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Abstract

Radium ions and radioactive molecules for probing new physics
by

Mingyu Fan

Charge conjugation parity (C'P) symmetry violation is linked to important physics
questions such as the matter-antimatter asymmetry and the Strong C'P Problem. Table-
top precision measurements using heavy atoms and molecules can set stringent bounds
on the new physics that attempt to explain these problems, and these measurements are
complementary to direct searches of new particles using colliders. Radium, among other
radioactive elements, is a sensitive probe to hadronic C'P violation due to its heavy and
octupole-deformed nucleus, and the sensitivity is further enhanced by incorporating the
radioactive element in a molecule. In this thesis we introduce the first laser cooling of
radium-226 ions and measurements of the low-lying ?26Ra* energy levels. We realize
control of the radium ion Sy /3 — D5/, optical qubit for implementing the quantum logic
spectroscopy technique to prepare and readout the radioactive molecular ions. We also
present production and detection of radium-containing molecular ions that are sensitive
to hadronic C'P violation. Finally, we discuss ongoing work on designing a hadronic C'P
violation experiment using radioactive molecular ions and developing a long-term source

for the short-lived radium-224 and radium-225 atoms.
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Chapter 1

Introduction

One of the largest unsolved problems in physics is the matter-antimatter asymmetry.
The Big Bang should produce an equal amount of matter and antimatter, and a process
that favors production of matter is required to create the Universe we see today [1]. Such
a process cannot be explained within the Standard Model and requires new physics that
introduces interactions violating the charge conjugation parity (C'P) symmetry, which is
the symmetry between matter and antimatter [2]. Within the Standard Model, the lack
of C'P violation in the strong interaction remains a mystery. Experiments have not found
hadronic C'P violation [3] [4], yet the quantum chromodynamics (QCD) theory does not
forbid C'P violation to occur. This is known as the Strong CP problem.

By studying the generation and annihilation of particles in colliders at high energies,
physicists can directly study these problems by looking for new particles. On the other
hand, the same physics that leads to unsolved problems such as the matter-antimatter
asymmetry should affect everything in the universe in the same way. That means we
can probe a system that can be measured really well to test new physics theories, too.
Atoms and molecules are suitable systems for these experiments, as they produce the

most precise measurement humans have made to date [5] and have relatively simple

1



Introduction Chapter 1

structures so contributions from possible new physics can be predicted [6].

This thesis describes work towards probing hadronic C'P violation using radium-
containing molecular ions. These heavy molecules have high sensitivities to hadronic C'P
violating physics due to their nuclear and electronic structures, and experiments using
these molecules could lead to one of the most sensitive tests of new physics. In the
work associated with this thesis, we laser cooled radium ions for the first time and did
fundamental measurements and tests on radium ions and radium-containing molecular
ions that laid the groundwork for future precision measurements. These work also opens
up other opportunities with radium ions including quantum information science [7] and

optical clocks [§].

1.1 Dissertation Overview

This thesis is divided into 12 chapters and 1 appendix. Chapter [2| discusses the
dynamics of trapped ions. Chapter [3| introduces the atomic ions we use, Srt and Ra*.
Chapter 4| gives an overview of C'P violation and precision measurements using atomic,
molecular, and optical (AMO) systems and specifically discusses hadronic C'P violation
and radioactive molecular ions. Chapter [5| summarizes important light atom interaction
physics that is relevant for this thesis. Chapter [6] documents the ion trapping apparatus
used. Chapter [7] discusses the lasers, cavities, wavemeters, and experimental control
systems for this thesis. Chapter |8 describes the trapping and laser cooling of radium-226
ions. Chapter [J] summarizes all finished and ongoing experiments measuring the basic
properties of the radium ion. Chapter [10| discusses the progress on controlling the Ra™
S1/2 — Ds )5 optical clock transition. Chapter |11|summarizes the work on production and
identification of heavy radium-containing molecular ions that are promising for hadronic

C'P violation measurements. Chapter|[12|discusses energy structures of radium-containing

2



Introduction Chapter 1

polyatomic molecular ions and methods and challenges associated with a hadronic C'P
violation measurement using these ions. Chapter [13|introduces the latest work on a long-
term atom source for short-lived radium-224 and 225 isotopes. Appendix [A] presents a

new ion trap built for molecular ion spectroscopy work in the future.

1.2 Permissions and Attributions

1. Content of Chapter[§]is a result of a collaboration with Craig Holliman, Anna Wang,
and Andrew Jayich, and has previously appeared in Physical Review Letters [T]. Tt

is reproduced here with the permission of Physical Review.

2. Part of Chapter|11]is a result of a collaboration with Craig Holliman, Xiaoyang Shi,
Haoqing Zhang, Michael Straus, Xinghua Li, Sean Buechule, and Andrew Jayich,
and has previously appeared in Physical Review Letters [9]. It is reproduced here

with the permission of Physical Review.

3. Figure is authored by Spencer Kofford. It is reproduced here with the author’s

permission.


https://journals.aps.org/copyrightFAQ.html#thesis
https://journals.aps.org/copyrightFAQ.html#thesis

Chapter 2

Linear Paul Traps

Ion traps are the central apparatus where we conduct all experiments on the ions in our

lab. This chapter discusses dynamics of trapped ions in a linear Paul trap.

2.1 Single ion dynamics and stability regions

A potential well is required to trap a particle. For atoms and molecules, most traps
depend on electromagnetic interactions, including Paul traps, Penning traps, magneto-
optical traps, and optical dipole traps. Specifically, Paul traps confine ions with Coulomb
forces, so they provide high trap depth that has storage times up to days or longer [10].

Point charges cannot be stably confined in 2D or higher dimensions with only static
electric fields according to the Earnshaw’s theorem: According to Gauss’s law, the diver-
gence of the electric field in free space is zero, so if a point charge is confined in one axis,
there must be another axis where the charge is not confined. Therefore, time-dependent
electric fields are required to trap an ion in 3D.

A schematic drawing of a linear Paul trap is shown in Fig. 2.1} An oscillating voltage

Uyt cos(§¢t) is applied on one pair of the radial electrodes to confine the ions in the
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radial plane, and a static voltage U, is applied on the axial end cap electrodes to provide
confinement along the trap axis. In addition, a DC bias voltage Uy, is applied between

the two rf pairs to break the degeneracy between the two radial directions.

O
_ Ugc + Uyt cos(2)

Figure 2.1: The linear Paul trap used for all radium ion work in this thesis.

The dynamics of a single ion in a linear Paul trap has been thoroughly studied [11]
12, 13]. Due to the importance of ion trapping in our research, the dynamics are derived
again in this section, mostly following [13]. First of all, the electric potential near the

center of the trap due to the radial voltage is

22 — g2
]

Uradial(x7 Y, z, t) - [Urf COS(Qrft) + Udc W;
0

(2.1)

where r( is the radial characteristic dimension of the trap, which is approximately the
distance between the radial electrode surface to the trap center. This equation is only
strictly true for hyperbolic-shaped electrodes, and higher order terms (sixth or higher
power in x and y) appear for the circular electrodes that are shown in Fig. m These
higher order terms are small when the radial electrode radius r. ~ rg, and specifically,

the sixth order term is zero when r, = 1.14511r¢ [I4]. Such higher order terms could
5
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reduce the stability region of a linear Paul trap that will be discussed later [13].

The potential due the axial voltage is

KU %+ y?
Uaxial(xa Y, Z) = 22 (Z2 - 9 )7 (22)
0

where k is an axial geometry factor that represents how much the end cap electrodes are
shielded by the radial electrodes, and z, is the distance from the end cap electrodes to
the trap center.

The total electric field potential is
U(J?, Y, z, t) = Uradial<x> Y, z, t) + UaXial<x7 Y, Z)' (23>

Assuming that the ion is only subject to the Coulomb force[] the dynamics of a single

ion is described by the Mathieu equation

QQ
U; + [a; + 2¢; COS(Qrft)]TrfU/Z’ =0, (2.4)

where 7 is one of the three directions x, vy, or z, u; is the displacement of the ion on the

1 direction relative to the trap center, and a;, ¢; are the following parameters

deUge  AreU,
a, = —o2de _ 2RC (2.5)

202 202’
mrg$dsy  meglls
—4elUy.  4keU,.

— — 2.6
Uy mriQ%  mziQ%’ (2.6)
8reU,.
2 = T 55 2.7
4 mzE% (2.7)

!The Earth’s gravitational force (~ 10724 N) pulls the ion away from the trap center by ~ 1 pm in
a typical ion trap, which is negligible compared to a typical ion trap dimension ~ 1 mm.
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The solutions of the Mathieu equation can be either quasi-periodic or diverging de-
pendent on the a; and ¢; parameters. For stable trapping of ions, we need to choose
parameters that lead to quasi-periodic solutions, which are shown as the blue shaded

regions in Fig. [2.2((a).

(a) (),

4

Xx-stable

Mathieu a parameter
o
Mathieu a, parameter

0 2 ] 6 8 10
Mathieu g parameter Mathieu g parameter

Figure 2.2: (a) Stability regions (blue shaded) of the Mathieu equation. (b) Stability
regions for z (blue) and y (orange) axes in terms of ¢ and a, when the trap axial
voltage Us. = 0. The cross-section of the blue and orange shaded areas are stable in
both radial directions. Insets shows the first stability region we use for ion trapping
work.

The stability conditions for a; and ¢; must be satisfied for all three axes to trap an
ion. As ¢, = 0 and a, > 0, the ion is always stable on the trap axis with a positive
end cap voltage. The stability conditions for the radial directions are more complicated,
but the problem can be simplified if we assume the end cap voltage U, is small. In this
case, a, = —a,, and the stability regions for both = and y directions can be overlaid as

in Fig. (b), and they must both be satisfied for stable trapping of an ion. In practice,

a positive end cap voltage decreases both a, and a, and it needs to be included when

7
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calculating the trapping parameters.

An approximate quasi-periodic solution of Eq. for |a;] < 1 and |¢;| < 1 is [11]
ui(t) = uy; cos(wit + ;)1 + %COS(Qrft>], (2.10)

where the motion can be separated into the “secular” motion at frequency

(2.11)

and the “micromotion” at the trap rf frequency ;. The secular motion amplitude wuy;
and phase ¢g; are determined by the initial condition. The secular motion is thermal
in nature and its amplitude can be reduced via techniques such as laser cooling. If
micromotion is not considered, the ion can be approximated as in a pseudo-potential of a
3D harmonic oscillator characterized by the secular frequencies. There is no micromotion

along the trap axis because ¢, = 0, and the radial micromotion will be discussed more in

Section 2.3

2.2 Dynamics of multiple ions

We often need to trap more than one ion in an ion trap at the same time, e.g. for
quantum logic spectroscopy [15], [16] of radioactive molecular ions to probe hadronic C'P
violation. In this section we discuss the dynamics of multiple ions in the trap, with a
focus on the two-ion linear crystal case.

To trap multiple ions stably, each of the ions must individually satisfy the single-ion
stability requirements in Fig. [I7]. Although ¢ is theoretically stable from 0 to 0.908
with az,a, ~ 0, for ¢ > 0.3 the micromotion amplitudes increase which is generally

not desired. On the other hand, a very small ¢ may not provide a deep enough trap

8
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potential for stable confinement of ions. Therefore, an ion trap can only confine species
with similar mass to charge ratios.

When the trapped ions are “hot” so that they move in the ion trap with large am-
plitudes, the time-averaged Coulomb force from other ions is much smaller than the
time-averaged Coulomb force from the trap potential. In this regime, dynamics of in-
dividual trapped ions can be approximated by the Mathieu equation, and there is little
interaction between the ions. Over a time scale that is much longer than the secular mo-
tion periods in the trap, the small ion-ion Coulomb interaction thermalizes the system
and every ion attains the same kinetic energy.

In the opposite limit that the ions are “cold”, each ion moves around the equilibrium
position with its motional amplitude much less than the separation between the ions. In
this regime, the trapped ions form a Coulomb crystal where the crystal shape is dependent
on the ion species and the radial and axial potentials applied [I§]. If the radial secular
frequencies w, and w, are much greater than axial secular frequency w,, the ions form a
linear chain along the trap axis. If w, > w,,w,, the ions form a 2D crystal in the radial
plane [I§]. If the radial and axial secular frequencies are similar, the crystal is zigzag
shaped for a small number of ions [19] and forms shell structures for a large number of
ions [20].

We are interested in the few-ion linear crystal case in our experiments. With a linear
crystal along the trap axis, the micromotion is minimized as the trap rf field is zero along
the trap axis. There are a total of 3N secular motional modes for N ions, and each mode
corresponds to a normal mode of the collective motion of the ion chain. The equations of
motion for linear crystals are detailed in [I7], and in this section we discuss the two-ion
specific case in detail.

We assume that two ions of masses m, M and charge ¢ = —e are trapped, and

both ions are crystallized and aligned in the trap axis, as shown in Fig. [2.3|(a). Similar
9
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(a) | | (b) axial modes  (c) radial modes
m M In-phase: In-phase:
(7T )
| Out-of-phase: Out-of-phase:

Figure 2.3: (a) Two-ion crystal along the trap axis. (b) Normal modes of the two-ion
crystal in the trap axis. (¢) Normal modes of the two-ion crystal in a radial direction.
to coupled oscillators, the motion of the ions in each direction can be decomposed into
normal modes of in-phase motion at frequency w; ;;, and out-of-phase motion at frequency
Wioop, See Fig. [2.3(b) and (c). The secular frequencies of the two modes along axis i

are [21]

1 1 1
po N

where w ,, is the single-ion secular frequency along i for mass m (see Eq. , and p is
the mass ratio M/m.

For the axial mode (i = z), the positive sign of Eq. is chosen for the out-of-phase
mode and the negative sign for the in-phase mode. For the radial modes (i = xz,y), the

positive (negative) sign is for the in-phase (out-of-phase) mode.

2.3 Micromotion

Micromotion is typically an unwanted effect in ion traps E| Doppler shifts from
micromotion appear as micromotion sidebands in the spectrum which could lead to off-
resonant scatterings and ion heating [I1], 24]. In addition, for precision spectroscopy such

as an ion optical clock, micromotion induced frequency shifts are a key systematic effect.

2There are a few exceptions [22 23] where the micromotion is used to enhance entanglement in an
ion trap.

10
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For an ideal ion trap with all ions crystallized along the trap axis, the micromotion
amplitude is proportional to the secular motional amplitude, see Eq. [2.10 In this
case, the energy of the radial micromotion is approximately the same as the energy of
the associated radial secular motion [I1], and such micromotion is called the intrinsic
micromotion as it cannot be eliminated in an ion trap.

Excess micromotion can arise from stray dc electric fields or from a phase offset of the
rf signals on the different radial electrodes. A stray electric field pushes the equilibrium
positions of trapped ions away from the trap axis, and the equilibrium positions oscillate
around the trap axis if there is a rf phase offset. In either case, as the equilibrium position
is no longer along the trap axis, the ions experience non-zero rf electric fields even if the
secular motion amplitude is zero. Such excess micromotion can lead to significant distor-
tion of the transition spectrum [I1] and rf heating of the trapped ions [24]. Therefore, it
is of experimental interest to detect and compensate for excess micromotion. We discuss
several methods of micromotion compensation in this section.

One of the simplest methods to detect micromotion due to stray electric fields is
to observe ion equilibrium position movements when changing the rf voltage amplitude
driving the trap [I1]. With the same stray fields, if the rf amplitude increases so the radial
pseudo-potential becomes steeper, the equilibrium positions of ions will move towards the
trap center. If the stray electric field is zero, the ions will not move when the rf amplitude
is changed. This method only needs an imaging system that is sensitive to ion movement
along the radial directions, and it can be used as long as the center of an ion crystal can

be identified. However, it has the following disadvantages:

e This method is not sensitive to micromotion induced by a rf phase shift. With a rf
phase shift, the ion equilibrium positions oscillate around the trap axis at the trap

rf frequency, and the average position of the ion will not move. This method is only

11



Linear Paul Traps Chapter 2

effective when the rf phase shift is large enough so the oscillation of the equilibrium

position can be observed on the camera.

e To compensate for micromotion on both of the micromotion axes, two imaging

systems are needed to observe the ion movement on two radial directions.

e In an ion trap of high secular frequencies (w,,w, > 27 x 1 MHz), the ion movement

distance is small and therefore difficult to observe.

The other two methods to detect micromotion are based on the Doppler shift of laser
light induced by the micromotion. Following the treatment in [I1], the micromotion
leads to sidebands in the transition spectrum modulated by the trap rf frequency. The

light-induced electric field in a sideband of order n (frequency shifted by n€y) is

E(n) < J,(5), (2.13)

where J,(/3) is the Bessel function of the first kind of order n, and /3 is the micromotion

index
s ]G > kiugig:)? + (2 ka0 0ot ? (2.14)
2 Z:xy 7 7417 4 YT ollse )
where k = Zi:%w ki is the k-vector of the laser, ug; is the displacement of the equilib-

rium position due to the bias field along the direction ¢, «v is a trap geometry factor that
is on the order of unity [I1], and @ufses is the rf phase offset between the electrodes.
One method to detect micromotion is to measure transition spectrum of the ion.
If the spectrum shows significant micromotion sidebands, it indicates that the excess
micromotion along the laser direction is non-zero [25]. For a newly assembled ion trap
that has never been micromotion compensated before, there could be large stray fields

that create high-order micromotion sidebands. In such asses, the typical laser cooling
12
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scheme with light red-detuned by approximately half the natural linewidth no longer
works. We have observed that the micromotion may broaden the cooling transition of
Sr™ ions to ~ 2 GHz (natural linewidth ~ 20 MHz) without compensation, so the laser
needs to be red-detuned by ~ 1 GHz to cool the ions. In this case, the micromotion
compensation can be achieved by applying bias voltages to counteract the stray fields,
and the results can be checked by monitoring the light detuning required to cool the ions.

Another method to detect micromotion is through a cross correlation between the ion
fluorescence and micromotion. If the ion moves at the trap rf frequency, its fluorescence
will be Doppler modulated at the same frequency. We can demodulate the ion fluores-
cence signal at the trap rf frequency with a lock-in amplifier to detect micromotion. If the
trap rf frequency is greater than the fluorescence transition linewidth, this method may
not be useful due to the smaller modulation depth. Both methods that detect micromo-
tion with a laser are only sensitive to the micromotion that is along the laser direction,
so multiple laser beams are typically necessary to measure and compensate micromotion

on all axes.

13



Chapter 3

Stontium and Radium lIons

This chapter discusses the strontium and radium ions, the two alkaline-earth elements

that we use in this thesis.

3.1 Alkaline-earth ions

While ion traps provide long coherence time and storage time, they only work with
charged species. Most of the atomic ions that has been thoroughly studied in an ion trap
have a single valence electron, so their electronic level structures are relatively simple,
often with cycling transitions formed with only a few lasers. For example, the first laser-
cooled atom, Mg* [20], has a Sy, — P32 cycling transition for efficient Doppler cooling
and detection.

Other alkaline earth elements, similar to Mg™, have cooling transitions that are laser
accessible. The first two elements in Group II, Bet and Mg", have cooling transitions
around 300 nm. The heavier elements from Ca™ to Ra' have low-lying Ds s2 and Ds /o
states that require an additional repumping laser to form cycling transitions. The Ds/,

and D5/, states also provide optical clock states [27, 28] 29, [8] and metastable hyperfine

14
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qubits [30]. Most of the other laser-cooled ions, e.g. Zn* [3I], Cd* [32], Hg" [33],
YbT [34], are spectroscopically similar to alkaline earth ions with a single s-orbital valence

electron in the ground state.

3.2 Strontium ions

The low-lying energy structure of Srt is shown in Fig. [3.1] (a). The most abundant
isotope of strontium, strontium-88, has no nuclear spin. The optical clock transition
between the S/, ground state and the Dj/ metastable state (0.39 s lifetime [35]) is one
of the secondary representations of the second [28], and is also used as an optical qubit

for quantum information science [36].

(a) Sr* (b) Ra*
T=6.6ns 1=4.8ns
P39 P39
T= 7k 1=87ns
P1/2 1033 nm P1/2 802 nm
1092 1=0.39s 1079 t=0.30s
nm
e Ds /2 Ds /2
422 nm 468 nm
Dy, —— D,
1=043s 1=0.64s
674 nm 728 nm
S1/2 S1/2

Figure 3.1: Low-lying energy levels of (a) Sr™ and (b) Ra™.

In the scope of this thesis, the 88Sr ion serves as a test species for ion trap and
other apparatus because of its similarity to ?2Ra®. Both species have a nuclear spin
of zero, and share the same cooling Si/ — P/, transition and repumping D3/, — P /o

transition. All low-lying Sr* transitions are compatible with diode lasers without the
15
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need for frequency conversion, and recently integrated photonics for all lasers for Sr*
control have been demonstrated [37]. In addition, the S/, — Py /o transition is only 440
MHz blue-detuned relative to a dipole transition of ¥Rb [38], so the cooling laser can be
stably locked to a convenient wavelength via saturation absorption spectroscopy of Rb
atoms in a cell. These properties of 8Sr™ make it a convenient species to test ion traps in

our lab, including a cryogenic chamber for characterization of novel ion trap designs [39].

3.3 Radium ions

Radium is the heaviest element in the group II of the periodic table with all of
its isotopes radioactive. Due to its radioactivity, the spectroscopy data of this atom
is rare compared to other alkaline-earth elements, but more experiments using radium
have appeared in the last 15 years. Here is an overview of previous atomic, molecular,
and optical (AMO) physics experiments using radium: The first spectroscopy of dipole
transitions of neutral radium atoms and radium ions was done in 1930s with a hollow-
cathode lamp setup [40, 41, 42]. Absorption measurements of some Rydberg lines in
the neutral radium atom have been done in 1980 [43]. In the 1980s, Isotope shifts and
hyperfine splittings of several transitions for a range of neutral and ionic radium isotopes
were measured with ion beams in ISOLDE at CERN [44] [45]. The short-lived radium
isotopes from radium-209 to 214 have been transported from a radioactive beam line and
trapped in linear Paul traps at the University of Groningen, where a series of spectroscopy
work has been done [46, 47, [48], 49, 50]. Neutral radium-226 and radium-225 have also
been trapped for atomic EDM measurements to probe hadronic C' P violations [51], 52, [53].
More recently, the spectrum of RaF molecules has been measured [54].

The energy level diagram of Ra' is shown in Fig. (b). Similar to the strontium

ion, all required light to operate the radium ion can be generated by diode lasers. The
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Ra™ cooling laser (468 nm) and photoionization lasers (483 nm, 450 nm) are of longer
wavelengths compared to their counterparts for Sr*, so more laser power is generally

available and the lasers are more stable.

3.3.1 26Rat

Radium-226 is the most stable isotope of radium, first discovered by Marie Curie
in 1898 [55]. It has a radioactive half-life of 1600 years. The relatively long half-life
allows radium-226 to be directly stored in the experiment chamber as a long-term source
of radium ions. Similar to ®*¥Sr*, ?*Ra™ has a narrow transition Sy — Dsse (0.3 s
lifetime [56]) that can be used as an optical clock or for quantum information science
experiments. However, as radium-226 does not have a nuclear spin, its nucleus is not
quantized and thus it cannot be used in a precision measurement of symmetry-violating

moments in the nucleus.

3.3.2 2¥Rat

Radium-225 has a nuclear spin of 1/2 and a half-life of 15 days. With the nonzero
nuclear spin, its nuclear moments can be measured in radium atoms [52] or radium-
containing molecules. In addition, radium-225 has a heavy octupole-deformed nucleus,
which generates closely-separated parity doublets in the nuclear energy structure that en-
hances the C'P-violating moments. These nuclear properties make radium-225 a sensitive
probe of hadronic C'P violation [57, 6], which will be discussed more in Chapter [

The nuclear spin of 1/2 also generates hyperfine structures in the electronic states
of the radium ion. Specially, the S/, ground state has F' = 0 and F' = 1 hyperfine
manifolds that can be used as hyperfine qubit states that are insensitive to first-order

magnetic field fluctuations at small magnetic fields. The F' = 0 qubit state can be eas-

17



Stontium and Radium lons Chapter 3

ily prepared via optical pumping, following the '™ Yb* work [58] that is used in many
trapped ion quantum information science experiments [59, [60]. The magnetic field in-
sensitivity can also help a ???Ra™ optical clock in terms of stability and systematic effect
evaluations [61]. This clock transition is useful for implementing the logic ion in quantum
logic spectroscopy [16] of radioactive molecular ions to probe hadronic C'P violations.
The shorter half-life of radium-225 makes the isotope more challenging to work with.
Experiments directly using radium-225 requires a ~ mCi source [53], which is significantly
more than the ~ 10 uCi used with ***Ra™ [7]. In addition, the number of radium-225
atoms halves every two weeks, so regular replacement of the sample is needed. These
difficulties prompt us to build a long-term source of radium-225 atoms using its parent
isotope, thorium-229, which has a radioactive half-life of 7825 years. Our work towards

this long-term source of radium-225 atoms is discussed in Chapter
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Chapter 4

Radioactive molecules and new

physics

The Standard Model of physics describes three of the four fundamental interactions (ex-
cluding gravity), and all predicted particles in the Standard Model have been discovered.
Despite the great success of the Standard Model, there remain important physics prob-
lems that are not explained. One of them is the matter-antimatter asymmetry, why
is there more matter than antimatter in the Universe. A popular explanation of the
problem is the baryogenesis theory, where a process that favors the generation of matter
over antimatter happened in the early universe just after the big bang. Baryogenesis can
only occur with the Sakharov conditions [2], and requires violation of the C'P symmetry.
Within the Standard Model, there is not enough C'P violation to explain the matter-
antimatter asymmetry that we see today [I], so additional C'P-violating interactions
beyond the Standard Model are required.

Particle colliders have been used to search for new physics which may explain the
matter-antimatter asymmetry and other problems such as dark matter. For example,
the Large Hadron Collider is used to probe supersymmetry particles at energy scales
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of ~ 1 TeV [62]. Although these experiments are direct tests of new physics, these
large-scale experiments have high costs and need many physicists to run.

An alternative approach is to search for new physics using tabletop precision mea-
surements. If the same physics that generates the matter-antimatter asymmetry exists
today, we should be able to probe it by measuring any system that has sensitivity to
the sources of new physics. Among all systems, atoms and molecules have the following

advantages:

e Atoms and molecules are relatively simple systems that have mature experimental
tools such as lasers and traps. High fidelity techniques for state preparation, inter-
rogation, and readout have been developed too. On the theoretical prospective, it
is possible to calculate the effects from the new physics on the atoms and molecules,

e.g. energy shifts.

e Atoms and molecules can be measured to very high precision. The most precise
measurements that humans have done are optical clocks, which measure transi-
tion frequencies in atoms to < 107! fractional uncertainty [5]. Such precision

measurements are important as effects from the new physics must be small.

e Each atom or molecule of the same species is identical. Therefore, the same ex-
periment can be repeated in another place or time to gather statistics or to test

systematic effects.

As C'P violation is an integral part of the barogenesis theory, it is natural to search
for C'P-violating interactions in atoms and molecules. According to the C'PT theorem,
violation of the C'P symmetry is equivalent to violation of the 7" (time-reversal) symmetry,
so we can search for T-violating moments in atoms and molecules to probe new physics.

One of these moments is the electric dipole moment (EDM) of a fundamental particle,
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which violates both the P and T symmetries. The EDM can be measured by placing
the particle in an electric field, so the particle energy is dependent on the alignment
between the EDM and the electric field. If a nonzero energy shift accompanies reversal

of quantization direction (spin) of the particle, it indicates that the particle has a nonzero

EDM.

4.1 Electron EDM measurements

The search for an electron EDM (eEDM) is one of the most sensitive probes of new
physics. However, electrons are very light charged particles that move in an electric
field, so it is difficult to directly measure the EDM-induced energy shift of free electrons.
Electron EDM experiments instead measure the energy shifts of polarized paramagnetic
atoms or molecules that have an unpaired valence electron.

How does the EDM of the valence electron manifest as an energy shift of the atomic
or molecular system? In the following discussion we consider a paramagnetic neutral
atom or molecule in an external electric field, but the arguments work for ionic systems

too. If the eEDM, d., can be measured in this system, the Stark shift Hamiltonian

HeEDM = de . Eeff (41)

must have a nonzero expectation value, where E.g is the effective electric field on the
valence electron. According to Schiff’s theorem [63], the expectation value of Eq¢ must be
zero in a neutral system: If (E.g) is nonzero, the electron is accelerated by the Coulomb
force, but the neutral system remains still in an electric field. Thus we would anticipate
the electron separated with the neutral atom if there is a net electric field, which is not

the reality. Therefore, within nonrelativistic physics where d, is a constant, the eEDM
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produces no shift on the polarized atom or molecule. However, bound electrons in an
atom move at relativistic speeds v ~ ac, so relativistic effects must be considered. When
the valence electron moves close to the nucleus, the speed is faster so relativistic length
contraction results in a smaller d. [63] [64]. Therefore, although (E.g) = 0, the Stark
shift (de - Eeg) # 0, leading to an energy shift on the atomic or molecular levels due to
the eEDM.

For a paramagnetic atom, the effective electric field that the valence electron expe-
riences is proportional to the applied external electric that the atom experiences, so the

energy shift can be regarded as produced by a permanent atomic EDM due to the eEDM

HeEDM,atom - datom : E, (42)

where E is the external laboratory electric field and d,iom is the atomic EDM

datom = Rde, (4.3)

where R is an enhancement factor [65] that is proportional to Z2 due to relativistic effects.
For example, R = —573 in thallium (Z = 81), so EDM measurements with heavy atoms
enhance the sensitivity compared to free electron measurements and a thallium EDM
experiment holds the current best limit of the e(EDM measurement with atoms [66].

Another sensitivity enhancement can be realized with molecules. With a paramag-
netic polar molecule, the valence electron moves in a steep Coulomb potential gradient
due to the charge transfer associated with the chemical bond, so the relativistic effect is
even larger in the molecule frame. In addition, closely spaced parity doublets in molecules

allow full polarization of the molecule with a modest external electric field on the order
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of V/em [67]. In fully polarized molecules, the Stark shift due to the electron EDM

HeEDM,molecule = de : Eeff,saturatedy (44)

where the effective electric field at saturated polarization Eeg saturated ~ 10 GV/cm in
heavy polar molecules such as ThO and HfF*.

In the last decade, measurements in YbF [68], ThO [69,[70], and HfF* [71} [72] have set
stringent constraints on the electron EDM. The latest measurement with HfF ™ molecules
limits |d.| < 4.1 x 1073° e-cm with the single-source assumption, which translates to
new particle mass constraints of over 40 TeV, an order of magnitude higher than the
current limit of the LHC [72]. Other than the contribution from d., atomic or molecular
eEDM measurements are also sensitive to the semileptonic C'P violation sources that
couple the electron and the nucleons, so measurements from species with different relative
sensitivities to leptonic and semileptonic C'P violation sources are needed. When we
combine the HfF* experiment and the previous best limit from ThO molecules [70], they
set the best simultaneous limits on the pseudoscalar-scalar electron-nucleon coupling

|Cy] < 1.9 x 1072 and the electron EDM |d,| < 2.1 x 107 ¢ - cm [72)].

4.2 Hadronic C'P violation measurements

Although eEDM measurements give the best limits for leptonic and semileptonic
C'P violation, they are not sensitive to C'P violation in the hadronic sector. Hadronic
C'P violation measurements require probing a 7T-violating moment in a hadronic system,
such as the proton or neutron EDM which arises from quark EDMs and quark chromo-
EDMs [73]. Similar T-violating moments also occur through collective interactions of

nucleons in a polarized nucleus, leading to nuclear T-violating moments such as the
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Schiff moment and the magnetic quadrupole moment.

4.2.1 The nuclear Schiff moment

Hadronic C'P violation sources can modify the proton distribution in the nucleus
to create an EDM-like moment. The nuclear Schiff moment results from this collective
interaction from the protons and a direct EDM contribution from unpaired nucleons.
However, the energy shift on the atom or molecule due to the nuclear C'P violation effects
cannot be simply expressed by a nuclear EDM, as the nucleus is not a point charge. As
the electron wavefunction in the nucleus is nonzero, the nucleus is not fully shielded by
the electrons and the nuclear charged radius must be accounted for when calculating the
energy shifts. The nuclear Schiff moment due to collective effect of protons is defined

as [74, [75]

ch _ € 5 D,
ST = =302 S, (45)

where the sum is over all protons, r, is the proton position, and (r?)q, is the mean squared
radius of the nuclear charge distribution. As the Schiff moment relies on escaping the
electron shielding due to the finite size of the nucleus, it is enhanced in large nuclei such
as Hg [4] and Ra [52].

In addition to S, the full Schiff moment S also contains a component S» from EDM
contribution of unpaired nucleons, but in heavy nuclei S is typically much smaller than
S so the EDM term due to 1 or 2 unpaired nucleons can be ignored [74].

The atomic Hamiltonian due to the Schiff moment is [75]

3S - I
Hamatom = — Z —.P(I‘i), (4.6)
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where the sum is over all electrons, r; is the electron position, and p is the nuclear density.
Similar as the case of eEDM in molecules, fully polarized molecules provide an inter-

action constant Wg, and [75]

S
HSM,molecule = WSjJ -1, (47)

where S is the nuclear Schiff moment, J is the nuclear spin and n is the internuclear unit

vector.

4.2.2 Nuclear octupole deformation

As the Schiff moment for heavy nuclei is mostly from the collective interactions of
nucleons in a polarized nucleus, a nucleus that is not reflection symmetric may enhance
the Schiff moment [76]. For example, some of the radioactive nuclei such as radium-
225 are octupole-deformed [77], and such octupole deformation leads to closely spaced,
opposite parity states, shown in Fig. [4.I] The T-violating, P-violating interactions
between the nucleons mix the two nuclear states so they are no longer equal superpositions
of the two nuclear orientations, and the nuclear deformation shape fixed in the lab frame
leads to enhanced collective effects. If we apply perturbation theory, the resulting Schiff
moment from such a parity doublet is [74]

1

where AF is the nuclear parity doublet splitting. This splitting is 55 keV for ?*Ra [70],
and could be < 100 eV for ***Pa [78] (half-life 1.5 d). Compared to a heavy reflection-
symmetric nucleus such as *Hg which lacks a closely spaced parity doublet, the Schiff

moment of 22Ra is enhanced by ~ 100 — 1000 times, and the ?2Pa nucleus may give an
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additional enhancement factor of ~ 1000 over ?**Ra (10° — 10° over "Hg) [79].

. 71@)-19)
Ned+lo)

Figure 4.1: The two lowest nuclear energy state in radium-225 which forms an opposite
parity doublet states. P, T-violating interactions in the radium-225 nucleus could mix
the two states and lead to a non-zero nuclear Schiff moment.

55 keV

4.2.3 Hadronic C'P violation in SM and BSM operators

Hadronic C'P violation measurements are sensitive to both C'P violation in the Stan-
dard Model (SM) strong interaction and additional C'P violation sources in physics be-
yond the Standard Model (BSM). To evaluate the sensitivity of a hadronic C'P violation
measurement to the various sources, we need to write out the measured moment, such
as the nuclear Schiff moment, in terms of hadronic C'P violation operators.

As discussed in Section the Schiff moment comes from two sources: A collective
effect of nucleons and EDMs of unpaired nucleons. Both of these terms are generated by
pion-nucleon couplings that are C'P-odd. Therefore, in general we can write the Schiff

moment as [74]

_ 2mnyga
Fr

(0)

S (apg,’ + a1§7(r1) + 02517(?))’ (4.9)

where my is the nucleon mass, g4 is a quark coupling term, F; is the pion decay constant,
) are the scalar (0), vector (1), and tensor (2) C'P-violating pion-nucleon couplings,
and their a; are sensitivity constants that can be determined from nuclear structure.
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The prefactor in Eq. 2myga/Fr =~ 13.5 [(4]. The Schiff moment from the same
C P-violating physics would be larger for a nucleus with greater a; constants.

The Standard Model contribution to hadronic C'P violation is from the § term, which
describes C'P violation in quantum chromodynamics (QCD). Currently, C'P violation in
the strong interaction has never been observed, and experimental results [3, 4] have
constrained @ < 10719, which is very far from a order of unity value, which is expected
from the naturalness perspective. This lack of C'P violation in the strong interaction is
the so-called strong C'P problem. The scaling of §7(r0) from 6 is [80]

2

=(0) _ §L 4.10
I MqocenFr’ (4.10)

where m is the pion mass, and Mqcp ~ 27 F.
The scaling of §7(ri) from new physics terms can also be calculated. For example, the

scaling for quark chromo-EDM terms is [81]
g\ =2 x 10"(d, — dy), (4.11)

where d, and dy are the chromoelectric dipole moments of the up and down quarks in
units of cm.

New physics may also include other terms that can contribute to g&”, including four-
quark operators, quark EDMs, and chiral-invariant sources in the pion-nucleon sector [80].
Semi-leptonic C'P violation sources from electron-nucleon interactions can also lead to
an EDM-like signal [82, [4]. These many sources of C'P violations call for using different

experimental systems to constrain each C'P violation source with a global analysis of all

experiments [83] [84].

IThe definition of g\ in [80] is a factor of F, smaller than the [74] definition that we use in this
thesis.
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The current best limit on the QCD @ term is placed by a neutron EDM experiment
at § < 4.6 x 107! [3,85]. The same measurement constrains |dy + 0.5d,| < 3.3 x 10726
cm [73]. The latest mercury EDM measurement constrains < 1.5x1071°, and |d, —dy| <
5.6 x 10727 cm [4]. All of these limits are placed with the assumption that there is only

a single source of C'P violation.

4.2.4 Hadronic C'P violation measurements with radioactive

molecular ions

We are working towards hadronic C' P violation measurements using radioactive molec-
ular ions such as 2°RaSH* and #2PaSH™. Compared to state-of-the-art hadronic C'P
violation measurements with Hg atoms, octupole deformed nuclei such as ??Ra and
229Pa provide orders of magnitude larger Schiff moments. In addition, in these polar
molecules, the molecular interaction constant Wy is large. These combined enhancement
factors make radioactive molecules the highest sensitivity to hadronic C'P violation per
particle.

To realize the large molecular enhancement, the molecule must be fully polarized.
This requires mixing closely spaced, opposite parity states with a small lab-frame electric
field so that the molecular orientation is defined in the lab frame. The eEDM experi-
ments use paramagnetic molecules, which have €2-doublets in all states with electronic
angular momentum J, > 1 [67]. However, the radioactive molecular ions considered for
hadronic C'P violation measurements are all diamagnetic molecules with no 2-doublet
in the ground X electronic state | so we need to use another doubling mechanism, such
as vibrational [-, or rotational K-doublets with polyatomic molecules [86], 87, [88]. The

rotational or vibrational doublets allow full molecule polarization at electric fields as low

2Diamagnetic molecules are less sensitive to systematics such as the fluctuations of the magnetic field,
so most hadronic C'P violation measurements use them.
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as a few V/cm in a rotational or vibrational excited state, and they are independent of
the molecular electronic structure so the same measurement principle can be applied to
any of the radioactive nuclei we choose.

For the proposed hadronic C'P violation experiment, a radioactive molecular ion will
be co-trapped with a single 2’ Ra* ion. The laser-cooled ?2°Ra™ ion can be used to sym-
pathetically cool, control, and readout the molecular ion via quantum logic spectroscopy.
The quantum logic spectroscopy technique has been demonstrated to control the state
of a diatomic molecular ion CaH™ [16], 89], and it has also been used to operate an Al™
ion optical clock [5], which is one of the most precise measurements that ever realized.
We will discuss more on the details of the proposed measurement in Chapter |12}

We expect up to order of magnitudes gain in the sensitivities for the proposed hadronic
CP violation experiments with radioactive molecules. Generally, the sensitivity of a

frequency measurement is
1 T+ td

6f = —
/ 2rrp ' NT ~

(4.12)

where 7 is the measurement coherence time, 7 is the state preparation and detection
fidelity, tq is the dead time between measurements, /N is the number of particles, and T’
is the total measurement time.

The proposed measurements consider a single radioactive molecular ion (N = 1),
and a near-unity efficiency can be enabled by quantum logic spectroscopy (n ~ 1). A
coherence time of 7 ~ 1 s should be achievable in a proof-of-concept measurement [72],
and 7 ~ 1000 s is possible with noise-mitigation techniques, such as magnetic field
stabilization and shielding [4, [00]. The dead time for state preparation and readout, tq,
should be short compared to the coherence time 7. For a month long measurement, we
can achieve a statistical frequency sensitivity of ~ 163 uHz for 7 = 1 s and ~ 5 puHz for

7 =1000 s (90% confidence interval).
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We can estimate the constraints on the Schiff moment from these proposed measure-
ments assuming the Schiff moment values that agree with zero. For a polyatomic molecule
such as RaOH™, the molecular interaction constant is estimated to be Wg ~ 3 x 10* a.u.
(a.u.= e/(4megag), where € is the vacuum permittivity, and ag is the Bohr radius) [91],
and J-n/J = 0.5 for comparison between opposite Schiff moment sensitivity states in
a fully polarized polyatomic molecule [87]. We can calculate the Schiff moment bounds
from Eq. |S| < 2.5x1071% e fm? for 7 = 1 s and | S| < 7.5x107? e fm? for 7 = 1000 s.
For a radium-225 nucleus, ag = —2.6 e fm?3, a; = 12.9 e fm?, and ay = —6.9 e fm? [91]
in Eq. A9 The corresponding constraints in C'P violation sources for the 7 = 1 s
measurement is comparable to the current best constraints, and is one to two orders of
magnitudes smaller for 7 = 1000 s [91]. If protactinium-229 is used instead of radium-
225, the very close nuclear parity doublet potentially in ?2Pa could lead to hundreds or

thousands of times of higher sensitivity than the radium-225-containing molecules [79].
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Atom-light interactions

In this chapter we discuss atom-light interactions that are relevant to this thesis.

5.1 Doppler cooling

Doppler cooling is an important technique in our work. It can reduce the kinetic
energy of the trapped ions from hundreds of Kelvins to ~ 1 milliKelvin, and enables
other techniques such as sideband cooling to cool the ions to the motional ground state
in the trap pseudo-potential. In this section we briefly introduce Doppler cooling, and

discuss Doppler cooling in the S}/, — P12 — D35 structure of strontium and radium ions.

5.1.1 Doppler cooling with a two-level system

Doppler cooling uses red-detuned light to slow down the motion of the atoms. When
an atom moves towards the light propagating direction, the Doppler shift moves the
light frequency closer to the resonance and the atom is more likely to absorb a photon.
When the atom is moving away, it is less likely to absorb an photon. The difference

in probability of absorbing photons results in velocity-dependent momentum “kicks” to
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slow down the atoms. For atoms in free space, it typically needs two counter-propagating
beams to cool the atoms in both directions of 1D, and a total of six lasers to cool the
atoms in 3D. For trapped ions, the normal modes of motion are well-defined, so a red-
detuned laser with nonzero k-vector components on all three secular motional modes is
sufficient. Most of the trapped ion experiments do not use a counter-propagating laser,
so the light pressure from the cooling laser pushes the ion slightly off the trap center,
which can be ignored since the light scattering force is typically small compared to the
Coulomb force from the trapping potential.

At very low temperatures, the random-walk heating from absorption and emissions

is in equilibrium with the cooling, and results in a Doppler cooling temperature limit

hI'

T = —
D 21{?]3’

(5.1)

where I' is the natural linewidth of the transition. This limit is only obtained for laser
detuning 6 = —I'/2 with a small Rabi frequency Q < I'. For the Sr* or Ra' ions,
the cooling transition has a natural linewidth of I' & 27 x 20 MHz, corresponding to a

Doppler cooling limit of ~ 0.5 mK.

5.1.2 Doppler cooling of *¥Sr* or ?>Ra*

Due to the low-lying metastable Dj, state, Sr™ or Rat have a A-shaped energy
level diagram and require two lasers for Doppler cooling. Typically we use the S7/, —
P,y transition as the Doppler cooling transition, and the laser driving the transition
is red-detuned. The D35 — P/, transition is used as a repumping transition into the
Doppler cooling cycle. This assignment of cooling and repumping transitions is due to
the branching fraction of the P, state, which predominately decays to the S/, state

(p = 94% for Sr™ [92], and p = 91% for Ra™ [7]). We discuss the specific requirements
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on the two lasers for cooling isotopes with no hyperfine structure (¥#¥Sr™ or ***Ra't) to

approximately the Doppler limit in the following text.

Rabi frequency requirements

Significant broadening or shifting of the cooling transition spectrum should be avoided
to reach the Doppler limit, so the Rabi frequencies of the cooling and repumping lasers
should be selected to minimize broadening effects on the cooling transition. For simplicity,
we ignore the Zeeman sublevels in each of the electronic state, so the problem can be
simplified to a three-level system.

First of all, the Rabi frequency of the cooling laser {2gp should be smaller than the
transition natural linewidth I'. If Qgp > I', power broadening increases the transition
linewidth and the ion temperature is much higher than the Doppler limit.

If the repumping laser has a very small Rabi frequency (2%,/(1 —p) < Q%5/p), the
repumping rate from the Ds/; state is small and the ion spends much longer time in the
D35 state than the Sy, state. In this case, the scattering rate is solely determined by
the repumping rate, leading to broadening of the cooling laser spectrum as the scattering
rate is no longer sensitive to the detuning of the cooling laser [93].

If the repumping laser transition rate is faster than the cooling laser transition rate
(Q%p/(1—p) > Q%p/p), the ion spends shorter time in the D5 state than the Sy, state,
so the cooling transition broadening from the Dj/, state population is small. However,
if the repumping laser Rabi frequency is much greater than the natural linewidth, the
cooling laser transition spectrum would be significantly distorted and shifted due to the

ac Stark shift, which is generally unwanted in an experiment.
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To summarize, the requirements on the cooling and repumping Rabi frequencies are

Qsp < I, (52)
1—p

QSP < QDP <T. (53)

Polarization requirements

The Zeeman sublevels in the three electronic states impose additional requirements
on the cooling and repumping lasers. First, there cannot be a dark state that the lasers
cannot access. For example, if the cooling laser k-vector and polarization is set so that
only the o transitions are driven, then the population which decays to the Sy, m =
+1/2 Zeeman sublevel does not interact with the laser so the laser cooling rate drops
to zero. Similarly, if the repumping laser only drives one type of transition in o, 7,
and ¢, there will be always two Zeeman sublevels in the Ds, state that are dark [93].
The polarization and k-vector requirements on the two lasers to prevent dark Zeeman

sublevels in both the D3/, state and the Sy, state are

e The cooling laser must drive 7 transitions or simultaneously drive ot and o~ transi-
tions. A simple way to satisfy this requirement is to set the cooling laser polarization

to be linearly polarized.

e The repumping laser must simultaneously drive both ¢ and o~ transitions. For
example, the repumping laser can be set to a linear polarization that is not parallel

with the magnetic field.

Magnetic field and laser detuning requirements

In addition to the dark states of single Zeeman levels, a coherent dark state can occur

where a coherent state composed of Zeeman sublevels in the Ds/; state has zero transition
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rate to all of the P, /5 sublevels. Two such states exist for any polarization and k-vector of
the repumping laser [93]. If the state of the ion approaches one such state, it would stay
in the state forever unless the state is destabilized. One of the methods to destabilize
such a coherent dark state is to apply an nonzero magnetic field [93]. If the magnetic
field is nonzero, the phase in each of the components of the dark state is time-dependent,
and the destabilization rate depends on the Zeeman shift due to the magnetic field. In
typical laser cooling conditions, we want the destabilization rate to be similar or larger
to the repumping rate, ugB Z Qpp.

In addition to the coherent dark states within the D/, state, cooling and repumping
lasers can induce Raman transitions that coherently transfer population between the S /9
and the Ds ), states and lead to dark states between Zeeman sublevels in the S/, state and
the D/, state [93]. If the frequency difference between the cooling and repumping lasers
drives an allowed Raman transition between two Zeeman sublevels, population moves
between the two Zeeman sublevels directly and there would be no excitation to the P/,
state and thus no Doppler cooling. To avoid this, the repumping laser needs to be blue
detuned so the Zeeman shift is not large enough to account for the detuning difference
between the red-detuned cooling laser and blue-detuned repumping laser. Assuming
a typical cooling laser detuning of —I'/2 and repumping laser detuning of +I'/2, the
magnetic field should satisfy uB < T.

Therefore, the requirements on the laser detunings and the magnetic fields are

r

ASP ~ —5, (54)
r
ADP ~ —|—§, (55)

All of the above intensity, polarization, laser detuning, and magnetic field require-
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ments need to be satisfied for laser cooling close to the Doppler limit.

5.2 Coherent driving of the electric quadrupole tran-
sition

Both Sr™ and Ra™ ions have the S /2 — Ds/o electric quadrupole (E2) transition
that have narrow natural linewidths. As the natural linewidth is much smaller than
typical ~ kHz Rabi frequencies for this transition and the ~ MHz Zeeman splittings,
the transitions between different Zeeman sublevels are resolved and each of them can be

viewed as a two-level system.

5.2.1 Secular motion control

The ions are also trapped in a pseudo-potential that is a 3D harmonic oscillator. The
corresponding motional states (phonon states) are shared among all ions, so the motion
can be used to transfer information between trapped ions for building multi-ion quantum
gates. A laser driving a transition could perturb the harmonic oscillator potential and
lead to transitions that change the motional state of the harmonic oscillator. According
to conservation of energy, these transitions must be spaced by the secular frequencies
of the ion, and these transitions are called the secular sidebands, which can be used to

control the motional quantum numbers in the trap 3D harmonic oscillator.

Lamb-Dicke parameter

An important parameter in light interaction with a motional mode of a trapped ion

is the Lamb-Dicke parameter

h
n = kcos@ S (5.7)

mw;
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where £ is the wavenumber of the light, m is the mass of the trapped ion, w; is the
secular frequency on axis i, and 6 is the angle between the light wavevector and axis i.
The Lamb-Dicke parameter describes the ratio between the motional state wavefunction
spread to the light wavelength, and characterizes the Rabi frequencies of the sideband

transitions [94]

sign(m)/2
Q = Qe*nz/%lmllel(n?) n—' ) (5.8)
nyntm n (n+m)! ’ ’

where €2, 4., is the Rabi frequency of the sideband transition from motional state n
to motional state n + m, §2 is the Rabi frequency for a free-space atom, and L¢ is the
associated Laguerre polynomial

B =30 (1L (5.9)

k=0
Lamb-Dicke regime

The Lamb-Dicke parameter is typically small for an ion trap that is designed for
motional sideband control of trapped ions. For example, for the Sy, — Ds/y clock
transition of ??Ra™ (728 nm) with a secular frequency of 2 x 1 MHz, = 0.04 when
the laser is parallel to the secular mode. With the approximation n < 1 and n ~ 1, we
can apply Taylor expansion on Eq. so Rabi frequencies of the carrier and 1%%-order
red and blue sideband transitions can be simplified to [94]

Qo = Q1 —n*n), (5.10)

)

Qpn_1 = nv/nl, (5.11)

Q1 =nvn + 100 (5.12)

37



Atom-light interactions Chapter 5

When Q2 > Q2 +Q2 ., spontaneous decays from the excited state are unlikely
to change the motional quantum number of the ion (the Rabi frequencies for higher order
sidebands are even smaller so they are not considered). This is the so-called Lamb-Dicke

regime, where

n”’(2n+1) < 1. (5.13)

In the Lamb-Dicke regime, the Rabi frequencies for the first order sidebands are
much smaller than the carrier Rabi frequency, and the higher order sidebands are even
further suppressed. Therefore, when driving a typical dipole transition where the natural
linewidth I" > w;, the motional number is unlikely to be changed when the ion is in the
Lamb-Dicke regime. However, when driving a sideband resolved transition where I' < w;,
the desired sideband to drive can be selected by detuning the laser, which makes sideband

cooling of a trapped ion possible.

Sideband cooling

Doppler cooling alone can only decrease the temperature of the trapped ion to near
the Doppler limit ~ 0.5 mK, which corresponding to a mean motional quantum number
n; ~ 10 for a secular frequency w; = 27 x 1 MHz. At this point, the ion is in a thermal
state following the Bose-Einstein distribution. To further cool the ion, we need to use
sub-Doppler cooling techniques such as sideband cooling [95].

Sideband cooling relies on using a transition with linewidth I' < w;, where w; is the
secular frequency of the motional mode to be cooled. For Sr* and Ra™, the S/, — Dss
transition is usually chosen. This transition has resolved sidebands, meaning that each
secular sideband can be driven by detuning the laser without much off-resonant scattering

on the other sidebands or the carrier transition. Therefore, the first-order red sideband
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can be driven to reduce the motional quantum number of the ion by 1. If only this
transition is continuously driven, the motional quantum number cannot be decreased
by more than 1: Although the absorption process removes a phonon from the motional
mode, the stimulated emission process adds a phonon. Due to the long lifetime of the
Dy, state, a unidirectional dissipation process is needed to reset the ion to the S/, state
from the Ds/, without changing the motional quantum number. This can be realized
by driving the Ds;; — P35 “cleanout” dipole transition which pumps the population
back to the S/, state. By continuous driving of both the cleanout transition and the red
sideband of the clock transition, the motional quantum number of the trapped ion can be
reduced to a sideband cooling temperature limit determined from off-resonant scattering
and spontaneous decays that changes the motional quantum number of the trapped ion.

In practice, there are multiple Zeeman sublevels in each of the electronic state of 88Sr
and ?*Ra™, so we must prepare the ion to a single Zeeman sublevel of the S/ state before
sideband cooling can be done. This can be done by driving either ¢ or o~ transition
of the Doppler cooling transition (polarization-based state preparation) or driving clock
transitions between specific Zeeman sublevels (frequency-based state preparation). In
this thesis all state preparation is done by driving specific Zeeman sublevels of the clock
transitions. For example, to prepare the ion into the Sy, m = +1/2 state, we drive
the Sip,m = —1/2 — Ds/o,m = +3/2 transition while applying the cleanout and
repumping light to optically pump the population to the desired Zeeman sublevel in the
ground state. The repumping light is necessary as the Ds,, has a small but nonzero
branching fraction to the D3/, state.

After state preparation into the Si/,, m = +1/2 sublevel, we drive the first-order
red sideband of the S1/5,m = +1/2 — D55, m = +5/2 transition to sideband cool while
applying the cleanout and repumping light. We choose to excite to the m = +5/2 Zeeman

sublevel of the Dj/, state because this sublevel can only be excited to Pss,m = +3/2,
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and decay to Sij2, m = +1/2 which forms a closed cooling loop if we do not consider the
P35 state branching fractions to the Ds/ and the Ds/ states. In practice, branchings
to the D states require interleaving state preparation pulses and sideband cooling pulses
to get reliable sideband cooling results to the sideband cooling limit.

If Doppler cooling is not sufficient to cool the ion into the Lamb-Dicke regime, e.g.
when the secular frequencies are small w; < 27 x 1 MHz, the sideband cooling states in
the regime where Eqgs. and are no longer valid and higher order contributions
from 7 must be considered. For example, the Rabi frequencies for the carrier and low-

order sidebands are plotted in Fig. [5.I] with Eq. [5.§| for n = 0.13.

1.0r —— carrier
1%t order sideband
—— 2" order sideband

© o o o
N > o [es)

Relative transition amplitude

o
o

0 50 100 150 200 250 300
Motional guantum number, n
Figure 5.1: Relative Rabi frequencies of the carrier, first order sideband, and second
order blue sideband for different motional quantum number for a single 22Ra® with
a 2m x 100 kHz secular frequency (n = 0.13). The red sidebands have similar sec-
ular frequencies as the blue sidebands for n > 0. If the motional quantum number
n ~ 220, the Rabi frequency of the first-order sideband approaches zero, stopping the

cooling process, and higher-order red sidebands need to be driven to overcome these
barriers [96].

Sideband cooling can also be done with the S/, — D3/, E2 transition. However, the

laser to drive this transition is typically not available in most alkaline-earth ion trapping
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experiments due to state detection techniques that will be discussed in Section [5.3]

Thermometry

Temperature measurements of the trapped ions can be done to confirm the results of
Doppler cooling and sideband cooling.

First, the temperature of the ions can be estimated from the spatial extent seen on
the camera. This technique is limited by the resolution of the imaging system, typically
~ 1 pm. Although this technique is usually not useful to determine the ion temperature
in the quantum regime where the mean motional quantum number is small, it provides
confirmation of ion crystallization and makes sure that the ion temperature 7' < 1 K.

After the trapped ions are crystallized, a spectroscopy of the dipole transitions, such
as the Sy — P2 cooling transition can help checking the temperature of the ions. If
the temperature of the ions is at the Doppler limit, the Doppler shift is ~ 27 x 1 MHz,
significantly smaller than the natural linewidth I' ~ 27 x 20 MHz, so the Doppler-induced
transition broadening effect should be negligible.

More precise thermometry measurements typically rely on driving the Si/o — Ds/9
clock transition. Omne method is to measure the motion-induced decoherence on the
carrier transition of the clock transition. According to Eq. the Rabi frequencies of
the carrier transition for different motional quantum number n is different, so we can
measure the decoherence rate of the carrier transition due to the thermal distribution
of the motional quantum number to determine the mean motional quantum number of
the trapped ion. Assuming that the motional state occupancies follow the Bose-Einstein
distribution, the population in the excited state as a function of time for Rabi flopping

on the carrier transition is [94] [

!The definition of the Rabi frequency differs from Eq. A.5 in [94] by a factor of 2. This re-definition
follows the usual convention, e.g. [97].

41



Atom-light interactions Chapter 5

1 cos(Qt) + n*nQt sin(Q) (5.14)
2 2(1+ (n2nt)?2) 7’ '

p(t)

where n is the mean motional quantum number. If the laser is not parallel to a motional
state or multiple ions are trapped, multiple motional modes contribute to the motional
decoherence, and the temperatures of individual motional modes cannot be determined
from this method. While this method is effective in probing the temperature of a single
motional mode when 7 is relatively high, other decoherence mechanism such as magnetic
field fluctuation may dominate at low n, which may overestimate of the ion temperature
with Eq. [5.14

When the temperature of the ion is near the ground state (7 < 1), either direct
measurements of the sideband heights or Rabi flopping on the sidebands can be used to
measure the temperature accurately. At low n, motional decoherence on the sidebands
are much more evident than the carrier due to the large dependence of sideband Rabi
frequencies as a function of the motional quantum number (See Egs. and .
Alternatively, the first-order red and blue sideband heights can be probed directly, and
the population in the motional ground state can be calculated from the ratio between
the red and blue sideband [94]

Pn=0)=1- 2d (5.15)

Pblue

where Dred, Poiwe are the red and blue sideband heights. These two methods based on the

secular sidebands provide direct temperature measurements in a single motional mode.
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5.3 State detection

The Sy — Ds)p transition provides a way to coherently manipulate the two clock
states. In this section we discuss how to determine whether the ion is in the D5/, or the
S1/2 state.

State detection uses the same lasers as Doppler cooling, the cooling laser driving
the Sy/2 — Py transition and the repumping laser driving the D35 — P,y transition.
As the two lasers form a closed loop, we can observe continuous fluorescence from the
ion if the ion is in the ground S;/, state. On the other hand, the upper state of the
clock transition, Ds/o state, is out of the Doppler cooling loop, so the ion does not emit
fluorescence when the two lasers are on.

As the Dj ), state lives for hundreds of milliseconds for Sr* and Ra*, a state detection
for ~ 1 ms introduces an error that is less than 1% due to spontaneous decay of the upper
state. For a typical imaging system that collects ~ 0.1% of the fluorescence photons, the
fluorescence photon rate from a single ion collected by a PMT is ~ 20 kHz, while the
background photon rate on the PMT is $ 1 kHz. State detection for 1 ms on average
collects ~ 20 photons when the ion is in the S;/, state, and < 1 photon when the ion is
in the D5/, state. A state detection threshold of ~ 5 can be used to distinguish the two

events with < 0.01% Poisson error for either state.

5.4 Quantum logic spectroscopy

The techniques discussed previously, including state preparation, sideband cooling,
and state detection enable the quantum logic spectroscopy technique. The quantum logic
spectroscopy was first demonstrated for spectroscopy of Alt ions [15]. It was then used

for precision spectroscopy of diatomic CaH™ molecule [16], an Al* optical ion clock [3],
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and an Ar'** optical clock [98]. With this technique, we can prepare and detect the

internal state of a radioactive molecular ion via a co-trapped Ra™ ion.

(a) Molecular ion (b) Molecular ion (c) Motional state
spectroscopy state transfer to transfer to atomic
motional state ion state

Figure 5.2: Quantum logic spectroscopy pulse sequence for a RaSH' molecular ion
co-trapped with a Ra™ ion after sideband cooling to the ground motional state. Each
harmonic oscillator potential in the figure represents a two-qubit state. The logic ion
Ra*t can be in either the |S); (S1/2) or the |D); (Ds/y) state. The spectroscopy
ion RaSH™ can be in either the |0)g ground state or the |1)g excited state. The two
relevant motional state, n = 0 and n = 1 are shown in the figure. See the main text
for a detailed explanation of the sequence.

For quantum logic spectroscopy, we first co-trap a Ra™ (logic ion) and a molecular
ion such as RaSH™ (spectroscopy ion) and use sideband cooling on Ra™ to cool a shared
motional mode of the ion chain to the ground motional state. After sideband cooling,
we use the pulse sequence shown in Fig. for quantum logic spectroscopy: We apply a
spectroscopy pulse on the molecular ion, which may be on-resonance so that it prepares
the molecular ion to an excited state or off-resonance which does not change the molecular
ion state. A red sideband pulse on the same transition of the molecular ion follows, which
attempts to drive the molecular ion to the ground state and increase the shared motional

mode quantum number by one if the transition is driven. After that, a red sideband

pulse on the Ra™ clock transition tries to drive the radium ion into the Dj /s state, which
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is possible only if the shared motional mode is in the n = 1 state. Through the steps, the
quantum information in the molecular ion is transferred (the spectroscopy pulse succeeds
or fails) to the motional state (motional quantum number n = 1 or n = 0), and then to
the Ra™ ion (ion is in the D5/, or the Sy, state). Finally state detection can be used to
determine the state of the Ra' ion. Thus, a one-to-one mapping between the molecular
ion state and the Ra™ state is established, and this technique is generally applicable to
any ion that has a mass-to-charge ratio similar to that of Ra™.

Due to the high fidelity of single ion motional state control operations and state
detections, the quantum logic spectroscopy technique can reach a high efficiency near
unity. This enables efficient state preparation and detection for ions with complicated

internal structures, such as molecular ions with a laser-cooled ion.
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Ion trapping apparatus

This chapter introduces the ion trap and associated apparatus for all ??Ra* ion work in

this thesis.

6.1 Ion trap

We use a linear Paul trap with rg = 3 mm and zy = 7.5 mm, a geometry used by
the Hudson group at UCLA [99]. See Fig. for a render of the ion trap. The z-
geometry factor is experimentally measured to be x = 0.2005. This trap is designed for
relatively low rf driving frequencies €2y ~ 27 x 1 MHz that is compatible with the time-
of-flight electronics in [I00]. The trap does not have separate micromotion compensation
electrodes, and micromotion compensation electric fields are applied by dc bias voltages

on the radial electrodes.
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6.2 Trap drive electronics

For initial trapping and cooling of radium ions [7], we use the electronics described
in [I00] which supports time-of-flight mass spectrometry of trapped ions. The trap drive
frequency is €2,y = 27 x 2.1 MHz. However, we have observed significant ion heating with
these electronics. Without laser cooling, in a few seconds a crystallized ion is heated so
it is no longer crystallized. We identified that the heating is mostly from rf electric field
noise due to the driving electronics: The four rf electrodes are driven by independent rf
resonators and rf sources, so the phase noise of the rf sources at the trap center does not
cancel which contributes to heating. The time-of-flight mass spectrometry setup, which
was removed after trapping and cooling of radium ions, is introduced with more details
in [61].

To address the heating problem, we built new electronics that drive all rf electrodes
from the same rf source and resonator, using a design similar to [I0I]. The schematic of
the electronics is shown in Fig. We use a homemade center-tapped toroidal resonator
that provides out-of-phase rf voltages for the two pairs of radial electrodes. A Micrometal
T200-2 iron toroid is used as the resonator core. Bias tee circuits are used to allow
applying independent dc voltages on these electrodes for micromotion compenastion. All
rf outputs from the electronics connect to the trap electrodes via 1 m long RG-316 cables

with SMB connectors.
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Figure 6.1: Custom trap driving electronics for ~ 27w x 2 MHz driving frequency. The
electrode pairs 1, 3 and 2, 4 are of the opposite rf phase. A slightly different version
for ~ 27 x 1 MHz driving frequency is finalized and used in this work.
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trap voltage
dc inputs - 1 outpus

dc inputs

Figure 6.2: A picture of the trap electronics corresponding to Fig. [6.1

The rf voltages on the trap electrodes can be estimated from the pickup voltages
on the PCB adapter in [I00]. We measured a 27 x 993 kHz resonant frequency of the
resonator when it is connected to the trap, and a Q factor of ~ 10. The Q factor is

relatively low because of the loss leaking to the DC side of the bias tee and the large
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capacitance due to the coaxial cables.
The dc bias voltages on the radial electrodes is generated by a 8-channel low noise
dc voltage sources included in the electronics for time-of-flight mass spectrometry [100].

The end cap voltages are supplied by a high voltage power supply E]

6.3 Vacuum chamber and atom sources

The ion trap is enclosed in a CF 6”7 spherical octagon vacuum chamber E] The
octagon has seven CF 2.75” side viewports available for optical access after the time-of-
flight setup was removed, and a top viewport for imaging ions and for a laser for ablating
the radium source. The chamber is initially pumped down by a turbomolecular pump.
After a vacuum bake at 190 °C for ~ 10 days, the pressure of the chamber is further
pumped down by a 20 L/s ion pump Fj and a titanium sublimation pump E] to reach a
base pressure of ~ 1 x 1071 mBar. The pressure is monitored with a hot filament ion
gauge | The chamber also has a manual precision leak valve [ that allows introducing
trace amount of chemicals to react with the trapped ions.

The strontium source for the ion trap is a homemade atomic oven shown in Fig. [6.3]
It is comsisted of four individual ovens formed by a stainless steel miniature tube [ a
Kapton-coated copper wire, and tantalum strip that is spot welded to make electrical
connections between the stainless steel tube and the copper wire. We fill natural abun-
dances strontium powder [f] (82% %8Sr, 7% ®7Sr, 10% *°Sr, and 0.5% 54Sr) into the tube

in an argon-filled glove bag, and install the loaded oven below the ion trap so that the

'ISEG SHQ 222M

2Kimball Physics MCF600-SphOct-F2C8
3Duniway Stockroom Coup. RVIP-020-ST-M

4 Agilent 9160050

5Agilent UHV-24p

SVAT Group 59024-GEO1

"McMaster 89935K69

8ESPI Metals, strontium flakes smaller than 1 mm
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tip of the oven tubes are ~ 25 mm away from the trap center. The vacuum chamber is
immediately pumped down after installing the strontium oven to prevent oxidation. To
produce strontium atoms, we run a current through a stainless steel tube and a copper
wire, which heats up the oven and vaporizes the strontium metal. The strontium atoms

are photoionized in the ion trap via two-step photoionization at 461 nm and 405 nm [102].

Figure 6.3: A picture of the homemade strontium ovens mounted on a CF 1.33 elec-
trical feedthrough flange.

We also prepared a laser ablation target for radium-226. We dried 10 1Ci of 22°RaCl, [
dissolved in 5 mL of HCI (0.1 M concentration) on a stainless steel target [61], where the
target is mounted on a linear motion feedthrough F_Ul and is placed 10 mm away from the
trap center. The ablation target also holds other chemical including Ta, TasO5 and Yb
for loading Tat, TaO™*, and Yb™ in the ion trap, and the target is mounted on a motion
feedthrough allowing switching the target being ablated without moving the ablation
laser. A Q-switched 532 nm laser E| is used for ablation of the target. Approximately

~ 5 mJ of pulse energy focused to ~ 0.5 mm spot size is used, which produces ??°Ra*

9Eckert & Ziegler
OMDC Precision 667001
1 Amplitude Laser, Minilite II
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ions that are trapped by turning on the trap rf voltages after ~ 20 us of ablation to
catch the ions when they enter the trap [103]. Each ablation pulse typically produces
several trapped Ra™ ions, and each ablation spot on the target can last tens of ablation
pulses before the loading efficiency decreases. The other species of ions loaded in the
trap can be removed by adjusting the rf voltages so they are no longer stable in the ion
trap. After thousands of ablation pulses over > 4 years, we can still load Ra™ from the

target without noticeable efficiency decrease.

6.4 Fluorescence collection

We designed and built an imaging system for trapped Srt and Ra™ ions. It uses a
homemade long working distance (WD & 75 mm) objective and a 750 mm focal length
doublet to focus the light from the objective onto cameras and photomultiplier tubes
(PMT). The collected fluorescence light passes through a long-pass dichroic beamsplitter
[P so Sr* fluorescence at 422 nm and Ra™ fluorescence at 468 nm are split and sent to two
sets of cameras [?] and PMTs [} For each set of camera and the PMT, the fluorescence
light is filtered with a high-quality bandpass filter for respective wavelengths and is split
with a 30:70 splitter, where 70% is sent to the PMT. An iris is installed before the PMT
at the focal plane of the image to spatially filter scattered light from trap electrodes. In
the rest of the section we discuss the design details of the homemade objective.

The objective design conceptually follows [104], and only uses stock spherical lenses

from Thorlabs and Newport. The design requirements are listed below:

e Minimum objective working distance is 55 mm, limited by the vacuum chamber

size. Optical elements in vacuo [I05] or a re-entrant viewport [106] could reduce

12Gemrock Di03-R442-t3-50x53
13Sr+ camera: Thorlabs Quantalux CS2100M-USB; Rat camera: Andor iXon 897 Ultra.
MHamamatsu H10682-210
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this number but the design would be more complicated.

e The viewport has a thickness of 5.08 mm (Corning 7056 borosilicate). The refrac-

tion due to the glass needs to be compensated in the design.

e The field of view of the objective is ~ 1 mm. This field of view allows seeing a
large region between the radial electrodes while allowing distinguishing two ions
separated by tens of micrometers. The corresponding magnification ratio of the
objective and the focusing element needs to be ~ 10 for a typical camera sensor

size of ~ 10 mm.

e The resolution of the imaging system should be ~ 20 um or better, which is the

ion spacing of a typical Coulomb crystal in this trap.

e The objective should have satisfactory performance at both 468 nm and 422 nm for
imaging Ra™ and Sr*. However, the objective does not need to be achromatic (same
effective focal length for both wavelengths). The distance between the camera and

the objective can be varied for imaging at the two different wavelengths.

e The numerical aperture of the objective is inherently limited by the ion trap elec-
trodes and the vacuum viewport size. We choose to use lenses of 2 inch diameters,
which is the largest size with a good selection of stock optics and optomechanical

components.

We use the CODE V program when designing this objective. Generally, we fix the de-
sign to use 4 elements including a positive meniscus lens, a plano-convex lens, a bi-convex
lens, and a plano-concave lens. The focal lengths, orders, orientations, and positions of
the lenses are varied to minimize the wavefront error of the image formed by parallel light
transmitted through the objective and the viewport window in the reversed direction.

The final design of the objective is shown in Table
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Surface # | ROC (mm) | Thickness (mm) | Material | SA (mm) | Model
Object Infinity 50.038 VACUUM

1 Infinity 5.08 7056 viewport
2 Infinity 20.224 AIR

3 -119.32 7.29 BKT7 22.86 LE1418
4 -47.87 5.748 AIR 22.86

) Infinity 6.18 BK7 22.86 LA1979
6 -103.01 27.612 AIR 22.86

7 204.98 6.16 BK7 22.86 LB1199
8 -204.98 2.519 AIR 22.86

9 -103.36 2.5 BK7 22.86 KPC070
10 Infinity 1.0 AIR 22.86

Table 6.1: Custom objective design. Each line represents a surface in the objective.

For example, the surface 3 is the concave surface of the Thorlabs LE1418 positive

meniscus lens. “ROC” is radius of curvature, “Thickness” is the thickness of the

surface along the optical axis, and “SA” is semi clear aperture of the surface. The

LE1418, LA1979, and LB1199 lenses are from Thorlabs, and KPC070 is from Newport.

All lenses and viewports are AR-coated for 422 nm and 468 nm.

This objective is simulated to produce a diffraction-limited image when optimized
(resolution ~ 1 pm). The numerical aperture is approximately 0.25, and the effective
focal length is ~ 90 mm.

The optical lenses are mounted in a Thorlabs SM2 lens tube. The spacings between
the lenses are controlled by custom-machined delrin spacers [107]. We add another dou-
blet lens of 750 mm focal length [] after the objective to focus the image onto the camera.
The objective is mounted on a 3-axis translation stage for alignment to the trap center.
A composed image of co-trapped Sr* and Ra* ions is shown in Fig. [6.4}

For Ra™, the measured resolution is ~ 10 pgm. This is much larger than the simulated
value because of imperfection in the imaging system assembly and tolerance in the optical
lenses. The overall collection efficiency for 468 nm fluorescent photons is measured to

be 0.26% [7], agreeing with the simulated numerical aperture and efficiencies of various

stages of the imaging system.

5Thorlabs ACT508-750-A
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Figure 6.4: False-color fluorescence image of co-trapped radium and strontium ions.
The Ra™ and Sr* images are taken using two cameras, and then composed together.
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Chapter 7

Optical systems and experiment

controls

This chapter introduces the lasers relevant for controlling the ions and instruments re-

lated.

7.1 Lasers and cavities

7.1.1 Strontium

We have six lasers for strontium neutral atoms and ions. Two lasers at 461 nm and
405 nm are for photoionization of neutral strontium, and the other four lasers are for
controlling Sr: Cooling laser at 422 nm, repumping laser at 1092 nm, clock laser at 674
nm, and cleanout laser at 1033 nm. The 674 nm and 1033 nm lasers are not used in work

related to this thesis.
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461 nm

The 461 nm laser is a commercial external-cavity diode laser (ECDL) with a cat-
eye reflector and an interference filter from Moglabs. It drives the neutral strontium
552 1Sy — 5s5p 1P| transition which is the first step of the photoionzation process [102].
We observe enhanced photoionization for different strontium isotopes (**Sr, 87Sr, %6Sr,

and 3Sr) when the laser is tuned to the resonance frequencies of these isotopes [108].

405 nm

The 405 nm laser is a free-running diode laser using a Thorlabs D1.5146-101S diode.
It drives the neutral strontium 5s5p ' Py — (5d* + 5p?) ' D, transition, where the (5d* +
5p?) 1D, is an autoionization state above the ionization threshold. This transition has
a linewidth ~ 1 nm [102], so the broad spectrum from a free-running diode still has
enough cross section with the atom. We combine the 461 nm and 405 nm laser light
into a single fiber, and send ~ 1 mW of 461 nm and 405 nm power each to the ion trap.
The photoionization light to the ion trap is controlled by homemade shutters. The 405
nm light has another shutter just after the diode collimator to prevent blue/UV light

degrading the optics when the laser is unused.

422 nm

The 422 nm laser is a Moglabs Littrow ECDL. It drives the St 5s 2515 — 5p 2P, 5
transition for laser cooling. The laser is saturation absorption locked [61] to the ®*Rb
5s 251 9(F" = 2) — 6p 2Py o(F" = 3) transition which is 440 MHz red-detuned relative
to the %8Sr™ cooling transition frequency [38]. After locking, the 422 nm laser is 520

MHz red-detuned compared to the 8Sr* transition center [[] and we use a double-pass

!The extra 80 MHz frequency offset is due to a double-pass acousto-optical modulator at 80 MHz
modulating the pump light in the saturation absorption lock setup
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acousto-optical modulator (AOM) of 260 MHz center frequency to shift the light on-
resonance with the transition and to control the light power. The 260 MHz AOM has a
large bandwidth (single pass ~ 100 MHz) where the diffraction efficiency is high, allowing
shifting of the laser to both sides of the transition for cooling, detection, and spectroscopy.
A maximum of ~ 500 W of 422 nm light is sent to the ion trap with a k vector that is

45° angle with all trap motional modes for laser cooling.

1092 nm

The 1092 nm laser is a distributed Bragg reflector (DBR) laser from Photodigm. It
drives the Sr* 4d *D3/, — 5p 2Py /5 repumping transition. The laser is stabilized to a
homemade laser cavity [109] via Pound-Drever-Hall (PDH) locking [I10]. A double-pass
AOM controls the detuning and power of the 1092 nm laser to the trap, with maximum

~ 500 uW power to the trap.

7.1.2 Radium

We have eight lasers related to Ra and Ra™. A Q-switched 532 nm laser is used for
laser ablation of the radium chloride target to produce the radium ions. The 483 nm and
450 nm lasers are used for photoionization of radium-224 (See Chapter , but they are
not used for the current work related to ??Ra*. The other lasers at 468 nm, 1079 nm,

728 nm, 802 nm, and 708 nm are for controlling the radium ion.

Q-switched 532 nm laser

A Q-switched 532 nm laser (Minilite IT from Amplitude Lasers) is used for ablation
of the ?26RaCl, target to produce the radium ions for trapping. The laser has a pulse

width of ~ 5 ns and is capable to send up to 25 mJ pulses at maximum 15 Hz. The laser
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is sent to the ablation target via free-space optics, and focused to a ~ 0.5 mm spot size
at the target. We use ~ 5 mJ of ablation laser power, which allows us to typically load

one or a few ions in the trap.

483 nm

The 483 nm laser is a Moglabs Littrow ECDL. Similar to the 461 nm laser for Sr,
this laser is used for first step of photoionization of neutral radium atoms, driving the
75% 1Sy — 7sTp ' Py transition. Due to the large isotope shifts (~ 1 GHz) in the heavy ra-
dium atom, the isotope shifts of this transition must be considered when loading different

radium isotopes [44].

450 nm

The 450 nm laser is a free-running diode laser (Thorlabs PL450B). This diode does
not drive any known radium transition, and it drives the radium atom from the 7s7p ' P,
state to above the ionization threshold which provides a nonzero cross section for pho-

tolonization.

468 nm

The 468 nm laser is a Moglabs Littrow ECDL for driving the Ra™ 7s 25} /2 — Tp 2Py o
cooling transition. It is PDH locked to a cavity, and controlled via a double-pass AOM. A
maximum of ~ 1 mW of power is available for 2 Ra*. For future laser cooling work with
225Ra’™, we set up two additional ECDLs for driving transitions from different hyperfine

levels.
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1079 nm

The 1079 nm laser is a DBR laser from Photodigm for driving the Rat 6d D3/, —
Tp 2P, /2 repumping transition. This laser is PDH locked to a cavity and controlled via
a double-pass AOM. Laser power of ~ 1 mW is available at the ion trap. Another 1079

nm laser will be set up for laser cooling of 2?*Ra™.

728 nm

The 728 nm laser is a Moglabs Cateye ECDL for driving the Ra™ 7s 25}/ — 6d *Ds s
optical clock transition. It is PDH locked to a high-finesse cavity (F ~ 150000) from
Stable Laser Systems [61], resulting in a locked laser linewidth of ~ 100 Hz measured
from Ra™ spectroscopy. The laser is controlled by a double-pass AOM, and the available

optical power at the ion trap is ~ 1 mW, which is focused to a beam waist of ~ 25 um.

802 nm

The 802 nm laser is a homemade Littrow ECDL using an Eagleyard EYP-RWE-0810-
03010-1300-SOT02-0000 diode based on a design modified from [ITI]. This laser drives
the Rat 6d ?Ds/o — Tp *Ps/5 cleanout transition, and it is locked to a HighFinesse WS8

wavemeter via a software feedback loop running on a computer.

708 nm

The 708 nm laser is another homemade ECDL based on the same design as the 802
nm laser for driving the Ra* 6d 2D3/5 — 7p P 5 transition. This laser is only used in the
P35 branching fraction measurement in Sections . It uses a Thorlabs HL7001MG
diode which requires heating the laser to ~ 60°C to pull the transition to the target

frequency. It is also locked to the WS8 wavemeter.
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7.1.3 Molecular ions

All molecular ions we currently plan to work with, including RaH", RaSH™, and
RaOCHS3, are closed-shell molecules and they are not compatible with laser cooling and
optical pumping to a single state. We plan to control the internal states of the molecular
ions using stimulated Raman transitions. Therefore, we set up a 1064 nm fiber laser from
Azurlight that can output 20 W continuous wave power. Two double-pass AOM setups
are used for controlling the detuning and power of the Raman beams. This laser is not

used in the work reported in the thesis.

7.2 Absolute frequency measurement equipment

Most of the transitions that we use do not have a convenient alkali-atom transition
nearby that allows us to stabilize the laser to. Many lasers are locked to cavities with a
1.5 GHz free spectra range, so we need to measure the absolute frequencies of the lasers
better than ~ 750 MHz to confirm that the longitudinal mode in the cavity is correct. In
addition, to determine the absolute transition frequency measurements of Ra™ we also
need optical frequency references. In this section we discuss the wavemeters and the
molecular vapor cells which are the current apparatuses we use for absolute frequency

measurements.

7.2.1 Wavemeters

We use a HighFinesse WS8 wavemeter with an 8-channel photon crystal fiber switch to
determine the absolute transition of the lasers in the daily experiments. This wavemeter
allows us to monitor the frequencies of up to 8 lasers simultaneously and make sure

that the modes of the lasers are correct (i.e. operating in a stable single-frequency
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mode). Without calibration, we measured that the wavemeter measurement error from
the absolute frequency is ~ 500 MHz with the exact error sign and magnitude wavelength
dependent. The day-to-day shift of the wavemeter is typically a few MHz. We also set
up a Moglabs Fizeau wavemeter with a 8-channel switch for monitoring more lasers. The

absolute error of the Moglabs wavemeter is ~ 1 GHz with day-to-day shift of ~ 10 MHz.

7.2.2 Molecular vapor cells

Iodine and tellurium transition lines are typically used for dense frequency reference
lines in the visible to near infrared range. We use an '?I, cell and a *“Te, cell for
determining the absolute frequencies within ~ 500 MHz in these wavelength ranges. The
altas for these lines [112, [113] 114], 115] typically have a reported precision of tens of
MHz. The software Todine Spec 5 [I16] 117] can generate the calculated spectrum of
iodine via software, which we found to be more precise and easier to compare with our

measured data than the iodine altas.

7.3 Experiment control

7.3.1 Pulser

We initially used the pulser [118] for controlling this setup. The pulser is an FPGA-
based system that is capable of producing pre-programmed transistor-transistor logic
(TTL) and direct digital synthesis (DDS) rf pulse sequences. The pulser supports up to
16 DDS outputs, and ~ 40 TTL channels. It can also count the pulses output from a
PMT. The interface to control the pulse sequences is written in python and is compatible
with the experiment control framework LabRAD [I19] that we have used. All AOMs that

control lasers sent to the ion trap are driven using the DDSes in the pulser, and the clock
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signal for all DDSes are generated by a rubidium microwave clock (Stanford Research
Systems CG635). For operating an ion optical clock, we also implemented a pulser feature
that allows more flexible triggering of the pulse sequence with the ac power line to reduce

the magnetic field fluctuations in the experiment.

7.3.2 Sinara devices and ARTIQ

We started to hit limits in the pulser’s capabilities with more complex experiments
such as clocks and preparing for quantum logic spectroscopy. For example, the pulser
has a maximum limit (~ 1000) on the number of pulses it can generate in a pulse
sequence, which poses a limit on the state preparation and sideband cooling sequences
for an experiment. Also, the pulser does not support realtime logic to modify pulse
sequences based on inputs such as PMT counts. Such real time capabilities would help
us in a quantum logic spectroscopy experiment. These features are supported by Sinara
hardware and the accompanying ARTIQ software [120]. We have set up Sinara systems

for all ion trapping experiments in our lab.
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Chapter 8

Laser Cooling of Radium lons

The contents of this chapter include our paper Laser Cooling of Radium lons [T].

The unstable radium nucleus is appealing for probing new physics due to its high
mass, octupole deformation and energy level structure. Ion traps, with long hold times
and low particle numbers, are excellent for work with radioactive species, such as radium
and radium-based molecular ions, where low activity, and hence low total numbers, is
desirable. We address the challenges associated with the lack of stable isotopes in a
tabletop experiment with a low-activity (~ 10 puCi) source where we laser-cool trapped
radium ions. With a laser-cooled radium ion we measured the 7p 2 /o state’s branching
fractions to the ground state, 7s 251/2, and a metastable excited state, 6d 2D3/2, to be
p = 0.9104(7) and 0.0896(7), respectively [7]. With a nearby tellurium reference line we
measured the 7s %Sy, — 7p *Py), transition frequency, 640.096 63(6) THz [7].

Radium, the heaviest alkaline earth element, has no stable isotopes. Singly ionized
radium’s simple electronic structure is amenable to optical pumping and laser cooling
with wavelengths far from the challenging UV of most alkaline earth type ions. Radium’s
heavy nucleus, atomic number Z = 88, is well suited to searches for new physics, where

sensitivity to symmetry breaking forces scales as oc Z3 [121}[64]. Certain radium isotopes,
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such as radium-225, have additional nuclear structure enhancements to C'P (charge-
parity) violating new physics [57, [6]. Setting limits to sources of C'P violation will help
us understand the baryon asymmetry in the observed Universe [122].

Pioneering work with trapped HfF ™ molecular ions has made significant progress in
constraining leptonic C'P violation, and has rigorously studied potential systematic effects
for future experiments [71]. A complementary hadronic C'P violation experiment with
radioactive molecular ions RaOH' or RaCOH; [86] is an intriguing possibility, where the
low densities and long hold times of ion traps are well matched to working with radioactive
isotopes, because low total activity is desirable. The radium-225 nucleus (I = 1/2) has
octupole deformed parity doublets that enhance sensitivity to C'P violating forces by a
factor of 100-1000 compared to the current touchstone atomic system, ***Hg [123], [4, 52].
A radium-based molecular ion, such as 22RaOH™, has an additional sensitivity advantage
because of the molecule’s closely spaced, opposite parity electronic states in addition
to the enhancements from the closely spaced, opposite parity radium nuclear states.
Trapped and laser-cooled radium ions could be the starting point for generating such
radium-based molecular ions, where optical pumping Ra' may provide control of chemical
reactions to produce RaOH™ | as seen in other alkaline earth ions Cat and Be™ [124] [125].

For quantum simulation with trapped ions, qubit states protected from environmen-
tal noise with long lifetimes are favorable. A spin-1/2 nucleus with a single electron
atom, such as in 1"'Yb ", 133Ba™ [103], or 22°Ra™, provides such levels that are first-order
insensitive to magnetic fields. The qubit state is typically read out through optical cy-
cling, with readout fidelity limited by the P, state’s hyperfine splitting (2.1 GHz in
1"lYb*). Though a massive nucleus is at odds with high secular frequencies, it is desir-
able for its large hyperfine interactions, as off-resonant pumping during qubit readout
decreases quadratically with hyperfine splitting. The P; /o hyperfine splitting of **Ra™

is 5.4 GHz [44], which suppresses the qubit readout error by a factor of ~ 8 compared
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to 17'Yb™ [126]. Radium also has favorable transitions where abundant optical power
and photonic technology are available, see Fig. [8.1 (b). The radium ion supports optical
qubits on the Sj» — Dsjo transition. The Dy, state of *Ra”, like the ground state,
has 2 hyperfine “clock” states, which, when combined with the ground state qubit lev-
els, offers the possibility to simulate spin-1 or spin-3/2 physics with four magnetic field

insensitive states [127].
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Figure 8.1: A Coulomb crystal of 10 trapped radium-226 ions (a) that were loaded into
the trap via laser ablation and laser cooled with a combination of 468 nm and 1079 nm
radiation. The relevant level structure of Ra™ for the laser cooling and measurements
done in this work [7] are shown in (b), in addition to the transitions necessary for
controlling the ion via the narrow 25, 2 = ’D; /2 quadrupole transition at 728 nm
and the 2D5/2 — 21330/2 dipole transition at 802 nm. In (c¢) the ion trap is depicted
with the radium ablation target and the ablation laser (green), the 468 nm cooling
light (blue), and the 1079 nm repump light (red). The diagonal rf electrodes are
separated by 6 mm and the end cap electrodes by 15 mm. The rf trapping frequency
is 2.1 MHz.

In this work we trap and laser cool 22°Ra™ (I = 0) to form Coulomb crystals, as

seen in Fig. (a). We used the crystallized radium ions to measure the 7p 2 Vo
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state’s branching fractions to the 7s 25, /2 and 6d 2D, /2 states, a necessary measurement
to determine dipole matrix elements for the respective transitions. Our measurement
at 2 digits of precision is sufficient to support optical pumping or basic simulations
with optical Bloch equations, but we extended the measurement to higher precision to
support PNC measurements in Ra™ at the 0.8% level [128, 129]. We also measure the
7s 2S12 — Tp 2P1O/2 transition frequency with respect to a Tey molecular absorption
line, which establishes a convenient frequency reference for the radium-226 ion’s most
important transition [115].

In previous work at a nuclear facility singly ionized radium isotopes 209 through 214
were produced and trapped [I30, 50]. We apply a different technique to trap radium-
226. The radium is ionized and loaded into the trap by ablation with a 532 nm ~ 10
mJ pulse from a Nd:YAG laser with 0.5(1) mm 1/e intensity diameter. The ion trap’s
rf trapping voltage is switched on 20 us after the ablation pulse to enhance radium ion
loading efficiency [100]. The radium was received as **RaCly in 5 mL 0.1 M HCI solution
with an activity of 10(2) uCi, which corresponds to ~ 3 x 10'® radium-226 atoms. We
made a laser ablation target by drying the radium solution on a 316 stainless steel mount
which was installed in the vacuum system on a translation stage to position the target
~ 15 mm from the trap center, see Fig. (c).

The radium ion fluoresces when near resonant light addresses the S;/, — P/, transi-
tion at 468 nm and the D3/, — P/, transition at 1079 nm, see Fig. (b). The ion is
laser cooled when the 468 nm laser is red detuned from the S/, — P/ transition. Elec-
tronic branching from the P/, state populates the Ds/y state, which the 1079 nm light
repumps back into the fluorescence cycle. To prevent coherent dark states a magnetic
field of a few gauss is applied [93].

The signals for our measurements are the 468 nm photons spontaneously emitted

by radium ions. These photons are focused onto a photomultipler tube (PMT), Hama-
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matsu H10682-210, whose output is sent to an integrated direct digital synthesizer and

field-programmable gate array control and measurement system that can convert the

PMT pulses to time-tagged photons [I1§]. The same system synchronously controls the

measurement sequences by driving acousto-optic modulators (AOMs) which set the am-

plitude and frequency offsets for the 468 and 1079 nm lasers. The AOM extinction ratios

are > 60 dB. Measurement sequences, based on the techniques developed by Ramm

et al. [I31] and Pruttivarasin et al. [25], eliminate challenging systematics, such as AC

Stark shifts, by addressing only one transition at a time.
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Figure 8.2: The total PMT counts during the P; /5 branching fraction measurement
are shown, along with the corresponding laser pulses and the measurement timing
sequence. The bottom panel shows the electronic population, applied optical fields,
and expected decays.

The branching fraction measurement sequence is summarized in Fig.

Before

each measurement, we Doppler cool the radium ion for 100 ps and then optically pump
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population into the S/, state by applying 1079 nm light for 20 pus. After cooling and
state preparation the electronic population is optically pumped to the D3/, state and
collected 468 nm photons are time tagged, NJ'. The background scattered 468 nm light
is then measured, N;”, while the ion is shelved in the D3 /2 state. The population is then
pumped back to the S}/, ground state with 1079 nm light, and if the single emitted 468
nm photon is collected it is time tagged, N, and a corresponding background, N2 is
recorded. We subtract the respective backgrounds to determine the number of collected
photons emitted by the radium ion, N, and N,. From these counts we calculate the
branching fraction to the ground state, p = [N,/(N, + N,)] [131]. The measurement is
repeated 11.5 x 10° times in approximately one hour with a single radium ion. The raw
photon counting results are N = 359583, NP = 55297, NI = 31386, and NP = 1443,
which yields a statistical branching fraction of p = 0.9104(5). The N, counts are also
used to measure the imaging system detection efficiency (0.26%).

The largest systematic uncertainty in the branching fraction measurement comes from
residual birefringence of the imaging system and the Hanle effect. If the 468 and 1079
nm lasers are perfectly linearly polarized, the Hanle effect is not present, and an equal
number of right- and left-handed circularly polarized photons will be collected [132].
However, if either laser beam has a circularly polarized component, then there will be
an imbalance in the right- and left-handed circularly polarized photons collected. The
imbalance will depend on the direction and magnitude of the applied magnetic field
which sets the quantization axis. Residual birefringence of the imaging system may
result in different detection efficiencies for the two circular polarizations, which in turn
will shift the branching fraction measurement. The applied magnetic field is parallel to
the 1079 nm laser, and both 1079 and 468 nm lasers are linearly polarized to suppress
the Hanle effect. We set a limit on the uncertainty due to residual birefringence and

the Hanle effect by reversing the applied magnetic field. The field reversal will flip the
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imbalance between right- and left-handed circularly polarized photons collected [133],
giving a different value for the branching fraction [I31], 134]. The measured branching
fraction with the field reversed, p = 0.9107(5), agrees with the original field configuration.
Therefore, uncertainty due to the combined effects of residual birefringence and the Hanle
effect is at the level of the statistical uncertainty.

The systematic uncertainties and shifts due to other sources we considered are sig-
nificantly less than those due to residual birefringence. For shifts due to collisions we
considered worst case scenarios. For example, after shelving to the Ds/, state, a colli-
sion could put the ion in an orbit that is dark to the 1079 nm pump pulse, and then a
second collision could return the ion to the trap center where it emits a 468 nm photon
during the 1079 nm background pulse. From our measurements we estimate the average
collision rate to be less than 0.32 collision per second. PMT dead time (20 ns) results in
both systematic error and shift. We evaluate systematic shifts due to the finite lifetime
of the D3/, state, the finite measurement time, and the finite extinction ratio of the
AOMs using optical Bloch equations that describe the three-level system [131]. To solve
the Bloch equations we use Rabi frequencies determined from fitting the spontaneous
decays in N} and N, a theoretical Dy, state lifetime of 638(10) ms [56], and the Py
branching fraction, p = 0.9104, from our statistical results. More details are included in
the Supplemental Material [134].

The uncertainties and shifts for the branching fraction measurement are summarized
in Table B.I When we add the uncertainties in quadrature the branching fraction to
the ground state is p = 0.9104(7), where systematic shifts do not contribute as their
sum is far below the measurement uncertainty. The measurement verifies theoretical
techniques applied to this multielectron system that previously gave the only knowledge
of the branching fraction [56, 135, 136], see Fig. [8.3] The measurement can also be

expressed as a ratio of the reduced dipole matrix elements between the S/, — P/ and
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Table 8.1: Uncertainties and shifts for the P, branching measurement.

Source Shift Uncertainty
Statistical 5x 1074
Birefringence 5x 1074
Collisions <4 x107°
PMT dead time 3x107% 3x10°°
D3, state lifetime 2 x 1077 2x 1078
Measurement time 5x 1072 3 x 1077
AOM extinction ratio 5x 1077
Total 3x107%  7x107¢

D35 — Py transitions, mgp/mpp = 0.912(4).

The S12 — P/ transition of Ra™ is crucial to laser cooling and state detection.
We measure this transition’s linewidth and center frequency with a linescan measure-
ment [25]. From the linewidth we infer a lower limit on the P, /2 state’s lifetime of
7.3(1) ns, consistent with the theoretical value of 8.57(10) ns [135]. With tellurium
vapor cell spectroscopy we determine the **Rat 7s 25y, — Tp 2Pf/2 transition fre-
quency to be 640.096 63(6) THz. Our measurement agrees with a transition frequency of
640.096 647(23) THz, which was inferred from a measurement of this transition in **Ra*
anchored to tellurium line 178 [50], and separate Ra* isotope shift measurements at the
CERN ISOLDE facility [44].

For the Ra™ linescan we trap and laser cool a chain of four radium ions. In the
measurement sequence the ions are excited by a 468 nm laser probe pulse (2 us), and
then reset back to the ground state by a 1079 nm pulse (10 us). The pulse sequence
is repeated for different detunings, and before every ten sequences the ions are Doppler
cooled for 500 ps and optically pumped to the electronic ground state. We run the
pulse sequence 2 x 10° times at each of 56 detunings set by an AOM with randomized
measurement ordering. The 468 nm laser is Pound-Drever-Hall locked to a Corning Ultra-
Low Expansion (ULE) glass cavity sealed in a vacuum chamber with multiple layers of
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Figure 8.3: The measured branching fraction of the ?26Ra™ P, /2 to the S/, (dia-

mond), p = 0.9104(7), compared to previous theoretical values (circles) where error

bars are included when uncertainty is available. The theoretical branching ratios are

determined from reduced dipole matrix elements in the corresponding references: Th.

2011 [136], Th. 2009a [56], Th. 2009b [I35], Th. 2008 [137], Th. 2007 [138] .
acoustic, seismic, and thermal isolation with active temperature stabilization [109]. In
order to determine the transition frequency by a comparison with tellurium spectroscopy,
the stabilized laser frequency during the measurement is recorded with a wave meter. The
photon counts for the measurement are plotted in Fig [8.4]

The nearest measured 39Te, line to the radium transition is line 176 at 640.098 99(5)
THz [115]. We measure the line in a 10 cm long tellurium vapor cell at 550°C by scan-
ning a laser while recording the absorption on a photodetector and the frequency with a

wave meter (High Finesse WS-8), see Fig. [8.4] (b). The line center is determined with a

Gaussian fit and is then compared to the recorded frequency of the radium linescan to de-

72



Laser Cooling of Radium lons Chapter 8

termine its detuning, -2.36 GHz. The largest uncertainty in the frequency measurement
is the 50 MHz uncertainty in the Tey line [115]. There is a 10 MHz uncertainty contri-
bution due to the wavemeter, which is determined with multiple linescans of the radium
ion’s Sy/2 — P2 transition, and an additional 10 MHz uncertainty in the measured Te
transition’s center frequency.

We fit the photon counts of the Ra™ linescan to a Lorentzian and get a linewidth of
21.7(4) MHz, see Fig. (a). The largest broadening contribution is likely micromotion

Doppler broadening [11], which we estimate broadens the line by ~ 2.1 MHz [134].
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Figure 8.4: Collected photons from the Ra™ linescan measurement with a Lorentzian
fit (a). The tellurium absorption spectrum is plotted with the Ra™ linescan (b), where
the tellurium data (grey) and Ra™ data (red) are scaled and offset to highlight the
detuning between the transitions. The inset of (b) shows tellurium lines in the vicinity
of the Ra™ transition labelled with their atlas numbers, and the frequency span of the
outset region highlighted in blue.
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In this work we laser cooled trapped Ra™, an element where the most stable isotope,
radium-226, has a 1600 year half-life, in a tabletop experiment (< 4 L vacuum volume).
Laser cooling the trapped radium ions helped keep the ions well localized in the trap for
> 12 h at a time, enabling a precision measurement of the P /; state’s branching fraction.

This work opens the door to research with laser-cooled radium ions, including isotopes
such as radium-225. The low charge-to-mass ratio of Ra™ is well suited to sympathetic
cooling of heavy atoms and large molecular ions. Cold Ra' could be used to make
molecular ions such as RaOH™, and to sympathetically cool their motion and control

their internal states with quantum logic spectroscopy [16].
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Measurement of low-lying states of

226Ra—|—

The trapping and laser cooling of radium ions allow us to measure fundamental properties
of the low-lying electronic structure of the radium ion. This chapter summarizes the

published measurement results and the plans for unfinished measurements.

9.1 Frequency measurements

The low-lying electronic structure of Ra™ is shown in Fig. (b). The only direct
measurement of ??Ra™ transition frequencies dates back to 1933 [40] with several GHz
uncertainties. Several transition frequencies of short-lived radium isotopes from 2*'Ra™
to 2" Ra™ have been measured in an ion trap with buffer gas cooling [46], 47, 48, [49, 50],
and thus some of the transition frequencies of 22Ra™ can be determined indirectly from
isotope shift measurements [44], 45].

We have measured all low-lying transition frequencies of 2’ Ra™ to tens of MHz uncer-

tainties. These measurements have enough precision to support future radium ion trap-
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ping and cooling experiments. The measurement results are summarized in Table [0.1],

with more details discussed in [61].

Table 9.1: Experimentally measured ?26Ra* transition frequencies.
Transition Frequency (GHz)

7s2S12 = Tp *Pyjp (382 nm) 785 722.11(3) [139]
75281/ — Tp *Prjs (468 nm) 640 096.63(6) [7]
6d 2Dy — Tp 2Py (708 nm) 423 444.39(3) [140)
75 21/ — 6d 2Dsjp (728 nm) 412 007.701(18) [140]
64 2Dy — Tp 2Py (802 nm) 373 714.40(2) [140)
75 2515 — 6d Dy (828 nm) 362 277.68(5) [140]
6d >Dyp — Tp 2Py (1079 nm) 277 818.95(8) [140]

9.2 Measurements of branching fractions and life-
times

The branching fractions and lifetimes of the low-lying states are measured too. These
measurements are important to determine the transition matrix elements, which are im-
portant for understanding the radium ion and for determining key systematic effects of a
radium ion optical clock [§]. In addition, high-precision measurements of radium ions can
serve as benchmark for theoretical calculations of heavy radioactive atoms. Previously,
only an lower bound of the Ds/, state lifetime is measured [46]. Our measurements are
summarized in Table , with measurement details reported in this section. The P/,

state branching fraction measurement is described in Chapter [§]

9.2.1 P/, state branching fractions

The P3/; state decays to three states, Si/o, D3/, and Ds/o. We prepare the ion in

the Ds/, state or the Ds/y state, and use the Dsjp — P3/5 or the D5/ — P39 transition
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Table 9.2: 226Rat lifetime and branching fraction measurements. * Denotes prelimi-
nary measurements

Ra™ State Lifetime Branching Fraction

2Py >7.3(1) ns [1] 0.9104(7), 0.0896(7) [7]

Tp 2Py, A.78(3) ns [IAI]  0.87678(20), 0.10759(10), 0.01563(21) [142]
6d 2D3/2 303.4(9)* ms N/A

6d 2Ds;,  623(15)* ms N/A

to optically pump the ion to the other two states, and finally measure the population in
the two states. We report the experimentally-measured P3/, branching fractions to the
7s 2512 ground state 0.876 78(20), the 6d *Ds o state 0.10759(10), and the 6d >Dj, state
0.01563(21). We also collaborated with theorists to benchmark our experimental values

with improved theoretical calculations. Further details are provided in [142].

9.2.2 Py, state lifetime

We also measured the lifetime of the P35 state by measuring the ac Stark shift and
scattering rate on the Ds/y — Pj/, transition from an off-resonant light that is ~ GHz
detuned, and we report a 4.78(3) ns lifetime from a ratio of the ac Stark shift and the

scattering rate. For more details see [141].

9.2.3 Py, state lifetime

The lifetime of the P/, state is important for estimating systematic effects of the Ra™
ion optical clock [8] such as the Stark shift due to the black-body radiation [143]. It can be
measured with a similar technique as the P/, lifetime measurement described above, as
demonstrated with the Ca*t 4p P, ; state in [144]: We can measure the scattering rate and
ac Stark shift from 468 nm light off-resonantly driving the S;/; — P/ transition. The
ac Stark shift can be measured from the energy shift on the Sy 5 — D55 clock transition.

The scattering rate requires measuring the rate that population moves between the two
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Zeeman levels of the ground state, which relies on high-fidelity state preparation and
detection of the S/ Zeeman sublevels and precise polarization and k vector control
of the off-resonant laser. These requirements are difficult to realize in our current ion
trap, which is not optimized for high-fidelity coherent control. However, they may be
achievable in the new ion trap we are testing (See Appendix .

Another method to measure the lifetime of the P/, state is from a ratio of the dipole
matrix elements (Si/2|D|Py/2) and (S1/2|D|Ps/2). This ratio can be measured from the
magic wavelength of the S/, — Ds /5 transition that is between the S,/ — P/ and the
S1/2 — P35 transition wavelengths, where the ac Stark shifts from the two transitions
on the S/, state cancel. This magic wavelength is calculated to be around ~ 435 nm
for Ra™ [I45]. A similar measurement has been done for Ca™ [146]. In the following
paragraphs we discuss the requirements and expected precision from this measurement.

The (S1/2|D|Ps/2) dipole matrix element is measured to be 4.484(13) ea, [141], having
a fractional uncertainty of 0.3%. To determine the (S;/2|D|P;/2) matrix element to
a similar precision, we need to measure a matrix element ratio that is 5 0.3%. For
simplicity, we assume that the ac Stark shift on the Sy, — Ds/, transition is only
due to the Syp — Pijp (D1) and the Sy — Py (D2) transitions. The ac Stark
shift contributions from other transitions is small near 435 nm due to the very large
laser detuning, and these contributions can be theoretically calculated to a sufficient
precision [147].

The ac Stark shift due to off-resonant light driving a transition is

QQ
0. single transition = T A s 9.1
S,single t t AA ( )

79



Measurement of low-lying states of 226Ra™ Chapter 9

where A is the light detuning, and €2 is the Rabi frequency of the light

_ ebop
==

0 (9.2)

where e is the elementary charge, Ej is the electric field amplitude of the light, and u is
the reduced dipole matrix element of the transition.

The total ac Stark shift on the S}/, state due to the D1 and D2 transitions is

2E2 [ 12 12
0g = —2 | -2 4 1B2 ). 9.3
ST a2 (Am * A (9:3)

At the magic wavelength Apagic (Wmagic = 27¢/ Amagic), the ac Stark shift is zero so

2 2
Hp1 _ HD2

= . 9.4
Apy Ap; (54)

After plugging wWmagic in,

Wmagic — WD1
HD1 = UD24 | ——————, (95)
WpD2 — Wmagic

where wpy (wpg) is the D1 (D2) transition frequency in radians.
After plugging the transition frequencies in, the expected uncertainty of pp; from the

uncertainty of wmagic is
5wmagic

27 x 1.1 x 10~14 Hyz

Opp1 = D2, (9.6)

S0 OWmagic/2™ < 300 GHz is required to limit the fractional uncertainty due to the magic
wavelength measurement to g 0.3%.
From [147], we can determine that the slope of the dynamic dipole polarizability of

the Sy /o state near the magic wavelength is 8 x 1073 a.u./(2r x GHz). Therefore, the

80



Measurement of low-lying states of 226Ra™ Chapter 9

measurement must be sensitive to the Stark shift due to a dynamic dipole polarizability
of ~ 2 a.u., which corresponds to ~ 27 x 10 Hz ac Stark shift resolution [I4§] assuming
light power of ~ 1 mW focused to a ~ 25 ym beam waist is used. The required power
at the desired wavelength can be obtained from a shared Ti:sapphire laser (BIFROST)
in the UCSB physics department.

Such a small ac Stark shift can be resolved with a 2Ra™ optical clock running for
~ 100 s [8], with a systematic uncertainty of < 1 Hz. However, we anticipate that a future
225Rat optical clock would reduce both the statistical and the systematic uncertainty,
and therefore we plan to measure this with ?**Ra™ in the future.

It is important to note that systematic effects are not included in the above analysis
yet, such as the ac Stark shifts of other transitions and the Ds/, state and the laser

amplified spontaneous emission noise [149].

9.2.4 Ds; and Dj)y state lifetimes

We are also working on lifetime measurements of the 6d states. Previously, only a
lower bound on the Dy, state lifetime is available (7p,,, > 232 ms [46]). Accurate mea-
surements of the 6d state lifetimes are important for estimating the expected performance
of a radium ion optical clock and for testing theoretical calculations of heavy atoms.

We measure the lifetimes of the 6d states with a single trapped ?Ra®. The pulse
sequences of both measurements are shown in Fig. Measurements of both states start
with Doppler cooling and a state detection (SD1) of the ion. For the Dj/, state lifetime
measurement, we prepare the ion in the D/, state by optical pumping of the Sy, — Py /9
and the D3;o — Pj) transitions (P1). After that, a state detection (SD2) follows to
confirm that the ion is prepared in the Ds/, state. A variable wait time and another

state detection (SD3) follows to determine the probability of decay during the wait time.
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The D3,y state lifetime measurement is similar, except that the state preparation is done
by the Si/ — Ds/y transition, and before state detection, we use the D3/ — P3/o
transition to pump a fraction of the Ds/, population to the Dy, state, limited by the
branching fraction from the P3/; state to the Ds/, state. The state detection measures
the population in the Ds/, state which is proportional to the population in the Ds/, state

at the end of the wait time.

step SD1 P1 SD2 Wait SD3

: — Ao xe e
ion state P I Ix /_
Y o

time (us) 1000 200 1000  variable
a) D5/, lifetime sequence

step SD1 P1 Wait P2 SD2
ion state ”_ o s N Ij\f:
O fiel Q!/ YIQ o
time (us) 1000 50 variable 50 1000

b) D5, lifetime sequence

Figure 9.1: Lifetime measurement pulse sequences of (a) the D5/, state and (b) the
D3y state. The inset figures show how population moves between the low-lying states
of Ra™ during these steps. Solid arrows represent lasers on during a step, and dashed
arrows indicate the decay paths during optical pumping. Double-sided arrows are
cycling transitions that form closed loops.

Preliminary data of the Ds/, state lifetime measurement is shown in Fig. 9.2l For
data points with wait times less than 1.5 s, the population in the D5/ state follows an
exponential decay with time as expected. However, for wait times greater than 2 s, it
is clear that the exponential trend is no longer true. We think the deviations at longer

wait times are due to elastic collisions between the trapped radium ions with the residual
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gas in the vacuum chamber, potentially due to collisions with ?*Rn atoms from ??°Ra
radioactive decays. If all decayed radon atoms are released in the vacuum chamber, the
equilibrium partial pressure due to *?Rn is approximately 107 torr [[] These collisions
could heat up the trapped ??Ra* ion so the number of collected fluorescence photons
during the final state detection may be small and the state detection event is characterized
as “dark” even if the ion has decayed to the S/, state. The particles emitted from

radioactive decays may also collide with the trapped ion and cause heating.
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Figure 9.2: Measurement data of the Dj /5 state lifetime. The upper panel shows the
dark state detection (SD) probability as a function of wait time. The blue line shows
the fitting (see main text). The lower panel shows the residuals of the data to the fit.

We fit the data to a model that assumes the probability of such elastic collisions is

'Due to the large recoil energy on radon after the alpha decay, we anticipate most of the radon atoms
embed into the vacuum chamber after decaying. The exact fraction of radon atoms released as gas is
difficult to estimate.
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proportional with dark time. With this model the dark state detection probability is

Pdark = e_t/T + bt<1 - e_t/T), (97)

where 7 is the Ds/, lifetime, and b is the collision rate. The data in Fig. gives a
statistical Ds) lifetime of 7p, , = 303.4(9) ms, and a collision rate b = 1.6(2) x 10~* Hz.
We also measured the statistical lifetime of the D3/, state to be 7p, = 623(15) ms, and
a collision rate b = 2.0(6) x 10~® Hz.

As the measurement is limited by the background gas collisions right now, we post-
poned publishing the preliminary measurements and work on improving the vacuum. One
important planned upgrade is changing the radium isotope from radium-226 to radium-
225. As radium-225 does not have gas element such as radon in its decay chain, switching
to 2»Ra™ should improve the vacuum and reduce the collision rate. We also note that we
do not observe collisions up to 1.5 s (~ 57p, , ) for the D5, lifetime measurement. We note
that such measurements at longer wait times than 57 is not typical [35, 150} [151], 152 [153],
and we extend the measurement times and check for such systematic effects because the
statistical uncertainty of this measurement is exceptionally small (~ 0.3% for the Dj,
state).

We can also update the pulse sequence with the new control capabilities we have
realized since this preliminary measurement. Previously, we were using optical pumping
through the 708 nm D3, — P35 transition to detect population in the Ds/, state by
shelving it to the Ds/, state. An alternative method is to use Si/5 — Ds/o clock pulses
to transfer the population of the ground state to the Ds/y state. Either a /2 pulse can
be used or adiabatic rapid passage [I54] can be implemented to improve efficiency and
reliability. This will effectively increase the detection efficiency by ~ 10 times for the

D3y lifetime measurement.
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Chapter 10

Coherent control of the Ra™ optical

qubit

The optical clock transition in the radium ion enables coherent control of the radium ion
optical qubit. In this chapter we report the progress on the optical qubit and manipula-

tion of the motional states with the optical qubit.

10.1 *Rat’ S}y — Ds, transition

The S1/3 — Ds/p 728 nm transition in Ra™ is an E2 transition with sub-Hz linewidth.
The D5/, metastable state has a natural lifetime of ~ 0.3 s, and predominately decays to
the 51 2 ground state with a small branching fraction to the Ds, state via M1 decays [56].
For 22Ra™ which has a nuclear spin of zero, there are two Zeeman levels in the ground
state and six in the metastable state. According to the E2 transition selection rule
|Am| < 2, a total of ten transitions between the Zeeman levels of the two states are
allowed. The relative strength of driving these different Zeeman transitions are controlled

by the laser k vector, polarization, and the magnetic field [94]. These transitions are
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typically spaced ~ 1 — 10 MHz apart with an applied magnetic field of a few gauss, and
they are fully resolved with a narrow-linewidth laser.

The secular motion and micromotion of the trapped ion modulate the laser frequency
via the Doppler effect which results in secular motion and micromotion sidebands of
these Zeeman transitions (See Sections and [2.3). Because the secular motion is
thermal, we can use the secular sidebands to control the motional quantum number of
the trapped ion in the corresponding secular mode, as introduced in Section The
secular sidebands both enable sideband cooling of a secular motion mode to the ground
state of the harmonic oscillator and provide a method to entangle different ions in the
same trap using the shared motional mode.

Before controlling the qubit using the transition, we first observed quantum jumps
of the ion [I55] by scanning an unstabilized 728 nm laser across the transition. We
conducted spectroscopy on the transition to determine its frequency [140], and then ran
a self-compared optical clock using the transition [8] with a stabilized laser locking to a

high-finesse cavity. More details about the radium ion optical clock can be found in [61].

10.2 Sideband cooling

The narrow linewidth also enables driving a single carrier or sideband transition for
state preparation and sideband cooling. We set up the 728 nm laser along the trap
axis, so the laser is only sensitive to the axial secular motion of the ion. The axial
secular frequency is 27 x 232 kHz for a single 22Ra™ ion, corresponding to a Lamb-Dicke
parameter of 0.084. After Doppler cooling, the mean phonon number on the axial mode
is n =~ 50, so the ion is outside of the Lamb-Dicke regime, and cooling on multiple red
sidebands are helpful for efficient sideband cooling to the ground motional state.

We sideband cool the ion using first the second order red sideband and then the first
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order red sideband to achieve a mean phonon number of 0.12(2) after sideband cooling,

measured from the ratio of red and blue sidebands after cooling (See Fig. [10.1)).

n=0.12(2)

©
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Figure 10.1: Spectroscopy on the first-order red and blue sidebands after sideband
cooling. The mean phonon number is calculated from Eq.

After cooling the axial motional mode to near the ground state, the majority of the
population is in the n = 0 motional state, and we can conduct Rabi flopping on the blue
sideband, shown in Fig.[10.2} At ¢ = 300 us, approximately 80% of the population is in the
n = 1 Fock state. Future experimental upgrades such as higher secular frequencies, using
first-order magnetic field insensitive transitions in 2’ Ra*, and magnetic field stabilization

should improve the fidelity.

10.3 Magnetic field fluctuations

There is no magnetic-field insensitive clock transition with ?2Ra*. The S, /2 state
has a Landé g factor of ~ 2, and the D5/, state has a Landé g factor of ~ 1.2. The least

magnetic field sensitive transitions, ms, , = £1/2 = mp,, = £1/2, have a Zeeman shift
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Figure 10.2: Rabi flopping on the blue-sideband after sideband cooling. The fidelity
is limited by the phonon distribution after sideband cooling and magnetic field fluc-
tuations.

sensitivity of F27 x 0.56 MHz/gauss. The most sensitive transitions, mg, = £l /2 —
mp,,, = F3/2, have a sensitivity of F27 x 3.92 MHz/gauss. A sub-Hz second-order
Zeeman shift arises from fine-structure mixing of the D3/, and the Ds/, state [8] which
is negligible in most of the experiments except the optical clock.

One of the largest short-term fluctuating magnetic field comes from the ac power line
at 60 Hz. We trigger the experiment pulse sequences relative to the ac power line to
suppress the effect of the 60 Hz power line noise. By changing phase of the trigger on the
60 Hz power line, we can map out the Zeeman shift of the ms, ,, = 1/2 — mp;,, = 5/2
transition as a function of the phase relative to the ac power line as shown in Fig. [10.3]
The corresponding peak-to-peak magnetic field fluctuation at 60 Hz is ~ 1073 gauss. We
use feedforward current in a coil near the ion trap to suppress the 60 Hz noise [156]. The
feedforward signal is supplied by a Red Pitaya STEMIab 125-14 with its output triggered
by the ac power line. The Red Pitaya output is amplified by a low-noise current amplifier.
This feedforward setup can reduce the 60 Hz noise by a factor of 5.

The long-term fluctuation of the magnetic field is monitored with a clock experiment.
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Figure 10.3: Transition frequency shift of the Sy /5, m = 1/2 — D55, m = 5/2 transi-
tion at different phase relative to the 60 Hz ac power line without feedforward com-
pensation. A probe time of 1 ms is used. The fit curve is a superposition of the first
three harmonics of 60 Hz sine waves.

A recording of typical magnetic field fluctuations is shown in Fig. [10.4, We are working
on implementation of long-term magnetic field feedback with magnetic field sensors close
to the ion trap and wire coils on all three axes to compensate for the magnetic field

fluctuations.
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Figure 10.4: Magnetic field fluctuation during a ~ 14 hour run of the ??Ra* optical
clock. Fluctuation of a few milligauss over a day is typical.

We are also working on trapping ?2°Ra* which has magnetic field insensitive transi-

tions that will reduce the Zeeman shifts. The S1/2, ' = 0,mp =0 — D50, F =2, mp =0
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transition, for example, is first-order magnetic field insensitive at zero field. The second-
order Zeeman shift coefficient is calculated to be -1.13 kHz/gauss? for this transition, so
the magnetic field sensitivity of this transition is approximately 1% of the least sensitive
clock transition in 22Ra™ at a typical experimental field of a few gauss. We anticipate
that both magnetic field stabilization and using magnetic field insensitive transitions in

225Ra™ can help us to improve the coherence time of the optical qubit.
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Chapter 11

Production and detection of heavy

radioactive molecules

To realize our goal of a hadronic C'P violation measurement using radioactive molecular
ions, we need to produce and identify them first. In the chapter, we summarize our work
on producing ??Ra-containing molecular ions, whose ?2Ra isotopologues have high C'P
violation sensitivities. We also introduce a new optical mass spectrometry technique for

identification of molecular ions.

11.1 Optical mass spectrometry of cold RaOH™ and
RaOCH;

This section describes production and detection of RaOH™, RaOD*, RaOCHZ, and
RaOCDj;. The contents of this section include our paper Optical mass spectrometry of
cold RaOH" and RaOCHZ [9].

We present an all-optical mass spectrometry technique to identify trapped ions. The

new method uses laser-cooled ions to determine the mass of a cotrapped dark ion with
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a sub-dalton resolution within a few seconds. We apply the method to identify the
first controlled synthesis of cold, trapped RaOH™ and RaOCH;". These molecules are
promising for their sensitivity to time and parity violations that could constrain sources
of new physics beyond the standard model. The nondestructive nature of the mass
spectrometry technique may help identify molecular ions or highly charged ions prior to
optical spectroscopy. Unlike previous mass spectrometry techniques for small ion crystals
that rely on scanning, the method uses a Fourier transform that is inherently broadband
and comparatively fast. The technique’s speed provides new opportunities for studying
state-resolved chemical reactions in ion traps.

Introduction.—Ilon traps are powerful tools because their ability to trap only depends
on two properties: the mass and charge of a particle. Therefore they can trap ionic species
with rich internal structures that preclude laser cooling or fluorescence. Such dark ions
include molecules, highly charged ions, and atoms with transitions that are deep in the
UV. These ions can be sympathetically cooled by cotrapped laser-cooled ions, where they
appear as dark ion defects in a Coulomb crystal. Dark ions have seen great successes in
optical clocks, e.g., A" [5], constraining new physics, e.g., HfF " [71] and studying state-
resolved chemical reactions, e.g., BaCl"[I57] and RbSr" [158]. There has also been much
progress with highly charged ions, which generally lack strong fluorescence transitions,
for metrology and tests of fundamental constant variations [159, 160} 161]. In this work
we have synthesized a pair of molecular ions that are promising for probing new physics:
RaOH"' and RaOCH;™.

Recent measurements of parity (P) and time-reversal (T') violating moments are now
probing physics at energy scales beyond the direct reach of the Large Hadron Collider [70].
Radium-based molecules are promising for constraining hadronic P, T-odd forces [91],
80, [54]. The heavy and octupole-deformed radium nucleus enhances sensitivity to new

physics in the hadronic sector [162} 4]. This sensitivity is further enhanced when radium
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is incorporated into molecules such as RaOH" or RaOCH3 ™" [163), [86], 1] that have large
effective electric fields and molecular structure that is critical for reducing systematic
uncertainties. An ion trap is advantageous for working with radioactive molecules as high
measurement sensitivity can be achieved with small sample sizes due to long measurement
times [71, 164]. For example, the long trap times combined with the high sensitivity of
*2RaOCH;" are sufficient for an experiment with even a single trapped molecule to set
new bounds on hadronic P, T violations [87].

Because dark ions do not fluoresce, mass spectrometry techniques are commonly used
for species identification. We present a new nondestructive optical mass spectrometry
(OMS) technique to identify a trapped dark ion in a Coulomb crystal by measuring a
motional frequency of the crystal. In this work, we use cotrapped laser-cooled ions to
amplify the secular (normal mode) motion of the crystal by using coherent population
trapping (CPT) in the Sy/o - Pijs - D3jo A-level system [165] common to Ca™, Sr, Ba™,
and Ra™. For these ions, it is fast and straightforward to realize CPT by changing the
frequency and power of the P/, — D3/, repumping laser from the laser cooling values
with an acousto-optical modulator. With CPT, the optical spectrum of the S5 — P2
cooling transition can be modified so the ion’s motion is coherently amplified [93], which
modulates the scattered light at the motional frequency and its harmonics, which can
then be measured with a Fourier transform. Because the motional modes of the ion
crystal are set by the charge and mass of the trapped particles, motional frequencies
can be used to determine the ion’s mass. The OMS technique can be used with any
laser-cooled ion, even without using a A structure, e.g., Be™, Mg", or Yb™, via “phonon
lasing” with bichromatic light [166].

Many techniques have been used to identify trapped dark ions in Paul traps. The
best technique for large Coulomb crystals (hundreds to thousands of ions) with multiple

dark ion species is time-of-flight mass spectrometry, but it is inherently destructive and
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requires a purpose-built trap and custom electronics [167, 168, 169]. In the regime of
small ion crystals with a few dark ions, multiple techniques have been developed that
rely on measuring a trap secular frequency, including secular motion excitation by applied
electric fields (tickle scans) [I70) [T7T] [172], optical sideband spectroscopy [I73], and ion
crystal phase transitions [I74]. Optical sideband spectroscopy requires a narrow linewidth
laser and is also slow (~ 1 minute). Measuring phase transitions has limited performance
due to the large mass uncertainties (~ 5 daltons [I74]). A tickle scan typically requires a
> 1 minute measurement where an electrical drive is scanned over the secular frequency,
which results in a broad resonance peak due to the damping from the laser cooling that is
required by the technique. The applied electric field can also destructively drive ions out
of the trap. Despite these drawbacks and the need for additional electrical connections
(which are a noise conduit), for small crystals the tickle scan has been the most widely
used technique. A variation of the tickle scan method modulates the cooling light inten-
sity instead of modulating an electrical drive [I75]. This removes some drawbacks but
with an increase in technical overhead. In order for any of these techniques to achieve
reasonable measurement times (~1 minute), a priori knowledge of the trapped dark ions
is required to reduce the secular frequency scan range. In comparison to these small ion
crystal mass spectrometry techniques, the reported OMS technique is faster, does not
require knowledge of the dark ion’s mass, is less invasive, and is a simple extension to
Doppler cooling.

Secular motion amplification by coherent population trapping—We use CPT in Ra™
to amplify the ion crystal’s motion. For Doppler cooling, the cooling laser at 468 nm is
red-detuned, Agp < 0, from the Sy, — Py transition, and a repumping laser at 1079
nm is blue-detuned, App > 0, from the D35 — P,/ transition that brings the population
back into the cooling cycle [93], see Fig. . The high scattering rate of laser cooling

can be significantly reduced by the CPT that occurs when Agp = App [176]. For CPT
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motional amplification the condition is less stringent as setting Agp < App < 0 (see
Fig. , heats the ion crystal because the 468 nm spectrum has a local slope that
is negative due to the excitation suppression from CPT at Asp = App. However, the
heating is bounded by the 468 nm global spectrum which has a positive slope for Agp < 0,
that cools the heated ion’s motion once it reaches a sufficient amplitude where the global
cooling spectrum is Doppler shifted into resonance. The trapped ions then maintain
an amplified equilibrium orbit when the optically induced “local heating” and “global

cooling” effects balance [177, [24].

a) App] W C) _>B
1/2 Asp
1079nm
S Y
468nm
A D3/
‘SU? 1079nm 468nm

P1,> population

51/2 - P1/2 detuning

Figure 11.1: (a) Ra™ energy levels and transitions used in this work. Agp (App) is
the detuning, and Qgp (pp) is the Rabi frequency of the 468 (1079) nm light. (b)
The S/, to Py /5 spectrum with Agp and App set to amplify ion motion. The local
slope at Agp (red dashed line) is negative, while the global slope (blue dashed line)
is positive. (¢) OMS geometry with two Rat and one RaOCH3" shown between two
radial trap electrodes, as well as the relative orientation of the cooling and repumping
light and the magnetic field.

For OMS identification of RaOH" and RaOCH;3 ", we apply a 2.5 gauss magnetic field

along the trap axial direction. The k vectors of both lasers are at 45° with respect to
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Figure 11.2: P state population as a function of 468 nm detuning. A fit of the spec-

trum to a numerical solution of the A-level system that accounts for all Zeeman lev-

els [178, 179} gives: ADP/27T =—-10 MHZ, Qsp/2ﬂ' =19 MHZ, and QDP/27T = 13 MHz.

The blue line at Agp/2m = —22 MHz is the detuning of the 468 nm light used for CPT

amplification. The P/, state population is not suppressed to zero at Agp = App due

to the finite linewidths of both the 468 and 1079 nm lasers (~ 3 MHz).
all trap axes and are linearly polarized perpendicular to the magnetic field direction (see
Fig. [11.1)). Each laser’s frequency and amplitude is controlled with an acousto-optical
modulator. The multipeak spectrum of the cooling laser (see Fig. [11.2)), enables “local
heating, global cooling” that amplifies the ion motion up to a fixed value. The 1079
nm light, with a k vector perpendicular to the 468 nm light, see Fig. [11.1] (c), breaks
the degeneracy between the axial and radial directions so that the CPT only amplifies
motion along the axial direction, see [I77]. To switch from CPT amplification to Doppler
cooling, we detune App positive so the CPT excitation suppression is far from Agp.

OMS of radium-based molecular ions—We trap ***Ra™ ions in a linear Paul trap with
a radio frequency (rf) drive of Q,;/2m = 1 MHz, radial electrode to trap center distance
ro = 3.0mm and axial electrode to trap center distance zy = 7.5 mm (for details see [7]).
For a single Ra™, the axial secular frequency is w, /27 = 27.8 kHz. The 468 nm fluorescent
photons are collected and sent to a camera and a photomultiplier tube (PMT), and the

counts are time-tagged using a field-programmable gate array [11§].

We laser cool three Ra™ ions and apply CPT amplification to increase the secular
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Figure 11.3: Fourier transformed PMT counts for Coulomb crystals where two Ra™
surround a third ion, labeled in the legend, in a linear chain. The Fourier amplitudes
are normalized by their backgrounds for clarity. The dashed vertical lines show the
calculated center ion masses. The peak amplitudes vary due to drift in the power and
frequency of the 468 and 1079 nm lasers over the span of several days during which
the measurements were taken.

motion amplitude on the axial center-of-mass (COM) mode to 22(3) um. A Fourier
transform of the PMT counts while the ion motion is CPT amplified gives the OMS
signal. The signal is calibrated by using known (fluorescing) ions. In this case three Ra*t
ions are used for calibration (see Fig. . Next, either methanol vapor or the deuterated
equivalent is introduced to react with the laser-cooled Ra™. A chemical reaction produces
a dark ion defect in the crystal and drops the PMT counts by roughly 1/3. If the dark
ion is not in the middle of the crystal we re-order the ions to meet this condition by
blue-detuning the 468 nm light, Agp > 0, for ~ 18, which heats the trapped ions. We
apply OMS to find the secular frequency and with the calibration measurement we can
calculate the center ion’s mass [I77], see Fig. [L1.3] Each trace is an average of ten 1/3
s long measurements. The second harmonics of the secular frequencies are used because

in our experimental setup they are the strongest Fourier components.

97



Production and detection of heavy radioactive molecules Chapter 11

RaOH™ RaOD™ RaOCH;" RaOCD;™"

Stat. 243.19(7)  243.79(7)  256.72(8)  259.85(8)
Syst.  0.01(11)  021(11)  0.34(11)  0.22(11)
Final 243.20(14) 244.01(14) 257.06(14) 260.07(14)

Calc. 243.03 244.03 257.04 260.06

Table 11.1: Statistical results (Stat.) and systematic shifts and uncertainties (Syst.)
of the radium-based molecular ion masses measured by OMS in daltons. The final
molecular ion masses are calculated from a linear sum of the shifts, and the final
uncertainties are given by summing the uncertainties in quadrature. See [I77] for
details on the systematics. For comparison the calculated molecular ion masses (Calc.)
are given [184].

The difference in the mass spectrum of molecules when the trapped ions are exposed
to methanol versus deuterated methanol confirms that we are producing the molecular
ions identified by mass. When methanol is introduced only RaOCH3™ [180, [181], [182] and
RaOH" [183] are created, while RaOCD3* and RaOD™ are only formed with deuterated
methanol. The differences between the measured and calculated second harmonics of
the secular frequencies are all within 13 Hz, corresponding to a fractional mass difference
of m/Am ~ 800 in a 3 s measurement. We observe that with a methanol (deuterated)
background pressure of ~ 5 x 1071% torr, RaOH™ (RaOD™) is not chemically stable and
typically reacts in a few minutes to form RaOCH3" (RaOCD3™), which is easily detected
because the OMS technique is fast, precise, and broadband.

The OMS statistical uncertainty of 3 Hz was set by the Fourier transform resolution,
which in turn comes from a 1/3 s data acquisition memory limit. The line center is found
with a Lorentzian fit, which has an uncertainty (< 0.1 Hz) that is much less than the
Fourier frequency resolution. We also consider systematic effects including trap potential
drift, secular motion amplitude shifts, and micromotion shifts [I77]. Both the statistical

and systematic effects contribute to the ion mass uncertainty or shift by much less than

1 dalton, as summarized in Table [11.1]
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Figure 11.4: Fourier spectra of the fluorescent light from ®Sr* which is in a crystal

with a second 83Srt, 87Srt, #6SrT, or 8Sr* jon. The calculated dark ion masses for

the above crystals are shown as dashed vertical lines in the plot [I77].

OMS in a high frequency ion trap—In a separate experimental apparatus, we confirm
the OMS technique with strontium isotopes 88, 86, and 84, which we also identify with
fluorescence. We demonstrate that the statistical mass sensitivity can be enhanced with
a higher frequency ion trap (rop = 0.6 mm, 2o = 2.5mm, /27 = 22MHz). The axial
secular frequency for a single ®*Sr™ is w, /27 = 91.7kHz. We trap two-ion crystals with

88,87.86.81G1 and measure the axial COM secular frequencies of the

one ®Sr"™ and one
crystal by OMS with CPT amplification applied to the ®Sr™. 837Sr* is identified only
with OMS.

The Fourier spectra of second harmonics of the axial COM secular frequency are
shown in Fig.|11.4] The mass labels are calibrated using two 3¥Sr™ ions [177]. Each trace
is an average of ten 0.5 s measurements. The corresponding statistical mass resolution
is m/Amga, ~ 20000. The sub 1 dalton discrepancies between measured and calculated
masses are primarily due to temporal drift of the trap potential.

Conclusion—We have produced **RaOH™ and **RaOCH;™ molecules in this work.
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Their isotopologues **RaOH" and *RaOCH;" are proposed for nuclear Schiff moment
measurements [86, O1], and can be produced with trapped 22Ra™ and methanol. The
production, sympathetic cooling, and fast nondestructive identification of these radioac-
tive polyatomic molecular ions enables studying their internal structure with techniques
such as photodissociation spectroscopy [I85] or quantum logic spectroscopy [15, [186].

The short measurement time and sub-dalton mass resolution could enable detection
of short-lived molecular ions, as demonstrated in this Letter using RaOH" and RaOD™
which are metastable when in the presence of a methanol background. We note that the
measurement time can be further reduced to 0.1s or less with an iris to selectively collect
ion fluorescence on one end of the amplified ion motion. With such a short measurement
time it is possible to apply this technique to study the dissociation channels of radium-
based molecular ions. For example, Ra™ in the Ds state (lifetime 0.3s [56]) is optically
indistinguishable from a radium-based molecular ion as neither of them fluoresce during
Rat Doppler cooling, but can be distinguished with mass spectrometry. This provides a
new tool to study the electronic states of chemical reaction products. The simultaneous
determination of product and reactant states can be achieved by combining this method
with optical pumping, which will help investigate full reaction pathways with single
particles [158, [I87]. The technique may also be used to rapidly characterize the motional
frequencies of an ion trap. For example, it could be incorporated into a feedback loop
for the long-term stabilization of trap motional frequencies [188].

We thank W. Campbell, N. Hutzler and D. Patterson for helpful discussions. This
research was performed under the sponsorship of the NSF Grant No. PHY-1912665, and

the University of California Office of the President (Grant No. MRP-19-601445).
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11.2 Production and detection of RaSH™

Compared to the linear and symmetric-top polyatomic molecules RaOH' and RaOCH;
molecules, the asymmetric-top RaSH* provides some advantages for a precision mea-
surement using molecular ions. Similar to RaOCH;, RaSH™ has K-doublets in excited
rotational states that live for more than minutes in cryogenic environments [87], much
longer than the ~ 1 s lifetime of RaOH™ vibrational science state [86]. The zero-field
splitting of the K-doublet in RaSH™ is ~ 10 MHz, which is much higher than the ~ 100
Hz splitting in RaOCHZ. A larger splitting reduces the unwanted coupling due to a ro-
tating electric field that is necessary for polarizing trapped ions [71], as discussed further
in Chapter [12]

We produce RaSH* from a chemical reaction of trapped ?2Rat and H,S gas. We
trap and cool three Ra™ ions, and introduce HyS from the precision leak valve until the
vacuum chamber pressure measured from an ion gauge is ~ 5 x 1072 torr. A radium ion
reacts with HyS gas typically after a few minutes, and we close the leak valve, and use
OMS to measure the mass of the dark ion. A mass spectrum that confirms production
of RaSH™ is shown in Fig. [I1.5]

With continuous laser cooling with saturated 468 nm and 1079 nm light, we ob-
serve that the RaSH™ molecule dissociates after ~ 1 hour to Rat. With reduced 468
nm and 1079 nm light intensities, we have trapped RaSH™ sympathetically cooled by
Ra™ for several hours without dissociation, but eventually the HyO impurity introduced
with HyS reacted with RaSH™ to produce RaOH™, which is detected via another mass
spectrometry.

The HsS gas used above is produced from a chemical reaction of CuSO,4 and HCI.
Due to the impurities in the produced HyS (mostly HCl and H,0), we detect RaCl™

molecular ions, at masses 226 + 35 Da for 3°Cl or 226 + 37 Da for *"Cl when leaking in
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Figure 11.5: Fourier spectra of the Ra™ fluorescent light from a Ra™ - RaSH™ - Ra™
ion crystal. The calculated dark ion masses for the above crystals are shown as dashed
vertical lines in the plot.

HyS. In the future we can use commercially available argon - HyS mixture to prevent

these problems.

11.3 Attempts to produce RaH"™ and RaD™

We have produced radium-containing polyatomic molecular ions that are promising
for C'P violation measurements. However, due to the geometry complexity and heavy
masses of the ligands, these polyatomic molecular ions have many rotational levels that
are populated at room temperature, which makes them difficult to study with a room
temperature ion trapping setup. The diatomic molecules, RaH"™ and RaD™, on the other
hand, have only one rotational degree of freedom and the rotational constants are large
(see Table , so at room temperature a significant fraction of population will be

in the lowest five rotational states (~ 30% for RaH* and ~ 20% for RaD™). These
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Rotational constant B, (GHz) Vibrational constant w, (cm™)

26RaH" (1 1%,) 102 1315
26RaH" (2 15,) 69 683
26RaD* (1 1%,) 51 929
26RaD* (2 '50,) 35 483

Table 11.2: Rotational and vibrational constants of the two lowest singlet states of
226RaH™ and 2?6RaD™ [189].
states have relatively simple structures, and thus these molecular ions are good choices
for benchmark quantum logic spectroscopy [16] before implementing the technique on
polyatomic molecules which are more complex.

Similarly to the previous molecular ion experiments, we introduce hydrogen or deu-
terium from the precision leak valve to react with laser cooled radium-226 ions. The
maximum hydrogen or deuterium pressure in the vacuum chamber where the Ra™ ions
remain trapped is about 1 x 10~7 torr. This is similar or higher than the pressure required
to produce other alkaline earth ion hydrides [190, 191], 192], 193]. At this pressure, for
more than 10 hours of gas leaking we did not observe any molecular ion that lives longer
than a few seconds and have a mass close to RaH"™ or RaD™. All long-lived molecular
ions that we have observed are confirmed to be RaO™ or RaOH™ from OMS.

During gas leaking, we saw several events where a bright Ra®t became dark for ~ 1
s and is then bright again. The spacings between the ions did not change when the ion
went dark, so these events are not due to elastic collisions where one ion is kicked out of
the ion chain temporarily. In addition, the D5/, — P3/, cleanout laser is always on, so
the possibility that a dark ion is produced due to collisional j-mixing from the D5/, state
to the Ds /o state is excluded. These short-lived dark ions are likely RaH™ and RaD™, but
they dissociate too fast to be confirmed with available mass spectrometry techniques.

It is unclear why long-lived RaH* and RaD* are not produced. The reaction Ra* (P, /2)
+ Hy — RaH" (130, ) + H is exothermic at 0.10 eV (RaH" ground electronic and vi-
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brational state has a dissociation energy of Dy = 1.97 eV [I89]). The corresponding
reactions for other alkaline earth ions release more energy, as shown in Table [11.3] and
these reactions also happen faster. It is possible that the reaction of hydrogen with

radium ion in the P, state does not emit enough energy to occur frequently.

Species Reaction released energy Reaction rate at 1 x 10~7 torr Hy pressure

Be* 2.6 eV [194] ~ 100 mHz [190]
Mg* 1.2 eV [195] ~ 100 mHz [191]
Ca* 0.8 eV [196] ~ 10 mHz [197]
Ba* 0.4 eV [193] ~ 1 mHz [193]

Ra* 0.1 eV [189) ~ 1 mHz or $ 0.01 mHz

Table 11.3: Exothermic energy release of the M (Py j5) + Hy — MH*(1%04) + H
and the approximate 1/e reaction rate for laser-cooled M ions normalized to 1 x 107
torr Hy pressure, where M is Be, Mg, Ca, Ba, or Ra. No experimental literature on
Sr* reaction with Hs or Dy has been found. The Mg"™ and Ca' reaction rate is
calculated assuming the population in the P/, excited state is 10%. All reaction
rates are only for order-of-magnitude comparisons as they depend strongly on laser
cooling parameters. The reaction rate for Ra™ is not determined. If the short-lived
molecular ions are not RaH™, the reaction rate is less than 0.01 mHz. Otherwise, the
reaction rate is approximately 1 mHz.

It is also possible that the short-lived dark ions are RaH* and RaD™ that dissociate
quickly to Ra™ after reactions. As I do not have an alternative explanation of the
dark ions, I think this hypothesis is likely true. However, the reason for dissociation is
unknown. The most probable theory is that the 468 nm cooling laser for Ra™ drives a two-
step photodissociation process in the RaH™ and RaD™ molecules, similarly to how 397 nm
light drives the 1 13, — 2 134, and the 2 '3y, — continumm transitions to dissociate
CaH™ [192 [198]. If photodissociation is indeed the case, both 2RaH* and 22RaD* must
have a rotational transition within 1 'Xo,,u = 0 — 2 3o,y that is reasonably close
(< 100 GHz) to the ?*Ra' cooling frequency at 640 096.63(6) GHz [7]. This possibility
is confirmed by theoretical calculations as the RaH* 1 'S, p = 0 — 2 13,4 =
0 transition is calculated to be 642.7 THz with several THz of uncertainty [189], see
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Figure 11.6: Possible photodissociation scheme of ?26RaH*. All spectroscopic con-
stants are calculated by [I89], and the potential energy curves are approximated using
the Morse potential.

To test photodissociation, we could reduce the Ra™ cooling laser power when leaking
in Hy or Dy. However, this will also reduce the population in the P/, state and make
short-lived dark ion events even scarcer. We plan to test reaction with Hy, and Dy again

with 22" Ra* and 2»°Ra*. The large isotope shift in both the molecular ion and the radium

ion may help reduce the photodissociation rate if this is indeed the issue.
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Chapter 12

Towards a hadronic C' P violation

measurement

As discussed in Section [£.2.4] radioactive polyatomic molecular ions such as RaOH,
RaOCH;, RaSH™, and corresponding protactinium-containing molecules are promising
for hadronic C'P violation measurements. These molecular ions are diamagnetic systems
that do not have optical cycling transitions for laser cooling and state detection, so we
plan to use quantum logic spectroscopy to prepare and readout the molecular ion state
via a radium ion. We consider measurements of the radium nuclear Schiff moment in
225Ra-containing molecular ions in this section for simplicity, and the techniques discussed
in this chapter is generally applicable to other molecular ions too.

The Schiff moment can only be measured with an asymmetry in the electron wave-
function in the nucleus, see Eq. [4.6] Polar molecules provide this asymmetry by ionic or
polar covalent bonds, where an electron is fully or partially transferred from an atom to
another atom. However, the parity is always a good quantum number for a state without

perturbation E], so the electron wavefunction asymmetry in unperturbed molecules is not

"'Weak interaction does create states where parity is not a good quantum number. The electromag-
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helpful in a measurement that happens in the lab-frame: A state with good parity is an
equal superposition of the molecule orientation pointing up and down in the lab frame
so the wavefunction asymmetry cancels. An external field is needed to break the good
parity states so the molecule orientation is quantized by the external field. Therefore, the
Schiff moment measurements need to be done in closely-spaced opposite-parity doublets
where a reasonable-sized lab-frame electric field can fully polarize the molecules to use
the full sensitivity provided by the electron wavefunction asymmetry.

I would like to thank Phelan Yu from Caltech and John Bohn from JILA for their help
in my theoretical understanding of the molecules and the molecular structure calculation

code they generously shared [200} 20T].

12.1 Science states of radium-containing molecules

Most of the candidate molecules for hadronic C'P violation measurement have zero
valence electrons. These molecules have relatively simple electronic states for both ex-
periments and theoretical calculations. A radium atom has two valence electrons in the
7s orbital and therefore all simple radium-containing molecular ions must have zero va-
lence electrons, one removed from ionization and the other used in chemical bonding.
Such a diamagnetic system provides experimental advantages such as reduced sensitivity
to magnetic field fluctuations, but does not provide enough electron spin to create the
)-doublets that many molecular EDM experiments rely on [70, [72]. On the other hand,
polyatomic molecules have vibrational or rotational degree of freedom that is coupled
with parity, which produces I- and K-doublets [86, [87]. Such doublet states in poly-

atomic molecules are independent of the electronic structure, and can be used to polarize

netic interactions between the nucleus and the electrons dominate the weak interaction, and therefore the
states have approximately good parity quantum numbers. This is related to another topic in precision
measurement about parity non-conservation effects in atoms and molecules [199] [128].
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the molecule for a Schiff moment measurement.

We first discuss linear polyatomic molecules such as RaOH™. The “bending” vibra-
tional modes of these molecules allow bending in either of the two directions perpendicular
to the molecular symmetry axis [86]. With no external electric field, each eigenstate of
the system is a superposition of the two bending directions, so the molecule is effectively
rotating clockwise or counterclockwise around the symmetry axis [86, 202]. The two
eigenstates, |ug') & |py"), are split by the Coriolis force from other molecular angular
momenta, where p5 is the bending mode vibrational number, and [ is the bending mode
angular momentum around the symmetry axis. The splitting in this so-called [-doublet
in the lowest vibrational excited state p, = 1 of RaOH™ is ~ 10 MHz, which can be
polarized with an external electric field of ~ 100 V/m [86]. However, the lifetime of the
excited vibrational state is only ~ 1 s [86], which limits the coherence time [72], 90].

The symmetric-top (RaOCHS) or asymmetric-top (RaSHT) molecules have similar
parity doublets in rotational excited states that enable measuring the Schiff moment in
the vibrational ground state to increase the science state lifetime. The molecular frame
projection, K, of the rotational quantum number around a symmetry axis, /N, interacts
with other angular momentum in the system to form parity doublets in the excited
rotational states, similar to the I-doublets in excited vibrational states [87]. We consider
using the lowest rotational state with K-doublets, N = |K| = 1, as the science state.
The science state is hundreds of GHz above the ground state and the K-doublet splitting
is ~ 100 Hz for RaOCH; [87] and ~ 20 MHz for RaSH™ [200]. The radiative lifetime of
the science state is > 1 h [87], and black-body excitation rate from the science state to
other states is tens of minutes in a cryogenic environment [87], and it seems promising
to reach ~ 100 or ~ 1000 s coherence time with these symmetric-top or asymmetric-top

molecules with magnetic field shielding and stabilization [4].
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12.1.1 Hyperfine structure

The three molecular ions discussed here, ?RaOHT, 2 RaOCHj , and ?*RaSH™, have
similar science state hyperfine structure. The N = |K| =1 (u2 = |I] = 1 for RaOH™)

state can be described with the following quantum numbers:

e my, = £1/2, the lab-frame projection of the radium nuclear spin.

R

e my, = +1/2, the lab-frame projection of the hydrogen nuclear spin. For RaOCHj ,
the nuclear and rotational wavefunction symmetry only allows the ortho nuclear
spin isomer state [87] in the science state so the total hydrogen nuclear spin Iy is

1/2.

e K ()= +£1, the molecular-frame projection of the rotational (vibrational) quantum

number.

e my(my,,)= %1 or 0, the lab-frame projection of the rotational (vibrational) quan-

tum number.

The combination of these quantum numbers gives 24 Zeeman states in the rota-
tional (RaOCHZ, RaSH™) or vibrational doublet (RaOH™) split by spin-spin and spin-
rotational interaction respectively. Due to the analogy in the rotational and vibrational
doublets, we discuss the hyperfine structure in terms of the K-doublet of RaSH™, but
the results are generally applicable to all three molecular ions.

The following hyperfine structure calculations are based on Yu'’s code [200]. We define
Fra = N + Ir, and the total angular momentum F = Fg, + Ig. The zero-field hyperfine
structure of RaSH™ is shown in Fig. [12.1] In this case, any Zeeman state in the upper
and lower manifolds is an equal superposition of K = #£1, so molecule polarization is not

defined in any state, so the states have no Schiff moment sensitivity.
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Figure 12.1: The hyperfine and Zeeman structures in the N = |K| = 1 state of RaSH™
with no external electric field. The upper and lower parts of the parity doublet are
split by ~ 19 MHz.

An external electric field is necessary to mix the parity doublet so the K quantum
numbers for some states are well-defined. The Stark shift due to the electric field must
be much greater than the zero-field splitting of ~ 19 MHz for full polarization of the
molecular ion. For example, the RaSH™* hyperfine structure at an electric field of 100
V/cm is shown in Fig. [12.2] The Zeeman states in the upper and lower manifolds that
have opposite mpr quantum number allow us to isolate the energy shift due to the Schiff
moment. For example, the frequency difference between the states a and b (and a’ and
b’) in Fig. cancels the Stark shift, but is sensitive to the Zeeman shift and the Schiff
moment. The two pairs of states have the same Zeeman shift direction but opposite
Schiff moment sensitivities. Therefore, a comparison of the frequency differences in the
two pairs of states could isolate the Schiff moment signal from electric and magnetic field

fluctuations.
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Figure 12.2: The hyperfine and Zeeman structures in the N = |K| = 1 state of
RaSH™ when the molecule is fully polarized (external electric field E = 100 V/m). A
small magnetic field is needed to split the Zeeman states with the opposite mp signs.
The Zeeman states with my # 0 and mp # 0 have well-defined radium nuclear spin
orientation in the molecule and well-defined molecular orientation in the lab frame,
and they have an equal magnitude of Schiff moment sensitivity. These states are
shown in blue and yellow in the figure, where the different colors indicate opposite
Schiff moment sensitivity signs. Two pairs of Zeeman states with opposite Schiff
moment sensitivities in the upper and lower Stark manifolds are labeled as a, b, and
a’, b’
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12.1.2 Rotating frame coupling

We consider measuring C'P violating moments with molecular ions which requires
rotating electric fields to polarize the molecules. If a static electric field is applied to the
ions, they will accelerate and could not be trapped. An eEDM experiment has demon-
strated dynamic polarization of molecular ions using a rotating electric field in the radial
plane of a linear Paul trap with a magnetic field that is effectively co-rotating with the
electric field [71]. We can apply similar techniques to Schiff moment measurements. By
using a rotating electric field to polarize the molecules, the experiment is effectively done
in a rotating frame where the inertial force could interact with the hyperfine and Zeeman
structures [203, 204], 205]. With the assumption that the polarization of the molecule is
always perpendicular to the rotating axis, the rotating frame dressed Hamiltonian of the

molecule is [203] 20T]

Hdressed =H + wrotha (121)

where H is the Hamiltonian in the stationary frame, w,os = 27 X fio¢ is the angular
frequency of the rotating electric field, F} is the z-component of the total angular mo-
mentum of the molecule. Conceptually, for two states with |Ampg| = 1, if the energy
difference of the two states in the stationary frames, see Fig. [12.2] is smaller than the
rotating frequency f,ot, the two states are mixed together in the rotating frame. Higher
order effects also mix states with mpr = £1 or mpr = £2 to create the avoided crossings
discussed in [204), 205]. For example, the states a and b in Fig. are fully mixed in the
rotating frame by the Ampg-th order coupling forces, and a magnetic field is necessary
to split the two states to gain Schiff moment sensitivities. Such rotating-frame induced
coupling imposes design requirements on the experiment that we will discuss later.

The hyperfine splittings in the RaOCH; molecular ion are smaller than those in
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RaSH*, and therefore the rotating frame coupling effect is larger in RaOCHS at the

same rotating electric field frequency.

12.2 Quantum logic spectroscopy

Quantum logic spectroscopy (QLS) allows us to prepare and readout a single quantum
state of a molecular ion with near unity efficiency [16, 89]. This technique is especially
synergistic with radioactive molecules, enabling use of a single radioactive molecular ion
for repeated measurements with long coherence times. We discuss the QLS technique
in Section [5.4l To realize QLS, we need to create a quantum logic gate between the
radioactive molecular ion and a radium ion via a shared motional mode of the two ions
in the trap. For high fidelity gate operation over this shared motional mode, the secular
frequency of the mode needs to be ~ 1 MHz or larger [16, 161]. A smaller secular
frequency slows down the gate operation which gives time for decohercing effects, e.g.
trap heating, and makes off-resonant couplings with the carrier transition more likely.
Typically an axial motional mode is used for QLS due to the lower heating rate on these
motional modes, and the radial secular frequencies need to be similar or higher so the
ion crystal is stable in the axially aligned configuration. This configuration reduces the
impact from micromotion as the two ions are sitting along the rf null of the trap. This
lower limit on the radial secular frequencies imposed by QLS affects the design of a

potential Schiff moment experiment.
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12.3 Experimental realizations

12.3.1 JILA eEDM technique

If we follow the approach of [71] where a rotating electric field in the radial plane of
the ion trap is applied, the radial secular frequencies of the ions must be much smaller
than the Stark shift of the polarizing electric field to be effective [204]. Otherwise, the
secular motion is fast enough to follow the rotating motion, and the ion no longer sees
a rotating electric field. To demonstrate the effect, consider an extreme case where the
rotating electric field has a very small frequency so it is essentially a dc external electric
field. This electric field effectively displaces the ions to an equilibrium position where
force from the external electric field cancels with the trap pseudopotential, and the total
electric field on the ions is the trap rf field at the equilibrium position. Therefore, the
polarizing electric field must rotate at a frequency much higher than the typical radial
secular frequencies of the ions (~ 1 MHz). The resulting rotating frequency is much
greater than the spin-rotational and spin-dipolar interaction due to the radium nuclear
spin (~ 1 MHz) and mixes the states with opposite sensitivities to the Schiff moment as

discussed in the Section [[2.1.2

12.3.2 Ring trap

To allow QLS and to avoid mixing states with opposite Schiff moment sensitivities at
the same time, we can use a ring-shaped ion trap that is similar to the traps developed
in [200, 207, 208]. Compared to a typical linear Paul trap, the radial electrodes of a
ring trap are bent into circles, so the trap can confine ions in a donut-shaped volume.
A schematic of a 2D ring trap is shown in Fig. [12.3] where the radial electrodes are

simplified to the two concentric rings, and the other electrodes provide local confinement
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Figure 12.3: Schematic of a ring trap for a molecular ion hadronic C'P violation mea-
surement. It has two trapping regions with a radium ion and a radioactive molecular
ion trapped in each of the region. The trapping regions rotate around the trap center
by changing the electrode voltages. A quadrupole magnetic field is used to split the
symmetric Zeeman states coupled by the rotating frame. The directions and magni-
tudes of the magnetic field in the trap plane are shown as the gray arrows. This figure,
inspired by [209], is authored by Spencer Kofford and is reproduced with permission
and can accelerate the ions along the ring. The ions can be locally confined by a potential
well formed by voltages on the electrodes, and the potential well can rotate around the
ring. We can first trap the RaSH™ and Ra™ in a potential well, and rotate the trapping
region around the trap. A dc bias voltage can be applied between the rf ring electrodes
to provide a constant electric field that both provides the centripetal force and polarizes

the ions. A similar scheme was also recently proposed in [209].

As we need the ring trap to support QLS, the ring spacing needs to be similar to
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other ion traps (~ 0.5 mm) that provides ~ 1 MHz secular frequencies with a reasonable
voltage < 1000 V. The ring radius is determined by the rotating frequency and the po-
larizing electric field. For example, a 1 cm ring radius with 100 kHz rotational frequency
corresponds to a 100 V/cm electric field that can fully polarize RaSH™. The rotating
frequency will fully mix |Amp| = 1 Zeeman states with the opposite hydrogen nuclear
spins which are split by ~ 1 kHz, but the mixed states still have the same sensitivity
to the Schiff moment. Higher order effects mix the states with opposite mp quantum
numbers, but a co-rotating magnetic field of > 0.1 mG can split these states [201], 200].
The co-rotating magnetic field could be produced by a quadrupole magnetic field from
anti-Helmholtz coils [71]. Switching RaSHT to RaOCH] allows using a smaller trap ra-
dius or a smaller rotating frequency to polarize the molecular ions to reduce the technical
difficulties with trap fabrication and trap drive electronics.

The Schiff moment can be measured by the energy differences between the states with
opposite sensitivities to the Schiff moment. A Ramsey sequence between the two states
is usually employed [71] [72], which requires preparing an equal superposition of the two
states. Similar to other molecular EDM experiments, there are several reversal knobs for
testing systematic effects, including measuring in different internal states and opposite
quadrupole magnetic field directions.

However, there is a challenge associated with this ring trap technique. We would need
to conduct QLS in the rotating frame to prepare the states in the rotating frame. This is
a challenging task as the rotating ions move in the ring trap at a speed of several km/s,
and rotating electric field noise heating of the motional modes may reduce the fidelity of
the gate. Certain RaOCHj states are polarized with ~ 1 mV/cm of electric field which
may reduce the difficulty. It may also be possible to prepare the state in the stationary
frame which is adiabatically or diabatically transferred to desired states in the rotating

frame [209, 205], but the hyperfine structure of the considered polyatomic molecular ions
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complicates such operations.

12.3.3 Optical dipole trap

Optical dipole traps (ODTs) are often used in EDM measurements with neutral laser-
cooled species [52, 210], and we discuss whether the optical dipole traps are applicable
for trapped ions. Confining an ion with an optical dipole trap is demonstrated in [211],
and is realized with an off-resonant light in [212]. For an EDM experiment, off-resonant
light could produce a local trapping region that has both high enough secular frequency
for QLS and can compensate the Coulomb force on the ion due to the external electric
field.

However, optical dipole traps typically cannot confine charged species for a long time.
We can consider a hybrid trap that is composed of both an ion trap and an ODT. The ion
trap provides long-term stability of the ions that can be measured over days. Assuming
the ODT is formed by a perfect Gaussian beam, we need ~ 10 W of 1064 nm power
focused to a beam waist of ~ 5 um to provide a sufficient dipole force to compensate the
Coulomb force from a 1 mV /cm electric field that can polarize stretch states in RaOCHj .
For [-doublets or K-doublets based on asymmetric top molecules which have larger zero-
field doublet splittings, the maximum Coulomb force that a reasonable optical dipole
trap can compensate is not enough for polarization.

The off-resonant scattering rate from the ODT is estimated to be ~ 1 Hz. This would
limit the coherence time of the experiment to ~ 1 s. This could allow a proof-of-principle
measurement with radioactive molecular ions, but is probably not sufficient to realize
order of magnitudes gain in hadronic C'P violation sensitivities compared to existing

measurements [4, 3].
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12.4 Conclusion

This section discusses technical details of the proposed hadronic C'P violation mea-
surements with radioactive molecular ions. Several experimental schemes are described
with potential difficulties. Future work is needed to solve these problems or to develop

new measurement schemes.
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Chapter 13

Development of a long-term source

for short-lived radium isotopes

All radium ion work introduced so far is based on ?26Ra*, which is a naturally occurring
radium isotope with a 1600 year half life. However, for hadronic C'P violation measure-
ments, we need to use an isotope with an nonzero nuclear spin. Both ?**Ra (I = 1/2) and
22Ra (I = 3/2) have closely-spaced nuclear parity doublets that enhance the Schiff mo-
ment and half-lives of ~ 10 days, so they are suitable choices for hadronic C'P violation
measurements [53), 213].

We plan to use ***Ra, which has a half life of 15 days. ?*Ra™ has a nuclear spin of 1/2,
leading to hyperfine structures with simple state preparation and readout techniques [58].
It is also synergistic with our other projects including a radium-225 ion optical clock [61].
However, the short half-life compared to ??Ra makes using a direct source of **°Ra
difficult. A typical precision measurement takes months or years to finish, while in
this period the number of ??’Ra atoms decays to a small fraction of the initial value.
Therefore, we desire a long-term source that continuously generates radium-225 atoms
in the vacuum chamber.
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13.1 Tests of a thorium-228 oven

The parent isotope of radium-225, thorium-229, has a half life of 7917 years [214],
and it can serve as a long term source for radium-225 that replenishes approximately
every half life of radium-225. Previous works on radioactive atom sources from the
parent isotopes include [215] 216]. Specifically, a thorium-229 oven was used in [216] for
spectroscopy of neutral ?*Ra atoms. This oven contains 10 uCi (50 pg) of thorium-229
nitrate, ~ 50 mg of BaCOj3 together with fine grain zirconium powder. The oven is
heated to ~ 900 K [216], where the vapor pressure of radium is high enough for releasing
radium atoms from the surface while the vapor pressure of thorium is negligibly low.
With every week of 22 Ra accumulation, the oven can produce radium atom flux for ~ 1
hour [217].

Our radium source uses the same principle as [216]. Since the supply of thorium-229
is scarce, we use thorium-228 (1.9 year half life) which decays to radium-224 (3.6 day half
life) for testing. We tested custom-designed ovens including 3D-printed titanium ovens
and homemade tantalum-wire heated ovens [61], but these ovens cannot reach the target
temperature reliably. The 3D printed titanium ovens has a resistance < 1 ohm, and
requires a current of ~ 10 A (30 W power) to reach ~ 700 K. Applying higher currents
will exceed the current limit of the vacuum feedthrough flange [ that is used. The
homemade tantalum-wire heated ovens require disassembling the oven when changing
the crucible that contains the thorium source. The tantalum wire becomes brittle after
heating and almost always breaks when we try to replace the crucible, which makes
testing different thorium compounds and reducing agents for radium difficult.

Therefore, we use a commercially-available molecular beam epitaxy (MBE) ovenE]

that contains a heated effusion cell and a replaceable crucible. The effusion cell is designed

! Accuglass 110630.
2E-science hot lip effusion cell.
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to operate in ultra high vacuum (UHV) environments reliably to higher than 1000 °C,
and it has a hot lip at the crucible top to make sure that the entire crucible is heated. The
effusion cell also has an integrated type C thermocouple for monitoring its temperature.
The crucibles of these ovens can be easily replaced to test different sources. The end of
the crucible is a 12.7 mm long, 2 mm diameter aperture for atomic beam collimation.
We dried 40 pCi of thorium-228 nitrate solution in the crucible, and added ~ 10 mg
Zr powder and ~ 1 mg Sr powder. We receive the Zr powder as suspended in water and
we dry a small amount of Zr powder under a heat lamp before adding it into the oven.
After adding the Sr powder in, the crucible is quickly installed on the effusion cell, the
entire oven is mounted on a testing vacuum chamber, and a turbo pump connecting to
the chamber is immediately started to pump down the chamber. These steps need to be

done quickly to prevent strontium oxidization in air.

13.1.1 Neutral radium detection

The vacuum chamber for oven testing is shown in Fig. The laser beam diameter
is approximately equal to the camera’s field of view (~ 2 mm), and the PMT collection
and detection efficiency of fluorescence photons from the field of view is ~ 0.1%. The
end of the crucible aperture is approximately 20 mm to the detection region. A turbo
pump maintains the pressure of the chamber to less than < 107 torr.

We wait for ~ 4 days for radium atoms to accumulate in the oven, and then heat the
MBE oven. Between 800 K to 900 K we saw fluorescence on the 'S, — ' P, transition
from the neutral radium atoms produced by the oven, and we confirmed the fluores-
cence by scanning the 483 nm laser frequency to conduct a spectroscopy (See Fig. .
Although the measurement is not Doppler-free and is not measured against a reliable

absolute frequency standard, this measurement determines the approximate transition
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Figure 13.1: The vacuum chamber for 2?Ra oven testing. The MBE oven (orange)
extends in the vacuum chamber approximately to the edge of the viewport that the
483 nm laser enters. The electric connectors of the MBE oven are not shown in detail.
The 483 nm laser drives the neutral radium 'Sy — ' P; transition, and the fluorescence
light is collected via a homemade objective (See Chapter @ to a PMT and a camera.
A precision leak valve (MDC 315012) is available for optionally leaking in helium or
argon buffer gas to slow down the recoiled radium atoms from the thorium decay [218)]
to prevent the atoms from embedding too deep into the crucible wall. A vacuum gauge
(Kurt J Lesker KJL275238) is used to monitor the buffer gas pressure. The chamber
is supported by two stainless steel base plates which are connected to Thorlabs 1-inch
pedestal posts.
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Figure 13.2: The spectrum of the ?**Ra 1Sy — ' P; transition at an oven temperature
~ 900 K. The frequency is measured with a wavemeter. The solid curve is the data
fitted to a Lorentzian function, which gives a center frequency of 0(3) MHz and a
Doppler-broadened linewidth of 158(14) MHz.
frequency on our wavemeter and allows testing photoionization of the radium atoms in
an ion trap. We are working on a Doppler-free spectroscopy setup with a Tey absolute
frequency reference cell to measure the absolute transition frequency of this transition.
This frequency measurement can be compared with the spectroscopy of the corresponding
transition in ***Ra [217, 219] and isotope shift measurements [44].

We repeated the tests of neutral fluorescence a total of five times and found that
the magnitude of the fluorescence decreases for following tests despite waiting a similar
amount of time between tests. Fig. is taken during the third test of the oven. We
think the decreases may be related to strontium evaporation loss every time we run the

oven, so there is less strontium available in the crucible to reduce the radium compounds

formed with either residual gas or other compounds in the crucible.
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13.1.2 Trapping and cooling of ??Ra™

After the five neutral fluorescence tests, we moved the radium oven from the testing
chamber to the ion trap chamber described in Chapter [6] We also refilled Sr in the
crucible to increase the radium atom flux in the following tests for ion trapping. The
previously added Sr and Zr that remain in the crucible were not removed. The oven
aperture is ~ 35 mm from the ion trap. We use 483 nm (*Sy —! P;) and 450 nm (' P; to
above continuum) lasers for photoionization of radium atoms in the trap. Approximately
1 mW power from each of the laser goes through the end cap electrodes of the ion trap
with a ~ 1 mm beam diameter. The frequencies of the 468 nm (cooling) and 1079
nm (repumping) lasers for ?*Ra™ are calculated according to Table isotope shift
measurements [44], and a King plot analysis.

Similar to the neutral radium fluorescence tests, we let radium accumulate in the
oven for ~ 4 days before running the oven. In the meantime, the trap is calibrated
and optimized with Sr* ions. During run 1 of the thorium-228 oven, we did not see
fluorescence from Ra™ ions due to a pressure problem. The absorbed water on the
radium oven and other vacuum parts limit the vacuum pressure to 2, 10" torr when the
oven is ~ 800 K. At this pressure, the heating rate and reaction rate is too high to laser
cool 2?4 Rat in our trap. We heated the oven at ~ 500 K for several hours after this run
to remove the water absorbed on the oven.

During run 2, the pressure is lower (1077 torr) when the oven is heated to ~ 850 K
where we observed a fluorescence signal from 2?Ra*. The counts from the radium ions
are distinguished from the background by turning off the repumping laser, see Fig. [13.3
The fluorescence lasted for ~ 200 s and after that we have not trapped and cooled Ra™.
The collision rate is too high and the fluorescence did not last long enough, so we were

not able to crystalize Ra™.
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Figure 13.3: Fluorescence signal of the ??*Rat S 12 — Pyjp transition when we
trapped and laser-cooled radium ions for the first time. The repumping laser is either
always on (when repump off and differential counts are both zero), or switched be-
tween on and off with a 200 ms period. The differential signal of PMT counts between
repumping laser on and off gives the net photons counts from the radium ions. The
background (repump off counts) is from scattered laser photons on trap electrodes.

After run 2, runs 3, 4, and 5 never produced laser-cooled radium ions at temperatures
up to ~ 950 K. However, we may have been using incorrect 483 nm frequency for these
tests, so they are not conclusive. At the highest temperatures of these runs, the vapor
pressure of metallic strontium is ~ 0.1 torr, so we think that nearly all metallic strontium
in the crucible should be gone.

To increase the number of radium atoms available in the oven, we waited for 11 days
instead of the typical 4 days before run 6. This should increase the number of radium
atoms in the oven by approximately a factor of 2. We were able to detect fluorescence at
~ 700 K, a lower temperature than the successful run 2. We also detected the possible
483 nm frequency problem during this run, after successful trapping and cooling. The
pressure at ~ 700 K is ~ 5 x 1078 torr and we were able to crystallize 2?4Ra™ for the first

time. We were able to trap ions for ~ 30 minutes during this run. As we think that the

metallic strontium is depleted in the oven during the previous runs, we think this oven
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may work long term. i.e. it does not depend on metallic strontium to work.

In order to confirm that the oven could work long-term, we tested the oven again after
7 days. We are able to see fluorescence again in run 7. During this run, we can trap and
cool Ra™ at a rate of ~ 1 ion per 10 seconds for more than 1 hour at ~ 680 K (pressure
~ 5 x 1078 torr). After that, we slowly decreased the oven temperature and tested the
lowest temperature that we could trap radium ions, and we detected Ra™ down to ~ 620
K where the trapping rate is ~ 1 ion per several minutes. This final run indicates that
every week, the oven accumulates enough atoms to produce ~ 1000 trapped ions in this
trap. During a typical experiment we would only need to load at most one or a few
ions per day, so we think this oven is sufficient to be used in this experiment to produce
224Rat. Therefore, we are currently doing a vacuum bake of this vacuum chamber to
achieve a lower pressure for working with 224Ra™. We think this oven design should work

for producing 2**Ra™ from #2°Th too.

13.1.3 Discussions

In the radium oven testing chamber, we observe that the neutral radium fluorescence
decreases with each test. However, we did not seem to see the ion loading rate decreasing
when tested in the ion trap chamber. We think this may relate to the difference of
pressure in the chamber. In the testing chamber, the pressure is rather high (~ 107°
torr background, ~ 10~* torr when heated), so the produced radium atoms bond with
residual water, oxygen, or nitrogen in the chamber. Therefore, strontium is required to
break the chemical bonds in the radium compounds so radium can be released as atoms
when heated. However, the amount of strontium in the crucible quickly reduces at the
testing temperatures ~ 900 K and therefore the oven efficiency decreases over time as

the fraction of radium as compounds increases. On the other hand, the pressure in the
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ion trap vaccum chamber is low (5 x 107 torr background, ~ 5 x 10™® when heated), so
a higher fraction of radium may exist as atoms, which do not need a reducing agent to
be released via heating. We anticipate that the pressure will be lower after the vacuum
bake, so the oven may perform better. If the pressure is low enough, the reducing agent
may not be necessary.

The aspect ratio between the length [ and the diameter d of the oven aperture is
currently small (I/d ~ 6). Our ion trap has a trapping volume with lengths on the scale
of ~ 2 mm, and the ion trap is 35 mm away from the oven, which has an aspect ratio
of 17.5. For a smaller ion trap that is typically used for coherent control of ions, the
trapping volume is smaller and the aspect ratio is even larger. As the aperture aspect
ratio is smaller than the trap aspect ratio, the collimation of atoms from the oven is not
optimal [220]. To deliver a larger fraction of atoms to the trapping volume, we need
to increase the aspect ratio of the aperture. The fraction of atoms from the aperture
reaching the trapping volume is shown in Fig. [13.4 For the current trap and aperture,
approximately 0.4% of the atoms from the aperture reach the trapping volume. With
thinner and longer apertures b and ¢, we can improve the efficiency by ~ 4 times. The
efficiency gain from a larger aperture aspect ratio is higher for a smaller ion trap such as
the vertical brown line in the figure. We anticipate a factor of 9 gain from aperture b,
and a factor of 20 gain from aperture ¢ when compared to the current aperture a.

One concern from decreased aperture diameter and increased length may be that the
aperture will not be able to provide enough conductance for the pressure in the crucible
to be released fast enough. Following [221], we calculated the vacuum conductance for
the apertures used in Fig. to be Caperturer = 60 mL/s, Coperturez = 0.07 mL/s, and
Clapertures = 0.02 mL/s. The internal volume of the current crucible we use is ~ 4 mL, so
multiple parallel apertures are probably necessary to reduce the pumping time constant

of the crucible to 1 to 10 s if either the aperture b or ¢ is used. On the other hand, some
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Figure 13.4: Calculated atom number fraction from the oven aperture to the trapping
volume for different oven aperture aspect ratios following [220]. Aperture a is the
current aperture we use (12.7 mm long, 2 mm diameter). Aperture b is 12.7 mm long
and 0.2 mm diameter. Aperture ¢ is 50.8 mm long and 0.2 mm diameter. The aspect
ratio of the current trap is shown as the vertical blue line (~ 2 mm trapping volume
diameter, 35 mm away from the trap center), and the aspect ratio for a smaller trap
(0.4 mm trapping volume diameter, 50 mm away from the trap center) is shown as
the vertical brown line.
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apertures will be off-centered if multiple apertures are added, so the fraction of atoms
reaching the trap center from these apertures is reduced. Different experimental setups
may have different optimal aperture diameter, length, and numbers.

An alternative way to produce a collimated atomic beam is using an orthotropic
oven [215]. The orthotropic oven relies on surface ionization to produce a neutral atomic
beam that has nearly all of the atoms emitted within a small angle. Some of our initial
tests of an orthotropic oven is summarized in [61], and we plan to revisit the design
starting from a strontium orthotropic oven.

Finally, we plan to test photoionization efficiencies at different wavelengths. Cur-
rently, we use a 450 nm laser to excite the atom above continuum from the 'P; state.
We also have 468 nm and 461 nm lasers available that could drive the radium atom to a
Rydberg state [43] from the ! P, state. High ionization rates from these Rydberg states
have been reported for calcium [222]. These lasers may increase the ion loading rate with

the same neutral radium atom flux.
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Appendix A

New ion trap for quantum logic

spectroscopy

The ion trap used in this thesis is not suitable for quantum logic spectroscopy of molecular
ions due to its large dimensions. Therefore, we built an new ion trapping apparatus
following the NIST “wheel trap” design [0, 223], which is designed for a quantum logic
Al ion clock.

A picture of the assembled ion trap is shown in Fig. [A.I] The radial rf electrodes
are formed by gold plating on a laser-cut diamond wafer with ry = 250 ym and a wafer
thickness of 500 pum, connected to vacuum feedthroughs via gold-plated beryllium copper
spring clips. The wafer also provides two dc electrodes for micromotion compensation.
The axial electrodes are made of titanium and are 4.5 mm from the trap center. All
electrodes are mounted on a silver plated oxygen free high thermal conductivity copper
post.

The ion trap is housed in a 4.5” CF titanium octagon [[| with 1.33” CF side ports for

electrical feedthroughs and laser access. Titanium vacuum parts are used when possible

Kimball Physics MCF450-SphOct-E2A8
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Figure A.1: The new “wheel trap” and electrical connections.

to reduce outgassing and improving the magnetic field stability. The vacuum chamber
is pumped down with a 50 L/s ion pump El and a titanium sublimation pump El The
chamber also includes an ion gauge EI and a computer-controlled precision leak valve El
The leak valve allows us to controllably introduce trace amounts of chemicals to produce
molecular ions in the trap. After a vacuum bake, the base pressure measured on the ion
gauge is 5 x 107! torr.

We first test trapping Sr™ ion this trap. We use a 3D printed titanium oven [61]
mounted on a 1.33” CF side port facing an axial end cap electrode, and the oven design
is shown in Fig. The end cap electrodes have holes at the center to pass the
strontium atomic beam to the trap center. The oven tube is loaded with strontium

metal, and we pass a current between the oven tube and one of the oven ground pins to

2 Agilent Vatlon Plus 55 Starcell, 9191340
3Gamma Vacuum 25S-TR-4D-SC-N-TSPA
4Agilent UHV-24p

SVAT 59024-GEGG-AAP2
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heat up the oven to thermally release strontium atoms.

Figure A.2: A 3D printed titanium oven mounted on a vacuum feedthrough (Accuglass
110600). An oven tube is connected to one feedthrough pin (connector is not shown)
and it has a loading region that is 1.4 mm diameter and 7 mm deep. The other
two feedthrough pins are connected to an oven ground which is in contact with the
top of the oven tube to make an electrical connection. The oven ground also has a
box-like structure with an aperture to constrain the spread of the strontium atomic
beam from the oven tube. This aperture is critical to prevent strontium coating on
non-gold-plated parts of the diamond trap wafer to short the electrodes.

The trapped ion fluorescence is collected via a custom objective El that compensates
for the 4.50” CF viewport glass. The objective has a 50 mm effectively focal length, a
numerical aperture of 0.4, and is color-compensated for 422 nm (Sr* cooling), 468 nm
(Ra™ cooling), and 728 nm (Ra™ optical clock for single ion addressing). An aspheric
lens at 100 mm []] focuses the light to an image that is ~ 2 times of the size of trapped
ions. Another objective ﬂ and a tube lens EI provides another 20 times magnification and
images the ions on a PMT [[7 (70% of the light) and a camera[] (30% of the light). The
distances between the optical elements in the imaging system are optimized with Zemax,

and the resolution is simulated to be ~ 0.6 ym at 468 nm with perfect alignments, and

6Special optics 57-40-50
"Thorlabs AL50100G-A
8Thorlabs TL10X-2P
9Thorlabs TL400-A
0Hamamatsu H10682-210
HHamamatsu QUEST Camera
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< 2 pum with tolerances considered. This resolution should be able to resolve a Ra™ and a
molecular ion separated by ~ 4 um with an axial out-of-phase secular frequency around
27 x 1 MHz.

The rf electrodes are driven by a homemade LC resonator based on [224]. We wrap
24 gauge bare copper wire on a custom-machined 6.35 mm thick teflon substrate to form
a 0.9 uH toroidal inductor. The inductor is connected in series to the capacitor formed
by ion trap electrodes (15 pF), and this series RLC circuit is driven from a rf source
through an antenna tuner (MFJ-945E) for impedance matching. A Q factor of ~ 100 is
measured at the resonance frequency of 42.9 MHz.

We have successfully trapped and cooled Sr* ions in the setup, and we are currently
setting up lasers for controlling the Sr™ optical qubit to test quantum logic spectroscopy

on StH™ or StD™.
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