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SUMMARY

This dissertation is a report of the work done by the author to trap, laser cool,
and perform spectroscopy on the 229 and 232 isotopes of Thorium IV. The introductory
chapter motivates the work on ?Th?*. Chapter 2 describes the theory of ion trapping and
reviews the apparatus’ used in this research to confine both isotopes. Chapter 3 reviews the
theory of laser cooling weakly bound atoms and extends the description to the more com-
plicated Th** system. Realization of laser cooling of both isotopes is discussed along with
experimental details. Chapter 4 discusses laser spectroscopy of both isotopes. Chapter 5
investigates the capabilities of the isomer transition in the *°Th nucleus as an optical clock.
The unique features of such a transition are also discussed in terms of their applicability to

the search for temporal variation of the fine structure constant.
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CHAPTERII

INTRODUCTION

In 1976, Kroger and Reich discovered that the nucleus of ??Th has an extremely low lying
first excited state. Nuclear excited states are generally keV to MeV above the ground
state, but this level was found to be less than 100 eV above the ground state [1]. In 1990,
Reich and Helmer examined higher resolution nuclear data to determine that the nuclear
energy splitting is -1 + 4 eV [2]. This result provided promise that the extraordinarily
small splitting would allow for laser excitation of a nuclear system for the first time along
with application of precision spectroscopic techniques. In 1994, Helmer and Reich [3],
using improved gamma-ray detector technology and calibration methods, determined that
the energy splitting was 3.5 £ 1.0 eV.

With the relatively small 1 eV uncertainty, direct observation of the nuclear transition
was attempted by various groups [4—7], though no conclusive results were obtained. Fur-
ther advances in gamma-ray detector technology have allowed for even lower measurement
uncertainty. The most recent determination of the nuclear transition energy, by Beck et al.
in 2007, produced a value of 7.6(5) eV [8]. This result is more than 3 standard deviations
away from the long-accepted 3.5 eV value and might explain the previously inconclusive
isomer search results.

The low-lying isomer state has a predicted lifetime of 10° — 10* s [9, 10]. Due to the
relative smallness of nuclear electromagnetic moments and, hence, superb isolation of the
nucleus from external electric and magnetic fields, the ?>Th nuclear isomer transition might
be used as a next generation optical clock [11]. The unique characteristics that a nuclear
transition would provide may also allow for extremely enhanced sensitivity to variation of

fundamental constants [12]. Particularly, the fine-structure constant which characterized



the strength of electromagnetic coupling might be probed very sensitively for temporal
variation due to the immense Coulomb energy of the large thorium nucleus.

To fully utilize the special character of the 229Th nucleus, one would seek ultra-cold
temperatures where the nucleus is well localized and isolated from collisions and exter-
nal field variations. This might also be an ideal system for initial optical excitation of the
isomer. The nuclear transition frequency is still only known to +240 THz, whereas the tran-
sition width is < 1 Hz. A tightly focused excitation laser beam might provide sufficiently
high optical intensity to search the large spectral range for the narrow isomer transition in

a reasonable time. This would require a well-localized nucleus.

~N

(2 > 2 2 2 2 2
S1/2 P1/2 I:)3/2 D3/2 D5/2 |:5/2 |:7/2

/

N
— nuclear ground 6 108g D, 984
— nuclear isomer X 5“'-
----- nuclear M1 5

Figure 1: A diagram of electronic energy levels and electric dipole transitions including
both nuclear ground and excited isomeric manifolds. Optical transition wavelengths are in
nm and the integers near atomic levels indicate principle quantum numbers.

A convenient method for localizing the nucleus would be to laser cool the atom us-

ing electronic transitions. Neutral thorium contains four valence electrons, a system too



complex to easily laser cool. The multitude of metastable electronic levels would require
a prohibitively large number of lasers. Triply charged thorium, however, has only one va-
lence electron. A monovalent atom is the most convenient system to laser cool due to the
simple electronic structure. Laser cooling of many monovalent alkali atoms and alkaline-
earth ions has been previously demonstrated. The structure of Th** is amenable to laser
cooling with multiple electric dipole transition wavelengths in the range of available diode
lasers [11]. Figure 1 displays the electronic structure of both the nuclear ground and isomer
manifolds with electric dipole transitions. The lowest lying transitions at 1088nm, 690 nm,
and 984 nm are convenient for laser cooling and ion imaging. In addition to the ability to
directly laser cool ?Th?*, the field of ion trapping is mature, providing straight-forward
techniques for confining 2 Th?* ions.

Though confinement and laser cooling of > Th** are not fundamentally prohibited,
neither experimental task has been realized prior to this work. Due to the extremely high
cost of 2?°Th, the 232 isotope is used here to initially develop the required technologies
for effective spectroscopy of the ?>Th nucleus, i.e. triple ionization, confinement, long
storage times, laser cooling, and ion imaging. Additionally, the lack of nuclear spin in >*>Th
substantially reduces the complexity of initial laser cooling and spectroscopy. After the
necessary experimental techniques are sufficiently mature, 2 Th3* ions are laser cooled and
high precision laser spectroscopy is performed. This result paves the way toward optical
excitation of the nuclear isomer.

Particular aspects of the 2 Th3* system are also examined in order to estimate its effec-
tiveness and utility as a next-generation optical clock and ultra-sensitive probe of temporal

variation of fundamental constants.



CHAPTER 11

THORIUM IV ION TRAPPING

2.1 Radio-Frequency Trapping Theory

Earnshaw’s Theorem states that a charged particle cannot be held in stable equilibrium by
electrostatic forces alone [13]. This can be seen by inspection of Laplace’s Equation, V¢ =
0, where ¥ is the electrostatic potential in vacuum. A requirement for stable confinement
along a given spatial dimension is that the second derivative of the potential be positive. As
can be seen, a stable potential cannot be achieved in all three spatial dimensions at once.

Time-varying potentials may, however, be used to generate ponderomotive forces, en-
abling one to confine charged particles in all three dimensions. The treatment here of such
dynamics is a simplified version of that of Dehmelt [14, 15].

Consider a particle of mass m and charge Q placed in an electric field Ey which varies

sinusoidally in amplitude at frequency Q. The force on the particle from this field is
F(t) = mx = QE,cos Q. (D)

For the particle initially at rest at x = 0, its velocity x(¢) and position x(#) are

i) = % sin Qr )
x(t) = _ﬁgg cos Q1 + xo. 3)

In this system, the particle oscillates with amplitude Ax = (QE,)/(mQ?) about the position
Xq = 0, but has no net acceleration when averaged over an rf cycle.

For a spatially varying electric field profile, Equation (1) becomes

F(x,1) = QEy(x) cos Qt 4)



For sufficiently fast electric field oscillations such that Ax < Ey(x,,)/ [dEy (x,,) /dx], the
pseudopotential approximation may be made by expanding the electric field profile to first

order about x,,. This leads to

F(x,1t) = QEy(x,,)cos Qr + Q%(}C — Xg4) cOS Qt ®))

Substituting Equation (3) for (x — x,,), Equation (5) becomes

QZEO(-xuv) dEO (-xav)
CcO

2 Q¢ 6
m? dx S ©)

F(x,t) = QFEy(x,,) cos Qf —

and when averaged over one rf cycle, becomes

QZEO(Xav) dEO(xav) .

Fav(xav) = - 2m? dx

(7

After extending this treatment directly to three dimensions, one may define the pon-

deromotive pseudopotential, ¥ (x, y, z), such that

F(x,y,2) = -0 V¥(x,y,2) (8)
which leads to the result
___ QExY.2)
\P b b e e—
(x,y,2) AmC2 )]

Here, the bars over the spatial coordinates denote their average values over one rf cycle of
the electric field amplitude.

A convenient and easily understood potential for particle confinement is the harmonic
potential. A ponderomotive pseudopotential of this form may be made in two dimensions
with an oscillating two-dimensional electric quadrupole potential, ¢, o (x* — y*) cos Q.

Figure 2 shows cross-sections and polarities of the trap rf electrodes (trap rods) used
in this work which generate approximate two-dimensional quadrupole potentials near the
pseudopotential minimum. The dashed hyperbolic lines represent ideal quadrupole equipo-

tentials and imply ideal electrode surface shapes. By applying a voltage

V. =%x[VycosQt + Up] (10)



to the corresponding realistic trap rods, the electric potential near the center of the trap may

be approximated by

(1)

2 - yz
U (x,y,1) ~ Kk, [Vocos Qr + Uy ( )

2
"o
where «, is a scaling factor introduced to account for the departure from infinite hyperbolic
shapes of the trap rods.

a) b)

Figure 2: Rod electrode geometries. a) A cross section of truncated hyperbolic trap rods
illustrates that the electrode surfaces lie along quadrupolar equipotentials. This surface
shape creates a high-quality quadrupole potential from the pseudopotential minimum out
to the electrode surfaces. b) The circular rod shape surface deviates significantly from ideal
quadrupole equipotentials, introducing higher-order even multipole terms to the potential.
This is detrimental when performing mass spectrometry, though is advantageous for laser
cooling. The enhanced optical access is important for efficient fluorescence detection.

The truncated hyperbolic electrode shape in Figure 2 has the advantage that it approx-
imates the quadrupole potential very well from the pseudopotential minimum out to the
electrode surface, whereas for the circular cylinder rod shape, higher-order fields become
significant and complicate ion dynamics at large ion excursions. For trapping and laser
cooling, however, this is of little consequence while optical access transverse to the pseu-
dopotential axis (trap axis) can be greatly enhanced over that of the truncated hyperbolic

rod shape.



To confine positively charged ions along the trap axis, positively biased endcap elec-
trodes (endcaps) with convenient symmetry about the trap axis may be used. For an endcap
separation 2z, along the trap axis and bias voltage U,,, the potential near the trap center
may be approximated by

Vel 3,2) * Ui (Z—z ik yz)] (12)
0
Here, «, is a scaling factor introduced to account for the endcap geometry. Combining ¢,

and ¥, one obtains for the total ion potential near the trap minimum,
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This general combination of rf and dc electric fields is used in this work to confine atomic
ions and 1s known as the linear rf trap or linear Paul trap, after Wolfgang Paul, inventor of
the three-dimensional quadrupole trap [16].

Because the electric field gradient is constant in all three spatial dimensions, a trapped

ion trajectory obeys the Mathieu equations

QZ
u; + [a; + 26]1 CoS Q[]Tl/li =0 (15)
where u = u, % + u,9 + u 2 is the ion coordinate in the basis of Figure 2,
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In this system, ion motion and stability can be solved within and well outside of the pseu-

dopotential approximation. Specifically, the fundamental ion secular frequencies are

where g; is defined by the continued fraction [18]
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In the operating regime of the traps in this work and in almost all linear rf traps, stable
ion trajectories occur when 0 < B,, < 1 and 5, > 0. For a,, = 0, this corresponds to a
maximum ¢q of 0.908, also known as the low-mass cutoff. For particles with mass-to-charge
ratio (m/Q) less than that corresponding to ¢ = 0.908 have a larger ¢ and are unstable.
Figure 3 shows simulated radial motion of a **Th** ion in the extended trap of Section 2.4
for various g values (Q = 27x6.0 MHz) and negligibly small a,, values. The driven
oscillatory motion of the ion at Q (drive frequency) is referred to as micromotion and the
lower frequency ion oscillation is secular motion due to the particle’s non-zero temperature
within the ponderomotive potential. Micromotion serves as the primary heating mechanism
of ions which are not at the rf potential minimum and should be minimized for efficient ion

cooling. As can be seen in Figure 3, low g is preferable for this.
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Figure 3: Simulation of radial motion of a single trapped ion in the extended trap using
Simion 8.0. At extremely low ¢, the pseudopotential approximation is clearly justified, as
ion micromotion is much more rapid and less significant than the larger secular motion. As
Vo 1s increased, the trap frequency increases as does the micromotion amplitude. Near the
low-mass cutoff, secular oscillations are nearly half as fast as micromotion, leading to a
nearly undefined rf potential.

In the regime where |q;, |a;] < 1, ion motion may be approximated by

lmnzmmm@m+¢ﬂ1+%am94 22)

and the secular frequencies by

w; =10 Ja; + 1% (23)
From Equations (22) and (23), it is evident that as ¢ is decreased to minimize micromotion
heating, {2 must be increased to maintain a given secular frequency. A technical limitation
here is the maximum achievable rf voltage amplitude, which in this work is Viax) ~ 1500

V.

Equation (22) may be used to calculated the average kinetic energy of an ion as [17]

iy = i) = b (2 + 14707 @4



From Equations (24) and (23), it can be seen that, due to micromotion, the total kinetic
energy is about twice that of the thermal energy along the dimensions of rf trapping. There
is no such micromotion contribution in the dimension of static field confinement.

In addition to unavoidable micromotion, an ambient electric field £, may shift the trap
potential minimum away from the rf potential minimum. The shift of the ion’s average

position may be expressed as [17]

o; 4Q (Edc : ﬁl) (25)
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This shift from the rf potential minimum creates excess micromotion, resulting in a total

kinetic energy along the i axis of
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For a given ambient field, higher trap drive frequencies reduce the excess micromotion
energy. Minimization of this term is important in ion trapping experiments and is done
here by compensating ambient electric fields and using relatively high drive frequencies to
suppress the heating effect from imperfect field cancellation.

It should be noted that linear rf traps using the rf voltage polarities discussed in this
section are said to be running in the balanced mode, as opposed to the unbalanced mode
in which rf is applied to only one pair of opposing trap rods while the other pair is held at
ground. By removing the rf voltage from one pair of trap rods and keeping V|, constant, the
stability parameter ¢ is simply halved. Both modes of operation offer distinct advantages

and are used in this work.

2.2 Triple Ionization and Trapping of Thorium

Because the transition of ultimate interest in 2>°Th is the 7.6(5) eV nuclear isomer transi-
tion, one may select to work with any convenient charge state of the atomic system. Mono-

valent atomic systems such as neutral alkalies and singly charged alkaline earths have been
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shown to be convenient systems for laser cooling and high precision laser spectroscopy due
to the relatively simple electronic structure. The number of optical frequencies required for
such experiments is at a minimum. From this point of view, monovalent thorium, i.e.
Th3*, is an appealing choice. The lower charge states of thorium contain complex elec-
tronic structure and, therefore, multiple optical fields would be required to avoid leaving
low-lying metastable electronic states dark. Another appealing and possibly critical charac-
teristic of Th** is its ionization potential, 28.8 eV, which is well above the isomeric energy.
This large energy difference suppresses the likelihood of internal conversion during isomer
excitation and decay. Th3*, therefore, seems to be the optimal candidate for high precision
spectroscopy of the nuclear isomer transition. The advantages stated above are countered
by the initial difficulty in producing and trapping significant amounts of ions in this charge
state for spectroscopy as well as the relatively short lifetime of a trapped ion with such high
electron affinity.

Laser ablation of a thorium sample is chosen as the method for triple ionization because
traditional single ionization methods such as electron bombardment ionization and photo-
ionization within an atomic beam are not viable. An appreciable vapor pressure of neutral
thorium for such an atomic beam is found to require temperatures which are higher than
the melting points of even the most resilient oven materials, i.g. W and Ta. Additionally,
electron bombardment ionization becomes substantially less efficient with higher charge
states [19] and photo-ionization requires a prohibitively large number of photo-excitations
to reach Th** (38.2 eV).

The light source for ablation is a 5 ns long pulse at the third harmonic (355 nm) of a
YAG laser with pulse energy 20-500 pJ. The pulse is focused to a 20(10) um spot size on
a thorium source. Two different types of planar thorium ablation targets are used in this
work, a pure thorium metal source and a high-purity aluminum substrate containing a thin
film of thorium nitrate salt on its surface. The thorium metal target is made of the 232

isotope and is used for all initial Th** ionization, trapping, and laser spectroscopy work,
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as well as preliminary ion trap testing and laser alignment prior to *?Th3" work. The
nitrate targets are motivated by the non-metallic form of the **Th source. Because the 229
isotope 1s radioactive (7880 yr half-life) and does not occur in nature, it is very rare and
expensive (~ $120,000/mg). This is in contrast to the 232 isotope (1.4x10' yr half-life)
which does occur in nature and is relatively inexpensive (~ $30/g). Consequently, the only
available source of >**Th at the time of purchase was in the form of a nitrate salt, Th(NO3),
(76% **Th, 24% *3*Th). In order to prepare the >Th for ablation, the salt is dissolved
into a nitric acid solution [20] and 20 ug of **Th (40 uL of solution) are deposited onto a
2 mmx2 mm area of a 99.99 % pure aluminum substrate (Alfa Aesar 40761). Aluminum is
chosen due to its small m/Q’s (27 amu/e, 13.5 amu/e, 9 amu/e, etc.) which are substantially
different from triply charged thorium (=77 amu/e) and can easily be made unstable during
trap loading. Here, e is the electron charge. Because triple ionization efficiency in ablation
is much lower than that of single and double ionization, the high purity of the aluminum
substrate is important, keeping the absolute yield of Th** in the plume higher than that
of any singly or doubly ionized contaminating component of similar m/Q. For instance,
aluminum 6061 contains a few percent impurities by mass, some of which have m/Q’s
similar to that of Th**. These impurities are thought to be the reason for failure to observe
trapped Th3* from nitrate targets with such substrates. An overwhelming abundance of the
pollutants within the plume preclude efficient loading of the ion of interest.

Before the 2 Th nitrate target was employed, a nearly identical >**Th nitrate target was
made and tested using the same ionization and trap loading protocols used for the thorium
metal target. The only difference between the two nitrate targets is the solvent used for
thorium deposition. While nitric acid was used for the 229 isotope to prevent adsorption of
the radionuclide molecules to the walls of the solution container [20], distilled water was
used for the 232 isotope.

Characterization of the ablation plume dynamics and confirmation of Th** creation are

done via laser spectroscopy in plumes from the thorium metal sample. By passing a laser
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beam through the ablation plume at a known distance from the thorium sample and moni-
toring its transmission on a photodetector, one can confirm creation of a particular charge
state and observe its velocity distribution. For these experiments, probe beam waists of
200-300 um and optical powers of 100-500 uW are used and the ablation plume is directed
not toward trap electrodes, but into empty vacuum. Electronic transitions are observed in
Th+ and Th3*, giving some insight into the thorium dynamics during ablation. Figure 4
a) illustrates the "Coulomb explosion" dynamic where higher charge states are accelerated
more rapidly in the initial electric fields caused by the ejected electrons [21]. Figure 4 b)
shows simultaneous absorption of 690 nm and 984 nm light within Th**. The 690 nm probe
field is positioned ~2 mm from the thorium sample while the 984 nm probe is less than two
beam diameters further away. This data shows that the Th** component of the ablation
plume has an average velocity of ~10 km/s, suggesting that particular care might be re-
quired in trapping these energetic particles in large quantities. With the ratio of probe beam
diameter to distance from the sample being ~0.4 and the measured ratio of temporal probe
absorption width to delay after the ablation pulse being ~0.3 (Figure 4), one may estimate,
assuming linear expansion of the plume, that the ratio of ablated Th** velocity width to
average velocity is 0.4 - 0.3 = 0.1. This narrow velocity distribution may be exploited with
trap potential gating to enhance trapping efficiency of Th** as well as to electrically block
some unwanted components of the plume from entering and polluting the trap.

In addition to gaining velocity information regarding Th®* and other ablation compo-
nents, laser spectroscopy of the plume also serves to confirm spectral location of low-lying
electronic transitions in Th**. By measuring the absorption ratio of 984 nm light to 690
nm light while scanning the frequency of the 984 nm probe fields, a clear spectroscopic
signal can be seen (Figure 5). The large Stark and Doppler broadening and shifts, however,
preclude the possibility of high-resolution signals. The ratios of absorption signals is taken
over absolute absorption depth due to significant fluctuations in ablation plume density

from YAG shot to shot. This leads to significant fluctuations in absolute probe absorption.

13



b)

— 984 nm Transmission (Th IV) 250 ns/div — 690 nm Transmission (Th IV) 100 ns/div

— 688 nm Transmission (Th II) — 984 nm Transmission (Th IV)
— Ablation Pulse — Ablation Pulse

Figure 4: Probe laser absorption through an ablation plume. a) Light at 984 nm is resonant
with an electric dipole transition in Th** and passes through an ablation plume where it is
partially absorbed. Similarly, light at 688 nm is resonant with an electric dipole transition
in Th* and passes though the same ablation plume where it is absorbed. The Coulomb
explosion nature of ablation plumes is observed. Here, the smaller m/(Q particles are accel-
erated more rapidly from the ablation target. b) Two probe fields resonant with transitions
in Th3* pass through the ablation plume where they are partially absorbed. The plume
dynamics for Th** are measured from the traces in order to enhance ion loading of the
energetic particles.
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Figure 5: Ratio of 984 nm plume transmission signal to 690 nm transmission signal. By
scanning the detuning of the 984 nm frequency, a broad feature is observed, indicating
roughly the frequency on the transition. These types of scans serve as confirmation that no
drastic errors exist in the spectroscopic data of [22]. Large Stark and Doppler broadening
and shifts preclude high resolution spectroscopy. The laser detuning is with respect to the
value given in [22].
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Due to the high kinetic energy and charge density of ablated Th*, axial injection of
the ions into a linear rf trap is the natural choice for trap loading. For this purpose, as
well as axial optical access, the linear rf traps in this work all have clear apertures at both
ends of the rf potential. To load ions into a given trap, a thorium sample is placed ~10
mm from a trap endcap and oriented such that a vector normal to the sample surface is
directed along the trap axis. With arrival of a YAG ablation pulse onto the sample surface,
a plume is ejected and propagates axially through an endcap aperture while U,. ~ 0 V.
After the Th®* component of the ablation plume has entered the trap, U, is ramped to an
operating voltage between 20-300 V with a 10% - 90% voltage risetime of < 600 ns (see
Section 2.6). This dynamic loading aids in trapping efficiency of Th** while blocking much
of the slower moving Th** and Th* from entering the trap volume. A demonstration of ion
gating is shown in Figure 6 using fluorescence detection of **Th3* in the extended trap
of Section 2.4. Each data point is an average of three loading trials. The data is fit to an
error function and gives a 10% - 90% risetime of 0.63 us, which corresponds closely to the
risetime of the endcap switching circuit. The thorium ablation target sits ~10 mm from the
endcap entrance and the observed delay time of 9.3 us is consistent with an ion velocity of
~10 km/s.

To further enhance ion loading when required, and to cool the trapped ions to about
room temperature, helium buffer gas is introduced into the vacuum chamber (see Section 2.5)
within a pressure range 10’ —1073 Torr. The particular pressure used depends on the exper-
iment. Though statistics are lacking, endcap gating of Th* and Th?* during ion loading in
a helium environment is observed to be particularly useful, enhancing the average number
of Th3* ions trapped by a factor of 2 to 5 over loading with long gate times.

Because the ions entering the trap rely on ponderomotive forces to confine them, effi-
cient loading dictates that one period of the trap drive oscillation should be faster than the
time required for an ion to traverse a characteristic distance of the trapping potential while

at the loading velocity. For a trap radius of ry * 3 mm and a loading velocity of ~ 10 kmy/s,
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Figure 6: Demonstration of endcap gating. The endcap voltage of the extended trap is
ramped from ground to 250 V in < 600 ns with varying ramp trigger delays after ion
ablation. As the delay 7z¢ is varied, the efficiency of transmission of **Th** through the
endcap is varied. Each data point is an average of three trials where 984 nm fluorescence
counts are recorded for each load. Saturation of the signal for Tzc > 10 us suggests that the
trap is saturated with 2**Th3* ions.

an estimate for the minimum drive frequency required to achieve efficient loading is ~2
MHz. Observations in this work are consistent with this approximation. For example, with
drive frequencies below 2 MHz applied to the extended trap of Section 2.4, loading of large
Th* samples (2 10,000 ions) is achieved with < 5% success per loading sequence and re-
quires high buffer gas pressure. As the trap drive frequency is increased above 4 MHz, large

sample loading becomes consistent (~ 80 %/trial), and at 8.5 MHz, large sample loading

efficiency is > 95 %/trial, even without the aid of buffer gas.

2.3 Thorium Mass Spectrometry

For initial demonstration of Th?* confinement, mass spectrometry techniques are used, as
opposed to fluorescence detection methods. The mass spectrometry method requires a
trapping potential which closely approximates the quadrupole potential throughout the trap
volume, but has the advantage that trapped ion detection may be achieved in under 100 ms
and without any knowledge of the ion’s electronic structure. This circumvents the problem

of initially insufficient knowledge of electric dipole transition frequencies for fluorescence
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detection as well as the possibly short ion lifetime in the initial trapping environment. A
system similar to that of [23] was designed and constructed for this purpose. The basic
principle of operation is straight-forward. By adding an ac excitation signal V,, cos (W)
to one of the trap rods, trapped ions with radial secular frequency w,, (w., depends on the
ion’s m/Q) are resonantly excited and ejected radially from the trap. These ions are then
detected on a channel electron multiplier (CEM) as individual electrical pulses. To obtain
a m/Q spectrum of trapped ions, the rf amplitude V is ramped, sweeping the radial secular
frequencies of ions within a given m/Q range through w,,. As the radial secular frequency
of the trapped ions is swept through the value w,,, the ions are ejected and the CEM counts
are correlated with a specific value of V|, and in turn, a specific m/Q. The frequency chosen
for ion ejection corresponds to a g near the low-mass cutoff, implying that Vj, is increased
to generate mass scans. This mode of operation generates the highest m/Q scan resolution
because the fractional density of m/Q is lowest in this region of stability. The ions are also
becoming less stable rather than more stable as their g values are increasing toward the low-
mass cutoff. This makes selective ejection of ions from the remaining trapped population
more natural. The stability parameter a is set to zero for these experiments.

Because a high quality quadrupole potential is required for this method, the truncated
hyperbolic trap rod shape is used. Images of the segmented hyperbolic trap used for mass
spectrometry are shown in Figure 7. The trap material is SS304 and the electrical insulators
are teflon. The trap radius is 4 mm and the segment lengths are 12 mm, 37 mm, and 12 mm,
while the inner hyperbolic surface extends to 37y (12 mm) from the trap axis. In addition
to the radial trapping voltages, a common dc voltage of 5-50 V is applied to all eight end
segments, confining the ions to the central region of the trap where rf and ac excitation
fringing fields along the trap axis are minimal. The central segment of one of the trap rods
has a 0.3 mmx23 mm slit machined along one of the symmetry planes for ion ejection from
the trap. A CEM (Photonis MAGNUM Electron Multiplier®) is biased at ~ -2000 V and

is placed just outside the ejection slit for ion detection. Circular cylinder electrodes with
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apertures aligned coaxially with the trap are used as endcaps for dynamic loading.

Figure 7: A conceptual drawing of the hyperbolic ion trap used for ion trapping and reso-
nant ejection simulations in Simion 8.0 and a photo of the trap during construction.

The trap is run in the unbalanced mode with the ground trap rods defining the direction
of secular excitation and ejection. A trap drive frequency of 1.4 MHz is used and corre-
sponds to w,, ~ 550-690 kHz. The low drive frequency is required in order to reach the
low-mass cutoff for 2*’Th* (232 amu/e) with a maximum rf voltage of V;, ~ 1500 V. The
excitation voltage (V,, = 0.1-5 V) is placed on the three segments of the ground trap rod
opposite that of the ejection slit. This particular rf and ac configuration is chosen to reduce
noise at the drive frequency on the CEM signal. To cool and localize ions to the center of
the trap for efficient ion ejection, ~1 mTorr of purified helium buffer gas is used. A typical
scan is produced by linearly ramping Vj, across the range of interest in 100 ms - 2 s.

Figure 8 shows one of the first scans observing trapped thorium. The broadening and
mass shift are likely due to space-charge effects from a large trapped sample, trapping field
defects from the ejection slit, and trap misalignment. These non-ideal characteristics of the
signal are, however, of little consequence. Peak identification is unambiguous.

With optimization of mass scan speed and excitation frequency and amplitude, higher

resolution and higher signal-to-noise scans are achieved, as shown in Figure 9. 232Th?* and
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Figure 8: Mass spectrometry scan of >*?Th* at m/Q ~ 232 amu/e. The peak shift and
broadening are likely due to space-charge effects from a large trapped sample, trapping
field defects from the ejection slit, and trap misalignment.

22ThO?* peaks are clearly visible after a several second delay between trap loading and

mass readout. This allows for oxidation to occur, likely from helium buffer gas impurities.

Smaller peaks corresponding to mass shifts of +14 amu/e and +18 amu/e are also visible.

1400 . . . . .

T
1

1200}

T
1

1000}
800 ]

600 ]

CEM Counts

400 ]

200f | | ]
O- 1 PP

60 80 100 120 140 160
Mass—to—Charge Ratio (amu)

Figure 9: Mass spectrometry scan of 2?Th?** and 32ThO?*".

With optimization of the ablation laser power and spot size on the thorium sample, Th**
is generated in sufficient quantities, but can be detected clearly with a mass scan only after
the much larger quantities of Th** and Th* are removed from the trap. This is done in
the trap loading phase with endcap gating and relying on the fact that for stable loading of

Th**, Th* can have a vitally low g value, making its loading much less efficient. For trapped
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Figure 10: Mass spectrometry scan of >*Th3".

pollutants, resonant ejection and ion destabilization are employed before the mass scan is
executed. Figure 10 shows a representative scan detecting trapped 2**Th*. These scans
suggested an initial trap lifetime of 0.1-1 s, though large fluctuations in loading efficiency
and the destructive nature of ion detection make an accurate measurement difficult. After
a reduction in buffer gas pressure and the impurities introduced by it, the Th** lifetime
estimate was extended to several seconds. With sufficiently long confinement of at least
hundreds of 2*Th3* ions, the transition to fluorescence detection, spectroscopy, and laser

cooling is made.

2.4 Ion Traps for Laser Cooling and Spectroscopy of Thorium

For laser cooling and spectroscopy of trapped ions, circular trap rods suffice, allowing
for much simpler electrode machining and providing better transverse optical access than
hyperbolic trap rods. Without deviating significantly from the hyperbolic trap in design and
dimensions, the "cloverleaf" trap of Figure 11 is used for initial 2**Th3* laser cooling and
high-resolution spectroscopy. Circular SS304 rods of length 37 mm and diameter 9.5 mm
are used to form the quadrupole potential and define the trap radius r( to be 4.0 mm. The
endcaps are composed of a pair of 9.5 mm thick SS304 plates which have 6.2 mm diameter

holes drilled through for axial optical access and ion loading. The endcap thickness is
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chosen for enhanced dynamic loading/gating with lower voltages and to remove direct
line-of-sight access of ablation materials to the trap rods. This reduces the possibility of
contact potential formation on the trap rods. Contact potentials create stray electric fields
within the trap, offsetting the trap potential minimum from the rf potential minimum and
increasing micromotion heating of the ions (Equation (26)) [17]. The cloverleaf shape
of the endcaps is for increased optical access. Alumina rods and washers are used for

alignment and electrical isolation between the trap rods and endcaps.

Figure 11: Conceptual drawing of the cloverleaf trap used for ion trajectory simulations in
Simion 8.0.

The cloverleaf trap is operated in the balanced mode at a drive frequency of 2-3.1 MHz
with endcap voltages of 5-300 V. The balanced mode of operation is observed to offer
enhanced ion loading efficiency over that of unbalanced mode loading. Though statistics
are lacking, the enhancement factor is estimated from ion fluorescence signals to be 5 -
10 times. This is due to the reduced average rf potential gradient experienced by the ions
as they enter the trap along the axis. In addition to rf voltages on the trap rods, small dc
voltages in the range +40 mV are applied to compensate ambient electric fields, ensuring
that the trap potential minimum corresponds to that of the rf potential minimum. This
minimization of micromotion heating is important for laser cooling Th3".

Because only small amounts of ?**Th (~40 ug) are available for the work done here,
further enhancements in Th** loading efficiency are valuable. Due to the highly energetic

plasma nature of ablated Th*, a linear rf trap of extended length is thought to enhance ion
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loading. Relative to the electric potential depth required to simply guide ablated ions along
the trap axis, a large radial and axial potential is needed to reflect this axial motion near
the endcaps. The high charge density of the initially ablated plume is thought to shield and
diminish this required potential depth. By letting the plume propagate and expand longitu-

dinally in the trap before interacting with the far endcap, this effect may be mitigated.

Figure 12: Conceptual drawing of the extended trap used for ion trajectory simulations in
Simion 8.0.

To this end, significant departures from the design and dimensions of the cloverleaf
trap are made and the extended trap of Figure 12 is used for work with the 229 isotope.
Four circular SS304 tubes of length 188 mm and diameter 0.79 mm create the quadrupole
potential, defining the trap radius to be 3.31 mm. Endcap electrodes are made from a pair
of SS304 circular rings of inner diameter 9.4 mm and length 6 mm which sit flush with
the ends of the trap rods and coaxially with the rf potential. To force ions to collect near
the center of the trap and to produce sufficiently strong axial confinement with convenient
dc voltages, a pair of SS304 tubes of length 82.9 mm and 67.7 mm sit coaxially with the
rf potential and are separated by 23 mm. The tube inner diameters are tapered from 9.4
mm near the endcaps up to 11.9 mm near the center of the trap. Electrical isolation and
electrode alignment are achieved using machined macor.

The extended trap is operated in the balanced mode at a drive frequency of 4.3 - 8.5

MHz with endcap voltages of 250 V and tube voltages U, of 3 - 100 V. Figure 13 shows
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a numerical solution to Laplace’s equation for the electric potential along the trap axis
with Vo =0V, U, = 250 V, and U, = 20 V. The smooth potential gradient produced
by the tube electrodes ensures that small misalignments of the trap do not result in local
axial minimums which are not at the trap center. Small dc compensation voltages are also

applied to the rf rods in this trap, minimizing ambient electric fields and ion micromotion

heating.
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Figure 13: Axial potential within the extended trap. A numerical solution to Laplace’s
equation for the electric potential created by the extended trap electrodes is done using
Simion 8.0. U,. =250V, Uy, =20V, and V=0 V.

With the small ratio of trap rod diameter to trap radius used in the extended trap, large
numeric-aperture lenses may be fully utilized for fluorescence collection and ion imaging
transverse to the trap axis. The smaller trap rods also reduce laser scatter into the detec-
tor/camera from trap electrodes. Figure 14 shows construction of an earlier version of the
extended trap, as well as a demonstration of transverse and axial laser alignment through

the trap center.

2.5 Vacuum and Buffer Gas Systems

Because Th** is a highly charged system, it has an increased electron affinity over other,
singly charged ions which are commonly confined in traps for long periods of time. This
large affinity leads to increased charge exchange and chemical reaction probabilities with
background molecules in the vacuum environment [24], ultimately resulting in a substan-
tially reduced lifetime within the trap. In order to make laser cooling and spectroscopy

experiments viable, care must therefore be taken to minimize the vacuum environment
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Figure 14: Photos of the first version of the extended trap. A demonstration of laser
alignment is shown via visible laser light scattering from particles in the atmosphere.
base pressure and the impurity levels of the introduced helium buffer gas.

The experiments in this work are all done in stainless steel ultra-high vacuum cham-
bers assembled with copper gasket-sealed conflat flanges. Alumina-insulated electrical
feedthroughs and stainless steel wire are used for introducing voltages onto trap electrodes
and the CEM. Conflat viewports of 7056 glass, which are anti-reflection coated for 984 nm
and 690 nm light, are used for introducing optical fields and collecting ion fluorescence.
In the chamber housing the extended trap, a linear translation feedthrough is used to place
any one of four thorium samples in position for ion loading. An all-metal variable leak
valve is used to introduce helium buffer gas and a ~ 50 1/s turbo molecular pump is used to
continuously remove the helium. A ~ 50 1/s ion pump and titanium sublimation pump are
used in conjunction with the turbo pump to maintain ultra-high vacuum when helium is not
introduced into the system. Vacuum pressure is measured using an ionization gauge.

In order to achieve ultra-high vacuum, multiple critical steps are taken. The chamber
is pumped to ~ 107 Torr using the turbo pump backed by a dry scroll pump, after which
all titanium sublimation pump filaments are fired in series and the ion pump and ion gauge
are then turned on. At a base pressure of ~ 1077 Torr, a residual gas analyzer is used in
conjunction with helium to check for leaks in the chamber. With no detectable leaks at

a level of > 10~ Torr-/s, the entire chamber is baked at 200 - 350 C for 5 - 10 days.
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After the bake, the chamber is cooled back to room temperature in ~ 12 hrs. The titanium
sublimation pump filaments are fired several times over a week-long period, resulting in a
base vacuum pressure of < 10~!'! Torr. The chamber housing the hyperbolic trap did not
include a titanium sublimation pump, limiting its base pressure to ~ 107! Torr.

The source of helium buffer gas and its transfer line to the ultra-high vacuum chamber
have evolved from initial use. The chamber housing the hyperbolic trap used compressed
helium of purity > 99.999%, unbaked copper refrigerator tubing as a transfer line, and a
brass pressure regulator to control the helium pressure within the line. Figure 15 shows
lifetime measurements at various buffer gas pressures using this configuration. The ex-
tended lifetime at lower helium pressure indicates a buffer gas-induced lifetime limitation.
The cooling rate from helium buffer gas is also observed via fluorescence turn-on as the ion
Doppler broadening is reduced and the fluorescence lasers interact with a larger fraction of
the velocity distribution.

One may obtain information regarding loss rates due to background vacuum impurities
and buffer gas impurities by plotting the measured ion loss rate (inverse of trap lifetime)
vs. helium pressure [24]. A maximum trap lifetime (at zero buffer gas pressure) may
be extrapolated via a linear fit to such data. Figure 16 shows a plot using the data from
Figure 15 and a linear fit, suggesting a minimum loss rate of 0.10 Hz in this temperature
regime. It should be noted that at ultra-cold temperatures, the loss rate is expected to be
lower for a given vacuum environment due to the reduced ion velocity and collision cross-
section.

The ion loss rate due to helium impurities is reduced to a negligible level by making
the transition to a helium source of > 99.9999% purity, a stainless steel grease/oil-free
pressure regulator designed for ultra-high purity gas use, and a stainless steel ultra-high
vacuum bellows for helium transfer which is initially evacuated and baked at ~ 200 C for
24 hrs to remove contaminants. Figure 17 shows that confinement times in the extended

trap are nearly independent of helium pressure with this type of system. The base loss rate
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Figure 15: Fluorescence signals measuring confinement lifetimes for *>Th** at various
buffer gas pressures in the cloverleaf trap.

is uncharacteristically high in this data due to a contaminant near the turbo pump flange.

After removal of the contaminant, the confinement time was extended to a couple hundred
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Figure 16: Ion loss rate from confinement lifetime data of Figure 15 and a linear fit. The
extrapolated background loss rate is 0.10 Hz.
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Figure 17: Ion confinement lifetimes in the extended trap after minimization of helium
buffer gas impurities. Confinement lifetimes are observed to be nearly independent of
helium pressure.

In the case where ions are laser cooled and buffer gas is not present, the low ion veloc-
ities reduce the collision cross-section which is thought to be the cause for extended ion
lifetimes. Figure 18 shows the lifetime of an initially large (~ 3000 ions) laser cooled crys-
tal in the cloverleaf trap. Ion lifetimes are further extended to a large fraction of an hour

with few-ion linear crystals. The linear crystal lies along the rf potential minimum where rf
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micromotion is minimal, which in turn minimizes the ion velocities and collisional cross-

sections.
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Figure 18: Fluorescence decay from a crystallized sample in the cloverleaf trap. No buffer
gas is present.
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2.6 Trap Electronics

The circuit generating high voltage rf for ion trapping is shown in Figure 19. This resonant
circuit provides two pairs of out-of-phase rf sine waves for running a trap in the balanced
mode. Independent dc offsets may be added to the outputs to generate a non-zero a as well
as to compensate for ambient electric fields, ensuring that the trap minimum corresponds
to the rf potential minimum to minimize ion micromotion and heating. A secular excitation
signal may also be superposed onto the rf voltage.

The output load of the circuit should have <1000 pF capacitance to ground and infinite
resistance to ground. The inductance L of TR3 and the capacitance C of the trap rods,
vacuum feedthrough, and transmission line from TR3 to the feedthrough dominate the

circuit and largely determine the resonant angular frequency Q. This may be expressed as
Q=—— 27)

while the quality factor Q and voltage step-up S from TR3 ideally scale as

ro\/g and S <N (28)

where N is the number of secondary turns on TR3. This suggests that C should be kept
as low as possible to achieve high voltage and high frequency output. This is done in
minimizing the transmission line contribution to C by connecting the output ends of the
TR3 secondaries directly to the feedthrough pins.

The manufacturer specifications for the iron powder core of TR3 indicate L = 9.6
nH/N?. In the case of the extended trap, capacitance due to the feedthrough and all four trap
rods is measured to be ~ 150 pF. Experimental results for this system produce (29 turns, 4.3
MHz), (22 turns, 6.1 MHz), and (17 turns, 8.5 MHz), which agree with expectation. The
rf voltage amplitude is limited in these cases to ~1500 V due to shorting across secondary
wires of TR3.

With smaller N used to achieve larger €2, an increased current draw from the rf ampli-

tude control supply is required to compensate for reduced voltage step-up. This results in
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increased heat dissipation at Q1 and Q2 and possibly shortened MOSFET lifetimes. The
iron powder core of TR3 may also overheat, shifting the circuit resonant frequency and pos-
sibly degrading the magnetic qualities of the core material and therefore the voltage step-up
produced. To minimize these effects, a ~ 30 cubic foot/meter fan sits ~ 10 mm above the
circuit for cooling while Q1 and Q2 are each attached to a ~ 30 mm square ball grid array
heat sink. The average power dissipated is also minimized by ramping the rf voltage to
high values only when needed, i.e. when loading and executing low-mass filtration.

Because the circuit operates in the MHz regime, care is taken in board layout, trans-
former construction, and grounding to minimize the presence of higher harmonics in the
output rf spectrum. Various design characteristics reflect this. The section of the circuit
to the left of TR2 is as localized as possible on a Twin Industries 8100-45-LF prototyping
board to minimize the length of the traces. The number of jumpers used to cross traces
is also minimized. A grounding plane on the circuit board is essential to achieve a well
defined common ground. TR2 and TR3 are oriented on the circuit board such that their
axes of symmetry are orthogonal to each other, reducing the inductive coupling between
them. Finally, the four secondaries of TR3 are carefully twisted together and evenly dis-
tributed around the core to maximize and equalize their inductive coupling to the primary
(Figure 19 inset). Output spectra at 4.3 MHz and 8.5 MHz are shown in Figure 20. The
highest noise component for this circuit appears at the third harmonic of the resonant fre-
quency and is observed to be 50 - 60 dB down across the amplitude and frequency ranges
used. This level of noise is not expected to be detrimental in this work.

The circuit used for endcap switching, designed with the aid of Scott Centers of the

School of Physics Electronics Shop, is shown in Figure 21.
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Figure 19: RF circuit used to drive ion traps in the balanced mode. The main design of the
circuit is based on that used in the Stanford Research Systems RGA300. Modifications are
made to suit the ion trapping, mass spectrometry, and laser cooling experiments done here.
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RES BW 30 kHz LOG 10 dB/div RES BW 30 kHz LOG 10 dB/div

Figure 20: RF spectrum of the rf drive circuit output. The largest noise components are ~
60 dB down across all resonant frequencies and rf amplitudes used in this work.
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Figure 21: Endcap switching circuit. The circuit is used to ramp endcap voltages to a few
hundred volts in < 1 us. Ramp times from ground to 300 V have been observed in under
200 ns for small capacitive loads.
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CHAPTER III

THORIUM IV LASER COOLING

3.1 Laser Cooling of Weakly Bound Atoms

For a sufficient discussion of laser cooling, a brief review of relevant atom-light interaction
relations is necessary. For simplicity, consider a two-level atom at rest with ground state
lg), excited state |e), electric dipole moment i = e {e|z|g), and eigenstate energy splitting
hwy. The excited state decay rate y may be defined by [25]

3.2
wy U

r= 3reohcd

(29)

If the atom is illuminated with a laser field of electric field amplitude E, polarization along

Z, and frequency w near w, the resonant Rabi frequency Q is written as
=2 (30)

and the average excited state population p in the steady state takes the form

QZ
T Y20 445

p €1V

Here, 6 = (w — wy) is the laser detuning from atomic resonance. This absorption profile is
a Lorentzian lineshape with a full width at half maximum of

20)?

> (32)

Y =y4ll +

At low laser intensities (2 < ), ¥ = y whereas at high laser intensities (Q2 > y), ¥’ =
V2Q. The broadening effect of the absorption profile due to increased laser intensity is
known as power broadening. Between these two laser intensity regimes, saturation of the

transition is said to occur when Q = y/ V2. From the average excited state population and
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the excited state decay rate, the steady-state photon scatter rate from the atom is expressed

as
Yp=PY- (33)

Equations (31) and (33) will be used in conjunction with the relativistic Doppler shift
in the following discussion of laser cooling.

The relativistic Doppler shift is the discrepancy in electromagnetic radiation frequency
among two observers which are traveling at different velocities. In the system relevant here,
a laser at rest in the lab frame emits radiation of frequency w; and k-vector IE), = (w;/c) IAc,
while an atom moves with velocity ¥ with respect to the lab. From Einstein’s Theory of

Special Relativity, the frequency of the laser light in the reference frame of the atom is [26]

a)a:(a),—lzl-ﬁ)) \/I_BZ
6 (34)
:(w,_,z,.y)[l_ﬁ;_%“_%_...

where 8 = |v|/c. The frequency shift in the reference frame of the atom can be written

5 wV?
. 2 +
2c

(35)

The first term in Equation (35) is the first-order Doppler shift which has directional de-
pendence and is at the heart of Doppler laser cooling. The second term, the second-order
Doppler or time dilation shift, is only dependent upon the amplitude of velocity and, there-
fore, only shifts the frequency to the red. All higher orders in S are neglected.

In expressing the transition absorption profile of the two-level atom above, zero velocity

is assumed. If the atom is in motion,

QZ
P = Pp = ) (36)
Y2202 +4(6 -k - 7)

where the time dilation shift is neglected. The Doppler shift acts simply to translate the
absorption profile along the frequency axis. For an atom at thermal equilibrium with its en-

vironment, it assumes a Maxwell-Boltzmann velocity distribution. Along a given direction,
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this normalized distribution is

P(v;) = \Jm/2rkgT e~ (mi/2ksT) (37)

where m is the mass of the atom and kp is Boltzmann’s constant. In the case where
kvyms > 7', which is commonly achievable at 300 K, p may be thought of as being proba-
bilistically distributed throughout frequency space according to P(v;). The average excited

state population then takes a Gaussian form and may be approximated as

In2 ¥
Op ~ |2 Y -(4m2e23) (38)
T Y¥Yp

where yp = 2wy W is the full width at half maximum of the Doppler broad-
ened lineshape.

With the spectral shift of p due to the atomic velocity in mind, laser cooling is treated
in a manner similar to that of Itano et al. [59]. Consider a photon scattered from the two-
level atom which has velocity V. While illuminated with a nearly resonant laser beam, it
absorbs a photon of momentum E, and spontaneously emits a photon of momentum l?em
within a time of order 1/y. This leaves the atom with a new velocity ¥’. To first order
in 3, conservation of momentum and energy lead to a change in atomic kinetic energy per

scattering event of

hz(kli - kem i)2 .
=—+ h(kl,i - kem,i)vi (l =X, Z)- (39)

AE;
2m

This result assumes the atom to be in free motion during the scattering event. It is also valid,
however, for an atom confined within a three-dimensional harmonic potential when the trap
oscillation frequencies wy, wy, w, < . In this case, the excited state decay process occurs
on a much shorter time scale than does motional change of the atom due to the trapping
potential. This is known as the weak binding limit and will be used here. At this point, we
assume for the sake of simplicity that the spontaneous emission from scattering events is

isotropic in space, though this assumption is commonly violated in realistic atoms. We will
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also assume that |k;| = |k,,,|. In averaging over 47 steradians of spontaneous emission,
(AE;) = (cos’ 6 + 1) R + Tikyv; cos 6, (40)

where v; = vy; cos (wit), R = (Pwj)/(2mc?) is the atomic recoil energy, and 6; is the angle
between I:, and the i Cartesian component in the trap basis. The time rate-of-change of

the atomic kinetic energy may be expressed as

dE;
o = YPplAED (4D

For 6 < R/h = 0, pp is larger for negative velocities than for positive velocities until very
low temperatures are achieved. This net reduction in atomic kinetic energy is the process
referred to as Doppler laser cooling.

In the case where an atom has undergone considerable laser cooling such that its Doppler
broadening is much less than its natural linewidth (kv,,; < ), Equation (41) may be ex-

pressed as

dE; Q?
- = 7’( 2) (AE;) 42)
dt v2 + 202 + 4(5 — kpv; cos 6;)

where it is assumed that R < iy, 6. Expanding pp in terms of k;v; and integrating the ion

motion over one oscillation in the trap, Equation (42) may be expressed as

% ~yp [(cos,z@i + %)R+

4 5T (kvo;)* cos? el] 43)

v:+ 202 + 462
The steady-state (minimum) motional oscillation amplitude may be solved by setting dE;/d¢
to zero (result not shown). The minimum kinetic energy in the i direction is then Eg; =
1,2 1

smv? = zmv;.. By setting dEg;/dé equal to zero and solving for 6, the laser detuning at

2 rmsi 4

which the minimum temperature occurs is

/ 20? ’
Omin = _% 1+ 5 = _% 44)
Y

For Q < v, 6,uin = —y/2 and Ek; may be expressed as

1 +3cos?6;
Exi=|—222 ") iy, 45
K (24cos29,~ ) 4 )
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It is clear from this result that if the cooling laser has no component along the i axis, the
atom is not directly laser cooled. In fact, it is heated in that dimension without bound. This
is due to the isotropic recoil heating from spontaneous emission of the scattered photons
combined with the lack of any thermalization mechanisms within the trap. When consider-
ing the total kinetic energy Ex = Eg, + Ek, + Eg;, a minimum value is reached when 121 is

oriented along the vector X + § + Z. In this case,

h 3n
EKx,y,z = ED = Z’y and EK = Ty (46)

The value Ep = fiy/4 is known as the Doppler cooling limit and is recognized as the min-

imum kinetic energy achievable with the Doppler cooling process. This one-dimensional
—— = ——, known
kg 2kp

as the Doppler temperature. It is interesting to note that with a single cooling beam oriented

energy (quadratic in velocity) has a corresponding temperature of T, =

purely along the i trap axis, Ex; = hy/6 < Ep. This is due to the partial dissipation of re-
coil heating along the two transverse directions of motion which, as previously mentioned,
are not cooled at all.

Because heating occurs without bound for any uncooled dimensions, it is critical to
have a cooling beam component along all three trap axes. It is also critical that w, # w, #
w, # w,. Otherwise, a degeneracy in any two trap frequencies produces a rotationally
invariant system and, therefore, motion transverse to the cooling beam is decoupled from
the cooling laser.

In the case where many atoms are trapped, i.e. hundreds or thousands, collisions be-
tween them act to randomly distribute kinetic energy along all three dimensions. For an
average atomic collision rate which is much greater than vy, ideal themalization may be as-
sumed. This approximation is made here. In this case, the total kinetic energy of the system
is equally distributed among all three spatial dimensions. This results in a rotationally in-
variant system when considering laser cooling and leaves the net recoil heating transverse

to ki equal to zero. There is no net exchange of energy among spatial dimensions. From
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these arguments, Equation (40) becomes, for motion along I?,,
(AE;) = 2R + hkv,. (47)

Using the same treatment here as that used for the single atom case, the minimum attainable
kinetic energy along the dimension of laser cooling is Ex; = Ep = fy/4. Again, because
thermalization is assumed to be ideal, both dimensions transverse to 12, have kinetic energies
equal to that of Ex, and so Ex = 3hy/4.

For a collection of bound ions which are cooled to such low temperatures, phase tran-
sitions may occur which transform the ion sample from a gaseous state to a liquid or solid
crystalline state. A brief review of the literature on this topic is useful in order to anticipate
ion dynamics during laser cooling of Th**. The thermodynamic state of this type of system
is governed by a single parameter, the plasma-coupling parameter I" [28], which is the ratio
of Coulomb energy to motional energy and is expressed as

Q2

=< 48
47TE()CIWSkBT ( )

3\ . o 4e (K, Vo) .
where ays = yp— is the Wigner-Seitz radius, nyo = —————— is the zero-temperature

nng mryQ?
ion density, and ¢ is the vacuum permittivity. Molecular dynamics simulations [29] and
experimental observations [28] have determined that in large ion samples, an abrupt tran-
sition from a gas to a liquid state occurs for I' ~ 2. In this case, the radial ion density
shifts from a Gaussian-like distribution towards a step function distribution, bringing the
ion density to nearly its maximum value. As I' is increased, radial shells begin to form
while diffusion is still present in the transverse directions. Well defined shells are observed
to be fully formed for 140 < I" < 300. Beyond I' ~ 300, fully crystalline structures slowly
begin to form and are clearly observable at I' ~ 400.
Applying these results to the traps in this work, order of magnitude estimates may be

made for the temperatures at which laser cooled Th3* is expected to transition as well as

how these temperatures compare with the Doppler limit of the 1088 nm cooling transition.
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Considering the extended trap where ry = 3.31 mm, V = 120 V, «, = 0.933, and Q = 27X 6

MHz,

TC=2)=65x10"y, =23K
T =140)=9.3x 10*y, = 33mK
T =400)=32x10yp, = 11 mK

T( = 1300000) = 1y, = 3.5uK

From these estimates, it is clear that phase transitions should be observed when laser
cooling Th** near the Doppler limit. In fact, the demonstration of fully crystallized thorium
stands as an important benchmark in progressing toward precision laser spectroscopy in
2293+

In this section, we have reviewed the basics of Doppler laser cooling of bound two-
level atoms in the weak binding regime and the temperature limits of the technique. In the
next section, this technique will be extended to cooling real multi-level atoms, particularly
22Th3* ions confined in an rf trap. This real system in much more complicated, though

many simplifying approximations can and will be made.

3.2 Laser Cooling Trapped ***Th**

The treatment of laser cooling in the previous section was applied to a fictitious two-level
atom in an ideal harmonic trap. This toy model is useful in illustrating the basic ideas and
results of laser cooling, though various other realistic complications must not be ignored
when performing experiments in the lab. The realistic system used in this work is composed
of a single or large number of Th* ions confined in an rf trap. Initial work in laser cooling
22Th3* is discussed here.

Because 2*2Th** has only one valence electron, its electronic structure is relatively sim-

ple. The four lowest fine structure energy levels are shown in Figure 22 along with the
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Figure 22: Four lowest-lying fine structure levels of Th** with associated electric dipole
transitions used for laser cooling and ion imaging. The excited state lifetimes are theoretical
calculations taken from [30].

allowed electric dipole transitions [22]. All four levels are used for laser cooling and imag-
ing of Th** ions. The nucleus of the 232 isotope has no nuclear spin, resulting in a purely
Coulomb interaction with the orbiting electrons. Consequently, there is no hyperfine struc-
ture to modify the levels shown. Each fine structure level is, however, composed of 2J + 1
Zeeman sub-levels. The magnetic moment of the orbiting valence electron interacts with an
external magnetic field B, resulting in a spatial orientation dependence of the ion energy.
For small magnetic fields oriented along Z (quantization axis), the otherwise degenerate

Zeeman sub-levels are shifted by an amount [31]

AEz = upgym; B 49)

eh . . . ‘
where ug = is the Bohr magneton and m, is the electron mass, g, is the Landé g-factor

specific to each fine-structure level of the atom, and m;, is the magnetic quantum number
which may take on a value in the range (-J, -J + 1, ..., J — 1, J). Figure 23 illustrates

such level splitting for the 1088 nm transition in the low field regime. The differential linear

Zeeman shift for m-transitions on the 1088 nm line is ~80 kHz/G.
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Figure 23: Zeeman structure of the fine structure levels composing the semi-closed 1088
nm electric dipole transition.

Because there is orientation dependence of the system, the polarization é of the cool-
ing/excitation laser field is important. For three dimensions of space, there are three polar-

izations of light with respect to Z, 8. The standard polarization basis is

éo=2 and iy) (50)

[0\
t
Il
+
sl
~~
=
H+

where ¢ is referred to as m-polarization and é., is referred to as o.-polarization for atoms
quantized with respect to the z-axis. This basis is convenient because the three polarizations
correspond to purely Am; = 0, £1. Hence, as a thorium ion is excited with a particular
polarization, the orientation of it with respect to the quantization axis may change. This
change in angular momentum orientation is shown in Figure 23 for 7 and o transitions at
1088 nm.

If the magnetic field is zero and the polarization of the light is static, Figure 23 also
illustrates that for the 1088 nm transition in particular, the use of either &, o, or o_ light
leaves two states dark [32]. A dark state is defined as a state in which the electric dipole
transition matrix element {e|7 - &|g) vanishes. It turns out that any superposition of x, o,
and o light also leaves two states dark. This is clear if one recognizes that a dark state
may also be a superposition of eigenstates. Because the total angular momentum J of the
excited D orbitals in Figure 22 is less than or equal to that of the lower F orbitals, dark
states are a concern for all three transitions. If not removed, these dark states are eventually

populated via spontaneous decay from excited states and prohibit the ion from scattering
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large numbers of photons. This eliminates the laser cooling and fluorescence imaging
processes.

Removal of dark states is done in this work by using pairs of counter-propagating
lasers with different polarizations and a non-zero magnetic field. The counter-propagating
beam configuration creates a spatially varying polarization with a period of half an optical
wavelength (neglecting acoustic noise on the retroreflecting mirrors). Ions in the gas and
pseudo-liquid phases traverse this lattice sufficiently fast to perceive a randomly fluctuating
polarization. This serves to sufficiently destabilize all dark states. At very low tempera-
tures, when ions are fully crystallized, particularly in the linear chain configuration, the
decreased ion oscillation amplitude and velocity degrade the utility of the spatially vary-
ing light polarization. In this case, the applied magnetic field serves to destroy dark state
coherences [32] with the field amplitude and direction in space empirically found by max-
imizing ion fluorescence at low temperatures. This field (< 1 G) is expected to correspond
to Zeeman splittings of not more than several natural linewidths.

With these techniques, the complications of Zeeman structure are reduced to an accept-
able level and the ions are assumed to be unpolarized. When dealing with an unpolarized
sample and varying optical polarization, it is convenient when speaking of a Rabi frequency
to simply average over all transitions from all lower Zeeman sub-levels. Unless stated oth-
erwise, this averaging is used for calculated Rabi frequencies of Th®* in this work. The
expression for such calculations is found in [31] and reduced dipole matrix elements are
taken from [30].

It is instructive to apply these simplifications to a discussion of laser cooling **Th3*.
Consider a large number of ions confined in the weak binding limit being laser cooled on
the 1088 nm transition. Due to the strong Coulomb coupling between the ions, the sample
is assumed to be ideally thermalized. Here, y = (1090 ns)™! = 27 x 146 kHz, wy = 27 X
275.5 THz, and m = 3.87 x 107> kg. Expressing the kinetic energy change per scattering

_ 3

event in terms of temperature via the relation AE;;, = 5kpAT, Equation (47) suggests that
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AT =5 mK at T = 300 K. From this, one sees that ~103 scattering events are required to
realize significant cooling.

Of practical importance is the time required to induce sufficient scattering to cool from
room temperature. At 300 K, yp =~ 2mr x 220 MHz. To reduce the ion temperature to near
the Doppler limit, it was previously shown that both Q and ¢ should not be much greater
than vy in absolute value. For Q = 2y and 6 = —2y, Equation (38) gives an average excited
state population of 0.0009, leading to a cooling time of ~ 10°/(0.0009y) = 120 s. This
result may be compared to that for a more traditional ion which is commonly laser cooled,
e.g. **Ca*. In that case, the main cooling transition is at 397 nm, y = (7.1 ns)™' = 27 x 22
MHz, m = 6.68 x 1072° kg and at 300 K, yp ~ 27 X 1.5 GHz. For Q = 2y and § = -2y,
the average excited state population is ~0.02, leading to a cooling time of ~30 ms. When
considering rf heating and ion loss rate from the trap, the long cooling time estimate of
Th** suggests that alternative techniques may be required to realize laser cooling.

A straight forward solution to reducing the cooling time of Th*" is to power broaden
the transition and detune the cooling laser such that its interaction with the thermal cloud
is comparable to that of the Ca* example. Considering the 1088 nm transition at room
temperature with Q = 300y and 6 = —300y, the excited state population is ~ 0.12 and the
cooling time, ~ 1 s. This result appears much more promising for bring room temperature
ions down to tens of Kelvin. The large detuning and Rabi frequency, however, preclude
cooling to ultra-low temperatures. Because the reduced temperature decreases yp/2m to
tens of MHz, a second cooling field with smaller Rabi frequency and detuning may then
be used to achieve ultra-cold temperatures on short timescales. This technique of dual-
stage cooling is a convenient alternative to sweeping a single cooling laser frequency and
amplitude to efficiently access the temperature ranges of interest.

In addition to increasing the cooling rate of the ions, minimization of external heating is
an important task to accomplish when attempting to laser cool Th**. The dominant heating

source of ions stored in rf traps is rf micromotion. Equation (26) suggests that minimal
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rf heating occurs for single-ion and many-ion samples with low ¢ and zero electric field
offsets. For cooling 2**Th**, sufficiently low g values are found by simply observing a
dramatic Doppler narrowing as the rf voltage is lowered. Zeroing ambient fields is more
difficult.

Ambient electric field compensation is done in this work by applying dc voltages to
the trap rods. Determination of optimal dc compensation voltages is commonly done via
the cross-correlation technique [17] where the Doppler shift of an ion due to micromo-
tion is minimized by monitoring and minimizing fluorescence modulation at the trap drive
frequency. This method has been employed here, though the low scatter rate of Th3* and
long integration times makes this technique too time consuming to be practically useful.
Micromotion is minimized for Th®* more conveniently by monitoring ion displacement at
different trap depths. In one limiting cases, at very large radial trap depths, an external dc
field negligibly shifts the trap minimum. Ions trapped in this regime are located, to a good
approximation, at the rf potential minimum. In the opposite limiting case, at very small
radial trap depths, an external dc electric field may shift the location of trapped ions by an
easily observable amount and even remove them from the trap all together. In minimizing
this position shift via dc compensation voltages, excess rf micromotion may be reduced to
an acceptable level for laser cooling. Because this process is commonly required in order
to laser cool, a Th** sample cooled via helium buffer may initially be used.

Changes in ion position within the trap are monitored with a low-noise CCD camera
which collects fluorescence transverse to the trap axis. Motion within the focal plane of the
imaging system is monitored with resolution of one effective pixel size (< 10 ym) while
longitudinal motion is monitored by utilizing the short focal depth of the imaging system,
which is < 100 um. The spatial resolution in this dimension is substantially less than for
the other two, though it is sufficient for this work.

Typical radial trap frequencies used when minimizing micromotion are ~10 kHz and

~200 kHz. Compensation voltages are applied anti-symmetrically with respect to ground
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to opposing trap rods so as to leave the electric potential along the trap axis unchanged.
In the cloverleaf trap, the compensation voltages are no more than +30 mV and estimated
to change by no more than a few % from day to day. Because the endcap in the extended
trap does not behave as an ablation skimmer, ablated material is able to coat the trap rods,
generating contact potentials which vary from ablation shot to shot. As a result, the optimal
dc compensation voltages might vary from load to load within the range +50 mV.

As previously mentioned, helium buffer gas may be used to initially minimize micro-
motion. The buffer gas also serves to enhance ion loading and bring the ions from tens
of thousands of Kelvin to about room temperature. This Doppler narrowing is useful for
initial laser cooling, particularly when optical power broadening is insufficiently low due
to limited laser power. Once the ions are loaded and micromotion has been minimized,
the buffer gas is pumped out and laser cooling brings the ions below room temperature.
Without removing the helium, collisions overwhelm the laser cooling process and maintain
the ion sample at room temperature. Depending on the vacuum chamber geometry, the
vacuum pressure falls from ~ 10~ Torr to < 10~!! Torr within a few minutes after closing
the helium leak valve.

After loading the ions and before laser cooling takes place, a sample purification pro-
tocol is executed. Vj is initially ramped upward such that ¢ approaches the low-mass cut
off for Th**, removing most smaller m/Q’s without significantly reducing the population
of Th**. V, is then ramped downward such that the radial trap frequencies for Th** ap-
proach zero, removing most larger m/Q’s without substantially reducing the population
of Th**. For large trap drive frequencies, Vo) may not be sufficiently large to remove
lighter pollutants. In this case, a secular excitation signal is applied in a manner similar to
that used for thorium mass spectrometry. A volt is sufficient here for fast clean ejection.
These g-ramp and secular excitation processes work quickly and efficiently for removing
m/Q’s which are different from Th** by more than an estimated + 20 amu/e. Ultimately,

this range covers all observed pollutants such that samples of trapped Th** may be purified
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to 100%.

With simple and robust solutions in place for dark state destabilization, micromotion
minimization, and sample purification, 2*>Th** ions are laser cooled to crystallization.
Laser cooling of thorium was first realized in the cloverleaf trap. This was also the first
demonstration of laser cooling of a multiply charged ion. Figure 24 shows the experimen-
tal setup for this work. High power 1088 nm beams enter the trap transversely for initial
cooling and low power 690 nm and 984 nm fields propagate along the trap axis for low
temperature cooling. Utilization of the A-system for low temperature cooling is dictated
by the limited fluorescence detection options. High quantum efficiency, low-noise single
photon counters and cameras are available in the visible and NIR range, but cut off before
reaching 1088 nm. Because fluorescence detection is more effective with the A-transitions
and the low optical power requirements for low-temperature laser cooling are favorable
for ion detection signal-to-noise, low temperature cooling is done via 690 nm and 984 nm
light.

The low temperature cooling beams are oriented along the trap axis to minimize scatter
into the imaging system and to minimize the observed first-order Doppler shift due to rf
micromotion. This motion is largely transverse to the trap axis and an absorption spectrum,
when probed along this motion, is severely modulated at the trap drive frequency. For a
laser tuned near resonance, substantially reduced interaction between the ion and laser field
may occur for ions with large modulation depths. The high-intensity fields which broaden
transitions to greater than the drive frequency, however, are less impacted by this effect and
may be oriented with a significant transverse component.

Within the cloverleaf trap, four 1088 nm beams with elliptical polarization cool the ions
from room temperature. These beams propagate in a common plane and at 30° angles to
the trap axis. Each beam has a 1 mm X 4 mm cross section and 4 mW of optical power.
Combined, these beams correspond to an average Rabi frequency of ~ 40 y = 27X 6

MHz. With a Rabi frequency in this range, the 1088 nm frequency is swept from -250
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Figure 24: Experimental setup using the cloverleaf trap.

MHz to -25 MHz in ~ 15 s. This process substantially reduces the ion sample temperature.
With a reduced Doppler width, the low-power A-system beams (A-beams) interact more
efficiently with the ions and continue to cool them to crystallization. Each of the A-beams is
of diameter 1 mm and power corresponding to an average Rabi frequency of ~ 1 MHz. The
690 nm field is resonant and the 984 nm field is detuned ~ 1 MHz to the red of resonance.
The axial beams are not retro-reflected in this configuration due to increased scatter into

the imaging system. An applied magnetic field of ~ 1 G is used to destabilize dark states.

Figure 25: First observed Th* crystals (cloverleaf trap). The top image is a crystallized
sample of ~1700 ions while the bottom image is a linear chain of 14 ions. The integration
time for each image is 6 s.
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Figure 25 shows examples of some of the first thorium crystals observed in the clover-
leaf trap. It was found empirically that crystallization was most rapidly achieved and con-
sistently held in this trap for 0.03 < ¢ < 0.06 and 0 < a < 0.001. The lower limit of g is
dictated by the negative value of Aa, deriving from the radial defocussing near trap center
due to the positive dc endcap voltages. The small non-zero a is used to break the degen-
eracy of the radial trap frequencies. At the upper limit of ¢, three dimensional crystals are
observed to critically heat and rapidly dissipate for ¢ > 0.07 while for linear chains this
occurs at g 2 0.15. This increased maximum ¢ is due to the fact that ions of a linear chain
all have only small displacements from the rf minimum, and therefore reduced rf heating.

Laser cooling ?**Th** is also done in the extended trap with a very similar optical and
imaging setup (Figure 26). Here, the 1088 nm beams are circular in cross-section with 2
mm diameters, are oriented at 45° angles to the trap axis, and each contain 20 mW of power.
Both pairs of counter-propagating beams consist of counter-propagating orthogonal linear
polarizations. After the loading and purification protocols are performed, the 1088 nm laser
cools the sample in ~ 15 s while maintaining a fixed detuning in the range -100 MHz to -50
MHz. At this point, the axial 690 nm and 984 nm beams cool the ions to crystallization.
The A-beams have 2 mm diameters and powers which broaden the transitions to 1-2 MHz.
They both have fixed detunings of 1-2 MHz below resonance. The fields are retroreflected
with orthogonal linear polarizations, similar to that done for the 1088 nm fields.

The laser cooling process from ablation to crystallization without the aid of buffer gas
is shown in Figure 27. The extended trap is driven at 8.2 MHz with tube biases of 8.0 V.
With Vo = 1.2 kV, U,. = 0V, and 6,08 = —70 MHz, a single YAG pulse ablates thorium
from the 2**Th metal target. After a delay of 10.0 us, U,. is ramped in 130 ns to 250 V,
blocking most of the ions moving slower than Th** from entering the trap. A ~ 1 V, 550
kHz ac signal is then applied to one trap rod while Vj is ramped down to 100 V in 8 s.
This process resonantly ejects all lighter pollutant ions from the trap, leaving a pure Th**

sample. V, = 100 V is empirically found to be low enough so that 1088 nm laser cooling
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Figure 26: Experimental setup using the extended trap.

removes kinetic energy faster than rf heating introduces it. The ions are then cooled until
vp is roughly limited by d103s. The axial A-beams then cool the sample into the ultra-
cold regime, creating a pseudo-liquid phase. After ambient dc offsets are compensated to
minimize rf heating, a full crystal forms and the 1088 nm field is detuned to - 200 MHz,
increasing 984 nm scatter and cooling. The far-detuned 1088 nm laser serves to re-cool
ions which are rapidly heated by collisions with background molecules.

The most useful crystal configuration to be demonstrated in this work is that of the
linear chain. To create such a crystal, the trap frequency w, < w,,, allowing the ions
to lie purely along the rf potential minimum. This placement minimizes rf heating while
maximizing ion localization and position control. Figure 28 shows ions in this configura-
tion produced in the extended trap. The axial trap frequency is reduced here to ~ 15 kHz
by lowering Uy, to 3 V. The suppressed rf heating in the chains relative to 3-dimensional
crystals is deduced from the ~ 3X increase in the maximum g at which the crystals are
stable.

With sufficient control in producing, loading, purifying, and laser cooling from the
232Th metal source, a transition is made to performing the same tasks with >*Th** from the
nitrate source. This transition is relatively straight forward if one keeps in mind the change

in ablation source bulk composition and its possible impact on ion loading. Specifically, the
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Figure 27: Laser cooling process of 2>Th**. a) t = 0 s. An image immediately before ion
ablation. b) t =4 s. A hot, polluted cloud immediately after ion loading. c)t="7s. As V)
is lowered for micromotion reduction and sample purification, decreased trap frequencies
allow the cloud to spread, becoming too dim and diffuse to detect. d) t = 10 s. As Vj is
reduced so that laser cooling overcomes rf heating, the cloud begins to cool with increasing
fluorescence. e) t = 13 s. The 1088 nm fields further cool the ions. f) t = 16 s. The 1088 nm
fields further cooling the sample, reducing the Doppler width and increasing the efficiency
of the A-beam interactions with the ions. g) t = 19 s. The ions are efficiently cooled by the
A-beams, inducing a transition into the pseudo-liquid phase. Here the temperature limit is
dictated by excess rf heating. h) t = 25 s. After compensation of ambient electric fields, a
complete crystal is formed from ~ 16,000 ions. i) t = 120 s. The 1088 nm laser detuning is
- 200 MHz for increased 984 nm fluorescence and cooling. The integration time for each
image is 3 s.
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Figure 28: Linear ion chains of 2*’Th®* in the extended trap driven at 8.5 MHz. The ions
near the left and right edges of the frames lie outside of the imaging system field of view,
which appears to be ~ 900 um. Ions in this configuration survive in the extended trap for a
large fraction of an hour. The integration time for each image is 3 s.

bulk material 7/Q should be much smaller than that of Th®** and should be of high purity
due to the relatively low yield of triple ionization during the ablation process. Additionally,
it is observed that the bulk m/Q must be strictly unstable during loading (gp,;x > 0.908) to
observe Th3* loading. Due to rf voltage limitations, the extended trap is run at 27X 4.3
MHz to fulfill this requirement for the aluminum substrate of the thorium nitrate samples.
Figure 29 shows a sample crystal using the nitrate source and reduced drive frequency.
In order to increase the drive frequency in future work, one may reduce the trap radius,
increasing ¢ for a given V;. One may also change to a substrate metal which is lighter than
aluminum, perhaps a high-purity lithium foil (m/Q = 7 amu/e, 3.5 amu/e, 2.33 amu/e, etc.).
With realization of ?*>Th®* crystals produced from the thorium nitrate source, a transition

to laser spectroscopy and cooling of ?°Th** is made.
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Figure 29: Prolate ellipsoidal ion crystal created in the extended trap from the 2>*Th(NO3),
source. The integration time is 2 s.

3.3 Laser Cooling Trapped **Th>*

Laser cooling the 229 isotope of thorium requires a more complicated optical setup than
does the 232 isotope. The deformation of the nucleus from spherical symmetry creates
higher order multipole moments which interact with the valence electron. This interac-
tion induces splitting of the fine structure levels into either (27 + 1) or (2J + 1) hyperfine
levels with splittings on the 100 MHz scale. Multiple optical transitions must therefore
be accessed with the laser light in order to avoid creating dark states. One must also en-
sure that a frequency component which is red-detuned and cooling on one transition is not
blue-detuned and inducing strong Doppler heating on another transition.

To relax the requirement of having multiple finely tuned optical frequencies for low-
temperature cooling, and to ensure significant unwanted heating does not occur due to
inadvertent blue detuning, the closed |5Fs);, F' = 0), |6Ds;, F = 1), |SF70, F = 0) A-
system is utilized (Figure 30). This system is closed due to angular momentum selection
rules which forbid decay from the |6Ds,, FF = 1) level to levels other than |6Ds/, F' = 1)
and |5F,,, F = 0). Utilization of this system allows for most of the 1088 nm and 984 nm
fields to be only weakly interacting with the ions. These fields occasionally repump ions
that are lost from the closed A-system due to off-resonant excitation to the [6Ds,,, F = 1)

level. Consequently, the intensities and detuning of these fields are not critical.
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To laser cool from high temperatures and pump ions into the closed A-system at low
temperatures, the 1088 nm fields are detuned 20 - 80 MHz below relevant transition fre-
quencies. The variation in detunings avoids inadvertent heating on nearby red-detuned
transitions. While the ions are at sufficiently high temperatures to require 1088 nm cool-
ing, Doppler broadening conveniently suppresses interaction of the 690 nm field with the
ions. With this suppression, ions continue to interact with and be cooled by the 1088 nm

fields. When cooled enough such that 690 nm interactions are significant, the ions are

pumped to the A-system where they are cooled to crystallization.
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Figure 30: The four lowest-lying fine structure levels of 2 Th** including hyperfine struc-
ture. The cooling scheme utilizes the closed A-system indicated with bold arrows.

Because the ?*’Th source is composed of 76% 2*Th and 24% 2**Th, the 232 isotope is
also cooled during this process. The various optical fields for both isotopes are produced
via phase modulation of the laser carriers while a separate unmodulated laser is used for the
232Th 1088 nm transition. This additional laser provides increased optical power for high-
temperature cooling. An example spectrum of the 984 nm light is shown in Figure 31.
Similar signals are obtained for all wavelengths by directing a small fraction of the modu-
lated laser light through a 19 GHz free spectral range optical cavity where the cavity length

is scanned with a ring PZT (see Section 3.4 for details). The light is then spatially filtered
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by injecting it into a single mode fiber where only the TEMOO spatial mode is transmitted

to a photodetector. The individual spectral components used for each isotope are identified.

— 984 nm Cavity Transmission

Figure 31: Spectral analysis cavity signal for the 984 nm laser cooling spectrum. Each
spectral component contains 3-5% of the total optical power. The cavity free spectral range
is 19 GHz.

The beam orientations, polarizations, and cross-sectional sizes for dual-isotope cooling
are the same as those for 22Th** cooling. Because the A-system transitions require only
small spectral densities, each relevant ??°Th?* transition is easily power broadened to 1-2
MHz, similar to that done for the 23>Th?* case. With optical injection losses at the fiber-
based phase modulators and distribution of optical power among various sidebands, the
individual 1088 nm spectral components exciting the 229 isotope contain only 1 mW of
power per beam, as opposed to 20 mW per beam for the 232 isotope.

Fluorescence at 984 nm and low-temperature cooling are modulated for each isotope by
varying the power in the two 690 nm modulation frequencies. By removing one frequency,
the 690 nm light no longer repopulates the 5F7,, level for a given isotope and eliminates 984
nm fluorescence. Figure 32 shows such figures with the 690 nm fields modulated for each
isotope. Sympathetic cooling is evident as the dark ions maintain an ultra-cold phase when
direct low-temperature laser cooling is removed. The thorium source purity is reflected in

the ratio of 22°Th to 2*>Th ions within the crystals.
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Figure 32: Trapped **Th* and 2*Th** ions, laser cooled to crystallization. (a) Three
successive images were taken of about 200 crystallized Th** ions. The top image was
taken with both *Th and >*Th 690 nm fields present. The ?**Th 690 nm field was then
removed for the middle image. The ?**Th 690 nm field was then reintroduced and the ***Th
690 nm field simultaneously removed for the bottom image. The larger mass-to-charge
ratio of 2>Th?* causes its radial accumulation in the outer shells of the crystal. The short
focal depth of the imaging system is apparent as most of the >**Th** shell is out of focus.
The integration time is 1 s for all three images. (b), (c) The same imaging protocol used in
(a) 1s used on smaller samples. The integration time is 2 s for all images. (d) A linear chain
of four 2 Th** ions is shown. The integration time is 3 s. The scale bar in (a) is 500 um
and in (b)-(d) are 100 um.

With the realization of ultra cold ??°Th, an efficient search protocol may be employed

to locate and populate the nuclear isomer level.

3.4 Laser and Imaging Systems
3.4.1 Laser Systems

The task of the lasers in this work is to address the low-lying electric dipole transitions
in 22Th?* and **°Th3*. These transitions have natural widths of only a couple hundred
kilohertz and the hyperfine splittings in the 229 isotope require multiple optical frequencies
at each wavelength. The laser light must then be stabilized at a level that is better than
commonly needed for Doppler cooling, yet, no convenient atomic references exist near
the relevant wavelengths. Stabilization is done using an optical transfer cavity and a 780

nm laser which is frequency stabilized to an atomic transition in 8’Rb. The optical cavity is
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length stabilized to the 780 nm field and the thorium lasers are then locked to this stabilized
and periodic frequency reference. Multiple frequency components are produced from the
stabilized carriers via 10 GHz bandwidth fiber-based electro-optic phase modulators.

To understand sufficiently the workings of this laser stabilization technique, a few
important optical cavity relations are presented [33]. Here, we assume a TEMOO laser
mode aligned with an optical cavity made with high-reflectivity concave dielectric mirrors.
Transmission of the laser light through the cavity is maximized when the laser frequency
v = m FS R where m is an integer of order 10°, FSR = ’;—j is the cavity free spectral range,
n is the intracavity refractive index, c is the speed of light, and / is the cavity length. The

optical transmission lineshape in this case is Lorentzian with full-width at half-maximum
FSR

Ye
is dependent upon the round trip optical losses of the cavity and increases with increased

v. which is related to the free spectral range by the cavity finesse ¥ = . The finesse

mirror reflectivity. From these relations, it is clear that if the cavity length and intracavity
refractive index are fixed, a sufficiently high finesse leads to a comb of narrow, stable trans-
mission peaks with periodicity 'S R in frequency space. These peaks may be used as lock
points for a laser, effectively transferring the stability of the cavity length into stability of
the laser frequency.

With a well stabilized laser carrier, rf sidebands are introduced to distribute the laser

spectral density to other regions. By modulating the phase of the light such that
cos [w;t + ¢;] — cos [wit + ¢ (1)] = cos [wlt + Bsin (wrft)], (51

components of the laser power are placed at w;+ w, f, w;+2w,, w;+3w,, etc. Here, Bis the
maximum angular phase shift and is known as the modulation index. The fraction of laser
power in each of the +i” sidebands is [J; (,8)]2, where J; (x) is the i order Bessel function
of the first kind. Figure 33 shows the effect on the spectral distribution of coherent light
due to phase modulation. Here, the modulation frequency is 10y with various values of the
modulation index. This effect is used to distribute optical power throughout the spectrum

with a single or multiple rf frequencies.
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Figure 33: Illustration of spectral modification from phase modulation. This type of mod-
ification is utilized to engineer spectra for laser cooling and spectroscopy.

The lasers used in this work are all home built extended cavity diode lasers operating
in the Littrow configuration. The laser diode mount is thermally stabilized and mounted on
an independently thermally stabilized aluminum block. A diecast aluminum cover placed
over the laser and wrapped in insulation tape reduces acoustic and thermal fluctuations at
the laser diode. The lasers are all driven with home built low-noise current sources which
follow the design of [34]. A PZT is used for fine adjustment of the feedback grating angle
while gross adjustment is done with the high pitch screws of the laser diode mount.

The laser locking system is based on standard proportional and integral feedback loops
with return routes being the laser current and diffraction grating PZT voltage. The laser
light is modulated at 10 MHz (8 = 0.6) with a free-space phase modulator for this purpose
and 1s detected with a 10 MHz bandwidth photodetector. The total feedback bandwidth is
estimated to be a few hundred kHz.

To reduce the work load of the active feedback system, the laser housing is designed
to minimize frequency perturbations from acoustics. The 690 nm, 984 nm, and 1088 nm
lasers are all mounted on a common breadboard which floats on vibrational absorption pads
on an optical table. This mechanically and electrically decouples the laser systems from
the optical table. The breadboard is covered with an acoustic isolation box which itself
sits on the optical table to avoid mechanical coupling between the box and breadboard.
The box is constructed from 1/8" thick aluminum plating which is covered inside and out

with acoustic suppression foam. Laser light is transmitted from the box in single-mode
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optical fibers. The 780 nm laser and the transfer cavity sit in a separate, nearly identical
breadboard/acoustic isolation box structure.

A fraction of the light from the 780 nm laser is transfered to the thorium laser box via
a single mode fibers. This field is combined with light from the three thorium lasers via
dichroic mirrors. This collection of light is transfered to the reference cavity box via a sin-
gle mode fiber. There, the multicolor beam passes through the free-space phase modulator
where each color acquires rf sidebands at 10 MHz (8 = 0.6) for locking to the transfer
cavity. The laser light is then aligned with the transfer cavity. Transmitted light is split
via dichroic mirrors and directed to photodetectors dedicated to individual wavelengths.
Bandpass filters are placed in front of the detectors to further suppress pollution of un-
wanted laser light. In total, < 1077 fractional transmittance of other wavelengths produces
unobservable cross-talk of locking signals in this setup.

The 780 nm light which is not used for cavity locking is used for locking the laser to
an atomic transition in 8’Rb via saturated absorption spectroscopy in a Rb vapor cell. With
the 780 nm light stabilized, an integral feedback loop monitoring the transmission of 780
nm light through the cavity corrects for cavity length changes by varying the cavity PZT
voltage. Due to the nature of optical cavity construction and the acoustic isolation of this
cavity from environmental perturbations, mechanical and electrical noise are observed to
be sufficiently small for this work. Thermal drifts are the dominant source of fluctuations
which need to be locked out. For this reason, the bandwidth of the feedback loop is ~ 0.5
Hz, producing an averaging effect of 780 nm laser noise while still correcting for cavity
length drift on time scales greater than a couple seconds. An estimate of the fractional

instability of the cavity F'S R in this case is

SFSR v, FSR 527 MHz .
— %1% = 1% = 1% ~ 1
FSr -y V== ) 1% = sasasat, X R X 10

where it is estimated that the location of the mg’ 780 nm fringe in frequency space is sta-
bilized to 1% of y.. This stability transfers directly to the fractional instability of the lock

points for all wavelengths. The result corresponds to tens of kHz in absolute frequency,
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which is much less than the transition linewidths of interest in Th**. It should be noted that
even with access to precise knowledge of the cavity length for the 780 nm light, extraction
of the absolute frequencies of other lasers locked to the cavity is inaccessible due to the
significant and unknown change in cavity length vs. optical wavelength. This comes from
the nature of the multiple dielectric layers composing the cavity mirrors. This dispersion
may in principle be measured but is not of sufficient relevance for the work done here.

A critical step in ensuring repeatable frequency stability of the lasers which are stabi-
lized to the cavity is consistent fringe selection for locking. Identification of the correct
locking fringe for the thorium lasers is done using a wavemeter of accuracy ~ 60 MHz.
This is much smaller than the cavity F'S R, hence fringe identification is unambiguous. The
more challenging fringe selection process is that performed when locking the cavity to the
780 nm field. If, for instance, the mode number m, + Am is selected for cavity stabilization

as opposed to my, the resulting frequency shift of a locked laser due to this error is

A =780 nm)

g (52)

ov = AmFSR(

where A is the wavelength of the locked laser. For the thorium lasers, Am = +1 corresponds
to shifts up to £150 MHz. This level of error is clearly intolerable and time consuming to
identify when using only the wavemeter. To circumvent this problem, a different approach
is employed.

In order to consistently select the mg’ 780 nm fringe for cavity stabilization, a second
absolute frequency reference at 795 nm is used. A 795 nm diode laser configured for sat-
urated absorption spectroscopy in a Rb cell is also coupled to the transfer cavity via the
same optical fiber carrying the multicolor field. As the frequency of this laser is scanned,
transmission signals through the transfer cavity and Rb vapor cell are simultaneously mon-
itored on an oscilloscope. A convenient D1 transition in 3’Rb is chosen as the reference
peak (552, F =1 & 5Py, F = 2 in this case) and an AOM shifts the relative position
of the cavity peak and reference peak such that they are aligned. The AOM frequency is

then fixed and this peak alignment serves and an indicator of proper cavity locking. From
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Equation (52), the relative shift in peak alignment for Am = +1 is £9.9 MHz, an easily
observable effect.

Figure 34 shows an example signal using this technique. The left panel illustrates cavity
locking to the target fringe while the right panel illustrates locking with Am = 1. The 9.9
MHz shift is clearly observable between the 4 MHz wide cavity signal and the 15 MHz
wide atomic signal. Oscilloscope averaging is the cause for peak broadening here and is
used here due to acoustic fluctuations on the 795 nm light.

a) b)

— "Rb 58,, F=1 « 5P, F=2 Doppler-Free Absorption Peak
— 795 nm Transfer Cavity Transmission

Figure 34: Transmission signals of 795 nm light through a Rb vapor cell and transfer
cavity. The relative offset of the peaks indicates an error in cavity locking.

The transfer cavity itself is composed of a pair of concave broadband dielectric mirrors
with 50 mm radius of curvature. The mirrors are separated with a 1" diameter ring PZT
in series with a 1" diameter, 10.7" long Super Invar rod containing a 1/4" hold drilled
coaxially through for optical transmission. The cavity sits on a pair of 1/2" X 1" footprint
teflon spacers in a vacuum chamber of pressure 10~ — 107! Torr. The rough vacuum
environment is critical for transfer cavity applications in this work. Laser stabilization
using a system at atmosphere produces frequency shifts of stabilized lasers on the order
of 10 MHz in a 24 hr period. Changes in humidity, barometric pressure, and temperature
induce different refractive index shifts for different wavelengths, causing relative changes

in the cavity FSR across the optical spectrum. The size of these effects is proportional
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to the intracavity pressure, hence, a reduction in pressure from 760 Torr (1 atm) to 107!
Torr is sufficient to suppress these shifts to a negligible level. The cavity vacuum chamber
temperature fluctuations are stabilized to < 1° C, relaxing the need for a large voltage range
on the cavity PZT to compensate for thermal expansion/contraction.

Laser stability using this system produces long-term frequency drifts of <100 kHz/-
month and short term laser linewidths of < 200 kHz. The laser linewidths are estimated
using an independent passively stabilized optical cavity to monitor frequency fluctuations.
By tuning the laser frequency to the slope of a stable cavity transmission peak, frequency
noise is translated into amplitude noise, an effect easily observed with a sufficiently high
bandwidth photodetector. This treatment assumes negligible laser amplitude fluctuations
and detector noise, sufficiently accurate approximations for the estimates here. The pho-

todetector voltage corresponding to optical cavity transmission may be written as

y?

vV 60 = Vmax "5 4
0 Ve +46;

(53)

where V. 1s the peak voltage corresponding to maximum optical transmission and J, is the
laser detuning from maximum transmission. It is convenient and most accurate to monitor

laser frequency noise when d*V/dé? = 0. This occurs at a detuning of 6. = +y./(2 V3) and

max

voltage V = . At this detuning,
dV.— 3V3Viu
= \/_—’ (54)
do. 4y,
leading to an expression estimating the laser linewidth y, to be
Vv 4V, . Vv .
v, ~ pkpk _ pkpk Y ~077 pkpk Y. (55)
dv/dé.  343v,,. Vinax

max

dc offset. For

where V. is the small peak-to-peak voltage fluctuation on top of the
Equation (55) to produce meaningful results, the detector bandwidth should be larger than
v; and y; should be roughly no larger than y,./4.

To carry out this estimate, the stabilized light to be measured is passed through a phase

modulator which generates single-frequency rf sidebands from 100 MHz - 1 GHz (8 = 1.5).
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This modulated light is coupled to the second cavity and an rf sideband tuned such that it is
located on the slope of a transmission peak. This spectral component of the light is assumed
to contain the same frequency and amplitude fluctuations as the carrier. With knowledge
of y,. from the finesse and measured F'SR of the second cavity, small fluctuations in the
otherwise dc signal are integrated for a few seconds and translated via Equation (55) into
an estimate for ;.

This method, of course, depends on knowledge of the cavity F'S R and finesse for each
wavelength. The FSR of a given cavity is easily measured to parts in 10° with laser light
which is significantly phase modulated such that the fraction of power remaining in the
carrier is < 1 (8 2 2). With the small carrier tuned to a cavity transmission peak, the phase
modulation frequency is scanned. When this frequency is equal to the cavity F'S R, all side-
bands are spectrally aligned with nearby cavity modes and are, therefore, transmitted, lead-
ing to a clear increase in photodetector signal. If the modulation frequency is tuned to some
larger integer number of F'S R’s, the measurement uncertainty is reduced by the inverse of
this integer. For example, the transfer cavity F'S R was measured using a modulation fre-
quency of 2.6 GHz for both 690 nm and 984 nm light, resulting in F'S Rgo9 = 526.951(3)
MHz and F'S Rogq4 = 526.927(3) MHz. The discrepancy here is attributed to the increased
penetration depth of the 984 nm light with respect to 690 nm light when reflecting from the
cavity mirrors. This effect translates to an increase in cavity length of 13 ym.

The cavities used in this work are all constructed using mirrors from a common custom
set, thus they are assumed to be identical. The round trip optical losses of the cavities
are assumed to come almost completely from the mirrors whether one is using a vacuum
or atmosphere intracavity medium. For this reason, the finesse at a given wavelength is
assumed to be constant from cavity to cavity. The finesse is estimated here by comparing
v. of the transfer cavity to the 10 MHz rf sideband spacing introduces for locking. With
knowledge of the cavity F'S R and an estimate for vy,, the finesse is easily obtained. Results

are shown in Table 1. Note that relative to the mirror properties at 690 nm, the lower finesse
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and reflectivity at 984 nm is consistent with the observed increase in reflection penetration

depth, a general property of dielectric mirrors.

Table 1: Measured finesse of the transfer cavity at all locking wavelengths. The estimated
uncertainty is 10% for all results.

Wavelength (nm) Finesse
690 290
780 250
984 150
1088 90

3.4.2 Imaging System

Imaging of trapped Th** poses significant, but surmountable, challenges. Low noise silicon
detectors are efficient at 690 nm with quantum efficiencies > 90%, but the 690 nm transition
has an effective linewidth of 27 X 28 kHz due to the ~88% decay on the 984 nm transition.
The 984 nm transition has an effective linewidth of 27x210 kHz, but the quantum efficiency
of silicon detectors drops to ~ 20%. The 1088 nm transition has a linewidth of 27 X 146
kHz, but silicon’s quantum efficiency here is <1%. Other detector materials with high
efficiency at 1088 nm are found to be too noisy.

Compared to conventionally laser-cooled ions with linewidths of > 10 MHz, these are
all challenging options. However, the best option is to image ions on the 984 nm transition.
Imaging was first done in the hyperbolic trap (Figure 35) using an AndOr iDus 401 Series
spectroscopic camera. Fluorescence is collected and collimated with a 2" diameter 75 mm
focal length achromat. A 2" diameter 150 mm focal length achromat focuses the collimated
light onto the camera CCD. This system produces a 2x image magnification for the 26 um
X 26 um camera pixels. The ~100 um ion separation in ion crystals is easily observable. A
5 nm bandpass filter at 984 nm sits immediately in from of the CCD to suppress room light
and laser light scatter of other wavelengths, particularly that from the high-power 1088 nm

fields. This setup was used for all imaging in the hyperbolic and cloverleaf traps.
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With the extended trap, a transition was made to an AndOr iKon-M 934 Series imaging
camera with improved noise characteristics and faster image readout rates. Fluorescence
collection for the iKon camera is done with a 2" diameter 40 mm focal length (NA = 0.55)
aspherical lens. A 2" diameter 150 mm focal length achromat focuses the light onto the
camera CCD. The large-diameter ashere is designed for diffraction limited performance at
780 nm. This system produces a 2.75% image magnification for the 13 um X 13 ym camera
pixel size. A 5 nm bandpass filter at 984 nm also sits immediately in front of the iKon

CCD. Fluorescence collection efficiency for the iKon setup is about 7%.
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CHAPTER IV

THORIUM IV ATOMIC LASER SPECTROSCOPY

4.1 Laser Spectroscopy of *>Th’*

Because the uncertainties of the optical transition frequencies of interest prior to this work
were much larger than that required for laser cooling, precision spectroscopy of the transi-
tions was performed [22]. The first stage of this process involves spectroscopy of a thermal
cloud of ions cooled by helium buffer gas. In a collaborative effort where gross frequency
searches were performed in two separate traps, fluorescence from laser excitation to the
6Ds,, level was observed in [35] and fluorescent signals from laser excitation to the 6D5,
level was observed in the hyperbolic trap. These results reduced the transition frequency
uncertainties to much less than the Doppler widths. An image of buffer-gas cooled ions
obtained early in this work is shown in Figure 35. The cloud extends well beyond the fluo-

rescing regions with the fluorescence cutoff due to misalignment of the axial fluorescence

beams. The storage time of such clouds was ~ 5 s.

Figure 35: Image of a buffer gas cooled cloud of *>Th3* in the hyperbolic trap.

During higher resolution spectroscopic work, buffer gas cooled Th* storage times were
~ 10 s. The camera used for fluorescence detection requires ~ 1 s for signal integration and
image readout. To scan an absorption profile with sufficient resolution using this detection
method would take longer than the ion storage time. This method would, therefore, intro-
duce significant unwanted systematic skewing of the data. To remove this effect, a high

bandwidth single photon counter was employed for fluorescence detection. By scanning a
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probe laser frequency across the transition with a period much shorter than the ion storage
time and much longer than the excited state lifetime of the ions, one may average many
scans and avoid systematic shifts in the data due to signal decay. This method also allows
one to average over many different ion sample sizes, all with different signal strengths.

Coupling of ion fluorescence to the single photon counter is done by collecting ion fluo-
rescence with a 1" diameter 7 mm focal length lens and directing it through a bandpass filter
and into a 63 um core multimode fiber. The fiber is coupled directly to the photon counter.
The probe laser frequency is scanned at ~ 10 Hz using the laser PZT and integration times
are as high as several minutes. This scan rate is sufficiently slow that the wavemeter can
continuously track the saw-tooth waveform of the probe laser frequency. This allows for
continuous gross monitoring of the frequency scan range and graduate student feedback for
central frequency stabilization. Scans are done for all three transitions using the same single
photon counter for detection and integration times of up to several minutes. A representa-
tive data set is shown in Figure 36 for the 690 nm transition. The dominant contributions
to uncertainty in this process come from drift of the laser frequency during fluorescence
integration and the 20 MHz stated uncertainty of the wavemeter used for laser frequency
determination. It should be noted that the laser frequency is assumed to depend linearly on
the PZT voltage in this case, a dependence roughly observed with wavemeter signal output
but an assumption not rigorously justified.

Once the transitions are located with precision similar to that shown in Figure 36, the
lasers are stabilized to a transfer cavity, laser cooling is performed, and higher resolution
spectroscopy is achieved. With linear rf traps operating in the weak binding limit, laser
spectroscopy is most accurately done along the trap axis where the first-order Doppler shift
is minimal. For this reason, probe fields are oriented along the trap axis in this work.

With cold samples of a few hundred ions lasting in the cloverleaf trap for several hun-
dred seconds, efficient photon counting using the imaging camera is done. Signal decay

rates are sufficiently slow that signal skewing is negligible. Figure 37 shows a scan of the
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Figure 36: An optical scan of the 690 nm transition in a buffer-gas cooled sample of

22Th**. 690 nm fluorescence is detected using a single photon counter while the laser
frequency is scanned via the laser grating PZT. A Gaussian lineshape is fit to the data.
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Figure 37: Background subtracted ion fluorescence rate vs. detuning of the 984 nm laser
and Lorentzian fit to the red detuned region of the data. Back action from the probe laser
is evident as heating occurs on the blue side of resonance. To step the 984 nm frequency,
an acousto-optic modulator was used. Sinusoidal intensity oscillations with period ~460
kHz were present in the 984 nm beam, consistent with a v/2[ period expected from partial
acoustic wave reflection inside the modulator crystal. Here, v is the acoustic wave velocity
in the crystal and [/ is the length of the crystal transverse to the acoustic wave k vector.

984 nm cooling laser across resonance. Here, the 984 nm laser is locked to the transfer

cavity and light is passed through an acousto-optic modulator for frequency shifting and

67



amplitude control. The acousto-optic modulator frequency steps are computer controlled
and synchronized with camera integration and image readout. The 1088 nm beams main-
tain ultra-cold temperatures while the 984 nm field is off resonance. The 690 nm field is
fixed on resonance for the duration of the scan. Power broadening is evident and heating
of the ions is apparent on the blue side of resonance. When efficiently heated, increased
Doppler broadening reduces the fluorescence signal induced by the weak 984 nm cooling
beam. After minimizing rf heating, reducing the 1088 nm power broadening and detuning
for more efficient low temperature cooling, and reducing the 984 nm power, a narrower

feature is observed in Figure 38.
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Figure 38: Optical scan of the 984 nm transition and Lorentzian fit using < 50 crystallized
ions. Probe laser back action is suppressed with reduced probe power and increased low-
temperature cool efficiency of the 1088 nm fields.

The protocol used to measure the 690 nm transition frequency relies on 984 nm flu-
orescence changes as the 690 nm field frequency is swept across resonance. When off
resonance, ions are removed from the A-system and cycle only on the 1088 nm transition
which is not detected. When resonant, cycling within the A-system occurs and fluorescence
is detected, providing spectra similar to that of Figure 38.

Resonance on the 1088 nm transition is determined by inducing Doppler heating similar
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to that observed in Figure 37. When the 1088 nm field frequency is slightly above reso-
nance, the ions are strongly heated and the resultant Doppler broadening severely reduces
984 nm fluorescence induced by the weak A-system fields.

In averaging multiple scans over many days, a common 26 MHz uncertainty is achieved
for all three transition frequencies. This uncertainty is composed of the 20 MHz wavemeter
uncertainty added linearly [36] to a 6 MHz uncertainty composed of estimated errors intro-
duced by short term wavemeter drift, laser cooling dynamics, Zeeman broadening and op-
tical pumping, and light shifts. The transition frequencies are measured to be 434 291 397
(26) MHz for the 5Fs;, <> 6Ds), transition, 304 619 344 (26) MHz for the 5F7,, < 6Ds)»
transition, and 275 606 583 (26) MHz for the 5Fs,, <> 6D, transition.

These results are a significant improvement on the best previous measurements of sev-
eral hundred MHz precision. The dominant limitation in absolute frequency knowledge at
this point comes from the wavemeter, though higher precision measurements are not re-
quired for efficient laser cooling and internal state manipulation of >**Th**. Once locked
to the transfer cavity, the thorium laser frequencies have long-term instabilities of < 100
kHz. Therefore, relative to the laser lock points, the atomic transition frequencies may be
measured with precision less than the natural linewidths. Once the transitions are found
using the values above, it is the absolute laser stability that is of practical importance when

considering experimental applications at this level.

4.2 Hpyperfine Structure and Isotope Shifts of > Th*>*

The most significant changes in the atomic structure of **Th** with respect to that of
232Th3* are due to the change in nuclear angular momentum /. In the case of the 2**Th
nucleus, I = 0, whereas for 2*Th, I = 5/2. With non-zero angular momentum, the multi-
pole expansion of the nuclear electric and magnetic potentials includes orders higher than
k = 0, the monopole. Angular momentum selection rules limit the multipolarity, however,

to k < 21 while parity selection rules further limit the potentials to even-order electric and
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odd-order magnetic multipole moments. These multipole moments interact with the or-
biting electrons, introducing hyperfine structure splitting of the fine structure levels. These
interactions are small compared to the fine structure interaction between the electron orbital
and spin angular momenta and may be treated in perturbation theory.

The fine structure of an atomic energy spectrum is due to coupling between the elec-
tronic orbital angular momentum L and spin angular momentum S, producing total elec-
tronic angular momentum given by J = L + §. The coupling of this angular momentum
to the total nuclear angular momentum leads to splitting of each fine structure level into
a manifold of either (27 + 1) or (2J + 1) hyperfine levels with each new level having an
atomic angular momentum of F = [ + J, where |[J —I| < F < |J +1|.

To first order in perturbation theory, the energy shift of these new levels within 2*Th?*

may be written as [37]

K KK+ 1) -2+ DJJ +1)
AE, ;= —A+
LA 4121 - D)J(22J - 1)

(56)

where K = F(F+1)—-I(I+1)—-J(J + 1), A is the magnetic dipole hyperfine constant, and
B is the electric quadrupole hyperfine constant. The A coefficient represents the interaction
strength of the orbiting valence electron with the magnetic dipole moment of the nucleus
and may be written as A = Iﬂ_JU J |7'01|J J) where u is the nuclear magnetic dipole moment
and 7"01 is an irreducible spherical tensor operator of rank 1 which operates in the space
of electron coordinates and spin. Similarly, the B coefficient represents the interaction
strength between the valence electron and the nuclear electric quadrupole moment and
may written as B = 2Q(JJ |7"02|JJ ), where Q is the nuclear electric quadrupole moment
and 7 is an irreducible spherical tensor operator of rank 2 which operates in the space
of electron coordinates and spin. In the above notation, |JJ) = |J,m,;=J). It should be
noted that even if allowed by parity and angular selection rules, hyperfine interactions due
to nuclear multipolarity > 2 are neglected in Equation (56) due to their smallness.

Prior to this work, the hyperfine A and B coefficients of >°Th** had not been measured.

It is, therefore, very useful to obtain estimates of these constants for initial spectroscopic
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work. The accepted value of the dipole moment is u = 0.46(4) uy [38] and that of the
quadrupole moment is Q = 4.3(9) eb [38]. Values of (JJ|7T 02|J J) are obtained for relevant
orbitals from theoretical calculations by Berengut et al. [39] where resulting inaccuracies
are expected to be at the level a few percent. While there are no published calculations
of the (JJ |7’01|J J) matrix elements, preliminary estimates [40] indicate that the resulting
A coefficients are significantly smaller than the corresponding B coefficients. In total, the
accepted nuclear moments and uncertainties combined with the electronic matrix element
calculations and uncertainties result in level shift estimates of up to ~2 GHz with uncer-
tainties of several hundred MHz. Though not ideal, this knowledge does produce coarse
pictures of the anticipated optical spectra which aid in assessing hardware requirements for
performing precision spectroscopy.

In addition to the complicated hyperfine structure, shifts of the fine structure levels on
the GHz scale arise when transitioning from 2*?Th3* to 2*Th**. These relative isotope
shifts are due to the finite nuclear mass and its change between isotopes, the mass shift,
and the change in nuclear size between isotopes, the field shift. Due to the large nuclear
mass and charge of thorium isotopes, the field shift produces the dominant contribution to
inter-isotope fine structure level shifting [41]. This contribution is, therefore, of interest for
estimating the relative isotope shifts.

When transitioning from one isotope to another, the number of neutrons within the
nucleus changes. This alters the charge distribution of the protons, in turn changing the
electric potential within the nucleus. This perturbation effects the electrons due to the
overlap of their wavefunctions with the nucleus. This produces an energy shift of electronic
energy levels (the field shift) and may be expressed as AE;,, = Fiy, 6(r?), where F, is
known as the field shift constant and §{r?) is the change in nuclear mean-square radius.
F,, has been calculated for various low-lying electronic levels within 2?Th3* by Berengut
et al. [39]. The change in mean-square radius from the 232 isotope to the 229 isotope

is estimated from [42] to be 6(r?) = ()9 — (r*)23n = —0.334 + 0.045 fm>. With the
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calculations of [39], this leads to relative isotope shift estimates for >*Th fine structure
levels of -11(3) GHz for the 5F5/, <> 6D5), transition, -12(3) GHz for the 5Fs,; < 6Ds,

transition, and -11(3) GHz for the 5F7,, < 6Ds, transition.

4.3 Laser Spectroscopy of **°Th>*

With the complex hyperfine structure present within each fine structure level, laser spec-
troscopy and the resulting transition spectra for ??°Th3* are significantly more complicated
than for 2*>Th3*. The core difficulty in performing spectroscopy on this system arises due
to the large number of ground and metastable levels to which an excited ion may decay. If
not excited from these levels, the ion is left dark, being neither laser cooled nor optically
detected. Avoiding this problem requires either sufficient knowledge of all optical transi-
tion frequencies, which is not initially known, or sufficiently broadband excitation fields to
semi-blindly access all stable states.

Fortunately, repumping ions from dark states only requires a small fraction of satura-
tion intensity, so one can afford to broaden laser light and distributed its spectral density
across a large range of possible transition frequencies while maintaining sufficient density
to destroy dark states. Additionally, Doppler broadening of the trapped ions may be utilized
to effectively smear the transitions in frequency space, relaxing the need for a genuinely
continuously broadened laser spectrum over the range of interest.

To produce a sufficiently broadband excitation spectrum, laser light is passed through
a 10 GHz bandwidth phase modulator where it acquires rf sidebands every 200 MHz out
to about +1200 MHz (8 = 6). In conjunction with a room temperature Doppler broadened
sample, this type of spectrum is sufficiently continuous across a ~3 GHz bandwidth. After
roughly determining the isotope shifts with such spectra, a single laser spectrum can be
narrowed to obtain higher resolution scans. Such a scan is shown in Figure 39 where the
984 nm light is broadened to about 250 MHz with 50 MHz phase modulation and scanned

via the laser PZT voltage. The 690 nm light is broadened to ~3 GHz with the carrier
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frequency fixed at maximum fluorescence. 984 nm fluorescence is collected on the camera
with ~2 s of integration per data point while a fraction of the 984 nm excitation field which
is not spectrally broadened is sent to the wavemeter for optical frequency measurement.
For comparison, the narrow gray lines represent high resolution results obtained later using

ultra-cold samples. The peak heights indicate dipole matrix element amplitudes.
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Figure 39: An optical scan of the 984 nm transition in **Th** with 250 MHz broadened
984 nm probe light. The 690 nm field is broadened to ~ 3 GHz to destroy dark states. The
narrow gray lines represent high resolution results obtained later using ultra-cold samples.
The peak heights indicate dipole matrix element amplitudes.

Higher resolution spectra are obtained at 690 nm using monochromatic light. With
broadened 984 nm and 1088 nm light applied to a room temperature sample, the 690 nm
laser is locked to the transfer cavity and a weak first-order rf sideband (8 ~ 0.4) is scanned
in 100 MHz steps. Two separate scans are made to avoid interaction of a second-order
sideband with the ions at low modulation frequencies. Fluorescence at 984 nm is monitored
on the camera with 2 s of integration per frequency step. With an average of 5 scans,
very clear structure begins to emerge, as seen in Figure 40. Again, for comparison, the
narrow gray lines represent results obtained later in ultra-cold samples with peak heights
corresponding to dipole matrix element amplitudes.

With some gross structure of > Th** becoming visible, preliminary comparisons show
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Figure 40: An average of 5 optical scans of the 690 nm transition in ***Th** with
monochromatic 690 nm probe light. The 984 nm and 1088 nm fields are broadened to
~ 3 GHz to destroy dark states. The narrow gray lines represent high resolution results
obtained later using ultra-cold samples. The peak heights indicate dipole matrix element
amplitudes.

agreement between measurements and expected hyperfine coefficient values and isotope
shifts. This motivates the transition to the next stage of spectroscopy where sympathetic
cooling of ?*Th3* is done with laser cooled **Th3*.

Because the thorium nitrate source containing the 229 isotope also contains a significant
amount of the 232 isotope, loading of dual isotope samples is exploited to bring 2?°Th**
into the ultra-cold regime without direct laser cooling. Because the Coulomb interaction
between the trapped ions serves to efficiently thermalize the sample, laser cooling one
component of the sample sympathetically cools the remaining ions. This is effective as long
as the laser cooling rate is larger than the heating rate of the entire sample. With optimized
dc compensation voltages and a minimal g, the ~1:3 ratio of 2*>Th to **Th is sufficiently
high for the laser-cooled >**Th** to bring the Doppler width of > Th** transitions to < 10
MHz. Figure 41 is an image of such a sample. The different masses separate with the
heavier 232 isotope accumulating radially toward the outer regions. The dark core region

of this prolate ellipsoid is populated by ?>Th** which is maintained in an ultra-cold phase

due to Coulomb coupling to the crystallized shell of 2*Th**. This dark region (outlined
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in white dashes) is monitored for fluorescence when the > Th3* optical fields are scanned.

Such samples used for spectroscopy survive in the trap for several minutes.

s R T e

500 pm

Figure 41: A crystallized shell of 2**Th** ions surrounding a dark core of ?Th3* ions. The
white dotted line indicates the projected border of the prolate ellipsoid sample. Coulomb
coupling between the two components of the sample maintain the dark ions in an ultra-cold
phase for precision spectroscopy.

Due to the relatively low optical power requirements of the A-system lasers for spec-
troscopy and laser cooling, an experimental simplification is made in using only one laser
at each wavelength. This is done by producing rf sidebands on the light via 10 GHz band-
width phase modulators such that sufficient spectral density is appropriately distributed for
laser cooling and spectroscopy of both isotopes. This is most conveniently done by locking
each of the two lasers roughly between the two isotopes (|0¢90.984] ~ 5 GHz) and generating
small rf sidebands in the range 3 - 7 GHz. In this setup, 8 =~ 0.4 for each rf frequency,
placing about 3 - 5% of the total power in each of the + 1* order sidebands. The small
modulation maintains a sufficiently clean spectrum due to very small higher-order side-
bands and cross-modulation. One requirement for successful spectroscopy here is that the
rf sideband exactly opposite of that assigned to interaction with isotope A does not interact
with isotope B. For example, if a transition in isotope A is + 5000 MHz from the laser lock
point, the lock point detuning of a transition in isotope B should not be near - 5000 MHz.
Because the optical power requirements of the 1088 nm fields are high, a separate laser is

dedicated to each isotope, though phase modulation of the 229 isotope light is still done to
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conveniently access any or all 1088 nm transitions within 22 Th3*.

The most convenient optical transitions for initial interrogation within ultra-cold sam-
ples are those between the 5Fs;; and 6Ds,; manifolds (690 nm). To observe all 15 lines,
984 nm and 1087 nm fields are sufficiently broadened to access all stable levels, leaving no
dark states to be populated (Figure 42). A single rf sideband applied to the 690 nm light is
scanned across the 2 Th3* spectrum. When a resonance is achieved, a fraction of the ion
population is transfered into the 5F;,, manifold where the 984 nm light interacts, produc-
ing 984 nm fluorescence which is detected by the camera. When maximum fluorescence is
achieved, the rf frequency is recorded along with an estimated uncertainty based on signal

strength and spectral width.
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Figure 42: The spectral configuration used for initial high resolution spectroscopy of all
15 transitions at 690 nm.

Because the detuning of the 690 nm laser lock point from the **Th** transition is
reliably determined to a few hundred kHz due to stable laser locking, **Th** transition
frequency shifts from this physically relevant reference point may be determined with ac-
curacy much greater than that provided by the wavemeter. With a complete scan, all 15
lines are observed with measurement inaccuracies estimated to be <8 MHz.

Hyperfine coefficients and the relative isotope shift are extracted from the data using a
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least squares fit to a model containing terms expressed as

K, 2K.(K, + 1) =21 + DJ.(J. + 1)
AE,, = —A, e 57
= e 4121 - DT, - 1) 7
K 3K(K,+1)=2IU + DJ,(J, + 1
__gg_zg(g ) ( Mels )g+A, (58)
2 4121 — 1)J,(2J, - 1)

where the subscript g(e) indicates the ground (excited) state, K; = F;(F;+1)—-I(1+1)—-J;(J;+
1), and A represents the relative isotope shift between the two manifolds. All least-squares
fitting computations are done with 16 digits of working precision.

In order to properly assign values to F, and F, for each of the 15 transitions, a search
algorithm which attempts fits for all viable assignment combinations is utilized. The algo-
rithm begins with fitting only 6 of the 15 data points to the 5 fit parameters. This is the
minimum number of data points required to produce a meaningful best-fit error estimate.
The root-mean-square of the 6 residuals (residual rms) is then calculated and the solution
is deemed viable if and only if the rms < 15 MHz. All other F assignment combinations
are discarded. After all (15 — 5)! ~ 3.6 million initial combinations are attempted, the
process is repeated using the remaining viable subset in addition to a seventh data point
which takes on all possible remaining F assignments. This process is repeated until all
15 data points have been introduced. After requiring that the resulting best-fit value for
B be positive, the initial set of 15! ~ 1.3 x 10'? possible combinations is reduced to only
three viable F assignment combinations. To discern between the real solution and incorrect
results, an average confidence level is calculated for each assignment combination. This
is done by first estimating the confidence level for each data point by assuming a normal
measurement error distribution with standard deviation equal to the estimated statistical

measurement error. The confidence level for the i data point may be expressed as

1 € X2
CLi=1- f ex [——] dx (59)
o VN2 J-¢ P 20',2

where o; and € are the estimated statistical measurement error and fit residual of the i
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data point, respectively. An average confidence level is then calculated as

. 1/15

(CL) = (]_[ CL,-) (60)
Figure 43 displays residuals from the three viable F' assignment combinations along with
rms and (CL) calculations. With the assumption that the (CL) values are indicative of the
accuracy of the fit, the solution displayed in the right end panel is assumed correct and used
for further work. Later results via spectroscopy of the 1088 nm and 984 nm transitions in
conjunction with optical pumping and angular momentum selection rules confirm that this

is the correct F-number assignment combination.
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Figure 43: Fit residuals of the three viable F-number assignment combinations for the 15
measured transition frequencies at 690 nm, along with rms and (CL) calculations.

With relatively precise knowledge of the 5Fs;, and 6Ds,, hyperfine structure, the next
step is to measure the various 1088 nm transitions, unveiling the structure of the 6Ds,,
manifold. This is done in a straight-forward manner when realizing the protocol illustrated
in Figure 44. In this configuration, broadband 984 nm light empties the metastable 5F7,,
manifold and the 690 nm field leaves one known ground level dark so that it is completely
populated. With a 1088 nm probe laser locked to the transfer cavity, its light is first passed
through a phase modulator where it is modulated at a single frequency and then sent along
the trap axis where it illuminates the ions. By scanning an rf sideband through the entire
1088 nm spectrum, resonances occur and ions are pumped from the dark state and are
partially redistributed among certain allowed ground levels due to spontaneous decay. The

ions are then transfered to the 5F7,, manifold where they scatter light which is detected by
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the camera. When maximum fluorescence is observed, the rf frequency is recorded along
with an estimated statistical uncertainty dependent upon signal strength and spectral width.
In this protocol, the number of observed lines provides information regarding the value of
F,. This comes from the electric dipole selection rule AF =0, 1 for AJ # 0. For example,
if three transitions are observed during a complete scan, F', must equal 2 or 3. This serves

as a consistency check for the F-number assignments of the 690 nm transitions.

6D 5/2

0O 1 2 3 4 5

oD,

1 2 3 4 BROADBAND
- REPUMPER

0O 1 2 3 4 5

S,

Figure 44: Spectral configuration used for high resolution spectroscopy of the 6D3,, man-
ifold hyperfine structure.

With knowledge from the 690 nm dataset and fit, F-number assignments are straight
forward for the 1088 nm lines. The resulting 1088 nm data is then combined with the 690
nm data to perform a semi-global least squares fit. The high quality of this fit ((CL) ~ 80%)
confirms the correctness of the F-number assignments for all 1088 nm and 690 nm data
points. To be certain of the F' assignment correctness, a search protocol similar to that used
for the 690 nm data points is employed, resulting in only one viable solution.

The final set of transitions to be measured (984 nm) is done in an iterative fashion
with the first step illustrated in Figure 45. A 984 nm broadband repumper initially empties
the 5F;,, manifold while a select set of 1088 nm fields optically pump the ions into the

I5Fs;,, F = 1) ground level. A single 690 nm spectral component then excites the ions
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into the [6Ds,,, F = 0) level where, due to electric dipole selection rules, the ions may only
decay to either the |5Fs;,, F = 1) or|5F7,,, F = 1) level. A narrowband spectral component
is added to the broadband 984 nm repumping field and scanned across the entire 984 nm
spectrum. When this field is resonant with the [SF;,, F = 1) < |6Ds;,, F = 0) transition,
the low ion fluorescence level from the repumper field is dramatically increased due to the
increased excitation efficiency. When maximal fluorescence is observed, the rf frequency
and estimated error are recorded.

Because the 6Ds,, hyperfine structure is already known from the 690 nm measurements,
an extension to measuring the |5F7,,, F = 2) < |6Ds;,, F = 1) transition is easily made.
This process is then extended to excitation from all 5F,, levels. This dataset provides

complete information of all hyperfine splittings of the manifold.
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Figure 45: Spectral configuration for high resolution spectroscopy of the |SF7,,, F = 1) <
|6Ds,,, F = 0) transition.

With a total of 29 frequency measurements, a global least-squares fit is made to the
data. To test the quality of the fit and correctness of the F-number assignments, the rms
and (CL) are calculated from the best-fit residuals. Figure 46 shows the residuals from this
fit along with the rms and (CL).

In order to estimate the uncertainties in the 11 global fit parameters (4 A’s, 4 B’s, and
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Figure 46: Residuals of a global least-squares fit of all 29 measured transitions and calcu-
lated rms and (CL).

3 A’s), a Monte Carlo simulation is performed. By adding a set of small, uncorrelated,
random perturbations to all of the 29 input data points, slightly different best-fit values are
obtained for the fit parameters. If this process is done many times with the distribution of
the data set perturbations representative of the statistical uncertainties combined with pos-
sible systematic uncertainties, a set of values may be acquired for each fit parameter. From
each data set, an average best-fit value and a best-fit standard deviation are calculated. This
standard deviation of the best-fit data set represents an estimate of the best-fit uncertainty
for that fit parameter.

To carry out this estimate, one must decide upon appropriate distribution widths of the
data point fluctuations. Because the deviation of combined statistical and systematic un-
certainties is relatively small for the input data set, the simulation assumes identical data
fluctuation distributions for each input data point. The average combined statistical and
light-shift uncertainty from all 29 data points is 4 MHz. To account for additional uncer-
tainties in laser-cooling dynamics and Zeeman splitting combined with optical pumping
effects, a 4 MHz contribution is added linearly to this, resulting in an 8 MHz standard
deviation for the estimated error distribution of each of the input data points. For the simu-
lation, a normal distribution of data fluctuations is used, though the final results of interest

are not sensitive to the particular shape of the function, only its standard deviation. The
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Central Limit Theorem and the sufficiently large number of input data points used, 29, en-
sure this [36]. As confirmation, the simulation is also done with a top hat distribution of
standard deviation 8 MHz. To obtain an 8 MHz standard deviation, the half width of the

top hat must be V3 x 8 MHz ~ 14 MHz.
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Figure 47: Histogram of 50,000 best-fit values of the 5Fs, orbital B coefficient generated
from global least-squared fits to fluctuating input data points. The bin widths are 500 kHz.

With a set of distributed random fluctuations of standard deviation 8 MHz added to the
29 input data points, a set of slightly perturbed parameter best-fit values are obtained. This
process is repeated 50,000 times to acquire sufficient statistics. A representative histogram
of a best-fit data set is shown in Figure 47. Here, the hyperfine B coefficient of the 5Fs,
valence orbital has a mean value of 2269 MHz and a standard deviation of 6 MHz. As
expected, the mean agrees with the unperturbed fit results. The standard deviation of this
and the other 10 data sets is the same for both the normal and top hat fluctuation models.
The resulting 6 MHz is taken to be the estimated uncertainty of B. When considering the
isotope shifts, an additional shift of 6 MHz is added linearly to the best-fit uncertainties to
account for possible correlated errors among the measured data points. A complete set of
parameter best-fit values and uncertainties are shown in Table 2.

With precise measurements of multiple B constants and access to high precision atomic

structure calculations of the (JJ|7, 02|JJ Y matrix elements for these same valence orbitals
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Table 2: Measured ?°Th** hyperfine constants and relative isotope shifts from 2>Th3".
Labels A and B signify magnetic dipole and electric quadrupole hyperfine constants, re-
spectively. All units are MHz and all uncertainties are 1 o.

Valence Isotope
Orbital A B Transition Shift
S5Fs), 82.2(6)  2269(6) 5Fs;; < 6D3;,  -9856(10)
S5Fqp 31.4(7)  2550(12) 5Fs;; & 6Ds;; -10509(7)
6D5,,  155.3(12)  2265(9) 5F, & 6Ds;;  -9890(9)
6Ds/, -12.6(7)  2694(7)

[39], extraction of the ?°Th nuclear quadrupole moment is possible. Considering the i

orbital, Q may be estimated as Q; = with an uncertainty determined by the

2 (JINT ST
combined uncertainty of the measurement of B; and the calculation of ;(J.J |7‘02|J J);. Includ-
ing the entire set of four valence orbitals measured here, the unweighted average value for
Qs (Q) = 3.11 eb. The maximum residual is 5.5% with a residual standard deviation of
4.3%. Because these values are much larger than the measurement uncertainties (<0.5%),
theoretical calculations are identified as the major source of error. The residuals of the data
set are within expectation of calculation inaccuracies and the uncertainty in (Q) is assigned
the value 5% [43]. The data set standard error of 2.1% composes only a fraction of the
total uncertainty due to the likely presence of unobservable correlated errors among the
four calculations. In conclusion, a new value for the ?*Th nuclear ground state electric
quadrupole moment of Q = 3.11(16) eb is deduced.

This result may be compared to the accepted value of Q = 4.3(9) eb which was obtained
using spectroscopy and atomic structure calculations of 2Th* [38], a significantly more
complicated system which has three valence electrons. Comparison may also be made

to an infrequently cited result utilizing Coulomb excitation of the nucleus [44]. There,

Q =3.149 £ 0.032 eb, in good agreement with the result here.
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Figure 48: Frequencies measured in this work among the 5Fs;, and 6D;/, orbitals in

232Th3+ and 229Th3+.

factors are calculated from [31].
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Figure 49: Frequencies measured in this work among the 5Fs;, and 6Ds,, orbitals in

232Th3+ and 229Th3+.

factors are calculated from [31].
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Figure 50: Frequencies measured in this work among the 5F7,, and 6Ds,, orbitals in

232Th3+ and 229Th3+.

factors are calculated from [31].
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CHAPTER V

NUCLEAR LASER SPECTROSCOPY OF THORIUM-229

5.1 Nuclear Isomer Excitation

The nuclear isomer state in > Th3* is expected to exist 7.6(5) eV above the nuclear ground
state. In searching for this transition, one should consider +30 as the entire search range.
This suggests the spectral region 130 nm - 200 nm. Directly covering this range in search
of a forbidden transition would be prohibitively expensive if not impossible, considering
current laser technology. An alternative protocol is necessary.

Instead of direct magnetic dipole excitation, the electron bridge process may be uti-
lized [45]. In this case, hyperfine-induced mixing of the ground and the isomer nuclear
manifolds opens electric-dipole transitions between the two. The mixing is expected to be
the strongest for the S -electronic states, as the electron probability density at the nucleus is
highest. For example, considering only the 7S ,, and 8S |, electronic orbitals in first-order
perturbation theory,

_— (851 2,g|th |7SI 2,m>
7S 12 m) ~ 1S 15, m)y + /E = 2188 10, 8) 61)
78.m — L18S.g

where H),, is the hyperfine interaction Hamiltonian and g(m) indicates the nuclear ground
(isomer) state. The |85/, g) admixture, with expected amplitude of order 10 [10], cou-
ples to the |7Py),, g) level via electric-dipole radiation of frequency (E7s,, — E7p,,,)/R
(see Figure 51). This shifts the spectral interrogation region from the challenging 130-
200 nm range to the manageable 250 - 800 nm range where high-power coherent light
sources are available. Alternatively, |7S,2,g) < |75 1,2, m) two-photon excitation through
the |7P))2, g) level may be a suitable approach for the search. In this case, the spectral
search range is 260 nm - 400 nm. It should be noted that because the hyperfine Hamil-

tonian is a scalar product of electronic and nuclear irreducible spherical tensor operators,
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mixing of eigenstates preserves the total angular momentum F and orientation my [37].
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Figure 51: A diagram of electronic energy levels and electric dipole transitions including
both nuclear ground and excited isomeric manifolds. Direct nuclear magnetic dipole (M1)
decay channels and electron bridge pathways suitable for the isomer search are shown. Op-
tical transition wavelengths are in nm and the integers near atomic levels indicate principle
quantum numbers.

In general, the optical search time required to find the isomer transition energy can be
estimated as T ~ Aw/Q?, where Q is the optical excitation Rabi frequency and 7 Aw is the
energy range over which the search is conducted. For discussion, we define the indexes
{1, 2, 3} to correspond to levels {|7S,2,8), [7P1,2,8), |7S1,2,m)}. To induce a resonant
one-photon transition from level |2) to level |3), a single *Th** ion may be placed at the
center of a Gaussian light beam of power P and waist ry so that the squared Rabi frequency
is

L (62)

T g ro*h?

where d,;3 is the effective electric dipole moment between levels |2) and |3).
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To a good approximation, only the |7P;,,) level contributes to the non-resonant two-
photon process. Additionally, we assume the the laser detuning from the |7P;),) level is
much larger than both resonant one-photon Rabi frequencies. In this case, to induce a

non-resonant two-photon transition from |1) to |3), the squared Rabi frequency is written

2P\ [(didy\
Q2. = 63
N2 (7‘(600}’8712) ( A ©3)

as

where A is the laser detuning from level |2). Because the squared Rabi frequency here
depends upon the square of the optical power, instantaneous optical power information is
important, not simply the time-averaged power Pg,,. P,, is the relevant parameter for
single-photon excitation. Specifically, for a pulse train with pulse repetition rate R and
pulse duration 7, the squared Rabi frequency is equal to the continuous-wave squared Rabi
frequency times the pulse compression ratio 1/R 7. Equation (63) is then augmented for

pulsed light to be

1 { 2Pa; \ (dirdx)
Q2. = — § ] . 64
NR2 RT (ﬂfocr(z)hz) ( A ) ( )

This indicates that two-photon excitation of the isomer is most efficiently done with very
short pulses and low pulse repetition rates for a given average optical power. To calculate
search times, the dipole moment d;, = 2.4 eay is taken from [30] and the electron bridge
effective dipole moment d»3 = 5 X 107 eay is extracted from [10]. Here, e is the electron
charge and q is the Bohr radius.

To excite the isomer, a convenient light source might be a fs oscillator or amplifier.
Regarding technical aspects, high-energy ultra-short pulses from a fs Ti:Sapp laser are
easily frequency-doubled and tripled to produce light in the spectral regions of interest. In
this case, we assume ry = 5um, P,, = 30 mW, R = 80 MHz, and 7 = 6 fs, resulting in
search times of Tg; ~ 0.2 hrs and Ty, ~ 10 hrs. The largest peak resonant one-photon Rabi
frequency for these parameters is about an order of magnitude smaller than the expected

two-photon laser detuning.
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It is stressed that these times represent ion illumination time estimates under the as-
sumption of unit population in the lower level and do not consider experimental setup and
re-alignment times. The experimental contributions to the actual search times serves to
neutralize an extremely efficient excitation scheme due to laser tuning and re-alignment

processes while spanning the entire search range.

5.2  Nuclear Optical Clock

A promising application of the low-lying nuclear transition is in ultra-precise timekeeping.
The state-of-the-art trapped ion frequency standard utilizes a narrow optical transition be-
tween valence electron orbitals within a single ion confined in an rf trap. These clocks are
currently limited to fractional inaccuracies of ~ 107!7 [46,47] due, in general, to second-
order Doppler (time dilation) shifts from non-zero ion motion within the trap, the quadratic
Stark effect via atomic collisions, laser light, trapping fields, and blackbody radiation, the
Zeeman effect operational magnetic fields and those created by rf current withing trap elec-
trodes, and in some cases the quadrupole shift which arises if one of the valence orbitals
contains a quadrupole moment which interacts with external electric field gradients.

Implementing a nuclear transition would allow for the clock to be composed of two
levels of identical electronic quantum numbers [11]. This feature would transfer external-
field clock shift mechanisms from the valence electron to coupling with the nucleus, where
the electric and magnetic interactions with external fields are significantly smaller. The
features that a nuclear transition might bring to the science of precision time keeping could
relax and simplify technological requirements while simultaneously allowing for superb
performance.

In this section, a 2*Th3* ion clock is assumed to operate using previously demonstrated
single ion clock technology and lab environment conditions. Discussion is limited to rele-
vant frequency shift mechanisms and nuclear clock performance is compared with that of

leading single ion clocks.
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5.2.1 Time Dilation Shifts

A 2®Th3* clock ion might be confined in a linear rf trap with ry ~ 500um, Q ~ 27 x
35 MHz, and radial trap frequencies of ~3.5 MHz. Though a realistic trap would have
sufficiently different trap frequencies for efficient laser cooling, the following calculations
assume w,, = 3.5 MHz for simplicity. The axial trap frequency is set to 20 kHz. When
considering the 1088 nm cooling transition (y/2n = 146 kHz), the quantized energy levels

of the transverse harmonic potential are well resolved. Their energies are
Ei=(m+3)ho m=012 .., (65)

Within this strong binding limit, a weak cooling laser tuned to the -1 order motional side-

band at w; — w; may cool the ion down to a mean vibrational occupation number [48]

(ni) ~ i(l)z 66
iy = 16 [OF ' ( )

This corresponds to a minimum average occupation number of 0.0005 for the 2*Th** ion
cooled on the 1088 nm transition. Along the z-axis, the ion is in the weak binding limit
where quantized vibrational levels are not resolved and so the classical Doppler limit is
achieved. Recalling Equation (24), the total kinetic energy due to secular motion (including

minimal micromotion) of the ion in this state is

Ex ~2((n) + ) i, + 2 ((n) + 3) iw, + %7 (67)

Using Equation (35), the time dilation shift due to secular motion is
— == =-1x10"",

Current ion clocks using tight traps can restrict stray electric fields to + 10 V/m [46]. For
a 10 V/m electric field along one of the radial trap axes of the ?*°Th** clock, Equation
(26) suggests an additional time dilation frequency shift of -2 x 1078, This is significantly

larger than the thermal motion shift and turns out to be, by far, the largest systematic shift
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expected in a *>Th** nuclear clock. Taking a conservative stance, the estimated time di-
lation shifts are themselves assumed as the error in frequency measurement of the *Th**
clock transition.

These results may be compared with corresponding errors in leading single ion clocks.
In the ""Hg" case [46], laser cooling is done on the 194 nm S/, & Py, transition where
v = 2m x 70 MHz. This broad linewidth precludes direct sideband cooling, limiting the
thermal time dilation shift to -3 x 107!8. In a recent error budget of the ”Hg™" clock perfor-
mance, time dilation due to excess micromotion is -4x107!. In the 2’ Al* clock, cooling and
motional dynamics are more complex due to the use of quantum logic spectroscopy [49]
and sympathetic cooling. In this system, the two trapped ions create 6 motional modes
to be cooled while also allowing for ion position exchange. This exchange places the
spectroscopy ion in a non-ideal electric field, introducing additional uncertainties in the
time dilation estimates. Recent reports of time dilation errors in this system are 5 x 1078
and 6 x 10~!® for thermal and micromotion, respectively [47]. Ultimately, when applying
state-of-the-art trapping and field compensation protocols to all three clocks, the relative
simplicity and high performance of the ?>Th** system is highlighted due to the narrow
laser cooling transitions and large mass.

It is interesting to project future performance regarding time dilation shifts. If external
electric fields are maintained at a level of +1 V/m as opposed to the currently assumed
range of +10 V/m, which is technically very achievable, a lower radial trap frequency may
be employed, e.g. 2 MHz, and both thermal and excess time-dilation shifts in a ?>Th**

clock may be reduced to —6 x 10720,
5.2.2 Stark Shifts

For clock operation, the [7S,2;g) < |75 1,2; m) transition is particularly appealing due to
its angular momentum properties. The |75 ,,) levels have predicted lifetimes of 0.59 s

and predominantly decay via electric quadrupole coupling to their respective 6D orbitals
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(Figure 51) [30]. Each level has a total electronic angular momentum J = 1/2, therefore,
there is no electric quadrupole moment and the scalar and tensor polarizabilities for the two
levels are identical to second order in perturbation theory. Clock shifts due to electric fields
only begin to arise from the third-order Stark effect, an effect traditionally relevant only in
microwave frequency standards [11].

Because Stark shifts in ion clocks arise mostly from trapping fields, collisions, and
blackbody radiation, the static component of the third-order Stark effect is considered.
Field oscillation frequencies from blackbody radiation at 300 K have a peak amplitude
around 30 THz (10 ym) and ion trapping fields range from dc to tens of MHz. These
sources have oscillation frequencies significantly smaller than the optical frequencies cor-
responding to dipole transitions within the clock ion. Electric fields from collisions have
broad spectra and these shifts are also characterized by the static interaction. Collisional
shifts may be extrapolated by comparing the ?>Th** blackbody shift to current ion clock
collisional and blackbody shifts.

The hyperfine Stark effect arises in third order of perturbation theory, twice in the elec-
tric field and once in the hyperfine interaction [5S0]. In addition to the traditional hyper-
fine interaction, there exists the isomer field shift which is different for each nuclear state.
This perturbation may simply be thought of as an electric monopole term of the hyperfine
Hamiltonian but will be treated separately. This term is completely unique to the **Th
atomic/nuclear system.

Though a complete treatment of level shifts in this regime is difficult and beyond the
scope of this work, an order-of-magnitude estimate of the |75 ,,; g) < |75 1,2; m) transition
sensitivity to electric fields may be made by extrapolating from previous high accuracy cal-
culations [50]. Specifically, we choose the 7S/, F = 3;g) & |75 1,2, F = 2; m) transition
(Fgm = Iy, + 1/2) for clock operation. The shift of the clock levels due to the hyperfine

Stark effect may be written as

& (68)

1 3m2 — F(F + 1
( ®s . 2 ( )0(3)7

ae® = Lo
! 2\ FQRF-1) !
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3)T a

and a;

53)5 re

where i indicates the 7S orbital of the nuclear ground or isomer state, a
respectively the scalar and tensor components of the third-order polarizability of the i
state, and & is the external electric field. Though nS,, orbitals do experience both scalar
and tensor hyperfine Stark shifts, the tensor components are, in general, much smaller than
the scalar component [50, 51]. The significantly smaller tensor component involving the
magnetic dipole hyperfine interaction is neglected in this estimate. The tensor component
involving the electric quadrupole hyperfine interaction is also smaller, but due to the large
magnitude of this interaction in °Th3*, it is examined here. The scalar component does
not involve the electric quadrupole hyperfine interaction.

The third-order scalar polarizability of a |nS 1, F' = [ + 1/2) level may be written
as @'¥5 = u M, where y is the nuclear magnetic dipole moment and M is a function of
reduced electric dipole matrix elements and reduced electronic matrix elements (8’||7||8)
of the magnetic dipole hyperfine interaction [50,52]. Similarly, the component of the third-

order tensor polarizability involving the electric quadrupole hyperfine interaction may be

3)T

o = OR, where Q is the nuclear electric quadrupole moment and R is a

written as «
function of reduced electric dipole matrix elements and reduced electronic matrix elements
(B'IIT2||B) of the electric quadrupole hyperfine interaction. Calculations of M and R for
various atomic systems are listed in Table 3 [50]. The calculation inaccuracies are at the
level of a few percent for M’s and about 30% for R’s.

Table 3: Calculated electronic component of scalar and tensor third-order polarizability
for S orbitals of various atomic species from Dzuba et al. [50]. Calculation uncertain-

ties are expected to be a few percent for M’s and about 30% for R’s. Units are [107!°
Hz/(V/m)?/uy] for M and [10~'° Hz/(V/m)?/eb] for R.

Z Atom M R
37 Rb 0.340 -0.026
55 Cs 0.766 -0.05

70 Yb* 0.171  -0.014
80 Hg* 0.0535 -0.0018
87 Fr 1.74  -0.099

94



In thorium, Z = 90, which is similar to that for francium. This makes the calculation
for francium particularly relevant. To extrapolate a value of M for the |75, F =1+ 1/2)
states of 2°Th**, a useful approximation may be made. Considering a ground nS |, orbital
(or lowest lying S orbital in the case of Th"), a substantial contribution to M (~ 1/2) is
derived from only two terms, those diagonal in the hyperfine interaction and second order
in the electric dipole interaction connecting the nS and nP orbitals [52,53]. We define N

to represent M at this level of approximation, which is then expressed as [50]

PiplldinS) |(nPsplldiinS |
N = L s s [(nPypalldlin >|2 , [Psplidlin >|2 M )
3 \/6 (EnPl/z - EnS) (EnP3/2 - EnS)

where d is the electric dipole operator. Because N recovers such a significant fraction of

. N M
M, one may make the approximation — ~ —-

Nb Mb

approximation is not likely to introduce inaccuracies greater than a factor of 2.

for similar atomic species a and b. This

This approximation is made when extrapolating from the accurate Fr result in Table
3 to the Th** system. The matrix element (7S |7 '|7S )t = 42 GHz/uy is calculated for
Th3* using fully relativistic Dirac-Fock orbitals generated in the Ve ! frozen-core potential
[54]. This calculation performed for Cs and Fr yields inaccuracies no worse than a factor
of 2 [55], which is the assumed error for the calculation here. Note that the Dirac-Fock
calculation error is separate from that introduced by the %Z & 1\\47: approximation. With
a measured value of the hyperfine A coefficient for the 7S level of Fr ((7S||7 |78 )¢ =

12 GHz/uy) [56] and the calculated reduced electric dipole matrix elements from [57],

N

~3.5x0.029 = 0.10
NFr

where the first factor on the right hand side represents the ratio of reduced dipole hyper-
fine matrix elements and the second, significantly smaller factor represents electric dipole
transition strengths and energy splittings. Its small magnitude is due to the smaller dipole

matrix elements and the relatively large energy splittings of the S and P orbitals in Th**

95



(269 nm and 200 nm) as compared to those in Fr (817 nm and 718 nm).

Th )
, one estimates My, to be
Fr

With the ratio

N

Fr

My, ~ Mg ~ 0.10 x 1.74 x 1071 Hz/(V/m)? /ux

~0.18 x 107 Hz/(V/m)*/uy .
NTh MTh

NFr ~ MFr
the accurately calculated Cs results to the accurately calculated Fr results. The extrapola-

To test the validity of the

approximation, a test extrapolation is done from

tion estimate of Mg, differs from the high accuracy result by 10%, while an extrapolation
from Cs to Rb produces an error of 2%. This suggests that the assumed inaccuracy of a
factor of 2 for the extension from Fr to Th* is not likely to be too low.

To obtain an estimate of R for calculating the tensor polarizability due to the electric
quadrupole hyperfine interaction, the same extrapolation method used for the scalar inter-
action is employed. A significant contribution to R comes from only one term, that of the
nPs, orbital, where the quadrupole hyperfine interaction first appears. An estimate of R
may be expressed as [50]

2
1 (nPsplld|InS )
°= 4T (nP3p||T 2 (InP3)2) | |2 ~
15 (EnP3/2 - EnS)

Test extrapolations among the accurately considered cases in [50] produce errors similar to

(70)

those for the scalar extrapolations. With a high accuracy calculation of (7P; /2||7"2||7P3 /2)Th
from [39] and the experimentally measured hyperfine B coefficient for the 7P;,, orbital of
2I1Br [56], one arrives at Ry, ~ -0.016 x107'° Hz/(V/m)?/eb.

With estimates of M, and Ry, one may calculate the scalar shift and electric quadrupole
tensor shift of the nuclear clock transition. Specifically, we choose the |7S,,, F = 3,mp =
+3;8) © 7812, F = 2, mp = £2; m) transitions for future convenience. The tensor shift is
also largest for these stretched states.

Taking the measured nuclear ground dipole moment u, = 0.46(4) uy [38] and the es-

timated nuclear isomer dipole moment w,, = —0.076 uy [9], the scalar response for the
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nuclear clock transition is estimated as

S0 = 0% ~ =4 My (tm - 1)

~0.05x 107" Hz/(V/m)*.

Using the nuclear ground quadrupole moment Q, = 3.11(16) eb from this work and the
estimated nuclear isomer quadrupole moment Q,, = 1.8 eb [58], the electric quadrupole

tensor response for the nuclear clock transition is estimated as

~4 (e - agl) ~ ~tRn (0u- 0

~ —=0.01 x 107'°Hz/(V/m)*.

The quadrupole tensor shift is about five times smaller in magnitude than the scalar shift
and is opposite in sign. For order-of-magnitude Stark shift comparison of the nuclear clock
to current leading clocks, the tensor component will be omitted.

With an estimate of the traditional hyperfine Stark response, the "isomer Stark shift"
may easily be included. We recall the general expression for third-order perturbation the-

ory,

OO OV KON KO V17 © OV
E = ZZ o ln(f)) ><m(0)| |(o) X (ol) ) —(n”Vln (0)>Z| | (71)
k#n m#n E - En )(Ek - En ) m#n E(O) E(O))
where V = H),,, + H;, — d-& and H;,, is the nuclear field shift Hamiltonian. Recongnizing
that the second term in Equation (71) contains the dominant contribution to the third-order

shift, one can see that by taking the ratio

(TS1)2, F = 2;m|H;50|7S 1), F = 25m) =TS 12, F = 3; 8lHi50l7S 12, F = 3;8)
(1812, F = 2;mlHyp|7S 10, F = 2;m) — (7S 12, F = 3; glHpypl7S 12, F = 3;8)

an estimate for the size of the isomer Stark response relative to the hyperfine Stark re-

sponse may be obtained. The differential isomer field shift of the 7S,,, orbitals is es-

timated from [39] and the differential hyperfine shift is estimated using the Dirac-Fock
~ 10GHz

calculation of the hyperfine A coeflicient. Numerically, the ratio is 156 < 1. From
~ Z

97



this, one may conservatively double the hyperfine Stark response to obtain an estimate of
the total third-order Stark response. One may again double the total response to account
for the various estimation uncertainties. This results in a total third-order Stark response
of ~ 0.2 x 1071 Hz/(V/m)?. It should be noted that not even the sign of the differential
isomer field shift is known with certainty. The sign is chosen here to maximize the total
third-order Stark shift in order to estimate its upper-bound.

For comparison to leading ion clocks, a useful figure of merit is the blackbody radiation
shift. The blackbody radiation spectrum at 300 K is dominated by frequencies sufficiently
low that a dc approximation may be made for the alkalies and certainly for Th3*. Black-
body radiation is then equivalent to applying an 830 V/m electric field [59]. This leads
to a shift of only 14 uHz for the nuclear clock transition. Assuming a 7.6 eV (1.84 PHz)
isomer transition energy, this corresponds to a fractional blackbody shift of 8 x 1072, This
may be compared with that of the 2’ Al* clock where the blackbody shift is —9 x 10718 [47],
the smallest blackbody shift of clocks currently in operation (neglecting the cryogenically
cooled """Hg* clock system) [60]. Analysis of a recent error budget of a 2’ Al* clock [47]
indicates that blackbody radiation introduces an error of 3 parts in 10'® while the clock
laser and collisions contribute 0.2 and 0.5 parts in 10'®, respectively. For similar experi-
mental conditions, it is reasonable to assume that trapping fields, collisions, and light shifts
due to the clock laser would have negligible impact on the ?>Th3* nuclear clock transition,
particularly when compared to excess micromotion time dilation shifts and statistical un-
certainty. This characteristic of the > Th** clock would remove significant experimental

overhead involving any type of electric field shift reduction/calibration.
5.2.3 Zeeman Shifts

The final dominant source of systematic errors in current single ion clocks is due to the

Zeeman effect. Conventionally, states which are insensitive to magnetic fields in first order
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perturbation theory are chosen for clock operation. These correspond to the magnetic quan-
tum number my = 0. Shifts arising from the clock’s operating magnetic field (~ 0.1 mT)
are of order 10715, When striving for 10~!8 clock inaccuracy, strict field calibration require-
ments are then imposed. This is particularly challenging because the shift is quadratic in
the magnetic field, similar to the time dilation shift, which limits knowledge of the absolute
error to several parts in 10'® for the best clocks [46]. This can be seen from the expression
(B = (By.)* + (B2.). Averaging provides precise knowledge of the mean magnetic field,
but field fluctuations which are averaged out and not observed using the linear Zeeman
shift, also contribute to the quadratic shift.

With introduction of the virtual clock state [49], second-order Zeeman errors are sup-
pressed to < 107!% in the ?’Al* clock, though they are still present and require careful
calibration. A virtual clock state is made by alternately interrogating transitions between
extended Zeeman sub-levels where my = +F. In this case, the linear Zeeman shift of the
stretched states allows for averaging over magnetic field fluctuations as well as precise cal-
ibration of the field magnitude. This calibration is reflected in reduced quadratic Zeeman
error while the symmetry of the linear Zeeman shifts completely eliminates linear Zeeman
shift errors.

In the 2°Th** clock, a virtual clock state may be composed of the [7S 1, F = 3,mp =
+3;8) & |1S12, F = 2,mp = £2; m) transitions. The properties of these transitions offer
distinct advantages over those in the ?’Al* clocks. The linear splitting response of the
stretched transitions is about 10 times smaller that in Al* and the quadratic Zeeman shift
vanishes, completely removing all systematic Zeeman shift errors .

The linear and quadratic Zeeman shifts within a monovalent nS ; , orbital (J = 1/2) are

described by the Breit-Rabi formula [31]. For the particular case when mp = (I + 1/2),
AEz = +(Sgrup+1g11y) B (72)

where g, and g; are the Landé and nuclear g-factors, respectively, up and py are the Bohr

and nuclear magnetons, respectively, / is the nuclear spin, and 8 is the external magnetic
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field. Of importance here is the lack of a term quadratic in $ and the fact that g; is the same
for both nuclear ground and isomer levels. To understand the linearity of these energy shifts

with 8, it is helpful to consider that the interaction Hamiltonian
Hiy=—fi-8=—(i,+ii)) 8 (73)

is diagonal in the uncoupled basis, |J,my; I, m;), but not diagonal in the coupled basis,
|F, mp). However, the maximally extended states |FF = [ + Jymp = =F) = |J,£J; 1, £I)
are eigenstates in both bases and the energies can be read immediately. There are no off-
diagonal terms when solving for the eigenvalues of the sub-matrices in the coupled basis,
hence, no terms arise in the secular equation which would produce non-linear shifts. The
Landé g-factor only depends upon the electronic make-up to a very good approximation
[61]. For the 7S, F = 3,mp = +3;8) & 1S5, F = 2,mp = £2;m) transitions, the

response for each stretched transition is
+ (4m — ) ~ F4.1 kHz/mT

where the nuclear magnetic dipole moment u = I g;uy [54] and the nuclear magneton
Uy = 7.62 kHz/mT. This corresponds to a total transition splitting response of 8.2 kHz/mT.
This may be compared to the virtual clock state splitting in 2’Al* of 80 kHz/mT. With
10 times less linear Zeeman response to field fluctuations, field stability requirements to
suppress transition broadening are significantly relaxed. In conclusion, utilization of the
maximally stretched states to compose a virtual clock transition trades in all magnetic field

uncertainties for a simple V2 inflation of the Allan deviation, a highly valuable exchange.
5.2.4 Statistical Uncertainty Limits

The excited state lifetime of the |75 /) clock levels is calculated to be 0.59 s [30]. Because
both states predominantly decay to their respective 6D orbitals, a maximum clock interro-
gation time may be estimated as 590 ms / 2 ~ 300 ms. Laser stability which allows for such

long interrogation times of such narrow features has only recently been achieved. In the
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2TAl* clock, 300 ms continuous wave interrogation pulses were used to observe a Fourier
limited full-width at half-maximum signal of 2.7 Hz [62]. The natural width of that clock
transition is 8 mHz.

After laser interrogation of the ?*Th* clock transition, the [7S 1/5), [7P12), |6D3/2) A-
systems may be used for rapid state detection due to the ~ 1 ns lifetime of the [7P, ;)
levels [30]. Hyperfine splitting and the isomer shifts of one set of electronic transitions
with respect to the other should allow for unambiguous nuclear state detection. It should
be noted that because all electron bridge and nuclear magnetic dipole decay channels from
the isomer manifold to the ground manifold are likely to be much slower than the electric
quadrupole decay from the |75 ;) levels [10], nuclear de-excitation might also be used in
clock interrogation, avoiding additional overhead of returning the nucleus to the ground
state before re-interrogating.

When dealing with frequency standards, one usually expresses the statistical measure-
ment error with the Allan deviation. For a single ion system where all instrument fluctu-
ations are presumed negligible and state detection and re-cooling occur much faster than
clock interrogation, quantum projection noise and either clock state lifetimes or laser sta-

bility limit the statistical uncertainty. In this case, the Allan deviation is expressed as [63]

1 1
~ ,/ 74
7 (T) 2n Yo Tprobe T ( )

where vy 1s the clock transition frequency, 7.5 18 the clock interrogation time, and 7

is the total integration time. For vo = 1.84 PHz and 7., = 300 ms, one is lead to a

172 In measuring

quantum fluctuation limited Allan deviation of o(7) ~ 1.6 x 107'°7~
two stretched transitions which compose the virtual clock transition, statistical uncertainty
may be reduced to ~ 5 x 107" in 2 days of continuous integration. For minimal excess
micromotion, e.g. =1 V/m stray electric field at the ion, this level of statistical error clearly
dominates all Stark and time dilation shifts. In fact, about 60 days of integration would be

required to obtain a statistical uncertainty of 1x 1071, It is interesting to note that a vertical

displacement of the clock ion by 0.9 mm would induce a time dilation shift of 1 x 107" via
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the gravitational potential shift.

With future reduction in laser instability providing access to longer clock interrogation
times, electronic ground states may possibly be used in >*Th** for clock operation via
quantum logic spectroscopy. This would reduce the clock transition width to that of the
nuclear M1 natural width, < 1 mHz. The completely closed and spherical electronic shell
would further suppress electric and magnetic field shifts and errors by removing Hj,,, and
quadratic Zeeman shifts for all states. Additionally, all excited electronic levels would lie
> 20 eV above the ground level [64-66], further suppressing Stark shifts due to the large
energy separations.

Though laser instability and quantum projection noise serve to some degree as equal-
izers among single-ion clocks having systematic inaccuracies of < 107!, the nuclear clock
brings additional value by reducing experimental overhead in achieving sufficiently small
systematic errors. With sub-MHz electric dipole transitions from the electronic ground
levels, ground state cooling is easily accessible for time dilation minimization. The esti-
mate here predicting an extremely small differential polarizability of the clock states may
effectively eliminate blackbody, collisional, laser, and trapping field Stark shifts. Because
both clock levels are S orbitals, no quadrupole shift exists, eliminating the need for clock
interrogation along three orthogonal directions . Finally, implementation of a virtual clock
transition with zero quadratic Zeeman response removes the requirement of precise cali-
bration of the operational dc magnetic field and pollutant ac fields, e.g. from trap electrode
currents, ac line currents, etc. The extremely low linear Zeeman response also reduces the

stability requirements of an external operating magnetic field.
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5.3 Nuclear Transition Sensitivity to a-Variation

A potentially immense contribution that a Th nuclear clock may provide to fundamental
physics research is in the search for temporal variation of fundamental constants, partic-
ularly the fine structure constant . The fine structure constant characterizes the electro-
magnetic interaction strength. A laboratory search for a-variation is done by measuring the
ratio of atomic clock frequencies derived from different atomic systems over a long period
of time. Because the two different systems would have different sensitivities to a-variation,
the two clock frequencies would differentially shift, changing the frequency ratio. The key
to a sensitive probe is precise frequency measurement of the clock transitions and largely
different sensitivities of the transitions to a-variation.

The dependence of an electron energy level on « arises only within a relativistic theory.
For a monovalent electron of a multielectron atom, the relativistic correction to energy is
approximately equal to E, ﬂ where E, is the non-relativistic orbital energy, Z

nerr (J +1/2)
is the nuclear charge, J is the total electronic angular momentum, and n, is the effective
principal quantum number [67].

The relation between clock frequency shift and a-variation may be expressed in general

as
o

ov=s5—, (75)
a

where s is the sensitivity factor. The best determination of temporal variation of @ to date
was done in [46] where the ratio of the 2’ Al* and '*’Hg* single ion clock frequencies was
measured over the course of a year. With sensitivity factors sy,, = —3.1 X 10" Hz [67] and
sa+ = 8.8 x 10'2 Hz [68], the fractional temporal variation of the fine structure constant
was measured to be &/a = (1.6 £ 2.3) x 107" /year.

The system of the **Th nuclear clock is fundamentally different from atomic clock
systems. The coincidentally small nuclear transition splitting is due to near cancellation
of MeV scale nuclear interactions involving not only the electromagnetic repulsion of the

protons, but also the strong interaction among all the nucleons (protons and neutrons) [12].
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The change in Coulomb energy from the ground to isomer state dictates the transition

sensitivity to a-variation. In this case, the sensitivity factor may be expressed as [69]

AV,
STh3+ = TC (76)

where AV¢ is the change in Coulomb energy and 4 is Planck’s constant. The two nuclear
states differ primarily in the orbit occupied by the last unpaired neutron. This orbital change
alters, via the strong interaction, the polarization of the proton distribution and therefore
alters the Coulomb energy [70]. For large nuclei, e.g. ?*°Th, V¢ is of the order 10° eV
~ h x 10% Hz. This energy is 8 orders of magnitude larger than / sy, and it is clear that
even for a very small fractional change in Coulomb energy, a significant enhancement in
a-sensitivity may be produced in the nuclear system.

Nuclear models predict widely varying values for AV within the range + several hun-
dred keV for the ground and isomer states of the > Th nucleus [70]. Hence, the sensitivity
in not currently known but is not likely to be small compared to atomic transitions. Fortu-
nately, precision spectroscopy of the electronic structure within the isomer manifold should
provide a reliable empirical determination of AV with little or no dependence on the nu-
clear model assumed. This may be done by measuring the change in the nuclear electric
quadrupole moment and nuclear mean-square radius of the isomer state with respect to the
ground state [39]. The isomer manifold hyperfine structure allows access to Q,, while the
isomeric field shift (analogous to the isotope field shift), which may be directly measured,
provides determination of 6(r2).

For concreteness, suppose AVe = 100 keV. This implies that s7j3, ~ 2 x 10" Hz.
If the clock transitions in *Th** and ?’Al*, for example, are measured at the level of
1 x 107!8 inaccuracy over the course of one year, a temporal variation of @ may be detected
with a sensitivity of ¢/a ~ +1 x 1072*/year. This result would represent an improvement
in sensitivity by more than 5 orders of magnitude over the best current measurement and

could be done with no significant advances in atomic clock technology.
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CHAPTER VI

CONCLUSION AND OUTLOOK

In this work, laser cooling of a multiply charged ion was achieved for the first time. Par-
ticularly, 2*>Th** was laser cooled to crystallization. The required techniques developed
here, i.e. creation, confinement, long storage times, and laser cooling, were then extended
to 2?Th** where creation, trapping, precision spectroscopy, and laser cooling were all
achieved for the first time. This result paves the way toward efficient optical excitation
of the nuclear isomer.

With appropriate commercial ultra-fast lasers to span the current energy uncertainty of
the nuclear transition, a linear chain of ultra-cold > Th** ions is a nearly ideal system for
initial nuclear excitation. The highly localized ions may be placed at the center of a tightly
focused excitation laser beam for an efficient spectral search. The total ion illumination
time is expected to be tens of hours.

Once the isomer level is found, a single ion within a linear crystallized chain can been
excited to the isomer manifold and its hyperfine structure and isomeric level shifts may be
accurately measured. This knowledge would allow both for unambiguous identification of
the isomer level and for an empirical determination of the isomer transition sensitivity to @
-variation.

Finally, with a single trapped >*Th3* ion cooled to its ground state, estimates here sug-
gest that a nuclear optical clock of unparalleled stability may be implemented. In addition,
it is likely that a clock based on the nuclear isomer transition would be tremendously sensi-
tive to a-variation, with a sensitivity enhancement factor possibly reaching a factor of 10°

over traditional atomic clock transitions.
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