. Measurement of the vector polarizability is the subject of ongoing experiments.

The tensor-to-scalar ratio of the polarizabilities of the ®D; state is —1.36(48). This ratio
is consistent with the claim that the polarizability of 2D; is dominated by near-resonant
mixing of 3D; with a high-lying J = 2 state; in that case, we would expect the tensor-to-
scalar ratio to be —1 (see Appendix B.1). Measurement of the vector polarizability could
provide additional information about such a high-lying J = 2 state: if it existed, then the
scalar-to-vector polarizability ratio would be (2/3)(1 — wj—2/w), where w;_s is the energy of
the hypothetical J = 2 state.

3.4 Summary and Outlook

This work is part of a continuing investigation of polarizabilities in Yb. The ac scalar and
tensor polarizabilities of the excited 2D, state in Yb were measured independently for the
first time. Ongoing experiments are focused on measuring the ac vector polarizability, for
which there is currently no experimental or theoretical data.

To measure the vector polarizability, the 1S, — 3D; transition must be excited using
circularly polarized light, as can be seen in Eq. (3.47). Such a measurement requires control
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over the ellipticity of the light. In the present experimental setup, only two Zeeman sublevels
(M, = +1) are excited. The degree of ellipticity can be measured by comparing the relative
strengths of the transitions to different sublevels. For purely circularly polarized light, only
one sublevel is excited. This condition is ideal for measurement of the vector polarizability.

In this chapter, we presented the next generation of the Lineshape Simulation Method
(LSM) for measuring combinations of polarizabilities of the ground and excited states in
atoms. The LSM was originally developed specifically for Yb, but we have generalized the
method for an arbitrary atomic system with the level structure shown in Fig. 3.7. For
example, the LSM could be used to measure the polarizabilities of the 65 and 7.5 states in
cesium by observing the lineshape of the 539-nm 65 — 7.5 transition driven by a standing
wave of light [119].
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Chapter 4

Novel schemes for measuring APV

In this chapter, we propose two methods for measuring APV using two-photon transitions,
the all-optical scheme (AOS) and the degenerate photon scheme (DPS). Both techniques can
be thought of as extensions of the single-photon Stark interference method. The AOS replaces
static electric and magnetic fields with optical ones via the introduction of a second light
source. On the other hand, the DPS—which requires only a single light source-is essentially
the same as the Stark interference method except that nuclear-spin-independent sources
of APV are eliminated by taking advantage of the bosonic nature of photons. This work
originally appeared in Refs. [38] and [39].

4.1 APV in J =0 — 0 two-photon transitions

In addition to well-established Stark-interference techniques, there are various extensions:
Light-shift measurements of amplitude interference have been proposed for various sys-
tems [57], including atoms [16], single trapped ions [59, 117], two-ion entangled states [86],
and chiral molecules [6, 70]. The potential advantages of using electromagnetically in-
duced transparency to measure APV-induced optical rotation in thallium have been in-
vestigated [29]. It has also been proposed to employ interference of a parity conserving
two-photon transition with a parity violating single-photon transition in cesium [68, 69].
All these methods rely on application of static external electric and magnetic fields to
amplify and discriminate APV effects. Misalignments of applied fields introduce systematic
uncertainties limiting the precision of APV measurements [111]. In this section, we present
a scheme for measuring NSI APV that replaces static fields with optical fields, which are
easier to align. The proposed scheme uses a two-photon transition between energy eigen-
states of zero electronic angular momentum. Amplification of APV effects is achieved by
interference of two transition amplitudes: a parity conserving amplitude describing electric-
dipole-magnetic-dipole (E1-M1) transitions, and a parity violating E1-FE1 amplitude. The
APV signal can be discriminated from the large parity conserving background by manip-
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ulating properties of the light fields. A further advantage of this scheme is the ability to
measure spurious electric and magnetic fields. This method, which we call the all-optical
scheme (AOS), is applicable to a variety of atomic systems.

We consider an application of the AOS that takes advantage of the large NSI APV mixing
of the 6s6p ' P, and 5d6s 3D, states observed in ytterbium [111]. Precise measurements of
this mixing in a chain of isotopes will provide important information about nuclear structure
and facilitate a search for physics beyond the Standard Model [23, 48], two major goals of
ongoing Stark-interference experiments [111]. Systematic errors due to imperfections of
applied fields pose a challenge for APV experiments, and cross-checks of present and future
measurements are highly valuable. In the case of cesium, for instance, a cross check was
provided by a stimulated-emission experiment [65, 66]. To this end, we propose applying
the AOS to the ytterbium two-photon (A; = 399 nm, A\, = 1.28 um) 6s*> 1S, — 6s6p > P
transition to measure the parity-violating mixing of the intermediate 6s6p ' P, state with the
5d6s 2D, state.

From a formal point of view, the AOS is equivalent to measuring optical rotation induced
by APV on an M1 transition [15]. However, the AOS provides more field reversals compared
to traditional optical rotation experiments, thereby allowing for better discrimination of
systematic effects from the APV signal. For the ytterbium system, a scheme for measuring
APV-induced optical rotation on the 1.28 um 6s6p 3Py, — 6s6p 1P, has previously been
proposed [79]. The AOS has two advantages over that proposal: the light fields are cw
rather than pulsed, bypassing the challenges of achieving a high repetition rate; and, APV
effects are measured by observing population of the metastable 6s6p 3P, state, which allows
for measurement in a region where detection conditions are easier to optimize.

All-optical scheme

We consider atoms illuminated by two light fields, with polarization vectors €;, propaga-
tion vectors k;, and frequencies w;, where j = 1,2 is the light-field index. We denote the
wavenumbers k; = |k;| = w;/c, the wavelengths \; = 27 /k;, and the field intensities Z;. The
light fields drive two-photon transitions from initial state |i) to final state |f), separated in
energy by wy;. The transition rate on resonance (wy + wy = wy;) is [53]:

2
R = (277)3()42LIQ|A|27T—F, (4.1)

where « is the fine-structure constant, A is the transition amplitude, and T' is the width
of the transition. Energy eigenstates are represented as |i) = |J;M;), and likewise for |f).
Here J; and M; € {£J;,£(J; — 1),...} are quantum numbers associated with the electronic
angular momentum and its projection along the quantization axis, respectively.

The AOS uses a two-photon transition from an initial state with J; = 0 to an opposite-
parity final state with J; = 0. The transition is enhanced by the presence of an intermediate
state |n) with J, = 1. The character of the two-photon transition depends on the magnitude
of the detuning of the light fields from the one-photon resonances involving the intermediate
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Even parity Odd parity

Figure 4.1: Energy levels and transitions relevant to the AOS. The dashed ellipse represents
mixing of the states [n) and |a) due to the electroweak interaction. The dotted horizontal line
represents the detuning of the light fields from the intermediate state. Thick, solid arrows
and thin, dashed arrows illustrate dominant and suppressed excitation paths, respectively.

state [110]. When the detuning is small, the final state is populated by cascade excitation,
that is, consecutive single-photon ¢ — n and n — f transitions. We work in the opposite
regime of large detuning [see condition (4.11) below]. In this regime, the excitation occurs
via a pure two-photon transition and the population of the intermediate state is negligible.

The probability amplitude for the « — f transition has two contributions: one from a
parity conserving F1-M1 transition, and another from a parity violating F1-E1 transition.
The E'1-E1 transition is induced by mixing of the intermediate state! |n) with opposite-parity
J =1 states via the electroweak interaction. We assume that this mixing is dominated by a
single nearby state |a) with J, = 1 (Fig. 4.1). The proximity of |a) to |n) leads to an M1-E1
excitation path for the i — f transition that uses the intermediate state |a) rather than
|n). We incorporate the amplitude of this path into the expression for the F1-M1 amplitude
below.

In the absence of stray fields, the amplitude for a two-photon J; = 0 — J; = 0 transition

L Alternatively, the E1-E1 transition could be induced by mixing of the final state |f) with opposite-
parity J = 0 states. Such a scheme is equivalent to the AOS, and shares the key features of the AOS
presented in this work.
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is (Appendix A):

A= AEl—Ml + AW, (42)
where R R
AElfMl = [M(wl)kg — M(WQ)kl] . (61 X 62) (43)
and
Ay = i[C(w1) + C(w2)] (€1 - &) (4.4)

are the amplitudes corresponding to the E'1-M1 and electroweak interaction induced F1-F1
transitions®. The quantities M(w;) and ((w;) are

1 ndnz da ai
M(W;-)z—(’” 4 okl ) (4.5)

3 Wni — Wj Wai — Wj
and 1dsg Qun d 1 1
fa Stan Ung
I — 4.6
i) =3 Wna (wm; — W Wai— wj) ’ (46)

where jis, and d,; are the reduced matrix elements of the magnetic- and electric-dipole
moments, respectively. Here wy,, is the energy difference of states |a) and |n), and €, is the
magnitude of the reduced matrix element of the NSI APV Hamiltonian Hysp [see Eq. (D.12)
in the Appendix].

The two terms in each of Egs. (4.5, 4.6) correspond to the two different excitation paths
for the transition. If states |n) and |a) were perfectly degenerate (w,, = 0), the induced
FE1-F1 paths would interfere destructively and the parity violating amplitude vanishes. We
limit our discussion to atomic systems for which w,, is sufficiently large that one path is
dominant. We assume that A = w; — w,; is much smaller than all other detunings from the
intermediate states [n) and |a). In this case, only

M(wr) ~ M = §WA (4.7)
and Ldp, Qd
~ = fa Stan Ung
((wy) = (= 3—wnaA (4.8)

contribute significantly to Eqgs. (4.3, 4.30). Because M and ( have the same complex
phase [78], the relative phase between Agj_p; and A, is determined by the field geome-
try. Hereafter, we assume that M and ( are real parameters since their common phase is
irrelevant.

The goal of the AOS is to observe interference of amplitudes A, and Ag;_js in the rate
R. As Eqs. (4.1-4.30) show, R consists of a large parity conserving term proportional to M?,

2 The E1-M1 amplitude is a product of the matrix elements of the operators describing E1 and M1
single-photon transitions. Because the E1 (M1) operator is odd (even) under spatial inversion, the E1-M1
amplitude is a pseudoscalar. A similar argument shows that the E1-F1 amplitude is a normal scalar.
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a small parity violating term (the interference term) proportional to M(, and a negligibly
small term on the order of (2. The interference term is proportional to a pseudoscalar
quantity that depends only on the field geometry, the rotational invariant:

Im{(€; - €)"[(€e1 X €) - kol}, (4.9)

which changes sign upon spatial inversion and is invariant under time reversal®. The time
reversal invariance of expression (4.9) can be understood in the following way. In addition to
changing the sign of the photon momentum, time reversal requires complex conjugation [101].
Therefore there is no overall change in sign of expression (4.9) under time reversal.

The dependence of APV interference on the geometry of the light fields is inferred from
the form of the rotational invariant. The rotational invariant, and hence the interference
term, vanishes for plane polarized light beams. One way to achieve a nonzero rotational
invariant is to choose circular polarization for the second beam: €3 = o, where we have
assumed ky lies along the z axis. For arbitrary polarization €; = a o, + a_o_ of the first
beam, conservation of angular momentum requires that only the polarization component a+
contributes to the excitation process. Thus the rotational invariant (4.9) reduces to +|a|*k.,
where k, = +1 (k, = —1) when ks is aligned (anti-aligned) with the z-axis.

For two collinear circularly polarized beams of light oriented along the z-axis, the tran-
sition rate is

R o |A? = M? £ 2k, M(, (4.10)

where we have neglected the term proportional to ¢?>. The positive (negative) sign in
Eq. (4.10) is taken when beam 2 has o, (o_) polarization. The interference term is dis-
criminated from the total transition rate either by reversing the direction of the propagation
vector ks, or by reversing the sense of rotation of the circularly polarized light fields. The
asymmetry 2(/M = 2(dsq/tfn)(Qan/wna) is obtained by dividing the difference of rates
upon a reversal by their sum.

We propose to measure the transition rate by probing the population of the final state
| f) while the following conditions hold: (i) the transition is purely two-photon, and (ii) the
transition is not saturated. A pure two-photon transition is achieved when [53, 110]

[A] > Qo (4.11)
where
8T
Qp = \/ = (dfn. T+ 12, 12) (4.12)

is the interaction energy. When condition (4.11) is satisfied, the system reduces to a two-
level system consisting of the initial and final states coupled by a single effective driving

3 The rotational invariant presented in Eq. (4.9) is not symmetric under photon exchange because we
have neglected the terms proportional to M(wz) and ((wz) in Egs. (4.3, 4.30). When these terms are
included, R has two interference terms whose sum is exchange symmetric. In the case of degenerate photons
(w1 = wa), the sum of the interference terms is proportional to the exchange symmetric rotational invariant

Im{(e; - €2)*[(e1 x €2) - (k1 — ka)]}.
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field. Saturation effects can be ignored when the pumping rate R is much smaller than the
relaxation rate I of the final state, that is, when

3 A
e [
T Qpg Hfn

r IT. (4.13)

In this regime, the population of the final state is proportional to the rate given by Eq. (4.1).

The shot-noise limited sensitivity of the AOS is estimated as follows. The probe signal is
proportional to the number of excited atoms. The number of excited atoms associated with
the parity violating part of the transition rate is

N = [(47a)* T T,(2M() /T Nit, (4.14)

where ¢ is the effective integration time of the measurement and N; is the total number of
atoms initially in state |7). The measurement noise is given by JN = v/ N’ where

N' = [(47a)*T, T, M? /T Nt (4.15)

is the number of excited atoms associated with the parity conserving part of the transition
rate. The signal-to-noise ratio (SNR) of the probe signal is N/ON, or

Xige" dfa Qan dm, Ill.g Nlt
SNR = \/ . 4.16
3 Wna| A r ( )

As expected, the SNR increases for large €),, and high light intensities. Although purely
statistical shot-noise dominated SNR does depend on fi,, this amplitude is still an impor-
tant parameter in practice due to conditions (4.11, 4.13). Large puy, leads to small APV
asymmetry which requires better control over experimental parameters (see Sec. 4.1). In
the opposite case of small ji,, an observable signal requires high light intensities which may
pose a technical challenge.

Although we have focused on a ladder-type three-level atomic system (Fig. 4.1), the
discussion presented here holds for lambda-type systems (Fig. 4.2) as well. However, the
following modifications must be made: In a lambda-type system, the polarization of the
absorbed photon €5 is replaced by the polarization of the photon emitted by stimulated
emission. Consequently, conservation of energy requires that the two-photon resonance con-
dition above Eq. (4.1) becomes w; — wy = wy;, and conservation of angular momentum
requires that both circularly polarized beams have the same sense of rotation. Then the
positive (negative) sign is taken in Eq. (4.10) when €, = €3 = o_(4).

Spurious sources of asymmetry

Systematic effects may also contribute to the asymmetry and mask the APV signal. In
this section, we discuss three potential sources of such spurious asymmetry: imperfections
of applied optical fields; Stark interference due to stray electric fields; and, shifts of the
intermediate state energy induced by external fields.
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Optical field imperfections

To understand the effects of imperfections in the optical fields, we relax the assumptions of
collinear light beams and perfectly circular polarization. We choose the z-axis to lie along
k,. In this case, misalignment of the nominally collinear beams is characterized by the polar
(0 < 1) and azimuthal (¢) angles of k;.

The polarization of arbitrarily polarized light is parameterized in terms of the polarization
angle ¥; and the ellipticity ¢; in the following way:

€; = (cosv; cos ; — isind; sin ;)% + (sind; cos ; + i cosV; sin p;)y, (4.17)

where X and y are Cartesian unit vectors in the x and y directions. Linearly, circularly,
and elliptically polarized light are described by ¢; = 0, |¢;| = m/4 and 0 < |g;| < 7/4,
respectively. The sense of rotation is determined by sign of the ellipticity: €; = o4 when
p; = +m/4. Deviations from circular polarization are characterized by the parameters
n =7/4— e <1

Field imperfections lead to additional parity conserving terms in R:

R — R — M?[0?)2 + ni + 3 + 2mna cos(209 — 20)], (4.18)

where ¥ = 95 — ¢ is the relative polarization angle of the light fields. We treat the case
of maximal correction, that is, ¥ = ¢. Then the corrections to R are on the order of
M?2[0%/2+ (n1 +1n2)?]. Although these corrections to R do not mimic APV, they nevertheless
contribute to the asymmetry if they change upon reversal. To simplify our analysis, we
assume that changes in 6 and 7; between reversals are on the order of 6 and n; for any
particular reversal. We further assume that n; and 7, are similar in magnitude: 7, >~ 7y = 7.
Then spurious ellipticity and beam misalignment give rise to a spurious asymmetry on the
order of 02 + 2n%, and may mask the APV signal if they are large. Asymmetry due to field
imperfections is negligible compared to APV asymmetry when

0> < 2(/M and 7? < (/M. (4.19)

Stark interference

The derivation of Eq. (4.10) assumes the absence of external fields. Here we relax this
assumption and discuss the uncertainty in the AOS that arises due to spurious electric
fields. In the presence of a static electric field E, Stark mixing of |n) and |a) induces an E'1-
E'1 transition between the initial and final states. The Stark-induced transition amplitude
is (Appendix A):

As =iE[E - (€1 X €)], (4.20)

where

1 d adan dm
E=—=— .

=3 oA (4.21)
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After including the effects of stray fields and misalignments, the transition rate (4.10) be-
comes

Roc M?+ EE.Ey + k. (MEE | +2M(), (4.22)

where E, is the z component of the electric field, E; = E-k, ~ E. E, = |E(R1 XRQ)] < OE|,
and only terms linear in ¢ and 7; are presented. The terms in the parentheses represent the
combined effects of APV and Stark interference. These interference terms exhibit the same
behavior under reversals of the light fields. This means that there is a contribution to the
asymmetry on the order of O¢E /M, where E is the magnitude of |E|. APV asymmetry
dominates over asymmetry due to Stark interference when

E < 2¢/(6¢). (4.23)

Energy shifts of the intermediate state

The transition rate must be further modified to account for light shifts and effects of stray
magnetic fields. We consider energy shifts of the form M?28,+ M,,d;, where M, is the magnetic
quantum number of |n).

The parameter 9, is due to tensor shifts caused by the light fields or dc electric fields. We
neglect quadratic Zeeman shifts that arise in the presence of transverse magnetic fields. In
general, many levels may contribute to light shifts of the intermediate state. We approximate
light shifts by their contributions from the initial and final states. Then the light shifts are
approximately equal to Q2/(4A), where ) is given by Eq. (4.12). When the dc polarizability
of the intermediate state is dominated by Stark mixing of |n) and |a), dc Stark shifts of that
state are on the order of d?, E?/(2wn,). Then

5o = Q2 /(4A) + &2, E* [ (2wn4). (4.24)

The parameter d; is due to vector light shifts and the dc Zeeman effect. Vector light
shifts change sign upon reversal of circular polarization (o4 — o). In this case,

01 ~ £Q5/(4A) + guo B., (4.25)

where ¢ is the Landé factor of the intermediate state, pg is the Bohr magneton, B, is the
z-component of the stray magnetic field, and gugB, is the Zeeman shift.

The corrected E1-M1 and Stark-induced E1-FE1 transition amplitudes are obtained by
expanding the energy denominators in Egs. (C.2-C.6) in Appendix A to first order in d; ».
Corrections to the electroweak interaction induced amplitude (4.6) are neglected here. The
transition rate is

Roc M2[1+2(6, £ 6)/A] + EF B, — 282 E2(65 £ 01)/A £ k, (MEE, +2M(),  (4.26)

where summation over the magnetic sublevels of [n) has been taken into account. Only the
Stark interference term MEFE | has the same signature as APV. The Stark and Zeeman shift
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Figure 4.2: Application of AOS to ytterbium.

corrections can be discriminated from the other terms in Eq. (4.26) by changing the sign
of A, and can be discriminated from each other by reversing the sense of rotation of the
circularly polarized light fields. Thus stray electric and magnetic fields can be measured by
alternating the sign of the detuning of the light fields from the intermediate state.

Applications of the AOS

We now turn our attention to the two-photon 6s% 1Sy — 6s6p 3P, transition in ytterbium.
This transition can be driven by two light fields of wavelengths A\; = 399 nm and A\, =
1.28 pm, which are nearly resonant with transitions involving the intermediate 6s6p ' P; state
(Fig. 4.2). The parity violating E1-F1 transition is induced by the mixing of the 6s6p ' P,
and 5d6s 3D, states due to the electroweak interaction. The parameter describing mixing
of 6s6p 1P, and 5d6s 3D; was measured to be Qg /wee = 6 x 1071° [111]. Other essential
atomic parameters are given in Table 4.1. The asymmetry in ytterbium is 2¢/M = 6 x 1075,
more than an order of magnitude larger than asymmetries measured in optical rotation
experiments in bismuth, lead, and thallium [62].

As an example, we consider an experiment using an atomic beam similar to that of
Ref. [111]: characteristic thermal speed 3 x 10* cm/s; density 2 x 10° em™3; and, radius 1 cm.
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Table 4.1: Atomic data for application of AOS to ytterbium. Here ay and po are the Bohr
radius and magneton.

Transition (1 — 2)  dai/(eap) f21/ o
65> 1Sy — 6s6p 1P 4.1¢
E1  6s6p 3Py — 5d6s 3D, 2.6°
5d6s 3Dy — 6s6p Py 0.27°
652 'Sy, — 5d6s 3D, 1.33¢ x 1074
6s6p 2Py — 6s6p ' P, 0.13¢

M1

“Ref. [11], *Ref. [95], ‘Ref. [108], Ref. [79]

The atomic beam intersects two overlapping, collinear laser beams where atoms interact with
the 399 nm and 1.28 pm light and undergo transitions from 6s? 1Sy to 6s6p *FPy. High light
powers—-which are necessary to achieve a large SNR—can be realized using a unidirectional
ring cavity. The transition rate can be measured by probing the population of the metastable
6s6p 3P state using the detection method described in Ref. [111].

To estimate the SNR, we choose light parameters that satisfy conditions (4.11, 4.13). The
laser beams have a Gaussian profile with a characteristic radius of 2 mm, and the frequencies
are detuned from the intermediate state by A = 27 x 800 MHz, about 30 times larger than
the width of the intermediate state. In the interaction region, the metastable state acquires a
radiative decay rate on the order of I' = [Q2/(4A%)]77! = 27 x 30 kHz, where 7 = 5.68 ns is
the lifetime of 6s6p ' P, [11]. The width of the 6s* 1Sy — 6s6p ® Py transition is dominated by
the transit-broadened linewidth? I' = 27 x 90 kHz. For light powers of 10 W at 1.28-um and
10 mW at 399-nm, Eq. (4.16) gives SNR a2 2./%(s). Based on these estimates, a one-hour
measurement may achieve better than 1% statistical uncertainty in determination of parity
violation.

Spurious asymmetry due to field imperfections and stray electric fields can be controlled
by aligning the laser beams over a large distance. In order to limit asymmetry due to beam
misalignment to less than 1% of the APV asymmetry, the angle between the nominally
collinear laser beams must be controlled to better than one-tenth of a beam radius of trans-
verse displacement over a distance of one meter, which corresponds to a beam misalignment
of 0.01°. Similarly, the deviation from circular polarization must also be smaller than about
0.01°. In this case, the systematic uncertainty due to Stark interference effects is below 1%
for electric fields smaller than 8 V/cm. In Ref. [111], stray electric fields were measured to
be on the order of 1 V/cm. In that experiment, stray electric fields are partially attributed

4 The transit-broadened width of a one-photon transition is 'y ~ 2.4v/r [36], where v is the atomic
velocity and r is the 1/e radius of the optical electric field profile. The matrix element for a two-photon
transition is proportional to the product of the two optical electric fields, and hence to the product of their
Gaussian profiles [53]. Therefore, the transit-broadened width is T' = v/2I'g when the beam profiles are
identical.
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to charge buildup on surfaces of electrodes and coils that are used to generate external static
electric and magnetic fields. For the AOS, the absence of such surfaces will likely result in
even smaller stray fields.

It is important to consider other mechanisms for population of the metastable 6s6p 3P,
state, causing background and noise. The metastable state may be populated by multiphoton
processes involving highly excited states, or by molecular processes in the presence of dimers
or other molecular impurities in the atomic beam. These detrimental effects will contribute
to a background that depends on A, compromising the search for stray fields [15]. We note
that no evidence of molecular impurities has been seen in the ytterbium APV experiments
up to date.

To better understand the feasibility of the proposed experiment, we compare the predicted
SNR of the two-photon AOS to the observed SNR of the one-photon Stark-interference
experiment [111]. This comparison is especially relevant since both techniques employ the
same method for probing the population of the metastable 6s6p 3Py state in ytterbium. The
shot-noise limited SNR in Chapter 2 was demonstrated to be 3\/@ . However, the Stark-
interference experiment is not currently shot-noise limited; the measurement uncertainty is
determined by systematic effects due to imperfections of applied fields. Because the AOS has
similar projected statistical sensitivity and possibly better control of systematics compared
to the Stark-interference experiment, the AOS is an attractive candidate for future APV
measurements in ytterbium.

Another candidate for the AOS is the ladder-type 4f56s% "F, — 4f%6s56p "I} transition
(A1 = 639 nm, Ay = 1.56 pm) in samarium. The F1-E1 transition is induced by mixing of the
opposite-parity states 4 f65d6s "G4 and 4 f66s6p "G, due to the electroweak interaction. The
APV effect in samarium is expected to be of the same order of magnitude as that observed
in ytterbium [99]. A version of the AOS that uses photons of the same frequency has been
previously suggested in a proposal for a search for APV using the 1 ym 1s2p 3Py — 1s2s 1.5
transition in uranium ions [103]. However, the uranium-ion experiment is not currently
feasible because the required laser intensity is on the order of 10 W /cm?.

4.2 APV in J =0 — 1 two-photon transitions

Sub-1% measurements of nuclear spin-independent (NSI) atomic parity violation (APV) [120]
have led to precise evaluation of the nuclear weak charge [94], yielding excellent agreement
with the Standard Model at low energies. On the other hand, nuclear anapole moments,
parity violating magnetic moments induced by weak interactions within the nucleus, have
been extracted from nuclear spin dependent (NSD) APV measurements in Cs [56] and T1 [82].
In these experiments, NSD APV was observed as a small correction to NSI effects [55]. In
this section, we propose a technique that allows for measurement of NSD APV without NSI
background in atoms with nonzero nuclear spin.

The proposed method uses two-photon transitions from an initial state of total electronic
angular momentum .J; = 0 to an opposite-parity J; = 1 final state (or vice versa). The
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APV signal is due to interference of parity-conserving electric-dipole-electric-quadrupole (E1-
E2) and electric-dipole-magnetic-dipole (E1-M1) transitions with parity-violating E1-E1
transitions induced by the electroweak interaction. This scheme is different from other multi-
photon APV schemes [29, 38, 66, 68] in that the transitions are driven by collinear photons
of the same frequency, and hence are subject to a Bose-Einstein statistics (BES) selection
rule that forbids E1-F1 J = 0 — 1 transitions [14, 34, 52]. However, such transitions may
be induced by perturbations that cause the final state to mix with opposite-parity J # 1
states, such as the NSD electroweak interaction and, in the presence of an external static
electric field, the Stark effect. Because the NSI electroweak interaction only leads to mixing
of the final state with other J = 1 states, it cannot induce J = 0 — 1 transitions. Thus
NSI-background-free measurements of NSD APV can be achieved by exploiting two-photon
BES selection rules.

Consider atoms illuminated by light in the presence of a static magnetic field B. The
optical field is characterized by polarization €, propagation vector k, frequency w, and inten-
sity Z. Because circularly polarized light cannot excite a J = 0 — 1 two-photon transition
due to conservation of angular momentum, we assume that the light is linearly polarized.
We choose the frequency to be half the energy interval wy; between the ground state |¢) and
an excited state |f) of opposite nominal parity. The transition rate is [53]:

2
R= (27?)304212\A]27T—F, (4.27)

where « is the fine structure constant, and A and I' are the amplitude and width of the
transition. Energy eigenstates are represented as |i) = |J;] F;M;), and likewise for |f). Here
Ji, I, and F; are quantum numbers associated with the electronic, nuclear, and total angular
momentum, respectively, and M; € {+F;, +(F; — 1),...} is the projection of F; along the
quantization axis (z-axis), which we choose along B.

The transition is enhanced by the presence of an intermediate state |n) of total electronic
angular momentum J, = 1 whose energy lies about halfway between the energies of the
initial and final states (Fig. 4.3). For typical situations, the energy defect A = w,,; —wy;/2 is
large compared to the Rabi frequency (g associated with the one-photon resonance involving
the intermediate state. We assume that the scattering rate from |n) to |¢) is small compared
to the natural width T'; of |f): (Q2r/A)?T, < T'y. In this case, the system reduces to a
two-level system consisting of initial and final states coupled by an effective optical field.

The parity-violating £1-F1 transition is induced by mixing of the final state with opposite-
parity states via the electroweak interaction. In general, | f) may mix with states of electronic
angular momentum J = 0, 1, or 2 according to the selection rules for NSD APV mixing [78].
Mixing of the final state with J = 1 states results in a perturbed final state with electronic
angular momentum 1 that cannot be excited via degenerate two-photon transitions. We as-
sume mixing is dominated by a single state |a) of total angular momentum .J,, and consider
the cases J, = 0 and J, = 2 separately.
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Figure 4.3: Energy level diagram. Dotted lines indicate APV mixing of opposite-parity
states, and upward- and downward-pointing arrows represent two-photon absorption and
one-photon fluorescence, respectively. Field geometry. The propagation vector k may alter-
natively be anti-aligned with the magnetic field B.

NSD APV mixing of J =1 and J = 0 states

When |f) mixes with a nearby J, = 0 state, only transitions for which Fy = I may be
induced by the electroweak interaction. Transitions to hyperfine levels Fy = I &1 that
arise due to parity-conserving processes can be used as APV-free references, important for
discriminating APV from systematic effects. The amplitude for a degenerate two-photon
J =0 — 1 transition is (Appendix D):

A=A+ Ay, (4.28)
where
Ape = i1Qk_y(€ - €)(—1)1(F;M;; 1q| FrMy), (4.29)
and
Ay = iCo(€ - €)0r, 7,000, (4.30)

are the amplitudes of the parity-conserving and electroweak-interaction-induced parity-violating
transitions, respectively. Here ¢ = My — M, is a spherical index, k, is the gth spherical com-
ponent of k, (F;M;; 1q|FyMjy) is a Clebsch-Gordan coefficient, and &z, 5, is the Kronecker
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delta. The quantities Q and (, are

0-— Qy 25

2V15A  3v2A (4:31)
and O dd
faWanWng
— _Jaranm 4.32
X 3w (4.32)

where the reduced matrix elements Q r,, = (J¢||Q||Jn), orn = (Jr||pl|Jn), and dy; = (J||d]]J;)
of the electric quadrupole, magnetic dipole, and electric dipole moments, respectively, are
independent of Fy and I. Here wy, = wy — w, is the energy difference of states |f) and
la), and €y, is related to the matrix element of the NSD APV Hamiltonian Hysp by
(f|Hnspla) = i€2p,. The parameter €2, must be a purely real quantity to preserve time
reversal invariance [78]. Note that € - € = 1 for linear polarization, whereas € - € = 0 and
hence A = 0 for circular polarization, consistent with conservation of angular momentum.
Hereafter, we assume € - € = 1.

The goal of the DPS is to observe interference of parity- violating and conserving am-
plitudes in the rate R. When My = M;, R consists of a large parity conserving term
proportional to Q% a small parity violating term (the interference term) proportional to
QCp, and a negligibly small term on the order of (3. The interference term is proportional to
a pseudoscalar quantity that depends only on the field geometry, the rotational invariant:

k-B. (4.33)

The form of the rotational invariant follows from the fact that only kg o< k- B contributes to
the amplitude in Eq. (4.29) when M; = M;. Thus the interference term vanishes if B and
k are orthogonal. One way to achieve a nonzero rotational invariant is to orient k along B
(Fig. 4.3).

We calculate the transition rate when B is sufficiently strong to resolve magnetic sublevels
of the final state, but not those of the initial state. This regime is realistic since Zeeman
splitting of the initial and final states are proportional to the nuclear and Bohr magnetons,
respectively. In this case, the total rate is the sum of rates from all magnetic sublevels of
the initial state:

R— > R(M,). (4.34)

When the fields are aligned as in Fig. (4.3), the transition rate is

QM 26,00,
I(I+1) «/I([—i—l)’

where the positive (negative) sign is taken when k and B are aligned (anti-aligned), and we
have omitted the term proportional to (3.
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Reversals of applied fields are a powerful tool for discriminating APV from systematic
effects. The interference term in (4.35) changes sign when the relative alignment of k and B
is reversed, or when M; — —M;. The asymmetry is obtained by dividing the difference of
rates upon a reversal by their sum:

R, —R. 2/II+1)¢ (4.36)

R.+R. My, Q

which is maximal when M} is small but nonzero. Reversals are sufficient to distinguish APV
from many systematic uncertainties. Nevertheless, there still exist systematic effects that
give rise to spurious asymmetries, which may mask APV.

We consider two potential sources of spurious asymmetry: misalignment of applied fields,
and stray electric and magnetic fields. A stray electric field E may induce E'1-E1 transitions
via the Stark effect [18, 19]. The amplitude of Stark-induced J = 0 — 1 transitions is
(Appendix D):

Ay = §E_((—1)1(F;M;; 1q| FyMy), (4.37)
where dedd
faWanWng
_ , 4.38
(= (438)

When k and B are misaligned (k x B # 0), Stark-induced transitions may interfere with the
allowed transitions yielding a spurious asymmetry characterized by the following rotational
invariant:

(Exk)-B=(kxB)-E. (4.39)
The resulting Stark-induced asymmetry is
1 0&5%E
— 4.40
where 0 = |R X ]§| is the angle between the nominally collinear vectors k and B, and

E is defined by 0F = (k x B) - E. The spurious asymmetry (4.40) may mask the APV
asymmetry (4.36) because both exhibit the same behavior under field reversals. However,
because the Stark-induced transition amplitude is nonzero when Fy # I, APV and Stark-
induced asymmetries can be determined unambiguously by comparing transitions to different
hyperfine levels of the final state.

We propose to measure the transition rate by observing fluorescence of the excited, and
assume that the transition is not saturated:

T <Zow =T/4raQ), (4.41)

where the saturation intensity Zg, is chosen so that R = I' when Z = Zg,;. In this regime,
fluorescence is proportional to the transition rate. The statistical sensitivity of this detection
scheme is determined as follows: The number of excited atoms is

Ny = N,Rit=N+ N/, 4.42
!
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where N; is the number of illuminated atoms, ¢ is the measurement time, and N and N’ < N

are the number of excited atoms due to parity-conserving and parity-violating processes. The
signal-to-noise ratio is SNR = N’/v/ N, or

SNR = 87aZ(o\/Nit/T = 2(T/Tun)(Co/ Q) /NiT't. (4.43)

The SNR is optimized by illuminating a large number of atoms with light that is intense, but
does not saturate the ¢ — f transition. Although purely statistical shot-noise dominated
SNR does not depend on Q, this parameter is still important in practice due to condition
(4.41). Allowed E1-E2 and E1-M1 transitions are characterized by large Q, which leads
to small APV asymmetry. In the opposite case of forbidden E1-E2 and E1-M1 transitions
(small Q), an observable signal requires high light intensities, which may pose a technical
challenge.

NSD APV mixing of J =1 and J = 2 states

Mixing of |f) with nearby J, = 2 states is qualitatively similar to the previous case. Here
we make the comparison explicit. The amplitude of the transition induced by NSD APV
mixing of |f) and |a) is (Appendix D):

Ay = iGo{€ ® €}y, (1) (FiM;; 2q| Fy My), (4.44)

where

. Qfadandni
V15w, A’

and {e ® €}, is the gth spherical component of the rank-2 tensor formed by taking the

dyadic product of € with itself [115]. For the geometry in Fig. 4.3, the transition rate is

Co (4.45)

Ry x CF Q% + /2/3C105,(:,0Q, (4.46)

where the positive (negative) sign is taken when k and B are aligned (anti-aligned), Cy =
(IMy; kO|Fy My) for k = 1,2, and we have omitted a term proportional to (3. For simplicity,
we focus on the case Fy = I +1 (the cases Fy = I, 1 — 1 are similar). In this case, Eq. (4.46)
becomes

F} — M} 20,QM
Reox — 34 4 2y 20OMy | (4.47)
(I+1)(2I+1) 2I(I +2)
and the asymmetry is
R, —-R_ 2My (G (4.48)

R.+R. \f2I1+2)Q

which is maximal when M; = I. In the case of maximal asymmetry, the SNR is

SNR, - 87TC¥C[IC2 \ Nzt/I‘ - 2CI(I/Zsat)<C2/Q)V NZFt (449)
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where C; = \/1/[2(I + 1)(I +2)] is a numerical coefficient and Z, is given by Eq. (4.41).

Static electric fields may induce a J = 0 — 1 transition via Stark mixing of |f) and
la), giving rise to systematic effects that may mimic APV. When J, = 2, the amplitude of
Stark-induced transitions is (Appendix D):

As = &[E_g — 3(e - E)e_o](—1)"(FiM;; 1q| Fy My), (4.50)
where dedod
falanWni
= Jeanm 4.51
52 15\/§wafA ( )

The spurious asymmetry due to Stark mixing is characterized by the rotational invariant
(k xB)-[E—3(e-E)e. (4.52)

Unlike for the J, = 0 case, both the Stark effect and the electroweak interaction may
induce transitions to Fy = I,I & 1 hyperfine levels of |f) when J, = 2, eliminating the
possibility of using APV-free transitions to control systematic effects. However, the Stark-
and electroweak-interaction- induced asymmetries have different dependence on M;:

R.—R_ 2M; (. (21 +1)M;0&E

- o2 , 4.53
R.+R_  \I(I+2)Q Fj-M; Q 453
APV Stark

where F is defined by §F = (k x B) - [E — 3(e - E)e]. Thus APV can be distinguished
from spurious asymmetries by analyzing the Zeeman structure of the transition, e.g., by
comparing transitions to sublevels M; = I and M; = I — 1 of the final state.

As a final note, in addition to the rotational invariant (4.33), there is a second parity-
violating rotational invariant that arises when |f) mixes with J = 2 states:

(k- B)(e- B)% (4.54)

This rotational invariant describes APV interference in transitions for which M; = M; £ 1.

Applications of DPS

We now turn our attention to the two-photon 462 nm 5s? 'S, — 5s9p 'P; transition in
8Sr (Z = 38, I = 9/2). The transition is enhanced by the intermediate 5s5p 'P; state
(A =34 cm™1), and the parity-violating E1-E1 transition is induced by NSD APV mixing
of the 5s9p ' P, and 5s10s 1S) states (w,y = 184 cm™!). We used expressions presented in
Ref. [47] to calculate the NSD APV matrix element: Q, &~ 10k s™, where & is a dimension-
less constant of order unity that characterizes the strength of NSD APV. The width of the
transition is determined by the natural width T' = 1.15 x 107 s™* of the 5s9p ! P, state [102].
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Table 4.2: Available atomic data for application of DPS to Sr and Ra. Here ag is the Bohr
radius.

Transition (1 — 2) ds;/(eag)
Sr® 552 150 — 585]7 1P1 5.4
Rab 75218, = 7sTp ' P, 5.8
7sTp 1P, — 756d 3D, 0.6
756d 2Dy — 7sTp 3P, 4.8

“Ref. [102], *Ref. [49]

Other essential atomic parameters are given in Table 4.2. Resolution of the magnetic sub-
levels of the final state requires a magnetic field larger than 2I'/g ~ 10 G, where g ~ 0.1
is the Landé factor of the F = I hyperfine level of the 5s9p 'P;, state. We estimate that
dan, = €ag, Qpn/dan = /2, and pif, K Q. Then the APV asymmetry associated with this
system is about 4k x 1078,

Spurious asymmetries due to stray electric fields can be ignored when

0F < 221 + 1)\/T(I +1)(¢o/&) ~ 2 mV /cm. (4.55)

In ongoing APV experiments in Yb [112], stray electric fields on the order of 1 V/cm have
been observed. Assuming a similar magnitude of stray fields for the Sr system, spurious
Stark-induced asymmetries can be ignored by controlling misalignment of the light propa-
gation and the magnetic field to better than 6§ < 0.1°. Regardless of misalignment errors,
APV can be discriminated from Stark-induced asymmetries by comparing transitions to the
F # 9/2 hyperfine levels of the final 5s9p ! P; state.

To estimate the SNR, we consider experimental parameters similar to those of Ref. [111]:
N; ~ 107 atoms illuminated by a laser beam of characteristic radius 0.3 mm. Optimal
statistical sensitivity is realized when Z = T, ~ 6 x 10> W/cm?. In this case, Eq. (4.43)
yields SNR ~ x x 1073 \/% The saturation intensity corresponds to light power of about
2 kW at 462 nm. High light powers may be achieved in a running-wave power buildup
cavity. With this level of sensitivity, about 300 hours of measurement time are required to
achieve unit SNR. The projected asymmetry and SNR for the Sr system are to their observed
counterparts in the most precise measurements of NSD APV in TI [116].

Another potential candidate for the DPS is the 741 nm 7s% 'S, — 7s7p 3P, transition
in unstable **Ra (Z = 88, I = 3/2, t;» = 15 days). This system lacks an intermediate
state whose energy is nearly half that of the final state; the closest state is 7s7p 1P, (A ~
14000 ecm™!). Nevertheless, it is a good candidate for the DPS, partly due to the presence
of nearly-degenerate opposite-parity levels 7s7p Py and 7s6d *Dy (wsy = 5 cm™'). In
this system, NSD APV mixing arises due to nonzero admixture of configuration 7p? in the
7s6d 3Dy state [54]. Numerical calculations yield Qoda,/war = 2k x 107 eaq [46] and
[ =28 x 10% s7! [49]. Other essential atomic parameters are given in Table 4.2. Like for
the Sr system, we estimate that Qs,/de, = /2 and g, < Qfy, yielding an approximate
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asymmetry of 7k x 1079, Laser cooling and trapping of ***Ra has been demonstrated [67],
producing about N; =~ 20 trapped atoms. When Z = Z,; ~ 10* W/cm?, Eq. (4.49) gives
SNR = x x 1072 \/% For a laser beam of 0.3 mm, the saturation intensity corresponds
to light power of about 300 kW at 741 nm. These estimates suggest that unit SNR can be
realized in under 3 hours of observation time. Compared to the Sr system, the Ra system
potentially exhibits both a much larger asymmetry and a much higher statistical sensitivity.

Finally, we note that while we considered atoms with zero nuclear spin, the AOS could
also be applied to isotopes with nonzero nuclear spin provided that the detuning A is much
larger than the hyperfine splitting of the intermediate state.
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Chapter 5

Future APV experiments

One goal of the future measurements of the parity-violation effects in ytterbium is observing
a difference in the APV effect between different isotopes [113]. The net uncertainty of the
APV parameter of a single isotope must be better than 1% based on the theoretical predic-
tions. To this end, a program of the apparatus upgrades and improvements is developed.
Besides general improvements of the stability of the system parameters, increase of the signal
levels, suppression of the electronics noise etc., the main focus is on elimination of the fre-
quency excursions of the frequency reference, which is a major source of the statistical noise.
Improving the statistical uncertainty will contribute to more precise measurement and con-
trol of the electric-field-imperfection contribution to the systematic part of the uncertainty.
The latter is another high-priority improvement essential for reaching the goal.

In the future apparatus, the referencing of the optical system to the Fabry-Pérot étalon
will be replaced by locking the system to a femtosecond frequency comb. The impact of
the electric field imperfection is planned to be substantially suppressed by redesigning of
the interaction region to provide more uniform and controlled electric field distribution.
Until now, no scientific or technical obstacles were discovered preventing us to improve the
apparatus to the desired level of sensitivity.

As an alternative approach, we also presented two schemes for measuring APV using
interference of parity-conserving £'1-M1 (or E1-E2) and parity-violating E1-FE1 two-photon
transition amplitudes: the AOS and DPS. The AOS allows for observations of NSI APV in
the absence of external static electric and magnetic fields. This method measures the rate of
a transition between two energy eigenstates with zero total electronic angular momentum.
We derived general expressions for the two-photon transition rate and SNR. Because the
AOS uses optical fields rather than static electric and magnetic fields, systematic effects
due to field misalignments are easier to minimize in the AOS than in the 408 nm system in
ytterbium.

To demonstrate the feasibility of the AOS, we estimated the SNR of the 6s? 1S, —
6s6p 3Py transition in ytterbium (\; = 399 nm, Ay = 1.28 pm). A comparison of the
schemes using the single-photon 'Sy — 3D; and the two-photon 1Sy — 3P, transitions can
be found in Table 5.1. Our estimate of the SNR suggests that this system is a promising
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Table 5.1: Summary of APV methods. SNRs have been estimated for 1 s of integration
time and are valid when the statistical uncertainty is limited by photon shot noise. For the

408 nm system in ytterbium, the asymmetry A corresponds to an external electric field of
amplitude 4 kV /cm.

Technique Atom Transition P, (W) X\ (nm) P (W) Xy (nm) A SNR

Stark Myb 1Sy — 3Dy 10 408 107° 3
AOS Myh 1Sy =3P 1072 399 10 1280 107° 2
DPS 8Sr 1Sy — 1P 103 462 1078 1073k
DPS 25Ra 1Sy =3P 10° 741 1075 1072k

candidate for a cross-check of our recent APV measurement and for future measurements of
APV in a chain of isotopes.

Whereas the AOS is best suited for NSI APV measurements, the DPS provides a means
for measuring NSD APV without NSI background. The DPS uses two-photon J =0 — 1
transitions driven by collinear photons of the same frequency, for which NSI APV effects
are suppressed by BES. We identified transitions in strontium-87 and radium-225 that are
promising candidates for application of the DPS. The estimated asymmetries and SNRs
of those systems are presented alongside the ytterbium systems in Table 5.1. The radium
system boasts a large asymmetry and SNR compared to the strontium system. However,
the short lifetime of the unstable radium-225 nucleus poses several experimental challenges.

Nevertheless the future of APV looks bright, with ongoing experiments in dysprosium [90],
francium [64], radium ions [44, 63], and diatomic molecules [35]. The one- and two-photon
ytterbium systems described herein are especially exciting given that they exhibit large APV
asymmetries and are characterized by large SNRs, opening the door to high-precision APV
measurements in a chain of isotopes.
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Appendix A

Details of the Yb APV experiment

In this appendix, we derive the transition amplitudes relevant to the Yb APV experiment.
Additionally, we present a characterization of the gradual decrease of the PBC finesse over
time due to mirror degradation, and we derive the asymmetry correction factor due to phase
mixing.

A.1 Derivation of transition amplitudes

The total Hamiltonian (before including light-atom interactions and assuming B is along z)
can be written as

H = Hy + Hy + Hg + Hapv, (A.1)

where Hp is the atomic Hamiltonian and Hyz, Hs, and Hapy represent the contributions
from the static magnetic field B, the static electric field E, and the parity non-conserving
electroweak interaction, respectively. Here

H;=—p-B=guyd - -B=guyl.B, (A.2)

where = —gpupJ is the magnetic dipole moment of the atom, g is the Landé factor, pg is
the Bohr magneton, and J is the angular-momentum operator. Similarly,

where d is the atomic electric-dipole operator. Finally,
Hypy = iH”, (A.4)

where Héo) is a scalar operator. Summation over repeated indices is assumed.

In the presence of a strong magnetic field, that is, when Zeeman splitting dominates
Stark-shifts, it is useful to think of Hy = Hg+ Hapy as a perturbation to Hy = Hy + Hy. In
this case, the LS-coupled states [*T1L;; M), such as |*D;; M) and |'1Sp; 0), are eigenstates
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of the unperturbed Hamiltonian Hy. Then the first-order perturbation theory can be used
to determine the eigenstates of the total Hamiltonian:

|a')(a'|Hi|a)
* ; w(a) —w(a’)’ (A-5)

where w(a) is the energy of state |a). (Perturbed eigenstates are denoted using an overbar.)
The electric-dipole amplitude for the optical transition of interest is

Ap (M) = 3Dy; M|(—d - E)|1Sy) = Ad(M) + Ay (M), (A.6)
where
GDy; M|d-Eld)Md|d- E'Sy) 3Dy M|d - E|la){d'|d - E[1Sp)
A(M) = A7
=2 [ WD) —w(@) o(T50) — w(a) - (A7)
and
Dy MIiH ) (d|d - E]'Se)  GDy; M|d - E|a’) (! [iH” | S,)
_ _ A.
Al =2 [ w(Dy) — w(d) wA(150) — w(d) (8.8)
The Stark amplitude can be written as
Ay(M) = Ti; C Dys MU' So), (A.9)
where T}; = E;&; and
- dila"){a'|d; d;la’)(d'|d;
U = 2 50Dy) —ala) * 50150) — ) (4-10)

a

Let T(k) and qu) represent the irreducible spherical components of the tensors 7T;; and Us;.

Then T;,;U;; = (—1 1)77" )Uq(k) and Eq. (A.7) becomes

A(M) = (—1)1T%) ¢ Dy; MIUP|LS,)

= (-1)17" <3D1H(\J/§HISO)(OO;kq|1M>
— iB(—1)U(E x £)_,(00; 1g|1M). (A.11)

Here [ is the vector Stark transition polarizability and defined by

B = (S|!U1)||3 ). (A.12)

S~
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To derive Eq. (A.11), we used (00; kq|1M) = dx1040 and

T8 = 3" (g 1g|1 - ) By &,, = (i/V2)(E x €) . (A.13)

q1,92

For the parity-violating contribution to the E1 transition amplitude we can likewise write
Apy (M) = i& (> Dy; MIW;[*So), (A.14)

where

') a'|d;  difa’){a'| Hy”
Wi = Z 3D1 ) —w(a)  w(Sy) — w(a') ) (A.15)

Let &gl) and Wq(l) represent the spherical components of the vectors & and W;, respectively.
Then &EW,; = (_1)q5£1q)Wq(1) and we have

Ape(M) = i(=1)1E% G Dy; M|IWV[LS,)
3Dy |[WMLSy)

, (1) .
= Z(—l)qg_q \/§ <00a 1Q|1M>
= i¢(—=1)2€%)(00; 19|1M). (A.16)
Here ( is given by
1
(= %(3D1||W(1)||1SO). (A.17)

A.2 Characterization of the PBC mirrors

The finesse of the cavity is measured using the cavity-ring-down method [1]. The laser beam
is sent through a Pockels cell (Cleveland Crystals Inc. QX 1020 Q-Switch) and a polarizer
before entering the cavity. The polarizer is aligned with the laser polarization so that the
light is transmitted when there is no voltage applied to the Pockels cell. A high-voltage
pulse generator is used to send a fast step signal (30-ns wavefront) to the Pockels cell which
rotates the polarization of the light so that it is not transmitted through the polarizer. The
laser frequency is locked to the resonance frequency of the cavity, and then the Pockels cell is
switched into the non-transmitting state, causing a fast interruption of the laser power. The
subsequent decay of the light inside the cavity is monitored with a fast photodiode (50-MHz
bandwidth) measuring the power transmitted through the back mirror of the cavity. The
signal is fit to an exponential decay. The decay time is related to the finesse of the cavity
(F) by

ye
"

where ¢ is the speed of light, L is the cavity length, and 7 is the intensity decay time. An
example of the PBC transmission signal and its fit are shown in Fig. A.1.

F=
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Figure A.1: Application of the cavity-ring-down method for the determination of the finesse
of PBC.

Following the analysis discussed in [74], if we denote the transmission of mirrors 1 and 2
by T1 and T, respectively, and the absorption+scatter loss per mirror as 12 = (A + 5); 2,
then the total cavity losses £ = T7 + 15 + [ + l5 determine the finesse F:
2m

F = i A.18
TV+T+ 1+ 1 ( )

Information on the transmission of the mirrors discriminated from the A+S losses can be
obtained using the measured value of the finesse and the power transmitted trough PBC,
P,

P, F

2
=477, | — A.19
eP,, 152 (27T> ’ ( )

where P, is the input power, and ¢ is a mode-matching factor. For two arbitrary mirrors,
for which neither 7} o nor [; 5 are known the Eq. (A.18,A.19) do not provide a solution, since
a number of variables exceeds the number of equations. Nevertheless, for two mirrors from
the same coating run when one can assume that 77 =15 =T and l; = [, = [, the equations
(A.18,A.19) become

and for known mode-matching factor e the parameters of the mirrors (7" and [) can be
determined. The factor ¢ depends on the geometry of the cavity, and is assumed to stay
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constant upon replacing of the mirrors, if the geometry of the input laser beam and the
configuration of the PBC are unchanged. This gives the possibility to calibrate this factor
by using a mirror set for which the transmission is known. We used for this purpose the mirror
set purchased from Advanced Thin Films, Inc., for which reliable data on the transmission
of the mirrors is provided by the supplier. By measuring the finesse of the PBC comprised
of these mirrors and the ratio of the transmitted-to-input power, the mode-matching factor
and the A+S mirror losses [ are found. This set is not an actual mirror set that was used
in the APV experiment, nevertheless, the parameters of other mirrors were determined by
replacing one mirror in the “reference” set by the “test” mirror, parameters of which are
sought. The geometry of the cavity was unchanged during the replacement. This tactic
allows for the measurement of parameters of any arbitrary mirror.

A.3 Impact of the phase mixing effect on the
harmonics ratio

Atoms undergo the 6s*1S; — 5d6s 3D, transition in the interaction region where they are
illuminated by 408-nm light and are exposed to the static magnetic field and the oscillating
electric field E(t). Excited atoms then spontaneously decay from the 5d6s 3D, state to the
metastable 6s6p 2Py state. The population of 6s6p 3P, is proportional to the transition rate
Ry for M = 0,+1. Without loss of generality, we assume that the constant of proportionality
is equal to one and we consider the case M = 0. For convenience, we define R = R(0).

The rate R is measured in the probe region. The probe region is located a distance d ~
20 cm away from the interaction region. Therefore, an atom that arrives at the detection
region at time ¢ experienced an electric field with magnitude E(¢t — d/v,) in the interaction
region, where v, is the atom’s speed and d/v, is the amount of time required for the atom
to travel a distance d.

Because some atoms travel faster or slower than others, the detection region is full of
atoms that have each experienced a different electric field while in the interaction region.
Each atom contributes to the total rate and hence the observed rate R is the thermal average
of every contribution:

R(t;w,d,vy) = /000 R(t —d/v,) f(v,; vr) dv,, (A.20)

where
f(vy;vr)dv, = 2(1}2/UT)Se_(”Z/”T)Zdvz/UT, (A.21)

is the probability for an atom to have speed between v, and v, + dv,. Here vy = \/2kgT/m
is the thermal speed, T' ~ 873 K is the oven temperature, and m = 161 GeV /c? is the atomic
mass of Yb, yielding vr = 2.9 x 10* cm/s.
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It is convenient to introduce the dimensionless variables + = v, /v and 7 = wt, and
the dimensionless parameter o = wd/vr. Then the average rate R(t;w,d,vr) — R(T;«)
depends only on the dimensionless quantities a and 7, and Eq. (A.20) becomes

R(t;a) = Ry + Ry|I(a)| cos(t + Arg[I()]) + Ra|I(2a)| cos(27 + Arg[I(2a)]),  (A.22)

with
I(a) = /OO e f (1) da. (A.23)
0

Note that |I(a)] — 0 as @ — oo whereas |I(a)| ~ 1 when a < 1. This places a limit on
the modulation frequency: We require that w < vr/d = 2rx 230 Hz in order to avoid a
significant decrease in signal.

The lock-in amplifier receives an input signal proportional to R and returns two output
signals S7 and Sy corresponding to the first and second harmonic components, respectively.
This process can be modeled as

2
Sp(n; ) = l/ R(7; ) cos(nt + ¢,,) dr
0

™

= R,|I(na)| cos(Argll(na)] + ¢,), (A.24)

where the phases ¢ 5 of the lock-in amplifier are chosen to maximize the signals S . That
is,

On = On(a) = —Arg[l(na)). (A.25)
Our measurement S is the ratio of the first- and second- harmonic signals:

_ S1(¢1; ) _ Ry|I(a)|
Sa(2; ) Ro|I(2a)|

S = Ax C(a), (A.26)

where C(a) = |I()|/|I(2a)| is the correction factor. Therefore, we must further divide the
ratio S of observed output signals by C'(«) to measure the ratio A.

The correction factor C'(«) and the optimal lock-in phases ¢y 2(«v) inherit dependence on
the modulation frequency (w = 27 x 76.2 Hz), the distance between interaction and detection
regions (d =~ 20 cm), and the oven temperature (7' ~ 873 K) through the parameter a:

a2 o332, (A.27)

\/ 2kBT/m

where the uncertainty in « is given by

S = o/ (6T/2T)2 + (6d/d)?, (A.28)
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for 6T ~ 50 K and dd =~ 1 cm. The correction factor can be computed numerically and has
a value

Co = C(a) = 1.028(3), (A.29)

with uncertainty given by 0Cy = |C’(a)| dav. Likewise, the lock-in phases have the following
values

$r0 = ¢1(a) =16(1)°, @20 = ¢2(r) = 33(2)°, (A.30)

where 0¢,0 = |¢],(a)| dar.
In order to understand the impact of imperfect phase selections, we include the effects of
slight deviations from the optimal phase ¢, (a) by taking

On = On(@) + ©n, (A.31)

where ¢, &~ 0 represents a small deviation. Then the correction factor becomes

C(a) — Cla, g1, 2) = Cla) x Ezzgg (A.32)

and hence Cy = C(a,0,0) = C(a) = Cy. The uncertainty in the correction factor becomes

5Cy — 6Ch = \[SCE + 0t + 0, (A.33)

where d¢p,, is the uncertainty in the deviation ¢,. To derive this expression, we estimated
the partial uncertainty in Cy due to ¢, by 8371@(04, 01, P2) 0p2.

To estimate the uncertainty d¢,,, we assume that we are within about 1° of the optimal
phase. This choice is consistent with the magnitude of the uncertainty in the optimal phases
010 and ¢9g. Therefore, we will take dp,, = dp,0 to be the accuracy with which we can select
the lock-in phases. Then dp; = 0.02, dpo = 0.03, and

6Cy = 0.0031 ~ 0.0029 = 6Cy. (A.34)

Hence small deviations (on the order of 1°) have a negligible effect on the uncertainty in the
correction factor.
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Appendix B

Details of the AC polarizability
experiment

In this appendix, we present the frequency dependence of the dynamic polarizabilities and
describe the system of equations used in the LSM numerical simulation.

B.1 Frequency dependence of dynamic polarizabilities

The ac polarizability «, of the state |¢) = |yJM) is given by Eq. (3.9). The scalar, vector,
and tensor polarizabilities depend on the light frequency w in the following way [12, 13]:!

dyo|?
wor) = 52 3 9L B @) @), (B.1)
040
’dM’ _
1 2h Z 2J T 1 ZK’ ) ¢1<J7 Jl)? (B2>
|der |? s ,
aa(1]) = 5p 3 U Fip() B30, ), (B.3)
T 3hiz2i+1

Here the summation is over all states [¢') = |y'J'M’) such that |¢) and |¢') have opposite
parity. The functions @y, ®; and ®, are given by

Qo(J, ") =dy0 4+ 0s g1+ 0y -1, (B.4)

Sy Sr
] J 0041 —07g-1, (B.5)

O, (J,J) = —
1. T) (J+1)  J+1

! Reference [40] adopts a different convention for the Stark shift, and hence the ac polarizability. However,
that work erroneously defines the ac polarizability according to Egs. (B.1), (B.2), and (B.3) presented here.
These equations are consistent with the convention for the ac Stark shift used in this dissertation, i.e.,
Eq. (3.7), and are inconsistent with the convention followed in Ref. [40].
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and

2] =10, J(2J=1)dsn
J+1 (J+1)(27+3)

where 7, is the Kronecker delta. We emphasize that ®(.J, J) differs from the expression
found in Refs. [12, 13] by a factor of J. The reason for this discrepancy is that we follow the
convention for which the vector polarizability of a stretched state (M = J) is a;(y.J) instead
of J x ay(vJ).
The frequency-dependent parts of Eqgs. (B.1) through (B.3) are given by
1 1

Fip(w) = + : B.7
¢ (W) Wery — W — le/Q Weryp +w + 2ng/2 ( )

(I)Q(JJ/):( =01, (B.6)

Here dyy = (7 J||dV||y/J) is the reduced matrix element of the electric dipole operator and
d") is the spherical tensor associated with the electric dipole moment. In the limit of large
detuning from resonance (|wyy £ w| > T'y), the functions Fj, reduce to

2&.}@/@ _ 2w
Ff=—22  and Fp=—2 (B.8)
(Wi — w?) (Wi — w?)
B.2 System of equations used in numerical model
For computational purposes, it is convenient to express Egs. (3.30) and (3.34) as
d
d—f =f(p,7), p(=7) =0, (B.9)

where 79 = 3/(Ssuy). Here p = (po,-.-,05), Po = Paas P1 = Pbs P2 = Pecs P3 = Relpgal,
pa = Im[pga), p5s = F, and f = (fo, ..., f5). The components of f are given by

Jo==po+ps, (B.10)

fi==Gyp1+ Gab po, (B.11)

f2 - _Gc P2 + Gac Lo, (Bl?)
1

fs = TP Aps, (B.13)
1 Q

fa= 5P + Aps — 5(200+P1+p2—1), (B.14)

f5 = +Gy 1, (B.15)

where 2 and A are given by Egs. (3.31) and (3.32), respectively. To derive Eq. (B.9), we
eliminated the population pg4, of the ground state from the OBE using the conservation of
probability: > pn, = 1. The fluorescence defined in Eq. (3.34) is given by

F(&u) = ps(10;€, 1) (B.16)

Thus the fluorescence can be obtained by numerically solving the system of equations (B.9),
as described in the text.
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Appendix C

Derivation of transition amplitudes

for the AOS

In this appendix, we derive amplitudes for £1-M1 and induced F1-E1 J; =0 = J; =0
transitions. We use the following convention for the Wigner-Eckart theorem (WET). Let T},
be an irreducible tensor of rank k with spherical components T}, for ¢ € {0,+£1,...,£k}.
Then the WET is [106]

<J1M1; kQUQM2>
V2Jhh+1

where (J5]|Tk||J1) is the reduced matrix element of Ty and (J;My; kq|J2Ms) is a Clebsch-
Gordan coefficient.
The amplitude for the £1-M1 transition is [53]

(JoMy|Tig| J1 M) = (Jo|Ti]|J1)

(C.1)

Apivn = Api-m (1,2) + Api-an (2, 1)

C.2
+ Avi—p1(1,2) + Avi—p1(2, 1), (€2)

where i) (n)

- O~ n)n .
Api-mi(4,7') = <f‘(kj’ X Gj/) T €5 dli), (C.3)
Wni — w]'
and
A A | |a><a| lA( AW : C.4
mi-r1(7,5") = (flej - W (kj x €;) - pli), (C4)
at 7

for j,7/ = 1,2. Here p and d are the magnetic- and electric-dipole moments of the atom,
and summation over the magnetic sublevels of the intermediate states |n) and |a) is implied.

FE1-E1 transitions are induced by mixing of the states |n) and |a) due to the electroweak
interaction and, in the presence of a static electric field, the Stark effect. The perturbed
states [n) + x|a) and |a) — x*|n) act as intermediate states for the two paths that contribute
to the induced F1-E1 amplitude. Here y is a small dimensionless parameter that depends on
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the details of the perturbing Hamiltonian. The amplitude for the induced F1-F1 transition
is [53]
Api-p = Ap-p1(1,2) + Ap-p1(2, 1), (C.5)

where

Aprp1(7. ') = (fley - o | Xl _ Jadlebe | g (C.6)

Wni — W5 Wai — Wy

Like for Egs. (C.3, C.4), summation over the magnetic sublevels of states |n) and |a) is
implied.

When the mixing of |n) and |a) is due to the electroweak interaction alone, the pertur-
bation parameter is given by y = yw where

. <CL’HNSD|TL> . 7 Qan
XW = = =
Wna V3 Wna

for J, = J, and M, = M, Here (),, is a real parameter related to the reduced matrix element
of Hxsp by (Ju||Hxspl|Jn) = iQn. The factor of i preserves time reversal invariance [78].

In the presence of a static electric field E, the perturbation parameter becomes y =
Xw + Xxs, where yw is given by Eq. (C.7) and

(C.7)

(alHgln)  danByq (JoMn; 1q|JaMa)

_ — , C.8
XS Whna Whna V2J,+1 (©8)
where d,, is the reduced matrix element of the electric-dipole operator. Here Hy = —d - E

is the Stark Hamiltonian, E, is the gth spherical component of E, E = (-1)/E_,, and
qg = M, — M,. In this case, Ag1_gp1 = Ay + As, where A, x yw and A, x xs are
the amplitudes of the transitions induced by the electroweak interaction and Stark effect,
respectively.

For a general J; — J; transition, the Stark-induced F1-E1 amplitude may have contri-
butions from each of the irreducible tensors that can be formed by the three vectors €, €,
and E. There are seven such tensors: one of rank 0, three of rank 1, two of rank 2, and one
of rank 3. However, for a J; = 0 — Jy = 0 transition, only the rank-0 tensor contributes.
This tensor is [115]

1
Too = Y (1A 1/00){e1 ® &2} 12 Ey = ——=E - (€1 x €3), (C.9)
Aq \/6
where
7
{61 &® 62}1)\ = Z<1ILL, 11/‘1)\>61u€2y = ﬁ(el X 62))\ (ClO)

2l
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is the irreducible tensor of rank 1 formed by €; and €;. Here A\, ¢, u, v = 0, £1 are the
spherical components of {€; ® €2}, E, €1, and €3, respectively. The Stark-induced transition
amplitude is

As = i[§(w1) — E(W2)][E - (&1 X €)]. (C.11)

The coefficient £(w;) can be expressed in terms of reduced electric-dipole matrix elements by
applying the WET to Eq. (C.5) with x = xs and comparing the result to Eq. (C.11). This
procedure yields

§(wy) = L dga don G ( b ) (C.12)
3v6  Wna Wi — W) Wai — Wj

The Stark effect may also cause the final state |f) to mix with nearby opposite-parity J = 1

states. In this case, Eq. (C.11) is still valid, but Eq. (C.12) must be modified to account for

additional admixtures of states.

Expressions (4.3) and (4.44) for the amplitudes of the E'1-M 1 and electroweak interaction-
induced F1-E1 transitions are derived by direct application of the WET to Egs. (C.2) and
(C.5). The Stark-induced E'1-E1 amplitude in Eq. (C.11) reduces to expression (4.20) when
|A] < wna| and [A] < fwy — wpi-
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Appendix D

Derivation of transition amplitudes
for the DPS

In this appendix, we derive amplitudes for induced F1-E1 J = 0 — 1 transitions between
opposite parity states.

D.1 Bose-Einstein statistics selection rules

Here we provide a brief review of BES selection rules for J = 0 — 1 transitions driven
by degenerate (w; = ws = w), co-propagating (k; = ko = k) photons [34]. Since the
only transitions of relevance are of this type, they are referred to as simply “degenerate
transitions” without cumbersome qualifiers. We ignore hyperfine interaction (HFI) effects
by assuming that there is zero nuclear spin.

It must be possible to write the absorption amplitude A for a degenerate transition in
terms of the only quantities available: the polarizations of the two photons, €; and €s; the
final polarization of the atom in its excited J = 1 state, €.; and the photon momentum k.
With the requirement of gauge invariance of the photons (€;5 - k = 0), only three forms of
A are possible:

A, x (€1 X €) - €; (D.1a)
Ap x (€1 - €) (€. - k); (D.1b)
A, x [(€1 X €) - K]|(e. - k). (D.1c)

Amplitudes A, and A. are odd under photon interchange, and hence vanish because photons
obey BES. However, amplitude A, is even and may yield a nonzero absorption amplitude. In
the case of degenerate transitions between atomic states of the same total parity, A, vanishes
because it is odd under spatial inversion. Hence degenerate transitions between like-parity
states are forbidden by BES selection rules’. However, degenerate transitions may be allowed
when the initial and final states are of opposite parity.

I Parity-conserving perturbations, such as the Zeeman effect or the hyperfine interaction, may induce
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When €; = €5 = €, as would be the case if the photons were absorbed from the same
laser beam, the degenerate transition amplitude reduces to A, o (€ - €)k - €.. Therefore, the
amplitude of a degenerate transition between opposite parity states is

Ab = 1(6 . E)Qk’_M(—l)M, (DZ)

where k_5;(—1)M is the projection of k onto the spin of the excited atom and the factor of
1 ensures time reversal invariance.

D.2 Wigner-Eckart theorem

We use the following convention for the Wigner-Eckart theorem (WET). Let T}, be an irre-

ducible tensor of rank & with spherical components T}, for ¢ € {0,%1,...,+k}. Then the

WET is [106]

(Jol F|| Ty || J1 L Fy)
V2, +1

where (Jol Fy||Ty|| 11 Fy) is the reduced matrix element of Ty and (FyM;; kq|FoMs) is a

Clebsch-Gordan coefficient. If T}, commutes with the nuclear spin I, then its reduced matrix
element satisfies [106]

<J2IF2HT’€||JIIF1> — Jo+I+Fi1+k J2 FQ I
1 1 =(-1) (Sol[Til[ 1) x V/2F1 + 1 AR (D.4)

where (J2||Tk||J1) is the reduced matrix element of 7}, in the decoupled basis, and the quantity
in the curly braces is a 65 symbol.

<J2]F2M2|qu‘J1[F1M1> —

<F1M1;kq‘F2M2>, (DB)

D.3 FE1-M1 and E1-E2 transition amplitudes

In the following, summation over the magnetic sublevels M, of the intermediate state is
implied. The E1-M1 and E1-E2 transition amplitudes are

Ay = 20fl[0cx &) L e a

_ o  2ppndn CN\M g
_z( ! ﬁA)k_m )M (FM;; 1g)Fy M), (D5)
and
Ap, = (fIlifk ® €}2 - Q) lnxm (e-d)]i)
_ o Qsndni Mg
_Z<2\/1_5A) kon(=1)" (FiM;; 1| Fy M), (D.6)

degenerate transitions between like-parity states via two mechanisms: splitting of the intermediate state into
non-degenerate sublevels, and mixing of the final state with nearby like-parity J # 1 states [81].
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respectively. Here p, d, and QQ are the magnetic dipole, electric dipole, and electric quadrupole
moments of the atom.To derive Egs. (D.5) and (D.6), we have assumed €-€ = 1, as is the case

for linear polarization, and we have omitted a common factor of (—1)!~f7. Equations (4.29)

and (4.31) follow from the definition Ay = Ap, + Ap,.

D.4 Induced E1-FE1 transitions

FE1-E1 transitions may be induced by mixing of the states |f) and |a) due to both the
electroweak interaction and Stark effect. The final state of the transition is the perturbed
state | f) + x*|a), where x is a small dimensionless parameter that depends on the details of
the perturbing Hamiltonian. The amplitude for the induced E1-FE1 transition is [53]

Aprn = xlale - a1 ¢ gy, (D.7)
Wpi — W
Here d is the electric-dipole moment of the atom and summation over the hyperfine levels
and magnetic sublevels of the states |n) and |a) is implied.

In Eq (D.7), the quantity (a| - - - |é) is the amplitude of the allowed degenerate two-photon
1 — a transition. It can be expressed as the contraction of two irreducible tensors:

<a|€.du|)Z>—<_nc|ue-d|i> - %{e®e}zq<a|qu|z’>, (D.3)
where
{e® ety = > (1 1v|kg)enes, (D.9)
jTR7

is the tensor of rank k = 0,2 formed by the dyadic product of € with itself, and T}, is a
tensor whose matrix elements we wish to express in terms of those of the dipole moment d.
Neglecting hyperfine splitting of the intermediate state, T, commutes with I. Then, since
J; = 0, we have

1 Fyk Jal [ Thl| i)

V2J,+1

for k = J, and ¢ = M, — M;. Using the WET to simplify the left-hand side of Eq. (D.8), we
find

(a|Tkgl?) = (=1) (FiMi; kq|Fy My), (D.10)

1 dundpi
(Ja||TkHJl) \/g A (Dll)
where df, = (J¢||d||J,) is the reduced matrix element of the electric dipole operator. When
k # J,, the matrix element (a|T},|7) vanishes. Therefore, only the tensor {€ ® €}, of rank
k = J, contributes to the ¢ — « transition. Note that the tensor of rank k£ = 1 satisfies
{e ® €}1, x (€ x €), = 0, and hence the J; = 0 — J, = 1 transition has zero amplitude,
consistent with more general selection rules for degenerate two-photon transitions [34].
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When the mixing of |f) and |a) is due to the electroweak interaction alone, the pertur-
bation parameter is given by x = yw, where

(f|Hnspla) _ i€,

Wfa Wfa

(D.12)

for F, = Fy and M, = M;. Equations (4.44) and (4.30) follow from the definitions (j
(Qpa/wra) (Jal| Tkl i) /V2k 4+ 1 for k= J, =0,2.

In the presence of a static electric field E, the perturbation parameter becomes y =
Xw + Xxs, where yw is given by Eq. (D.12) and

H,
yo = SHsla) (D.13)
Wra
where Hg = —d - E is the Stark Hamiltonian. In this case, Agi_p1 = Ay + As, where

Ay o xyw and Ag x xg are the amplitudes of the transitions induced by the electroweak
interaction and Stark effect, respectively.

For a general J = J; — J; transition, the Stark-induced E1-E1 amplitude may have
contributions from each of the irreducible tensors that can be formed by combining {e®e€}q o<
(e-€) or {€ ® €} with E. There are four such tensors: one each of ranks 2 and 3, and two
of rank 1. However, for J = 0 — 1 transition, only the rank-1 tensors contribute. These
tensors are [115]:

(B {e® efohy = ~—(e- O, (D.14)
and
(E® {e®ehalry, = %[Eq _3(e-E)e. (D.15)

Stark mixing of |f) with |a) gives rise to a Stark-induced amplitude whose dependence
on applied fields is described by either the tensor in Eqgs. (D.14) or the one in Eq. (D.15)
depending on whether J, = 0 or J, = 2. The corresponding amplitudes are given by
Eqgs. (4.37) and (4.50), and the parameters & and & can be expressed in terms of the
reduced dipole matrix elements by applying the WET to Eq. (D.7) with x = xs. This
procedure yields Eqgs. (4.38) and (4.51).





