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Laser-based measurement and control of atomic and molecular states form the foundation
of modern quantum technology and provide deep insights into fundamental physics. Today’s most
precise clocks are based on measurements of optical transitions in atoms. To this end, transitions
with high quality factors, low sensitivities to external perturbations, and good signal-to-noise ratios
are desired.

In this thesis, we achieve frequency-based laser spectroscopy of the ?2Th nuclear clock
transition using a vacuum ultraviolet (VUV) frequency comb. The high transition frequency of
2,020,407,384,335(2) kHz (in 150 K CaFy crystals) and a long excited state lifetime of 641(4) s
show the high intrinsic quality factor of this nuclear transition. This transition frequency is pre-
dicted to be insensitive to external perturbations due to 1) the small electromagnetic moment of the
atomic nucleus and 2) the shielding effect of the outer electronic shell. Further, the large number
density of quantum emitters in a solid-state crystalline host promises a high signal-to-noise ratio.
Moreover, based on the different fundamental interactions involved in nuclear versus electronic
transitions, precise comparisons between nuclear and atomic clocks offer dramatically enhanced
sensitivity to new physics. Resolving individual nuclear quantum states in its host crystal enables
us to perform the first steps in characterizing the nuclear clock performance.

Probing the ?2Th nuclear transition required new tools. Building upon previous generations
of extreme-ultraviolet (XUV) comb projects in our lab, we construct a VUV comb to perform
direct frequency comb spectroscopy of the 22Th nuclear clock transition. We calibrate the absolute
frequency by linking this comb to the JILA 37Sr atomic clock. We also present our effort in making

229Th thin-film samples for reducing the cost and radioactivity of future nuclear clocks.
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Chapter 1

Introduction and review: A nuclear clock transition in 2?Th

In this chapter, we provide a brief introduction to optical clocks and go through the history

of the 22°Th nuclear clock development.

1.1 Optical atomic clocks

1.1.1 Using oscillators to keep track of time

Clocks often use periodic events in nature to keep track of time. From grandfather clocks
using mechanical pendulums oscillating about once per second to tiny quartz crystals in watches
oscillating typically at 32,768 Hz, we see that smaller oscillators offer a couple of advantages: they
are typically less prone to systematic shifts, their higher oscillation frequency allows us to measure
smaller intervals, and their smaller physical package makes them more portable for practical use.

A parameter typically used to characterize oscillators is the “quality factor”, @), defined as the
ratio between the loss of energy per cycle and the total energy stored in the oscillatorE Naturally,
a higher @ oscillator allows us to measure its free oscillating period more precisely by counting
more cycles. Treating an oscillator with resonance frequency wy and quality factor ) as a linear

system, we see that its impulse response can be written asﬂ

z(t) = eote™wot/ (2Q) s 4y (¢) (1.1)

!ie., if we give the oscillator a kick, how many cycles will it oscillate before damped out?

2 The idea of treating physical systems as linear systems and analyzing their behavior in the frequency domain
(transfer functions) is used repeatedly in this thesis work. Ref. [I] serves as a good reference for this topic. Note the
factor of 2 comes from the difference between amplitude and energy of the system



where u(t) is the unit step function. Through a simple Fourier transform, this corresponds to a

frequency response of
1

H(iw) = - , 1.2
)= w0 /20 2

which has a full width at half maximum (FWHM) of
d/wo =1/Q. (1.3)

It is thus obvious that a higher quality factor also corresponds to a narrower relative linewidth,

and hence a more precise center frequency can be determined.

1.1.2 Atomic clocks as modern frequency standards

As discussed in Ref. [2], the stability of an atomic clock limited by quantum projection noise

can be written as
1
o= ————
27 fo/ NI T

where fy is the clock oscillator frequency, Ty, is the measurement time of each measurement cycle,

(1.4)

which is ultimately limited by the coherence time 7', 7 is the averaging time used to average out
statistical noise, and N is the number of clock atoms used. Clearly, a higher clock frequency,
longer coherence times, and a larger number of atoms are desirable for more stable atomic clocks.
The quality factor mentioned above Q) o foT serves as a helpful guide for choosing suitable clock
transitions.

Mechanical oscillators have quality factors up to 10°, while electronic orbits in atoms [3]
can reach quality factors higher than ~ 10'®, making them much better oscillators for precision
timekeeping. This extremely high quality factor comes from the combination of long coherence
times and the high oscillation frequency of atomic clocks. The best frequency standards [4] today
are optical clocks [2] that use atomic electronic transitions ticking at frequencies on the order of
~ 500 THz with linewidth approaching ~ mHz [3| [5].

Besides the much higher precision coming from the high quality factor, the fact that atoms

are identical to each other means that we have an absolute frequency reference independent of



manufacturing errors. Today’s optical lattice clocks can trap a large number (~ 10°) of atoms
in ultra-high vacuum using laser beams. With careful characterization and understanding of the
systematic shifts, optical clocks can reach an accuracy of 8 x 1071 [5]. This precision enables people
to explore the boundaries of our understanding of fundamental physics [6l [3]. The measurement
tools developed in optical clocks also enable observation of minuscule quantum many-body effects
such as the collective Lamb shift in a quantum gas [7]. Novel quantum technologies [8, [O] are

explored to improve clock precision even beyond classical limits.

1.2 Preparation for a nuclear clock based on ??°Th

Naturally, one may ask if there are even smaller objects that are less sensitive to environmental
perturbations, with a higher transition frequency and a better quality factor, and thus can be used
as a more precise clock. Ideally, due to the insensitivity to environmental perturbations, we can
also pack a large number of oscillators in a small volume, therefore averaging down the statistical
noise quickly according to Eqn. [1.4

In fact, transitions in atomic nuclei that involve the configuration of nucleons may satisfy
these criteria [10, [IT], 12} 13} [14]. For building a nuclear-based optical clock, ??*Th stands out as
a unique candidate due to its low transition energy, accessible with coherent lasers [15, [16, [17].
Comprehensive reviews of the 2??Th nuclear clock concept and recent progress can be found in
Refs. [18, 19, 20, 21]. Readers interested in the nuclear structure can refer to Ref. [22] for the
description of 22 Th nucleus with the Nilsson mode [23].

For the scope of this thesis, we may consider the nuclear transition as a simple two-level
system, with properties shown in Fig. and listed in Table Briefly, the nuclear ground state
2298 Th and the isomeric excited state 22 Th form a two-level system with a radiative decay lifetime
~ 2000 s. In addition, 2?™Th can be quenched by the hyperfine interaction between the nucleus
and the electrons. This internal conversion (IC) process leads to a much shorter 229™Th lifetime of
Tic ~ 10 ps if energetically allowed (i.e., electronic transitions matching the transition energy exist,

such as in a solid with a bandgap smaller than the transition energy).



Figure 1.1: Properties of the ?2Th nuclear clock transition. The ground (?*?%¢Th) and excited
isomeric (?2™Th) state are labeled with their Nilsson quantum numbers [23] 22], magnetic dipole
moment and electric quadrupole moment. Direct radiative excitation and decay has been exper-
imentally observed, with the transition frequency and ??™Th lifetime (converted to lifetime in
vacuum) listed in purple color. Dashed blue lines corresponds to an internal conversion (IC) pro-
cess, where the 22Th nucleus couples to the electrons via hyperfine interactions Vgpr. As 22™Th
decays to 2298Th, an electron is brought up from ground state |g), to the excited state |e),, possibly
in a continuum. Values and references of quoted parameters are listed in Table [I.]

Hm = —0.378(8) uy
Qlab = 1.77(1) eb

229mTh
3/2*[631] ; -~ le)e
| Vir |
v = 2,020,407,384,335(2) kHz : P Tjc =~ 10 us
Ty ~ 1900 ~ 2500s ; |
5/2*[633] - ’ |2)e
2299Th
lg = 0.366(6) uy
QPP = 3.11(2) eb
Parameter Variable Value Reference
Transition frequency v 2,020,407, 384,335(2) kHz Ref. [24]
Radiative Lifetime Ty 1900 ~ 2500 s Refs. [25] 26, 27, 28]
Internal conversion lifetime 7 10(2) ps Ref. [29]
229mTh Magnetic Dipole He —0.378(8) un Ref. [26]
229mTh Electric Quadrupole Qe 1.77(1) eb Refs. [24] [30]
229 Th Magnetic Dipole e 0.366(6) pn Ref. [31]
2298 Th Electric Quadrupole Qg 3.11(2) eb Ref. [31]

Table 1.1: Parameters of the 2 Th nuclear clock transition shown in Fig. Transition frequency
v is measured with the experimental conditions detailed in Ref. [24]. Internal conversion lifetime
is listed for neutral 2™ Th on a conductive surface, as reported in Ref. [29].



1.2.1 229Th ~-ray spectroscopy revealing a transition for nuclear clocks

Typical nuclear transitions are in the ~-ray range, outside today’s technological reach for
phase-coherent quantum state manipulation and laser frequency counting. However, a significant
amount of nuclear spectroscopy work has been performed by resolving the energy of the ~-ray
fluorescence photons emitted after radioactive decay decay events. Due to the tight confinement of
the crystal lattice in solids, recoil-free y-ray photon emission and absorption are observedﬁ Using
a relative motion between the radioactive source and the resonant absorber material, the nuclear
~-ray fluorescence is Doppler-shifted to characterize nuclear transitions and energy splittings in
different materials. This process is typically termed Mé&ssbauer spectroscopy [33].

High relative precision can be achieved in Mossbauer spectroscopy setups. In 1960, Pound
and Rebka demonstrated the first observation of the apparent frequency shift of light in the Earth
gravitational field [34] using a Mdssbauer transition in *'Fe [35]. An even narrower Mdssbauer line
in 67Zn was proposed to serve as a “clock” with high precision [10], although without discussing
techniques for absolute frequency readout.

To obtain absolute energy resolution, the energy of single v photons can be measured using
detectors such as thallium-activated Nal crystals [36] by counting scintillation photons or in Li-
drifted germanium detectors [37] by counting electron-hole pairs created. Using these absolute
energy sensors, Kroger and Reich measured the v spectrum of ??*Th created by the a-decay of
2337, After careful analysis of the v spectrum, they concluded that there is a low energy nuclear
excited state in 222Th, whose excitation energy was originally determined to be < 0.1 keV, limited
by their detector energy resolution [38]. This low-energy metastable isomeric state is referred
to as 229Th in this thesis. With improved detector resolution and more careful analysis of the
spectroscopy data, the 22™Th energy was measured to be 4.5+ 1 eV in 1993 [39], 3.5+ 1.0 eV in
1994 [40] and was further refined to 5.5+ 1.0 eV using the existing data [41] in 2005. Unfortunately,

experiments looking for direct observation of the nuclear transition guided by these early reports

3 Qualitatively, the confinement needs to be strong enough such that the momentum uncertainty of the nucleus is
much larger than the recoil momentum change. Equivalently, the photon wavelength needs to be much larger than
the confinement dimensions. Chap. 2 in Ref. [32] gives a great explanation.



were not successful, as these reported energy values were still significantly different from the true
value.

In 2007, a new type of detector, the microcalorimeter spectrometer, was used to perform
high-resolution spectroscopy on 22Th nuclear fluorescence and reported a new value of 7.6 4 0.5
eV [42], which was then corrected to 7.8 £ 0.5 eV in 2009 [43]. The large energy difference from
previous reports explains the failure of a lot of previous experiments and re-ignited the interest
in the community for this nuclear transition. This increased transition energy corresponds to
light in the vacuum-ultraviolet (VUV), which poses additional technological challenges for direct
spectroscopy of 22°“Th. More recently, the 22 Th energy deduced from v spectroscopy was further
improved to 8.30 £0.92 eV using more precise 7 ray energy and branching ratio measurements [44]
and 8.10 £ 0.17 eV [45] with high-resolution magnetic microcalorimeters.

The existence of a low-energy nuclear transition, possibly within the reach of table-top laser
technologies, attracted a lot of attention not only from nuclear physicists but also from spec-
troscopists for precision metrology applications [IT]. With the radiative lifetime of the ?2™Th
predicted to be on the order of hours [46] [47], it was proposed that precision spectroscopy of the
229mTh state can be used to build an optical clock [12]. However, because of the large energy un-
certainty known to the authors of these early proposals, the assumptions in the original proposals

need to be reexamined.

1.2.2 Characterization of ?>®Th in trapped-ion platforms

Individual ions can be trapped inside the vacuum using properly designed electromagnetic
fields [48], with the quantum states of individual ions precisely controlled [49]. This ion trapping
technology enabled many exciting works in quantum information processing [50] as well as precision
metrology [51]. A significant amount of knowledge of the 22™Th state has been learned using
trapped 22°Th ions, with the prospect of building a nuclear clock based on 22*Th** ions [52].

In Ref. [12], it was proposed that a nuclear-electron double resonance technique can be

used to operate a nuclear clock based on 2?Th3T in an ion trap. In this scheme, the nuclear



state is excited by a laser, while the population of the excited state can be read out via hyperfine
spectroscopy of the nuclear excited state which depends on the nuclear magnetic moment. Trapping
and cooling of first the naturally abundant 232Th [53] then the radioactive 229Th isotope [54] has
been demonstrated. In addition to direct laser cooling, sympathetic cooling of 22°Th3* is also
possible using 3Sr™ ions [55, 56]. With proper selection of the electronic states, the clock stability
using a single 22?Th3* ion is estimated to be 1 x 1071%/,/7 with 7 being the measurement time in
seconds, approaching a systematic uncertainty (inaccuracy) of 1.5 x 107! with an averaging time
of around 2 years [52]E|

Although direct laser excitation of 22?™Th has not yet been achieved in ion traps, the decay
of 233U has been used to populate the 22 Th state with a branching ratio of ~ 2% [58]. Using
a buffer gas stopper cell to collect recoil 22 Th ions ejected from a thin film 233U target, and a
quadrupole mass separator to select ion species according to the charge-to-mass ratio, doubly or
triply charged ions of excited state 22?Th have been extracted and characterized [22]. The 22" Th
gives a unique delayed electron emission signal due to the internal conversion (IC) decay of the
excited nuclear state when implanted in a microchannel plate (MCP) detector, constituting the
first direct observation of the 22™Th state [59].

By neutralizing the excited-state 22 Th ions obtained from the buffer gas stopping cell [22],
the isomer property in neutral 222 Th atoms can also be studied. Since the energy of 22 Th is higher
than the ionization potential of neutral Th, the IC decay channel of 22 Th is predicted [60), 1]
and observed [59, 29] to dominate the nuclear decay. In the IC process, 22" Th directly transfers its
energy to an electron, causing autoionization (see Fig. . The half-life of the IC decay channel is
measured to be 7+ 1 s in Ref. [29]. Further, the IC decay channel is used to measure the ?2*™Th
energy by performing kinetic energy spectroscopy of conversion electrons using a magnetic bottle
spectrometer [62], yielding a value of 8.28 £ 0.17 eV.

With the 2?2 Th generated by 223U decay and trapped in ion traps, the double resonance

4 This estimation assumes 1 Hz clock cycle. It would be possible to increase the stability using a clock laser with
coherence times > 1 s [57] to further improve the clock stability.



technique [12] was tested. By performing electronic hyperfine spectroscopy on 22 Th?* ions [63],
fundamental properties of the nuclear excited state were determined, including its magnetic dipole
moment, electric quadrupole moment and nuclear charge radius. Recently, another hyperfine spec-

troscopy work on 229mTh3+ [26] also reported that the 22™Th lifetime in vacuum is 1400fg88 S.

1.2.3 X-ray pumping for 22 Th excitation

The second excited state of 22°Th at 29 keV can be excited and measured with a synchrotron
light source [64], enabling X-ray pumping to populate the clock isomer state 22Th. This X-
ray pumping technique was recently extended to optically transparent 22°Th-doped crystals, where
fluorescence from the 22" Th decay was observed [65,[66]. A quenching effect from X-ray irradiation

is reported, which is theorized as a way to control the 22 Th population [66].

1.2.4 Optical spectroscopy of the nuclear transition in crystals

While the IC channel dominates the decay of 22™Th in neutral atoms, it has been proposed
that the IC decay channel would be suppressed if 2?Th was doped in a crystal with a sufficiently
high band gap [47]. Crystal materials of high bandgap, such as LiSrAlFg [67] and CaFy [68],
are therefore proposed and grown, with high transparency at the VUV wavelength corresponding
to the predicted ?2°™Th nuclear transition energy. However, with the weak transition signal and
large energy uncertainty, many pilot spectroscopy studies yielded null results [69, [70] [71], raising
questions in the community whether the IC channel is sufficiently suppressed for the observation
of radiative decay photons.

A different approach is to populate the 2?™Th state via nuclear decay and search for fluo-
rescent photons. Using 233U decay and buffer gas stopping cell, the implantation of ??™Th into a
MgFs coated metal plate was performed and the search for nuclear radiative decay was attempted
at the Ludwig Maximilian University of Munich (LMU). However, no signal was observed despite
the high estimated signal-to-noise ratio [22]. Therefore, it was suspected that unknown quenching

mechanisms may possibly occur even in large bandgap materials, possibly due to surface effects



caused by insufficient ion-implantation depth or defect states caused by the 22Th doping or
implantation process.

229 Ac has a short half-life of 62.7 min and a high branching ratio > 14% [72] to the ?2™Th
state. Thus, it was also proposed to use ?2? Ac to populate 22 Th [72]. The production of 229Ac, the
ion implantation into CaF9 and MgFs crystals, and the subsequent direct observation of fluorescent
photons were achieved at the Isotope mass Separator On-Line facility (ISOLDE) at the European
Organization for Nuclear Research (CERN). The fluorescence photon wavelength was measured
using a grating-based VUV spectrometer to be 148.71 £+ 0.06(stat.) +0.41(syst.) nm, corresponding
to a measured energy of 8.338 +0.003(stat.) £0.023(syst.) eV [25]. This measurement also reported
that the half-life of 229" Th in MgFs crystals to be 670(102) s, and proved for the first time that
the IC decay channel of 22™Th can be largely suppressed for radiative photon detection in suitable
crystals. Recently, a follow-up experiment reported a similar radiative decay fraction in LiSrAlFg
using the ISOLDE beamline, but no signal was observed in a-SiO2 or AIN substrates due to their
smaller band gaps [73].

This observation of the radiative decay signal at ISOLDE [25] in contrast to the failed attempt
using the 233U decay [22] may come from several differences in the experimental conditions. The
implantation is performed at a 30 keV kinetic energy of the ions [25] instead of a few keV [22],
leading to a deeper implantation depth. The crystalline substrates used create a better controlled
environment for the 229Th compared to the likely amorphous coating layers [22]. It is unclear
whether directly implanting the 22 Th isomer [22] versus implanting the mother isotope and
waiting for the 8 decay may also make a difference in quenching the nuclear radiative decay.

The observation of the radiative decay signal from 22™Th convinced us to focus our search ef-
fort on photon-based detection and provided important parameters for other crystal-based 22 Th
experiments. Meanwhile, a four-wave mixing nanosecond pulsed laser built at the University of
California, Los Angeles (UCLA), using a two-photon transition in Xe for enhanced nonlinear-
ity [70], was used for the 22Th nuclear transition search [70} [74]. A similar laser system was built

in the Physikalisch-Technische Bundesanstalt (PTB) [75]. Using these broadband laser systems,
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direct laser excitation was reported first in 22Th-doped CaF3 crystals [27] at PTB and then in
229Th-doped LiSrAlFg crystals [28] at UCLA. These measurements further pinned down the 22 Th
transition wavelength to be 148.3821(5) nm and 148.38219(4)stat. (20)syst. nm, respectively. The re-
ported excitation rates and the 22™Th lifetime served as useful guides for our experiments reported
in this thesis. Soon after these studies, the observation of the 22 Th nuclear transition in a ??ThFy
thin film fabricated in this thesis work was achieved in our collaborator’s lab in UCLA [76], with
a wavelength consistent with that reported in Refs. [27, 28§].

In our lab at JILA, we focused on the frequency metrology of the nuclear clock and excited
the nuclear isomer using a narrow linewidth frequency comb. The transition frequency is read
out directly using our VUV frequency comb stabilized to the JILA 87Sr optical clock [24]. This
measurement reduces the uncertainty of the nuclear clock transition frequency by six orders of
magnitude and represents the first direct frequency connection between a nuclear and an atomic
clock. With the quantum states of ?2*Th resolved in the crystal environment, the systematic
uncertainties of the nuclear clock can finally be experimentally characterized in a state-dependent
way [77]. In Fig. we summarize the historical measurements of the ??*™Th nuclear transition

energy.

1.3 229Th material availability

Due to the relatively short half-life of 7917 years [80], 22°Th is not a naturally abundant
isotope and must be created by nuclear reactions. In addition to the aforementioned a-decay of
233U and f-decay of 22?Ac, other processes such as the electron capture decay of ??Pa and the
neutron capture of 22Th also produce ?2*Th. However, most of the existing ?*Th stock was
produced by 233U a-decay. During the Cold War, about 1 metric tonne ?*3U was produced in
nuclear reactors for its potential use as a weapon material [81]. Using the nuclear decay rate of
233U that produces 2?9Th, it is estimated that there are about 40 grams of 2?Th with sufficiently
high isotope purity for building nuclear clocks [81} 20]. Most of them are still mixed with the 233U

stock, and need to be chemically extracted.
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Figure 1.2: Measurements of the 2?™Th energy and the corresponding uncertainty. Differences
between energies of previous measurements from the result reported in this thesis work [24] are
plotted in logarithmic scale for clarity. Values taken from Kroger 1976 [38], Akovali 1989 [78], Reich
1990 [79], Reich 1993[39], Helmer 1994 [40], Guimaraes 2005 [41], Beck 2007 [42], Beck 2009 [43],
vdWense 2016 [59], Seifele 2019 [62], Masuda 2019 [64], Yamaguchi 2019 [44], Sikosky 2020 [45],
Kraemer 2023 [25], Tiedau 2024 [27], Elwell 2024 [28], and Zhang 2024 [24]. See Ref. [I8] for a
summary before the recent optical spectroscopy experiments.
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The 229Th isotope used in this thesis work was primarily purchased from Oak Ridge National
Laboratory (ORNL) through the National Isotope Development Center (NIDC) [82]. We also
purchased two electro-deposited targets of 229Th fabricated by Eckert & Ziegler [83], whose ?2Th
material was also produced in ORNL. We are also grateful for test material chemically extracted
from 233U at the Johannes Gutenberg University Mainz by the Diillmann group [84].

2297 is also widely used to produce 2?°Ac, an important isotope for medical treatments of
cancer [85]. ORNL recently partnered with private companies, Isotek and Terrapower, to extract
229Th for medical use while safely disposing of the 233U stockpile [86]. Another possible route for
229Th production is nuclear transmutation with thermal neutrons from nuclear reactors [87, 88|, 89].
A yield of 7447.4 MBq per gram of 226Ra was demonstrated [88]. One challenge is that the neutron
transmutation process typically also generates other Th isotopes. Thus, isotope purification is
needed if pure 22 Th is desired. Production and separation of 22Th in accelerator facilities such as
ISOLDE, TRIUMF, and FRIB are also possible, albeit with a relatively small material yield due

to the limited proton beam intensity.



Chapter 2

Frequency combs in the extreme ultraviolet (XUV)

A key enabling technology for the high-resolution spectroscopy of 22 Th is coherent narrow-
linewidth laser light sources in the vacuum ultraviolet (VUV). In this thesis work, we used a home-
developed VUV frequency comb [90]. Here, we briefly review the vacuum and extreme ultraviolet

(XUV) comb [15, 16 [17] technology and describe our VUV comb apparatus.

2.1 Frequency combs

The combination of ultrashort laser pulses with high peak intensity (suitable for nonlinear
optics) and narrow laser linewidth (required for precision spectroscopy) seems fundamentally con-
flicting at first sight, limited by the Fourier transformE] However, by stacking many phase-coherent
pulses in the time domain, the frequency-domain spectrum can become discretized peaks, forming a
comb-like structure [91]. The repetition rate in the time domain of the pulse train, fcp, corresponds
directly to the frequency domain spacing between the adjacent comb lines; see Fig. Such a
pulse train can be generated in several ways, including mode-locked oscillators [92], electro-optical
modulation [93] of continuous wave (CW) lasers, or soliton dynamics in optical resonators [94].

To fully control the optical phase of a frequency comb, measurement and stabilization of
pulse-to-pulse phase slip A¢, shown in Fig. are also required. As a pulse train is produced, say,

in a mode-locked laser, the group velocity and phase velocity mismatch leads to a carrier-envelope

1 In a scholarship interview at my college, I was asked if a laser like this can be built. After just learning the
uncertainty principle in quantum mechanics, I said: “Of course not!” Luckily, I joined JILA and had the chance to
work on exactly this magical laser system.



14

phase slip A¢ between adjacent pulses. In the frequency domain, this corresponds to an overall

shift of the comb modes by

A¢

fceo = % X frep- (21)

If the feeo can be determined and controlled, the optical frequency of each individual comb
line shown in Fig. 2.1] can be described by a simple equation directly connecting optical frequencies

vy to microwave frequencies frep and feeo as

VN = fceo + N X frepa (22)

where N is an integer number assigned to each individual comb mode. This relationship in a
frequency comb enables us to count optical frequencies using microwave electronics [95], [06].
To measure the comb fceo, we consider how f.e, changes in two different nonlinear frequency

generation processes.

(1) Supercontinuum generation via cascaded four-wave mixing. This is a third order process

that is described by the following frequency relation:
2X VN =VN_1+VUNt1- (23)

One can easily see that such a process can be cascaded to spread the power of the comb
from its spectral center to wings, leading to a broadening of the spectrum. This process
governs the supercontinuum generation in, for example, microstructured fibers [97]. The

feeo Of the comb does not change in supercontinuum generation, and one obtains
Vsupercontinuum = V2N = Jeeo + 2]\fffrep- (24)

(2) Harmonic generation. Take frequency doubling (second harmonic generation) as an exam-

ple, the doubled light has an optical frequency of

Vdoubling = 2uny =2 X fceo + 2N x frep- (2'5)

Here, the f.co of the light is doubled as well.



15

It is therefore straightforward to use a single frequency comb, design the supercontinuum
generation and frequency doubling conditions to reach the same optical frequency range with both

processes, and then extract the feeo signal as [98]

fceo = Vdoubling — Vsupercontinuum (26)

as the frequency difference between the doubled light and the supercontinuum light using an optical

heterodyne measurement.

2.2 XUV frequency comb via cavity-enhanced high harmonic generation

Frequency combs in the infrared and visible wavelengths have enabled numerous applications
in precision measurement and sensing [95, 96, 99]. Here, we take advantage of the high peak
intensity of femtosecond laser pulses in a comb. This high peak intensity allows efficient nonlinear
generation of the extreme ultraviolet (XUV) light via the high-order harmonic generation (HHG)
process [100], 10T, [102]. The mechanism of HHG and the attosecond physics involved in this process
are beyond the scope of this thesis. Interested readers are referred to a few books, review articles,
and dissertation theses, see Refs. [103] [104] 105} 106 107].

To perform HHG (requiring a high peak intensity of ~ 10'® W /cm?) with a frequency comb
(requiring a high repetition rate of ~ 100 MHz), a high average power on the order of a few kW
is typically required [I7]. Optical enhancement cavities are used to boost the average power of
the fundamental comb [I5], [16] to reach this high average power level. HHG in inert gas targets is
typically a low-efficiency process which leaves the fundamental light largely unperturbed, thus an
optical enhancement cavity can be used to “recycle” the fundamental pulse after interaction with the
HHG medium. Femtosecond enhancement cavities (fsECs) [108, [109] are developed for coherently
enhancing the power of femtosecond pulses. The upconverted frequency comb in the XUV via
cavity-enhanced HHG uniquely combines high photon energy, high repetition rate, and high phase
coherence. Thus, it is an ideal tool for both precision frequency metrology and attosecond time-

resolved dynamics studies [I7]. The construction and operation of XUV combs are discussed in



16

Figure 2.1: Time and frequency domain of description of a frequency comb. In the time domain, it is
a phase coherent pulse train with a repetition rate frop= 1/At, where At is the separation between
two adjacent pulses. The phase between adjacent pulses changes by A¢ (modulo 27). In the
frequency domain, this corresponds to a comb structure with a separation of fr.p, between adjacent
comb modes and a common shift of fe, from zero frequency. Figure adapted from Ref. [98].
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detail in Refs. [106], [107]. In this section, we provide a brief review of this field following Ref. [17].

2.2.1 Linear response of a femtosecond enhancement cavity (fsEC)

A typical XUV comb generation setup using cavity-enhanced HHG in an fsEC is illustrated
in Fig. A frequency comb (visualized as a pulse train, Fig. ) is coupled to a free-space,
passive optical resonator [108],[109]. A traveling wave ring resonator is used to ensure unidirectional
output of the generated XUV comb and enable separate control of the focal spot size and the cavity
length. The resonator is designed to fulfill the stability criterion [I10], ensuring a low diffraction
loss for the intracavity fundamental light with well-defined transverse eigenmodes. Spatial mode
matching is ensured by shaping the input laser beam to match the intracavity beam shape, using
a suitable telescope lens system designed with ABCD matrix calculations [110].

The corresponding frequency-domain comb structure is illustrated in Figs. 2.2b and c¢. The
resonance condition for optimal power enhancement requires that both the repetition frequency and
the carrier-envelope offset of the pulses traveling in the fSEC to be matched to the corresponding
parameters of the input comb. In the frequency domain, this condition is equivalent to optimizing
the overlap of the input comb modes with the longitudinal modes of the fSEC. This resonance con-
dition is typically ensured using the Pound-Drever-Hall cavity stabilization scheme [I11]. Ignoring
nonlinear optical effects and considering the fsSEC as a linear system [1], the (field) transfer function

H(v) of the cavity reads [108] [110]:

T(v)
1 — R(V)A(V)eid)roundtrip(y) ’

H(v) = (2.7)

where R(v), T'(v) are the input coupler (power) reflection and transmission fraction, respectively,
and 1 — A(v) is the cavity roundtrip (power) attenuation excluding the input coupler reflectivity,
Groundtrip (V) is the optical phase gained per roundtrip for the laser light at frequency v, modulo 2.

The frequency-dependent power enhancement |H(v)|? exhibits a comb-like structure with
sharp Lorentzian resonances (Fig. c¢) which are the cavity longitudinal modes. In contrast to

a frequency comb, the chromatic dispersion in the cavity [112] leads to deviations from strictly
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equidistant spacings of the cavity modes. The mismatch between the cavity and the comb causes a
spectral filtering effect, limiting the bandwidth that can be enhanced simultaneously and, therefore,
the pulse duration achievable in the fsEC. This effect becomes more noticeable for higher resonator

finesse

2
FW)~ T Roan)

(2.8)
which corresponds to narrower cavity resonances. It is easy to see that an over-coupled cavity,
where T'(v) > [1 — A(v)], offers the highest cavity buildup for a given cavity finesse.

Today, typical fsSEC-HHG systems use high-power ytterbium (Yb) fiber-based frequency
combs [I13] 1T4] as their seed. The average output powers of these Yb lasers are on the order
of 100 W and pulse durations are in the 100 to 250 fs range, with a spectrum centered around
1050 nm. The high seeding power requires only moderate cavity finesse (~ a few hundred) to reach
the power needed for HHG, which relaxes the limits of the spectral bandwidth. With proper mirror
and cavity designs, thermal distortion of the cavity can be reduced to a negligible level for a typical
fsEC operating at average power levels of ~ 10 kW.

While the pulse duration of Yb-based systems are relatively long due to the small gain band-
with in Yb-doped fibers, post-broadening and compression in nonlinear medium can be employed
to increase the bandwidth and compress the pulse duration to even a few cycles [115]. At high
repetition rate and with high average power, post-compression in multi-pass cells are typically
used [116], 117]. Recently, a high-power frequency comb based on crystal amplifiers at Yb wave-
lengths with ultra-low phase noise has been demonstrated [I18]. There, the even more limiting

bandwidth (~ 1 nm) in Yb-doped crystal amplifiers is also mitigated with post-broadening and

compression in multi-pass cells.

2.2.2 Nonlinear optics inside a fsEC

By introducing a gas target (typically a supersonic expansion jet [119] of rare gases) to the
focus of the cavity, HHG is performed inside the fSEC. The generated XUV light forms a train of

attosecond pulses, one per half-cycle of the fundamental [101} [102]. The phase of the attosecond



19

Figure 2.2: a, A seeding (typically infrared) pulse train with the electric field Erg, a pulse repetition
period At = 1/f.p and a pulse-to-pulse carrier-envelope offset phase slip A¢ = 27 foeo/ frep, 18
coupled to a passive resonator containing a gas target at the cavity focus. IC, partially transmitting
input coupling mirror; HR, highly reflective mirror; FM, curved focusing HR. b, Frequency domain

representation of the spectra )fl‘ of a frequency comb centered at frequency v.. ¢, Comb modes,

and the power enhancement factor |H |2 (gray) of the enhancement cavity, assuming a linear cavity
response, H being the transfer function of the optical cavity. Due to dispersion of the cavity mirrors
and medium inside the cavity, the roundtrip phase ¢roundtrip (dotted blue, referring to the vertical
axis) is not a linear function of optical frequency v. The power enhancement factor |H \ drops to
half of its peak value if the round-trip phase ¢roundtrip deviates from a linear phase (red) by m/F(v)
(orange corridor, see inset). d, Temporal illustration of the XUV pulse train, represented by the
squared magnitude of its temporal envelope |EXUV|2, emerging via HHG from the fundamental
driving laser electric field of Etg. Each half-cycle of the driving field emits an XUV pulse, phase
locked to the driving field with a time lag corresponding to the electron excursion time [I0T}, 102].
The XUV pulse intensity depends nonlinearly on the driving field amplitude. e, Generated XUV
spectrum Pxyy (top) consisting of individual harmonics that emerges via the interference of the
XUV pulses with in the attosecond pulse train with a period corresponding to half a period of the
driving laser, see panel d. The substructure of a harmonic (bottom) consists of an XUV frequency
comb with the same repetition rate f.ep as the fundamental, and an offset frequency equal to ¢x feeo
modulo fiep, where ¢ is the (odd) harmonic order. Figure taken from Ref. [17].
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pulses is locked to that of the driving laser, ensuring the phase coherence of the XUV comb. The
temporal interference of the XUV attosecond pulse train gives rise to a spectrum consisting of
odd-order harmonics of the driving spectrum, extending over several tens of harmonic orders; see
Fig. top panel. Each harmonic order consists of a frequency comb with a repetition rate equal
to the original comb fr.p, and an offset frequency of ¢ x fceo, ¢ being the harmonic order.

At the high repetition rate for HHG enabled by fsECs, each atom of the gas target typ-
ically experiences multiple laser pulses when traveling through the HHG volume; see Fig. 2.3p.
This leads to the formation of a cumulative plasma in the generation volume that hurts the phase
matching and considerably reduces the conversion efficiency. Plasma buildup also introduces an
optical bistability that complicates cavity stabilization [120] 106, 121], see Fig. . We define the
conversion efficiency as the produced XUV power divided by the circulating power of the driving
laser. Typically, a conversion efficiency below 1076 is obtained in cavity-enhanced HHG inside
fsECs. By accelerating the gas via heating or using gas mixtures with lower average molecular
weight [122] or lowering the cavity repetition rate [123], HHG with conversion efficiencies compa-
rable to those of single-pass experiments have been demonstrated, at repetition rates on the order
of tens of megahertz.

The rapid ionization of the gas medium within the duration of a single laser pulse also
introduces a dynamical plasma effect, causing a rapidly changing refractive index and thus spatial
and spectral distortions; see Fig. 2.3k, d. Inside the enhancement cavities, this effect reduces the
spatial and spectral mode matching between the driving and circulating fields, causing an intensity-
clamping effect; see Fig. 2.3p. Quantitative modeling enables the optimization of the experimental

parameters to mitigate this effect and obtain a high conversion efficiency in fsECs [121], [124].

2.2.3 XUV Outcoupling methods

A technical challenge is to separate the generated XUV comb from the fundamental beam
without disrupting the cavity operation [125] [126]. The first systems employed a thin plate, placed

under Brewster’s angle for the fundamental wavelength after the HHG focus. Using p-polarized
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Figure 2.3: Plasma effects in cavity-enhanced HHG. a, The gaseous generation medium goes through
a supersonic jet expansion after existing the nozzle and traverses the interaction region given by
the ionization profile oion. The terminal velocity [I19] is given by v(x) = \/5RgTy/Mave, Where
Ry is the gas constant, Tj, is the reservoir temperature and M,,e is the average molar mass. The
ionization fraction depends on the driving pulse intensity I(z). b, When the detuning between the
frequency-comb lines and the cavity resonances is scanned towards higher frequencies, for example,
by decreasing the cavity length, the intracavity power considering the plasma effect (blue, theory
and red, experiment) reaches its maximum at a different position than without plasma (gray). This
is caused dominantly by the build-up of a cumulative plasma. Near the cavity resonance, there are
two steady-state solutions of the intracavity power depending on the plasma density [106] 121]. To
achieve stable operation of the cavity, the lock point of the detuning (green) must be set slightly
below the maximum, after witch the high- and low-power branches unite. Panel adapted from [121]
¢, The electric field of an intense pulse before (black) and after (blue) passing through an ionizing
medium, leading to a temporal compression due to the time-dependent plasma refractive index. d,
In the frequency domain, the time compression leads to a spectral blue shift, reducing the spectral
overlap with the seeding pulses. PSD, optical power spectral density. e, As a consequence, the
intracavity power shows a saturation behavior when the seeding power is increased, refereed to as
intensity clamping. Panel taken from Ref. [124]. Figure taken from Ref. [17].
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light, the cavity loss of the fundamental beam is kept low, while a small fraction of the XUV beam

is coupled out from the cavity, see Fig. [2.4h. With adequately thin plates, excessive dispersion, Kerr
p Ys g q Yy p ) p

nonlinearity, and thermal lensing can be avoided at typical cavity finesse values. This method has

been applied for XUV photon energies up to 42 eV [127] and typically provides 5-15% of outcoupling

efficiency. Higher outcoupling efficiencies are demonstrated by applying high-reflection coatings for

VUV wavelengths to the Brewster plate [128, [129]. However, these coatings typically introduce

more rapid degradation effects. In our lab, we tried out a few different Brewster plate materials

with/without coatings for the outcoupling of ~ 148 nm VUV light for 229Th spectroscopy. These

are:

(1)

Sapphire (Al3O2) plate (~ 175pm thick) from University Wafer, uncoated. The plate
withstands the cavity-enhanced HHG process. However, the Fresnel reflection of sapphire
at 148 nm (desired for 229Th clock) is calculated to be < 1% from its refractive index [130].
Unfortunately, typical VUV reflection-enhancing coatings cannot be applied to sapphire

due to thermal expansion coefficient mismatches.

Crystalline quartz plate (~ 350 pm thick) from University Wafer, uncoated. Strong second-

order harmonic generation is observed. Intracavity power is limited to a few kW maximum.

SiC plates (~ 350 pm thick) from University Wafer, uncoated. We are interested in SiC
because of its high absorption at 148 nm, which leads to a relatively high Fresnel reflectiv-
ity [130]. However, high absorption for the fundamental light and strong thermal lensing

is observed, significantly reducing the intracavity power.

Diamond (~ 100 pm thick) from Applied Diamond, uncoated. We are also interested in
diamond because of its high attenuation at 148 nm as well as its high thermal conductivity
that reduces the thermal lensing effect. Unfortunately, polycrystalline diamond plates do
not offer enough surface roughness to support the cavity operation. Another concern is

that, although diamond has superior thermal conductivity, making it suitable for handling
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high-power continuous-wave lasers [131], its damage threshold using femtosecond lasers
with high peak power is relatively low, due to its relatively low bandgap. That is also why

femtosecond lasers are often used for diamond machining.

(5) MgO from MTI Coorparation, uncoated. The acquired MgO substrate has high absorp-
tion at the fundamental wavelength (1040 nm) and causes obvious thermal lensing. MgO
substrates and coatings from OptoSigma [129] are known to offer less absorption, but have

not been tested in this work.

(6) CaFq plates of 150 pm to 500 pm thickness from Crystran, coated at Layertec for enhanced
reflectivity at 148 nm. Although there are concerns about the surface quality and flatness
of CaFy substrates, the ones we acquired offer a sufficiently low loss to support the cavity
mode, even after the VUV reflection-enhancing coating. The coated plates are also ther-
mally stable at high intracavity IR power without running the gas jet for HHG. However,
as soon as the HHG operation starts, the plates are damaged by UV light and show a
drastically increased IR absorption. The 500 pm plates typically absorb enough IR light to
interrupt the HHG in a few minutes. The 150 pm plates typically allow for higher intracav-
ity IR power and higher harmonic yield. However, when the HHG gas jet is turned on, the
thermal shock leads to snapping of the CaFs plate within one second. We tried protecting
the coating from high-energy photons by facing the VUV beam using the uncoated side or
adding a second Al3Os Brewster plate in front of the CaFy plate. However, these methods

do not seem to solve the rapid degradation problem.

Another mature method typically employed for frequency domain application where angular
dispersion of the harmonics is desirable is to use a reflective XUV diffraction grating (Fig. )
etched into the top layer of a highly reflective cavity mirror [132]. Outcoupling efficiencies up to
10% in the photon energy range below 20 eV have been demonstrated [I32]. In our experiment,
this method is deemed undesirable due to the low efficiency. Also, spatial dispersion within a single

harmonic order would limit our ability to focus down the beam tightly for the IC clock operation
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described in Chap.
In this thesis work, a grazing-angle incidence plate outcoupler (GIP, Fig.[2.4c) and a geometric
outcoupling method using noncollinear beams (Fig. ) are explored. We discuss them in detail

in the following sections.

2.3 A grazing-angle incidence plate outcoupler

A major downside of the aforementioned methods is the low outcoupling efficiency. It has
been proposed that a grazing angle incidence plate (GIP) can be used to replace the Brewster
plate [I33] for higher efficiency and broadband operation. Using s-polarized light in the fSEC, an
antireflective coating has to be applied for both surfaces of the plate to reduce the loss of intracavity
IR light (see Fig. ) The Fresnel reflection of s-polarized light at large grazing incidence angles
can typically reach beyond 50%. Recently, a GIP has been used in the outcoupling of XUV light
from HHG inside a laser oscillator [134], where the loss of GIP can be partially compensated for
by the gain medium.

In our experiment, we employ a similar GIP in the passive fSEC for conducting the spec-
troscopy experiments described in Chap. [3]and Chap. [4] see Fig. and Fig. A 175 um thick
sapphire plate (University Wafer) was anti-reflection coated at LaserOptikﬂ to reduce the IR loss
for s-polarized light at 1040 nm wavelength (targeted reflectivity < 0.3% per surface). The top
layer coating is chosen to be TayOs5, whose reflectivity for s-polarized light at 148 nm is expected
to be ~ 50%, see Fig. . Large 100 mm diameter sapphire wafers are diced up to 15 mm square
pieces at the JILA Keck Lab after IBS coating at LaserOptikH We applied two small dots of Torr
Seaﬁ low vapor pressure epoxy to glue the plates onto an aluminum mount. The fSEC with the
sapphire GIP is thermally stable and shows no sign of degradation for hours of operation with only

IR light (no HHG gas medium).

2 Coating design B-19293, AR1025-1055 nm, 70° s-polarized light on sapphire, IBS coating

3 We used diamond blade model 2.25M-4A-30RU7-3 (Thermocarbon Inc,), with 0.5 mm/s cutting speed, 0.05 mm
cut increment and 15000 RPM spindle speed.

4 We cure the Torr Seal at room temperature for 12 hours to avoid stress induced by high-temperature curing.
The aluminum mount can be reused as the Torr Seal can be easily removed by either heating to above 120°C or
cooling to liquid nitrogen temperature.
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Figure 2.4: XUV outcoupling methods. Typical efficiencies ¢ and maximum demonstrated photon
energies Fax are listed. (a) A thin, transparent plate placed at Brewster’s angle in the fundamen-
tal beam reflects a fraction of the collinearly propagating XUV beam while allowing p-polarized
fundamental to pass with low loss. Additional coatings can be applied to enhance the XUV reflec-
tivity at low photon energies. (b) A reflective XUV diffraction grating etched into the top layer of
a highly reflective mirror for the fundamental beam, angularly disperses the individual harmonic
orders. (c) A thin plate is placed at a large grazing-incidence angle in the cavity. The plate is
anti-reflection coated for s-polarized fundamental beam. The generated harmonics are reflected off
the first layer of the coating. (d) Nocollinear HHG using two circulating pulses in the fundamental

mode, intersecting at a common focal region to generate harmonics at the bisector angle. Figure
adapted from Ref. [17].
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A photo of the HHG operation using this GIP is shown in Fig. 2.5h. The Xe gas jet is
seen as the bright white plasma (bottom right). The generated XUV light ionizes residual gas
(~ 1 mtorr Og) inside the vacuum chamber, leaving a white/green trace visible to the naked
eye. The GIP is mounted on a multiaxis stage. The angular rotation of the GIP is adjusted to
optimize for small intracavity loss (high buildup power). The height of the plate is controlled with
a motorized stage. When HHG is in operation, the loss of the plate increases over time scales of
a few hours, reducing the intracavity power and suppressing the HHG efficiency. To facilitate the
long scans required for the nuclear spectroscopy, this translation stage is used to move the plate in

its plane vertically once every few hours.

2.4 A noncollinear cavity for efficient XUV comb outcoupling

In addition to separating the harmonics using reflective or dispersive optics, geometrical
methods have been explored to outcouple the harmonics from the fSEC. As harmonic beams with
shorter wavelengths have smaller divergences than the fundamental beam, a simple pierced mirror
could suffice for outcoupling harmonics with high photon energies [125, 135]. Tailoring the mode
inside the optical cavity offers increased outcoupling efficiency and reduced loss [136] [137]. To this
end, we explored an outcoupling method using intracavity noncollinear HHG for high outcoupling
efficiencies at high photon energies. Although this method is not used for 2?Th spectroscopy, it
is of general interest for XUV combs. Discussions about other geometrical outcoupling methods,
including quasi-imaging [I136] and transverse mode gating [I37], can be found in Ref. [I7] and
references therein.

Here, we follow our own work published in Ref. [I38] and present a detailed study of a
noncollinear enhancement cavity for efficient outcoupling of XUV combs generated by intra-cavity
HHG. Early proposals for the noncollinear cavity can be found in Ref. [125, 139 140]. Using
two crossing beams, the generated harmonics are naturally separated from the fundamental at the
bisection angle and can thus be coupled out from the cavity geometrically, while the fundamental

is efficiently recycled to maintain a high cavity buildup.
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Figure 2.5: A grazing incidence plate (GIP) outcoupler. a, Photo of intracavity HHG in operation
with a GIP. The white/green trace is caused by VUV ionization of the oxygen (~ 1 mtorr) inside the
vacuum chamber. b, Calculated Fresnel reflection coefficients on the tantalum oxide top layer [130].
Vertical dashed lines indicates the the harmonic orders of the fundamental light. Dashed part of the
black line indicates that tantalum oxide is transparent in the spectral region, thus the multilayer
coating effect cannot be ignored and the predicted reflectivity there (1st and 3rd order harmonic
of the fundamental) is invalid.
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A noncollinear geometry also offers unique opportunities for studying and controlling the
HHG process in single-pass experiments. Since the early proposal and demonstration [141] [142],
single-pass noncollinear HHG has been used in generating circularly polarized XUV beams [143],
144], gating isolated attosecond pulses [145], [146], understanding phase-matching process [147, [148],
and for fundamental studies of extreme-nonlinear optics [149, [150]. Noncollinear HHG in fsSECs
offers a high repetition rate, high precision system for improving the studies performed in single-pass
experiments.

Our experiment setup is illustrated in Fig. 2.6h. A 120 fs, 154 MHz repetition rate Yb:fiber
frequency comb [114] with up to 80 W average power, spectrally centered at 1070 nm, is used
to coherently seed an fsSEC. The intracavity field is linearly polarized perpendicular to the cavity
planeﬂ The free spectral range of the cavity is set to frep/2 = 77 MHz, resulting in two pulses
circulating inside the fSEC at the same time.

The cavity mirrors (Layertech) are customized to have low group-delay dispersion (GDD).
To fabricate the segmented input-coupling mirror (SM), a highly reflective mirror (HR) and a 1.5%
transmission input coupler (IC) are cut on a diamond saw and bonded to a U-shaped substrate
using Torr Sealﬁ The half HR and half IC are pressed onto the substrate with Torr Seal applied on
the edge. This ensures good parallelism of the two mirrors, which can be checked using white light
interferometry at the JILA Keck Labm Alternatively, a customized mirror mount where the two
half mirrors can be mounted and actuated separately was also machined by the JILA Instrument
Shop, but not used in this work. Layertec also offers custom coating runs for segmented mirrors
with different reflectivities on the two halves.

To align the cavity, a pinhole is used to ensure spatial overlap of the two pulses. At a low

input power of ~ 1 W, we can observe light transmitted through the IC easily using an infrared

® P-polarization works as well. This cavity is polarization insensitive.

5 We first tried out the bonding using Crystalbond 509 wax (Ted Pella). While the flow point of Crystalbond is
high (121 °C), it starts softening way below that temperature. So, the Crystalbond should not be used for optics
mounting where alignment is critical. However, it is very useful for protecting optical surfaces if a mirror needs to
be machined on a diamond saw, as it dissolves cleanly in Acetone.

" Kyle Thatcher at the JILA Instrument shop proposed that by inserting 3 small Ruby bearings in between the
two bonding surfaces, a flatter surface may be obtained.
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Figure 2.6: a, Schematics of a noncollinear enhancement cavity. A high-power Yb:fiber frequency
comb with fep, = 154 MHz repetition rate seeds a dual-pulse fSEC whose free spectral range is set
to frep/2 = 77 MHz. The cavity is composed of 6 mirrors: four identical curved mirrors with radius
of curvature ROC = 200 mm, one flat mirror, and one segmented input-coupling mirror (SM)
which is homemade by bonding a high reflector and a 1.5% transmission input coupling mirror side
by side to a flat substrate. HHG is performed at the cavity focus, where the two circulating pulses
overlap temporally and spatially. The temporal delay between the two pulses is controlled via a
piezo-actuated mirror (indicated by black arrows). b, Top view of the crossed beams (not to scale).
Each beam forms an angle 8 with the bisection axis (dotted line). ¢, Intensity lineout at the dashed
line in b. The relative carrier phase A¢ between the two beams changes the interference pattern.
wq is the beam waist. d, Side view of the out-coupling mirrors. The two crossed beams, separated
by a distance s on the out-coupling-mirror surface, are aligned close to the edge of mirrors with a
gap size d. Figure taken from Ref. [13§].
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fluorescence card. We first align the beam following the first roundtrip to the proper positions on
each mirror. Then, we install the pinhole at the focus of the cavity, align the pinhole position to
pass the 1st roundtrip beam. We then use the 1st curved mirror of the 2nd roundtrip to steer
the beam through the pinhole again. We steer the 2nd mirror of the 2nd roundtrip and the IC to
complete the cavity roundtrip, at which point we can observe the cavity resonance using a camera
(IR diagnostics in Fig. . The position of the pinhole and the steering of cavity mirrors need to
be optimized iteratively to achieve a good spatial overlap of the two roundtrip beams at the cavity
focus.

To obtain temporal overlap of the two roundtrip pulses, a ~ 0.5 mm thick barium borat (BBO)
crystal is used to replace the pinhole. The noncollinear second harmonic can be observed at the
bisector angle when the two roundtrip pulses overlap, and its strength can be optimized by adjusting
the relative delay using the piezo-actuated curved mirror shown in Fig. 2.6h. Optimizations of the
temporal and spatial overlap are performed iteratively. Finally, due to the interference of the two
beams in the cavity focus, the intensity distribution changes with respect to a relative phase A¢
of the two beams; see Fig. 2.6b, c¢. This results in a small yet measurable intracavity loss and
thus cavity-transmitted power difference with different A¢ monitored on a fast photodiode. The
final optimization of the cavity alignment is thus performed by applying fast modulation (~ 10
Hz) to the cavity across its main resonance peak and slow modulation (~ 1 Hz) on the crossed
beam relative phase by ~ 7 simultaneously. With a pinhole placed at the cavity focus, we walk the
cavity mirrors to optimize for both the highest cavity transmission and highest contrast between
in-phase and out-of-phase configuration. After optimization, the temporal delay between the two
laser pulses stays intrinsically stable throughout the course of our experiment. The relative phase
is adjusted in real time to optimize the harmonic yield.

Before adding the gas medium, a single-beam power enhancement of ~ 170 is obtained in
the cavity, resulting in a peak intensity of 8 x 10'® W /ecm? using a focal spot size wy = 44 pm
(1/e? intensity radius). Note that the interference between the two beams at the center doubles the

laser electric field, leading to a 4 times higher intensity than that of a single beam. Using a glass
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nozzle [I51] with an orifice diameter of 50 pm, we inject Xe or He:Xe mixtures into the cavity focus
as HHG medium. The 11th harmonic is selected using a dispersive gold grating and is directed to
a NIST-calibrated windowless photodiode transfer standard [152]E|

With a beam waist wg = 44 pm, one can easily obtain the Gaussian beam divergence half
angle v = 0.44°. We define the noncollinear half-angle 3 as shown in Fig.[2.6b. For 8 > ~, the XUV
photons are generated at discrete angles dictated by the conservation of the photon energy and
momentum [I49]. In the wave picture, interference between the harmonics generated by different
fringes at the focus causes the angular separation of the harmonics in the far field [145]. As we
gradually reduce (3, the far-field harmonics start to overlap and eventually merge together, visualized
in Fig. 2.7h. This occurs because significant harmonic power is generated only from the central
fringe when S ~ . For applications requiring unidirectional harmonic emission, it is therefore
important to keep 8 small. However, clipping loss on the mirror edges increases dramatically as 3
decreases to ~ 27, reducing the finesse and power buildup of the cavity, limiting the smallest useful
angle 8. In Fig. [2.7] we show the cavity power enhancement and outcoupling efficiency at different
mirror gap sizes d and noncollinear half-angles 3.

Another important consideration for the choice of 3 is the phase-velocity match between the
harmonics and the fundamental. In addition to the dispersion caused by the neutral atom and
the plasma at the focus, one can show that a geometric wave vector mismatch arises from the

noncollinear geometry. In the small-angle approximation § < 1, this dispersion term is given by

(2.9)

8%zr B2
Ak ~AK? (1 - —
nc C < —"_ A 2

for harmonic order q, where Ak{ is the Gouy phase mismatch from a single Gaussian beam [147,
148]. Here, X and zg are the wavelength and Rayleigh length of the fundamental beam, respectively.
The noncollinear phase mismatch is shown in Fig. The intensity-dependent dipole phase of
HHG in our experiment can be neglected, as the generation medium is much shorter than the

Rayleigh length [153].

8 While it is called a photodiode, this detector actually works by measuring the photocurrent on an AlsO; surface,
thus is solar blind (insensitive to visible/infrared light).
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Figure 2.7: a, Cavity buildup factor as a function of noncollinear half-angle 3, shown for different
mirror gaps d. Inset shows the simulated 11th harmonic far-field intensity distribution at the plane
of the outcoupling mirrors. For large 3, the harmonics split into separated spots. b, The out-
coupling efficiency (OCE) for the 11th harmonic with different mirror gap d, and the geometrical
phase mismatch of the 11th harmonic Akl!, as a function of 8. Our experimental conditions are
d = 0.5 mm (blue line) and 8 = 0.94° (black dashed line). Figure taken from Ref. [I38].
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Although Ak, can be compensated for by a gas medium below the critical ionization thresh-
old, in which the dispersion of neutral atoms dominates over that from plasma [147, [148], it is
advantageous to keep the geometric phase mismatch small in the first place. This is because, in
fsECs, nonlinearity from the gas target disturbs the resonant condition between the laser and cavity
and causes transverse-mode coupling, resulting in a clamping effect on the intensity buildup of the
fundamental beam [121], [124]. Thus, a small Akg. allows us to operate at low phase matching pres-
sures and reduce the intensity clamping effect. To simultaneously obtain a useful cavity buildup,
a uniform beam profile, a good out-coupling efficiency (OCE) and a small phase mismatch, we
operate our experiment at d = 0.5 mm and 5 = 0.94° (see Fig. .

We perform a numerical simulation to aid in the understanding of the experimental results.
In the semi-classical model for HHG [I01], 102], electrons ionized in the strong laser field can go
through two distinct types of trajectories, known as the long trajectory and the short trajectory,
before returning to the parent ion and emitting a high-energy photon. Harmonics generated from
the long-trajectory exhibit a fast-varying intensity-dependent phase and therefore a strong phase-
front curvature at the laser focus. This leads to a large divergence. Thus, long-trajectory harmonic
beams typically appear as large halos [I54] in the far field. In contrast, the short-trajectory beam
has a small beam divergence and on-axis emission [I54], and can be selected by proper phase
matching conditions [I55]. We start from the HHG dipole yield and phase obtained as the solution
of a time-dependent Schrdodinger equation (TDSE) [156] assuming a continuous wave 1070 nm laser
interacting with Xe atoms. This solution contains both long- and short-trajectory information. We
then numerically extract the short-trajectory dipole contribution for the beam-shape simulations.

For harmonics well above the ionization threshold of the generation medium, the intensity-
dependent dipole is written semiclassically as (in atomic units):

dg(I) =) Ajeieath(D/e, (2.10)
j

where Up(I) = ﬁ is the ponderomotive energy, proportional to the laser intensity I, w is the laser

angular frequency. Each amplitude A; and the corresponding phase coefficient a; represent the
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contribution of a particular quantum mechanical trajectory j. For long trajectories, a; > 7.
This can be generalized [154, 157, 158, 159] to a full quantum-mechanical HHG dipole ex-

pression as

dy(I) = / dy(a)e " eVr(D/wqq, (2.11)

where the weight of the quantum-path distribution is obtained using a Fourier transform

with respect to « as

dy(e, In) = / dy(I)e VDI (I — Io)dI (2.12)

for a continuous phase coefficient « near intensities Iy. We use a Hann window for W (I — 1) peaked
at Ip and treat the amplitude of d,(I) as a constant in this transformation. The HHG dipole and
the corresponding quantum path distribution for the 11th harmonic in Xe driven with a 1070 nm
wavelength laser is shown in Fig. 2.8k and b, respectively.

In the semi-classical model [101] [102], the highest photon energy that can be generated in
an HHG process at a given laser intensity is I, + 3.2U, where I, is the ionization potential of the
atom and U), is the ponderomotive potential of the electron in the laser field. For harmonics with
a photon energy larger than I, one can find a threshold laser intensity where the given harmonic
order is exactly at the cutoff. Below this intensity, the generalized long and short trajectory merge
together and cannot be separated. We therefore leave the dipole data below this cutoff intensity
unchanged. For dipole data above the cutoff intensity, we use Eqn. [2.12]to extract the corresponding
short-trajectory contribution at |a| < . The filtered data is transformed back using Eqn. m
We apply a moving average filter to smooth the data, removing the fast oscillations that arise from
interferences between the quantum paths. The resulting dipole data as well as the quantum path
distribution are shown in Figs. and d.

Neglecting phase-matching effects, we calculate the HHG emission from the focal plane and
then propagate to the far field using the Huygens integral in the Fresnel approximation [110]. We
use a peak intensity of 5 x 103 W/cm? in the simulation to reproduce the laser intensity used in

the experiment. The harmonic beam shapes in the outcoupling mirror surface plane (103 mm away
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Figure 2.8: a, HHG dipole d (/) yield and phase from TDSE solutions for the 11th harmonic in Xe
driven by a laser at 1070 nm. b, Corresponding quantum path distribution, Jq(a,fo). c, Filtered
HHG dipole yield and phase for the 11th harmonic in Xe, containing only the short trajectory. d,
Corresponding quantum path distribution of c¢. See supplementary material of Ref. [I38] for more
details.
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from the focus) and in the far field (700 mm behind the outcoupling mirrors) are shown in Fig.
after accounting for diffraction at the edges of the outcoupling mirror. The relative carrier phase
A¢ between the two pulses of the crossed beams changes the interference pattern at the focus and
thus the generated harmonic profile in the far field. When A¢ = 7, the harmonics generated from
different parts of the fundamental interfere destructively on the bisection axis. This causes the
harmonic beam to split into a doublet in the far field. Simulated harmonic far-field beam shape
qualitatively matches the experimental observation.

Harmonics of order 9 to 19 are observed on a sodium salicylate screen and are recorded
in Fig. Sodium salicylate is known to have a nearly constant quantum efficiency in the
extreme ultraviolet range; see Ref. [I60] and references therein. Thus, the integrated brightness
of the harmonics serves as a crude guide for the ratio of harmonic powers [161]. Experimentally,
we noticed a rapid degradation of the fluorescence intensity of sodium salicylate in our vacuum
chamber over the course of a week. This degradation appears to be uniform for the 9th harmonic
and above, but is much less prominent for the 7th harmonic. Thus, using just the fluorescence
brightness ratio and the power of high-order harmonics may lead to an overestimation of the 7th
harmonic power (not included in Fig. . A slight asymmetry is observed in the experimentally
recorded beam profile, caused by a misalignment between the bisection axis of the crossed beams
and the center of the mirror gap. Theoretically estimated OCEs for these harmonic orders are
shown in Fig. 2.10c.

We record the XUV power in the 11th harmonic as a function of the intracavity fundamental
power. Inspired by Ref. [122], we also compare the harmonic yield using pure Xe or a He:Xe mixture
with 9:1 volume ratio, see Fig. [2.11h. We observe that, with pure Xe as the generation medium
(green traces), the XUV output power is higher when A¢ = 7 for the same fundamental power.
This trend is reversed for He:Xe gas mixture (purple traces), yet the highest harmonic yield is still
obtained when A¢ = 7 due to the higher intracavity power achieved.

We show that the seemingly contradictory behavior when comparing the pure Xe or He:Xe

mixture medium can be understood simply as a result of the change of the focal volume. As shown
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Figure 2.9: a,b, Simulated 11th harmonic profile on the outcoupling-mirror surface, for A¢ = 0
and A¢ = m, respectively. The shaded area is blocked by the out-coupling mirrors, and most of
the harmonic power is coupled out through the gap. c,d The simulated harmonic profile at a far
distance away (0.7 m) from the mirror gap. Gray curves show integrated power distribution along
the horizontal (x) and vertical (y) directions. Inset photos: experimentally observed 11th harmonic
beam profiles. Figure taken from Ref. [13§].
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Figure 2.10: a,b, Upper panel: images of harmonics dispersed on a fluorescent plate. Lower panel:
harmonic photon flux integrated in the vertical direction. Results in a and b are shown for A¢ = 0
and A¢ = 7, respectively. A two-dimensional low-pass filter in Fourier domain (not shown) is used
to remove a high frequency noise pattern on the image originating from the camera. Asymmetry
of the harmonics is caused by a slight misalignment between the mirror gap and the bisection axis.
The images shown here are taken with the cavity locked and using pure Xe gas at room temperature.
¢, Theoretically estimated out-coupling efficiencies from the cavity for harmonic orders 9 to 19 (119
to 56 nm) and different A¢. Figure taken from Ref. [13§].
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in Fig. [2.6f, the relative phase A¢ changes the intensity grating at the focus and therefore the peak
intensity. Since HHG is an extremely nonlinear process, the harmonic power generated is mainly
from the central peak for A¢ = 0, or the innermost two symmetric peaks for A¢p = w. With our
beam parameters, the fundamental power in the central peaks amounts to 57% and 88%, for A¢ = 0
and A¢ = m, respectively. That is, when changing from A¢ = 0 to A¢ = 7, we can employ a
larger fraction of the fundamental power for HHG. We thus define an effective generation efficiency
as the the ratio between the generated harmonics to the power inside the central fringe(s) in the
generation volume; see Fig. 2.11p. Remarkably, the effective conversion efficiency is approximately
identical for A¢ = 0 and A¢ = 7 throughout the entire range of peak intensities, for both the pure
Xe and He:Xe mixture, respectively.

The motivation to use a 9:1 He:Xe mixture is to reduce the plasma effect and improve
phase matching. As is shown in Ref. [122], the harmonic yield limited by accumulated plasma is

characterized by a dimensionless parameter

gbeam = UFWHM/Ugas X frep; (2.13)

which represents the number of laser pulses that one atom “sees” as it transits through the laser
beam. Here, opwwm is the full width at half-maximum of the focus and vy, is the average atomic
velocity in the jet. Following Ref. [122], we used a 9:1 He:Xe mixture heated to 560 °C as the
generation medium, corresponding to &yeam ~ 5 with our laser repetition rate of 154 MHz. As
expected, a significant gain in harmonic yield is observed compared to using pure Xe (Fig. ,
due to both the reduced depletion of neutral atoms and the improved phase-matching conditions.
In Fig. inset, we see that as we sweep across resonance with Xe or He:Xe gases, the resonance
peak is broadened due to the intracavity plasma [121], [124]. This effect is reduced, but still signifi-
cant, when we use the heated He:Xe mixture, indicating that a large plasma density remains [122].
Improvements in harmonic conversion can be anticipated if the parameter &,eam is further reduced.

The demonstration of the dual-pulse noncollinear fSEC enabled us to understand the phase

matching and power scaling of the crossed beam HHG at high repetition rate. In addition to spec-
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Figure 2.11: Out-coupled 11th harmonic power (back-calculated to the point right after the out-
coupling mirror pair) as a function of intracavity (single beam) fundamental drive power, shown for
different generation media and relative phases. Data is taken when the cavity is swept across the
resonance. As shown in Ref. [122], similar harmonic power is expected when the cavity is locked
with a similar intracavity power level. b, Effective conversion efficiency (defined in the text) as a
function of peak drive intensity. Inset shows intracavity IR power when the cavity is swept across a
resonance, with A¢ = 0 (continuous black) and A¢ = 7 (dashed black) configurations using a He:Xe
mixture gas target, displaying clear deviations from the Lorentzian line shape obtained without a
gas target (gray), indicating significant plasma density. Green traces are recorded with pure Xe
with 260 kPa backing pressure at room temperature. Purple traces are recorded with 9:1 He:Xe
mixture with 4100 kPa backing pressure heated to ~ 560 °C. Figure taken from Ref. [138].
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troscopy applications, the system could also benefit ultrafast time-resolved studies using isolated
attosecond pulses via wavefront rotation streaking [145] [146], [162].

For the 22Th nuclear clock project, the 7th harmonic generation of an Yb:fiber comb will
cover the correct spectral region. However, at the 7th harmonic, the outcoupling efficiency of
the noncollinear cavity drops rapidly to ~ 30%. Considering also the difficulty in aligning and
maintaining the cavity operation, we chose to switch to an outcoupling method using a grazing-
incidence plate described in Sect. Recently, a novel monolithic noncollinear cavity geometry is
briefly described in Ref. [I63], using custom wedged mirrors and un-split curved focusing mirrors,
providing increased stability and ease of alignment [164].

We observe that the 7th harmonic yield remained almost the same between the pure Xe
and the He:Xe mixture. This is possibly due to the large dispersion of Xe near our 7th harmonic
wavelength [165] leading to a extremely difficult phase-matching condition. It will be interesting
to consider other methods for phase matching of the 7th harmonic generation process, say using
different gas mixtures with different dispersion properties or even using coherent light manipulation
of optical resonance [166] [167]. However, for the 22?Th spectroscopy presented in this thesis, we

use pure Xe for simplicity.

2.5 A tunable VUV comb for ??Th nuclear spectroscopy

When we started building the 22 Th spectroscopy experiment, the uncertainty region of the
nuclear transition is larger than the typical spectral coverage of a VUV comb based on fsEC. Thus,
we developed a VUV comb system with a tunable center wavelength by adjusting the spectral
coverage of the fundamental infrared (IR) comb. In this section, we document this effort following
our own published work in Ref. [90].

The IR comb seeding the fsEC is presented in Fig. We start from a low-noise 75 MHz
Yb-fiber oscillator [168] and amplify its output in cascaded linear (PM-YSF from Coherent) and
nonlinear (PLMA-YDF-25/250 from Coherent) similariton [I69] amplifiers. The output of the

nonlinear amplifier gives us a coherent broadband frequency comb covering a ~ 100 nm bandwidth
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(Fig. [2.12p). A fraction (~ 10%) of the nonlinear amplifier output is sent to a highly nonlinear
photonic crystal fiber (HNL PCF, NL-1050-Zero-2 from NKT) for supercontinuum generation. We
stabilized the comb carrier-envelope offset frequency feeo by the f—2f scheme [98] using an all-fiber
setup similar to that presented in Ref. [170]. To fully stabilize the frequency comb, we also phase
lock one of the comb lines in the supercontinuum to the Sr clock laser at 698 nm [I71] (see also
Sect. . Then, by simply shifting the offset frequency between one comb line and the Sr clock
laser, all comb lines can be scanned in parallel [I61] to search for the 22 Th nuclear transition.

To achieve the desired spectral tunability, we select a part of the spectrum from the nonlinear
amplifier output using an interference bandpass filter(Edmund Optics #87-824, 1050 nm center
wavelength, 25 nm bandwidth). The center wavelength can be continuously tuned from 1040 nm
to 1070 nm by varying the incidence angle of the comb on the bandpass filter, or by using different
bandpass filters. The filtered light is stretched using a grating-based pulse stretcher (not shown)
and a stretcher fiber, then further amplified in a large-mode-area fiber (LMF, customized at IMRA)
power amplifier to obtain high spectral power. The optical spectra of the nonlinear amplifier and
the power amplifier at several different wavelength settings are shown in Fig. 2.12b. The spectral
filtering, temporal stretching, and subsequent amplification allowed us to mitigate nonlinear self-
phase modulation in the LMF gain fiber and obtain high output spectral power with a clean pulse
shape. The output is compressed with a grating compressor to produce an infrared frequency comb
with > 50 W average power and < 200 fs pulse duration.

The tunable IR comb is first used to seed a noncollinear fSEC [I38, 0] which was later
swapped to a collinear fsSEC using a grazing-incident plate outcoupler [24]. In Fig. we show
the cavity-enhanced IR comb spectra measured using a grating-based optical spectrum analyzer,
and the corresponding VUV frequency comb spectra using a grating-based VUV spectrometer
(HP Spectroscopy, easyLIGHT) with < 0.1 nm resolution. The VUV comb power per line is
estimated to be approximately 1 nW delivered to our spectroscopy setup. The tunable comb
was originally designed to cover the energy range given in Ref. [62]. More recent measurements

presented in Ref. [45] 25] are published after the design phase of the VUV comb. Fortunately, our
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Figure 2.12: a, Tunable Yb-fiber frequency comb. Black lines represent passive fibers. Green lines
represent active fiber amplifiers. Red lines are free-space laser paths. Grating pairs (yellow) are
used for temporal compression of the laser pulses. A slit is used in combination with the first grating
pair to clean up the spectral output from the oscillator. WDM, wavelength-division multiplexer;
PM-YSF, polarization-maintaining Yb-doped single-clad fiber; PLMA-YDF-25/250, polarization-
maintaining large-mode-area Yb-doped double-clad fiber with 25/250 pm core/cladding diameter;
HNL PCF, highly nonlinear photonic-crystal fiber; and LMF, large-mode-area fiber module with
50 nm core diameter. b, Spectra of the nonlinear similariton amplifier and LMF amplifier output
at different wavelength settings. Figure taken from Ref. [90].
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comb tunability range covers the more precise energy range determined in Ref. [25]. Recent direct

laser excitation measurements in Refs. [27), 28] further confirm the desired comb coverage.

2.6 Comb stabilization to the Sr clock

For the comb spectroscopy of the 22 Th nuclear transition, we need to be able to scan our
comb frequencies in a controlled way. Luckily, we can easily lock our comb to the 8Sr optical
clock [5] which provides the most stable optical standard in the world, thanks to the JILA 87Sr
clock and Stable Lasers team in the Ye group. Here, we present the details of the locking scheme.

As mentioned above, the comb feeo is stabilized using the f-2f detection scheme (see also
Sect. . We fix the comb f.eo to —8 MHz, which matches the dispersion of the fsEC. This allows
us to couple all comb modes into the fSEC and obtain good cavity enhancement [106].

Since the comb has two degrees of freedom, we need another lock point with known frequency.
The simplest way is to lock one of the comb lines to the 87Sr optical clock laser [I72] at the ~ 698 nm
wavelength, which offers a convenient known optical frequency reference for our experiment. For
convenience, we picked off the 87Sr clock laser from the distribution center in the Ye lab, whose
frequency is shifted by a few acousto-optic modulators (AOM) before reaching the 87Sr clock setup.
Thus, the clock laser we use has a (changing but known) frequency offset from the ®7Sr clock
transition. On March 28th, 2023, we set up our locking system as shown in Fig. On that

specific day, the 87Sr clock laser frequency at our pickup port is
Velock laser = 429, 228,141,703, 262.2 Hz, (2.14)

provided by the 87Sr clock measurement and AOM offset settings. With the comb stabilized as

shown in Fig. [2.14] the frep is measured using a frequency counter to be

frep = T5054008.3594 Hz (2.15)
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Figure 2.13: VUV comb spectral tunability. (a) Fundamental comb spectrum, measured as the leak-
age transmission from one of the enhancement cavity mirrors. (b) VUV spectrum of the outcoupled
harmonics, measured with a grating-based VUV spectrometer. Horizontal error bars indicate the
229mT transition uncertainty (1-0) ranges given in Seiferle et al. [62], Sikorsky et al. [45] and Krae-
mer et al. [25]. Recent measurements by Tiedau et al. [27] and Elwell et al. [28] further confirm that
our comb covers the nuclear clock transition. The uncertainties for these two measurements are
too small to be visualized on this plot. We obtain similar overall VUV powers at each wavelength
setting. Vertical scales in the plots are normalized to unity. Figure taken from Ref. [90].
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with the counter referenced to the NIST hydrogen maser. It is easy to see from Fig. [2.14h thatﬂ

Vclock laser — NO X frep - fceo - fbcat- (216)

Directly solving this equation leads to
Ny = [5718924].000007, (2.17)

where we only take the integer part to be the actual comb mode. The residual of the integer
corresponds to ~ 0.1 mHz error on the fop, measurement, which is the last digit in the frequency
counter. It is easy to ensure that the same comb mode is locked to the 87Sr clock laser every time.
If we were off by one mode, the fip, on the counter would be different by fiep/No ~ 13 Hz, which
is easily noticeable.

The feeo, fbeat detection and locking electronics are shown in Fig. 2.14p. About 600 mW of
light from the comb is sent into a PCF (NL-1050-Zero-2 from NKT Photonics) for supercontinuum
generation and subsequent frequency doubling in a periodically-poled lithium niobate (PPLN). The
detection of feeo is performed using an all-fiber setup similar to that used in Ref. [170]. Part of
the generated supercontinuum light at 698 nm is filtered out to perform an optical beat with the
878r clock laser. Both feeo and fieas are detected using balanced photodiodes to reject the intensity
noise of the laser.

To scan the VUV comb at 148 nm by ~ 75 MHz for covering the entire f;¢, range, the comb
mode at the 698 nm needs to be scanned by ~ 75/4.7 ~ 16 MHz, where 4.7 is the ratio between
the 229Th and 87Sr clock transition frequency [24]. A superheterodyne method is used to shift the
radio frequency (RF) signal of fheat by beating it with an auxiliary RF tone from a direct digital
synthesizer (DDS) using a frequency mixer (Fig. 2.14). The mixed signal is band-pass-filtered
before reaching a phase-frequency detector. The phase difference between this mixed signal and
a stable RF reference is fed back to the laser oscillation to stabilize the phase of the f., signal,

closing the loop for the phase lock of fpeat. In this way, the frequency of fhea; can be digitally

9 The signs of the locked frequency offset can be easily verified by slightly changing the offset frequency and
observing the change of frep.
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scanned by changing the DDS frequency set point without having to change the bandpass filter. A
similar design is used for the f.eo lock; see Fig. Suitable servo loop filters are needed to shape
the feedback transfer function for obtaining a low-noise phase lock. For phase lock loop designs
and general feedback control techniques, interested readers are referred to Refs. [I73] [174] [175].

Although simple, this comb locking scheme has a practical disadvantage. The feoo lock
(feeding back to oscillator pump current) and fiep lock (feeding back to the intra-oscillator EOM)
are not orthogonal to each other (i.e. the oscillator pump current, for example, affects both the
feeo and frep frequency). Thus, it is difficult to optimize both locks simultaneously to obtain a low
phase noise of the comb. However, the correlated noises in fyeat and feeo can cancel each other out
and lead to a narrow comb line at ~ 148 nm, although the phase noises of fjeat and feeo are both
relatively high. Thus, to reduce the linewidth of the comb, we only need to reduce the phase noise
of the comb mode at the IR wavelength that contributes to the HHG process (~ 1040 nm). We
modify the locking scheme to include an auxiliary continuous wave laser (Coherent Mephisto) at
1064 nm wavelength which has a low phase noise. The comb is tightly locked to the Mephisto laser
at 1064 nm, while the absolute frequency of the Mephisto laser is slowly steered to keep another
comb mode phase locked to the Sr clock laser; see Fig. Additionally, the fSEC is now stabilized
directly using the auxiliary Mephisto laser; see Fig. 2.15p. This allows us to keep the cavity length
stabilized even if the comb output is turned off, say, for 22°™Th detection. Moreover, the offset
between the comb and cavity can now be arbitrarily adjusted, making it easier to mitigate the
cavity bistability caused by the effects of intracavity plasma [126], [121].

The locked beat notes of feeo, fbeat, 698nm, and fheat, 1064nm are shown in Figs, b, and c,
respectively. The observed larger noises for feeo and freat, 698nm are anti-correlated when we tightly
lock one comb mode to the low noise 1064 nm reference laser. Thus, fheat, 1064nm shows a higher
signal-to-noise (SNR) ratio than fceo and fheat, 698nm-

Another practical issue motivated us to further change the locking scheme. The fiber-based
feeo detection module [I70] shown in Fig.[2.14b requires a fixed polarization of the supercontinuum

light. However, at ~ 1050 nm fundamental wavelength, it is difficult to obtain a highly nonlinear


https://www.coherent.com/lasers/cw-solid-state/mephisto
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Figure 2.14: A simple comb locking scheme. a, Illustration of the lock points and frequencies.
Consider the comb as a rubber band with two degrees of freedom, we can fully stabilize the comb
by locking its feeo and a beat fyear with the 87Sr clock laser. b, Schematic of the implementation
of the comb locking scheme including the optical detection and the feedback loop design. Red
lines represent free-space optical beam path, green lines represent optical fibers, and black lines
represent electrical connections. PCF, photonic crystal fiber. PPLN, periodically poled lithium
niobate. WDM, wavelength division multiplexer. DDS, direct digital synthesizer. PFD, phase-
frequency detector. EOM, electro-optical modulator. PZT, piezoelectric transducer.
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fiber that is polarization—maintainingH Thus, thermal drifts of the polarization in the supercon-
tinuum broadening fiber make the fee, detection unstable. As the comb can be fully stabilized by
locking at any two frequencies separated far away from each other, we can alternatively stabilize
the comb by just locking the fyeat, 698nm and fheat, 1064nm, provided that the laser frequencies are
known. The 698 nm reference laser is provided by the Sr clock/stable laser team with frequency
calibrated by the JILA 37Sr clock [5]. We stabilize our Mephisto 1064 nm laser to the Menlo fre-
quency comb used to transfer the stability of the JILA Si cavity [57, [I76] stability to the clock
laser [172]. Using this new locking scheme, we bypass the need to detect the comb fee, and obtain
a more stable operation of the comb locks.

How good is the VUV comb linewidth? In the beatnote data shown in Fig. the (relative)
sideband noise power is a direct indication of the amount of phase noise present in the system [177].
For understanding laser phase noise and linewidth, interested readers are referred to Refs. [177, 57,
178, 4, [179]. Briefly, considering a single-tone carrier, adding (small) phase modulations on the
carrier would generate sidebands whose power is proportional to the mean square phase deviation
(A¢)2. The power ratio between the coherent carrier and the noise sideband can then be quantified
by integrating the laser phase noise [177].

A complication comes from the 7th harmonic generation process employed in our experiment.
In the case of noiseless harmonic generation [I80], the timing jitter in the fundamental laser is
faithfully transferred to the harmonics. However, in the 7th harmonic, the phase jitter is 7 times
larger than that in the fundamental, due to the higher carrier frequency (see Fig. . The
corresponding phase noise power spectral density, Sg(f) o (A@)?, is thus scaled up by a factor of
49 (~ 17 dB) in the 7th harmonic.

Assuming the phase noise comes purely from the comb itself (i.e. the noise of the Mephisto
reference laser is much smaller than that of the comb), the beatnote power distribution in the RF

(see Fig. [2.16]) is identical to the optical power distribution for the light generating the beat. One

10 Waveguide-based solutions may offer higher nonlinearity while maintaining the polarization, see, for example,
the Comb-Offset-Stabilization Module from Octave Photonics.


https://www.octavephotonics.com/resources/application-note-ultra-low-noise-frequency-comb-offset-stabilization
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Figure 2.16: Beatnotes of the comb lock. a, comb feceo, b, comb beat with 698 nm clock laser
foeat, 698nm and c. comb beat note with the 1064 nm Mephisto laser fyeat, 1064nm-
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may ask what SNR we need for the fieat, 1064nm signal to ensure a good comb linewidth at the 7th
harmonic. We can do an order-of-magnitude estimation. We define the linewidth ¢ as where half of
the optical power is within +6/2 of the carrier frequency, while the other half is in the noise outside
the narrow coherent tone. We observe that most of the noise comes within a 1 MHz window near
the carrier, as shown in Fig. With a 1 kHz resolution bandwidth (RBW) as in Fig. we
have ~ 10% more frequency bins containing noise in a 1 MHz window. Only one bin contains the
coherent carrier with a linewidth below 1 kHz. Thus, an SNR of 30 at a 1 kHz RBW would be
sufficient to ensure that a large portion of optical power is contained in the coherent carrier with a
linewidth smaller than § = 1 kHz. Considering the additional 17 dB scaling from the 7th harmonic
generation, we would like to keep the fyeat, 1064nm SNR > 47 dB at 1 kHz RBW. Fig. shows
that this is indeed the case.

Additionally, the fsEC provides a low-pass filter that removes high-frequency laser phase
noise, further helping in reducing the 7th harmonic linewidth; see [90]. The estimated integrated
phase noise of the VUV comb, considering the scaling relation shown in Fig. .17k is significantly
below 1 radian (Fig. ), indicating that most of the VUV comb power should be contained in
a narrow frequency carrier even down to 10 Hz Fourier frequency. However, path length jitter may
lead to additional out-of-loop phase noise that is not analyzed in Fig. [2.17b. We estimate that the
path length fluctuation can introduce a linewidth broadening on the order of kHz [I81] [180].

Another source of the comb phase noise comes from the HHG process itself. The electrons
ionized from the Xe gas atom experience a slightly different phase shift depending on the laser
intensity (see, for example, Eqn. . The effect is likely negligible due to the small phase
coefficient «; for the Tth harmonic [I58, [I80], at least for the short trajectory component that
shows a good beam shape [I54]. Intentionally modulating the IR comb intensity may help us verify
the «; amplitude, as shown in Ref. [I80]. Ultimately, the VUV comb linewidth is benchmarked

against the 22Th nuclear clock transition in Chap.
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Figure 2.17: a, Illustration of the phase noise scaling in 7th harmonic generation process. Even
without any additional noise, the same timing jitter corresponding to a phase of ¢1 would result
in a larger phase noise of 7 X ¢ in the 7th harmonic. Figure adapted from Ref. [I79]. b, Phase
noise performance of the VUV comb. A low-pass filtering function (corner frequency: 93.75 kHz)
corresponding to the transfer function of our enhancement cavity has been applied, which reduces
the high-frequency phase noise. The left axis is for phase noise power spectral density (blue curve),
and the right axis is for the integrated phase noise (orange curve) integrated from 1 MHz down to
the corresponding value of the x-axis. Figure taken from Ref. [90].
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2.7 A Xe recycling system

To obtain a good 7th harmonic generation efficiency, we choose Xe gas as the generation
medium because of its large polarizability. The Xe gas is relatively expensive. The market price of
the Xe gas is about $40 per standard liter in January 2025. Using a 100 pm diameter nozzle and
operating at a backing pressure of 30 psi, we can calculate the mass flow rate of the Xe gas jet

following equation (2.43) in Ref. [119]:

. T,
T (torrLfs) = ¢ [ 22) /20 g2, (2.18)
Ty Ty

Here, T¢ is the temperature of the vacuum chamber, which is usually assumed to be at room
temperature. Ty is the temperature of the gas inside the nozzle, Py is the stagnation pressure in
torr, d is the diameter of the nozzle in cm, and C' is a numerical value for specific gases. For Xe,
we take C' = 7.9 L/cm?/s given in Table 2.5 in Ref. [I19]. Assuming 7. = Ty = 300 K and a
typical stagnation pressure of ~ 20 psi used in our experiment, the corresponding mass flow rate is

calculated as

T = 0.82 (torr-L/s) ~ 1.1 x 107 atm'L / s. (2.19)

We typically use 250 standard liters (atm- L) Xe gas bottles, which cost 250 L x ($40/L) =
$10,000 but only last about 250/1 x 1073/3600 ~ 63 hours. The cost of running the experiment
continuously will be prohibitively high. Thus, we implement a simple Xe recycling system to reduce
the consumption of Xe gas when operating the VUV combE It is also possible to build a more
sophisticated closed-loop gas recycling system [I82], but a significant investment is required.

A mixture of oxygen and ozone is injected into the vacuum chamber to avoid hydrocarbon
buildup on the optics caused by VUV irradiation [107]. This O2, O3 gas mixes with Xe in the

vacuum chamber and is pumped out using a turbo molecular pump backed by a dry scroll pump@

' We had inspiring discussions with Johannes Weitenberg and Akira Ozawa about this design. A similar system
is implemented in MPQ for the recycling of Xe.
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We collect this gas mixture from the exhaust of the scroll pump. Their vapor pressures at low
temperatures are shown in Fig. 2.18

We see that O3 has a similar vapor pressure to Xe and is therefore difficult to separate
by distillation. In addition, frozen ozone poses an explosion risk as conversion from Os to Oj
is exothermic [I89]. Thus, we use a catalytic ozone destruct device (OxidationTech, CDU-15) to
convert O3 to O9 before filling the exhaust gas from the pumps into storage tedlar gas bags (Restek,
Tedlar Sampling Bag, 40 L)). The tedlar bags are convenient, but start leaking after multiple uses.
In the future, a more robust product should be used.

The gas collected in the bags is then transferred to a stainless steel gas bottle dipped in
liquid nitrogen (LN2), since at the LN2 temperature the vapor pressures of Xe and Oy are below
atmospheric pressure. To complete the transfer, a suitable Nalgen Dewar is used with the bottom
of a stainless steel gas cylinder dipped in the LN2. A heat gun is used to warm up the inlet of the
gas cylinder to avoid clogging due to frozen Xe solid.

We then connect the collected O2 and Xe mixture bottle to a roughing pump with an ultimate
pressure of ~ 10 torr. This is good enough to pump out Oy at LN2 temperature, as its vapor
pressure is still high (Fig. , while the frozen Xe solid remains inside the bottle. In this process,
the vapor pressure of O2 is monitored to indicate when the pumping process has finished. In this
process, the gas bottle is thawed and frozen a few times to avoid trapping Os in frozen Xe.

Finally, we perform another transfer process to further purify the gas. With the Xe gas
cylinder cooled by dry ice, we flow the Xe to another clean cylinder dipped in LN2. A few in-line
filters (Restek, Click-On In-line filters) made for gas chromatography mass spectrometry are used
to further remove moisture, oxygen, and hydrocarbon. Finally, a particle filter with 2 pm pore size
is installed in the gas line to avoid clogging the gas nozzle. We confirm that the harmonic power
generated using recycled Xe is identical to that generated by using a fresh Research Grade Xe

bottle.

12 Dry scroll pumps require regular maintenance and add dust particles to their exhaust. A possibly better option
is a multi-stage roots blower. However, roots pumps are inefficient for pumping He gas.


https://www.oxidationtech.com/cdu-15.html
https://www.restek.com/p/22056?srsltid=AfmBOopDeu2qqw-_YRNTXdDpCQImSrRh-RwORxNdcbIGSZ_1pMYr3dP3
http://restek.com/c/1526?Ns=restekProduct.x_productBadge%7C0
https://www.pfeiffer-vacuum.com/global/en/products/vacuum-pumps/multi-stage-roots-pumps
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Figure 2.18: Vapor pressure of O2, O3, and Xe. The vapor pressure of Os is obtained using the
Antoine equation [183] with data compiled from Ref. [I84]. The vapor pressure of Og is taken from
Ref. [185]. The vapor pressure of Xe is taken from Ref. [I86], which we also cross-checked with

data from Refs. [187, 188].
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Chapter 3

Thin-film ?2Th targets for nuclear spectroscopy

Motivated by the progress in nuclear clock research [42], 43, [59] 190, 29] detailed in Chap.
we started working on building a thin-film nuclear clock in 2019 [191]. Although we have not
yet observed state-resolved nuclear transition lines in thin-film targets, the first stage of research
did produce satisfactory results in observing the nuclear excitation signal using a four-wave mixing
laser [76]. The initial spectroscopy setup is designed to use the internal conversion (IC) scheme [190),
191], as the IC decay channel has already been observed [59) 29]. In this chapter, we document
our effort in this direction, including target fabrication, detection setup, and data analysis. The
spectroscopy data is attached in Appendix [A] even though no clear nuclear transition is observed.
After the report of the radiative decay [25] of 22Th from ISOLDE, we shifted our focus looking

for fluorescence photons; see Sect. [3.6]

3.1 Laser excitation rate of 22" Th

With a VUV frequency comb laser presented in Chap.[2, how can we calculate the excitation
rate of the 22 Th isomer? In this chapter, we first consider the ??Th nucleus as a two-level system
and calculate the nuclear excitation rate when irradiated with a 1aserE| We then present our effort
in making ?2ThO, and ??ThF, thin film targets. The spectroscopy results with them are shown

in the end, as well as in Appendix [A]

! Shielding effects from the electronic shell [T92] is not included in our analysis.
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3.1.1 Full solution of the optical Bloch equation

The laser excitation rate of the nucleus can be described by the optical Bloch equation,

similar to any two-level system. We define a Rabi frequency as

|2nc?IC2.T
0= %’ (3.1)
0

where c is the speed of light, I is the intensity of the laser, Cye is the Clebsch-Gordan coefficient of
the transition, I', is the radiative decay rate, h is reduced Planck’s constant, and wy is the resonance
frequency of the two-level system. We can write down the optical Bloch equation that describes

the evolution of the system as [193]:

T
U = U + dv (3.2)
~ Q
v = —du—Tv+ —w
2
w = —2Qv—-Tw+T,
where
u = p12e—i5t +p216i5t (33)
v o= —i(proe 0 4+ pye®) (3.4)
w = 1-— 2p22 (35)

and § = w — wp is the detuning between the laser and the nuclear transition frequency. p;; are the
density matrix elements. We use I' = I', + I';;; to denote the total decay rate of 229m T including
the y-decay rate I'y as well as a non-radiative decay rate I'y, coming from the IC decay channel.
Further,

r+r =

—

is the total decoherence rate, with I'y, the linewidth of the laser light and I'»qq capturing additional

decoherence mechanisms. The corresponding nuclear excited state population can be solved by
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numerically integrating Eqns. [3.2l%| In the specific case when the laser field is on resonance with

the nuclear transition, the dynamics can also be described using Torrey’s solution of the optical

a sin(At))
1/2

A= ‘92—(f—r)2/4‘ . (3.8)

Bloch equations [195] 194] below:

Q2
P22 = 5 y (37)

(IT + Q2)

s r
1— e 3T+ (cos(At) + -

where

When 2 < ‘f‘ — F‘ /2, the sin and cos functions in Eqn. should be replaced with sinh and cosh,

respectivelyﬁ

3.1.2 Simple excitation rate estimations

To gain more insight into the laser excitation rate of 2™ Th, we try to make a few approxima-
tions and simplify the solution. In cases where a laser linewidth is much larger than the transition

linewidth, i.e. I', > I', and with a low excitation fraction, I' > I' >> Q, Eqn. simplifies to

QQ

pu(t) = =1 - ™). (3.9)

At t = 0, the excitation rate is thus

0?2 7lIC,EeT
ex N =T 3.10
exc,peak or thF ( )

Note that ey is derived from Eqn. assumed § = 0, i.e. the laser is on resonance with
the transition. With a broadband laser and a Lorentzian lineshape, this assumption breaks down.
The actual integrated excitation rate can be corrected to be

2.2 3
T e T A T
i = xIxZLxC? = —
2" Pk T o3 S T

Texe = x I x Cg, (3.11)

where we also used the approximation T’ ~ %L, assuming the laser linewidth dominates the deco-

herence, and A is the transition wavelength.

2 Analytic solutions of the full equation exist as well, see Ref. [194].

3 Directly evaluating sinh and cosh at certain numerical conditions may lead to divergent results due to the
precision of computers. This can be avoided by breaking down the hyperbolic functions to exponential functions and
properly combining them before plugging in numbers.
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A full derivation of the above discussion can be found in Refs. [191] [196]. For the moment,

let us assume Cye = 1 and see if we can obtain the same result from other simple considerations.

3.1.2.1 Estimation using the steady-state scattering rate

We know the 2?™Th excitation fraction stays low throughout our experiment, i.e. most
of the ??*Th atoms stay in the ground state. We absorb any additional decoherence, such as
inhomogeneous broadening, into the laser linewidth I'y,. The excitation rate is estimated using a
few different simple ways as follows. Interested readers can also refer to Refs. [193] [197] for more
details.

The scattering rate of a two-level system can be written as

r, s
2 1+s+4A2/T2

R(A) = (3.12)

where I', = 1/7 is the angular transition linewidth, s = I/l is the saturation parameter, and
A is the angular frequency detuning. Using the formula for the saturation intensity of a two-level

system as
212 he

Isat =

and integrating over the detuning A, we can get the photon scattering rate as

Re N r Ty X1 (3.14)
~ 8rhe v/ L '

where I = P/A is the laser intensity. Considering in reality that the quantization axis of the nuclei
are randomly oriented, we need to divide the result by another factor of 3, making the result agree

with Eqn. [3.11

3.1.2.2 Estimation using Einstein coefficients

We may also perform this estimation using the Einstein coefficients. Again, assuming a simple

two-level system with the Einstein B coefficient written as

e

B:hw3

A (3.15)
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where A =T', = 1/7 is the Einstein A coefficient, the excitation rate is simply calculated as

I AT
X =L x I (3.16)

s p(w) X C x FL 8mrhe FL

which agrees with the previous result in Eqn.

3.1.2.3 Estimation using integrated absorption cross section

We know that the integrated cross section of a two-level system is written as
o=— (3.17)

Considering the photon absorption rate with only a fraction of I', /I't, photons on resonance,

the absorption rate (and thus the nuclear excitation rate) is

o T A3 r
R=—Ix-"="—xTxI 3.18
hw' Ty 8mhe Ty (3.18)

again in agreement with Eqn.

3.2 Nuclear spectroscopy based on internal conversion decay

At the beginning of the thesis work, radiative decay from the thorium nuclear transition had
not yet been observed, while the internal conversion (IC) decay channel has been observed [59] and
well characterized [29] [62]. Thus, we started building the experiment based on the concept of a
nuclear clock based on internal conversion (IC) decay in thin film ?2Th targets, as proposed in
Refs. [190, 191].

We consider a generic experiment setup where we have a time-gated laser system which
irradiates a 22Th spectroscopy target. The internal conversion (IC) process is used for 22mTh
detection, as illustrated in Fig. In IC decay, 22°™Th transfers its energy directly to an electron
and ejects the electron out of neutral thorium samples [59, 29]. We first irradiate a thin film
containing many 22Th nuclei, during which a fraction of 22Th is brought to the excited state

resonantly if the laser is on resonance with the nuclear transition; see Fig. [3.Ip. The excitation rate
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can be calculated following the notation in Fig. and Sect. After a certain irradiation time,
the laser is turned off. IC decay of 22°™Th gives energy to the electrons. The energetic electrons
are subsequently released into free space as the spectroscopy signal; see Fig. .

Two types of lasers can be used for this IC-based spectroscopy experiment; see Fig. In
Fig. , a four-wave mixing (FWM) scheme is shown for broadband tunable VUV laser genera-
tion [70, [75]. Two UV photons are tuned to a two-photon transition in Xe gas. A visible photon is
used to tune the wavelength of the generated VUV photon. The broadband laser system operates
with nanosecond laser pulses, offering a natural gating for IC decay detection [190]. Broadband
tunability is also advantageous for the initial search of the transition. In parallel to our IC decay
search using a VUV frequency comb (Fig. 3.2b) at JILA , a similar experiment was carried out
at UCLA [74] using a pulsed FWM laser. The same laser system was later used for the radiative
spectroscopy experiment of 22" Th in LiSrAlFg crystals [28], as well as spectroscopy of 22ThF,
thin films [76].

Although having broadband tunability, FWM lasers using the scheme shown in Fig. [3.2] are
naturally broadband, limited by the short pulse duration. To obtain a narrow linewidth, a VUV
frequency comb is built at JILA using cavity-enhanced high-order harmonic generation [15 [16] [17]
in a Xe gas jet (see Chap. , shown in Fig. The frequency comb consists of 10> comb modes,
each having ~ 1 nW of comb power [90]. Taking into account the ~ 10 ps lifetime of IC decay [29],
the lifetime-limited linewidth of the ?2Th nuclear transition would be ~ 16 kHz, shown in Fig. 3.2
The narrow linewidth frequency comb lines thus may offer much higher spectroscopy resolution,
where each comb mode can be used individually to excite the 2?™Th isomer. The large number
of comb modes offers a parallel advantage allowing us to cover a wide range of spectrum quickly
with a fine step size. Experiments for direct comb spectroscopy of the 22 Th nuclear transition are
performed at JILA [191].

The VUV comb is directed to a detection setup for the IC decay electrons, shown in Fig.[3.3
As the 229mTh lifetime is around 10ps with the IC decay channel [29], it is important for us to

remove the VUV beam within a ~ 1ps time scale. While gating the fundamental laser light using
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Figure 3.1: Concept of nuclear laser spectroscopy using the internal conversion channel. a, We
consider the nuclear excitation via laser with a rate I'exc. The nuclear decay rate contains two
parts, I'y is the radiative decay rate while I'ic describes the internal conversion (IC) decay rate.
b, Nuclear excitation via photon absorption. ?2Th embedded in a thin film are irradiated with a
laser. One of the resonant photon is absorbed, exciting the ?2Th from its ground state, 226Th to
its excited state, 22°™Th. c, Nuclear decay via internal conversion. 22 Th transfers its energy to
an electron (red dot) through a virtual photon. The electron gains enough kinetic energy to fly off
from the surface of the thin film.
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Figure 3.2: Laser systems for nuclear spectroscopy. a, A widely tunable laser generated through
a four-wave mixing process in xenon gas. Figure taken from Ref. [70]. b, a vacuum ultraviolet
(VUV) frequency comb for the nuclear transition search. We show an idealized nuclear transition
line with ~ 16 kHz lifetime-limited linewidth. All comb lines can be scanned in parallel to search

for this narrow transition.
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an acousto-optical modulator (AOM) is in principle possible and fast enough, we observed a high
background photoelectron count rate with decay lifetimes on the order of tens of ps in practice
when the fundamental light is quickly turned off. This is possibly caused by the fluorescence of
the Xe plasma jetﬁ [198] that gets imaged to the target, kicking off photoelectrons during the
detection cycle. A quick estimation of the Xe gas speed in the supersonic jet [I19] together with
the observed plasma dimension of ~ a few mm also gives a plasma decay lifetime of the same order
of magnitude.

To achieve fast gating despite lingering plasma fluorescence, a mechanical chopper wheel is
implemented. The VUV comb is focused down tightly through a 200 pm diameter pinhole to reduce
the dimensions of the beam to obtain a fast turn-on / turn-off time of ~ 1 ps. A significant amount
of fundamental laser power (100 mW ~ 1 W) is reflected off of the GIP outcoupler and travels
in the same direction as the VUV comb. However, because of the dispersion of the lens material,
the fundamental beam focuses to a different position compared to the VUV beam. The pinhole
therefore also serves as a spatial filter to remove residual IR light and other harmonics directed
to the target. Due to the high thermal load caused by residual IR light, conventional pinholes
made out of laser-drilled tungsten films cannot be usedﬁ Instead, a 1 inch diameter, ~ 2 mm
thick copper disk was drilled through using a ~ 200 pm diameter drill, with the back side cleared
conically, to serve as the pinhole.

Right in front of the pinhole, a chopper wheel driven with a vacuum-compatible motor is
installed, see Fig. [3:3p. Several brushless DC motors from Koford Engineering have been tested

as the drive for the chopperﬁ We eventually operated a motor at a speed of 30 kRPM. With

4 Xe is the medium used for generation of the VUV comb, see Chap.

5 We tried one out. The pinhole mask heats up enough to glow in red.

5 See https://www.koford.com/. Several technical issues are encountered during the tests. Some of the vacuum-
compatible motors are contaminated with lubricant oil from the manufacturer, thus careful checks and prebakes
monitored using a residual gas analyzer is required. In addition, the Hall sensors for motor control break down
at 150 °C, although that is still within the rated operating temperature. Thus, pre-bakes are performed at 100°C
instead. Motor bearings are susceptible to dust contamination that leads to abrupt increases in mechanical friction.
Closed-loop motor controllers from the vendor do not allow adjustments of the feed-back loop parameters, thus only
open-loop control was implemented. With the motor mounted to the vacuum chamber wall that is isolated from the
optical table using thick viton blocks, mechanical vibrations of the motor do not cause an issue for the laser cavity
stabilization.


https://www.koford.com/
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30 slots machined on the chopper wheel, this gives us an operation frequency of 15 kHz. Each
cycle consists of ~ 33 ps laser on time for nuclear excitation and a ~ 33 ps laser off time for signal
detection. The chopper wheel is machined out of a solid aluminum block and dynamically balanced
to less than 2.5 g-in by trimming the edge, limited by the repeatability of the Colletﬂ The exact
on/off time of the VUV laser beam was monitored using a visible laser beam aligned at a small
angle to the VUV laser (red dot in Fig. ) This small angle allows the visible laser beam to be
turned on/off slightly earlier than the VUV laser, giving us a convenient time delay to trigger the
control sequences of the detection setup. To reduce the background from scattered photons, we
also covered most of the inner side with aluminum foils painted with a vacuum-compatible black
paint (Alion MH2200, cured at 400 F)

Efforts are made in the designed detection setup to avoid excess background during the
detection window. We use a voltage gating scheme illustrated in Fig. [3.4h. The voltage on the
target itself and the voltage on the mount (effectively a ring electrode around the target) are
controlled separately. During laser irradiation, the target disk voltage is kept positive (+20 V), so
that the photoelectrons coming from the target will not be energetic enough to reach the detector,
causing saturation. The mount also serves as a ring electrode and is kept at a large negative
voltage (—80 V) such that the photoelectrons freed up from the target surface during irradiation
get repelled away quickly. Voltage switching is implemented using an arbitrary wave generator
and home-built high voltage amplifiers using a high voltage, high slew rate operational amplifier
(PA-85, Apex Microtechnology).

We avoided the use of a magnetic bottle with a permanent magnet as in Refs. [29]. This
is because, experimentally, we observe that a significant number of electrons are trapped in the
magnetic bottle spectrometer near the target surface during the laser irradiation. Magnetic trapping

leads to a large bunch of electrons at the beginning of the detection cycle when the voltage of the

7 We tried commercial sheet-metal chopper wheel blades. However, their imbalance is too large to allow for
operation at the desired speed. In the end, the dynamical balance is performed by NextGen Balancing https:
//ngbalancingtechnologies.com/l A better balancing result can probably be achieved using shrink-fitting, if desired.

® According to the JILA machine shop, Krylon K01602A07 ultra flat black paint| offers a cheaper and easier
solution for applications less demanding for vacuum, after proper heat treatment. Surprisingly, black Sharpie marks
are acceptable in ultra-high vacuum.


https://ngbalancingtechnologies.com/
https://ngbalancingtechnologies.com/
https://en.wikipedia.org/wiki/Shrink-fitting
https://www.krylon.com/en/industrial/products/mro-aerosols/acryli-quik-acrylic-lacquer
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Figure 3.3: Detection system for IC spectroscopy. a, Schematic of the detection setup. Time
gating of a VUV comb is implemented using a mechanical chopper wheel and a pinhole. The gated
VUV comb is focused onto a thin-film target on a target mount, with the target voltage and mount
voltage separately controlled. Conductive wire-grid meshes are used to control the flow of electrons.
A magnetic field generated by a coil wrapped around the vacuum chamber is used to guide the
electrons to a MicroChannel Plate (MCP) detector for single electron counting. b, Photo of the
mechanical chopper wheel.
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target is rapidly switched. We observe that the surface quality has a significant impact on the
background photon count rate. We use an argon sputtering gun to clean the surface. Ar ions with
500 eV of kinetic energy are used to sputter the surface for 30 seconds before the experiment cycle
to remove the hydrocarbon coating on the target.

Signal collection efficiency is estimated by turning off the high bias on the MCP detector
and measuring the photoelectron current from the target and to the MCP detector front surface.
The collection efficiency is estimated to be ~ 0.5. Insulators near the target area, such as Kapton
tape, may charge up significantly under VUV irradiation, which leads to bending of the electron
trajectory and significantly reduces the signal count rate. Thus, we ensure that the front surface
of the target mount is made of conductive metal.

The result of a typical scan cycle is shown in Fig. 3.4b. During the first ~ 30ps, the chop-
per wheel is open so that the VUV laser is irradiating the target. Although no electrons can fly
to the detector due to voltage gating, a small amount of scattered light may reach the detector.
The scattered photons lead to a constant high count rate on the MCP during the laser irradiation
cycle. At ~ 30ps, the chopper wheel closes and the target / mount voltages are switched according
to Fig. . As 2?9Th is radioactive, electrons are automatically ejected from the target when
a radioactive decay event occurs. With the proper voltage gating scheme presented in Fig. [3.4]
the electron counts collected in this region of interest originate dominantly from the intrinsic ra-
dioactivity of the target itself. At ~ 90ps, we switch the voltage of the electrodes again so that
the electrons from the target cannot reach the detector. The count rate is then limited by the
intrinsic background of the detector itself. After ~ 110ps, the chopper opens again and the irra-
diation/detection cycle repeats. If the nuclear transition is successfully excited, an elevated count
rate is expected in the first ~ 10 ps after the laser irradiation.

For this concept, we would need a target with a low band gap to enable the IC decay and
a low work function/electron affinity to enable the release of free electrons. Ideally, what we are
looking for is a good photocathode, as the photoelectric field is similar to the IC electron ejection

mechanism that we plan to use for nuclear excitation signal detection; see Fig. [3.5] In general,
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Figure 3.4: Voltage gating scheme for background suppression. a, Voltage switching scheme of the
target disk and the ring electrode (target mount) synchronized with the chopper. b, Signal count

rate as a function of time during the detection cycle, dependent on the voltage switching times.
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low band gap insulators have longer inelastic scattering mean-free-paths of electrons compared to
those of metals, thus offering higher quantum efficiency for photocathode applications. We choose
229ThO, for the experiment due to its chemical stability and the potentially relatively high electron
emission efficiency predicted theoretically.

We also ensure that the sample is thin enough for VUV photons to penetrate efficiently into
the material for nuclear excitation. Using the attenuation coefficient of & ~ 0.1 nm™! reported in
Ref. [199] for 2?*ThOg, for a 10 nm thick layer, the nuclear excitation rate decreases by a factor of

Nabs = 0.63 [191] due to material absorption.

Figure 3.5: Comparison of IC decay and photoelectric effect. a, IC decay effect considered in
the proposed scheme. The 22 Th state decays, transferring its energy to an electron in the bulk
by a virtual photon. The electron (orange) scatters around in the bulk material (light blue) and
escapes through a surface potential barrier (dark blue) to vacuum. b, Photoelectric effect, where
the electron gains energy by absorption of a photon. Note, the electron scattering process and
escape efficiency is the same as the IC electron ejection. ¢, A three-step model for calculating the
photoemission efficiency, adapted from Ref. [200].
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To predict the efficiency of IC electron ejection, we consider the band structure of 22 ThO,
shown in Fig. The relevant parameters can be found in Ref. [I91]. The photoelectron efficiency
can then be calculated accordingly [200)].

However, the predicted photoelectron quantum efficiency (QE) on the order of ~ 10% in
Ref. [191] deviates a lot from our experimentally measured results of < 0.1%. There are several

corrections that need to be applied to the calculations presented; see Sect. for more details and
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Figure 3.6: Band structure of ??ThQ,. The parameters noted are used for estimating the IC
electron escape efficiency: Ef is the Fermi energy, Ey,. the vacuum energy, Eyy is the work function,
E¢pm denotes the conduction-band minimum and Eypy, the valence-band maximum, Fg,, band gap,
Eiso the isomer energy, and Fig, is the kinetic energy of the IC electron. Figure adapted from the

Ref. [191].
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potential solutions.

3.3 Experimental fabrication of ???ThF, and ??ThO, thin films

There is no commercially available high-quality thin-film ??ThO, target. Here we present

our effort to obtain thin-film ?2*ThO, targets using a few different ways.

Figure 3.7: Photos of 2?Th targets. a, Target fabricated using drop-on-demand technique. b,
Target T5-306, electroplated on stainless steel. ¢, Target T5-307, electroplated on platinum.

a C

3.3.1 Drop-on-demand target fabrication

A first attempt is made using the drop-on-demand technique described in Ref. [201], car-
ried out by our collaborators in Johannes Gutenberg-Universitat Mainz [84]. In this process,
229Th(NO3), dissolved in water is dropped onto a titanium substrate plate using microdroplets.
The dried 22Th(NOg3), are then heated to 110°C for annealing. In this effort, only one target is
produced, which contains a ??*Th activity of 4.1 kBq and a 5.8 kBq activity of ?2*Th contaminant.
The large activity of 2?Th comes from the much shorter lifetime of 222Th compared to ?**Th, and
does not significantly dilute the content of 22 Th. However, its powdery appearance raises concerns
about its mechanical integrity; see Fig.[3.7h. Thus, we eventually disposed of this target after using
it for some preliminary tests.

There are a few possible improvements that may lead to better results.
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(1) Material purity. The target contains 4.1 kBq of ??*Th which amounts to < 1 g of material.
However, visually the content on the target substrate seems much greater than 1 pg. Pos-
sible contaminants in the water solution of 22Th(NO3)4 should be analyzed and further

purification should be performed.

(2) Droplet size. It is unclear if the printing technique using microdroplets [201] was used or if a
larger droplet was dispensed directly. Smaller droplets tend to leave a more uniform residue
after evaporation [202]. Given the specific need of our experiment, smaller targets would be
favorable. Simple picoliter dispensers based on piezo [203] 204], pneumatic systems [205],

or electrospray techniques [206] may suffice for this task.

(3) Different material choice. Although band gap calculations were performed here only for
229ThOs, other chemical forms of 22Th could be favorable for thin film fabrication. A sim-
ple idea is to fabricate 22Th(NO3z), thin films directly. Experimentally, dry ??*Th(NO3)4
(or possibly its hydrates) is observed to form a smooth surface when the water solution
evaporates slowly. Further heating beyond 55 °C leads to melting and bubbling of the dried

residue that destroys the smooth surface.

3.3.2 Electro-plating of ??Th

Motivated by thin-film 2*3U targets used in Ref. [59], we also tried electroplating [207] to
obtain a thin-film target. As electroplating is a standard procedure in the fabrication of calibration
targets for « spectrometers, we acquired two separate targets through a company (Eckert & Ziegler)

using different procedures.

(1) Target T5-306, see Fig. . 11.5 kBq 22Th electroplated on a = 5 mm surface of a
stainless steel disc (g= 15.875 mm, 0.5 mm thick, polished in the JILA glass shop). The
surface of the stainless steel was first etched using a 5% H2SO4 solution before the plating.
229Th was plated using a bath of (NH4)2SOy4 for about 1 hour. After plating, the target

was annealed over a Bunsen flame for diffusion bounding.
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(2) Target T5-307, see Fig. . 19.9 kBq electroplated on a @ = 5 mm surface of a pure
platinum disc (¢ = 15.875 mm, 0.5 mm thick, polished in the JILA glass shop). After

learning from the previous plating results, we made the following changes [208]:

e Use all new components in the plating cell (including the platinum wire and plate
insert).
e A blind plating run was performed before adding the 2?Th on a dummy substrate to

further purify the solution.

e No chemical or mechanical cleaning is involved on the platinum plate. It is electro-
plated after alcohol rinsing. This is to help facilitate AFM measurements of the plated

surface height.
e Use ultrapure reagents:
x HPLC grade or ultrapure isopropanol instead of acetone as the electrolyte.
x Ultrapure nitric acid to adjust current density.
x Ultrapure ammonium hydroxide to stop the plating.
x Ultrapure water and ethanol to rinse the platinum foil after plating.
e Th-229 batch to be used is “as is” condition as provided by radiochemistry. The
volume is likely to be 10—20 nL.
e Plate at 30 — 50 V; 5 — 7 mA. The dwell time for plating is 30 minutes.
e Plated platinum annealing on a hot plate at the highest setting for 1 hour.

e Electrodeposited and diffusion-bonded on customer-supplied platinum foil on a mod-

ified PM shipping holder, 15.8 OD x 5 mm ID x 0.5 mm Pt.

Before using a solid disc of Pt, a Pt-coated Si wafer (150 nm thick Pt on top of a ~ 30
nm TiOy bonding layer, custom made at the University Wafer) was tried for the electroplating
procedure. However, the Pt film peeled off during the plating tests, and thus we opt for a solid Pt

disk instead.
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The activities of the two targets are calibrated by the manufacturer by measuring the kinetic
energy spectrum of the a particles from the target, shown in Fig. [3.8 These targets also served as
calibration sources for our own « spectrometer to characterize the targets fabricated in-house.

We characterize the two electroplated targets using various toolsﬂ A microscope picture
and the atomic force microscope (AFM) scan image of target T5-306 are presented in Fig.
The images are taken close to the edge of the electroplated area. From the optical microscope
image, one can already see the obvious clustering of black material on the coated area. The AFM
image further confirms that the coated area consists of peaks and valleys with a height of the order
of ~ 100 nm, much thicker than the designed thickness of 10 nm corresponding to the quantity
of 22Th material used. Evidently, the target contains a significant amount of contaminants that
dilute the ?2Th content in the top layer. Target T5-307 shows a very similar behavior in which
the material clusters to high peaks in the coated area.

To understand what contaminants are in the 229Th targets, we performed X-ray photoelectron
spectroscopy (XPS) of the 22Th targetsm Results are shown in Fig. Using a monochromatic
X-ray source, photoelectrons are ejected from the target. The kinetic energy of photoelectrons is
analyzed using a hemispherical electron energy analyzer. Electrons coming from different specific
orbitals of elements carry different kinetic energy, therefore offering elemental resolution of the
target materialﬂ Data are analyzed according to Ref. [209]. Taking into account the emission
efficiency of each element, the atomic percentage of 2?Th in the targets is estimated to be ~ 1%.

Therefore, these targets are deemed not suitable for the 22?Th nuclear spectroscopy experiment.

9 We would like to acknowledge the JILA Keck Lab staff, including Dave Alchenberger, Curtis Beimborn, Amy
Ekiriwang, Scot Bohnenstiehl, Alan Copley for technical assistance on these measurements.

10 We would like to acknowledge Andrew S. Cavanagh for technical assistance on XPS data collection and inter-
pretation.

11 Another way to analyze the element on a surface is through Energy Dispersive Spectroscopy (EDS), where a
scanning electron microscope or a focused ion beam is used to excite the electronic states, and the X-ray emission
is measured to analyze the elemental composition. This could even allow one to map out the spatial distribution
of different elements. The Colorado Shared Instrumentation in Nanofabrication and Characterization (COSINC) is
facilitated with EDS measurements. We acknowledge Tomoko Borsa for discussions about COSINC capabilities.


https://www.colorado.edu/facility/cosinc/facilities
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Figure 3.8: a-spectrum of T5-306. a, a-spectrum of target T5-306 supplied by Eckert & Ziegler
Isotope Products. Zoom-in view of the region containing the a-peaks of 22Thclose to 5000 keV.
The full-width half maximum of the peaks are ~ 30 keV. b, Zoom-out view of the a-spectrum of
target T5-306. Data provided by Eckert & Ziegler Isotope Products.
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Figure 3.9: Microscope and AFM photos of T5-306. a, Optical microscope image. Bottom left
corner is uncoated substrate. Top right side is the coated area of the target. A possible triangular
scratch to the surface in the center is shown, where some black material appears to have been
removed. This scratch is already present with the target received as is. b, Atomic force microscope
(AFM) image of the target. Similar to that in a, the bottom left corner shows the uncoated area
with good surface flatness. The top right corner shows the 2?Th coated area, where obvious etching
of the substrate is present, evident by the ~ 100 nm high peak and valleys.
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Figure 3.10: X-ray photoelectron spectroscopy results of the electro-plated targets. Peaks of the
electron energy originates from specific orbitals in certain elements. A few dominant peaks are
labeled in the plot with their origin.
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3.3.3 Radioactive physical vapor deposition

In order to obtain a high quality ?2°ThOs target, we built a new machine to perform physical
vapor deposition (PVD).

To perform thin film deposition, coating materials can be heated up by either electrical
heaters or electron beams. Alternatively, ion beams can be used to directly sputter the material.
With the small quantity of 22?Th material available, it is impractical to use an electron beam or
ion beam to evaporate ?Th material specifically without also evaporating its container material.
Thus, we choose to use physical vapor deposition using a resistive crucible heater.

The vapor pressures of a few common thorium compounds are shown in Fig. 229ThF,
with much higher vapor pressure at low evaporation temperature is chosen as the material for
evaporation coating. However, 22ThQ; is a better candidate [191] for IC electron spectroscopy
because of its low band gap. Thus, chemical conversion of the 22 ThF, thin film to the 22ThOs thin
film is later performed using a pyrohydrolysis process [210, 211]. Commercially available 22ThF,
coating [212] are first purchased from Infinite Optics to validate the idea, with XPS measurements
that confirm the successful conversion from ThF, to 232ThQOs. A setup for the 22 ThF, coating is
developed to minimize the amount of ?2?Th material used in each coating run.

Physical vapor deposition of rare radioactive isotopes, especially actinides, has been a stan-
dard technique for the fabrication of nuclear targets used in accelerator facilities for nuclear physics
experiments [216], 217, 218 219, 220, 221]. However, in recent years, there have been fewer reports
on the fabrication of vapor-deposited radioactive targets [222]. Thus, we decided to build a new
machine for the fabrication of 22°Th targets in the lab.

For target fabrication, a quantity of ~ 5.1 MBq (~ 700pg) of ??*Th material (Batch No.
UTHX1-Th229-C-8, isotopic purity: 99.96%, chemical purity: 99.99%) is purchased from the
Oak Ridge National Lab through the National Isotope Development Center (NIDC), at a price
of $ 112 per pg. A later batch (Batch: TH229BATCH) of 100 g of 22Th is purchased at a price

of $ 120 per pg but is not used in the work presented in this thesis. The material is delivered in


https://infiniteoptics.com/
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Figure 3.11: Vapor pressure of thorium compounds. Analytical pressure curves are taken from
Ref. [213] for Th metal, Ref. [214] for 22 ThO,, and Ref. [215] for 22ThF,.
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the chemical form of 222Th(NO3)4 and the mass quantity refers to the pure 22 Th mass contained.
One gram of *2Th(NO3)4 material is purchased from United Nuclear| at a price of $34.5 per gram
for tests to avoid waste of the expensive 2?Th isotope and minimize radioactive exposure to us
when performing the experiment.

We dissolve the received 2?2Th(NOjz), material in 540 L of Ultrapur Water| from Millipore
Sigma. From the solution, 10 pL is transferred to a different vial using a pipetteE This new
vial is further diluted with 290 ul. ultrapure water. For each coating run, we typically transfer ~
20 L of the diluted solution containing ~ 6 kBq of 22Th(NO3), material to a small glassy carbon
crucible shown in Fig. E Then ~ 10 uL of 40% HF is added to the crucible to form 2?ThFy
precipitates, following the reaction

[Th(NOs3)4] (3.19)

+4[HF),  —— ThF4 | +4[HNO3]

aqu aqu aqu *

The crucible is then heated to 130°C on a hot plate for 30 minutes to dry the excess water,
hydrofluoric acid and nitric acid. A tight-fit lid (Fig. [3.12p) is added on top of the crucible to
further reduce the area of the evaporated ??ThF, molecular beam during coating. The crucible
weight is measured using a microbalance (Mettler Toledo MX5, resolution of 1pg) before and after
adding 22Th material to confirm weight increase.

We load the crucible containing dry ??*ThF, into a tantalum crucible heater installed in a
6-inch cubic vacuum chamber, see and CE A small piece of glassy carbon rod is used to
support the crucible to reach the desired height. The heater is directly clamped to a high-current
vacuum feedthrough (Kurt J. Lesker, Type EFT0823373, 330 A, 8 kV) using a copper mounting
structure. Other substrates such as MgFy, Al3O4, Ce:YAG, and Si have also been tested.

Platinum-coated Si wafers of 0.5 mm thickness and 5/8 inch diameter are typically used as

12° A set of pipettes are used, model Eppendorf Research plus, ranges 0.5 — 10 uL, 10 — 100 pL, 100 — 1,000 pL.
13 The glassy carbon crucible material is purchased from HTW Hochtemperatur Werkstoffe GmbH. The crucible
shape is machined in the JILA Instrument Shop. Glassy carbon is used for its resistance to fluoride-containing

material.
4 The crucible heater is Kurt J. Lesker, Type EVCH?, with its shape slightly modified in the JILA Machine Shop.


https://unitednuclear.com/
https://www.sigmaaldrich.com/US/en/product/mm/101262
https://htw-germany.com/en/material
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Figure 3.12: Vapor deposition setup. a, Photo of the glassy carbon crucible. b, Photo of the vapor
deposition chamber in operation. ¢, Conceptual sketch of the vapor deposition setup.
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the coating substrateE A platinum mask (GoodFellow PT00-FL-000171, 25 x 25 mm size, 0.25
mm thick) with a ~ 5 mm center hole is used to hold the substrate with a copper lid pushing from
the top side. Smaller Pt pinhole masks are used to further reduce the coating area if a small target
is desiredm Pt is chosen to allow easier recovery of the 22Th material if needed in the future.

The copper mounting structure for the substrate is installed on a 6-inch double-sided flange.
The height of the substrate can be adjusted using the stainless steel mounting rods. The double-
sided flange design allows us to easily load/unload the substrate from the top side (Fig. [3.12¢). A
turbo pump is directly connected to the chamber, allowing us to reach a 10~% torr vacuum pressure
~ 30 minutes after the start of the pumping procedure, when coating runs are performed. Up to
1072 torr vacuum level can also be easily reached in longer waiting times.

Before coating runs, the crucible heater and the crucible (without 229 ThF, loaded) are cleaned
by rinsing with distilled water and methanol and loaded into the crucible heater for a dummy coating
run. In this dummy coating run, the crucible heater is heated to 1600°C at 187 A current for 30
min to evaporate any residual contaminant. For vapor deposition, the current that passes through
the crucible heater is slowly increased to 130 A and held there for 10 minutes before termination.
The corresponding temperature of the heater is 1208 °C, precalibrated with an optical pyrometerm

After the coating run, the chamber is left to cool for about 2 hours before venting. Removal of
the coated substrate is easy with a vacuum tweezer (Chip Quik TV-1000).

The 22 ThF, samples are then converted to 22 ThO5 using a pyrohydrolysis procedure [210,
211] following the reaction

ThF, + 2H,0 22", ThO, + 4HF. (3.20)

The setup is shown in Fig. Argon gas is saturated with water vapor by bubbling through

distilled water and sent to the target through a glass tube to supply the moisture needed for this

5 The wafers are custom made at University Wafer, with 150 nm thick Pt coating on top of 30 nm TiO2 bonding
layer.

16 We purchased 0.05 mm thick Pt foil from Alfa Aesar. The 50 pm or 100 pm diameter holes are laser drilled at
Lenox Laser.

17" A discontinued model of optical pyrometer is used from https://www.pyrometer.com/| A tungsten wire is heated
inside the pyrometer with a pre-calibrated current-to-temperature relation. We match the brightness of the tungsten
wire with the hot device under test in the field of view of the pyrometer.


https://www.pyrometer.com/
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Figure 3.13: Pyrohydrolysis. a, Schematic of the pyrohydrolysis setup for converting 22*ThF, thin

films to 22ThO, thin films. b, Photo of the pyrohydrolysis setup.
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reaction. The target is placed on a hot plate (Corning, PC-420D) set at a temperature of 550 °C. A
300 W halogen lamp (Omnilux ELH, 120 V) is placed a few cm above the target to further increase
the temperature. We run the process for 1 hour, although significantly shorter reaction times may
be sufficient. The surface of the substrate remains intact and the 22?ThO, layer remains attached
to the surface after this process.

The chemical compositions of the targets are checked with XPS again; see Fig. Before
pyrohydrolysis, the target is dominantly 22 ThFy, with a small amount of carbon and oxygen from
surface hydrocarbon contamination. After pyrohydrolysis, the fluorine peak completely disappears

and the target is fully converted to 22ThOs.

Figure 3.14: X-ray photoelectron spectroscopy results of the physical vapor deposited (PVD) tar-
gets, before (?2ThF,) and after(??ThO,) pyrohydrolysis. Peaks of the electron energy originates
from specific orbitals in certain elements. A few dominant peaks are labeled in the plot. Figure
adapted from Ref. [76].
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We also characterized the PVD targets using AFM before and after the pyrohydrolysis treat-
ment. For this, a 50 pm diameter target is produced. The layer thickness of the 22 ThF, target as
deposited is measured to be 32 42 nm, while after pyrohydrolysis it shrinks down to 23 +2 nm; see
Fig. 315l Due to the density difference between thorium oxide and thorium fluoride, the expected

volume shrinking factor is

PThF,/PThOy - MThoy/MThr, ~ 0.54, (3.21)
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where p denotes the density and M the molecular mass of the corresponding chemical form. The
deviation of the observed shrinking factor of 23/33 ~ 0.70 is likely due to the amorphous structure
of the thin films, resulting in a density different from that of the bulk samples.

We also investigate the PVD targets using « spectroscopy. The energy of the a particles
emitted from the surface is investigated using a single channel « spectrometerﬁ A sample «
spectrum is shown in Fig. [3.16] compared to a spectrum taken using the calibration target T5-306
purchased from Eckert & Ziegler Isotope Products, shown in Fig.[3.8] By comparing the integrated
count rate in the region of interest (ROI) highlighted in Fig. and using the activity of T5-306
being 11.49 kBq, the activity of the 50 pm target is measured to be 3.0 Bq. This is reasonably
close to the activity of a ~ 30 nm thick, ~ 50 pm diameter ?2?ThF, disk. We also note that the
daughter isotope concentration in the vapor-deposited target appears to be lower than that of the
electroplated T5-306 target. This is likely because the PVD process distills the 22Th material. It
will return to equilibrium after a long enough waiting time.

Originally, 22 ThF, was assumed to have a band gap of 6.53 eV [223], thus not being trans-
parent to the VUV light at 148.4 nm (~ 8.4 eV). However, recent work indicates that 22*ThF,
actually has a band gap of around 10 eV [224] 225], making it possible to observe radiative decay
photons in 229ThF, samples. To experimentally test this, we made a thick (~ 1pm) ThF, target
with a diameter of 5 mm, covering part of a 10 mm square MgFy substrate. Using the setup shown
in Fig. , we measured the ratio of the transmitted power of a Dy lamp (Hamamatsu L7293) on
the coated/uncoated area of the MgFy substrate, shown in Fig. [3.17p. The VUV transmission is
spectrally dispersed using a grating spectrometer (HP Spectroscopy, easyLIGHT), with the wave-
length axis calibrated using the Dy lamp spectrum [226]. The high transmission down to nearly
125 nm wavelength agrees with the large bandgap of ThF, reported in Refs. [224] 225] and inspired
us to try the nuclear transition search also with radiative photons [76], see Sect.

A further check of the VUV transparency is made with thorium oxide. A similar ThF4 coating

is fabricated on a sapphire (Al3O2) substrate. Al3Oq is chosen for its transparency at 148 nm [130]

18 Ortec/Ametek, alpha-aria, using a Ortec/Ametek, U-019-300-AS silicon charge detector.
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Figure 3.15: AFM measurement of PVD targets, before (a, ¢) and after (b, d) pyrohydrolysis.
Figure adapted from Ref. [76].
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Figure 3.16: « spectrum of a PVD target, 22 ThF, #8, shown in comparison with the o calibration
source, T5-306, in Fig. ROI, region of interest corresponding to ?2?Th decay. arb. stands for
arbitrary unit. A few peaks are labeled with their corresponding isotopes. Figure adapted from

Ref. [76].
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and also its resistance to the pyrohydrolysis procedure. We observe no additional absorption of the
ThF,4 thin film in the VUV but complete absorption in the ~ 150 nm range from the ThOs thin
film after pyrohydrolysis, confirming that our measurement provides trustworthy information on
the sample band gap.

Figure 3.17: VUV transmission of a PVD ThFy target. a, Measurement setup for characterizing

the transmission of a PVD target. b, Measured optical transmission of a 22 ThF, thin film. Figure
adapted from Ref.[76].
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The thin-film targets are likely amorphous. Preliminary characterization of the crystallinity
of the PVD targets is carried out at the Materials Research X-Ray Diffraction (XRD) Facility at
the University of Colorado, Boulderm Using Grazing-incidence wide angle scattering XRD [227],
the average grain size of the samples is estimated as the correlation length obtained by the Scherrer
equation [227] to be about 30 A. Annealing at high temperature may help crystallize the thin-film

samples. Diffusion of 22 Th atoms into VUV transparent substrates at elevated temperatures may

also be possible [22§].

19 We would like to thank Viki Martinez and Joseph MacLennan for technical assistance on the XRD data collection
and interpretation.
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3.4 Attempts of VUV comb spectroscopy on *?ThQO, thin films

Several attempts of VUV comb spectroscopy have been made on 22ThOs thin films, albeit
without observation of a clear signal. In this section, we describe the operation and results of the
spectroscopy, with the raw data presented in Appendix [A]

Since the laser excitation rate of the nuclear transition is low, we choose to use a tight
focus and a small target to minimize the target radioactivity and thus the background coming
from shake-off electrons, which dominates the background in Fig. Due to chromatic dispersion
and spherical dispersion, the focal spot size of the laser on the target is designed to be ~ 50 pm
(simulated using the Zemax [229] software package and experimentally verified using a ~ 50 pm
diameter pinhole). However, practically aligning the laser beam to a target smaller than 100 pm
becomes challenging. Thus, 100 pm targets are used in the end.

The alignment procedure of the laser beam to the target is shown in Fig. using two
steps. We first perform an initial alignment using a camera imaging system shown in Fig. [3.18h.
Using a cerium-doped yttrium aluminum garnet (Ce:YAG) fluorescent screen mounted on a 3-axis
translation stage, we mark the position of the laser beam. We use a 50 pm pinhole to check if the
mount is in the focal plane of the laser beam. We then align the marked position of the laser beam
onto the 100 pm diameter target, which can be seen in the camera imaging system as shown in
Fig. [3.18b. The Ce:YAG screen, the pinhole, and the 22ThO; target are mounted in the same
vertical plane. We then measure the photocurrent from the target with a ~ 101s long VUV burst
generated simply by sweeping the fSEC across its resonance with the comb. The target is biased
to —30 V and the photocurrent AC-coupled to a transimpedance amplifier using the schematic
shown in Fig. |[3.18c. The measured photocurrent is shown on Fig. |3.18d, where we can observe a
clear reduction of the photocurrent when the laser is aligned to the 229ThO; target. This is likely
due to the fact that the work function of 22Th is lower than that of the Pt metal. Thus, a local
electric field establishes on the target surface, as shown in Fig. [3.18k. The order of magnitude of

this E-field is 1 V/100 pm. To reduce this effect, we simply installed a wire-grid mesh ~ 1 cm away
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with +100 V bias voltage. With the wire mesh biased, the photocurrent difference on the 22ThO»
surface doubles, but on the Pt surface the photocurrent remains the same, confirming the theory
proposed in Fig. [3.I§ e. This wire mesh is used in the experiment shown in Fig. [.Th.

As described in Sect. we use the JILA Sr optical clock as an absolute frequency reference
to calibrate our comb optical frequency. The scan results can then be parametrized using the comb
repetition rate, frep, calculated from a fixed parameter f.eo= —8 MHz and an adjustable parameter
foeat With the 87Sr optical clock laser, which is set by a computer-controlled direct digital synthesizer
(DDS). Every second of experimental time, we change the VUV laser frequency at 148.7 nm with
a 2 kHz step size set by the DDS. The small step size is chosen so that we can easily apply binning
or smoothing in later steps in data processing. Using the 2 kHz/s scanning speed, we can cover the
75 MHz comb repetition rate in the VUV in around 10 hours.

A sample of raw scanning data is shown in Fig. In the top panel, we show the scattered
photon counts per second as a function of lab time. Besides a slow drop caused by slow degradation
of the VUV laser power over time, there is also a fast, small-amplitude oscillation observable in this
trace. This periodic oscillation correlates well with the speed of the chopper wheel, indicating that
it comes from a small oscillation in the chopper speed control loop leading to a time-dependent
vibration on the optical table that slightly changes the laser power. Toward the end of the trace,
the laser goes unlocked, and the average scattered photon count rate goes to 0.

The signal count numbers in the collection window of each scan step size are summed and
displayed in the middle panel of Fig. [3.19] When the average scattered photon count rate is low,
which indicates that the laser is unlocked, the data points are marked in red and discarded.

The bottom panel of Fig. m shows the frep of the comb. The solid blue line is calculated
directly from the DDS frequency settings and the known 87Sr clock laser optical frequency, knowing
the comb mode number determined in Sect. The orange circles are taken with a frequency

counter and are used to roughly check if we are locked to the correct comb modeﬂ

20 Hewlett-Packard 5313A, 15 seconds of gate time. We used several different radiofrequency references in the
work presented in this thesis, including the hydrogen maser maintained by the National Institute of Standards and
Technology and a Stanford Research Systems FS725 Rb clock. However, because we are directly referencing to the
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Figure 3.18: Alignment of VUV laser to 222ThO thin films. a, Schematic illustration of the camera
setup for initial alignment. The VUV comb is first focused on a cerium-doped yttrium aluminum
garnet (Ce:YAG) fluorescent screen. A camera is used to monitor the fluorescence and show the
beam position. The Ce:YAG screen, a 50 pm pinhole, and The ??2ThO, target coated on a Pt
substrate is mounted in the same vertical plane on a 3-axis translation stage. b, A camera image of
the fluorescent screen. The location of the 22?ThO; coating is marked with the arrow. ¢, Schematic
of final alignment using photocurrent. TIA, transimpedance amplifier. d, Photocurrent difference
measured on the 22*ThO, thin film vs on the Pt substrate, as shown in the two configurations in
c. e, Local electric field causing the electrons to bend back to the Pt surface, leading to a lower
quantum efficiency of the 22?ThO, sample.
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Figure 3.19: Sample raw data of ?2ThO, spectroscopy. Top panel shows the scattered photon

count rate during the laser irradiation cycle. Middle panel shows the signal collected at each frep
data point, and the bottom panel shows the corresponding comb fe, both calculated from the 87Sr

clock laser frequency and the direct digital synthesizer (DDS) settings, and measured directly using

a frequency counter.
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A collection of the scan data can be found in Appendix [A] Unfortunately, no repeatable

signals are found across the scans performed in this measurement.

3.5 Future directions on IC-based nuclear clocks

Though we have yet to observe the 22Th transition in thin films using the IC channel, we
have discovered several issues in the concept initially proposed [190, [191]. In this section, we discuss
the problems and potential solutions that should be investigated in the future.

The work function of ThOg2 (® = 2.6 e€V) used in Ref. [191] (see also Fig. comes from
Ref. [230] without a clear description of the measurement technique. However, it is reported in
Ref. [231] that such a low work function is only obtained after a high-temperature activation process,
during which the surface layer of thorium oxide possibly becomes reduced to thorium metal, lowering
the work function. This could partly explain the discrepancy in theoretical quantum efficiency (QE)
calculated through the ?2ThO; band structure in Fig. and the experimentally observed QE
in the 22ThO, samples. To test this hypothesis, we proposed to fabricate the 22ThQ, target on
iridium disks and anneal in situ inside the vacuum chamber to “activate” the 22?ThO, sample and
reduce its work function. Custom Iridium Disc Cathodes were obtained from Kimball Physics to
test out this concept. However, the surface roughness of the Ir cathode is too high for 22ThO, thin
film fabrication@ Solid Ir substrates can be mechanically polished for this purpose. We have not
yet experimentally investigated the viability of this approach.

In Ref. [T91], it is also assumed that the electrical resistivity of ThOs is 10¢ Qm, taken
from the measurement in Ref. [205]. However, in Ref. [232], a detailed review of past experiments
shows that ThOs electrical conductivity depends significantly on impurity level. The projected
room-temperature electrical resistivity of 222ThOy from Ref. [232] should be > 10'* Qm, several

orders of magnitude higher than that presented in Ref. [205]. Following the analysis in Ref. [191],

87Sr optical clock, the absolute frequency accuracy of the frep counter does not cause a problem in the spectroscopy
data collection.

2L An attempt to coat ThOz on the Ir cathode is made. However, with the small (~pg thorium material, we did
not observe a change in its thermionic emission efficiency
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significant surface charge-up is expected, reducing the possibility of electron emission from the
229ThO, target.

A monolayer graphene is expected to be highly transparent to VUV laser [233] as well as
low-energy electrons [234], 235], and has been used in XPS study of insulators [230], gaseous ma-
terial [237], or protection of photocathode material from oxidation [238]. Therefore, to reduce the
charge-up effect, we applied monolayer graphene coatings on the surface of 222ThO, targets@

Another possible trivial explanation for the missing signal is that the 2?*ThO, target is
misaligned with the VUV laser beam. To test this hypothesis, we also changed the substrate to a
Ce:YAG fluorescent screen. In order to provide good electrical conductivity on the surface while
still being able to check the alignment in-situ, a 5 nm thick Ti coating and a 10 nm thick gold
coating are applied to the Ce:YAG substrate before the 22ThO target deposition. The top layer
is further coated with graphene; see Fig. [3.20]

This graphene-coated target fabricated on a gold-coated Ce:YAG substrate is tested out
in the spectroscopy setup. It shows a higher background count rate; see Fig. trace j, k.
However, the count rate decreases significantly within the 10-hour scanning time, indicating a
possible degradation of the graphene top coating due to VUV irradiation. The scan data show no
obvious signal. However, further tests using cleaner technologies for monolayer graphene transfer
should be investigated to reduce the residue on the target, see Fig. [3.20k.

Instead of detecting the free electrons that fly off from the surface, detection methods using
solid-state sensors for energetic electrons in bulk material are investigated. One promising route
is to use a superconducting nanowire single photon detector (SNSPD), as mentioned in Ref. [191].
In an SNSPD, the energy deposited by a single photon causes a hot spot on a superconducting
nanowire, causing it to locally heat up enough and lose superconductivity. A good review of the
SNSPD operation principle can be found in Ref. [239]. It is conceivable that, by applying a thin

(~ 10 nm) ?**Th coating on top of the SNSPD, a large fraction of the thermal energy deposited in

22 We used ACS Material, Trivial Transfer Graphene in this experiment. A similar product called “Easy Transfer”
is sold by Graphenea but not used in this experiment.


https://www.acsmaterial.com/trivial-transfer-graphenetm.html
https://www.graphenea.com/blogs/graphene-news/new-product-easy-transfer
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Figure 3.20: Target 229Th#20, 22 ThO5 deposited on gold-coated Ce:YAG. The 22 ThO, target is
covered with a monolayer graphene after the vapor deposition and pyrohydrolysis. a, Illustration of
the concept. b, Microscope image of the target. The small dot in the center is the 22ThOs coating.
¢, Zoom-in view of the 222 ThO, coating on the target, covered with graphene. Some white residues
are visible, likely from the polymethyl methacrylate used in the graphene transfer procedure.
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the 229Th thin film may be transferred into the SNSPD and trigger a click similar to a single photon
event. We note that the detection of 22 Th nuclear IC decay events has also been investigated using
229Th implanted into SNSPDs in Refs. [70, 28, 240].

Toward this direction, an NbN SNSPD is coated with ThFy for tests; see Fig. However,
after the 22ThF, deposition, the thin nanowires lost superconductivity. Future tests should be
performed to check the reactivity between ??ThF, and the superconducting nanowire materials
at the high temperatures used for the vapor deposition. The thermal load from the laser irradi-
ation should also be small enough such that the SNSPD does not heat up above its operational

temperature.

3.6 Spectroscopy of ?*ThF, using the radiative decay channel

3.6.1 Null results with a VUV frequency comb

Given the wide band gap (see Refs. [224], 225] and Fig. of ThFy, observation of radiative
decay in 22 ThF, material should be feasible. Recently, the background luminescence of thin ThF4
films is characterized towards this goal [241]. Using a setup similar to that in Ref. [24], we performed
spectroscopy on 22?ThF thin film targets using our VUV frequency comb. However, no signal was
observed.

To maximize the expected signal, a ~ 150 nm thick 2?ThF, target is fabricated. The target
(229Th+#23) is fabricated in our coating chamber with ~ 5 mm diameter, with a total activity
of 58 kBq. The areal density of the ??Th emitter can be estimated simply from the density of
229ThF, to be ~ 2 x 1015 229Th atoms per mm?. With a 1 nW laser power, and 240 kHz scanning
range per step, ~ 400 seconds of excitation time, a signal rate of ~ 10? is expected.

To reduce the background without losing the signal, we cover the 22°ThF, thin film using a
50 pm thick, 500 pm diameter Pt mask (Lenox laser), effectively reducing the target area while still
making the system easy to align. The background obtained from the thin film is low, probably due

to the thin film reducing the path for the generation of Cherenkov radiation and color centers [25].
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Figure 3.21: ThF, coated superconducting nanowire single photon detector (SNSPD). The color
comes from interference of light due to the ThF, coating.

Magpnification: X300.0
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Thus, no additional spectral filtering is implemented. The setup of the experiment is illustrated in
Fig.

The background observed in the experiment shows a strong time dependence. The target
used for this experiment (229Th#23) was fabricated on 2024-04-23. The observed background
count rate, whether we are performing laser scans or not, shows a linear rise across the days when
the experiment was performed; see Fig. [3.23a. This likely comes from the accumulation process of
daughter isotopes after vapor deposition or radiation damage to the MgFy substrate.

We perform the scan with 400 seconds of VUV irradiation, then with 200 seconds of VUV
photon collection while the VUV laser is turned off. The average count rate in the 200 seconds of
time bin is shown in Fig. [3.:23p. We see that there is an enhanced signal in the first few seconds.
After that, the count rate is rather flat, indicating that there is no time-dependent decay of the
photon count rate on ~ 100 s time scales.

The background count rate shown in Fig. 3.23h can be piecewise fit to linear functions and
subtracted away to show the spectroscopy signal of 22 ThF, on a background-free plot. In Fig.|3.23,
we show this background-subtracted VUV photon count rate as a function of the laser fre, used in
the scan. The horizontal axis range corresponds to a full scan that bridges the comb f.ep gap. No
obvious signal is observed. We also re-measured the top five highest points. However, they do not
appear to be reproducibly higher than the background.

The missing signal contradicts the high anticipated signal count rate. As we will learn from
Sect. only a small number (< 1%) of the 22Th nuclei in the 22ThF, thin film actually
contributes to the radiative decay signal. In addition, significant inhomogeneous broadening may
be expected in a thin-film environment, leading to further dilution of the signal count rate when a

comb is used to perform the scan.

3.6.2 Successful observation with a broadband VUV laser

As discussed above, a possible broadening in ??ThF, thin films will lead to a significant

reduction in excitation number in our comb-based scan using a narrow-linewidth laser. If the
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Figure 3.22: VUV comb spectroscopy setup of a 22?ThFy thin film. The ??*ThF, film coated on
MgF; substrate is covered with a ~ 500 pm size pinhole mask to reduce the exposed radioactivity.
The exposed ?2*ThF, is placed at the focus of a parabolic mirror. The parabolic mirror collects the
VUV fluorescence photons and sends them to a photomultiplier tube (PMT) through a MgFs lens
and a MgFs window. the MgF, window is mounted on a flange to separate the PMT chamber from
the 229ThF, chamber in order to keep the ultrahigh vacuum condition in the ??ThF, chamber.

MgF, window
(flange mounted)
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Figure 3.23: VUV comb spectroscopy data with a ?2ThF, thin film. a, Background count rate
as a function of time after the target was fabricated and installed in the spectroscopy setup. b,
Background count rate as a function of time after the laser irradiation in the spectroscopy scans.
¢, Background-removed VUV photon count rate as a function of laser frequency. Cps, counts per
second.
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broadened linewidth exceeds frep ~ 75 MHz, we will not be able to obtain a clear spectroscopy
signal as we change the comb f;.,. Thus, we collaborated with Prof. Eric Hudson’s group in UCLA
to perform a scan using their broadband four-wave mixing laser [70, 28, [75]. This laser system
offers nanosecond VUV laser pulses with typically ~ 2pnJ per pulse at a 30 Hz repetition rate. The
linewidth of the laser is ~ 10 GHz, limiting the final resolution of the result, but works perfectly
for a sample with potentially broad transition linewidth.

To mount the 22ThF, thin films in the UCLA VUV spectroscopy setup shown in Ref. [69],
an adapter mount is made; see Fig. Two pieces of ~ 8 mm by 4 mm substrates (175 um thick
for Al3Oy substrate (from University Wafer) and 250 pm for the MgF9 substrate (from Crystran)
are coated side by side in the same plane in the vapor deposition setup (Fig. , leading to two
half circles at the edges of the substrates. The two plates are then mounted at ~ 70° angle with
respect to the VUV laser beam; see Fig. [3.24h. The large incidence angle is used primarily to allow
the thin film 22°ThF, targets to fit inside the mount. Although the reflection of the laser beam
(s-polarization) from the substrate significantly reduces the VUV laser power for spectroscopy, the
large incidence angle also allows us to effectively illuminate more 22Th atoms.

Two plates with the same coating material are sandwiched together, providing two advan-
tages. Firstly, each 22°ThF, coating run produces two symmetric substrates. Using both of them
increases the number of atoms irradiated with the laser. Secondly, with the ??ThF, coatings fac-
ing each other, the radioactive daughter isotopes emitted from the ?2ThF, surfaces are contained
within the target mount itself, eliminating radioactive contamination of the detection setup. An
aluminum mount is machined at JILA for the ?2ThFy thin films; see Fig. [3.24b. The substrate
plates are taped onto a thin aluminum side wall using vacuum-compatible double-sided tapeﬁ

A clear nuclear resonance signal is observed and reported in 22ThF, thin films, on both
Al305 and MgFy substrates [76]. The transition frequency coincides well with that reported in

229Th-doped LiSrAlFg crystals [28], see Fig. [3.25a. The observed signal amplitude is relatively low

23 SPI Supplies, Die-Cut Double Sided Adhesive Conductive Carbon Discs. Their online technical notes for this
product claim good vacuum compatibility. An alternative is Double Sided Kapton Polyimide Tape from Ted Pella.


https://www.2spi.com/item/z05073/adhesive-discs-tabs/
https://www.tedpella.com/tape_html/tape.aspx#_16090_6
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Figure 3.24: 22ThF4 mount for VUV spectroscopy. a, Schematic showing the setup concept. PMT,
photomultiplier tube. b, Photos of the target mount taken at different viewing angles.

Sapphire/MgF, substrate
ThF,

VUV laser direction
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~ 1072 compared to that estimated using laser power and ??*Th density, indicating a significant
quenching effect on the surface.

Another interesting observation is that the lifetime of 222Th is reduced to ~ 160 s, compared
to that of ~ 600 s in other doped crystals [28] (shown as the black line for reference in Fig. [3.25b).
It is well known that the lifetime of optical emitters depends on the refractive index of the material
due to the Purcell effect [242]. For magnetic dipole transitions, the lifetime of the excited state atom
scales as 1/n3. General discussions of this effect can be found in Refs. [243, 244]. Specifically for
229mTh, this effect is discussed in Refs. [245, 61]. The application of this effect in thin slabs can be
understood following Ref. [246], or equivalently using a purely classical antenna model presented
in Refs. [247, 248, 249]. However, this effect cannot fully explain the short ?2™Th lifetime in
229ThF, films. First, if the films are sufficiently thin (< A ~ 148 nm), the 22" Th lifetime will
be significantly dependent on the refractive index of the substrate material. However, we did
not observe a statistically significant difference between ?2*ThF, on Al305 and MgF, substrates,
although their large difference in refractive index [130]. Secondly, if the films are thick enough
that the lifetime is dominated by the 22 ThF, index [212], the expected lifetime reduction is still
significantly smaller than the experimental observation. Other quenching mechanisms should be
considered.

The superradiance effect causing a reduction in lifetime is also unlikely, due to the rapid de-
phasing caused by the large inhomogeneous broadening in the 22?Th films used in this experiment.
However, the high emitter density of the ??*Th nucleus in ?2°ThF4 ((A\/nTur,)?/pTh ~ 107 pro-
vides a unique system for collective quantum optics studies involving nuclear superradiance [250]
and nuclear forward scattering [251], especially in combination with photonic structures such as
waveguides and resonators manufactured with 22°ThF,.

A fundamental limitation to the thin-film nuclear clock is the line broadening in thin-film
targets. It is well known that in Mossbauer spectroscopy, interactions between the nucleus with
the environment, such as electric monopole, electric quadrupole, and magnetic dipole interactions,

can lead to broadening of the line shape (see Fig. [5.1). In order to obtain narrow line widths
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Figure 3.25: 2?2ThF, spectroscopy signal using a broadband laser. a, Recorded nuclear fluores-
cence counts N, normalized by laser power P, versus VUV laser frequency. The observed power-
normalized fluorescence for the 229ThF, film on a Al305 (MgF2) substrate is shown in blue (red).
All error bars represent the standard error of the mean. b, Recorded nuclear fluorescence rate N,y
versus time after the laser is extinguished. The observed radiative decay for 2 ThF4 on a Al3Os
(MgF2) substrate is shown in blue (red). The peak of all curves are normalized to unity. The cor-
responding result observed in ?2Th:LiSrAlF [74] is shown in black for comparison. Figure taken
from Ref. [70].
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in Mossbauer spectroscopy, careful sample preparation procedures are required [35] 10, 252) 253]
which often involve proper annealing procedures to obtain the crystalline structure of the source
and sample. This annealing procedure likely leads to the diffusion of a thin layer of material
for Mossbauer spectroscopy into the host sample; see, for example, Ref. [254]. In the future,
the annealing and diffusion of 2?ThF, coatings on VUV transparent substrates should be tested.
Ref. [228] provides useful information in this direction.

ThF, single crystals can be grown using 232Th [255]. The observation of nuclear excitation
in 229ThF, thin films rekindles the interest in 22°Th-doped 232ThF, crystals, in which 22Th does
not cause defects or microstrain (see Chap. . This may offer reduced inhomogeneous broadening
at high ??*Th density as well as full control of the crystal electric field gradient (EFG) quantization

axis, enabling unique applications.



Chapter 4

Direct VUV comb spectroscopy of the nuclear clock transition in a CaF, host

crystal

While the 22Th has been directly excited by FWM pulsed lasers [27, [74] [76], this alone
is not yet enough for building a nuclear clock. In this chapter, we describe the direct VUV comb
spectroscopy experiment performed on ?2?Th hosted in a CaFy crystal, following Ref. [24].

In addition to reducing the line center uncertainty by six orders of magnitude, our comb-
based measurement demonstrates two key pieces of technology for building a nuclear clock. With a
frequency comb, we directly measure the frequency of the nuclear transition, as opposed to previous
measurements based on wavemeter measurements [27, 74]E| Moreover, with the narrow comb lines,
we resolve the quantum states whose degeneracy is lifted due to the intrinsic electric field gradient
(EFG) in the crystal. This serves as a starting point for us in characterizing the systematic shifts

of the nuclear clock in a state-dependent way.

4.1 Crystalline host for ?2"Th

To perform spectroscopy of 22™Th using our comb, another key ingredient is a sample
that contains a high density of 2?Th and with good VUV transmission at 148 nm. The early
proposals [I1} [12] mentioned the possibility of observing 22*™Th in solid-state hosts. However, with
the improved values of the nuclear transition energy measurement in Refs. [42] 43], it becomes

clear that a large bandgap material is needed to suppress the internal conversion decay channel

! “Never measure anything but frequency!” says Arthur Schawlow [256]. The highest accuracy measurements of
physical quantities are performed in the frequency domain using atomic clocks.
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for observation of radiative 22™Th decay. Estimates of nuclear clock performance based on 2?Th
doped in VUV-transparent crystalline hosts are presented first in [67] [68].

In 2023, the first observation of nuclear radiative decay is presented in Ref. [25], which uses
accelerator-produced short-lived isotopes implanted into host crystals to populate the 22°™Th states.
In a follow-up work [73], it is confirmed that radiative decay can be observed in LiSrAlFg, CaFs,
and MgFs crystals, while AIN and amorphous SiOs hosts induce quenching and do not present
an observable radiative decay signal. X-ray pumping for populating 22 Th through the second
excited state in the ?2*Th nucleus at 29 keV is also demonstrated [65] 66], further confirming the
feasibility of IC suppression and radiative photon detection in crystals.

Inspired by Ref. [25], we started building a spectroscopy setup searching for radiative decay
of 229mTh after our VUV comb irradiationﬂ For the sample, we choose to use 22?Th-doped CaF,
crystals grown and characterized by our collaborators at TU Wien [257, 258]. These crystals have
the highest ?**Th doping concentrations of up to 5 x 10'® /cm3, allowing us to irradiate a large

number of 22Th atoms in parallel and maximize our signal rate.

4.2 Spectroscopy experiment setup

The crystal used in this work is named “X2” [228], with a ??*Th doping concentration of
4 x 10'® cm™3. This X2 crystal is first grown to be 3.2 mm diameter, 10 mm length. The crystal
is then cut into small pieces, used both for the first laser excitation experiment at PTB [27] and
for the X-ray pumping experiment at Spring-8 [66]. The excited state 22 Th lifetime of ~ 640 s
in CaFs is already known when we received a piece of the X2 crystal at JILA.

We choose to perform the experiment in a similar way as Refs. [27, 28], i.e. by performing laser
excitation and then fluorescence detection. Using the theory presented in Sect. and experimental
excitation rate estimations from Refs. [27, 28], the absorption of the laser by the 22Th transition

is estimated to be ~ 107 photons per second, smaller than the total photon flux of our laser beam

2 Prof. Peter Thirolf gave a fantastic presentation of this work at the International Conference on Laser Spec-
troscopy 2023. Following the talk and inspiring discussions, we decided to build a setup searching for radiative decay
photons.
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0'* photons per secondﬂ It is easy to see that there is no

(consisting of all comb modes) at ~ 1
chance for us to observe the direct absorption signal of the transition in the forward direction of the
laser irradiation, where the photon shot noise of 107 per second is already similar to the expected
signal. Our intensity noise of the VUV comb is likely much higher than its shot noise limit, due
to the conversion of phase noise to intensity noise in the fSEC and also the upscaling of intensity
noise in the extremely nonlinear HHG process [17].

Instead, in the fluorescence measurement, we are performing a background-free measurement
with in principle infinite fundamental signal-to-noise ratio. The noise in the measurement, practi-
cally, comes from the technical limitation of the crystal itself. Due to the radioactivity of 22 Th, the
crystal fluoresces in the VUV and UV constantly [259] 257], giving us a background count rate. The

(Poissonian) fluctuation of the background count rate gives us the noise floor of our spectroscopy

measurement. There are a few ways to reduce this noise compared to the signal:

e Spectral filtering. Since the noise is broadband in wavelength [259] 257] while signal fluo-
rescent photons are narrow-band, using a narrow-linewidth bandpass filter can efficiently

increase the signal-to-noise ratio.

e Time gating. Since the noise comes from the radioactive decay process, it is reasonable
that they may have different correlation properties compared to the 22 Th radiative decay
signal. It is reported in Refs. [228], 260, [66] that a correlation between UV and VUV noise

photons can be leveraged to °

‘veto” the background counts and reduce the background
count rate by a factor ~ 103. However, we have not observed this large veto fraction yet

and we do not use this method in our work.

e Higher collection efficiency. The signal and background scales up linearly with the collection
efficiency. But the noise only increases as the square root (shot noise) of the background
counts (thus the collection efficiency). Therefore, a higher collection efficiency and longer

averaging mean an increased signal-to-noise ratio.

3 Considering a single comb line, the expected absorption can already reach the ~ 1% level. If a continuous-wave
laser was available, one could easily perform frequency-modulated absorption spectroscopy on it!
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e Smaller crystal. With our laser excitation rate far away from saturating the transition,
focusing down the laser beam increases the excitation fraction while decreasing the total
number of irradiated atoms, keeping the total number of excited nuclei (thus the signal)
the same. However, decreasing the crystal size reduces the amount of radioactive 22°Th,

thus cutting down the noise.

Following these considerations, we implemented the detection setup shown in Fig. Using
a small crystal of 1.8 x0.7x 1.4 mm size (Fig.|4.1p), we minimize the radioactivity and thus the back-
ground fluorescence count rate. The laser illuminates through the crystal with a ~ 0.2 mm beam
diameter along the 1.4 mm crystal length direction. The crystal is polished and fluorinated [258]
right before shipment to JILA, with the optical transmission coefficient of 45% measured at TU
Wien. The crystal is glued to a larger piece of MgF9 using an ultra-high vacuum (UHV) compatible
glue (EpoTek H77) for ease of handling and mounting.

We first ensure that the laser passes through the ??Th-doped CaF; crystal by monitoring
the photoluminescence of the crystal [259] 228] itself as well as the fluorescent light on a Ce:YAG
fluorescent screen mounted behind the crystal. A photo of the setup is shown in Fig. d.Ip. As a
small fraction of the 3rd and 5th harmonic also propagates to the crystal, causing weak white-blue
fluorescence on the CaFy crystal similar to the effect of the 7th harmonic. To verify that the 7th
harmonic is aligned properly, we deliberately injected ~ 1 torr of air into the vacuum chamber.
The 7th harmonic in the VUV gets fully absorbed by the air, while the 3rd and 5th harmonics pass
through. By comparing the in-vacuum and in-air fluorescence, we are able to verify that the 7th
harmonic beam is indeed aligned to the X2 crystal.

A parabolic mirror [261) 262] (provided by Prof. Thirolf, LMU) with a VUV-enhanced
aluminum coating is used to collect the emitted fluorescent photons over a large solid angle; see
Fig. and c. To align the crystal with the focus of the parabolic mirror, we first use a camera to
image objects at infinity (~ a few meters) distance. Then, combining the camera imaging system

and the parabolic mirror, we image the crystal onto the camera when the crystal is in focus [22]. For
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fine adjustments, the UV fluorescence of the crystal collected by the parabolic mirror is directed to a
photomultiplier tube (PMT). This is done simply by replacing the dichroic mirrors shown in Fig. 4.1
with UV-enhanced aluminum mirrors. We adjust the parabolic mirror position to optimize the UV
fluorescence counts obtained on the PMT. Because most of the collection optics are reflective, we
anticipate that this also gives us the highest collection efficiency for the VUV fluorescence photons.

Three band reflection filters (1504+10 nm) made at Layertech are used to direct signal photons
at 148.3 nm while reducing broadband noise photons. The mounts for the mirrors are fixed using
precision position pins; thus it is easy to replace them with aluminum mirrors of the same size
for diagnostics. We choose to use reflective geometry limited by VUV filter fabrication technology.
Although there are narrower transmissive filters, they have typical transmission coefficients of only
~ 20% compared to ~ 90% reflectivity of the Layertech coatings and therefore are undesirable. We
use three of the filters to achieve higher suppression of the noise photons with a minimal footprint
in the experiment setup.

We use a VUV PMT for photon detection because of its high quantum efficiency (> 10%),
low intrinsic background noise (< 10 counts per second, cps) and large active area (@ = 23 mm).
A side-mounted PMT (Hamamatsu R10454) is initially considered because of its higher quantum
efficiency. However, the side mounting, as well as the smaller active area, creates more difficulty
for alignment. In the end, we used a head-on PMT (Hamamatsu R6835) instead because of its
larger active area, better vacuum compatibility, and easier geometry for mounting. The overall
signal collection efficiency is estimated to be about 0.3 %. A background count rate of ~ 430 cps
is observed, dominated by crystal radioluminescence.

In Ref. [27], the 22°Th is irradiated for 120 s and the fluorescence signal is collected for 150 s.
In Ref. [28], the 229Th is irradiated for 1200 s and the fluorescence is collected for 1800 s. In our
setup, what irradiation and collection times 7; and T, are optimal for our signal-to-noise ratio given

a reasonable total scanning time? Several considerations are made:

e What is the optimal ratio between the irradiation time and the collection time? In the
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Figure 4.1: Detection chamber design. a, Microscope image of the glued X2 crystal. b, Photo of
the detection chamber, with parts labeled. c, Illustration of the detection chamber setup.
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limit of T} < 7, where 7 ~ 640 s [27] is the lifetime of the excited state, the signal increases
linearly with both 7; and T¢, while the noise (dominated by the radioactive background)
increases as \/1.. We therefore choose the optimal ratio of T;/T, = 2 : 1 for the best

signal-to-noise ratio, given a limited scanning time per step.

e What is the optimal total time spent on one frequency? At short irradiation times T' < 7,
we see that the SNR increases as T2/VT ~ T 3/2 faster than a simple averaging of v/T.
If we spend too much time 7" > 7 on a single data point, we know that the excited state
population reaches equilibrium and the SNR does not improve further, while we are just
wasting time. A quick numerical simulation shows that an irradiation time similar to the
lifetime gives us the best SNR. To simplify the experimental operation, we take T = 600

as the total irradiation time and T; = 400 s, T, = 200 s.

e What is the optimal step size? If the step size Av is chosen to be much greater than the
decoherence rate -y, we see that using a smaller step size (and a larger total scanning time
frep/Av ) allows us to increase the SNR proportional to the total scanning time, which is
favorable over simple averaging. With Av ~ ~, a further reduction in the step size does not
increase the SNR per unit time. Although when we started the experiment, the decoherence
rate v between 22 Th and light is unclear, it is estimated to be ~ 10-100 kHz dominated
by our laser linewidth. However, a smaller step size requires a longer total scanning time.
Balancing the SNR and the total scanning time, we choose a step size of Av = 240 kHz.
With our comb spacing frep = 75 MHz and using T = 600 s per step, this leads to an

acceptable total scanning time of 50 hours.

With the above consideration, we finalize the timing sequence of the experiment, shown in
Fig. During the irradiation cycle, the PMT is switched off using a high-voltage relay to avoid
saturation and damage caused by excess photons. During the detection cycle, the IR laser is turned

off using an AOM to avoid scattered VUV photons contributing to the noise.
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Figure 4.2: Timing diagram of the experiment.
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4.3 Quantum-state resolved nuclear spectroscopy with absolute frequency

reference

We use the cavity-enhanced HHG process to establish a direct frequency link between the
229Th nuclear transition and the 87Sr optical clock [5], illustrated in Fig. The IR frequency
comb is locked to the JILA 87Sr clock laser [I71], which inherits the stability of the 87Sr clock [5] in
the long term. In the short term, we actually rely on the JILA Si cavity [I76] to serve as a “flywheel”
to keep track of the laser frequency. Even relying on the Si cavity with a stability demonstrated
better than 10717 is good enough for our first spectroscopy demonstration. The frequency stability
is faithfully transferred to the VUV using the cavity-enhanced 7th harmonic generation process
(Chap. . One single mode of the VUV comb is then used to excite the 22 Th isomer state. The

experimental realization of the locking scheme is described in Chap.

Figure 4.3: Frequency link between 87Sr clock and ??Th nuclear transition. Figure taken from

Ref. [24]
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With the fundamental comb f.e, stabilized to a radiofrequency standard at effectively —8 MHz
and one of the comb mode stabilized to the 37Sr clock laser, the comb frep 1s first measured with a

frequency counter to extract the integer mode number that satisfies the frequency comb equation

vy = fceo + N1 X frep (41)

Knowing the integer mode number, a more accurate fep, value is extracted using the known optical
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frequency of the 87Sr clock vg,. The 7th harmonic comb frequency is then described by
V7:7><fceo+N7><frep (42)

Using the known ?2*™Th energy uncertainty [27, 28], we know that the integer mode number
is roughly N ~ 2.7 x 107. To search for the transition signal, we scan frep in a range of ~ 2.8 Hz
to scan the comb structure underneath the 7th harmonic spectral envelope without changing the
envelope itself. This scan range is multiplied by the comb mode number N to give the scan range
in the VUV domain. The corresponding scan range of ~ 75 MHz allows us to ensure that the comb
mode numbered N at the end of the scan overlaps the starting point for the N + 1 comb mode
frequency; see Fig. [4.4) top panel. Thus, we fully cover the spectrum under the approximately 1 nm
wide comb spectral envelope.

In the middle panel of Fig. [{.4] the average photon count rate over the 200 s detection
window at each frequency setting frep is plotted. The background photon count rate of ~ 415 cps
comes from the intrinsic radioactivity of the ?29Th:CaFy crystal [257]. On top of the background,
six clear spectroscopic features are observed. Four of them are highlighted in green, and their
absolute frequencies are determined. Two of them are highlighted in blue. We did not perform
absolute frequency determinations of them due to the relatively low SNR. They may originate from
different electronic environments in the crystal and will be subject to future studies. In the bottom
panel, we plot the measured count rate as a function of time after binning f.ep to ~ 15 mHz bins
(corresponding to ~ 400 kHz bin size in VUV) to observe the time dependence. We clearly see that
the fluorescence of each spectroscopy feature persists beyond the 200 s detection window, consistent
with the long lifetime [27] [66] of 22°™Th in CaF5 reported in previous measurements.

We then explore the line shape and the lifetime of the 22™Th state. We place one comb
line on resonance and irradiate the crystal for 1200 s to accumulate a higher ??*™Th population.
We monitor the fluorescence count rate afterwards for ~ 90 min. The trace in Fig. is fit to
an exponential decay with a time constant 7 = 641(4) s, consistent with the lifetime measured in

Refs. [27, 66].
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Figure 4.4: A full-range comb scan. The VUV comb repetition rate is scanned by precisely tuning
frep to shift all the comb lines in parallel. The optical frequency gap between adjacent comb lines is
fully covered when the Nth comb mode overtakes the original frequency position of the (N + 1)th
comb mode (top panel). Experimentally, the precise fiop control is achieved by fixing fceo, then
digitally changing the phase lock offset frequency between the 87Sr clock laser and its nearest
comb line. The average fluorescence photon count rate per second (cps) in the 200 s detection
window is plotted against the comb repetition rate. Six distinct spectroscopic features are observed
and highlighted in blue and green (middle panel). Four dominant peaks (green), which we later
assign to electric quadrupole splittings of the nuclear transition, will be used for absolute frequency
determination. The count rate as a function of time (color bar; units in cps) at each frequency
bin is plotted in the bottom panel, highlighting a nuclear excited-state lifetime that is significantly
longer than the detection window.Figure taken from Ref. [24].
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Using our 400 s irradiation and 200 s detection cycle, the long lifetime of 229™Th causes a
line shape asymmetry due to the memory effect. The 2™ Th population excited from the previous
data point does not fully decay before the next measurement starts. To avoid a systematic shift
of the center frequency caused by this asymmetry, we performed two measurements. First, we
use the same irradiation time of 400 s, but wait for 1800 s (~ 37) between adjacent frequency
steps. This allows most of the 22Th to decay to the ground state. We also kept the excitation
frequency fixed (instead of sweeping over the 240 kHz range). Fig. [4.5b shows a measurement
using this technique. A symmetric line shape is observed and fit to a Gaussian with a full width
at half-maximum (FWHM) of 0.0116(5) Hz in fep, corresponding to a linewidth of 310(10) kHz in
VUV.

However, it is clear that such measurements take extremely long (almost a day for Fig. [4.5).
In order to use the measurement time efficiently, we performed bidirectional scans for subsequent
measurements. Here, we use the same 400 s on/200 s off experiment cycle but scan the line shape
once by increasing frp and another time by decreasing frep. The scan range for each step is set
to 100 kHz in the VUV. The two scans are each fit to Gaussian line shapes, and the line center
is determined by averaging the fit parameters from the two scans; see Fig. Both line shapes
have slightly asymmetries due to the short detection window, but the systematic center frequency
offsets from the two measurements cancel each other out when they are averaged together. Line
center uncertainties of ~ 4 kHz and FWHM of ~ 300 kHz are obtained. We used this method for
the absolute frequency determination reported in Ref. [24], see below.

Although the crystal is illuminated with all comb modes in parallel, each spectroscopic feature
corresponds to nuclear excitation by a unique single comb mode. We use the technique previously
demonstrated in Ref. [I6I] to determine the comb mode number that is exciting the transition,
therefore determining the absolute optical frequency of a given peak. To achieve this, we scan the
same transition line with three different comb mode numbers NV; (i denotes the scan number) using
different frep, as shown in Fig. [4.6p. These three distinct comb modes correspond to ~ 100 kHz

jumpsin frep. Jump step sizes are chosen such that they are much larger than the absolute frequency
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Figure 4.5: a Lifetime measurement of the excited clock state 229mTh (mg = £5/2 to mis = £3/2
transition, Fig. line b). The fluorescence photon count rate is monitored over time after laser
excitation of 1200 s. A portion of the data around 2000 s is absent owing to technical reasons. The
experimental data is fit with a single exponential decay, leaving no structure in the fit residual.
The extracted lifetime of the nuclear excited state is 641(4) s in the CaFy host crystal. b, Fine
scan showing the line shape (Fig. line a) for one of the main clock transitions. We wait 1800 s
in between each data point to avoid line-shape asymmetry that could arise from residual excited
population from previous scan steps. The fitted Gaussian full-width at half-maximum (FWHM)
is 0.0116(5) Hz in fiep, corresponding to 310(10) kHz in absolute frequency. ¢, Bidirectional scan
(Fig. line b). To accelerate the experimental cycle in line center determination for the four
selected peaks, we use fast (400 s laser on and 200 s laser off) laser scan cycles. We perform
scans by stepping frep in both positive and negative directions, and their results, after proper
intensity normalization, are averaged to eliminate systematic shifts caused by potential line-shape
asymmetries.Figure taken from Ref. [24].
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uncertainty in the fitted line centers (~ 4 kHz)[I61]. At each frep step, the new frop position of
each peak is estimated based on previous knowledge of the transition frequency. Thus, only a small
spectral region needs to be scanned to find the exact position of the peak. In combination with
the bounds on the transition frequency set by Refs. [27, 28], we determine the integer comb mode
number resonant with the nuclear transition at each frep, and thus the absolute frequency of the
transition unambiguously.

The uncertainty range of the nuclear transition at 2020408(3) GHz (given by the weighted
average of Refs. [27], 28] corresponds to approximately 80 possible comb mode numbers N; =~
26848820 to 26848900 for frep,, shown on the horizontal axis of Fig. . We use these mode
numbers to compute initial guesses of the absolute frequency vry. We use the fitted line centers
at frep, and frep, to assign the integer comb mode Ny and N3 closest to the initial guess vpy.
Using the comb equation Eqn. we can write down a set of equations for the 22™Th transition

frequency as

VTh; = Nifrepi + 7fceo- (43)

For the correct assignment of the comb mode number, the three vy, obtained from frep,
(i = 1,2,3) should agree closely within the uncertainties propagated from the center uncertainty of

the fitted line. We quantify this average frequency discrepancy as

3
1
3 2 v, — v (44)
=1

where vy, is the weighted average of the three vry,. We show in Fig. that the optimal
assignment of comb mode produces the lowest frequency discrepancy of ~ 10 kHz, within the 3 — o
uncertainty region calculated from the center uncertainty of the center of the fitted line. A mistake
in the assignment of the comb mode numbers by 41 increases the average frequency discrepancy
by an order of magnitude.

This optimal comb mode number assignment can also be visualized by using a linear fit based

on a rearranged version of Eqn.
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Figure 4.6: a, Illustration for absolute frequency determination. We precisely scan the same tran-
sition line by using three different values of fiep,. When these frep values are sufficiently different
from each other and are yet precisely known, the exact mode number associated with each frep
can be unambiguously determined [I61]. b, Previous measurements [27, 28] of the nuclear transi-
tion energy provides an initial guess range of about 80 possible comb mode numbers. Integer trial
values of comb mode number NV; in the first scan are picked and the transition frequencies are cal-
culated accordingly. We force the comb mode number for the subsequent two measurements to the
closest integer according to frep and calculate the transition frequency from them. The averaged
frequency discrepancy between the measurements quantifies the comb mode assignment error. The
lowest value of the discrepancy corresponds to the experimentally determined comb mode number
assignment. The disagreement jumps by a factor of 10 when the comb mode is misassigned by =+1.
The indicated 1 — o line and 3 — o region corresponds to the statistical uncertainty of the fitted
Gaussian line center. ¢, Another method for comb mode determination is to perform a linear fit
between the mode number and the inverse value of fiep. With an expanded view in the inset, we
plot our measurement data for the two frep jumps, with the corresponding 1 — o error bars. The
solid dark blue line corresponds to the comb mode number assignment N from b, in agreement with
the measurement. Dashed green lines correspond to comb mode N =+ 1, in clear disagreement with
our measurements. d, With the determination of the mode numbers, three scanned line shapes
of a specific nuclear transition, corresponding to three different values of f.c, are plotted together
against their absolute optical frequencies, confirming their consistency (a.u., arbitrary units. Figure
taken from Ref. [24].
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1
f rep

where AN and Afr—lep describe the change in the comb mode number and the inverse fitted peak

AN = (vrp — 7feeo)A (4.5)

center frep from one of the measurements, here taken as frep,. We then obtain two data points
corresponding to frep, and frep, With error bars calculated from the fitted line center uncertainties,
see Fig. The insets provide an expanded view. The solid dark blue line passing through the
origin with a slope of vrp,,, — 7fceo corresponds to the optimal comb mode number assigned in
Fig. The dashed green lines correspond to comb mode number assignments off by +1, in
clear disagreement with our measured data. The two analyses in Fig. confirm each other and
demonstrate that we have assigned the mode number N; with complete confidence.

With the comb mode numbers N; for the three measurements uniquely determined, we use
Eqn. @ to convert frep to absolute optical frequency in the VUV. Fig. @d shows the three scans
of the same peak (individually normalized) and their Gaussian fits plotted against the absolute
frequency, in which the legend displays the determined comb mode number. We see that the
three scans overlap perfectly with each other, confirming the correct determination of the absolute
frequency. The absolute frequency is then calculated as the weighted average between the three
scans.

This procedure is repeated for the four high SNR peaks in Fig. (highlighted in green). The
four chosen lines are attributed to the nuclear electric quadrupole structure; see Fig. [4.7 As the
229Th nuclei are embedded in a CaF5 host crystal, they experience a strong electric field gradient
originating from the surrounding lattice ions, F~ interstitials and electron configuration [263]. The
interaction between the electric quadrupole moment @ of the 22°Th nucleus and this electric field
gradient gives rise to an electric quadrupole splitting (Fig. 4.7h), predicted to be on the order of

hundreds of MHz [67, [68], which matches our observations. The splittings can be extracted from
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diagonalizing the Hamiltonian [263], 264]E|

QVz:

Hpgp = —< 22
B2 I — 1)

(37 —I* + (12 — I)] (4.6)

where (@ is the spectroscopic nuclear electric quadrupole moment [63} 26] in the ground (Qg) or
isomeric (Qjs) state, and I is the nuclear angular momentum vector. The principal axis is chosen
so that the electric field gradient matrix V;; is diagonal with components V., Vi, and V... Since

the E-field gradient matrix is traceless, we replace V,,, and V. with a single asymmetry parameter

The ground state of 22Th has a nuclear spin I, = 5/2, while the excited isomer state 229mTp
has Iz = 3/2. Transitions with Am = 0,+1 are allowed by selection rulesﬂ The expected level
diagram is shown in Fig. [L.7b, with five allowed transition lines denoted as lines a-e.

Lines a-d are uniquely assigned to the electric quadrupole structure that fits Eqn. In the
initial full-range scan shown in Fig. [£.4] we did not observe the line e in the quadrupole structure
that corresponds to my = £1/2 to mis = £3/2. From the Clebsch-Gordon coefficients, this line
is predicted to have only approximately one-tenth of the strength of the strongest line. Based on
three of the known frequencies, we determine the expected absolute frequency of this fifth line by

using the “sum rule” ﬁ
Ve = Ve + g — Vo = 2,020, 407,693.966(7) MHz. (4.8)

We then repeat the scan over the corresponding frep With our comb, and indeed we observe a weak
line whose frequency is measured to be 2,020,407, 693.98(2) MHz, in agreement with the prediction.
This frequency is determined using only a single scan by using the expected comb mode number

calculated from the expected line center from Eq. [4.8]

* For I = 3/2 and I = 5/2, analytical solutions can be found in Refs. [265] [266].

5 A large asymmetry of the E-field gradient described by 7 leads to state mixing and, therefore, additional weak
transitions. However, they are not observed in this work and do not correspond to the two weak peaks highlighted
in blue in Fig. 4.4} For more details, see Ref. [30].

5 Imagine starting from mg = £1/2, we change the nuclear state energy by adding nu. to m;s = £3/2, subtracting
nuq to mg = £3/2, adding nu, to mis = +1/2, and finally subtracting nu. to arrive back at starting state of
mg = £1/2. One easily sees that Eqn. is true by forming this loop.
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Figure 4.7: Illustration of the electric quadrupole splitting. a, Illustration of the lattice structure
(Ref. [263]) near a ??* Th-doped site in CaFashowing the Ca™ (blue), F~ (yellow) of the original CaFy
lattice, as well as the 22 Th3* dopant (red) and F~ interstitials (green) for charge compensation.
The ion configuration in the crystal may lead to a gradient of electric field E (EFG) that interacts
with the nuclear quadrupole moment @). The direction of the largest EFG component V,, sets the
quantization axis z. b, Expected electric quadrupole splitting and allowed transition lines. I, and
Iis denotes the ground and excited (isomeric) state nuclear spin, with m being the quantum number
along z axis.

Iis = 3/2 : A A A £3/2
+1/2

+5/2
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The absolute frequencies of the five lines are tabulated in Table. Fig. shows the
data for the five peaks (labeled a-e according to Fig. in absolute frequency, with their peak
intensities individually normalizedm The center frequency of each line is determined to be of 4
kHz uncertainty (1o) for lines a-d and 20 kHz for line e. The observed splittings are on the order

of hundreds of MHz, in agreement with expectations [67, 68].

Line | mg | mjs vrh [MHZ]
a | 3/2 | 1/2 | 2 020 407 283.847(4)
5/2 | 3/2 | 2 020 407 298.727(4)
(4)

(4)

1/2 | 1/2 | 2 020 407 446.895(4
3/2 | 3/2 | 2020 407 530.918(4
1/2 | 3/2 | 2020 407 693.98(2)

o 0 T

Table 4.1: Quadrupole-split nuclear transition frequencies. The lines are assigned to the quadrupole
splitting structure shown in Fig. using their absolute frequencies according to Eqn. Data
taken from Ref. [24]

We observe that the line splitting caused by the nuclear electric quadrupole moment (Eqn. [4.6))

does not shift the center-of-mass of the linesﬁ That is,

Egave = [Eg(mg=+£1/2)+ Eg(mg = £3/2) + Eg(mg = £5/2)]/3 (4.9)

Eis,ave = [Eis(mis = :|:1/2) + Eis(mis = :|:3/2)]/2, (410)

Eg is(m) represents the energy of the ground or excited isomeric state with particular m quantum
numbers, and E ave and Eig ave are the average energies of the ground and excited state without the
quadrupole splitting. This relation can be verified using the analytic solutions of the eigenvalues
of Eqn. presented in Refs. [265] [266].

Using this relationship, we see that the unsplit transition frequency can be written as

—_

1

UTh = *(Vb+l/d+Vo)—§(Vd—Va) (4.11)

— W

= g(l/a + 2vp + 2vc + 1g)

= 2,020,407, 384, 335(2) kHz,

" The line strength qualitatively matches with the expected value from the Clebsch-Gordan coefficients (averaged
over different polarizations). The theoretically expected values can be found in Ref. [30].
8 This is generally true for the hyperfine structure in atoms as well.
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Figure 4.8: The quadrupole line structure when ?2?Th is subject to an electric field gradient inside
the CaFg crystal. The assignment of the lines to the corresponding energy levels are shown in
Fig. [f.7pb. With the absolute frequencies of lines a, b, ¢ and d determined by the direct comb
spectroscopy technique, their corresponding quantum numbers are uniquely assigned. An enlarged
view shows the measurement data for each line, with their relative intensity normalized to unity.
The frequency of line e, which is a factor of 10 weaker in line strength, was calculated first by using
the relationship v, = v 4+ vq — Vs, and then confirmed with a comb scan using a single comb mode.
Absolute frequencies of the five transition lines are listed in Table Figure taken from Ref. [24].
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corresponding to a frequency ratio between the 22Th nuclear clock transition and the 87Sr atomic

clock transition as

VTh
sy

= 4.707,072, 615,078(5) (4.12)

for 22Th nuclei embedded in a CaFy host crystal at 150(1) K. Characterizing the systematic
uncertainty of this frequency ratio is an ongoing research project, with a dominant systematic

effect, the temperature of the crystal, characterized in Ref. [77].

4.4 Fundamental physics implications

In addition to being a good clock, we see that 22Th, which is a system very different from
existing atomic clocks, may offer a high sensitivity to new physics [30} 267, 268| 269]. Using Eqn.
we fit the measured line centers to the predicted quadrupole structure using 7, QzV.. and QiV..

as the fitting parameters. This procedure yields

n = 0.59163(5) (4.13)
QgVi: = 339.258(7) eb V A7 (4.14)
Qi = =193.387(5)eb V A™° (4.15)

where 1 eb = 1.6022 x 107%7 C m? denotes one electron-barn. The extracted uncertainties are
purely statistical (using a Monte-Carlo procedure).
Independent of the crystal environment, the ratio of the quadrupole moment extracted from

this fitting procedure is

Qis/Qg = 0.57003(1), (4.16)

consistent with previously reported ratios from laser spectroscopy of the electronic hyperfine struc-

ture [63, 44] but with improved uncertaintyﬂ This result will be used below to evaluate the

9 The uncertainties extracted from a Monte-Carlo procedure. Direct division of QisV;. and QgV;. yields a larger
error bar due to correlations. A full analysis of the error propagation is presented in the supplementary material of
Ref. [30].



128

nuclear clock’s sensitivity to temporal variation of fundamental constants. Taking the previously
published [31] value of Qg = 3.11(2) eb, the local electric field gradient in the *?*Th doped site of
CaF5 is measured to be

V.. =109.1(7)V A% (4.17)

This value serves as a useful probe to understand the defect configuration in the crystal [263].

We focus on the nuclear quadrupole moment in this section and follow Ref. [30] to extract
the sensitivity of the nuclear clock transition to variation of the fine-structure constant «. To
understand the nuclear shape, we first convert the measured spectroscopic quadrupole moment in

the lab frame Qa1 to the intrinsic quadrupole moment @y via the relation [30]

_ Qlab (21+ 3)(I + 1)

o= @Z 3k2—I(I+1)°

(4.18)

where Z = 90 is the number of the thorium nucleus, ¢, is the elementary charge, and k is the
projection of the nuclear spin on the deformation aXisE For the spectroscopic quadrupole moment,
we follow the definition of Refs. [271}, 27, 26] with unit in electron-barn. For the intrinsic quadrupole
moment, we remove ¢.Z dependence as in Ref. [272] to obtain a quantity purely dependent on the
nuclear shape with unit in fm? for the following geometric considerations. Combining Eqn. and
Eqn. we obtain the ratio of intrinsic quadrupole moment between the isomeric and ground

state of 229Th as

Q5 /Q% = 1.01791(2). (4.19)

We model the nucleus as a prolate spheroid with uniform volume charge density as described
in Refs. [273, 272]. From purely the geometrical relations, the mean-square radius (r2) and the

intrinsic quadrupole moment )y are then expressed using the semi-minor and semi-major axes a

and c as
() = é(2a2+c2), (4.20)
Qy = %(CQ—GQ). (4.21)

101t is assumed that the nuclear deformation is axially symmetric, see, for example, Ref. [270], Vol. 2, Eqn. (4-69).
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This set of equations allows us to express a and c using (r?) and Qp. We use the Coulomb energy
of the nucleus given by Eqn. (5.11) in Ref. [274] as

3222 (1—e?)"13 1+e

Ec = 1 4.22
c 5Rq %  1-¢ (422)
e = /1-a?/c? (4.23)

R} = d’c (4.24)

where e is the eccentricity and Rjg is the radius of a sphere containing the same volume@ We then

compute the Coulomb energy difference between the isomer excited state and the ground state as

Ar?) + ?)SEAQO. (4.25)

To perform this calculation, we used (r?) = 5.756(14) fm? from Ref. [276], A(r?) = 0.0105(13) fm?

AEc =

from Ref. [277], spectroscopic electric quadrupole moment of the ground state QQ; = 3.11(2) eb in
Ref. [31], and the newly determined ratio of intrinsic quadrupole moments (Eqn. |4.19)). We obtain

the Coulomb energy difference between the nuclear isomeric and ground state as [30]

AEc = —0.154(19) MeV + 0.203(4) MeV (4.26)

= 0.049(19) MeV. (4.27)

Using this Coulomb energy difference, we find that the ?2Th nuclear transition has a highly
enhanced sensitivity to the temporal variation of the fine structure constant « [278, 272, 30].
Imagine a small variation of A« over time, which would lead to a variation of the nuclear transition
frequency by changing the Coulomb energy in the nucleus (proportional to «) while keeping other
energy terms the same in the nucleus. The fractional change of the clock transition energy is then

expressed as
Avry,  AE:. Aa

— . 4.28
VTh hI/Th (6 ( )
We define the enhancement factor K as
AE
K = =2C = 5900(2300). (4.29)
hvty

' This equation assumes a uniform charge density liquid droplet model of a prolate nucleus, see Ref. [275] for more
details.



130

Optical atomic clocks have sensitivity enhancement factors on the order of 1. Thus, a variation
of the frequency ratio between the nuclear clock and an atomic clock would indicate the discovery
of new physics through the variation of fundamental constants such as a.

The above analysis assumes that the changes in the octupole and higher-order deformation
between the ground and excited state of 22°Th are small. Although this is likely true, direct
measurements of higher-order multipole moments [279] would help determine the enhancement

factor in a model-independent way.



Chapter 5

Frequency characterization of a solid-state nuclear clock

To operate the 2?9Th spectroscopy experiment as a clock, we need to characterize and un-
derstand its frequency stability and reproducibility. The systematic shifts of the 22Th transition
frequency with respect to environmental variables need to be characterized, which limits the ac-
curacy (systematic frequency uncertainty) of the clock. We would like to understand its stability,
i.e. what is the statistical uncertainty dependent on the measurement time? This dictates how
much measurement time we need to average the signal in order to reach the systematic frequency
uncertainty limit. A good clock should have both high precision and high stability such that the
statistical uncertainty can reach the precision within reasonable averaging times [2].

On the other hand, systems with unique advantages in either precision or stability are still
desired, as one can combine several systems and harness the best parts of their performance using
spectral tailoring [I72]. Viewing from the frequency domain, we use phase lock loops (PLLs) with
a tailored bandwidth to take the low phase noise portion of each system [I78]. Viewing from the
time domain, at short times we rely on high-stability sourcesE] while performing corrections using
high-accuracy SourcesE] for long time scales.

For obtaining a good clock stability, the desired system should have a high operating fre-
quency, large atom numbers, and long coherent probe times (narrow linewidths). Detailed discus-
sions on this can be found in Refs. [2, 4]. 2?2Th offers an operational frequency around 2 PHz,

higher than any other existing clock platform. By scaling from single trapped ions [51] to quantum

! Say, hydrogen maser for microwave oscillators, or cryogenic Si-cavity [57] for an optical oscillator.
2 For example, Cs microwave clocks, or Sr optical clock [5].
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gas systems with 10* ~ 10% atoms [5] to solid-state systems with 10'? atoms [67, 68, [76] or beyond
in a small volume, we gain orders of magnitude in the number of atoms that can be probed together.
The intrinsic coherence time of 22°Th limited by its excited-state lifetime [25, 44] also exceeds the
best optical clocks used today [3, 5]. However, controlling the decoherence in ?2Th systems and
reaching a long coherent probing time requires creative solutions in the future, as the currently
demonstrated coherence time is only ~ ps (inverse of ~ 100 kHz linewidth) [24].

To understand the accuracy of the clock, systematic shifts should be carefully evaluated. The
small nuclear electromagnetic moments of 22Th, together with the shielding effects of the external
electronic shell, promise a high accuracy. However, in trapped-ion platforms, suitable electronic
states must be chosen to achieve good clock performance [52]. In solid-state 22Th systems, the
systematic uncertainty of 10716 is expected due to temperature-induced frequency shifts [67), 68].
We show that by probing several quantum-state resolved lines, the temperature of the crystal can
be precisely measured and temperature-induced frequency shift completely eliminated; see Sect.
for the co-thermometry proposal. Other systematic shifts could potentially be reduced using similar

co-sensor ideas.

5.1 Line shift and broadening mechanisms in Mossbauer spectroscopy

To understand the clock stability and accuracy, we briefly summarize the line shift and
splitting mechanisms in Md&ssbauer spectroscopy; see Fig. Inhomogeneity of the crystal lattice
may lead to site-dependent line shifts, and thus to an inhomogeneous broadening effect.

The isomer shift mechanism shown in Fig. [5.1] comes from the electric monopole interaction
between the nucleus and the local electron density. This is also referred to as the “chemical shift”
in some Mossbauer spectroscopy literature [33) 2811 264]. The finite charge radius interacts with
the local electron charge density, creating a shift to the nuclear energy level that is dependent on
the electron configuration in the solid. As the 22Th nuclear ground and excited state have slightly
different mean charge radii, this leads to a shift in the observed nuclear transition frequency.

Although it is typically assumed that the primary contribution to this isomer shift comes from
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Figure 5.1: Line shift and splitting mechanisms in Mossbauer spectroscopy. The electric monopole
interaction leads to an overall shift of the transition, while electric quadrupole and magnetic dipole
interactions lift the degeneracy of the quantum states and lead to line splittings. Figure adapted

from Ref. [280].

unperturbed isomer shift electric quadrupole magnetic dipole
(electric monopole)

excited state é
1

ground state

Absorption

Frequency Frequency Frequency Frequency



134

s electrons that have a large overlap with the nucleus, p, d, f electrons can contribute through
screening effects [281]. The same effect is expected in trapped-ion nuclear clocks [282].

While the absolute magnitude of the isomer shift is not an observable in our experiment, the
temperature dependent change of the isomer shift due to CaFy crystal lattice thermal expansion
can be directly measured. We describe the change of the isomer shift versus temperature following

Refs. [T, 281] as

v = (2 s avo) [2]. 6.0
where dvgg is the change of the EFG-free transition energy given by Eqn. Z = 90 is the charge
number of thorium, e is the charge of electron, R is the nuclear radius with Ar = ri; — r, being
the change of the nuclear mean charge radius from ground to isomeric state, and h is Planck’s
constant. A relativistic correction is taken into account using the correction factor S'(Z) = 11.68
for Z = 90, see Ref. [77, 281]E| [A%%(0)] denotes the change in electron wavefunction density at

2
the nucleus with the unit of inverse volume. We also use the approximation % R §<<:2>>, where

(r?) = 5.756(14) fm? is found from Ref. [276] and A(r?) = 0.0105(13) fm? is found from Ref. [277].

The second effect of line shift comes from the electric quadrupole moment of the nucleus
interacting with the local electric field gradient (EFG), described in Chap. by Eqn. Parameters
relevant to 22Th hosted in the CaFy crystal can be solved using our state-resolved spectroscopy
data [24], see Sect.

Finally, the magnetic dipole of the 2?Th nucleus interacting with an external magnetic field
may further lift the degeneracy of the states. The magnetic dipole interaction can simply be
described by

Avp = grunmiB, (5.2)

where g7 is the g-factor of the 2?Th nucleus, uy is the nuclear magneton, m; the nuclear spin

and B the magnetic field. The nuclear magnetic moments for both the ground state and the

3 Ref. |281] Sect. 1T C contains more details. The first-order perturbation theory gives a factor S(90) = 16 listed in
Table I of Ref. [281]. Adding the consideration for wavefunction distortion near the origin changes this value slightly,

given by another correction factor (Eqn. 10 in Ref. [281]) of % = 0.73 listed in the same table.
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nuclear isomer are presented in Fig. The magnitude of this Zeeman shift is on the order of
kHz/Gauss, dependent on the alignment between the magnetic field direction with respect to the
EFG quantization axis.

In our experiment with no applied external magnetic field, the Zeeman shift from magnetic
dipole interaction can be neglected. However, in the future, the magnetic dipole interactions
between 22Th nucleus and nearby randomly oriented fluorine nuclear spins may present a limit to
the coherence time of solid-state 22 Th nuclear clocks. This broadening due to the magnetic dipole
interaction is estimated to be on the order of a few hundred Hz [67, 68, [76]. On the other hand,
the coupling between the optically active 22Th nuclear transition with neighboring nuclear spins
may also enable optical control of nuclear spin states [283].

Other shift and broadening mechanisms, such as the second-order Doppler effect, are small
compared to the discussions presented above [68]. It is well known that phonons also lead to sig-
nificant decoherence for rare-earth ion qubits hosted in solids at room temperature [284]. However,
phonon-induced broadening in ?2?Th has not been observed in our experiments so far. We can
consider phonon-induced line broadening as a frequency modulation process, where the crystal lat-
tice vibration modulates the local electromagnetic field, leading to a modulation of the transition
frequency of a two-level system. For the nuclear transition, the modulation amplitude is small
(~ MHz, interaction between the 22Th and the crystal) while the modulation frequency is high
(~ THz, phonon frequencies in the lattice), leading to a small modulation depth and thus negligible

broadening [177].

5.2 Investigating the clock accuracy: dependence of center frequency on

temperature

So far, temperature-induced frequency shift is predicted to be the dominant systematic effect
on a 22Th nuclear clock [67, 68]. Thus, we start by exploring the temperature-induced systematic
shifts of the nuclear clock following Ref. [77].

We cool the crystal using a liquid nitrogen (LN2) Dewar connected to the crystal mount; see
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Figure 5.2: Schematic of the crystal mount and thermal control. The thorium-doped calcium
fluoride crystal is mounted on a baseplate in vacuum, which is connected to an external dewar
via a copper thermal link. The temperature is continually monitored using a sensor attached
to the mounting plate. The dewar is in contact with a cold trap which condenses molecules to
reduce vacuum pressure. The dewar is filled with liquid nitrogen for measurements at 150 K, a
methanol/dry ice mixture for measurements at 229 K, and is unfilled for measurements at 293 K. A
parabolic mirror collimates fluorescent photons, which are then counted downstream after spectral
filtering. Shown in the inset is the crystal structure of calcium fluoride, where one calcium ion is
replaced with doped Th**, and two F~ interstitials are added for charge compensation. Figure
taken from Ref. [77].
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Fig. Using different mixtures of the coolant, we sampled a few different temperature points. An
optional heater is added close to the crystal for finer temperature control. The temperature reported
here is measured using a Si-diode temperature sensor mounted on the same copper structure that
holds the crystal. Although the thermal contact between the crystal and the mount may create a
temperature gradient and thus a systematic temperature error, we anticipate this systematic effect
to be reproducible. As we will see later, the absolute temperature calibration does not pose a
problem for the clock accuracy.

First, we check the temperature dependence of the center frequency of the 4 strong lines
observed in Ref. [24], shown in Fig. [5.3] The unsplit frequency, as a proper weighted average of
the 4 lines by Eqn. is also shown as the red line. We interpret the shifts as mainly from the
electric monopole and electric quadrupole interaction (Fig. , both changes due to the thermal
expansion of the host crystal. Firstly, as the crystal thermally expands, we anticipate the bond
length to be increased and the local electron charge density to be reduced, changing the isomer
shift. Secondly, the electric field gradient (EFG) in the crystal reduces as the crystal expands when
its temperature is increased. From the Hamiltonian related to this effect, Eqn. [£.6] we see that the
splitting between the lines will be reduced at higher temperatures. With the 4 lines measured, we
can perform the fitting for quadrupole splitting as described by the Hamiltonian in Eqn. [£.6] The
parameters obtained are plotted in Fig. As expected, the crystal V,, changes with temperature
due to thermal expansion, but the ratio between the ground and excited state parameter QV,,,
as an intrinsic nuclear property, remains the same. The change in the 1 parameter indicates an
anisotropic thermal expansion, common in crystals.

We then focus on the temperature dependence of the peak (b) and (c) shown in Fig. 4.8
which corresponds to m = £5/2 — £3/2 and m = +1/2 — £1/2, respectively. We measure the
line center frequencies as a function of temperature in three different crystals, which are called X2
(329Th concentration: 4 x 10'® cm=3), C13 (**Th concentration: 8 x 107 em~3) and C10 (?2°Th
concentration: 3 x 1017 em~3) [228].

Two observations are made. First, we see that the measurements made in different crystals



138

Figure 5.3: Temperature shift of nuclear clock transition lines. Top panel shows a Zoom-in view
of the bottom panel. The unsplit frequency is the weighted average of the quadrupole split lines

using Eqn. which is independent of the magnitude of the quadrupole splitting. Figure taken
from Ref. [77].
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Figure 5.4: Temperature-dependent CaF crystal parameters. a, QV., as a function of temperature,
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Figure taken from Ref. [77].
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Figure 5.5: Differential temperature sensitivity of two peaks. a, Center frequency of m = +5/2 —
+3/2 (peak b in Fig. versus temperature. Data is fit to a second order polynomial. b, Center
frequency of m = +1/2 — £1/2 (peak ¢ in Fig[i.§ as a function of temperature. Both curves
are taken with three different crystals, X2 (purple), C13 (green), and C10 (orange). At each
temperature, measurements from different days are combined to a single data point by weighted
averaging.
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roughly follow the same trend and agree with each other. This is very encouraging: 2?°Th can
indeed be used as an absolute optical frequency reference, as crystals grown in different batches
with different doping concentrations yield reproducible absolute optical frequencies.

More importantly, we see that peak b has a much lower temperature sensitivity compared
to peak c, see Fig. m This presents an opportunity to perform co-thermometry using the 22Th
nuclear transition in situ. Without rigorous analysis yet, we perform an order-of-magnitude esti-
mation:

The center of the peak c¢ can typically be determined to within ~ 1 kHz uncertainty in our
present system. According to Fig. [5.5p, this corresponds to a temperature uncertainty of ~ 0.1 K.
From Fig. [5.5h, we see the peak b position has a quadratic turning point at ~ 195 K temperature,
and a scaling of roughly

vy ~ 9(T —195)% + Const. (Hz/K) (5.3)

where T is the temperature and v}, the optical frequency of peak b. A 0.1 K temperature sensitivity
thus corresponds to a 0.1 Hz line center uncertainty operating close to the turning point of peak b,
giving us an accuracy limit of ~ 10716 from the temperature dependence. Of course, as we improve
the center frequency determination for both peaks b and c, it is easy to see that the peak b frequency
error due to the temperature shift will always be orders of magnitude smaller than the peak c center
frequency uncertainty. By performing co-thermometry, temperature-induced frequency shift will
be eliminated from the error budget of a solid-state nuclear clock!

One may ask how good a temperature stability is required to achieve a ~ 10720 accuracy. This
corresponds to a line center uncertainty of ~ 0.1 mHz, which can be achieved with a temperature
accuracy of 1 mK according to Eqn. [5.3] To facilitate this level of temperature measurement, a
~ 10 Hz line center determination of peak ¢ (Fig. [5.5pb) is all we need.

Other factors may also create systematic shifts. Here we take the stress of the crystal as an
example. The Young’s modulus of CaFy [285] is 75.8 GPa while the thermal expansion coefficient

is 18.85 x 1079 /K. Thus, the thermal expansion of 1 mK temperature is on the same order of
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magnitude as a 1.4 kPa stress. Care needs to be taken to calibrate the stress on the CaFy host
crystal, say, by birefringence measurements [286]. Or, the same co-sensor idea may be used to

compensate for stress-induced drifts.

5.3 Investigating the clock stability: Dependence of linewidth on 2?Th

doping concentration

To obtain good clock stability, the coherence time (inverse of the inhomogeneous line broad-
ening) of the nuclear transition should be long. One limitation in solid-state crystalline hosts comes
from the interaction between the 22°Th nuclear spin with nearby nuclear spins, which is expected
to cause an inhomogeneous broadening of ~ hundreds of Hz [67, [68] [76]. Experimentally, we find
that the transition linewidths measured are larger at higher doping concentrations. We speculate
that microstrain caused by ??Th doping defects in CaFy may be the cause of this effect.

It is well known that the crystal lattice near a defect is elastically distorted due to the local
microstrain [287]. This elastic distortion decays slowly from the defect, giving rise to observable
line broadening [288] and line center shift [289] in high-resolution X-ray and neutron scattering
experiments.

Although the lattice distortion due to a defect can be calculated in detail using the method of
lattice statics [290], here we ask what the asymptotic behavior is at large distances. An approximate
¢ ~ 1/r? scaling is reported for cubic metals in Ref. [291]. Similar scaling rules are also found in
alkali halide crystals [292]. This is perhaps not surprising. If we simply consider adding one atom
with a volume of V' to a crystal lattice, considering volume conservation, atoms at distance r from
the dopant would move roughly by ér satisfying r267 = V to conserve the volume. Also, the mean
distance rg between the defects scales as the inverse of the cubic root of the concentration p. Thus,

we anticipate the distortion of the lattice structure to be scaling roughly as
or o< 1/r2 o p?/3. (5.4)

How large is this effect in 2?Th-doped CaFy crystals? For ?*>Th-doped CaFs, the mean
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lattice parameters (distances) a with two different doping concentrations are measured by X-ray
diffraction and reported in Ref. [289]. Here, we do a simple estimation extrapolating the fractional
lattice parameter change da/a reported in Ref. [289] to the parameter range used in our experiments,
following Eqn. see Fig. 5.0l Based on this estimation, it is reasonable to expect that the
fractional lattice distance change in our experiment will be of the order of 1074 ~ 107>, The exact
location and orientation of the defect state will lead to an inhomogeneous broadening of the nuclear
clock transition. Returning to Fig. we see that the crystal lattice leads to a splitting on the
order of a few hundred MHz. The monopole shift is also typically on the GHz level. The expected
line broadening effect due to the fractional lattice constant change can therefore be estimated as

10 ~ 100 kHz, varying depending on the ??Th doping concentration.

Figure 5.6: Lattice constant change with Th-doping concentration. Orange dots are taken from
Ref. [289]. Scaling according to Eqn. is plotted as a visual guide. For densities used in this
thesis work, the fractional lattice distance change is expected to be 10~ ~ 107°.
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We experimentally verify this using three different crystals with different doping concentra-

tions:

(1) €10, 3 x 10'7 cm™3 (blue in Fig.
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(2) C13, 8 x 10'7 cm~3 (green in Fig. [5.7))
(3) X2, 4 x 10'® em~2 (purple in Fig.

Experimentally, different peaks also show different linewidths. The peak b (m = £5/2 —
+3/2, solid markers in Fig. appears to always be narrower than the peak ¢ (m = +£1/2 — +1/2,
hollow markers in Fig. [5.7). Note that peak b also shows a smaller temperature dependence in
Fig. [5.5] resulting from the cancelation between the electric monopole and electric quadrupole
shifts. It is possible that the same cancelation makes the peak b less sensitive to crystal lattice
distortions caused by microstrain. Although the scaling relation in Eqn. does not fully match
the experimental observation, we show it as a visual guide in Fig. The SNR of the transition
observation is significantly reduced going to lower concentrations, limiting our ability to probe the
limitation of the linewidth due to other effects.

By the same argument, one may ask if the center frequency of the transition would also
change with the doping concentration. However, experimentally, we do not observe differences in
the transition frequencies between the different crystals. The dependence of the linewidth on the
doping concentration indicates that the ?2Th nuclear transition frequency is likely dependent on
the mean distance between the 22?Th nucleus. The line center independence indicates that the
transition frequency cannot be solely dependent on the mean 22Th nuclear distance. Likely, the

transition frequency shift also depends on the orientation of the F~ interstitials.

5.4 Reproducibility of the nuclear clock frequency

We keep a record of the frequencies for the peaks b and ¢ over time at room temperature;
see Fig.[5.8] The absolute frequencies of the nuclear transition remain within the uncertainty over
the half-year data collection time for peak b. For peak c, the larger fluctuations may originate
from changes in room temperature. Fig. highlights the frequency reproducibility for both clock

transition lines across 3 different crystals.
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Figure 5.7: 2?*Th nuclear clock transition linewidth as a function of doping concentration. Two
different peaks, b (m = £5/2 — £3/2, solid markers) and ¢ (m = £1/2 — £1/2, hollow markers),
are studied. Three crystals are used: C10 (orange), C13 (green), and X2 (purple). The dotted line

provides a visual guidance for the scaling expected according to Eqn. [5.4
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Figure 5.8: Time record of peak b/c frequencies at room temperature. a, the frequencies of peak b
at room temperature. The results are reproducible with the uncertainties for peak b. b, Record of
peak ¢ frequency at room temperature. The larger fluctuation may come from its higher sensitivity
to temperature changes.
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5.5 Projected nuclear clock performance

We perform a simple estimation of the clock stability following Ref. [68], as shown in Fig.|5.9
Two laser frequencies, A + o, are used to interrogate the nuclear clock transition. After each
irradiation subcycle with time 6, a detection window of €’ is used to collect fluorescence photons.
After completion of the 4 subcycles, the offset between the laser and the nuclear transition can be
calculated using the imbalance between the fluorescence counts in the two detection windows. The
laser center frequency is then steered to keep track of the nuclear clock.

In our experiment, the observed nuclear transition line shape can be described by a Gaussian
with a peak effective excitation rate of Ry ~ 2000 counts per second (cps); see, for example,
Fig. [£.5h. With the narrowest peak b line shape observed being about 100 kHz, we write down the
excitation rate as

R(v) = Roe ™27/75, (5.5)

where f is the offset from the center frequency, and op = 50 kHz is the linewidth (half width at
half maximum). Assuming the offset frequency f is small and following the clock sequence shown

as in Fig. we write down the measured result of f as

o Rlo+f)—Ro—f)  R(o+f)—R(o—J)
2% —2In2 - Ryo [0} - e—In2:02/03

Vv=0o

(5.6)

where it is assumed that f < o( is a small frequency offset, and we use the fact that R(v) is a
symmetric function.

We see that the excitation rates can be written as

N, — Nn,le_(”@/)/T
R(f+0') - T(]_ _6_9/7_)(1 _69//7_)7 (57)

Nyt — Ny 0407
R(f=o) = 7(1—e= 971 —ef/7)’ (5.8)

In equilibrium, the number of counts N accumulated in each bin will be roughly

N; = ngt/ + R(o)7r(1 — e /7) (5.9)
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Figure 5.9: Illustration of the clock interrogation cycle. Each full cycle contains 4 operations: 1,
laser on with a frequency offset o for time 6. 2, laser off, detection of fluorescence signal for time
0. 3, laser on with a frequency offset —o for time 6. 4, laser off, detection of fluorescence signal
for time @’. The next cycle begins immediately after the end of the first cycle. Figure taken from

Ref. [68].

shutters
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for any ¢, where ng = 400 cps is the background count rate. The uncertainty of the count rate
measurement comes from the shot noise of the counts that follows a Poisson distribution. We see

that the clock stability can be written as

NG NG
a2 )| = ROV (5.10)
In2 - Ryo /ol - e~In2o /o5
where
AN - /1 + e200+0)/7
AR = 5.11
T T (5.11)
in which
AN = VN = \/no#’ + R(o)r(1 - e-0/7). (5.12)

We numerically optimize the clock stability ‘A f-+/2(60+6")| as a function of the excitation

time 6, the detection time 6" and the operation offset 0. Here, we assume that the laser drift during
one detection cycle is negligible (< 0¢), which can be achieved by lasers stabilized to state-of-the-art
reference cavities [176].

Under these assumptions (Rg = 2000 1/s, ng = 400 1/s, o9 = 5 x 10* Hz, 7 = 640 s), the
global optimum for clock stability is found at a step size of o = 50390 Hz, with the excitation time
of # = 1101 s and a detection time of #’ = 942 s. The corresponding clock frequency stability is

‘Af~«/2(9+0’)

= 7656 Hz. This corresponds to a fractional clock stability of

Jvo = 3.8 x 10712 /v/Hz, (5.13)

sy = ]Af 200+ 0)

where 1y = 2020.407 Hz is the nuclear clock transition frequency.

The calculations above are performed for the X2 crystal, which offers the highest signal-to-
noise ratio. We can perform the same estimation for the C13 and C10 crystals, with the parameters
listed in Table .11

Although this is performance is still far away from the best atomic clocks [5], it is already

better than some commercial microwave frequency standards such as rubidium clocks (FS725, Stan-


https://www.thinksrs.com/products/fs725.html
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Parameter Variable X2 C10 C13
Excitation rate (cps) Ry 2000 450 60
Background rate (cps) no 400 1100 300
Linewidth (Hz) 200 10° 4 x 104 3 x 104
Step size (Hz) o 50390 17749 13066
Irradiation time (s) 6 1101 1175 1186
Detection time (s) o' 942 631 584
Frequency stability (Hz/v/Hz) ‘A f-200+6) 7656 14381 40309
Fractional stability (1/vHz) Sy 38x 10712 71 x1071% 2.0x 1071

Table 5.1: Projected clock stability with 3 different crystals. Top 3 rows contain the assumptions
based on experimental measurements. Middle 3 rows contain optimal experimental parameters
deduced using Eqn. [5.10 Bottom two rows are the predicted clock stability in terms of both
absolute frequency and fractional frequency.
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ford Research Systems). Improvements in clock excitation and detection rate, SNR, and coherence

time will continue to improve clock performance.



Chapter 6

Conclusions and outlook

In this thesis, we present our journey learning about and building frequency combs in the
vacuum ultraviolet [I7, 138, @0], using them for spectroscopy of a nuclear state (22™Th) [24],
and understanding the spectroscopy results for metrology applications [77] as well as fundamental
physics [30]. We also discussed the fabrication of unique thin-film samples to reduce the amount of
229Th consumption, initially intended to build a nuclear clock based on internal conversion [191],
but later turned out to work for the radiative decay channel [24].

The highlight of this series of work is the resolution of individual quantum states of 229™Th,
split naturally due to the electric field gradient in the host crystal [24], using a frequency comb
laser system. Resolving the quantum states allows us to characterize the systematic shifts in a
state-dependent way [77] and implement co-sensor ideas to improve the overall uncertainty (see
Sect. . The frequency comb also conveniently allows us to calibrate the frequency of the nuclear
transition to the 87Sr atomic clock at JILA [57, [I71], 5], facilitating future high-precision clock
comparison experiments.

Another attractive application of the 22?Th nuclear clock is to miniaturize optical clocks using
solid-state systems for applications outside research labs [293]. Although the physical package of
229Th itself can be made small [76], the bulky laser systems used today for nuclear interrogation
need to be miniaturized in the future as well.

However, our work represents only the dawn of the nuclear clock researchE There are many

! This reminds me of a quote from Prof. Jeff Kimble in Ref. [294]. When Prof. Jun Ye, my thesis advisor,
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prospects awaiting us, requiring careful characterization of the system, technological innovations,
and perhaps some imagination. In the last chapter, we list some of the ideas and directions that we
feel are important for the future. We focus on technologies that may improve the clock performance
and ease the clock operation and discuss some future prospects of expanding the nuclear clock family

to high-energy nuclear transitions.

6.1 Accelerating the readout using new schemes

The readout scheme used in this work and other laser spectroscopy experiments of 229Th [27,
28] is fluorescence counting. We excite the nucleus to the isomer state 22™Th, and then wait
for it to decay by emitting a photon. Although this scheme gives us enough signal-to-noise ratio
to observe the nuclear transition, the long lifetime of the isomer state now becomes a burden
that limits the readout speed. In atomic clocks, the clock state population is typically read out
through shelving detection, by pumping the excited state population to different states with strong
transitions [2]. In 22Th, this is difficult, as the next available state is 29 keV above the ground
state [64], where we do not have highly coherent lasers in the foreseeable future. Other detection

methods are envisioned to help facilitate a fast state readout.

6.1.1 Double-resonance detection in solid

For trapped ions, a double resonance scheme is proposed [12), [52] where the electronic hy-
perfine transitions [63, 44] are monitored dependent on the nuclear state. This scheme allows for
fast readout of the 22°™Th population. However, a direct parallel scheme for 22°Th in solids is not
yet available. In ??Th-doped CaF5 crystals, 2?Th exist as 44 ions. The exact configuration of
the defect state is not fully understood [295] [296]. If there is an optical transition in or near the
defect, similar to that in nitrogen-vacancy centers, it may offer a sufficiently narrow linewidth with

a sufficiently strong coupling to 22°Th to resolve the ??Th quantum states. In this case, one may

observed single atoms trapped in cavities for long times on his last day as a postdoctoral researcher in Jeft’s lab, Jeff
congratulated him saying “Jun, we have climbed on top of a hill now, and I can see so many flowers lying in the
valleys ahead.” I am sure people in the lab will continue to enjoy more exciting views ahead after my graduation.
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implement a double resonance scheme similar to that proposed for trapped ions [12] (63| 26].

A more realistic proposal is to use the electric quadrupole splitting and perform microwave
readout [I9 296] similar to nuclear quadrupole resonance (NQR). Simply, we can use microwave
to bridge the gap between the mis = 1/2 and mys = 3/2 states. Just like in nuclear magnetic
resonance spectroscopy (NMR), NQR is routinely performed to characterize materials. Currently,
some concerns hinder the implementation of this scheme, but an experiment in the Schumm group

in Vienna is actively exploring the possibilities [297]. We list a few open questions in this direction:

e What is the (71) lifetime for the mixing between mis = 1/2 and mys = 3/2 states? It is
proposed that one may use the state-resolved laser excitation to populate one of the nuclear
excited states, then perform a microwave readout of the population difference between
mis = 1/2 and mys = 3/2. The mixing rate between mis = 1/2 and m;s = 3/2 thus dictates
how much time we can use to accumulate the excited state population. If we use the laser
pumping to obtain a population difference, and perform a detection based on free-induction
decay, a long T7 would be beneficial. Microwave absorption may also be performed to detect

steady-state thermal population differences.

e What is the (7%) decoherence rate between m;s = 1/2 and m;s = 3/27 Although population
mixing may be slow (77 time), the decoherence between the two states (7») may be short,
limited by inhomogeneous broadening in the crystal. This could lead to a fast dephasing

of the signal and reduces the SNR of a free-induction decay experiment.

e What temperature should we operate at? Detection of small microwave signals is typically
limited by thermal noise unless the system is kept at cryogenic temperatures. For mis = 1/2
and mjs = 3/2 with an energy splitting of ~ 250 MHz, hv = kT gives us a temperature of
12 mK. Although complete suppression of background microwave photons seems impracti-
cal, working at cryogenic temperatures still gives us significant reduction of the blackbody
microwave background for improved SNR. Of course, thermalization processes take time.

It may be possible to prepare the non-equilibrium state and perform the detection before
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thermal equilibration.

Of course, with an improved laser excitation rate and atom numbers, the NQR double-
resonance scheme should eventually become feasible in terms of SNR.

It is possible to imagine co-doping the CaFy crystal (or other hosts) with 22Th and another
different species for readout. For example, the crystal microstrain [298] can be leveraged to create
favorable co-doped states between ?2°Th and other dopants. It is also possible to maintain the
VUV transparency of the crystals with lanthanide doping [299]. The infused hydrogen atoms in
CaF3 have been characterized by electron spin resonance spectroscopy [300]. It might be possible to
use the nuclear-electron spin coupling in such a system to perform the nuclear state readout in the
microwave domain. The co-doped impurities may even serve as local strain/temperature/magnetic
field sensors for improving the clock accuracy. However, it may be difficult to control the inhomo-

geneous broadening of the 2?Th nuclear transition with co-doped sensors.

6.1.2 Optical-induced quenching

If the SNR of the fluorescence detection is high enough, it could be beneficial to quench
the excited state 22 Th after a short detection window. Controlled quenching of ?2™Th was
first reported using X-rays [66]. Recently, similar quenching effects have been observed using UV
lasers [301), B02]. By reducing the readout cycle, the clock stability can be improved.

While the exact photo-quenching mechanism is unclear, it is possible that the photo-quenched
state leads to electrons in the conduction band. With a high 2?™Th excitation fraction, it is
possible to imagine direct detection of the excited state population using photo-induced electrical

conductivity like that in typical photodetectors [233].

6.1.3 Internal-conversion decay

As discussed in Ref. [22] 191], for a clock based on internal-conversion decay, the readout is

naturally performed much faster. With a 10 s interrogation cycles and a 10 nm thick ?2ThO, film
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irradiated using a 10 nW laser power, a clock stability of ~ 1074 //Hz may be possible [191]. How-
ever, the IC detection scheme needs to first be demonstrated with reasonable detection efficiency.
A thin ??*ThO, layer is naturally more sensitive to surface effects and inhomogeneous broadening.

The feasibility of this scheme will be further investigated in the future.

6.1.4 Direct absorption measurement

If a continuous-wave laser with a narrow linewidth is available, one can even operate the
clock by directly performing absorption spectroscopy. Of course, frequency-modulation techniques
may be used to generate an error signal for stabilizing the clock laser directly onto the nuclear
transition. External cavities, if available, may also help to improve the absorption signal [303),
304]. For enhanced stability (but not absolute frequency accuracy), spectral hole burning in the
inhomogeneously broadened sample may prove useful [305].

Assuming a 22 Th density of 10'® ecm ™ with a length of 1 cm, and an inhomogeneous linewidth
of 100 kHz, the peak absorption would be on the order of 1%. If an external cavity with finesse
of ~ 1000 is used, the system can be impedance matched to get full absorption of the input
light. Assuming a 1 mm by 1 mm cross section, the saturation intensity of the laser in absorption
spectroscopy will be about 11tW, or ~ 102 photons per second. The shot-noise limited stability

can thus reach 10716 /y/Hz, even approaching the performance of a cryogenic Si cavity [57].

6.2 Accelerating the excitation using new lasers

Another important limitation so far is the low excitation fraction of the ??Th nuclei in the
experiment. If lasers with higher spectral power and narrower linewidth are available, coherent
manipulation of the 2?Th nuclear state will enable numerous experiments such as Ramsey or Rabi
spectroscopy for clock readout, etc. Here, we briefly discuss a few existing proposals on how to

improve the laser system.
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6.2.1 Dispersive wave generation and four-wave mixing in hollow-core fibers

Cavity-enhanced HHG is a great and relatively mature tool for precision spectroscopy in the
frequency domain and high repetition rate photoelectron spectroscopy in the time domain [I7],
especially for high photon energies > 10 eV. For the ??Th nuclear transition at 8.4 eV, we ask
if there are other technologies to upconvert a frequency comb there. In fact, intense pulsed VUV
light can be generated using gas-filled hollow core fibers [306] 307, [308], 309]E| While the scheme
has only been demonstrated at repetition rates too low to be useful as a frequency comb, it may be
possible to scale up the repetition rate and obtain a coherent frequency comb in the VUV in the

future.

6.2.2 Continuous wave lasers at 148 nm

Although frequency combs offer the unique combination of high peak power for efficient non-
linear frequency conversion and the narrow linewidth of single comb lines for precision spectroscopy,
only one comb mode can be used to interrogate the ?2?Th nucleus at a time. This presents diffi-
culties not only in power scaling for an increased excitation rate, but also additional problems of
quenching [301] B02], crystal damage [228], and potentially light-induced frequency shifts. Direct
absorption measurement is also extremely challenging because of intensity noise and shot noise
limitations from other comb lines. A continuous wave (CW) laser with a narrow linewidth would
be ideal for nuclear clock operation.

Several proposals for building CW lasers at 148 nm wavelength exist. To generate CW
lasers using nonlinear optics, we are limited to perturbative processes. Broadly speaking, one
typically uses the second or third order nonlinearity, in gas or solid systems, for nonlinear frequency

upconversion. The difficulty mainly lies in the limited material choice transparent for VUV light

2 Prof. Alex Gaeta visited JILA on February 2020. We asked him this question, and he immediately said “Yes!”
We then continued to explore the possibility of VUV comb generation in hollow-core fibers together with Alex Gaeta,
Yoshitomo Okawachi, Philip Russell, Francesco Tani, Martin Fermann, and Jacob Lampen. Some preliminary tests
were performed at IMRA America, Inc., but without successful results. Later in 2024, we had more discussions about
this concept with John Travers, Federico Belli, and Jason Jones. In parallel, Henry Kapteyn, Drew Morrill, and
Jeremy Thurston showed us their setup in the Kapteyn-Murnane group at JILA based on a similar scheme.
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and stringent conditions for achieving phase-matching due to the large material dispersion in the
VUV.

Second-order harmonic or sum-frequency generation in crystals are typically very efficient.
KBeyBO3Fy (KBBF) crystal has been widely used for the generation of CW lasers in vacuum
ultraviolet. Although its transmission cuts off at 147 nm [310], the efficiency of sum frequency
generation drops drastically below 150 nm [311]. Since the desired wavelength is very close to the
cutoff wavelength of KBBF, it could be of interest to investigate growth methods and operating
conditions to slightly extend the cutoff wavelength. For example, material bandgaps tend to increase
slightly when cooled to cryogenic temperatures. Frequency doubling cannot be phase matched in
KBBF to this low wavelength. However, sum frequency generation may work [18].

Another material, BaMgF, (BMF), is proposed for 148.38 nm CW laser generation in Ref. [I§].
Being a ferroelectric crystal, BMF is compatible with quasi phase matching schemes using periodic
poling [312, 313, 314] for VUV light generation. A frequency doubling scheme using periodically
poled BMF is currently under investigation at the Johannes Gutenberg University of Mainz [315].
It is proposed [316] that one can even dope 2?°Th directly into a BMF crystal, building a system
that performs both the nonlinear frequency upconversion as well as 2?Th spectroscopy in situ,
eliminating the need for vacuum systems for the operation of a nuclear clock in vacuum ultraviolet.

Another possible route to generate continuous-wave VUV light is using resonance-enhanced
four-wave mixing in metal gas vapors [317] as described in detail in Ref. [318]. By tuning the laser
frequencies close to resonances in the metal vapor, the nonlinear susceptibility can be drastically
enhanced, making four-wave mixing generation of VUV light possible even with CW lasers. A CW
laser at the hydrogen Lyman-« line of 121.56 nm was generated [319] and used for spectroscopy [320].
For the 22Th nuclear transition, a four-wave mixing scheme using cadmium vapor is proposed in
Ref. [321]. With realistic parameters, the generation of > 10pW of VUV power at 148.38 nm
wavelength seems possible. Metal vapors hosted in hollow-core hybrid fibers [322] have been used
to enable four-wave mixing at extremely low light power [323]. Guiding of VUV light can also

be achieved using hollow core fibers [324]. Therefore, it might be possible to enhance the FWM
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efficiency using hybrid hollow core fibers filled with metal vapor [322].

VUV light can also be generated by anti-Stokes scattering using hydrogen gas [325] [326],
sulfur, and selenium [327]. For hydrogen, the anti-Stokes scattering process provides a fixed fre-
quency shift (~ 127 THz). Thus, to reach 148.38 nm, a ~ 158 nm wavelength laser needs to be
built first. Using a hollow core fiber and pulsed pump lasers with ~ kW peak power, anti-Stokes
shifting of light in the VUV has been demonstrated with ~ 60% conversion efficiency [328]. This
process works like a frequency modulator and does not require high power in the VUV. Even single
photons can be used as the seed for the anti-Stokes process and are efficiently frequency shifted
using the (pulsed) Raman process [329]. However, it is difficult to achieve the same high efficiency
using CW lasers, due to the comparatively low peak power [330].

Similar to resonant VUV generation in gas, resonant nanostructures (metamaterials) have
also been used for the generation of VUV light, although with a low conversion efficiency demon-
strated [331], 332, B33]. It would be interesting to explore the limitations of nanophotonics for VUV
generation and enhanced interaction with 22°Th.

Besides generation via nonlinear optics methods, direct lasing with gain medium is also
possible in the VUV. The limitation is that VUV lasers typically require huge pumping power to
reach population inversion, due to short excited-state lifetimes. Excimer lasers, for this reason,
typically operate in pulsed mode. However, it might be possible to build continuously tunable

VUV lasers with lanthanide doped in crystals [334] with long excited state lives.

6.3 Ease the constrain on laser technology by new excitation pathways

The couplings of the nuclear state to its electronic states, which is the mechanism behind
the IC decay channel, may be used to our advantage to obtain a more efficient population of
the 22mTh isomer. A process under investigation is the electron bridge excitation mechanism.
Two (or more) lasers can be used whose frequencies add to the nuclear transition frequency, al-
lowing one to use more standard UV /visible lasers. Schemes have been proposed using either

29Th* [335], 22°Th2* [336], 22°Th3* [337, [338], highly charged thorium ions [339], ??*Th doped in
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CaFq crystals [295], etc. A similar process of nuclear excitation via two-photon electronic transi-
tion is discussed in Ref. [340]. In a 2?Th doped CaF; crystal, two-photon excitation through the
modulation of crystal lattice field is also discussed in Ref. [341]. If the ???Th doping site is non-
centrosymmetric, one may imagine an enhanced degenerate two-photon transition rate. Excitation
of the 22™Th state using electrons has also been considered [342], though this process would not

be useful as a frequency discriminator for optical clocks.

6.4 Improving the **Th coherence in solids

As discussed in Sect. currently the linewidth of the ??Th nuclear transition depends
on the doping concentration, likely due to microstrain caused by defects. 22 Th doped in 232ThF,
will not create defect states, thus may eliminate this density-dependent line broadening. Although
229ThF, thin films grown in Ref. [76] are likely amorphous, crystalline 232ThF, can be grown using
mature crystal growing technologies [255].

The next-order limitation of the coherence may come from a random internal magnetic field
created by the fluorine nuclear spins. It would be interesting to explore new crystals with low spin
density, yet still transparent in the VUV. While amorphous SiOs is opaque at 148 nm, crystalline
quartz is actually transparent at the nuclear transition wavelength [343]. Alternatively, a frozen
noble gas like Argon may offer a convenient solid-state host with zero nuclear spins near the
229Th site. In addition to solid-state hosts, liquid hosts may offer additional advantages in that
inhomogeneity may be averaged due to rapid fluctuations [344].

Nuclear magnetic resonance spectroscopy is common in F nuclear spin. With a magnetic field
on the order of a few Tesla, the F nuclear spin precession frequency can reach ~ 100 MHz. Obviously,
it is still difficult to freeze out the nuclear spins of F. However, dynamical decoupling [345] schemes
may be used to average out the F nuclear spin interaction in our observation time scales. One may
even consider using the interaction between the ?2?Th isomer and the F nuclear spin to control and

align the F nuclear spin state [283].
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6.5 Studying **"Th in the quantum regime

In addition to being a tool for the precision metrology of time, the long coherence of 22°Th
offers a promising candidate for the development of quantum technology. Here, we briefly discuss
the possibilities and technical challenges of using 2?Th together with quantum optics and quantum

information processing.

6.5.1 Nuclear superradiance

Novel quantum optical effects can be expected when we have high-density quantum emitters
with low inhomogeneous broadening. Specifically with nuclear transitions in X-ray [346], one can
observe quantum-optical effects such as collective Lamb shift [250], electromagnetically induced
transparency [347], storage of nuclear excitation through magnetic switching [34§], etc.

For thorium specifically, it has been proposed that coherence effects may enhance the detec-
tion of the 22Th nuclear clock transition [349, 350]. The proposed directional emission with an
enhanced emission rate is similar to the effect of nuclear forward scattering [351], and can poten-
tially be probed with existing broadband pulsed laser systems [27) 28] to reveal the coherence of
the 22Th sample. Single-photon superradiance [352] with a 22Th nuclear sample may even pro-
vide a competitive check of gravitational and general relativistic time dilation [353] in small length
scalesE| Note that effects similar to the proposed superradiance deflection in gravitational field in
Ref. [353] may be observable with slow or stopped light [354] and with a magnetic field instead of
gravity [355]. The storage of light, whether using EIT or superradiance, may be useful in resolving

gravitational effects using photons [356].

6.5.2 Nuclear qubits

229Th is not the only optically active quantum emitter in solids. Color centers [357] and

rare earth ions [358] embedded in solids have been spectroscopically characterized and are used

3 In Table 1 of Ref. [353], coherence times 7con of different nuclear isomers are listed. However, for some nuclear
transitions, 71 time is quoted (especially for long lifetime ones), while for *Th the quoted Tcon is an estimated T
coherence time.
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for applications such as quantum information processing [359], quantum sensing [360, B61], study
of quantum many-body physics [362, [363], precision laser metrology [305] and searches for beyond
standard model physics [364]. These platforms bear obvious similarities to the 22Th embedded in
crystals. It is possible to imagine using 22°Th as a complementary approach in some of the applica-
tions. The obvious advantage of 22°Th is that one can obtain long T lifetime of > 600 s and decent
(> 1ps) Ty coherence times at room temperature[24]. Of course, with more research on nuclear
clocks and nuclear qubits, the coherence time 75 is expected to improve significantly. A reasonable
estimate of ~ 1 ms comes from Refs. [67, 68]. Although the operation of a vacuum ultraviolet laser
may limit the viability of quantum network applications, transduction between VUV and infrared
photons, or even dedicated networks for entanglement distribution, may circumvent some of the

technical difficulties [365].

6.6 Nuclear clocks in the extreme ultraviolet and X-ray

While 22°Th is currently the only accessible candidate to build a nuclear clock, other narrow-
linewidth transitions in atomic nuclei may be used with future technology breakthroughs. Even in
1960, a narrow transition with 9.4 s lifetime at 93 keV in %7Zn was considered for “the possibility
of the most precise nuclear clock available.” [I0]. In 235U, there exists a 76 eV nuclear isomer with
a lifetime longer than the age of the universe. Novel schemes using electron-nuclear coupling may
reduce the requirements of laser power to interrogate this state [I3]. In 43Sc, a clock state with a
lifetime of 0.45 s is recently excited using a high-brightness X-ray free-electron laser (FEL). The
energy of the clock transition is determined to be 12389.59 £ 0.154¢ar & 0.124y¢¢ €V [14].

While high-energy nuclear excitations and even some forms of coherent manipulation [366]
can be performed with existing X-rays sources, reading out their absolute frequency has not been
achieved. It is proposed that X-ray combs may be generated via pulse-shaping methods [367],
coherent laser-electron scattering [368], seeding of free-electron lasers using HHG sources‘[369] or
directly using an X-ray cavity-based [370] oscillator [369]. Another possibility is to use a phase-

based measurement akin to Ramsey spectroscopy. Using HHG sources, pairs of XUV pulses can be
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generated and used for spectroscopy. By taking the pair of fundamental pulses from a frequency
comb, precise scans of the pulse delay with extremely long delay times can be achieved, promising
a resolution similar to that achievable with frequency combs; see Refs. [371L [372] for demonstration
of the “Ramsey-comb” spectroscopy. Extending this scheme to the X-ray via phase-synchronized
X-ray FEL pulses seems promising. Although X-ray FEL exists as large billion-dollar facilities
today, compact designs using inverse Compton scattering may significantly reduce the cost of
them [356, 373, 374, [375]. Laser-based electron accelerators offer another promising route for more
compact X-ray laser sources [376], even potentially to the chip scale [377, [378]. We may have more

nuclear clocks in the future!
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Appendix A

229ThQO, thin film spectroscopy data

Data collected during IC thin film scans are shown in Fig. The top panel of each subplot
is the raw signal counts collected during one bin. Colored dots with open circles represent valid
data points, whereas the filled red dots correspond to when the laser was unlocked, and thus are
discarded. The change in marker color indicates the start of a new scan file, where the data count
rate may show a discontinuity due to technical issues. Some variations of the count rate come from
a change of VUV comb power caused by GIP outcoupler degradation and us changing to new spots
on the GIP.

The black trace in each subplot is a smoothed version of the raw data by convolution with
a Gaussian function (FWHM 10 kHz). The trace shown in the bottom panel shows the smoothed
data, further normalized by a low-pass filtered version of itself (2 MHz corner frequency). The
anomaly at the end of the scan range comes from the numerical instability of this normalization
process. Other smoothing bin sizes and data processing techniques such as matched filters have
also been tested, but are not shown here [379]. Although in our case it is reasonable to assume that
a convolution with a Gaussian waveform that matches the shape of the transition line is the best
way to extract the signal [379], it could be interesting to consider more advanced data processing
techniques [380].

Points deviating from the white noise, especially showing correlations in different scan data
traces, are identified and scanned again. Unfortunately, among all scans performed with ?2?ThO,

thin films, we find no repeatable signal.
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Figure A.1: 229ThO, thin film scan data. a, b, ¢, d, e, and f are taken with ??Th#10, a 100 pm
diameter, ~ 30 nm thickness, 19.5 Bq 22ThO; target as produced. g, h, and i taken with 229Th+#15,
a 100 pm diameter, ~ 60 nm thickness, 18 Bq ??ThO; target annealed at 700°C for 60 hours. j
and k are taken with 222Th#20, a 100 pm, 19 Bq ?2ThO, target fabricated on a Ce:YAG substrate.
Before 22°ThF, deposition, the Ce:YAG was first coated with 5 nm Ti then 10 nm Au to ensure
the surface is conductive while still transparent. After 22ThF, deposition and pyrohydrolysis, the
sample is coated with a monolayer graphene to improve electrical conductivity on the surface.
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