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Abstract

The ??Th nucleus has the lowest known first nuclear excited state out of all isotopes.
The transition energy from ground to first excited state was measured to be between
7.88¢eV and 8.47eV (1lo), or between 146.4nm and 157.3nm. The lifetime of this state
depends heavily on the chemical environment due to the two competing nuclear decay
processes: Radiative photon emission and internal conversion. In internal conversion
the energy of the excited nucleus is transferred to a bound electron of the atom which
is promoted to the continuum. Due to the nuclear structure and selection rules of
229Th, photon emission is strongly suppressed while internal conversion is preferred if
energetically allowed. The low energy of the first nuclear excited state is too low for
internal conversion to take place if the charge state of the atom is higher than 1-+.
Above 1+, this first nuclear excited state is long lived with an estimated lifetime of
around 5000 seconds. This metastable nuclear states is commonly referred to as isomer

and is denoted as 229mTh,

The low energy of 22 Th has sparked many ideas for application over the years. Out
of all isotopes, ??Th seems to have the only nuclear excited state accessible by lasers
and frequency combs. This allows to probe the nuclear level structure with a precision
unprecedented in nuclear physics. The most sought after application for this unique state
is currently to build an optical clock. The low energy nuclear excited state even allows
to build a solid state optical clock by doping the 22?Th in a large bandgap material, such
as CaFy. The CakFs single crystal is transparent up to 122.5nm, hence transparent to
the predicted emission wavelength of the isomer. Doping ??*Th into CaF, thus allows
optical excitation and detection of the nucleus. The 22Th will substitutionally replace
the Ca in the crystal lattice, which ensures a 44 oxidation state and a long lifetime.
Although the nucleus couples to its environment, it allows for a high precision clock to
be built even in a solid state environment due to the high number of nuclei (>101¢) in
the doped crystal. Such a clock would be a highly sensitive probe to new physics due to

the unique nature of the nuclear excitation.

In this thesis, the doping and nuclear excitation of ??Th into CaF, is investigated.
The crystal environment is characterized through crystal growing and vacuum ultravi-
olet (VUV) optical techniques. The nuclear excitation is investigated through viability
calculations using experimental characterizations of three distinctly different nuclear
excitation methods: Resonant VUV photon irradiation, nuclear decay and x-ray irradi-

ation.

A detailed description is given on how cylindrical ??Th doped CaFs single crystals
were grown (3.2mm diameter, 1 cm length). The size of crystals was reduced by a fac-

tor of 200 compared to previous work to increase doping concentrations of the scarcely
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available 22Th. Doping concentrations reached were: 2.6-10%° cm™ for 23Th with 5%
transmission at 150 nm and 1.2-10'® cm™ for ?2Th with 10 % transmission at 150 nm.
Radioactivity amplified fluoride loss in CaFy during growth, which decreased the result-
ing VUV transparency and stopped the further increase of 22°Th concentration. Adding
fluoride to these crystals increased their transparency. It was suggested that the charge
state changes due to fluoride loss from Th** to Th3*. In the ??Th doped CaF,, ra-
dioactively induced VUV luminescence was detected at 170 nm. It was conjectured to be
due to Th3*. Possibly, the absorption of a charge transfer state was detected at 124 nm
in 222Th doped CaF5, where it is inferred that the charge state of Th is 4+.

Using resonant VUV photons to excite ??Th was studied. VUV irradiation damages
232Th doped CaF5 which increases the VUV absorption strongly. When the crystals are
cooled to 80K, no damage was detected after VUV irradiation. VUV induced lumines-
cence of ?2*Th doped CaF, was characterized. A luminescence at 168 nm was detected,
indicating the presence of Th3*. It was calculated that a signal-to-noise ratio (SNR) of
1000 to measure 22™Th photon emission for a 1s integration time can be reached by

using resonant VUV photon excitation, assuming no internal conversion.

Using nuclear decay to produce ?2*™Th was studied. It was found that using the current
233U doped into CaFy crystals would not result in detection of the nuclear photon
emission. Another method was proposed where 2?8Ra would be doped into CaFy and
activated through neutron capture. The transmission loss and VUV luminescence in
undoped CaFy by neutron irradiation was characterized. It was found that this method
would be able to measure a 22 Th photon emission with a SNR of at least 17, assuming

no internal conversion, over a wide range of lifetimes (minutes to hours).

Using x-ray irradiation to excite the ??*Th nucleus was studied. It was found that x-
ray irradiation induced VUV luminescence in both 23?Th and ??Th doped crystals of
170 nm or lower (conjectured to be due to Th3*). Damage due to x-ray irradiation was
characterized and was found to decrease due to Th doping as compared to undoped
crystals. It was calculated that using this method to observe 22™Th photon emission
results in a SNR of at least 20 for a 1s integration time, assuming no internal conversion.
No signal was however observed in experiments, indicating that internal conversion plays

a significant role.

In this thesis it is shown that growing VUV transparent ?*Th doped into CaFy is
possible, and several nuclear excitation methods are shown to be viable. More charac-
terization of the microscopic doping structure is needed, but the nuclear clock is closer

then ever.
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Zusammenfassung

Der ???Th-Kern hat von allen Isotopen den niederenergetischten bekannten Kerniibergang.
Die Ubergangsenergie vom Grundzustand zum ersten angeregten Zustand wurde zwis-
chen 7,88eV und 847eV (lo) oder zwischen 146,4nm und 157,3nm gemessen. Die
Lebensdauer dieses Zustands hangt stark von der chemischen Umgebung ab, aufgrund
der beiden konkurrierenden nuklearen Zerfallsprozesse: strahlende Photonenemission
und interne Umwandlung. Bei der interne Umwandlung wird die Energie des angeregten
Kerns auf ein gebundenes Elektron des Atoms tibertragen, das ins Kontinuum befordert
wird. Aufgrund der Kernstruktur und der Auswahlregeln von 2?Th wird die Photonen-
emission stark unterdriickt, wahrend die interne Umwandlung bevorzugt wird, wenn dies
energetisch moglich ist. Die niedrige Energie des ersten angeregten Kernzustands ist zu
niedrig fiir eine interne Umwandlung, wenn der Ladungszustand des Atoms hoher als 1+
ist. Oberhalb von 1+ hat dieser erste angeregte Kernzustand eine lange Lebensdauer
mit einer geschéatzten Lebensdauer von etwa 5000 Sekunden. Metastabile Kernzustande

werden allgemein Isomere genennt und mit 2?™Th bezeichnet.

Die geringe Energie von ?2*™Th hat im Laufe der Jahre viele Ideen fiir Anwendungen
hervorgebracht. Von allen Isotopen scheint ??Th den einzigen angeregten Kernzus-
tand zu haben, der fiir Laser und Frequenzkiamme zugénglich ist. Dies ermdglicht es,
die nukleare Ebenenstruktur mit einer in der Kernphysik bisher unerreichten Prazision
zu untersuchen. Die begehrteste Anwendung fiir 22*™Th ist derzeit der Bau einer op-
tischen Uhr. Der niederenergetische angeregte Kernzustand ermdoglicht sogar den Bau
einer Festkoérperuhr durch Dotierung des ??Th in einem Material mit groer Bandliicke,
z.B. CaFs. Der CaFs-Einkristall ist bis 122,5 nm transparent, also transparent fiir die
vorhergesagte Emissionswellenlinge des Isomers. Die Dotierung von ??°Th in CaFs
ermoglicht somit eine optische Anregung und Detektion des Kernzustands. Das ??°Th
wird das Ca im Kristallgitter ersetzen, was eine Oxidationsstufe von 44 und eine lange
Lebensdauer sicherstellt. Obwohl der Kern an seine Umgebung koppelt, ermoglicht er
aufgrund der hohen Anzahl von Kernen (> 10¢) im dotierten Kristall den Bau einer
hochprazisen Uhr sogar in einer Festkorperumgebung. Eine solche Uhr ware aufgrund

der einzigartigen Natur der Kernanregung eine hochempfindliche Sonde fiir neue Physik.

In dieser Arbeit wird die Dotierung und nukleare Anregung von 2Th in CaF, un-
tersucht. Die Kristallumgebung wird durch Kristallziichtung und optische Techniken
im Vakuum-Ultraviolett (VUV) charakterisiert. Die Kernanregung wird durch Real-
isierbarkeitsberechnungen unter Verwendung experimenteller Charakterisierungen von
drei deutlich unterschiedlichen Kernanregungsmethoden untersucht: Resonante VUV-

Photonenbestrahlung, Kernzerfall und Rontgenbestrahlung.
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Es wird detailliert beschrieben, wie zylindrische 22 Th-dotierte CaF-Einkristalle (3,2 mm
Durchmesser, 1 cm Léinge) gezilichtet wurden. Die Grofle der Kristalle wurde im Vergleich
zu fritheren Arbeiten um den Faktor 200 reduziert, um die Dotierungskonzentrationen
des kaum verfiigharen ??Th zu erhohen. Erreichte Dotierungskonzentrationen waren:
2,6-10%° cm™ fiir 232Th mit 5 % Transmission bei 150 nm und 1,2-10"® cm™ fiir 22 Th mit
10 % Transmission bei 150 nm. Radioaktivitat verstarkte den Fluoridverlust in CaFq
wahrend des Wachstums, was die resultierende VUV-Transparenz verringerte und den
weiteren Anstieg der 2 Th-Konzentration stoppte. Die Zugabe von Fluorid zu diesen
Kristallen erhohte ihre Transparenz. Es wurde vermutet, dass sich der Ladungszus-
tand aufgrund des Fluoridverlusts von Th*T zu Th3* #ndert. In 2?*Th-dotiertem CaF,
wurde radioaktiv induzierte VUV-Lumineszenz bei 170 nm nachgewiesen. Es wurde
vermutet, dass es auf Th3t zuriickzufiihren ist. Moglicherweise wurde die Absorp-
tion eines Ladungstransferzustands bei 124 nm in 232Th-dotiertem CaF3 nachgewiesen,

woraus geschlossen wird, dass der Ladungszustand von Th 4+ ist.

Untersucht wurde die Verwendung von resonanten VUV-Photonen zur Anregung von
229Th. VUV-Bestrahlung schidigt 232 Th-dotiertes CaF5, was die VUV-Absorption stark
erhoht. Beim Abkiihlen der Kristalle auf 80 K wurde nach der VUV-Bestrahlung keine
Beschidigung festgestellt. VUV-induzierte Lumineszenz von 22 Th-dotiertem CaF, wurde
charakterisiert. Kine Lumineszenz bei 168 nm wurde detektiert, was auf das Vorhanden-
sein von Th3* hinweist. Es wurde berechnet, dass ein Signal-Rausch-Verhiltnis (SNR)
von 1000 zur Messung der 22 Th-Photonenemission fiir eine Integrationszeit von 1s
erreicht werden kann, indem eine resonante VUV-Photonenanregung verwendet wird,

vorausgesetzt, dass keine interne Umwandlung erfolgt.

Untersucht wurde die Verwendung von Kernzerfall zur Erzeugung von 22 Th. Es wurde
festgestellt, dass die Verwendung des Aktuelles 233U dotiert in CaFs-Kristalle nicht zum
Nachweis der nuklearen Photonenemission fithren wiirde. Eine andere Methode wurde
vorgeschlagen, bei der ??®Ra dotiert in CaF, durch Neutroneneinfang aktiviert wird.
Der Transmissionsverlust und die VUV-Lumineszenz in undotiertem CaFy durch Neu-
tronenbestrahlung wurden charakterisiert. Es wurde festgestellt dass diese Methode in
der Lage wire eine 2?™Th-Photonenemission mit einem SNR von mindestens 17 zu
messen iiber einen weiten Bereich von Lebensdauern (Minuten bis Stunden), vorausge-

setzt, dass keine interne Umwandlung erfolgt.

Es wurde die Verwendung von Réntgenstrahlung zur Anregung des 22 Th-Kerns unter-
sucht. Es wurde festgestellt, dass Rontgenbestrahlung VUV-Lumineszenz von 170 nm
oder niedriger sowohl in mit ?*>Th als auch mit ??Th dotierten Kristallen induzierte
(vermutlich von Th3¥). Schiden aufgrund die Rontgenbestrahlung wurden charakter-

isiert und es wurde festgestellt, dass sie aufgrund von Th-Dotierung im Vergleich zu
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undotierten Kristallen abnahmen. Es wurde berechnet, dass die Verwendung dieser
Methode zur Beobachtung der 22 Th-Photonenemission zu einem SNR von mindestens
20 fiir eine Integrationszeit von 1s fiithrt, wenn keine interne Umwandlung angenommen
wird. In Experimenten wurde jedoch kein Signal beobachtet, was darauf hindeutet, dass

die interne Umwandlung eine signifikante Rolle spielt.

In dieser Arbeit wird gezeigt, dass das Ziichten von VUV-transparentem 22Th dotiert
in CaFy moglich ist, und es wird gezeigt dass mehrere nukleare Anregungsmethoden Re-
alisirbar sind. Eine weitere Charakterisierung der mikroskopischen Dotierungsstruktur

ist erforderlich, aber die Kernuhr ist naher als je zuvor.
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Chapter 1

The Road To a Nuclear Clock

1.1 Discovery and Characterization of the Unique Nuclear

State Thorium-229m

Beck et al.:
Kroger & Reich: First Reich & Helmer: analysis Microcalorimeter Von der Wense et al.: First
proposed the isomer by of gamma spectra, first gamma measurement. direct measurement of the
looking at a gamma to consider very low Places energy in the isomer using U recoil
spectrum. E <100 eV energy. E=3.5+1eV VUV range. ions on an MCP. Sikorsky et al.:
E=7.6+05eV Improved
microcalorimeter
1976 1994 2007 2016 2020| gamma measurement.
7.88<E<8.16 eV
Seiferle et al.:
1990| 1996 2005 2009 2019|  Selfelects
internal conversion
electron spectroscopy
Burke et al.: Deuteron  Tkalya et al.: first Guimaraes-Filho &  Beck et al.: Improved E=8.28:0.19eV
Triton reactions in 2¥Th  proposed Helene: gamma analysis of taken
to measure angular applications like  spectrum analysis spectrum.
momentum of 22Th metrology, nuclear with improved E=7.8:05eV
states. laser and nuclear branching ratios. E =

New energy -1 + 4 eV excitation by laser. 5.5 £ 1 eV

FIGURE 1.1: Timeline from the discovery of the unusual first nuclear excited state of
thorium-229 to the first direct measurement following the determination of its energy.
[1-10]

Thorium-229 (?**Th) is an artificial radioactive element with a half-life of 7825487 (two
o) years [11], it decays 100 % via an a-decay of 5.167 MeV (Qq) to radium-224. For
the full decay chain, see figure 2.15. This short half-life means this isotope cannot
be primordial and is thus artificially produced. Because ?2Th is artificially produced,
very little (~g) is available worldwide which complicates experimental progress [12].
Chemically, thorium is part of the actinides, but behaves more like hafnium or zirconium
due to the two unpaired electrons in the outer d shell. The electron configuration of Th
is [Rn]6d27s2, of Th* is [Rn]6d7s or [Rn](6d 7s)? of Th?* is [Rn]5f6d [13] and of Th3+
is [Rn]5f.
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Chapter 1 The Road To a Nuclear Clock 2

The ??Th nucleus has a unique nuclear level structure, which is known from gamma
ray spectra of the decay of the mother isotope uranium-233. The excitation energy
from ground to first excited state of this nucleus (E;s) was measured in [9, 10] to be
7.88 < E;s < 8.47€eV (1lo). By comparison, most nuclear excited states are in the MeV
range. The next known lowest nuclear excited state is uranium-235 with 76eV [14]. The
low energy first nuclear excited state of 22Th has sparked many ideas for application
over the years and fueled research towards understanding of this isotope. Out of all
isotopes 22?Th seems to have the only excited state accessible by lasers and frequency
combs, which allows to probe the excited state with a precision unprecedented in nuclear

physics.

One of the applications of the first excited state of 22 Th proposed, is to build an optical
clock using this unique isotope [4]. The low energy nuclear excited state even allows to
build a solid state optical clock by doping the ?**Th in a large bandgap material [15],
because of the weak coupling between the nucleus and its environment. Due to the nu-
clear structure of 229Th this first excited state is long lived (~5000s) [16]. The nuclear
selection rules prevent this state from emitting a photon, but due to coupling to the
environment it is possible with this long lifetime. This long lived nuclear state is com-
monly denoted as isomer which is frequently written as thorium-229m or 22" Th, where
”m” is for metastable. The discovery of the unique isomer is rooted in its radioactivity,

scattering experiments and knowledge of nuclear band structure.

The discovery of radioactivity by the Curies and Becquerel provided the field with ex-
perimental tools to study nuclear structure and subatomic particles. Quickly after the
discovery of radioactivity the electron, proton, neutron and isotopes were discovered
while a-decay, S-decay, and ~y-decay were realized to be respectively helium cores, elec-
trons, and photons. These discoveries sparked the early nuclear models and lead to
our understanding of electron and nuclear shell structure today. In these early days,
Rutherford and Andrade [17] performed the first 7 spectroscopy of radium B (?'“Pb)

using a rock salt crystal as a diffraction crystal.

The characterization of isotopes through ~ spectra continued, while tools to measure
rays of higher energies with more precision were developed. The spectra of v rays emitted
through the radioactive decay of isotopes is an excellent tool to study nuclear structure.
Each measured « ray represents the decay of one nuclear excited state to another and
when all rays are measured, the nuclear structure can be reconstructed when combined
with other measurements. These type of measurements were instrumental in gaining

understanding of the unique nuclear structure of 22Th.

In 1971, through informal communication, the existence of a very low first nuclear ex-

cited state of ?2Th was first proposed, which was noted in the 1972 nuclear data sheet
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publication [18]. In this publication, an attempt was made to make a structured study
of the characteristics of nuclei around 2?Th because they were known to be highly de-
formed and thus had unique properties. Through a combination of deuterium/tritium
scattering experiments on 239Th(d,t)?? Th and 232Th(d,t)?3'Th plus v ray spectra of
the 233U a-decay the isomer state was inferred. A more complete publication with more
dedicated measurements to constrict its energy and arguments for its existence were

published in 1976 by Kroger and Reich [1].

A theoretical understanding of highly deformed nuclei was developed by Nilsson in 1955
and thus preceded the experimental characterization. To understand the unique proper-
ties of deformed nuclei we follow the Nilsson model [19], which also describes the nuclear
excited states of 22Th. In this model the Hamiltonian is solved for a single particle (pro-
ton or neutron) in an effective nuclear mean field potential which is non-isotropic: the
nucleus is assumed to have an ellipsoidal shape or a non-isotropic harmonic potential.
This choice was made because rotational bands were observed in gamma spectra of
nuclear decay, indicating the nucleus rotated as a whole. Nuclear states in a single ro-
tational band are characterized by having the same single particle state, but different
nuclear angular momenta. These rotational bands are only possible for asymmetrical

particles, therefore an asymmetric model was applied.

The result of this model is single particle states from the above rotational bands char-
acterized by the Nilsson quantum numbers K™[Nn,A]. Here 7 = (-1)V is the parity,
K the projection of the total nuclear angular momentum onto the symmetry axis of
the system, N the total energy of the single particle state, n, the energy of the single
particle state projected onto the symmetry axis of the system and A the orbital angular

momentum of the single particle state projected onto the symmetry axis of the nucleus.

The ground and first excited states of the 22Th nucleus are characterized by 5/27[633]
and 3/27[631], respectively. From these quantum numbers we can see that these two
state only differ in A and K, thus having different single particle states and different
total nuclear angular momenta. Every higher excited state of a rotational band doesn’t
change the single particle state, just the rotational energy of the nucleus. Therefore only

the K value changes for state in the same band.

The long photonic lifetime of the isomeric state originates from above characteristics:
Due to selection rules only magnetic dipole (M1) radiation and electric quadrupole (E2)
radiation are allowed for the isomer’s de-excitation. A photon emission is electric dipole
radiation (E1) and is thus not favored, which creates a long lived state. The higher lying
excited states also have a low probability to emit photons due to the same selection rules.
Still, due to the inverse scaling of lifetime with energy, their lifetime is relatively short.

Internal conversion is the preferred mode of decay between same parity nuclear states.
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Internal conversion is the process where the nucleus de-excites by emitting one of the
electrons bound to the nucleus. The energy needed for this process is thus at least the
electron binding energy, the rest will be kinetic energy. The internal conversion leads to
a much shorter lifetime and dominates the deformed nuclei de-excitation. The lifetime
of their nuclear excited states would be extended if the internal conversion decay mode

can be blocked (e.g ionization of the atom).

We now follow the timeline in figure 1.1. In the publication by Kroger and Reich it was
stated that the energy of the first excited state of 22 Th had to be lower than 100eV, a
unique property in nuclear structure. The scattering experiments were never published
and interest was long lost, until the scattering experiments were repeated in 1990 which
again confirmed the existence of this odd state [2]. This sparked another more precise
measurement of the v ray spectrum of 233U decay to 2?Th which resulted in a first

published value for this low nuclear excited state, 3.5 £ 1eV [3].

The newly determined energy would produce photons in the optical region, around
350 nm. Because of this, techniques from atomic systems which resonate in the optical
region could now be applied to this one isotope. In 1996, twenty years after the 1976
discovery of the unique properties of 22 Th, the idea to make an optical clock not based
on an atomic transition but a nuclear transition was born [4]. More applications for
this unique isotope were proposed in this paper, such as a gamma laser and probing the

chemical environment with a nuclear state.

The predicted value for the first nuclear excited state of 22Th of 3.5eV started a decade
of experiments aimed at measuring an isomer photon emission at 350 nm. It was thought
that the photon produced by the nucleus was indeed observed, but this was later de-
bunked as radioactivity-induced fluorescence of nitrogen in 1999 [20]. After this decade
the community matured to be more sceptical in their measurements of this elusive first
excited state of 22Th. The failed experiments initiated again more precise v ray mea-
surements and a new analysis of them. First a new analysis increased the energy to
5.5eV in 2005 [5], then a new measurement with a very precise microcalorimeter fur-
ther increased the energy to 7.6 eV in 2007 [6] with a last increase to 7.8 eV through an
improved analysis in 2009 [7].

The new energy of 7.8eV placed the photon wavelength at ~160nm, in the vacuum
ultraviolet (VUV) region. This region is characterized by the fact that photons below
~200nm are absorbed in air, and thus need to travel through vacuum or another trans-
parent medium to be detected. These new requirements meant that new experiments
needed to be designed in order to measure the low-energy isomer photon emitted from
the first nuclear excited state of 22 Th. After the first mention of the unique properties

of 29Th in 1976 it took twenty years to realize its potential in 1996. After another
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twenty years, in 2016, for the first time the first nuclear excited state of 22Th was di-
rectly measured and unequivocally proven to actually exist [8]. If this trend continues,

the first practical application will be realized in 2036.

The first direct measurement of the isomer state was performed by measuring the internal
conversion of the first excited state on a micro channel plate (MCP). Usually the internal
conversion electrons are emitted at high energies due to the normally high energies of
nuclear excited states (=~10-1000 keV). In the case of 229™Th there is only enough energy
in the nucleus to overcome the first ionization energy by ejecting the outermost electron
with some kinetic energy. This also means that if the Th is ionized, internal conversion
is forbidden.

Due to the internal conversion of the isomer state in neutral Th, many initial experiments
failed to measure a photon. In neutral Th, every decay from the first excited state
will go through internal conversion rather than for radiative nuclear decay: The decay
rate of internal conversion is 10% times higher. Any measurement aimed at measuring
an photon emission coming from neutral 22 Th thus failed. The experiments of [§]
succeeded because an ion beam was created which contained 22™Th2*3+ . In this beam,
no internal conversion would happen and only very little photon decay. The beam
quickly transported newly created 2?2 Th from 233U a-decay to an MCP where the
Th ions could neutralize on the surface. After neutralization, internal conversion takes
place which ejects an electron. This energetic electron ejection then caused an electron
avalanche in the MCP where the 222 Th?+3+ was implanted. This experiment produced

the first measurable signal of the nuclear decay of 22™Th.

The direct measurement of the isomer state through internal conversion enabled an
isomer energy determination different from analyzing ~ spectra. In this experiment, the
ion beam described above was shot at a graphene foil instead of an MCP. The ions have
enough kinetic energy to pass through the graphene foil, where they are neutralized by
the electrons in the foil. The now atoms continue and the isomer atoms will undergo
internal conversion ~ us later, thus ejecting an electron. An electron spectrometer then
accurately measured the kinetic energy of the ejected electron, which together with its
binding energy was used to determine the energy of the isomer [9]. Simultaneously,
another more precise 233U decay 7 ray spectrum measurement was taken [10] which
together established the new value for the first nuclear excited state of 2?Th to be
8.15 + 0.45e¢V!. The new value increased the energy even more, to photons with a
wavelength of 150 nm. This time, experiments only needed to be adjusted slightly which
still costs a tremendous amount of work. Luckily, this wavelength still allows for building

an optical clock with the isomer state.

Laverage of all reported values with 68 % confidence interval error propagation
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Interestingly, after 20 years of attempting to measure a photon being emitted by the
229Th nucleus, the isomer state was measured by an alternative process. Recently more
methods have been proposed to probe the nuclear state without measuring the photon
de-excitation: Through non-destructive state monitoring. This is independent of the
decay rate of the nuclear state, and it can be performed in other frequency ranges. For
example: The nuclear magnetic moment changes upon excitation, which changes for
example the hyperfine splitting of the electronic excited states [21]. By monitoring the
hyperfine splitting of a single 2?Th nucleus it can thus be determined if it is excited.
This method is much more reliable because an electronic excited state can be chosen
for which intense narrow lasers have been developed with which such a spectroscopy
is trivial. Another example is that in a crystal, the nuclear magnetic properties of
229Th interact with electric field gradients which together create a quadrupole structure
depending on the excitation state of the nucleus [22]. Developing new excitation and
detection methods of the isomer will be crucial to build an optical clock, as suggested

in 1996.

1.2 Building A Nuclear Clock

Atomic optical clocks have been an essential part of our lives in both technological ap-
plications and fundamental research [23] and are a very mature technology [24]. Their
precision makes them probes which are sensitive to electromagnetic forces and gravita-
tional shifts. Looking for changes in fundamental constants with clocks could provide
us a glimpse of new physics. In GPS satellites clocks have proven to be essential to
technological advances. In the future clocks might even predict earthquakes [25]. In

which areas would a nuclear clock be beneficial?

To understand why a nuclear clock is a worthwhile endeavor, one needs to understand
how a clock works and subsequently how an atomic clock works. Clocks were developed
following the need to tell time more precisely than natural phenomena, such as the sun’s
motion, will provide. A clock can be built out of widely different components, but the
basic components are the same. First of all a clock uses something as an oscillator, a
device that repeats the same process over and over again with a constant time interval
for its repetition. This oscillation will inevitably lose energy to its environment so a
controller is attached to replenish the lost energy. A counter will count each oscillation
and store this information. This information in the counter is converted by an indicator
to a convenient unit such as the second. For a classic pendulum clock the oscillator would
be the pendulum, the controller would be a weight on a string or a wound up spring,

the counter would be an escapement which takes as little energy from the pendulum as
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possibly to count the number of swings and through gears this counting of the swings

would be converted to an hours/minutes/seconds time on a clock face.

For an atomic clock the components can be arranged in similar categories. The oscillator
is an atomic transition, an energy difference between two orbitals of an electron which
has the same energy for any atom as long as the same orbitals are probed for the
same isotope. This energy difference can be driven using a laser which produces a
continuous stream of photons which is a very well defined electromagnetic oscillation.
Due to the nature of photons, the wavelength A, frequency v and energy E are all
related through E = hv = h¥ (in vacuum). Thus any energy of an atomic transition
can be directly converted to a frequency of an oscillation and thus a time. The atomic
transition is modeled as an harmonic oscillator, which responds very strongly when the
driving oscillation frequency is close to the resonant frequency. The atom will absorb
and scatter the laser light more when the laser is in perfect resonance with the atomic
transition. By measuring for example the scattered light one can precisely tune and
feedback-stabilize the electromagnetic oscillation of the laser to the atomic energy. The
laser now emits one single energy, or wavelength, or frequency. The spectrum of this
continuous wave is a single peak at a single frequency. For this it is important that the
laser itself has an extremely narrow spectrum, or single peak linewidth, as this will limit

the precision to which the exact frequency of the excitation can be measured.

Now that the oscillator is driven, and the laser or controller has been tuned to the same
oscillation frequency, the laser frequency can be measured by a counter. The counter
is now a frequency comb, a femtosecond laser that sends out pulses in an extremely
regular time interval and has a fixed phase relation between its pulses. From Fourier
analysis one can calculate that the frequency spectrum of such a pulsed laser is a comb
spectrum. The mathematically perfect pulse train is called a Dirac comb, which is its
own Fourier transform. The name frequency comb comes from the apparent ”teeth” that
characterize the spectrum. When the oscillation of a frequency comb is overlapped and
"beaten” with the CW spectroscopy laser the wave amplitudes are simply superimposed.
In the frequency domain the comb spectrum will interact with the single peak of the
laser. This will create so called beat notes which can be easily inferred from trigonometry.
When we add two CW lasers with frequencies v; and vy the resulting wave will show

the sum and difference frequency components

V1 + v V1 — U
cos 2wyt + cos 2wt = cos 27?%75 + cos 2w ! 2

t. (1.1)

This also holds for a CW spectroscopy laser and a frequency comb. If one of the comb

teeth is close to the single peak of the CW spectroscopy laser, this will create a much
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lower difference frequency. The frequency comb is thus tuned such that the difference
frequency is several orders of magnitude lower than the laser frequency. This complicated
procedure is needed to down-convert the extremely high frequencies of lasers (hundreds
to thousands of THz) to frequencies that electronics can handle (GHz and lower). The
electronic counter will in the end use the known frequency of the frequency comb plus the
frequency difference to the CW spectroscopy laser to output a highly precise electronic

time signal that can be used as a clock.

This exact same process of building an optical clock using an electronic excitation should
also be applicable to a nuclear excitation, provided that there are spectroscopy lasers
that can drive the excitation with the correct energy and frequency combs in the VUV

that can down-convert the frequency of the laser.

The first nuclear excited state of 2?Th is the only nuclear state with which an optical
clock can be built with contemporary technology. To date, no narrow continuous wave
laser has been developed for this wavelength which will limit the current precision of a
nuclear clock. Frequency combs with a linewidth less than a MHz [26] can be used to
excite the nucleus, if intense enough. The same laser can also be used to provide the

frequency down-conversion to produce the electronic clock signal.

As stated above, a clock can be made by looking at the sun, or by performing spec-
troscopy on an atom. A sun-dial is less precise and accurate then an atomic optical
clock. To quantify the difference between these oscillators, they are modeled as har-
monic oscillators. The @ factor, which has two definitions which are almost equal,
is then a measure for the strength and narrowness of an oscillator assuming a small

damping constant (I'):

wo

Energy in the system

Q=2m (1.3)

Energy lost every cycle’
Where wyq is the resonance frequency of the system and Aw the FWHM of the resonance.
For convenience, usually the first @) factor is considered since the second definition
requires a more rigorous mathematical approach different for each type of oscillator.
By comparing @) factors between oscillators their difference can be quantified, a higher
Q factor resulting in a less damped system which results in a more stable frequency

standard.

For atomic transitions then, the resonance is least perturbed by the driving laser if

I" << 1, which results in a very narrow resonance Aw << 1. The peak response of the
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system has a simple solution if () is large, which is Eg%, where Ej is the amplitude of
0

the driving laser. Thus the least damped system will produce a strong narrow resonance

and will thus have a very large ) factor. In terms of an atomic transition, the lifetime

is %, a long lived state is thus a very good resonator.

For example, the @ factor of a tuning fork is approximately 103, a quartz wristwatch
10%, a cesium fountain clock 10'° and a mercury ion optical clock 10** [27]. The @
factor of the 22°™Th state can be calculated using the currently known values to be
Q= 18/';808\/8 ~ 10", a very good resonator thus. The total @) factor of any oscillator
will be changed by external effects: A pendulum feels the air resistance, a spring has

inelastic deformation and an atomic transition can be broadened. This can be collisions
(collisional broadening), kinetic energy (Doppler broadening), interaction with the laser
(power broadening), or coupling to the environment, which is the case in a crystal. These
factors will reduce the @ factor for an atomic system, and also for the ??Th nuclear

excitation, and thus the ultimate clock performance.

The @ factor is not the only important parameter considered when building a clock.
As discussed, the clock is operated by measuring the frequency of a laser feedback-
stabilized ("locked”) to an atomic or nuclear excitation. How well one can lock this
laser to this excitation also depends on the response of the excitation, the integration
Tav and interrogation time T;,¢. The more particles N one has, the stronger the response.
In a perfect system this approaches the standard quantum limit @ ~ wo - VVNTjniTav
[28]. So to build a good clock one needs a high-frequency resonance, many particles, a

long lived state and a long averaging times.

Through the previously mentioned internal conversion the isomer state decays faster
than through photon emission, and thus will be a much worse clock. However, the short
lifetime did enable us to first directly measure the isomer state, as opposed to indirectly
reconstructing the nuclear excited level structure through gamma spectroscopy of the
radioactive decay of 233U. In the end a long-lived state is needed with a sharp resonance,
meaning we want to suppress the internal conversion. This is done when the isomeric
thorium is ionized and does not have enough energy to ionize itself further. In an ion
trap or in an ionic crystal, this state can be created. The internal conversion however
can possibly be used to quench the excited state for improved clock operation [29].
Considering these aspects, we can establish four main arguments to build a nuclear

clock:

Firstly, due to the smaller nuclear magnetic moment of the nucleus the systematic shifts
in frequency due to external electromagnetic fields of a nuclear clock should be smaller
than for an atomic clock. A decrease in the size, and thus the error in these shifts, will

reduce the overall error budget of this clock which will increase its accuracy. One can
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compare the Bohr magneton up = to the nuclear magneton py = which results

in Z—f] = %’; ~ 103, the ratio between the electron mass and proton mass. This shows
that nuclear excitations are less sensitive to external fields than electron excitations.
The nuclear magnetic moments of the ground state is 0.360(7)uy and of excited state
-0.37(6)uny [22]. These differ due to the different configuration of proton and neutron
spins between ground and isomer state. Also, just as the electron states show hyperfine
splitting due to the nuclear magnetic moment, the nuclear state will be split due to
hyperfine interaction with the electrons. Due to this splitting the frequency can be
shifted as well, but the effect can be mitigated to be again smaller than for electrons

[15].

Secondly, due to the weak coupling of 22Th to the environment, it can be doped in a
crystal and still function as a good clock [30]. In the crystal lattice, the spectroscopy
of Th nuclei benefit from being in the Lamb-Dicke regime. The recoil produced by
the isomer decay is much smaller than the energy needed to create a phonon, reducing
shifts. In a crystal, the nuclear excitation will be shifted due to electric field gradients
in the crystal and broadened due to coupling to other surrounding nuclear spins. These
shifts will be larger than for ??Th in an ion trap but, due to the small nuclear magnetic
moment, they probably remain manageable to build a high precision solid state nuclear
clock [31]. The number of oscillators in this clock (=10'6) is many orders of magnitude
higher than what is used in an ion trap (tens) or in cold gasses (millions). As can be
seen from the @ factor described previously, having a large number of oscillators will
greatly increase clock performance by increasing the signal to noise ratio. The increase
in clock performance only holds if the crystal environment can be controlled well and
every nucleus is influenced similarly by its environment. Practically, in any crystal there

will be inhomogeneous broadening of the nuclear resonance due to the surrounding ions.

Thirdly, the nuclear clock would be much more sensitive to fine structure constant
changes and dark matter or energy for example, owing to the nearly degenerate ground
state of 222Th. The small energy difference between ground and isomer state is a result
of the deformed nucleus. It is deformed just enough such that these two states are only
eVs apart. One can compare this energy to the average binding energy per nucleon
(=MeV) which is the average energy needed to remove the nucleon from the nucleus.
The neutron that is excited between ground and isomer state of the 22?Th nucleus is
bound by these energies. When an external effect produces a tiny change in these MeV
energies that determine the binding energy (nuclear force or coulomb repulsion), it would
still mean a relatively significant change of energy in the ~8eV state of a nuclear clock
[32]. The nuclear optical clock would thus be highly sensitive to perturbations involving

the electromagnetic force and even sensitive to perturbations involving the strong force.
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Lastly, building this clock grants the opportunity to study the interaction of the nuclear
with the atomic, which no other system in the world grants. Through experiments
it is observed that the interaction of the nucleus with its electrons is present, but is
a relatively unknown effect. Effects such as quenching of the nucleus through crystal
defect states, electron bridge excitation through its own electrons or defect states and
nuclear hyperfine splitting can be studied [15, 29]. Possibly even a solid state nuclear

laser can be built [33].

To build this clock, internal conversion needs to be blocked to ensure a long lifetime
and thus a large @ factor. To block internal conversion and ensure optical decay, 22°Th
can be ionized [34-36] or doped in a large bandgap crystal [37, 38]. These approaches
ensure that the nucleus has no available electron states to communicate its energy for
internal conversion. This also ensures that the environment transmits VUV photons for
detection. If one dopes a large bandgap crystal with the 22 Th nucleus and is able to
address the isomeric state, a new platform is created: A next generation clock that is

able to study new physics and atomic-nuclear interactions.

1.3 A Solid State Nuclear Clock

In 2003 the idea was first coined that the nuclear state should be relatively independent
of its surroundings and would be addressable in a solid state environment [15]. Doping
229Th in a crystal as opposed to trapping the ion affects the clock performance of the
229Th nucleus, as accurately described in [30]. In the crystal lattice, the atoms are in the
Lamb-Dicke regime: The recoil energy from the isomer decay FErecon = E?/(2Mc?) =
1.5-107 eV is much smaller than the energy needed to create a phonon in CaFy (=
2.5meV). A first order Doppler shift is thus excluded. The second order Doppler shift
will broaden and shift the transition by several hundreds of Hz. Aside from Doppler
shifts, the temperature dependent electron densities, surrounding nuclear magnetic mo-
ments, electric field gradients and structural changes in the surroundings will shift the
isomer transition and cause inhomogeneous broadening decreasing the ultimate clock
performance. The clock performance is still competitive with current optical atomic

clocks [30], especially because of the large number of nuclei and thus worth the pursuit.

Our approach is to use CakFy crystals as host matrix. CaFy has a direct bandgap of ap-
proximately 11.8 eV [39]. The optical profile however is dominated by an indirect exciton
excitation at 11.2 eV [40] which reduces the optical transmission window to about 9.8 eV
at room temperature. The bandgap is higher in energy than the 22 Th excitation thus
will be transparent to a nuclear photon emission and will prohibit internal conversion.

Doping Th into CaFy will create defect states that reduce transparency [41]. However,
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these can possibly be used to interact with the nucleus through electron bridge processes
[42]. As described above, the surrounding atoms will broaden the linewidth of the isomer
excitation which will decrease clock performance. The extra broadening however will
increase the excitation bandwidth and will increase the nuclear photon emission decay
rate. Higher decay rates and broader linewidths will help to excite and detect the first
photon emission of the 22Th nucleus in the crystal environment. Currently, excitation
of the 2?*Th nucleus in a crystal is attempted through X-ray irradiation [43], VUV irra-
diation [37, 44], defect states [29], and nuclear decay: in particular uranium-233 decay
[45] and actinium-229 decay [46]. These excitation methods of the 22Th nucleus doped

into CaFy crystals bring with it significant challenges:

Only x-ray irradiation and nuclear decay from uranium-233 have proven to produce ex-
cited nuclei, and these methods require large facilities and access to radioactive isotopes.
Other methods described above have not proven effective yet. The coupling of the nu-
cleus to VUV photons is weak because it is inversely proportional to the lifetime and the
frequency of the excitation cubed. When using the Uranium-233 decay as an excitation
source of the isomer in the crystal, the local alpha damage that it creates might reduce
the optical transmission. Another challenge is that 22?Th is an artificial isotope, and
very little of it is available [12]. Growing macroscopic crystals with significant doping
needs milligrams of the isotope which aside from availability issues will also have an

activity of several MBq.

Due to the inherent radioactivity and the high energy of the excitation radiation all
methods mentioned above will damage the crystal [47, 48] and cause self reduction of the
ion [49]. In self reduction the oxidation state of the dopant is changed through capturing
of conduction band electrons generated by the radioactivity of the dopant. Self reduction
might promote internal conversion, especially if the ion is neutralized. The self reduction
and crystal damage, will reduce nuclear photon detection probability and increase the
probability of internal conversion. Relaxation of defects and radioactivity will produce
a photon background which will make any signal harder to measure. Lastly, internal
conversion may inherently be the dominant decay path of the nuclear isomer. Cooling
the crystals might reduce non-radiative relaxation as is seen in atomic fluorescence in

crystals [50, 51].

The three nuclear excitation approaches; nuclear reaction, x-ray excitation and VUV
photon excitation, are complimentary as the excitation radiation is in three energy
ranges (respectively MeV, keV and eV). These different energies will allow different
processes to take place in both the nucleus and the host crystal. The timescales and
intensities of irradiation of the crystal will affect the viability of the approaches as well:

They damage the crystal. We take this multi-path approach to excite the nucleus in
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CaF; to increase the chances of a successful experiment. We can summarize the above

mentioned challenges into four points:

1. Growing highly doped CaF crystals and creating a large number of excited 2?Th
nuclei in them. For the doping enough dopant material needs to be obtained, all of
the isotopes used are scarce. Growing macroscopic crystals with significant doping

needs milligrams of an isotope which usually are highly active (MBq).

2. Prohibiting internal conversion as decay process. Measuring electrons in a crystal
is much harder than photons. Internal conversion may inherently be the dominant
decay path of the nuclear isomer, cooling the crystals might reduce non-radiative

decay as is seen in atomic fluorescence in crystals [50, 51].

3. Preventing damage to the crystal due to high energy irradiation [47, 48|, which
reduces any signal to noise ratio and increases the probability of internal conver-

sion.

4. Characterize the luminescence of the crystal which is produced through relaxation
of defects and radioactivity. The produced background will make a nuclear photon

emission signal harder to measure.

These challenges and more will be addressed in this thesis. The challenge of growing
crystals will be tackled in its own chapters: Literature studies, experimental crystal
growing and crystal characterization (2, 3 & 4). The thesis is structured such that
challenges 2-4 are discussed in one chapter per approach, for which literature search and
characterization experiments were performed (5, 6 & 7). Every one of these chapters
ends with a viability study using the experimental characterizations. The experiments
performed in this thesis are very diverse and are thus bunched to avoid confusion. A
summarizing conclusion will connect the results of the experiments together and look
at the challenges named above, while an outlook is given with suggestions for future

experiments.

Chapter 2 will detail the current state of knowledge on CaFs, doping of Th in CaFs and
how radiation affects the crystal. By studying the crystal theoretically it can be assessed
if the growth of Th:CaFy is worthwhile. Firstly, it covers the calculated effect of Th
on the bandgap of the crystal, the known defects in undoped CaFy and the defects the
Th doping creates. Secondly, the effects of irradiation («, § and photons) on (doped)
CakFs is studied: Crystal damaging processes and Cherenkov radiation more specifically.

Lastly the luminescence processes known in (doped) CaF; are detailed.

Chapter 3 focuses on the crystal growing. It begins with a study on the methods

employed in growing large (doped) single CaFy crystals: approaches, phase diagram
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and health considerations. Afterwards it continues to show the chemistry to produce
the thorium powder and the devices used in this thesis to grow, cut, and polish the

229Th:CaFy. The final result is a table with all the produced crystals.

Chapter 4 describes all the built and used experimental setups for crystal characteriza-
tion. This involves the VUV spectroscopy instruments used, the transmission/absorption
setups and the luminescence detection setups. This chapter contains many experimen-
tal calibrations, possibly useful to the reader. Also many designs and design flaws are
presented. The setups are also provided with their theoretical efficiencies, and where
possible, experimental efficiencies. The results of the crystal characterization are pre-
sented here: Absorption measurements, luminescence measurements and some AFM,
electron microscope and NAA measurements. Also in this chapter, first results of a
possible charge transfer defect state in Th:CaFy are presented and the effects of fluoride

(F-) deficiency/enrichment.

Chapter 5 covers the experiments carried out to learn more about directly exciting the
229Th nucleus in CaFy with VUV photons. First the viability from a theoretical stand-
point is evaluated, after which the unknowns in this viability analysis are characterized.
The setups built for this purpose are detailed and their results presented. The effect of
VUV irradiation damage is quantified together with schemes to mitigate this damage.
The VUV irradiation luminescence background is characterized and a possible defect

state of Th:CakFs is presented here.

Chapter 6 studies exciting the 2?Th nucleus using nuclear decay processes. The isomer
can be excited through decay of 233U and by neutron capture of 22*Ra both doped in
CaF,. Viability studies on both methods to measure the photon emission of 22™Th
are presented. To characterize the unknown parameters in the neutron capture method,
undoped CaFy crystals were activated in the Atominstitut nuclear reactor to study the
damage done to the crystals and the VUV background created after neutron capture.

The setups and results of this study show that this approach is very likely to succeed.

Chapter 7 shows the performed experiments to excite the ?2?Th nucleus using x-rays
through nuclear resonant scattering in the SPring-8 synchrotron. First, a viability study
of this method is presented. Afterwards the experimental setups used to measure the
isomeric photonic decay are described. The damaging effects of x-rays are studied to-
gether with the x-ray induced background. This chapter ends with a discussion on the
viability of the experiment while looking at the knowledge gained during many beam

times.
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Lastly Chapter 8 summarizes the work, addresses the above challenges and makes sug-
gestions for new experiments and research directions. I hope the reader enjoys this

thesis, and hope that it provides her or him with useful information.
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Chapter 2

Theoretical Investigation of
(?9Th:)CaF5y Crystals

Growth of Th doped CaFs, or Th:CaFs, is usually of little interest as scintillator or
laser crystal because the 4+ oxidation state of Th makes it optically inactive (radon
configuration). This is precisely why it is the perfect oxidation state for nuclear optical
clock operation: no other absorption around the isomer energy should be present in
the ion, which could decrease clock performance. Although of little optical interest, Th
doped CaFy has been grown for electrical relaxation and electron beam damage research
[52-54]. In nature, thorium is actually an often seen dopant of CaFy due to its natural

occurrence, albeit in low concentrations [55].

Before any crystal is grown, it is important to study the incorporation of the dopant
in the lattice and the effect of the dopant on the electronic band structure 2.1. When
doping a crystal, there is a possibility it expels the dopant rather than incorporating
it. By studying the ionic radii of the involved ions one can estimate if the dopant is
incorporated. Aside from incorporation, if the bandgap of the crystal reduces heavily
due to doping, the nuclear state cannot be addressed by VUV photons and an optical
clock cannot function. The probability of internal conversion of the nucleus will also be
reduced when the bandgap is large. Doping CaFy with Th, regardless of isotope, will
thus affect the electronic band structure and will produce new defect states. A defect
state is an imperfection in the crystal, a displacement or variation of an ion in the perfect
CaF's fluorite lattice. All known and calculated defects in (Th:)CaFy are detailed in the
following. If the bandgap is not significantly affected, growth can be attempted.

After the crystal is grown, the radioactivity and thorium doping affect the crystal dif-

ferently. Radioactivity induces fluorescence inherent to the CaFs crystal and Cherenkov
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radiation. The violent a-decays will produce many defect centers, therefore all known

created defects in pure and doped CaF, are detailed in the following.

Information on the effects of a radioactive agent doped into a crystal is scarce, and
will be tackled in this thesis both in literature search and characterization experiments.
The daughters of the radioactive decay will over time increase, and will contaminate
the crystal possibly reducing transmission or showing up in crystal luminescence. Many
contaminants can also enter the crystal before, during and after the growth through
chemical processes. A table is provided with known fluorescence of pure CaFs and of
contaminants in the CaFq crystal. This can be useful to distinguish a possible nuclear

signal from others spectral features in future experiments.

2.1 Effect of Th Doping on the Electronic Band Structure

The theoretical effect of doping thorium into CaFy was explored theoretically to see if
developing the growth process would be worthwhile. Undoped CaFs crystals have a
direct excitation bandgap of 11.8eV [39]. The absorption of this material close to the
bandgap is however dominated by a broad indirect exciton (electron hole pair) excitation

at 11.2eV [40] which reduces the VUV transmission to ~ 9.8¢V.

The high energy absorption of CaF5 is higher in energy than the ~8 eV nuclear excitation
of 229Th and thus non-radiative quenching of the nuclear excitation to a crystal excitation
should be heavily suppressed. The larger density of states in the solid as opposed to
vacuum will however decrease the lifetime of the nuclear excitation by the refractive index
cubed, resulting in an approximately four times reduction in lifetime (ngap, (150 nm)?
~ 4) [4, 56].

The effects of thorium doping into CaFy are first analyzed in section 2.1.1 based on the
chemistry and ionic radius of thorium to identify possible configurations of thorium in
CaFs. In section 2.1.2 doping Th in CaFy has been numerically evaluated by using den-
sity functional theory (DFT) using the configurations evaluated in the previous section

using the results in [57].

2.1.1 Thorium Configuration in CaF,

The undoped CaF's has a cubic crystal structure called the fluorite structure. Effectively,
it is a BCC lattice with a Ca?T ion in the center of every other cube. A schematic

representation can be seen in figure 2.1 or 2.6.
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FIGURE 2.1: Schematic representation of the CaF5 lattice. The yellow spheres are F-
and the blue spheres are Ca**. Taken from [57].

The Ca®*t cation has a coordination number of 8, surrounded by 8 F-. The F- anion
has a coordination number of 4, surrounded by 4 Ca?t. The coordination number in
a crystal is the amount of nearest neighbors. When thorium is doped into this crystal,
it will locally distort the lattice but should ideally not change the electronic properties.
Changes in electron excited states could open up states that can quench the nuclear

excited state.

Due to the high electropositivity of thorium of 1.3 Pauling it is expected that it will take
its most common oxidation state of 4+ when doped into CaFs. It is most probable that
thorium substitutes the calcium in the crystal since both are positively charged. The
excess charge of the Th*t jon will be compensated for in the crystal, so called charge
compensation. To determine the position and oxidation state of thorium in CaFs, and
the charge compensation mechanism, one can numerically calculate the most favorable
positions of atoms by using DFT calculations for each conceivable dopant location and
charge compensation. DFT calculations are discussed in section 2.1. To not calculate
every location and charge compensation mechanism, a selection can be made by looking

at ionic radii.

In 1969 Shannon [58] collected and categorized data on interatomic distances in oxide
and fluoride crystals. It was shown that this data can be used to calculate an ”effective”
ionic radius, independent of crystal structure, for an element. This ionic radius shows
clear trends depending on oxidation state and coordination number and can thus be used
to predict the interatomic distance for new compounds and the possibility of mixing

compounds.
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This categorized data is valuable for synthesis, but also for doping. The effective ionic
radius allows to model the crystal as a collection of hard spheres. This means that if one
wants to dope an element into a crystal, if the sphere fits, the probability is high this
new configuration will work. The size of the sphere depends mainly on oxidation state
and coordination number, but electronic spin, covalency, repulsive forces, and polyhedral

distortion needs to be taken into account as well to a lesser degree.

To apply this theory to thorium doping into CaFs, we need to consider the possible
oxidation states and corresponding charge compensation which gives its coordination
number. Charge compensation is the process of inducing defects to compensate for the
charge difference of cation (Ca’*) and dopant (Th**). Here we assume that Th** will
substitute Ca?* in the lattice, which is more likely than substituting F~. The charge
compensation happens naturally because it is the energetically most favorable state. We
will consider the most common oxidation state of thorium as 4+, but will also look at a
less common oxidation state 3+, as this oxidation state is sometimes observed in anion

(fluoride or F~) deficient crystals [59].

Substitutional Th**+ will need two extra compensation negative charges surrounding it in
the lattice due to its higher charge as compared to Ca?*. The two negative charges can
be provided in numerous ways such as: two extra fluoride interstitials, a calcium vacancy,
an oxygen interstitial, two oxygen substitutes for fluoride, two sodium substitutes for
calcium or two free electron interstitials. The different charge compensations will lead
to different coordination numbers of the thorium, respectively: 10, 9, 8, 8, 8, 8. The
ionic radius of Th*t with a coordination number of 10 is 1.13A, 9 is 1.09A and 8 is
1.05 A. The ionic radius of Ca?* with a coordination number of 8 is 1.12 A [60]. The
ionic radius that most matches that of Ca? will be the most likely charge compensation

mechanism.

From the above numbers it is expected that two interstitial fluorides is the most likely
charge compensation and the thorium will be well incorporated. An oxygen interstitial
seems a strong possibility as well. These charge compensations were theoretically evalu-
ated in [57] and the most likely compensation was found to be two fluoride interstitials
under a 90° orientation or a calcium vacancy next to the thorium dopant if no contami-
nants are present. Sodium substitutions or oxygen substitutions might be just as likely

if present in the crystal growth.

Substitutional Th3*+ will need one extra compensation negative charge surrounding it in
the lattice due to its higher charge as compared to Ca?*. The possibilities for this are:
one fluoride interstitial, one oxygen substitution for fluoride, one sodium substitute or

one electron interstitial. The corresponding coordination numbers for thorium are: 9,
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8, 8, 8. The ionic radius of Th®* has not been measured thus we need to infer it from

the relation to other species.

From [61] we can find the ionic radius of Th** with coordination number 6 to be 1.042 A.
Using the figures in [60] and comparing thorium to cerium, a chemically equivalent
element, we can derive an ionic radius of 1.10 A for coordination number 7, of 1.17 A
for coordination number 8 and 1.20 A for coordination number 9. From this it is most
likely that the Th3* will have a low coordination number, 7 or 8. Most ideal would be
a calcium plus a fluoride vacancy which would create a coordination number of 7. Less
ideal is an oxygen substitution or sodium substitution. In a fluoride deficient crystal
removing CaF seems likely such that the the overall fluoride deficiency decreases in the

CaFy crystal.

2.1.2 DFT Calculation

The electronic properties of CaFy doped with thorium can be calculated using Density
Functional Theory (DFT). DFT came out of the theory of [62] and was further developed
by [63]. A more intuitive explanation can be found in [64] which draws parallels to

statistical physics to explain DFT which we follow:

In statistical physics, one can set up the grand canonical potential of N particles in
a volume V with temperature 7" and chemical potential p to be Q[u,T,V]. From the
grand canonical potential we can derive the characteristics of the system. To apply this
technique to an electron gas with N electrons in a solid-state system we have to make
some modifications. The system is now not contained in a volume V' but an external
potential v(r). The temperature in DFT calculations is assumed to be 0 K, so not taken
into account. Since the potential v(r) is measured from an arbitrary origin we can
redefine it such that we set the chemical potential as the origin, effectively setting u =
0 or redefining the potential as v(r) — u. We are now left with the grand potential only
dependent on the externally applied potential.

We now define a new free energy F' which is explicitly dependent on the electron density
n(r). This free energy is a functional Legendre transform of the grand potential. By
minimizing this free energy, the ideal electron density is found, and with it the correct

potential v(r)

Fln(r)] = Qfu(r)] — / n(r)o(r)dr, (2.1)
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which is called the Hohenberg-Kohn free energy. Equation 2.1 is basically the total
energy minus the potential or internal energy of the electron system. The free energy

has the unique property that when it is minimized for n(r) at constant v(r) the relation

) (2.2)

dn(r)

holds. The fact that a free energy as a function of n(r) exists with this property which
is similar to the properties of the grand potential is central to DFT and one of the
theorems in [62]. For electrons this free energy, which is the total energy minus the

potential energy, is defined as

F[n(r)] = Fri[n(r)] + Ees[n(r)] + Exc[n(r)]. (2.3)

Here F;[n(r)] is the non-interacting kinetic energy of the electrons,

€2 rdr’
Beafo(e)] = & |f_dr/’n(r)n(r’)7 (2.4)

the electrostatic energy, e the fundamental charge and E,.[n(r)] the exchange correla-
tion energy, basically the remaining undefined terms. The big step forward for numerical
computation was done by Kohn and Shamm [63]. They introduced the effective poten-
tial verr. The effective potential for non-interacting particles can be constructed from
equations 2.2 and 2.3. When the free energy is evaluated at its minimum for constant

v(r) and the derivative with respect to particle density is taken we can construct

Vepf(1) = v(1) — €d(T) + Vae(T). (2.5)

by rearranging the terms. Where v,.(7) is the potential due to exchange correlations

and is defined as

SE
veelr) = 5oy

(2.6)

and

o(r) = —e/ |:812/|d7’l' (2.7)

The effective potential can now be used to evaluate the Schrodinger equation for non-

interaction particles
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B2 _,
—%V + vepr(r)| Vi(r) = €4hi(r) (2.8)

and the resulting wave functions of the electrons ;(r) with corresponding energies ¢;

can be used to compute the electron density

N
n(r) = [ei(r)*. (2.9)
i=1

Now the the system is solved self consistently for ves(r) and n(r). Once the electron
density is computed it can be used again to find the effective potential (only dependent
on ion positions and electron density), which can then be used to solve the Schrodinger
equation to again find the electron density. Every step the total energy can computed
in order to validate it is minimized. Once convergent, the resulting states and their
energies can be used to compute the density of states (DOS) and from that the bandgap
of the CaF3 doped with thorium (figure 2.3).

The choice of exchange correlation potential influences the outcome of these calculations
greatly and is adapted for each system DFT is used on. This thus goes into the finer
details of using DFT. Examples are atoms, nuclei, molecules, crystals and much more.
Choices of exchange correlation potential for our system were varied and can be found
in [57]. For more reading: a general introduction [64] and more in-depth discussions

(65, 66].

FIGURE 2.2: Schematic representation of the most favorable charge compensation

mechanism of the CaFq lattice doped with Th. The yellow spheres are lattice F-,

the green spheres are interstitial F-, the blue spheres are Ca?t and the red sphere is
Th**. Taken from [57].
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In [57] all probable configurations of thorium doping were considered and it was found
that charge compensation with two interstitial fluorides under an angle of 90° is the
ground state of CaFy doped with thorium (see figure 2.2). In reality, all compensation
configurations will exist. There will be enough thermal energy, Boltzmann distributed,
to accordingly produce a certain population of each compensation mechanism. Differ-
ent oxidation states of thorium can in this case also exist alongside the ground state
compensation configuration. The two fluoride compensation agrees well with the ionic
radius argument where the most ideal situation is Th** with a coordination number of

10.

When looking at the density of states (DOS) (figure 2.3) of this compensation mechanism
one can see that there are some defect states near the bandgap edge around 8.5 eV caused
by the doping. This defect state or Charge Transfer State (CTS) is an excitation that
moves an electron bound to a fluoride atom into an excited state that is more localized
on the thorium atom. This excitation thus is high in energy and in momentum due to
the large displacement. This CTS is spatially close to the thorium atom. This opens up
possibilities to quench or excite the nucleus if their energies are close enough. Possibly

this defect center can be used to excite the isomer, as discussed in the section 2.3.1.

The conclusion is that thorium will most likely be incorporated in the CaFy crystal
lattice as a substitution of Ca?T, and will have two interstitial fluorides as compensation
for its excess charge. This will not affect the bandgap of the crystal significantly which
will thus remain transparent to VUV photons. A color center will be created by doping

thorium which needs further investigation.

2.2 Defects in Undoped CaF,

Although thorium doping will affect the crystal structure and possibly create new defects,
the doping concentrations studied in this thesis are only up to 1%. Since 99 % of the
crystal is still CaFy an accurate study of the defects in undoped CaFy are invaluable to

understand the dynamics inside the crystal.

Studies on defects of crystals with fluorite structure and thus CaFg are numerous [67—
69]. Due to this, much is known about CaFq defect structures. However many topics
still are not well understood. For example: cluster forming of interstitial and vacancies,
surface effects, colloid bands and anion excess/deficiency are open topics. The basis of
point defects, larger structures and other known effects in CaFy will be shortly described

here for undoped CaFg which follows the description by Hayes [67, 69].
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F1GURE 2.3: Density of states versus energy of the state. We can see that the interstitial
fluorides and the thorium do not significantly affect the size of the bandgap which for
undoped CaFs calculated by the same method was 8.6eV.

2.2.1 Frenkel Defect System

In general, there are two types of point defect systems: Frenkel and Schottky defect
systems. A point defect is a imperfection in the crystal lattice the size of one atom. In
the Schottky defect system, the crystal lattice is very densely packed. Because of this,
no interstitials can exist and only vacancies occur in the crystal as defects. Other types
of defects can exist though on surfaces and at impurity sites. In Schottky ionic crystals
charge compensation of a defect happens by having equal amounts of vacancies of either
the cations or anions. In crystals of neutral species no charge compensation is needed

for a vacancy.

Frenkel defect systems have both vacancies and interstitials of the same species. In
CakFs the defect mechanics are dominated by negatively charged F- interstitials and
positively charged F~ vacancies, thus is a Frenkel type system. The CaFs defect system
is dominated by fluoride movement because the fluoride ions can move through the

crystal expending much less energy (0.6-1.5eV) than the calcium ions. Also, the energy
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needed to form a anion Frenkel pair (F~ interstitial and vacancy) is only 2.7eV, but to

form a cation Frenkel pair is more than 6eV.

The energy required to form a Schottky pair in CaFy (F and Ca vacancy) is 5eV. This
indicates that in almost all normal circumstances producing anion defects is preferred,
and the cation defects are of very minor importance. We now go more into detail of the

anion defects in CaF.

2.2.2 F Center

The F center is one of the most studied defects in ionic crystals. The name comes
from the German ”Farbezentrum” meaning color center. Essentially, the F center is
an electron trapped in an anion vacancy, in the case of CaFs a missing fluoride. This
”electron in a box potential” has excited states quite isolated from the crystal and can
be optically active, hence the name. There is no relation between the term "F” center

and the resulting ”"F” vacancy in CaFs, only confusion.

@ Monovalent cation V,, center \

impurity H center

FIGURE 2.4: Common defects in an ionic crystal (F, Fa, Fa, F’, Vi, and H center), the
cubic lattice of for example NaCl was taken here. The F5 center is not an Fo molecule.
The Vi and H center however are akin to a Fo~ molecule. Taken from [69]

In figure 2.4 the F center is schematically drawn. It is effectively an electron in a 3D
box potential, similar to a hydrogen atom. The three dimensional potential well or box

is created due to the surrounding charges: A F~ used to occupy this space so the crystal
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dictates that a negative charge is most ideal there. Due to this similarity, the orbitals

of this trapped electron can be labeled similarly [67].

When this electron gets excited from the 1s to the 2p state it will be according to the
Franck-Condon principle without movement of the surrounding ions. The electron can
respond much faster. After that the lattice will relax and adapt to this new situation
bringing the F center in a state 2p*. This state will then decay to the ground state,
usually with a Stokes shift (energy difference) such that the decay is of lower energy then
the excitation due to the relaxation of the lattice. The F center is usually spectrally
broad, about 0.2eV FWHM due to the surroundings and relaxation of the lattice. It

can very much be affected by electronic and magnetic fields.

Due to its broad excitation and similarity to hydrogen states it has several bands: The
F, K, and L bands. The absorption of the K and L bands is weaker (usually 10 % and
1% of the F band) and increases the photoconductivity of the sample. The K and L
bands absorption promotes electrons to the conduction band or similarly, ionizes the F
center electron to the continuum (conduction band). The lifetime of the excited states is
usually ~ us due to mixing of 2px and 2s* states after relaxation. The mixing increases
lifetime as compared to a more hydrogen like state. The F band of the F center in CaFs,
absorbs at 378 nm (3.28 ¢V) central wavelength [70]. Emission of the F center has been
observed at 585nm (2.12eV) in undoped CaFs and 775nm (1.6eV) in Na doped CaFs
[71].

The probability of an F center moving, or its mobility, is described by an energy barrier
AFEpr and the thermal energy distribution of the crystal. The energy barrier has been
calculated to be between 0.9 eV and 1.5eV [47] depending on the relaxation of the lattice.

The rate of F centers moving vp can then be approximated by

AEp

vp(T) = vo(T)e 57, (2.10)

w ~ 5-10'2 Hz is the frequency of lattice vibrations, kg the Boltzmann

where vy =
constant and 7' (T'(RT')) the temperature (Room Temperature). Now one can calculate
that vp(300K) ~ 1mHz and vp(1273K) ~ 3 GHz, showing that F center mobility is
low at room temperature, and fast at high temperatures which is the basis of crystal
annealing. For example: A CaF5 crystal has an equal high density (10'® cm™) of F and
H defects (see section 2.2.5). For now it is sufficient to know that these point defects
annihilate if they come in contact (see figure 2.4). If equally spaced, the distance of
one F center to one H center is approximately (102/10'0)~1/3 = 100 lattice sites. At
300 K it would take them a minimum of 50000 seconds or 14 hours to reach one another,

compared to 16 ns at 1300 K. In reality, the random motion of the defects will increase
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the time until the defects pair and annihilate. To remove all defects, room temperature
annealing might take months. Annealing CaFy crystals to at least 500 °C can completely

return it to its original state [47, 72, 73].

There are also several variations of F centers. The Fa center is an F center adjacent
to an impurity (see figure 2.4). No characterization of F centers of Th:CaFs could
be found. Cerium doped CaFs, electronically similar to Thorium doping, has an Fa
absorption around 400 nm (3.1eV) which can be seen in [74]. In for example U+ doped
CaF3 the absorption band shifts to 406 nm (3.05eV) [75]. Another variation is the F’
center, which contains two electrons instead of one. At low temperatures (<100K) the
F’ center is stable. It often has a broad absorption band lower in energy than the F
center, extending into the visible range [69]. An F center that is ionized, or lost its
electron, is called an « center. This is then a pure fluoride vacancy. The absorption
of the « center usually lies lower in energy than the F center absorption. Since there
is nothing in the defect that can be excited it is still unclear what is excited. It is
assumed that this absorption is caused by the creation of a perturbed electron hole pair,

an exciton.

It is common that two or more F centers are next to one another, called M (2), R (3)
and N (4) centers. The M center has absorption bands at 520nm (2.4eV) and 365 nm
(3.4¢eV), it emits at 600nm (2.0eV) [76]. The R center has an absorption band at 665 nm
(1.86¢eV) [67]. This 600 nm orange emission is what colors CaFy crystals orange (see
for example figure 3.21 or 6.14). The M/R/N centers are stable in CaFy because the
metallic Ca lattice has approximately the same spacing/lattice constant as CaFs, which
is the case for many alkali earth fluorides. When even more F centers agglomerate,
metallic colloidal particles can be formed which have very different properties. The M
and R centers can show extremely narrow spectral absorption lines at 20 K. At these low
temperatures absorption of these centers can happen without interacting with phonons,
which narrows the line. These so called Zero Phonon Lines (ZPL) are analogues to the

Mossbauer effect of nuclei: recoil free emission and absorption of photons.

Combinations of these centers with different impurities in both anion and cation position
can make it extremely difficult to assign absorption bands and to predict defect behavior
in CaFs. For example due to annealing, Fs centers will form more stable M centers
in Na:CaF3y crystals [77]. This same process can also change the oxidation state of the
involved impurity as happens in U:CaFy [78]. The interaction with F centers can also
change the oxidation state when different concentrations of F centers are produced as a
consequence of the growing process [79]. These are only the dynamics involving F centers

which are studied the most intensively. In the end more defect centers are involved but
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the complexity of the interactions makes the study of the complete process increasingly

difficult.

2.2.3 Ca Colloid

When enough F centers agglomerate, one can go beyond N centers and form larger
clusters. These centers are highly stable [47] and usually form when the crystal is
irradiated with high energy radiation or when F center rich crystals are annealed. In
these clusters, the electrons in the F vacancies are taken up by the Ca ions and neutral
metallic colloids are formed 2e” + Ca?* — Ca. The formation of colloids is present in

many ionic crystals and has been extensively studied [80].

The growth of the colloids can be described by the General Nucleation Theory (GNT)
describing the F centers as gas particles and the colloids as precipitates. The process is
extremely slow at low temperatures, but at high temperatures F centers hop lattice sites
more and two F centers can agglomerate to the lower energy state of an M center. This
nucleus can attract more F centers due to its stability, and can grow to an R center, then
N center and eventually a colloid. The sizes of these colloids can be up to 10 pm. They
preferentially nucleate on dislocation lines, defects and grain boundaries which probably

increases stability of the intermediate states between F center and colloid.

The colloids not only absorb but also scatter the light. By using Mie theory [81] the
absorption and scattering of these particles can be calculated [47]. Important are the
radius R of the particles, the plasma frequency w, of the particle, the pressure on the
particle and the complex index of refraction ng of the surrounding material. The as-
sumptions in Mie theory do not hold for particles larger than 10 nm or non-spherical
particles. For very small particles (R << 1nm, practically 5nm < R < 10nm) a simple
formula can be derived for the absorption maximum A, that does not take into account

the pressure on the particle and assumes spherical particles:

Am = @(eo + 2n2)1/? (2.11)
Wp

where ¢( is the vacuum permittivity. We can now use this equation to see what effect
doping thorium has on the absorption wavelength of Ca metal colloids. Naturally, doping
thorium will change the refractive index of the material. Since ThF, has a higher
refractive index (1.55 at 300 nm [82]) than CaFs (1.45 at 300 nm [56]), most likely doping
thorium will increase the refractive index [83]. This will increase A, of the colloids. If any
of the dopant ends up in the metal nanoparticles however, it will most likely increase

the electron density (Th donates 4 electrons) and will increase w, thus decrease \,.
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These two effects are competing thus it is hard to predict how the center absorption

wavelength of Ca metal colloids will shift due to doping.

In figure 2.5 the absorption and scattering of Ca metal colloid particles is numerically
calculated taking into account the full Mie equations for different particle sizes. The
particles are assumed spherical, although there is evidence that they are not [84]. As
is common for colloids, a higher order peak is visible. The main absorption center is
around 550 nm (2.25eV) and for the smaller higher order peak around 200 nm (6.0eV).
This has been experimentally verified [84]; it was observed that the size distribution
very much shapes the absorption. The two spectral absorptions now vary from 550 nm

to 960 nm and from 200 nm to 160 nm.

If the particles become very large, they are also not spherical anymore and thus the
theoretical model used in [47] is not valid anymore. As a rule of thumb, the large peak
tends to decrease in strength and moves towards higher wavelengths for larger particles,
moving all the way into the infrared [84, 85]. The higher order peak seems to move
towards lower wavelengths for larger particle sizes. The absorption of Ca metal colloids
is what colors CaFy purple (see for example figure 7.14 or 4.55), the colloids absorb all

the green colors out of the visible spectrum such that only deep blues and reds remain.

2.2.4 Vy Center

The Vi center is essentially a self trapped hole, which is drawn in figure 2.4 for alkali
halides and in figure 2.6 for CaFy. This self trapped hole binds together two anions
into a molecule-in-a-crystal. In the case of CaFy this produces an F; molecule in a
crystal. Spectroscopic observations show that the molecule-in-a-crystal model describes
the defect well [69]. The absorption bands of the Vi center lie at 320nm (3.87eV) and
750nm (1.65eV) [86]. The defect is preferentially aligned along the (100) axis, but the
axis can be changed by excitation with polarized light [67]. The activation energy for a
180° lattice site hop of a Vi center is 0.19eV at 90K and 0.31eV at 120 K.

2.2.5 H Center

The H center is a hole trapped in between an interstitial anion and a lattice anion,
see figure 2.4 for general and figure 2.6 for CaFy configuration. Since this defect is
also similar to an F, molecule, it has very similar spectroscopic behavior as the Vi
center, with a measured absorption band at 310nm (4.00eV) slightly shifted from the
Vi center. It is however aligned along the (110) axis. The orientation of this center

cannot be changed by excitation with polarized light. In CaFy when the crystal is
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FIGURE 2.5: Extinction (red), absorption (green), and scattering (blue) of Ca colloids

in CaFy calculated from Mie-theory for different colloid radii. For small colloids the

extinction is dominated by absorption, larger colloids show stronger scattering and the
total extinction decreases. Taken from [47].

annealed V) centers produced are often partially healed and partially converted to H
centers. The H center activation energy for a lattice hop is estimated to be 0.25eV,

similar to the Vy center.
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2.2.6 Self Trapped Exciton
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FIGURE 2.6: Schematic representation of (a) the self-trapped hole (Vi center), (b)
the H center, and (c) the self-trapped exciton in the fluorite structure. The STE is
represented as a close F-H center pair. Taken from [69].
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FiGure 2.7: Different radiative and non-radiative decay paths of several different

configurations of STEs. The solid lines are strong optical transitions, broken lines weak

transitions, semi-broken/semi-solid are non-radiative decays and lines with a break are
semi-forbidden or long-lived states. Taken from [69].

The self trapped exciton (STE) is a very well studied phenomenon [87]. The STE is
essentially a bound state of a trapped hole and a bound electron, a [ViTe| or [hTe].
Note that h indicates a hole, and not an H center. This defect can be in three distinct
states, where one or both constituents are excited ([h*"e’],[hte”] and [h*"e™]). This

defect can effectively be described as a hydrogen atom with a different effective mass.
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Also equivalent to an atom, the STE has many excited states that for example fluoresce

in CaFg under VUV irradiation from 200 nm up until 500 nm [88].

In CaF5 the formation energy of this defect is 11.18 eV, very close to the exciton forma-
tion energy at 12.2eV. Upon formation, it is a Vi center with a captured electron. It
then quickly decays into a close proximity F-H pair [89]. The Vi center, the H center
and the close F-H pair are schematically drawn in figure 2.6. This close F-H pair has

several different possible orientations within the lattice and several different decay paths,

Self trapped exciton

Maon-radiative decay

illustrated in figure 2.7.
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FIGURE 2.8: Steps in the process from STE to perfect crystal. The lower in the

diagram the higher the temperature is needed to initiate the process. For example, at

low temperatures only F and H centers are produced. At higher temperatures metal
colloids and dislocation loops can be produced. Taken from [90].
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The STE can swap between excited hole or excited electron by an Auger process. In
this configuration the spin of the hole and electron is in a singlet configuration. These
configurations will decay into one of three states: Firstly is return to perfect crystal under

the emission of a o polarized photon (polarization parallel to the H center orientation)
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or through a non-radiative process. The lifetime of this state is nanoseconds. Secondly,
decay to the lowest triplet state (spin of hole and electron aligned) through a non-
radiative process or weakly through photon emission. This state is long-lived, because
all its options for decay are weak or semi-forbidden, the lifetime is pus. This state
can decay to the perfect crystal under emission of a m polarized photon (polarization
perpendicular to H center orientation) and through non-radiative decay. It can also
decay under emission of a photon to a damage center, an F and H center pair. Third
and last, the STE can decay non-radiatively to a damage center, an F and H center
pair. The process of the creation of an STE via crystal damage to perfect crystal is

schematically shown in figure 2.8
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FIGURE 2.9: Optical absorption spectrum for CaFs shown for the indicated delays
after irradiation by an electron pulse at T = 10 K. Taken from [87].

In this process, the F center and H center are split and no longer form a pair (and
thus an STE). The split F and H can only heal by finding one another and annihilating
again, a process which can be sped up under heating (annealing). The excited self
trapped exciton can always decay non-radiatively, a process stimulated by the presence of
phonons (higher temperatures) as can be seen in figure 2.7 and governed by the empirical
equation [51] for the quantum efficiency (number of emitted photons per number of

incident photons):

1
q(T) = T By (2.12)
1+Ce ™"

where C'is an empirical constant, F,; the quenching energy of the optically active center,
kp the Boltzmann constant and 7' the temperature. At high enough temperatures all
STEs can decay non-radiatively. The quenching energy is the excited energy at which
the STE state can spontaneously decay completely non-radiatively. The absorption

spectrum of STEs in CaFy after an electron pulse to create them can be seen in figure 2.9.
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2.2.7 Surface Defects

Aside from the bulk, the surface of CaFs can be host to many defects, which can affect
absorption in a variety of ways. In [91] for the first time, bulk and surface absorption of
undoped CaFs were separated. The defects on the surface enable absorption which is not
seen in the bulk. F centers on the surface seem to attract oxides, hydroxides, and HoO
which can create intermediate states that increase absorption. The lower wavelengths
are more sensitive to defects on the surface, even having a nonzero two-photon surface
absorption. For all VUV wavelengths, the surface absorption dominates over bulk for

crystals up to 6 mm in thickness [91].

In [91] an exponential relationship was discovered between polishing quality and surface
absorption. A surface roughness of 0.2nm reduces surface absorption to a minimum.
This effect can be explained; the roughness increases the amount of kink and edge
dislocations which have higher binding energies [92]. The absorption of these surface
defects leads to surface luminescence for bad surface quality at 4.4eV (STE) and 2.55eV

(surface oxygen center) [93].

It is shown that freshly cleaved CaFs has the least absorption and luminescence. After
some aging, both increase. CaFs left in air with 100 % humidity forms a 30 to 40 A film
of water after an hour [94]. After polishing a cleaved surface, the absorption seemingly
increases in [93] but possibly a better surface quality after polishing would exponentially
decrease, as suggested by [91]. A special heat treatment can be employed to completely
remove these surface effects due to aging [72]. Annealing CaF; in a dry atmosphere at
500°C for as long as possible should guarantee best results, at 600 °C if done for no more
than 15 minutes. At higher temperatures the CaFs will start reacting with the oxygen
in the air. Other liquids than water can also readily be adsorbed into the surface and

create absorption [95].

It has been suggested that CaF5 has a surface dead layer, where the surface luminescence
is inefficient. This means that the electron-hole pair can be excited at lower energies, but
will most likely decay non-radiatively. It was further investigated that any optical finish
will create a rough top surface and a subsurface with damage due to the mechanical
handling [97]. By decreasing the stress normal to the surface and a smooth material
removal rate the subsurface damage can be reduced. Under high energy irradiation
the surface of CaFy can lose fluoride [98-100]. It was also shown in [97] that adding
a protective SiO layer can prevent fluoride from escaping and protect the surface from
damage 10000 times longer than without protective layer. High power laser damage

causes fractures in the surface rather than local melting [96]. This fractured surface



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 2 Theoretical Investigation of (??*Th:)CaFy Crystals 35

FS5950 i3 BK

FIGURE 2.10: SEM micrograph of CaFy (111) surface irradiated by one laser pulse of

10 J/cm? at 532 nm. Despite the longer wavelength damage morphology is comparable

to that of 248 nm. The crystal was tilted 77° with respect to the incident electron beam
thus allowing measurement of the fragment thickness. Taken from [96]

then proceeds to peel off, see figure 2.10, which seems to support the surface dead layer

theory. Luminescence is inefficient in this region so local heating might be much higher.

2.3 Defects in Thorium Doped CakF,

Little research has been done on thorium doped CaFsy. Few doping related defects have
been discovered as opposed to for example Yb:CaFs, which is a laser material. One
example could be found in [54] where undoped, uranium doped, and thorium doped
CaFy were exposed to electron beams. It was shown that the electron beam first creates
dislocation loops, and after heavier irradiation Ca colloids by producing F centers that
cluster together. This seems to indicate that first the F centers order in a line, and

afterwards cluster spherically.

In undoped and uranium doped crystals, these colloids formed a regular structure after
heavy irradiation. The regular structure did not form in Th:CaFs. The thorium blocks

the motion of the F centers, which usually move along the (100) direction. This effect
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FIGURE 2.11: Optical transmission spectrum of Th:CaFs (solid line) and U:CaFy
(broken line) at room temperature. Taken from [54].

was observed at 0.1 weight % of doping concentration. The blocking only allows much
smaller colloid clusters to form, possibly not allowing them to move to a regular lattice.
In [54] one optical absorption spectrum was measured of Th:CaFs, seen in figure 2.11.
The 400nm absorption was attributed to doped Th**, because a similar absorption
band was observed in doped US* which is isoelectronic to the Th*+. More likely is that
this is due to a type of F center (F,Fa, R, M, N, etc.), which have broad absorption
around 400 nm and are present in every CaFy crystal. No absorption measurements at

these wavelengths have been taken in this thesis.

Doping with thorium will create a anion-excess fluorite structure. These are common,
and known to exist for many dopants with higher oxidation states than the Ca?*. To a
first approximation, these additional F~ ions that compensate for the higher oxidation
state can just be regarded as interstitials that occupy the empty cubes of the fluorite
structures. If this is the case, the 90° orientation shown in section 2.1 is the most
probable compensation orientation. Possibly, higher order defect structures are more
favorable such as ordered/disordered defect clusters or lattice modulation. Examples
of defect clusters are the 2:2:2 defect structure of UOs, transformation of the normal
fluorite cube into an square antiprism (4 lattice fluorides become (110) interstitials) or
larger CagF3g clusters which create 4 extra fluorides at the empty cube in the center

position (see figure 2.12).

A last possibility for compensation for the thorium doping is a lattice modulation, which
is a large scale modulation of anion or cation density. Because thorium defects seem to

stop the motion of F centers locally, large scale modulation seems improbable.
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FIGURE 2.12: Large scale defect structures and transformations of the fluorite struc-

ture. In (a,b) the transformation of a square antiprism is shown, in (c,d) the transfor-

mation into a cuboctahedron. In (e) a square antiprism is shown in a larger structure,

which creates 4 (110) F~ interstitials. In (f) four square antiprisms create one cuboc-

tahedron in the center which locally means 4 extra fluorides. Here smaller spheres are
Ca and larger ones are F. Taken from [68].

2.3.1 Charge Transfer State

As mentioned in section 2.1, doping thorium into CaFs creates electronic states close
to the bandgap edge for a 90° orientated two F interstitials compensation. In [57] this
was first seen. It was then suggested that these localized thorium defects, if they exist,
could be used to transfer energy to the thorium nucleus which was further explored in
[42]. After closer inspection, it was found that this defect state is a charge transfer state
(CTS). This CTS is effectively the electron on the fluoride interstitial moving to the

thorium after absorbing a photon, changing the oxidation state of thorium to 3+ and
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AP(d — 0) (s 1)

Eq (eV) El M1 E2
|dy) 9.90 7.84 x 10 5.04 x 102 9.26 x 10!
|dy) 10.43 4.35 x 10° 2.51 x 10! 2.57 x 10°
|ds) 10.50 1.99 x 106 7.09 x 10! 5.95 x 10’
|dy) 10.51 6.16 x 10! 4.81 x 10! 5.69 x 10°
|ds) 10.59 7.27 x 10° 6.64 x 10! 3.03 x 10!
|ds) 10.63 1.12 x 10° 2.20 x 10! 1.82 x 10°
|dy) 10.68 1.19 x 107 1.24 x 10! 1.56 x 10'
|ds) 11.01 2.16 x 10° 2.18 x 10! 2.74 x 10P

F1cURE 2.13: Energies of the 8 defect states as calculated by DFT using the VASP
package. On the right are the transition rates for different multipolarities for their
respective defects. Taken from [29].

neutralizing the fluoride. Depending on the electronic state of thorium that it enters,
this CTS has a different energy. Eight different CTS are possible, a summary is given
in table 2.13.

G G c
d ® d @)
R "

0 0 0
Spontaneous  Stimulation — Absorption _@}J

FIGURE 2.14: Different excitation processes involving the defect states and the nuclear
excitation to the isomer state. From left to right: (1) If the defect state has a higher
energy than the isomer, spontaneous decay is possible via an intermediate virtual state:
Under the emission of a lower energy photon the nucleus can be excited. (2) If a photon
with the right energy is present, stimulated emission can take place under excitation
of the nucleus and de-excitation of the defect state via the virtual state. (3) Under
absorption of an appropriate photon and the defect state energy the nucleus can be
excited through a virtual state. Taken from [42]

In [42] it was investigated whether this CTS could be used to transfer energy to the
nucleus, a new way to excite the isomer, either via stimulated absorption or stimulated
emission. The process is schematically drawn in figure 2.14. In this work the wave-
function of the defect states was calculated using DFT, more specifically the software
package VASP developed in Vienna [101]. The overlap of these wavefunctions with the
nuclear ones was used to calculate the probability of using this CTS to excite the nu-
cleus. The result was that using this type of excitation can be two orders of magnitude
more efficient than a direct excitation of the nucleus with a VUV lamp. The main reason

for this is that in the VUV region, no high power tuneable lasers are easily available.
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The broad CTS can be more easily excited by a broadband high power source such as
a lamp, and a narrow high power optical laser can then be used to drive the excitation
from CTS to nuclear isomer excitation. The energies of the CTS were calculated to
be around 120nm (table 2.13 in [29]). Theoretical estimates using DFT can be rather
inaccurate because VASP calculates ground state properties. Once an electron is excited

the assumptions of VASP do not hold and the prediction of 120 nm is thus not precise.

In private communication [102], quantum mechanical calculations were used using mul-
ticonfigurational wave functions specifically designed to describe CTS to calculate the
energy of the thorium CTS. These resulted in broad 10nm wide absorptions between
120-130 nm for CTS from lattice fluoride and 275-300 nm for CTS from the charge com-
pensation interstitial fluorides of the Th center. These calculations assume that the
electron moves from the fluoride 2p ground state to either the thorium 5f state with a

probability of 97 %, or to the thorium 6f state with a probability of 3 %.

One can compare these to other charge transfer states observed in large bandgap crystals.
In [103], Yb was doped in several large bandgap crystals. For example, the CTS from
F- to Yb3t in ScPOy4 was observed absorbing at 195nm, and emitting at 270nm. In
Eu:CaFy the CTS from F- to Eu?" was observed [104].

2.4 Radioactivity, Damage, and Self Excitation

Thorium-229 has a half-life of about 8000 years. The exact determination of this value
is hard due to the little material available. Recent experiments put it more exactly at
7917448 (two o) years [105] or 7825487 (two o) years [11]. 22 Th decays 100 % via an
a-decay of 5.167MeV (Qq). In its decay chain (figure 2.15) only short lived elements
appear until bismuth-209, creating a secular equilibrium with the activity of the 22°Th.

Per Th decay, 5 « particles are emitted with energies higher than 5 MeV.

When doping the CaFy with this active (we use >100kBq) material an average of ap-
proximately 2.5 - 10%eV s or picowatts will be deposited. This will not cause any
significant heating, but it will make any type of excitation energetically possibly within
the crystal. For example creation of defects [69], surface self sputtering [106] or oxida-
tion state change through self irradiation [107, 108]. The 3 a-decays is what makes the
229Th decay chain interesting for medical applications where the short lived daughter

225 Ac is used for targeted o treatment [109)].

In this section we describe the production of defects and photons, theoretical and exper-

imental, through irradiation of any kind. These defects or imperfections in the crystal
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FIGURE 2.15: Decay chain of 22Th. All daughters have a lifetime below 15 days aside
from 299Bi. The quick triple a-decay after 22°Ac is used for medical applications.

can end up to be absorptive in the VUV region, which is defined as damage to the crys-
tal. We will focus on irradiation by radioactive decay products, but also VUV and x-ray
irradiation. The light produced by these processes are mainly Cherenkov radiation and

crystal STE luminescence.

2.4.1 Irradiation Induced Defects

Different types of irradiation produce different defects and have different effects on the
crystal. By doping crystals with 2?Th and trying to excite the nucleus we submit the
crystal to many types of irradiation: «, recoiling nuclei, 87, v, x-ray, neutron and VUV
photon. Generally all of them have high energies aside from VUV photons, thus they
need to be treated differently.

Using ionizing radiation it is possible to excite electrons from deeper core levels, such as
the K shell, of atoms to the conduction band of the crystal. In this process the normal
valence band of the solid state system is skipped. This will produce several effects:
x-rays from recombination into the deep holes, photons, electron emissions, phonons,

lattice displacements and defects. In [69] and [51] a good overview is given.
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Soft x-rays on average need 3 times the bandgap energy (=36eV for CaFs) to be effi-
ciently absorbed and are very inefficient at displacing atoms, mainly creating excitons.
VUV photons are inefficient at displacing atoms and mainly create excitons. Both be-
have similarly and mainly produce damage through STE decay as shown in figure 2.7
and 2.8 where produced F and H centers are separated and form larger agglomerates.
These imperfections in the crystal will then become absorption centers and reduce trans-

mission.

Under VUV irradiation the CaFy lattice will mainly produce point defects [47], defects
the size of a single atom such as vacancies or interstitials. For example, F and H centers
will be produced until the rate of formation is in equilibrium with the recombination-
annihilation rate. Damage is produced because the two centers diffuse through the
crystal and do not always recombine as seen in figure 2.8. The rate of diffusion is
characterized by the diffusion energy, which is the barrier needed to overcome to hop
lattice sites. The diffusion energy of H centers is lower than for F centers at room
temperature thus H centers will diffuse more. This results in agglomerations of F centers

in the irradiated area and H centers moving out of the irradiated area.
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FIGURE 2.16: VUV transmission of an undoped CaFy before and after irradiation by

a 193 nm excimer laser with 10* pulses and a fluence of 50 mJ/cm?. Absorption around

150 and 550 nm is due to metallic colloids, absorption between 300 and 400 nm due to
F centers and larger agglomerates. Figure taken from [47].

The agglomerations of F centers will first produce the more stable M or R centers and
eventually the F centers will conglomerate to metallic calcium colloids (2.2.3). The
colloids absorb and scatter light in the VUV, reducing the effective transmission of the
crystal in the VUV. As the lattice constant of metallic Calcium and CaFsq is nearly
identical, the formation of colloids is very stable. As long as F centers are available,

these colloids grow. The absorption of the produced centers by VUV irradiation is



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 2 Theoretical Investigation of (?2°Th:)CaF5 Crystals 42

experimentally measured and shown in figure 2.16. As explained in section 2.3, by
doping CaFs with Th, the F centers will be pinned by the Th, preventing formation of

larger colloids.

c/cO
1

0.8
0.6
0.4

0.2

r [nmj

2 4 6 8 10

FIGURE 2.17: Calculated temperature dependent concentration of F (red) and H (blue)

centers after a diffusion time of 1 month in undoped CaFs. It can be seen that small

changes around room temperature heavily affect the mobility of F centers but not much
of H centers. Taken from [47].

The above process can be reversed, by increasing the mobility of F centers by heating
such that all F and H pairs recombine and annihilate. Heating however will also provide
the energy to form defects, so the right temperature is needed where the least amount of
defects is formed but the F and H centers can freely recombine. As shown in figure 2.17,
heating the crystal greatly affects the F center mobility but almost not the H center
mobility. This is due to the lower diffusion energy of an H center. If the crystal is
fluoride deficient, annealing can not be used to regain the perfect crystal structure.
If for example fluorine (F3) is lost due to the VUV irradiation or any other process,
annealing cannot heal the defects because there are more F centers (F~ vacancies) than

H centers (FQ' molecule-

Heating a CaF5 crystal as to anneal it, will go through several phases. Around 150°C the
diffusion rate increase of F centers will only make the colloids grow, as F centers can now
move more freely in their local area but do not find the far away H centers yet. Around
250°C the colloids start to become smaller. Only at 400 °C the VUV transmission returns
completely to normal, as described in [47]. In [72] a temperature of 500 °C was suggested

to dissolve even the smallest colloids.

For describing damage by particles with mass, mainly classical collision dynamics is used.
This means that the maximum energy transfer (Fy,q;) is determined by the masses of

incident and target particle (M; and M) and initial energy E;
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AM7Mr

(2.13)
Thus electrons can transfer only very little of their energy per collision (0.007% for
a Cu atom), protons and neutrons a reasonable amount (6.1% for a Cu atom) and
larger atoms almost everything (100 % for equal mass collisions). The cross section for
larger and neutral particles and thus the transferred energy is higher than for small
charged particles. Hard sphere scattering describes scattering of neutrons and slow
large particles. Rutherford scattering describes scattering of electrons, protons and «

particles.

If the first particle in a solid lattice is hit under a shallow angle, the angle under which it
moves away is smaller than the incoming angle due to conservation of momentum. The
next particle it then hits will again have a smaller angle of motion respective to the lattice
axis than the previous one. This means that in a long chain of particles in a lattice,
the small angle deviation from the lattice axis will become smaller with each collision.
This effect is called focusing, effectively transporting collisional energy from one site to
the other. This effect makes it possible to create interstitials and vacancies with some
distance from one another, basically creating damage. The principle for channeling, in
which a particle moves through the empty axis of a crystal (for example the middle of
a cube in a cubic structure), is the same. The collisional angle will decrease with each

collision until the particle moves exactly along the empty axis of a crystal.

A simplification of the collision model is the displacement energy (Ep). This is the
minimum energy needed to displace a lattice atom from its lattice position. For CakFs
theoretical studies predict 23 eV for the Ca ion and 10eV for the F ion. In this same
study it was shown that it is first of all more likely to produce damage in the fluoride
lattice, and that, if this lattice is hit with a high energy particle, the damage will be
limited to the fluoride lattice [110].

Taking into account the displacement energy and the masses of the incoming particles a
general picture can be sketched for the damage done by incoming high energy particles.
This is sketched in figure 2.18 for electrons, light ions and heavy ions. Electrons, because
their mass is so small, will maximally transfer 0.01 % of their maximum energy: Thus
a 100 keV electron is needed to displace one fluoride in the very unlikely case of a
head on collision. Rutherford scattering decreases collisional energy transfer efficiency
significantly from the maximum, causing many grazing incidence collisions. In practice,
this means that a 2.5 MeV electron is needed to displace one fluoride. Only the thallium-
209 in the thorium-229 decay chain has a Qg = 3.9 MeV and is thus able to produce

electrons with these energies. The probability however is low: the Qg value is the total
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energy emitted during decay, which is distributed over recoil nucleus, neutrino and g~
so it is unlikely the electron has these high energies. The amount of thallium-209 that
is produced in the thorium-229 decay is also low, bismuth-213 is more likely to decay to

polonium-213 (97.80 %).

-
‘a) Electron
Target
fbi Light ion
Target
I
fe) Heavy ion i

Target

FIGURE 2.18: Damage distributions created through irradiation by a) electrons, b)
light ions and c¢) heavy ions. Taken from [69].

The grazing angle collisions, which have low maximum energy transfer efficiency, make

light particles cause defects which are well separated and almost never with secondary
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collisions (see image (a) in figure 2.18). Protons and « particles can maximally transfer
4.8% and 57 % of their energy. That means a 200eV proton or 20eV « is enough to
displace a fluoride. Again, due to Rutherford scattering, the collisional energy transfer
efficiency will be decreased. In the end this creates a damage profile of still well sepa-
rated defects with some secondary collisions (see image (b) in figure 2.18). In practice,
2keV protons and 200eV « particles are needed for one fluoride displacement. Neu-
trons, although the maximum energy transfer is the same as protons, will cause a lot of
damage because they are not limited by Rutherford scattering, increasing energy trans-
fer efficiency per collision. Larger ions are also not limited by Rutherford scattering
due to their size, and will deposit all their energy in a very localized region with many

secondaries (see image (c) in figure 2.18).

2.4.2 Experimental Investigations in Literature

Single crystal undoped CaFy has been experimentally studied under heavy ion (200
MeV Xe!4*) irradiation [111]. With increasing dose, the CaFs becomes purple. This
effect is also seen in nature with natural polycrystalline CaFy which has spent extended
time in close proximity to natural uranium [73]. The purple coloring is due to large
Ca metallic colloids forming. Normally, high doses can amorphize a crystal as was seen
with YAG in [111]. CaFy with its metallic colloid with almost the same lattice constant
seems to saturate damage at a certain dose. This means that further irradiation both
evaporates the colloids as it creates more F centers that precipitate into colloids. In the
end, an equilibrium is reached such that the total damage does not increase. The crystal
is spared from amorphization and no evidence is found that it deviates much from its
original single crystal structure, albeit with a high very concentration of F centers and

larger agglomerations of these.

If fluoride is ejected from the crystal and the stoichiometric ratio changes then damage
can still increase. The stoichiometric ratio is the ratio between reagents to produce this
crystal, in this case calcium and fluorine. Any number other than 1 means an excess or
deficiency of one of the reagents. Excess or deficiency of fluoride means a permanently

higher concentration of F or H centers, which increases absorption.

CaFy doped with low concentrations is more resistant to radiation damage, especially
with Sr [112]. Radiation induced processes can also oxidize and reduce dopant, especially

the trivalent rare earths [67, 113-115].
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2.4.3 Cherenkov Radiation and Radioluminescence

Aside from damage, the radioactivity produces photons: radioluminescence and Cherenkov
radiation. CaFg has been used as a scintillator extensively to measure charged particles,
x-rays, y-rays and has even been used to detect possible WIMPs (Weakly Interacting
Massive Particles, hypothetical particles proposed as candidate for dark matter) [116—
118]. The yield has been established to be roughly 19000 photons/MeV deposited in
the material. In radioluminescence defects are created in the material due to the high

energy deposition as detailed above. These defects annihilate and produce mainly STE

luminescence.
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FIGURE 2.19: a) Radioluminescence from 5kBq ??Th:CaFs (bold) compared to a D

lamp excited photoluminescence of CaFs (gray) at 15 nm resolution. b) undoped CaF5

in contact with 7.5 MBq 233U radioluminescence spectrum at 4 nm resolution. Taken
from [119].

Radioluminescence of undoped CaF5 in contact with a 233U source and of ??Th doped
CaFy was characterized for our experiments [119]. In figure 2.19 the results are shown
where the dominant difference is the Cherenkov radiation that can be seen below 200 nm.
Both isotopes are pure o emitters, but the more active 233U source is older and has
more daughters grown in, which emit high energy - particles that produce Cherenkov
radiation. The daughters of the ?2Th should also produce Cherenkov radiation in the

crystal, but the intensity was too low to be measured in these experiments.

Cherenkov radiation is well known as the blue light emitted by nuclear reactors. This
light is produced by charged particles that travel faster than the phase velocity of light
(vp,) in a dielectric. In the case of a nuclear reactor it’s 5~ particles in water. This effect
is not the interaction of the electron with individual atoms or radiative scattering off of
nuclei, it is rather the production of polarization in a material which upon depolarization

emits radiation.

The change from polarized to non-polarized driven by the high energy electron emits
radiation and will thus have a wavefront following the electron. If the particle speed v (or

B =wv/c), is too slow, there are no interference effects of these wavefronts to consider. If
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the particle is travelling faster than that light can travel in this dielectric (v, = ﬁ), the
wavefronts will constructively interfere and coherently build up into the typical conical
wavefront of Cherenkov radiation. The emission angle of this coherent wavefront can be
derived to be cosf = W [120]. The minimum kinetic energy Ej that a singly charged
particle with mass m needs to produce Cherenkov radiation (v > v,) can be derived to

be

1. (2.14)

which for a 7 particle in CaFa comes down to Ee i, = 149 keV for 150 nm at 25°C.
The number of photons Ny, per length traveled x in the material per wavelength A of

B~ particles with this energy is given by the Frank-Tamm equation [120]

dNpp, 27« ¢ \°
dedh — A2 (1 B (vn(A)) ) (2.15)

where « is the fine-structure constant (=~ %) As can be seen from the equation, the

number of photons is only mildly dependent on the speed but is inversely proportional
to the wavelength. Because the speed of light in a material is wavelength-dependent,
the approach of Frank and Tamm [120] assumes that n()) is a function that continually
varies slowly with wavelength. This is the case for CaF's, aside approaching the bandgap.

This approach is thus not valid there.

To calculate the spectrum of a S~ -decay in CaFy we will use the continuously slowing

down approximation (CSDA). This approximation assumes that the energy lost per

dF.
dzx

ESTAR data to approximate the CaFy stopping power [121]. Using this approximation

distance is always equal to the stopping power and no fluctuations apply. We use the

we can calculate [45]

dx
dE,

N, Eeo gN
d () = / d th(EB,) dE,, (2.16)

dX Bo i, AN

where F is the initial energy of the 7. Using these equations one can calculate the
Cherenkov spectrum produced by 22Th, which is in equilibrium with its daughters, in
CaF5 as seen in figure 2.20. In these calculations the spectrum has been multiplied by
its transmission spectrum. This is done because the Frank-Tamm equation does not
hold close to the transmission edge due to the sharp increase in the refractive index

(and thus the sharp decrease of the speed of light in this material). Multiplying it with
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FIGURE 2.20: Number of emitted Cherenkov photons per wavelength for a crystal
doped with 1Bq of 22°Th. This was calculated by using above equations and approxi-
mations, and by multiplying it with the CaF, crystal transmission. The 1Bq of 22°Th
corresponds to the amount produced by a 11422 Bq 233U crystal with a ingrowth time of
three years. Also displayed is the Cherenkov radiation produced if that 233U crystal has
a 1 ppm contamination of the much shorter lived 232U and the subsequent Cherenkov
produced by its daughter 222Th. Due to the shorter lifetimes the Cherenkov intensity
is higher. The 1 ppm contamination produces 107 times more Cherenkov light. This
can be easily shown because the ™ -decays have approximately the same energy and
the 232U lives 103 times shorter than the 233U and 22%Th lives 10* times shorter than
the 229Th

the crystal transmission spectrum approximates the experimentally observed Cherenkov

emission by a CaFs crystal.
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FIGURE 2.21: Number of emitted Cherenkov photons per distance traveled for g~ -
decay in CaF5 for three different energies. In the first 0.15 cm over 95 % of all photons
are emitted.
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Since many of the crystals have a physical size on the order of the distance traveled by the
electrons (~mm) in the crystal it is important to take the size into account. In figure 2.21
the photons emitted per distance traveled is calculated using above equations. Here we
can see that reducing the thickness of a crystal can significantly reduce the amount of
Cherenkov radiation produced. This also means that if a high concentration of 22Th is
doped in a small crystal the signal to background ratio around 150 nm will increase. This
figure does not take into account the angular and spectral distribution of this process,

which could be interesting to study to find an optimal thickness for high SNR ratio.

2.5 Luminescence in CakF's

The luminescence of CaFs is an important background in the experiments. Absorbed
energy will mainly be emitted by STEs and some by other defects if present. Some

characteristics of CaFq are important to note here:
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FIGURE 2.22: Mass attenuation coefficient u/p and mass energy absorption coefficient
ten/p of CaFq for different x-ray energies. Taken from NIST [122]

e Optical properties: Undoped CaF'; is transparent from 122.5 nm upwards, below this

wavelength no luminescence can be expected.
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e Radiation hardness: Radiation damage in CaF3 saturates after a dose of 10 collisions/cm

for 200 MeV Xe!4t. Large colloids are formed that have a broad absorption shoul-

der up until 180nm and a broad absorption centered around 550 nm.

Density /stopping power: Because CaFs is only comprised of light elements, high
energy photon absorption is reduced which reduces luminescence through this ex-

citation. For details see figure 2.22.

2.5.1 STE Luminescence

i Il 1

0 100 200 300 400
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FIGURE 2.23: Thermoluminescence curve of the fast 275 nm singlet (1) and slow 305 nm
triplet (2) emission in CaFy. These curves are measured by damaging a 30K CaFy
crystal with x-rays and slowly heating the crystal afterwards. This causes the x-ray
induced defects to gain mobility and annihilate. Above a 100 K the singlet mainly decays
non-radiatively, above 320K the triplet mainly decays non-radiatively. During x-ray
irradiation at 300 K it is observed that both singlet and triplet luminesce, indicating that
such a large number of STESs is created that enough still decay radiatively. figure taken
from [51].

The luminescence due to STE luminescence (see figure 2.19), or F center/H center

recombination, has a couple of general characteristics that are important to summarize
[51, 88]:

Conversion efficiency: 3% of incoming energy is emitted.

Decay time: =~ 50 us for triplet STE and =~ 10ns for singlet STE and most other
defects.

2
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o Level of afterglow: There are 2 fast exponential decay constants, 450 ms and 23 s.
After that the afterglow decays via a power law over 20 hours. The afterglow is

so long-lived due to the low mobility of F centers at room temperature (1 mHz).

e Temperature stability: The singlet and triplet photon emission of the STE are quite
temperature independent until a critical temperature where non-radiative decay

takes over, see figure 2.23

e Emission wavelength: The STE emission ranges from 200 nm to 500 nm, with peaks
mainly at 275 nm (singlet) and 305 nm (triplet). Longer wavelength or lower energy
emissions are due to excited states of the STEs which decay through more phonons

and at lower energy photon emission.

2.5.2 Selected Dopants

A good overview of known optical dopant luminescence for CaFy was compiled by [123],
here repeated and translated to English for completeness with added VUV luminescence
in table 2.5.3. The lanthanides are detailed because of their similarity to the actinides,
which are studied less due to their radioactivity. The experiments performed with tho-
rium and uranium and possibly in the future with actinium, protactinium and neptunium
can benefit from knowledge of their possible spectral characteristics. It should be noted
here that the spectral line assignment of the actinides to the oxidation state is tenta-
tive. Normally, the oxidation state of an impurity can be readily changed in CaFs by
~ irradiation, electrolytic reduction and baking in Ca vapor. The self irradiation of the
radioactive actinides changes their oxidation state over time. In this case neptunium,
plutonium and curium oxidize from 3+ to 44+ and americium and einsteinium reduce

from 3+ to 2+. [49].
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2.5.3 Table of Absorption and Emission of Dopants and Defects in

CaF,
Impurity absorption and emission in CaFs
Impurity Absorption (nm) Emission (nm) Reference
STE 282 and 428 nm 200-400 nm, peak at [51, 87]
(exciton creation at 280 and 305nm
110 nm)
M-center 365 and 520 nm 600 nm [76]
Pb2+ 128, 151, 165 and | 176 and 219nm [124]
205 nm
Bid+ 135, 151, 158 and 175 and 225 nm [125]
219nm
Ce3t Two groups with 318 and 342nm [126,
peaks at 243 and 127
305nm, and 187,
194, 203 and 216 nm
Pr3t Broad bands be- 400 nm intense [128,
neath 200 nm peak, weak bands 129]
at 220-280nm and
450 nm and higher
Na3t Strong 160 nm, Strong 170-200, 300, [130,
weak 201, 207, 247, 860 and 1064 nm, 131]
257, 288 and 296 nm weak 354, 382 and
414nm
Sm?* Bands 147, 240, 256, Broad band at 170- [132—
288, 307, 425, 445, 200 and at 750 nm 134]
line at 495, 507, 535,
632 nm
Sm3+ 230 and 400 nm lines at 567.5, 571, [123,
572.2, 605.5, 616.7, 135,
617.6, 621.9, 651.6, 136]
660, 661.5, 675, 710,
715, 735 nm
Eu?* Bands from 200- Bands from 400- [132]
250nm and 325- 475 nm
400 nm
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Eu3+

G d3+

Tb3+

Dy2+

Dy3+

H02+

H03+

Er2t

EI‘3+

Tm?2+

Tm3+

YbZt

Yb3+
Lust
Ust
U4+

Np3+

148 and 313 nm

124.7, 248  and
335nm
210 and 250-260 nm

Bands from 230-490,
580, 720 and 910 nm
337.1, 458.0, 465.8,
472.7 and 476.5 nm
Bands at 512, 680
and 897 nm

between 150-
160 nm, lines around

640 nm

Bands at 344, 400,
485, 610, 910 nm
130, 150, 145 and
155 nm

Broad bands from
200-700 nm
115-160, 172-175nm

214, 227, 260, 271,
315 and 360 nm
900-1150 nm

120.5, 160 nm

550

Bands between
1500-1650 nm

580 and 1050 nm

528, 573, 580,
605, 616, 630, 638,
640 nm

129 and 312nm

380.2, 414.9, 436.7,
460.8, 487.8, 546.4,
588.2 and 621.1 nm
Multiple lines from
2.3-2.6 pm

Many lines from 469
to 864.2nm

Some lines between
1.8 and 3 pum

bands at 158, 170,
185nm and line
groups at 220-320,
540 and 640 nm

Some lines between

1.9 and 2.4 pym
310-320,  397-403,
466-471,  514-531,

613-621, 756-780 nm
1067-1247 nm

150-190, 295, 344,
360, 450, 470, 510,
1350-2000 nm

540, 565 nm

940-1100 nm
125.5nm

137,
138]
[135,
139]
[50]

[140,
141]

[142]
[143]
[144]
[134,
145—
147]

[144]

[148,
149]
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Np4+

Pu3+

Pu4+

Am?2t

Cm3+

Bk3+

Es2t

Lines between 725-
735, 967-995 and
1663-1729 nm

Lines around 500,
625, and 658 nm
Lines around 380,
415, 455, 553, 580,
651, 810, 843 and
1070 nm

390, 480-540, 790
and 1060 nm

480 and 580 nm

685 and 690 nm
607 and 608 nm

Lines from 663-
678 nm
Lines from  587-
638 nm

49, 107,
157]

(49, 158]

49, 158]

[107]
49, 159]

[159]

[159]
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Chapter 3

The Growth of Highly Doped
229Th:CaFy

Radioactively doped materials have been studied for a variety of reasons. Trace amounts,
which are either doped or produced by neutron capture, can be used as local probes [160]
or to study material composition [161]. Many efforts have been undertaken on growing
highly doped radioactive crystals, some of them in CaFy doped with the long-lived
isotopes of uranium [75], neptunium [157, 162], and plutonium [163]. In nature, CaFs
can be found doped with large amounts of uranium. Through the decay of this natural
isotope the CaFs is subjected to years of radioactivity. This produces what is called
"fetid” fluorite, due to the smell it produces when it is cracked open [55]. The cause of
the smell is Fy trapped in the crystal that is produced by radiolysis of CaFs (dissociation
into Ca and Fy through radioactivity) [164].

Growing crystals with short-lived elements is challenging, due to the time it needs to
grow a crystal and the higher specific activity: for a similar doping concentration one will
get a more radioactive sample. Growing radioactive crystals in general is challenging:
the radioactivity of the raw material (100 kBq - 1 MBq) has diverse effects on many
aspects of crystal growing: The preparation, the handling, and the nuclear chemical
processes during the growth. In this thesis, doping with the shorter lived ?2°Th is only
attempted because of the possible application as a solid state nuclear clock. For all other
purposes, doping with the long-lived 232Th should have the same electronic effect on the
crystal, making doping with 22°Th obsolete when one is not concerned with properties

of the nucleus.

As opposed to the natural isotope, 232Th, the ??Th isotope is artificial. All available
229Th is a decay product of 233U. The 233U was produced first by neutron irradiation of

2327 targets as part of the military and civilian nuclear program of the US. Using 233U
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as nuclear weapons material was dismissed due to the presence of 232U in the material.
This isotope is a byproduct of the 233U production and emits a dangerous high energy
y-ray with an energy of ~1 MeV. Later, 33U was produced in very large quantities with
the idea to fuel nuclear power reactors, 1556 kg were produced at the Savannah River
Site (USA) in the late 1950s [165]. Ome can calculate that from this 1556 kg, 45 g of
229Th should have been produced since. Chemical separation of this isotope is very
labor intensive and is limited due to chemical impurities, so only very small amounts
are available (~mg). The main motivation to separate 22Th is its medical applications

[166] but the recent nuclear clock application has also gathered attention [22].

The group of Eric Hudson at UCLA had the company AC materials grow 22 Th:LiSrAlF
crystals [44]. Their group explored the excitation and fluorescence of 232Th doped crys-
tals [167] (Th:NaYF, Th:YLF, Th:LiCAF, NasThFg, LiSAF) to investigate background
and optical transparency. They settled on LiSrAlIF because it showed the least VUV ir-
radiation induced luminescence and highest VUV transparency. Their ongoing attempts

at exciting and measuring the nuclear excitation so far failed for unreported reasons.

Our approach is to grow CaFy doped with ??Th. The rare ??Th isotope is purchased
from commercial suppliers or research institutes as thorium nitrate (Th(NO3)4) dissolved
in nitric acid (HNO3). In 2014 two samples of ??Th (2.8 and 195kBq, or 10'> and 7-10'¢
atoms) were bought from the company Eckert & Ziegler. Crystal V057 was grown with
these batches as the final and highest doping concentration 22Th:CaF, crystal with a
doping concentration of 106 cm™. This proved to be insufficient concentration to per-
form an experiment that would measure a photon produced by the nuclear decay. There
was a need for higher concentration crystals thus more ?2?Th needed to be procured and

smaller crystals needed to be grown.

The Oak Ridge National Laboratories (ORNL) evolved from the Manhattan project.
Due to its success, research was expanded. The research done at ORNL included: sep-
arations chemistry, work in materials and fuels, the development of neutron scattering,
neutron activation analysis, C-14 tracer analysis and the development, production, and
distribution of radioisotopes. ORNL has been a producer and supplier of isotopes since
1946, and is today for some isotopes still the only supplier [168]. We obtained 7.33 MBq
or 2.6-10'® atoms of ?2*Th from ORNL in 2018.

Because of the limited availability of the ?2Th isotope, a growth method had to be
chosen to bring dopant losses to an absolute minimum. There are three main groups
of crystal growth techniques: Vapor deposition [169], Solution growth [170] and melt
growth [171]. In vapor deposition one or more species are evaporated through heating
(usually in vacuum) and condensate on a colder substrate. The species can chemically

react on the substrate to form more complicated molecules and the crystal orientation
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can be controlled by using the appropriate substrate. In solution growth, one or more
species are dissolved in a liquid and these solidify through chemical reaction or supersat-
uration. Supersaturation is when the concentration of a dissolved material goes beyond
the maximum saturation. The dissolved material will then start to solidify into a small
particle. Once such a small particle has been generated the energy required to solidify on
this particle is lower than producing another particle, stimulating single crystal growth.
In melt growth, a powder of the species is liquefied and frozen to produce a bulk crystal.
If done on a single crystal substrate or single seed crystal, this can promote single crystal

growth.

All 3 techniques are used to grow CalFs where melt growth is specifically used to produce
large crystals. All techniques can be used to grow single crystals in a particular crystal
axis orientation, if the substrate or seed is appropriately orientated. It was found that
across methods, the slower CaFs is grown, the lower the dislocation density in the single
crystal. Vapor deposition is not very suited for doped growth due to the differences in
boiling temperature between ThF, and CaFs. Using vapor growth would also induce
large losses of the scarce dopant. Solution growth is an interesting low temperature
alternative but can be prone to contaminants and grows mainly small poly-crystals.
Melt growth was chosen to develop a solid state nuclear clock to reduce losses and grow

large single crystals.

After a short summary of the melt growth methods from literature, the chapter continues
to describe the Th:CaFy growing process used in Vienna. It follows on the crystal
growing work done in [172]. We reduce the length and diameter of the grown crystals
in order to increase the concentration by a factor of ~200. The chemical aspects of
producing the raw material powders for growing, the mechanical aspects of filling seed
single crystals and the thermal cycle of the growth process are presented. The chapter

ends with a table summarizing all the grown crystals with their characteristics.

3.1 Radioactively Doped CaF; Melt Growth

Melt growth of doped CaFs needs a crucible to contain the high temperature melt.
Graphite is often the material of choice due to its high chemical stability over a wide
temperature range and low cost. The main source of contamination at these high tem-
peratures is oxygen that reacts with the CaFs. Also in vacuum, the liquid CaFy will
start evaporating fluorine (F3). To counteract these two effects, PbFy is added as a
scavenger to react with the oxygen before CaFy and to increase partial pressure of Fo in
the starting phases of the growth [173]. Within melt growth, four techniques are often
used for CaFy [92].
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3.1.1 Czochralski Growth
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FIGURE 3.1: Czochralski growth apparatus (schematically): (a) Cz growth for Si with
seed and necking structure and (b) GaAs Cz growth with B203 melt cover and without
necking structure. Taken from [92].

Czochralski (Cz) growth, developed in 1918 [174], is one of the most technologically
advanced and controllable growing methods. This is mainly because it is used to grow

silicon for the semiconductor industry [175]. The method is illustrated in figure 3.1.

During Cz growth the raw material, possibly with dopants, is molten in a crucible using
resistive or induction heating. This is usually done in a chamber filled with an inert gas
or under vacuum. A seed single crystal is then brought close to the molten surface to
bring seed and melt to the same temperature. The seed is then inserted into the liquid
phase, and immediately pulled up slowly. While pulling up the crystal it moves further
from the heaters thus starts to cool down. The liquid melt stays connected to the seed
single crystal and also cools down slowly. The melt closest to the seed will solidify on
the seed to a single crystal as well. In this process, constantly melt is solidified and new
melt is pulled towards the crystal producing a large rod of single crystal. To guarantee
homogeneity, usually seed and melt are rotated in opposite directions. Now the growing
process is started by pulling the crystal. The diameter of the grown crystal depends on

the densities of both phases and pulling speed of the seed

VapplAcruc : (31)
cruc Acrps/,ol

Veff = A

where Ve /qpp is the effective or applied pulling speed, Agp.c e, the surface area of the

crucible or crystal and p/; the density of the solid or liquid state. The surface area of
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the crystal is determined by the melting temperature and the temperature gradient at
the interface. Specialized techniques, such as creating a neck, are to decrease dislocation
densities in silicon crystals. The minimum growing speed is limited by the diameter of
crystal that one wants to obtain: The diameter will increase when using slow growing
speeds. If one wants a small crystal the growing speed needs to be fast, so dislocation

density will increase.

Cz growth was not chosen to produce 2?Th:CaFy because of the residue. In every
Cz growth quite some residue is left, and the dopant preferentially stays dissolved in
the melt thus the residue. Growing using this method would be wasteful to produce
229Th:CaFs.

3.1.2 p-Pulling Down Growth

=0 ~m 0 I
=M ~®m o T

After heater

=0~ 0 I

=0 ~p @ I

Seed crystal lPU”ing

FIGURE 3.2: Schematic drawing of the p-pulling down technique. Taken from [92]

A derivative of Cz growth, p-pulling down resolves the issue of the residue taking up
the dopant. The method is illustrated in figure 3.2. In this method, a melt is created
in a crucible with a micro nozzle at the bottom out of which the melt will flow. A seed
crystal is brought into contact with the melt and then pulls it downward out of the
crucible. The size of the nozzle at the bottom prevents the melt to escape, owing to
capillary forces due to the wetting angle with carbon and the high viscosity of CalFs.
Small crystals of micrometers to millimeters diameter are grown using this method. The

surface area of the crucible in equation 3.1 is now the area of the micro nozzle. This
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method is active research [176]. It can possibly be used to grow fibers and crystals of
any desired shape. Not all combinations of crucible and crystal work, depending on the
adhesion of the liquid to the crucible the liquid material will slowly come out of the

nozzle.

FIGURE 3.3: Graphite crucible and induction heating coils of the u-pulling down grow-

ing chamber recently installed in Vienna. The chamber can be evacuated or filled with

a gas during growth. Using a higher ambient pressure in the growing chamber will pos-

sible reduce fluoride evaporation and VUV characteristics will improve if for example
CF4 or NF; gas is used to increase Fy pressure in the chamber [177].

This technique will be used in Vienna in the future, the device is being characterized
at the moment and first induction heating tests are performed (see figure 3.3). Using
p-pulling down for growing single crystal doped CaFy has been demonstrated [178], but
the VUV characteristics of these crystals has not been evaluated. Using this method,
crystals shaped for use as optical elements can be produced, reducing losses of cutting

and polishing even further. Possibly, even fibers of 22 Th:CaF5 can be grown.

3.1.3 Bridgman Stockbarger Growth

The Bridgman Stockbarger growth, first described in [179], works on the principle of
producing a steep temperature gradient around the melting temperature of the chosen
material. The general setup is schematically drawn in figure 3.4. In the middle of the
heaters is a crucible containing powder of the chosen material which can be moved up

and down. The crucible has thermocouples attached to it as to monitor the progression
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FIGURE 3.4: Schematic drawing of a Bridgman Stockbarger or Vertical Gradient freeze
setup. Taken from [92]

through the temperature gradient. The material is first fully molten. The crucible as a
whole is then slowly moved through the produced temperature gradient. The material
that passes the gradient to the colder side will start freezing or crystallizing. Once the
crystal has fully passed the steep temperature gradient it is fully crystallized. Heaters
around the crucible keep an essentially constant temperature and maintain the steep

temperature gradient.

The crucible is shaped such that the bottom is a capillary. In this method, the molten
raw material first passes the gradient in a capillary. The capillary restricts the nucleation
of the melt and will ensure that a single grain or crystal orientation emerges. On this
capillary the main bulk crystal will be grown, which will then be a single crystal of

uncontrolled orientation.

Due to the nature of this method, either the temperature gradient needs to move upward
by changing the power of the heaters, or the crystal needs to be moved downwards

mechanically. The entire procedure can also be performed horizontally.

If a single crystal seed is used, the crystal orientation can be ensured and the capillary
is not needed. For this method to work, the seed crystal must not melt entirely. The
temperature of a part of the seed crystal thus needs to be below melting point during
the entire growing process. The shape of the solid/liquid interface has an effect on the
defect densities of crystals grown by this method. The dislocation density can be greatly

reduced if the interface shape is convex.
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This method works if the temperature gradient is strong enough, otherwise nucleation
can possibly happen at various different positions along the direction of temperature
gradient. As an estimate for the temperature gradient of two heaters at temperatures
T7 and T5 that are right next to one another for a material with melting temperature

T, we can use that T, > 0.5(T1 + 1) .

An advantage of this method is that no residue is left, and thus all used dopant that
did not evaporate is incorporated in the crystal. The biggest advantage of this method
over Czochralski growth or p-pulling down is that the crystal can be grown at any speed
(<0.5 mm/h, reducing formed defects) without changing the diameter of the crystal.
In Czochralski growth and p-pulling down the diameter of the grown crystals are set
from the start by the pulling speed, surface area of the crystal/nozzle and density of
the material (see equation 3.1). In Bridgman, the crystal volume can be arbitrarily
chosen by producing the appropriate crucible. A small crystal volume can be chosen to
ensure high (10'® cm™3) 22Th doping concentrations with low losses of the extremely
rare isotope. Downside is the moving parts that need to be at very high temperature

(1691.00 K [180]) to grow CaFs, which puts heavy restrictions on the materials used.

3.1.4 Vertical Gradient Freeze Growth

The vertical gradient freeze method or VGF, first developed in 1924 by Stéber [181]
was inspired on the Bridgman method. The main difference is that Bridgman uses
mechanical motion of a component to move the temperature gradient and VGF changes
the heater temperatures to achieve this. The seeding procedure using the capillary or a
seed crystal in the Bridgman method remains the same. The capillary of a stationary
crucible is filled with raw material or a single crystal seed is put in the crucible with
raw material on top. This method was chosen and thus developed in our group in
cooperation with the Fraunhofer IISB to grow CaFs crystals with minimal dopant losses
[172]. As for Bridgman, The biggest advantage of this method is that the crystal can be

grown at any speed without changing the crystal diameter and thus size.

The Vienna approach is to place a single crystal seed in a graphite crucible with a powder
on top. During growth, the gradient is adjusted such that the raw material on top of
the seed crystal is molten together with a small part of the seed. This ensures that the
seed does not completely melt, but the raw material does. The freezing barrier is then
slowly moved upward so that the melt can crystallize on top of the seed crystal and thus

grow a single crystal, following the orientation of the seed.

In the past, crystals of 17 mm diameter were grown [172]. This has been reduced to 3.2

mm diameter during this thesis by careful calibration and use of smaller seed crystals.
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The main parameter to consider during melt growth of crystals is the Reynolds number.
The Reynolds number helps to predict if turbulent or laminar flow will take place in
a material. If turbulent flow is created in the crystal, more dislocations, vortexes and
polycrystals are produced. The Reynolds number decreases for smaller crystals (o L)
which indicates more laminar flow and more controlled crystal growth in the liquid phase.
Letting the melt reach higher temperatures increases the Reynolds number and thus
produces more turbulent flow. When the crystal is cooled down to fast for solidification,

crystals with more defects and chance of polycrystallinity will be produced.

Due to the higher thermal expansion coefficient of CaFs (=~ 18.85-1076°C-! at 300 K)
than graphite (=~ 4.2-107%°C"! at 300 K) it is likely that dislocation densities will be high
after growth due to crucible induced stress [92]. To compensate for this, a long annealing
needs to be performed. In the end, the melt will take the shape of the crucible. The
crystal will thus be 1.5 % smaller than the crucible when cooled down due to the high
expansion coefficient difference. In vacuum the crystals shrink more due to sublimation

of CaFsy

3.1.5 Phase Diagram of the CaF,;-ThF,; System

When mixing two species, the melting temperature 7,, will decrease due to melting
point depression. To investigate the relation between 7;,, and the dopant concentration,
the binary phase diagram needs to be studied. In [182] the phase diagram of the CaFs-
ThF, system was calculated and verified by measurements of the melting temperature
for different mixtures of CaF9 and ThF,. Their results can be seen in figure 3.5. Because
of the limited availability of 22Th we don’t expect to exceed molar fractions of 0.01 %,
meaning the melting temperature of the powder mixture is not changed. Also super-
saturation or supercooling effects! should be negligible due to the low concentrations

involved.

Before CaFg melts there is a phase transition which can be seen on the top right of
figure 3.5. This phase is called the superionic state and is seen in many ionic crystals
[183]. In this state the anions (F~) are highly mobile such that the crystal becomes an

electrical conductor but the cations (Ca?") are immobile [184].

!Supercooling is when the temperature of a liquid goes below the melting temperature without solid-
ifying, supersaturation when a higher dissolved concentration is reached than the critical concentration
for solidification.
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FIGURE 3.5: The binary phase diagram of the CaF,; ThF, system. On the horizontal

axis the molar fraction of CaF, is indicated, the vertical axis the temperature in Kelvin.

The red dots are measurement points. Three distinct solid phases can be distinguished,

Th:CaF,, Ca:ThF, and ThCaFg. The eutectic point can be found at 1224+6 K. At 0.91

CaFy molar fraction there is a solid to solid phase transition from CaFs; to ThCaFg.
Taken from [182]

3.1.6 Health and Safety Considerations

Working with radioactive substances is accompanied by risks. During growth, some of
the material will evaporate and contaminate the growth chamber. It will deposit on the
carbon crucibles and possibly disperse as dust upon opening the growth chamber. While
cutting and polishing grown crystals, again, dust may contaminate the air. Thorium-
229 is the third most mortal and morbid common radioactive substance upon inhalation,
after Curium-250 and Protactinium-231 [185]. The morbidity and mortality is mainly
due to the three a-decays in fast succession in the 22Th decay chain. The triple a-decay
is the main characteristic which makes it attractive for targeted cancer irradiation in
medical applications [186]. To protect against exposure to radioactivity, gas masks and

protective clothing will be worn during the process.
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FIGURE 3.6: Seed crystals with 3.2 mm diameter, 12mm length and 2mm diameter,

5 mm depth pocket used for growing highly doped 22Th:CaF,. This pocket is filled

by using a small aluminum funnel (see figure 3.10) that fits perfectly in the graphite

crucible and matches the pocket diameter. This small funnel is filled using the aluminum
container and large funnel (see figure 3.9).

3.2 Crystal Growing Devices, Growing Process and Opti-

cal Finishing

The initial goal at the beginning of this thesis was to increase the doping concentration
of 29Th in single crystal CaFs using the VGF method. The previously designed VUV
excitation setup (chapter 5) and x-ray excitation setup (chapter 7) would be unable to
measure a nuclear VUV signal unless the concentration would be increased. Due to the
low availability of 22Th, the only method to increase the doping concentration was to
reduce the volume of the crystals, so the diameter was decreased from 17 mm to 3.2 mm,
and the length from 40 mm to 5 mm. The main difficulty was finding a supplier for small
seed crystals. In the end the smallest seed crystals to be found were 5mm diameter,
available from the companies: Korth, Mateck and Alkor. Afterwards Hyperion optics
was employed to mill these crystals down to only 3.2mm diameter and drill a small

pocket in the top, see figure 3.6.

To grow CaFs crystals, a high temperature crystal growing device is needed that can
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contain a non-oxidizing atmosphere. Temperatures above 1500°C are needed, and the
CaF'y needs to be protected from O to prevent oxidation. In this work it was chosen to
grow the crystals under vacuum to prevent oxidation. Aside from growing in a vacuum,
so called oxygen scavengers are used to remove trace amounts of oxygen to prevent

oxidation.

Before growth, preparing a CaFy powder containing scavenger and dopant requires a well
controlled chemical procedure. During growth, a well tailored temperature cycle was
designed in [172] to remove water from the initial powder and reduce defect production
in the crystal during the growing process. This cycle consisted of: Drying, oxygen

scavenging, melting/growing, annealing and slow cooling down.

A large improvement as to the crystals grown previously is using RAMAN/Excimer
grade seeds and extra pure CaFs powder with reduced metal contamination. The RA-
MAN/Excimer grade seeds are grown using chemically purified CaFy powder. Both
names (RAMAN/Excimer) are used by companies because they supply two markets:
Low contamination to reduce background in Raman spectroscopy and robustness to
damage from VUV light for excimer laser related experiments (157 and 193nm). In the
past [172], infrared grade CaFs was used which undergoes little chemical purification.

Especially yttrium contamination causes degradation of VUV properties [187].

In the end, this chapter covers the cutting and polishing done to the grown crystals to
prepare them for optical measurements. Down to 1 mm? crystals were cut and polished

for experiments.

3.2.1 Decreasing Grown Crystal Diameter from 17 mm to 3.2 mm

As described above the concentration of 22Th needed to be increased in order to design
viable experiments. By decreasing the diameter of the seed crystals and therefore the
doped crystals by a factor of % ~ 5 the volume decreased by a factor of 25 while
keeping the length equal. We also decreased the length of the crystal from 40 mm to
5mm, decreasing volume by another factor of 8. When using the same amount of ?2°Th,
the concentration will increase by 200 times and thus in any experiment with a beam spot
smaller than the diameter, the signal will increase by a factor of 200. The experimental

process of decreasing crystal diameter is shown in figure 3.7.

The diameter of the inner crystal crucible (see figure 3.8) was adapted and decreased
to the different available seed diameters. By fitting the crucible diameter to the seed
diameter, the crystal was centered in the growing setup. The fitting diameter also

promoted heat conduction and allowed us to plainly put the powder on top of the
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F1GURE 3.7: The experimental steps undertaken reducing the crystal diameter from

17mm to 3.2mm. Crystals were cut to different lengths. Diameters were limited by

the diameters available for seed crystals: 17mm, 10mm, 8 mm and 5mm. The last

miniaturization step to 3.2 mm was done by milling down a 5 mm diameter seed by an
optics company (Hyperion optics).

seed crystal. Small steps were taken in miniaturization in order to keep check on all
parameters that govern the crystal growing process, for example: heat capacity of the
materials, flow characteristics in the melt, absolute melting temperature and ambient

pressure.

By decreasing the size of the crystals the steep temperature needed to be more precisely
controlled. Small changes in temperature would more rapidly result in full melting of the
crystal or no melting at all. For the larger crystals there was a larger tolerance for errors
in the calibration due to higher heat capacity and usually larger length dimension. One
benefit of growing smaller crystals is the reduced probability of turbulent flow caused by
convection within the melt: According to the Reynolds number, problems of convection

and turbulent flow should decrease with decreasing size.

The first steps in growing smaller diameter crystals were done using the same method
as described in [172]: The doped CaFy powder was placed plainly on top of a seed and
the growth process was started. In this phase two scavengers were tested: ZnFo and
PbFs. The scavenger PbFy gave the highest VUV transmission around 150 nm as was
observed before [188].

The small amount of powder used in these processes was prone to fall beside the crystal,
in the crevices between crystal and crucible. When a ?2Th crystal would be grown this
would mean a doped single crystal would be grown on the side of the seed crystal, not

on top. This would reduce ??Th doping concentrations of the top. To counter this, a
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FicUure 3.8: Crystal growing machine used to grow 3.2mm diameter crystals. On
the left side is a horizontal cut displaying the graphite heating element with the iso-
lated vertical thermocouple through the center. Right image displays a vertical cut
which shows all of the main components of the vertical gradient freeze growing ma-
chine and a zoom in of the crystal location. The vertical thermocouples are made of
platinum/rhodium (Pt30Rh-Pt6Rh) with an alsint casing. The horizontal thermocou-
ples are made of molybdenum. The vacuum seals for the thermocouples are made of
vyton, which is able to withstand both the low pressure fluorine atmosphere and the
high temperatures which still persist at the ends of the thermocouple. Water is run
through the steel vacuum chamber to provide cooling.

2mm hole was drilled in the center of the 3.2 mm diameter crystals (3.6). This pocket

would contain the dopant powder without losses to the sides.

3.2.2 Preparation of 22°ThF,:PbF,:CaF, Powder

The following describes the preparation of 45mg of 22ThF,:PbF,:CaFy powder for
growing crystals with 3.2mm diameter and 10 mm length. Here values are reported
of the process since only a limited amount of ??Th was available. The powder for
crystals grown with 232Th used the same process and ratios as the one described below,
producing 15 mg of powder for every crystal. Only the highly 2*Th doped crystals used
a different method of powder preparation, described below (3.2.3). The ThF4 and PbFs
were coprecipitated. This way the small amounts of 22ThF, (=15 ug to 1mg) were

incorporated in a larger quantity (>1mg) for practical handling in the crystal growing.

229Th (7.9 MBq, Oak Ridge National Laboratory, in dried nitrate form) was dissolved
in 0.1 M HNOs3 Suprapure grade (Sigma Aldrich) prior to use. All reagents CaFq (Alfa
Aesar), Pb(NO3)s (Sigma Aldrich), PbFy (Alfa Aesar), 40 % HF (Sigma Aldrich) were
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purchased from commercial suppliers in trace metal grade and were used as received.
Using higher quality CaFy powder increased the VUV transmission of the grown crystals.
Water was purified in-house by triple distillation.

In a centrifugation vial a solution of ?2?Th in 0.1 M HNO3 (9 mL, 5.5 MBq) was mixed
with lead(II) nitrate (2.9 mg) and precipitated as 229 ThF,:PbFs by subsequent addition
of hydrofluoric acid (40 %, 1mL). A white precipitate appeared immediately and was
allowed to rest over night. The supernatant was carefully removed using a pipette after
centrifugation and the precipitate was washed with triple distilled water (2mL, 6 times).
After the fourth washing step, the supernatant was tested for remaining free fluoride
ions by adding a small portion of an aqueous solution of CaCls. No appearance of any
white material confirmed the absence of free fluoride ions, and two additional washing

steps were performed.

The 29ThF4:PbFy was then poured into an aluminium container (No. 1, figure 3.9) with
a small portion of water and allowed to dry in an oven at 80°C until weight was constant
(4days). Then CaFs (28.3mg) was added to the 22 ThF4:PbF5, mixed thoroughly and
measured via 7 spectroscopy. The v spectroscopy was performed with a 151 cm?® HPGe
detector from Canberra Industries (1.8 keV resolution at the 1332 keV %°Co peak; 50.1 %
relative efficiency), connected to a PC-based multi-channel analyzer with preloaded filter

and Loss-Free Counting (LFC) system.

The powder was then combined with a previous batch of 22ThF4:PbF5:CaFs (15mg,
containing 0.3 MBq 229Th) to give a total amount of 45 mg ??°ThF:PbF,:CaF, with a
weight ratio of 0.33:1:14 and a total activity of 5.8 MBq ?2*Th used. The previous batch
originated from a trial run of above mentioned method. The stock powder was then
split in 3 parts of equal amount by weight (15mg) to give three aluminium containers
with equivalent material (No. 1, No. 2, No. 3). All vials were measured with gamma-
spectroscopy in the same geometry to check the distribution of activity between the
containers and stored in a desiccator until used. Due to losses during the process 4.7 MBq

out of 5.8 MBq 2?Th were obtained as usable powder.

3.2.3 Preparation of 232ThF,:PbF,:CaF, Powder

Two different methods for the 232ThF,:PbF5:CaF; sample preparation were used. Method
A was used to prepare 232Th containing powder analogous to the ??Th powder. Then
conditions (ratios between components, water content, contamination, etc.) were kept
constant between growing 232Th:CaFy and growing 2?*Th:CaF,. Method B was used

when different ratios between components should be tested. Using this method avoided
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the lengthy coprecipiation which allowed for quick testing. Losses of Th were not im-

portant in this method because the abundant 2*>Th was used. The two methods were:

A: The sample was prepared analogous to the 22ThF,:PbFy:CaFy procedure de-

scribed above using 232ThNOj3 instead of 22 ThNOs. A small amount of 22 ThF 4:PbF5:CaF5

was added (1kBq of ?2*Th) to the 232ThF,:PbF5:CaFy powder for tracing pur-

poses.

B: The sample was prepared by mixing commercially available CaFy, PbF9 and
282ThF,. Then 1kBq of ??Th was also added for tracing purposes.

3.2.4 Filling the Pocket in the 3.2 mm Diameter Crystals

The final step of the powder production, drying, was done in an optically polished
aluminum container (figure 3.9). A funnel where the inside is also optically polished
is then connected to the top by screws. The end of the funnel fits on a second funnel
(figure 3.10) which is placed in the empty space in the inner crystal crucible (figure 3.8)
above the 3.2mm crystal. This way one could flip the container directly into the second
funnel which would guide the powder into the pocket of the 3.2 mm crystal. By tapping
the container, second funnel, and crucible, all powder is transferred to the crystal. The
amount of material left in the container was less than the minimum error of the scale
(0.1 mg). Residual radioactivity measured with a proportional counter in container No.
1 was less than 100 Bq: It is unsure if this was due to daughters of 22 Th being implanted

into the walls during radioactive decay or also 22Th itself.

By polishing the container, less powder will get stuck on surface irregularities during
the transfer process. The container was made out of aluminum such that the powder
would not be charged by static electricity. Static charging caused the powder to get
stuck on the walls in previous versions of the transfer process. The entire procedure
took place in a fume hood in the radiochemistry lab and the inner crystal crucible was
immediately placed carefully by inverse tweezers into the larger crucible and closed. The

larger crucible was then transferred to the crystal growing device for growth.

3.2.5 Growing (doped) 3.2 mm Diameter Crystals

By using a smaller inner crystal crucible and accurate calibration of the previous 17 mm
diameter setup we have been able to grow 3.2mm diameter single crystals with a ra-
dioactive dopant using the vertical gradient freeze method (see section 3.1.4). This

method was developed in our group in cooperation with the Fraunhofer IISB to grow
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FIGURE 3.9: Aluminum container for 22°Th powder and funnel that can be mounted

on top of the container. The insides of both components was polished to optical quality

using diamond paste to reduce powder sticking to the walls. One milligram of powder
can be barely seen on the bottom of the container.

FIGURE 3.10: Small funnel used to fill the small seed crystal (see figure 3.6). This
funnel connects to the crystal and the large funnel such that powder can be filled from
the large container up to the crystal with minimal losses.

17mm diameter crystals with minimal dopant losses [172]. The biggest advantage of
this method over other methods like Czochralski is that the crystal can be grown at any
speed (<0.5mm/h) without changing the diameter and the crystal volume can be kept
small to ensure high (10'® cm™2) doping concentrations with the extremely rare ??*Th
isotope. The Reynolds number decreases for smaller crystals (o< L) which indicates more

laminar flow and thus easier crystal growth in the liquid phase.

We decreased the length of the crystals from 40 mm to 10 mm to further increase doping
concentration. Due to this length reduction the melting front needed to be more accu-

rately controlled such that a single crystal was grown. The 5mm diameter seeds were
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FIGURE 3.11: Tools used to fill the 1 MBq 2?°Th powder into the 3.2mm diameter
crystals inside the fumehood of the radiochemistry lab.

bought from Korth, Mateck and Alkor and then sent to Hyperion Optics to be milled
down from 5 mm to 3.2 mm diameter and to drill a 2 mm diameter hole in the top, 5 mm
deep as can be seen in the zoom in of figure 3.8 and in figure 3.6. The grade of the crys-
tals bought was RAMAN /Excimer, as detailed above. In [172] infrared grade crystals

were used which contain more metal contaminants which reduces VUV transmission.

To summarize the growth method: A powder (UF4/ThF,:PbF5:CaFs) is put on top of
a pure CaFy single crystal seed. In our case a pocket in a 3.2mm diameter CaFy seed
crystal (see figure 3.6) is filled. A steep temperature gradient is applied such that the
powder melts at the top of the crystal, but not the bottom of the crystal. Then the
gradient is slowly moved upward such that the melt freezes and takes the orientation of

the single crystal seed.

The result of this process is a doped single crystal fused to a pure single crystal, as
is visible in figure 3.12. The 233U:CaF5 single crystal was partly molten into the seed
crystal. Uranium was used in the first attempts due to our experience with it [45], and
its strong coloring effect on CaFy which would clearly show the melting boundary which

would ensure single crystalline growth.

These crystal are grown using the same temperature recipe as the former 17 mm crystals
[172]. A crucial difference is the temperature calibration procedure. The most crucial
process phase is the hottest temperature, when the crystal is partly molten into the
seed crystal. In this step the top heater is set to the hottest temperature and left at
the same temperature for all crystals grown. This way one can produce the steepest

temperature gradient over the crystal. Now only the temperature of the bottom heater
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FIGURE 3.12: 23%U:CaF, single crystal grown as demonstration of the method. The

melting boundary can be clearly seen in the color difference. The bottom (left) is

slightly colored due to Uranium outgassing from the carbon crucible that accumulated

there in earlier growth cycles and penetrating the upper layer of the CaFy crystal. Top
of the crystal is on the right.

needs to be changed such that the melting boundary is positioned halfway into the seed
crystal. The position of the temperature gradient can be identified after the growth by

visual inspection for uranium doped crystals, see figure 3.12.

To calibrate at which temperature Th:CaFy needs to be grown, the more abundant
232Th is used. Since thorium does not colour the CaF5, the smallest possible amount
of ?2Th is added to 232Th doped crystals (~1kBq) to identify how far the dopant
penetrated into the crystal using the gamma spectrometer. A typical result can be seen
in figure 3.13 for crystal C5. Once the correct growth temperature was identified 2 Th
powder was used to grow the 229Th:CaFy crystals. In the end, this was not needed
for highly doped (> 10'® cm™) 229Th:CaF5 as they colored orange where the 22 Th was
doped, see figure 3.21.

One important characteristic that was identified is that the temperature calibration
drifts significantly. This was due to the outside temperature changing (non-ideal lab
conditions) but also the inside temperature (aging of material). The thermocouples

only measure the difference between the temperature inside the oven and outside so by
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FIGURE 3.13: Concentration profile of 232Th doped into CaF, by measuring a known
ratio of 229Th to 2*2Th on a v spectrometer. From top of the crystal (left) to 7mm
down into the crystal the concentration decreases slowly. This indicates that the dopant

is incorporated well into the lattice with almost no freezing distillation occurring. After
7mm a sharp drop in 23?Th concentration is observed, indicating the melting boundary.

measuring the outside temperature independently the drift on the inside of the system
could be isolated. An independent measurement was set up to measure the outside

temperature.

The set and actual temperature on the inside thus did not correspond inside the crystal
growing chamber (3.8). Due to this inconsistency, shortly before reaching the melt-
ing stage of the growing process the temperatures indicated by the thermocouples was
checked. By looking at the behavior of the top and bottom thermocouples, which did not
age much, it could be determined if the side thermocouples were off due to aging effects.
If deviations were seen the temperature was adjusted accordingly. This calibration was
necessary to consistently melt partly into the seed crystal and thereby producing doped

single crystals by always producing a similar temperature gradient.

3.2.6 Growth Process

To grow the 3.2mm diameter, 1cm long crystals, first the seed was filled with the
prepared powder. The filled seed was then placed in the VGF crystal growing machine
(figure 3.8). Using the VGF method (3.1.4), the seed was grown to a single crystal: By
controlling the top and bottom heaters a steep temperature gradient was created. Two
carbon heaters (left side of figure 3.8) are used to create the steep temperature gradient

over the crystal, partially melting it. Short term temperature stability is maintained
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with short horizontal thermocouples close to the heaters and absolute calibration is
done with long vertical thermocouples close to the crucible. Because the temperature at
the crystal pocket is not the same as the one indicated by the bottom thermocouple. An
iterative calibration process is needed to only melt the seed crystal midway. Important
here is to carefully monitor the in and outside temperature of the thermocouples to get
an accurate temperature measurement and avoid drifts in the system. The graphite and
alsint cannot touch, since at high temperatures these two react which slowly degrades

the casing of the thermocouples and can create vacuum leaks.

The temperature cycle of the growing process (shown in figure 3.14) is divided into five
sections: 1) 18 hours of heating up the system, outgassing, and restoring pressure (see
figure 3.15 2) 6 hours of scavenging oxygen through reaction with PbFy 3) 22 hours
melting the top half of the crystal and slowly freeze it again 4) 18 hours annealing
the crystal 5) 14 hours of cooling down. A vacuum of at least 10~*mbar is obtained
before growing. During growing (especially during section 1) the pressure can go up to

10~2 mbar. The growth typically takes 3 days.
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FIGURE 3.14: Temperature cycle versus time to grow 3.2 mm diameter crystals as set

and measured by the thermocouples indicated in figure 3.8. The sections as described in

the text are indicated as well. The entire process takes about 80 hours or approximately
3 days.

Due to the radioactive nature of the dopant, extra care has to be taken in the growth
process. On the pre-pump, carbon filters are installed to absorb the evaporated dopant.
The gaseous dopant also gets absorbed into the graphite insulation, which is highly ac-
tive after several growth cycles. Every growth, the insulation absorbs and releases some

dopant; cross-contamination of dopants was observed in a pure CaFs crystal grown after
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FIGURE 3.15: Pressure evolution during the temperature cycle versus time to grow

3.2mm diameter crystals. Temperature was taken from the top vertical thermocouple.

One can see that every increase in temperature increases the pressure, which after tem-

perature stabilization decreases again. Interestingly the pressure does not significantly
increase anymore at temperatures above 1000 °C.

growing a radioactively doped crystal. After every growth several tools need decontam-

ination.

One important aspect of growing CaFy crystals is the probability of incorporating oxy-
gen, especially at higher temperatures [188, 189]. The carbon crucible should at elevated
temperatures react with any background Os in the system but will not take out the HyO
which is adsorbed in the crystal powder, so called crystal water. The water will oxidize

the CaFs according to

CaFsy + HyO — CaO + 2HF. (3.2)

To mitigate this, oxygen scavengers are used: Fluoride compounds that react preferen-
tially with oxygen and water and which are successively transported away such that the

oxygen is replaced by fluoride:

CaO + PbFy — CaFq + PbO, (3.3)
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The gaseous oxides will then react with the carbon in the walls where they form COq

and solid metal on the walls

2PbO + C — Pb + CO,. (3.5)

PbFy and ZnF, were tested for the thorium doped crystals, as was first demonstrated
in [188] to work for undoped crystals. Better VUV transmission characteristics were
observed for thorium doped crystals with PbFy than with ZnF5, as was demonstrated

as well for undoped crystals. For all future growths only PbFy was used as a scavenger.

Melting a mixture of CaFy and ThF, will change the melting temperature, as investi-
gated in [182]. Since the amount of available 22 Th will not allow to grow higher doping
concentrations than 0.05wt % (1 MBq) to 0.5wt % (10 MBq) we do not expect signif-
icant changes in the melting temperature, which would affect our calibration process
depending on the doping concentration, or a partial phase transition to CaThFg (at
19wt %).

3.2.7 Cutting and Optical Polishing of Crystals

Grown crystals were cut using a diamond wire saw, see figure 3.16. The crystals were
fixated on a ceramic plate using seal wax. The ceramic plate with crystal was then
mounted on a rotation stage such that a 90 degree angle of the crystal axis and the
cutting plane could be ensured. This cut results in a cylindrical shape which is used
throughout the measurements in this thesis (figure 6.14 and 5.14). Also cubic crystals

can be cut, as was done for the x-ray experiments (see figure 3.18 and 7.15).

To ensure parallel cutting surfaces, the surfaces were cut by only transversely displac-
ing the crystal using a micrometer screw. The amount of pressure on the crystal was
increased during this thesis as opposed to previous procedure [172]; this reduced vibra-
tions of the wire making patterns on the cutting surface. Every slice of crystal would be
given a number to indicate which crystal it came from and which slice it is. For example

V12.1 is the top slice of V12 and Cal3.5 is the last slice of Cal3.

After cutting, the new surfaces would be polished using the polishing machine in fig-
ure 3.17. Here the crystal would be held by hand shortly on a P4000 SiC sanding paper
spinning at 200 rpm with as little pressure as possible. This was done to not change the
orientation of the surfaces and keep them parallel. A lubricant and cooling liquid needs
to be constantly provided on the polishing paper for good results. Instead of water, iso-

propanol was used to lubricate and cool the crystal during polishing. As was described
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FIGURE 3.16: Diamondtec wiresaw used to cut the small crystals. The diamond wire
had a diameter of 0.08 mm. By using a rotation stage the crystals could be accurately
cut.

in chapter 2, the isopropanol doesn’t increase the VUV absorption of the crystal as much

as water due to incorporation in the surface.

Using these methods, 1 mm? crystals were produced to be used for example in the x-ray
excitation experiments, see figures 3.18 and 3.19. Other crystals were left cylindrical,

producing less waste and thus lost 22°Th.

3.3 Produced ??%/232Th:CaF, Crystals

The crystals produced during this thesis can be divided into 5 categories that were grown
each with a specific purpose (see table 3.1). First the 5 mm diameter crystals were grown,
named after their diameter, and characterized to see what effect miniaturization had on
the optical quality. Here no seed was used which often led to vortexes in the crystal, see
figure 3.20. Here it was learned that growing a single crystal was important for the VUV

transparency, polycrystals had very low transmission. It was found that defects are more
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FIGURE 3.17: Buehler polisher used to polish the crystals. Since the holders were not
suited for the small crystals often polishing was done by hand. A P4000 SiC polishing
paper was used to polish the cut crystal surfaces.

FIGURE 3.18: Four 1 mm? and one 4 mm? ??2Th:CaF; crystals cut and polished using
above techniques.

easily created on grain boundaries and can move more easily over them. Especially VUV

radiation is heavily absorbed by these boundaries and damage the crystal more easily.
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F1cURE 3.20: CaF5 crystal grown with a vortex of bubbles. The origin of these vortexes

is unknown, but radial/longitudinal temperature fluctuations and convection could be

a cause. Often more and stronger vortexes were seen for crystals that were grown at
very high temperatures, increasing boiling.
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TABLE 3.1: Different categories of crystals and with which goal in mind they were

grown.
Name Diameter Goal Dopant
5mm 5 mm Reduce crystal diameter 22T
C 3.2 mm Grow 229Th:CaF 232/229Th
A% 3.2 mm produce high concentration of 2*2Th 232Th
Cal 3.2 mm Recalibrate for growth of 22Th:CaF, 22T
X 3.2 mm Grow high doped ?**Th:CaF, g

After this the C crystals were grown, named after ”crystal”, to learn how to grow 3.2 mm
diameter single crystals and in the end add 22 Th. Growing C crystals with 232Th doping
was initially successful and had good characteristics. The 6 MBq of 22 Th solution that
was bought from ORNL was divided in 1, 2 and 3 MBq to have three attempts at growing
229Th:CaF,. By measuring the 229 Th activity in the seed crystal before and after growth
in the v spectrometer in a calibrated geometry it was found that 20 % of the 22 Th that
was in the powder ended up in the crystal. The rest probably diffused into the graphite

crucible walls, as it was highly active.

The first attempt was the successful C10, this was followed by a new calibration C11
to ensure single crystals. After which two failed attempts followed, C12 and C13. The
apparent temperature to grow single crystals decreased, causing the seed to melt com-
pletely which resulted in polycrystals. Growing was stopped to plan a new course of
action. In the end it was found out that only 10% of all ??Th was used, the rest
remained on the walls of the container for chemical preparation. Because a lower con-
centration of thorium was used than expected, the melting temperature for single crystal
growth changed (see figure 3.5). The remaining fraction was separated to gain another

attempt at growing 22Th:CaF5 crystals.

To explore possible color centers in CaFy the V (for ” Version”) crystals were grown with
high concentrations of 232Th. After these the calibration for growing 2?Th:CaFs was
started again. Here the Cal crystals were grown to calibrate the growing machine for
229Th growth. The melting temperature for single crystal growth changed due to the

concentration change.

The X crystals (named after ”Xtreme activity”) X1 and X2 were then grown as the
ultimate attempt at 22°Th doped crystals. X1 was fully molten, and sadly a polycrystal
with bad transmission. X2 was a single crystal and at first seemed perfectly clear. After
3 days the doped part became orange and thus the doping boundary became clearly
visible see figure 3.21. All parts of X2 had very low VUV transmission, which meant it
was not suited for experiments. With the failure of X2 the last fraction of 3 MBq was

left unused.
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FicUure 3.21: X2 crystal directly after growth and 3 days later. The radioactivity
colored the crystal orange. By annealing the crystal it becomes clear again, but turns
orange again in a similar time frame as the first time.

All grown crystals and their characteristics can be found in table 3.2. In the column with
the amount of powder used the method used to prepare the powder (see sections 3.2.2
and 3.2.3), coprecipitation (coprec) or mixing (mix). The VUV transmissions were taken
with the setup described in section 4.2.3 up until crystal V8, after which the setup in

section 4.2.1 was used.

The best grown 22Th:CaF5 was the C10 crystal, with a concentration of 4-10'7 cm™ and
a VUV transmission of 45 % for a 2mm thick crystal. This top 2mm was characterized
for its Cherenkov radiation and then cut into four 1 mm? cubes with all but one side

polished, and one 2 x 2 x 1 mm slab with all sides polished (see figure 3.19).
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Chapter 4

Experimental Characterization of
229Th:CaF4, Crystals

To build a solid state nuclear clock, the most important component is the crystal plat-
form. In chapter 2, the literature knowledge and new calculations on (Th:)CaFy were
presented. In chapter 3 growth methods and its implications were explained. In this
chapter the VUV spectroscopy devices, setups, and methods used to characterize the
optical properties of the grown crystals are detailed. Following, is the results in the
form of: VUV transmission measurements, radioluminescence characterizations, Ra-

dioactively induced damage and microscopic solid state characterizations.

The basis of the excitation of the ???Th nucleus in the solid state environment and
later of a solid state optical clock is to understand the influence of the surrounding
material. The presence of the crystal as a host matrix will be seen through all processes
that happen in undoped CaFy which will affect the optical characteristics. Doping the
CaFy will modulate the processes occurring as compared to undoped CaFy which calls
for characterization. The doping will also create new processes for example: thorium
charge transfer states (CTS), large cluster defects and pinning of F centers as discussed
in section 2.3. The surrounding CaFy will affect the nuclear transition; to which degree
is still unknown. The suggested CTS can be used to excite the nucleus via electron

bridge processes but also might end up quenching the nucleus [29].

Growing the CaFs crystal contributes to understanding the processes in the material:
one is forced to think about the water content before growth, oxygen scavenger con-
tent and possible contaminants. By seeing the relation between growing parameters
and VUV transmission one can gain more understanding about the host crystal. This
understanding can then be fed back into the growing process to improve the procedures.

The characterizations done so, make it possible to accurately determine the viability of
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experiments designed to measure the isomeric photon emission in a solid. The dynamics
in the growing and irradiation of the radioactive crystals is a complex system, and is

therefore the focus of this thesis.

The characterization of 22Th:CaF, will provide the basis to understand the processes
in the grown crystals. When irradiating these crystals during excitation of the ??Th
nucleus, the complexity of the observations made will only increase. By understanding
the basis, the more complex processes in the interaction between nucleus and crystal can
be understood and eventually exploited to excite the 22Th nucleus in the CaF5 crystal

environment.

This chapter will first cover the VUV spectroscopic devices used in the characterization
of these crystals. These devices will be referred to in the following chapters as well
because they are used in any setup attempting to measure the photon emission of the

229Th nucleus. Many calibration curves and characterizations of these devices are given.

Afterwards two types of experimental setups are discussed: VUV transmission/absorp-
tion measurement setups that probe the transparency of the material and VUV lumi-
nescence detection setups that monitor the light output of the crystals due to their
inherent radioactivity (radioluminescence). These setups are used to characterize the
grown crystals directly after growth, at different temperatures, and after fluoride anneal-
ing. The damage incurred by radioactive decay is assessed and the microscopic character
of the grown crystals is probed by atomic force microscopy, electron microscopy, neutron

activation analysis, and electron paramagnetic resonance measurements.

4.1 VUV Spectroscopy Devices

The development of optics in the VUV wavelength region, 10 nm to 200 nm (or 124 eV to
6.2¢eV), was long dominated by the need for ever smaller transistors in the lithography
industry [190]. The lithography sadly skipped rather quickly from 157 nm to 13 nm. Now
the industry exclusively employs 248 nm KrF excimer laser (sporadically 193nm ArF
laser) and 13 nm higher harmonic generation in Sb, avoiding the VUV region altogether.
Partly due to no industrial interest, development in the VUV optics has been scarce and
this concern has been mentioned in the scientific community in the past [191]. Recently,
interest has been renewed due to the nuclear clock, but also due to other applications
[192, 193].

Using VUV optics is a difficult due to this lack in development. There is limited avail-
ability of high reflective optics and bright light sources. The need to work in inert gasses

or vacuum that is transparent to VUV increases the difficulty: many components are not
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compatible with operation in vacuum or non-air atmosphere. In order to manipulate the
229Th nucleus with light, bright light sources are needed. In the performed experiments
two VUV light sources were used: Hamamatsu Dy arc discharge lamps and Excitech
Elux electron beam lamps. Aside from these excimer lasers and pulsed VUV lasers will
briefly be discussed and compared to the lamps, as they are important for the future of
this research field. The main VUV spectroscopy tools used in this thesis are elaborated

on in this section: VUV monochromators, VUV light sources and VUV detectors

4.1.1 VUV Monochromators/Spectrometers

Spectral analysis of light that has interacted with matter can say a lot about the matter.
In the performed experiments, VUV transmission and fluorescence measurements are
central to studying the ?2°Th doped CaFy crystals. At the center of spectral analysis
are spectrometers who separate light into its spectral components. The main component

is a grating, specifically a reflective grating in the used spectrometers.

The effect of this grating is illustrated in figure 4.1. Light from a slit that falls on a
reflective diffraction grating will have a normal reflection (zeroth order). Due to the
wave nature of light there will also be higher order reflections: constructive interference
of light will diffract different wavelengths under different angles: dispersion. If one has
a spatially resolving detector, like a CCD camera, one can measure the spectrum of the
light. Alternatively, if the detector is not spatially resolving, the grating can be rotated

to record a spectrum.

The entrance light passes through a slit to provide a point like light source at the
entrance. The design of a Seya-Namioka type spectrometer is based on the fact that the
entrance light is a point source, which is focused on the exit of the device by the curved
grating [194]. In this design the wavelength focused at the centre of the exit slit can be
changed by rotating the grating. The entrance slit and grating together basically form a
system that separates light into its spectral components. This can be used as a spectral
filter when a slit is put at the exit focal point: when only allowing one wavelength to
pass the exit slit the light is effectively filtered. In this setup this device is used as a
monochromator where the output wavelength is chosen by rotating the grating and the
bandwidth is limited by the slit size and the resolution of the grating. When a camera
is put in the exit focal plane a full spectrum can be detected and the setup is used
as a spectrometer. In this way the same setup can be used to serve two purposes. In
this thesis, it is used as a spectrometer in combination with a CCD camera to detect
a spectrum and also as a monochromator in combination with a photo multiplier tube

(PMT) to detect one wavelength of light.
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Concave corrected
holographic grating

exit slit entrance slit

focal plane

FIGURE 4.1: The optical diagram of the McPherson 234/302 monochromator. The

main parameters are mentioned in the diagram, the spectrometer is symmetric such

that it can be also used mirrored. Because the grating produces multiple orders they

can overlap and cause false images at double the wavelength (150nm is imaged at

300nm as well). The zeroth order is imaged on the wall, which can cause stray light

(in reality it is much closer to the first order). The focal plane is under a 32° angle,
which is important if one installs a camera as a detector.

In general in the VUV region both flat and curved gratings are used to build spec-
trometers, examples are the Czerny-Turner[195] and Seya-Namioka [194] spectrometers.
Examples of suppliers are McPherson, HP Spectroscopy, Resonance and Horiba. Still,
few high efficiency spectrometers in the VUV range are available on the market. The
development of high efficiency and precision VUV spectrometers is still underway and
its not clear which optical design performs better in which situation. Also gratings can
produce spectral defects that reduce performance, such as Roland ghosts [196]. The op-
tical design of the spectrometers is based on mathematical approximations, which in the
end also limits their maximum resolution. Due to these mathematical approximations

the slit images have multiple orders and odd shapes [194].

In the end the resolution of a spectrometer is mostly determined by its grating. The
exact shape of the grating surface changes the spectral efficiency of a grating. Ruled
gratings have a sawtooth shaped surface, and provide the highest efficiency in the VUV.
By changing the facet angle the maximum of the spectral efficiency can be shifted,
which is the so called blaze angle. This is schematically represented in figure 4.2. In
the performed experiments all gratings have a blaze angle such that the most efficient
output wavelength is 147nm. When measurements are made with a precision A\ <
1nm, temperature stabilization of the entire system might be needed. The grating also
can (de)magnify the image of the slit, and in general will modulate its straight shape to

a more curved one.
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FIGURE 4.2: Magnification of the surface of a grating showing two grooves. Here GN

is the grating normal, FN the facet normal, fp the facet angle and «/f the angle

of incidence and angle of diffraction. The rule of thumb for the angle of maximum

efficiency of the grating, the blaze angle, is if the FN bisects the angles of incidence and
diffraction. Adapted from [196].

In the experiments detailed here only the aberration-corrected modified Seya-Namioka
McPherson 234/302 VUV spectrometer was used. It is a f = 0.2m focal length spec-
trometer designed for 30nm to 2200nm. The sum of incident and outgoing angle is
« + B, which is in total always 64°. The Seya-Namioka design makes it such that only
the grating needs to be rotated in order to change the imaged center wavelength on the

exit of the spectrometer. Figure 4.1 is a schematic representation of this spectrometer.

The maximum resolution is stated to be 0.1 nm FWHM for a 1200 lines/mm grating,
4+0.05 nm reproducibility, grating size is w - h = 40 by 45 mm and the f number is 4.5
(ratio between grating size and focal distance f). The f number is a figure of merit
of the acceptance angle of the spectrometer, and thus determines how much signal one
can capture in terms of solid angle. The actual resolution of the system is determined
by entrance and exit slit, as described in section 4.1.4 and equation 4.4. The resolution
improves with decreasing slit size, but also the signal decreases. This trade-off is at
the basis of these grating spectrometers. The alignment of the light source before the
entrance slit can be important, as it can affect calibration and the absolute measurement
of wavelengths [197]. The inside of these spectrometers is often anodized black, or
painted with black Aeroglaze z306 to reduce reflections of stray light. Aeroglaze z306 is
also used on the Hubble telescope to reduce reflection of light [198].

The amount of light captured in the spectrometer emitted by an isotropically emitting
point source directly in front of the slit can be calculated and used as a measure of
efficiency, n of the spectrometer. The efficiency of grating and detector (see figure 4.3)
can be added to that as well which estimates the total efficiency n::. The captured
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fraction of light is described by the ratio of the visible surface of the grating as seen
from the entrance slit, wh cosa, and a sphere at the grating position, 47 f2, which we

can estimate for the Oth order incoming angle ag = 32°

wh cos ag

P =0.3%. (4.1)
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F1GURE 4.3: Spectral efficiency of the grating and the diamond PMT used in the exper-
iments. These are non-verified datasheet values provided by McPherson Inc. (grating)
and Hamamatsu Photonics (R7639 diamond PMT).

The efficiency at 150nm is then for an outgoing angle of § = 20.5°, o = 43.5°: n =
0.26 %. The total efficiency is then 7. &~ 0.05%. As can be seen from equation 4.1, the
best way to increase the n of a spectrometer is reducing the focal length, and increasing
the surface area of the grating. By using reflective optics on the opposing side of the
isotropic emitter the efficiency of the system can be doubled. Omne cannot increase
efficiency further using focusing optics due to their linearity. One is limited by the
numerical aperture defined by the spectrometer. In equation 4.1 the (de-)magnification
by the grating of the image on the exit slit was not taken into account. In the case of a
CCD, this is also not relevant. It is also unclear what the grating manufacturer means
with grating efficiency which will affect the total efficiency, as it matters how this value

is measured.
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4.1.2 Hamamatsu D, Arc Discharge Lamp

Deuterium lamps are very bright and stable light sources ranging from 115 to 400 nm [199].
Many companies build Dy lamps, in these experiments only those produced by Hama-

matsu are used [200]. More specifically the L1835, and L15094 with an H2D2 lamp by

Hamamatsu.

The general operating principle is that a cathode is heated by a current and then a
trigger voltage is applied between 300 and 500 V to release electrons from the cathode
and ignite an arc. There is a focusing electrode that keeps the arc from discharging on
any of the other parts and guiding it towards the anode. This arc discharge will create
a plasma and excite the Do molecules which will release their energy in the form of heat
and photons. Deuterium is used as opposed to hydrogen due to the higher intensities at
lower wavelengths it can produce. Due to the higher atomic weight the plasma behaves

differently and produces more VUV light.
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FIGURE 4.4: Drift of the L15094 as measured after the VUV light passing the MgF,
window of the lamp itself, a mirror, a grating and ultimately measured by a CsI R6835
Hamamatsu PMT with amgs window. Each optical element will degrade over time,
which contributes to the decrease in signal. The noise on the PMT is not averaged out
in this figure to show the spread of points measured for each measured time point.

Deuterium lamps have an excellent intensity stability, the Hamamatsu L15094 has a
fluctuation of 0.05% peak to peak, drift of + 0.3%/h and the L1835 fluctuations of
0.5 % peak to peak and drift of 1%/h. The actual drift on target is larger due to the
detrimental effects VUV irradiation has on optics along the path. Over time windows and
mirrors will be damaged internally and coated by VUV-cracked leftover hydrocarbons

that are still present in the vacuum system. A typical drift seen in our setup is displayed
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FIGURE 4.5: Irradiance in the UV range and relative irradiance in the VUV range of a
D5 lamp. From these one can estimate the photon flux per wavelength by extrapolating
the UV irradiance to the VUV relative irradiance % ~ 10" nm!st.

in figure 4.4. The VUV and UV spectral distribution of these lamps can be seen in
figure 4.5.

The spectrum of a Dy lamp is built up out of many narrow lines [202]. If one had
a spectrometer with a very high resolution, the spectrum would look as in figure 4.6.
Note that because the Dy spectrum consists of many thin lines instead of a continuous
spectrum it is not considered to be used as excitation source for the nucleus, although
the photon flux per nanometer is theoretically higher than for other sources. If the
nuclear excitation does not overlap with any of the Dy lines, then excitation will not
be possible regardless of the photon flux. That is why the excimer lamp, described
below, was chosen as excitation source: It has a continuous spectrum. Another benefit
is that the excimer lamp is has a more confined spectral output. The broad spectrum
of the Dy lamp excites many states in the crystal which can contribute to background
and damage in the crystal, both unwanted, when trying to measure the extremely weak

nuclear fluorescence.

The Dy lamps of Hamamatsu conveniently come with their own power supply, and turn
on with the switch of a button. The L1835 needs water cooling, the L15094 only air
cooling (see figures 4.7 and 4.8).
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FIGURE 4.6: Dg arc discharge spectrum for an almost infinitely narrow linewidth.
Above 170 nm the Dy continuum starts. Data from [201]

FIGURE 4.7: Dy arc discharge Hamamatsu L1835 lamp. Connector to KF40 vacuum
connection is shown together with water cooling tubes.

4.1.3 Excitech Elux Electron Beam Lamp

The electron beam excited noble gas plasma lamp was first conceived in 1997 [203] as a

prototype. By now this light source has matured to a product sold by Excitech GmbH.

The main feature of this lamp is the cold excitation via an electron beam of the gas as
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FIGURE 4.8: Dy arc discharge Hamamatsu L5309 lamp. An improvised connector to
ISO-KF 100 vacuum connection is shown and on the back the air cooling fan can be
seen.

opposed to the arc discharge plasma. This ensures high efficiency conversion of input
power to output VUV emission. The consumed power of this device is around 10 W
as opposed to the 110 W of the Do lamp while providing approximately the same total
power (the excimer spectrum covers 10 times less wavelengths than the Dy spectrum).

The produced photon flux is % ~ 10" nm's!.

A schematic representation of the lamp is shown in figure 4.9. The electron beam is
produced by heating a BaO cathode in vacuum and applying 12kV between cathode
and anode. This beam of several pA is collimated by an electrode G1 with a small
negative voltage. It then is accelerated towards the first anode G2. This anode is
needed to pull electrons out of the cathode and overcome the work function of the BaO.
The beam is further focused to a parallel beam by a focusing electrode G3. The final
acceleration stage to 12keV of kinetic energy takes place towards the anode. After
the anode the electrons fly freely, and are steered by steering coils My and My to the
membrane. A SiNy 300nm membrane with a surface area of 1x1 mm is produced by
ion etching a 0.5 mm Si wafer and afterwards depositing SiNy on it via vapor deposition
[204]. Due to the thin ceramic membrane the 12keV low energy electrons retain much
more of their energy (=~ 70%) while passing through as opposed to conventional low

atomic weight membranes like titanium.

The electrons then collide with a noble gas in the gas cell which excites the atoms.
The excited noble gas atoms now have an unbound valence electron, and are able to
form a metastable molecule with a ground state atom, called an excimer. When this

excimer decays it produces characteristic light depending on the species used. This
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FIGURE 4.9: Inner construction of the Excitech lamp. Electron optics, membrane,
vacuum cell, gas cell, heater and window are shown. The electron beam moves from
the BaO cathode to the anode while being collimated by G1, accelerated to G2, focused
to a parallel beam by G3 and aimed through the Mx My steering coils through the SiN
membrane into the noble gas which produces excimers. An ion pump keeps the vacuum
in the electron gun side to better than 10" mbar and another ion pump keeps the noble
gas side free of contaminants that leak in such as H,O, Os and hydrocarbons. Species
other than noble gasses and CHy4 are pumped more efficiently by ion pumps due to
their lower ionization energy.

excitation is broad and quasi-continuous due to the nature of the decay, see figure 4.10.
The potential between the excited and ground state atom is attractive, but for two not
excited atoms repulsive. Depending on the separation between the atoms upon decay

the energy released changes significantly.

In figure 4.11 the different emission spectra can be seen for different noble gas species
[203]. In order to increase light emission efficiency different mixtures of gasses are used.
For the argon excimer 1bar of argon is used. For the krypton excimer 100 mbar of
krypton is backed by 1 bar of argon. For the xenon excimer 100 mbar of xenon is backed
by 1bar of argon. These mixtures reduce the probability of collisions between same
species noble gas but still provide high cooling rates (aside from the light argon). In
figure 4.11 one can see lines from different contaminants in the noble gas chamber,
these can conveniently be used for calibration. The xenon spectrum was taken using a
700 micron slit due to the low intensity, other spectra with a slit of 200 microns. This
can be recognized by the width of peaks in the spectrum. Later it was found out
that the lower intensity was due to a broken membrane which was leaking out xenon,
obstructing both the electron beam and reducing the gas pressure in the noble gas
chamber. The plasma does not only produce VUV light, but also some visible as can
be seen in figure 4.12. A krypton plasma is orange, argon is blue, and xenon is weak

pinkish.
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FIGURE 4.10: Simplified potential energy diagram of molecular xenon. The bound

excited state decays to the repulsive ground state for which the potential energy signifi-

cantly changes depending on internuclear separation. Because of this the de-excitations

of excimers is broad. For higher excitation of xenon different excimer emission is ob-
served, but the higher excitations are more unlikely to be produced.

Intensity drift with time of this lamp was tested, and seem to behave excellent over time
as can be seen in figure 4.13. A part of the electron beam will hit the walls of the system,
leaked in contaminants, and the electrodes. This can sputter and release atoms in the
system, which can be ionized by the beam. Because the beam is negatively charged the
positive ions will be accelerated to the beam and ultimately towards the BaO cathode.
There the ions can sputter the BaO and create more contaminants. These processes
create the possibility for more reactions in the electron gun chamber which can have
a variety of effects. The cathode can become poisoned. This means that a layer of a
different material has formed on top of it which strongly increases the work function

and prevents electrodes from escaping the cathode.

By heating the cathode to extreme temperatures, the layer can be removed. By applying
high voltage in a bad vacuum this layer can also be removed by sparking. A last option
is to put a large negative voltage on G1 and reflect electrons back onto the cathode
to sputter the layer. Often the layer is only formed in the center where the ions can
pass the collimator and electrons produced elsewhere on the cathode can contribute to

sputtering the layer.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 4 Experimental Characterization of 22Th:CaF, Crystals 96

Argon
Krypton
Xenon

Scaled Intensity (a.u.)

110 120 130 140 150 160 170 180 190
Wavelength (nm)

FIGURE 4.11: The spectra produced by the Excitech lamp for different noble gasses in
the gas cell at the end of the electron beam. These spectra were measured in house. It
can be seen that there is cross contamination of Xe in the Kr spectrum, and Kr plus Xe
in the Ar spectrum. These contaminations decrease the ultimate light output. Argon
and Krypton spectrum were taken with a 200 micron slit, xenon spectrum was taken
with a 700 micron slit using the 234/302 McPherson spectrometer and a CCD camera.

FIGURE 4.12: Orange krypton lamp plasma taken with a normal camera. The two
holes for the ion getter pump are visible as well as the square silicon wafer. Behind the
orange plasma the silicon nitride membrane is situated.

Another effect is due to the dissociation of hydrocarbons. The free carbon can form
carbon nanotubes on the electrodes. These nanotubes start sparking under high voltage,
which damages the system. They can be removed by electron irradiation or ’burning’

them in a bad vacuum using high voltage sparks.
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F1GURE 4.13: Drift of the 1.L15094 as measured after the VUV light passing the MgF5
window of the lamp itself, a mirror, a grating and ultimately measured by a CsI R6835
Hamamatsu PMT with amg, window. Each optical element will degrade over time,
which contributes to the decrease in signal. The noise on the PMT is not averaged out
in this figure to show the spread of points measured for each measured time point.

4.1.4 Calibration of a VUV Spectrometer

FIGURE 4.14: Top (left) and side view (right) of setup to calibrate the McPherson
234/302 spectrometer. Only in the side view a pump and detector (Hamamatsu CsTe
R6836 PMT) is attached, in the top view these were not attached. The entire setup
was mounted on an easily transportable rack. A shutter and filter wheel were installed
to block the light remotely and reduce the light intensity. The light of the Do L1835
lamp was focused on the entrance slit of the spectrometer to increase intensity.

To have an accurate measurement of the wavelength of a measured spectrum the spec-
trometer needs to be calibrated. The McPherson spectrometer comes with a rough
built-in calibration which is displayed by a dial on the chamber. This calibration is
only correct for a 1200 lines/mm grating. A Do lamp was used in combination with a
PMT that was far away from the exit slit to calibrate the setup as shown in figure 4.14.
Calibration with a Do lamp is difficult, because the position of the peaks depends on
the resolution [205] as can be seen in figure 4.15. To properly calibrate a setup using a
D5 lamp, one needs to measure the entire spectrum and fit all lines simultaneously for

resolution with a simulated spectra produced from known calibrated data. The difficulty
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FIGURE 4.15: Simulated Dy VUV spectrum using data from [202] for 3 different reso-
lutions. Note the apparent shift in peak position.

in this is that the optical components have an unknown spectral behavior due to their
constant degradation in vacuum under VUV radiation. Mostly the short wavelengths

are affected by this. The actual spectral efficiency of the grating is also poorly known.

The resolution limit (minimum peak separation) AAgr of a grating in Seya-Namioka
configuration is a combination of the minimal resolvable resolution of the grating A(\),

and A(\)s, the resolution reduction caused by the size of the slit.

ANr = VAN)Z+ AN (4.2)

The minimal grating resolution A(A), can only be calculated numerically and the en-

trance slit width (As) can be modeled according to Namioka [194]:

Ascos 8 2
AN)g =] AN)2 — 4.3
(M \/<>r+(gm,) (4.3
where f3 is the outgoing angle, n the order, r’ the distance from grating to exit slit and
g the line density of the grating (mostly g = 1200 lines/mm was used). Normally, the
resolution is defined through the Rayleigh criterion but often the FWHM of a peak is

used to simplify measurements. The difference is a factor %‘%, we will only use the
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FWHM definition which is smaller than the Rayleigh criterion. To add the exit slit
width (Asezit) in the equation:

anr anr

2 ' 2
A()\)R _ \/A(A)% 4 (Asentrancle COSﬁ) + <A55mt COSO[) 7 (44)

where r is the distance from entrance slit to grating. The experimental resolution was
determined by simulating the Dy spectrum f’(\) by convoluting each molecular line with
a gaussian shape and summing all of them, then calculate, which of these spectra had
the smallest normalized integrated overall distance to the experimental spectrum f(\).

This is mathematically described by

S VT = PP

= RO

(4.5)

where practically the bounds of the integral run from 110 nm to 170 nm. For this a MAT-
LAB code was developed. While fitting this spectrum, one could extract the resolution
of the system and the shift of the wavelength as opposed to what the McPherson dial
shows. The Dq spectrum was measured by measuring the PMT count rate in 0.1s bins
while continuously rotating the grating with an angular speed that represents 4A/ min

from 110nm to 170 nm. In table 4.1 the calibration results for different slit openings are

shown.

Slits (pm) en- Offset Theoretical Experimental
trance/exit (nm) A(N)g (nm) R (nm)
20/20 -0.81 0.12 0.12

100/100 -0.75 0.36 0.28

150/150 -0.70 0.52 0.56

100/150 -0.72 0.47 0.47

150/100 -0.68 0.42 0.41

TABLE 4.1: Calibration of a McPherson 234/302 VUV spectrometer with a Dy lamp
by comparing a simulated Dy spectrum to an experimentally measured one. A small
drift can be seen in the offset depending on slit size. This drift is probably due to
the non-homogeneous illumination of the slit with the deuterium lamp and thus the
grating. These optical misalignments can cause shifts in the range of 0.5nm [197].
The experimental resolutions match up very well to the theoretical values, calculated
by equation 4.4. Exception is the 100/100 measurement, here the measurement is
consistent with a 100/20 slit size setup. Possibly hysteresis in the slit opening caused
a smaller slit size than what was set.
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4.1.5 Photomultiplier Tubes

The Photomultiplier Tube, or PMT was invented somewhere in the 1930s but its first
inventor is contested [206]. The PMT uses the photoelectric effect to produce an electron
from a cathode that is hit by a photon. In order to manipulate the electron, the inside
of the tube is a vacuum. This electron is then accelerated to the next stage (dynode)
where it kicks out many secondary electrons on the dynode. These are then accelerated
towards the second dynode, where more secondary electrons are created and accelerated
towards the third dynode. This process amplifies the photoelectron from the initial
single photon via an electron avalanche by many orders of magnitude (gain of 105 to
107).

PHOTOELECTRONS

0=PHOTOCATHODE
10=ANODE
110 9=DYNODES

FOCUSING ELECTRODE

INCIDENT —
LIGHT

1to 10 =DYNODES
PHOTOCATHODE 11 = ANODE

FIGURE 4.16: Two different designs of PMT. A side-on (upper figure) and head-on
(lower figure) PMT; red arrow: incoming photons; red lines: electron trajectories.
Taken from [207].

In the end, the electrons are captured by an anode and continue as a current signal.
In the case of many photons, a constant current will be created. In the case of single

photons very short pulses will be created (~ns). By measuring this signal, photons can
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be measured extremely efficiently, even single photons can be counted. By looking at
pulse height and shape, some background can be filtered out if the size and shape of
a signal pulse is very well known. The electronic signal strength is then very linearly
proportional to the input photon flux [207]. Two PMT designs are often used, so called

side-on and head-on. These are illustrated in figure 4.16.
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FIGURE 4.17: Spectral efficiency of three different CsI PMTs (from left to right: R6835
HO, R10454 SO, R8487 SO). Taken from [207].
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FIGURE 4.18: Spectral efficiency of a CsTe PMT (R6836 HO). Taken from [207].

In the experiments described here, both side-on (SO) and head-on (HO) were used
and three different cathode materials, all from Hamamatsu Photonics [207]: Diamond
(R7639 SO), Cesium Iodide (R6835 HO, R10454 SO, R8487 SO) and Cesium Tellurium
(R6836 HO). The different cathode materials and designs change the spectral efficiency
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FIGURE 4.19: Spectral efficiency of a Diamond PMT (R7639 SO). Taken from [207].
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FIGURE 4.20: Change in PMT efficiency due to an external magnetic field. Taken from
[207].

of the PMT as can be seen in figures 4.17, 4.18 and 4.19. The two designs (HO and SO)
mainly change the efficiency of the system and its susceptibility to external magnetic
fields. Because the SO is circular, it is less susceptible to magnetic fields than the

linear HO as can be seen in figure 4.20. In all experiments, breeder circuit plugs from
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Hamamatsu were used to distribute voltage over the electrodes of the PMTs. These
circuits are effectively voltage dividers and take a high voltage and divide it over the
respective dynodes in the correct ratio. Aside from providing the voltages they also
compensate for nonlinearities in the PMT by using buffer capacitors for example, see
[207]. For the SO PMTs E717-74 breeder circuit plugs were used and for the HO E717-
63. Positive and negative high voltage plugs were used. The benefit of running the
PMT at positive high voltage is that no electrons will find ground towards the walls of
the PMT instead of the anode. A downside is that the signal is at high voltage so a

outcoupling capacitor needs to be used.

Even when no photons reach the PMT, a current will run, which creates a background
for any photon counting measurement. This background is called dark current and

occurs due to:

- Thermionic emission from cathode and dynodes.

Leakage current between the different pins on the PMT.

Field emission current.

Scintillation of the PMT glass producing photons that produce a current.

The thermionic emission current I can be characterized by [207]

oW
[ = AT/ 5T (4.6)

where A is a constant, 7" the absolute temperature of the cathode/dynode, g. the ele-
mentary charge, kg the Boltzmann constant and ¥ the work function of the material.
The work function is the amount of energy needed for an electron to leave the material.
Naturally this is a very material-dependent parameter, so different PMT materials have
different thermionic emission rates. From equation 4.6 we can see that reducing the tem-
perature, the dark current is reduced exponentially. When a PMT is cooled down the
thermionic emission current and thus the total dark current will reduce, until another
background source dominates. It has been shown that when a PMT is cooled down too
much, dark current increases again and the reason for this is still unclear [208]. The
exact temperature of this depends on the used cathode material but in general are lower
than -30°C.

Leakage current is a result from imperfect isolation and the low currents that are involved

in photon counting. A very high resistance (10'2 ) will still at high voltage produce a
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nA current according to Ohm’s law. This will then be linearly dependent on the voltage

put over the PMT.

When a high voltage is applied on the PMT, electrons can possibly be pulled directly
from the cathode and produce a current. This is called field emission current. To
counter this a PMT should not be operated more than its recommended maximum

supply voltage, and ideally only 70 to 80 % of the maximum.

Most PMTs are made of VUV fused silica, and have a window of either VUV fused silica
or MgFy. When the glass is hit by a high energy particle the fused silica and MgF, are

known to scintillate, just as CaFs.

1500 kV 2000 kv

¢ Dark Noise . + Dark Noise
+ 150nm Signal + 150nm Signal

0 20 40 60 80 100 0 200 400 600 800 1000
Threshold [mV] Threshold [mV]

F1GURE 4.21: The L1835 Hamamatsu Dy lamp was measured at 150 nm using different

threshold voltages. The ratio between dark current and signal was studied to find the

optimum signal-to-noise-ratio for different voltages applied on the R6836 HO CsTe
PMT.

The HO Csl and CsTe PMTs were characterized for their dark current behavior as a
function of temperature and threshold voltage setting. The threshold voltage is the
minimum height a current or voltage peak needs to have in order to be registered as
a signal. This is done to discriminate thermionic emission from the dynodes, which
in general has a lower pulse height, than from photoelectrons from the cathode. The
threshold voltage was characterized in figure 4.21. The dark current behavior of two
types of PMT were tested because no data was available. The vacuum cooling setup for
this is described in section 4.3. The results can be seen in figures 4.23, 4.24 and 4.22
and the stability of dark counts can be seen in figure 4.25. The photon counting in our
experiments is done by using the Becker and Hickl PMS400A counting cards. These

convert the electronic pulses to a digital computer signal.

4.1.6 CCD and MCP Cameras

In some of the experiments, the PMT was replaced by a CCD camera, the Andor Newton
SO BN940. The camera is placed under a 32° angle such that it is in the focal plane
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FIGURE 4.22: Dark current pulses per second as a function of temperature for the
R7639 HO Diamond PMT. Each point was measured for 4 minutes. The red line is an
exponential fit.
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FIGURE 4.23: Dark current pulses per second as a function of temperature for the
R6836 HO CsTe PMT. Each point was measured for 17 minutes and 30 seconds.

of the McPherson spectrometer (see figure 4.1). The benefit of using a camera is that
a complete spectrum with a width between 50 and 200 nm can be instantly recorded.
Normally the 1200 lines/mm grating is used which has a dispersion of 4nm/mm and
thus produces a spectrum with a width of 110 nm on the 27.6 mm CCD chip. In practice
the width is reduced because the edges of the diffracted light spectrum from the grating
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FIGURE 4.24: Dark current pulses per second as a function of temperature for the
R6835 HO CsI PMT. Points were measured for between 4.5 and 16 hrs.

Dark Counts [Hz]

Time [h]

F1GURE 4.25: Dark current time stability for the R6835 HO CsI PMT at -10°C, the
red line indicates the mean every 15 minutes. The total mean is 3.76 £+ 0.13 Hz.

are blocked by the walls of the vacuum system. The efficiency of the CCD is quite flat
from 5 to 10eV (248 to 124nm) and around 15%. To compare, PMTs have a more
peaked efficiency profile in this region (see figures 4.18, 4.19 and 4.17) but also have
higher efficiencies (up to 40 % for diamond).

The image of the CCD is not purely the photons falling onto the detector. Different
effects create a signal independent of photon illumination and determine how a CCD

image appears. Here a brief overview:
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- Bias differences. Due to minor differences in applied voltage across the CCD chip

a different constant offset value is measured at each pixel.

- Dark current. Even when no light hits the CCD it will accumulate counts due to

thermally excited electrons. By cooling the CCD to -100°C the dark counts can
be exponentially suppressed to 5.5-107° e /pixel/s.

- Readout noise. The analog to digital converter that reads out the pixels and

converts the amount of electrons in there to a count will induce some noise, for
example sampling noise. Pixels can be binned to reduce readout noise per pixel.
Binning means that a larger square of pixels is read out at the same time and thus

only once readout noise is added to the signal. This increases signal to noise ratio.

- Flat field differences. The pixels on the CCD are almost exactly the same, but

slight differences in efficiency occur (up to 10%). A flat field image can be (ho-

mogeneously illuminated chip) in order to compensate for this effect.

- Overexposure/burning in of light [209]. If a cooled CCD is hit with intense enough

high energy photons, defects will be created in the silicon of the chip which will
create an artificially higher dark count in the affected region until the chip is heated

up again and thus annealed.
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FI1GURE 4.26: Narrow signal caused by the overexposure of a CCD chip by the 147 nm
xenon atomic line in a measured spectrum. On the higher wavelength side STE radio-
luminescence can be seen caused by a 22Th:CaF, crystal in the system.

The overexposure can give a signal very similar to a fluorescence signal on a CCD, if the

light that overexposed the camera is a narrow feature as well. The overexposure creates
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FIGURE 4.27: Overexposure signal lifetime from the signal in figure 4.26. The ampli-

tude of the peak at 147 nm follows an exponential decay with a lifetime of 3 hours but

decays to a constant amplitude, which would not be expected of any photon signal but
would be expected from defects.

defects in the silicon crystal that are stable at the temperatures of the cooled CCD chip.
These defects produce more dark noise which changes over time, see figure 4.26 and
4.27 to see a typical burn-in signal from the 147 nm xenon atomic line. Also PMTs and

MCPs can be overexposed.

Aside from a CCD, one could install a microchannel plate (MCP). The MCP is based
on the same operating principle as a PMT, but has spatial sensitivity. A schematic rep-
resentation can be seen in figure 4.28. The MCP uses a plate with many microchannels
(pm sized) in it. When a photon hits the inside of one of the channels a photoelectron
is released, just as with the PMT. The electron will be accelerated towards the exit of
the MCP because of the high voltage Vp applied to the front and back of the plate.
The electron will hit the wall of the channel before reaching the end, creating more sec-
ondary electrons. This process causes a cascade in the small channel, resulting in a large
amount of electrons leaving the channel at the other side of the plate. These electrons
are then accelerated towards a phosphor screen by a high voltage applied between MCP
and phosphor plate. The phosphor plate converts the electrons into photons which are

then imaged by a CCD camera.

If one calculates the amount of background counts per surface for a PMT, CCD and
MCP we can compare their performance. The results can be seen in table 4.2. The
Andor Newton 940BN CCD chip cooled to -100°C has 5.5-107° e /pixel/s, which for
2048x512 pixels is 31 s'em™. The efficiency is approximately 15 % at 150 nm. The dark
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FIGURE 4.28: Left, the structure of an MCP plate. Many small channels in the material

provide the avalanche amplification of any electron that is absorbed by the channel, see

the image on the right. For VUV photon detection the photon would hit the inside of

a channel and produce a photoelectron there, which is subsequently amplified as well.

The electron avalanche can then be detected by for example a phosphor plate. Taken
from [207].

noise of an MCP is 0.5s'cm™ [210]. The efficiency of an MCP depends on the material
used to produce electrons, for Csl it is 20 % and for GaN it is 50 %. It was measured in
figure 4.23 and 4.24 that minimal dark noise in the used PMTs is less than 0.5s7!. The
active surface are of these PMTs is 23 mm in diameter, thus 0.1s'cm™. The SO types
of Csl have even less dark noise [207] and an efficiency of 25 %, the diamond PMTs an
efficiency of 40 %.

TABLE 4.2: Characteristics of different VUV detectors

Detector Background (s'cm™) efficiency (%)
PMT 0.1 25/40

CCD 31 15

MCP 0.5 20/50

In conclusion, the PMT has the least noise but no positional sensitivity to that noise. The
MCP has the best efficiency and has spatial resolution, allowing to measure any spectrum
in one image. The spatial resolution for all these detectors is limited by the grating
resolution, not exit slit size for the PMT, CCD pixel size or MCP microchannel size.
The dispersion of the 1200 lines/mm grating is 4 nm/mm and its minimum resolution is
0.1nm. Any narrow peak will thus be at least 25 yum FWHM which is twice the size of
the CCD pixels, MCP microchannels and the first increment on the micrometer screw.
For taking spectra of low intensity signals an MCP seems most suited, because it avoids

wavelength scanning that is needed for a PMT.
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4.2 VUV Absorption Measurement Setups for (doped) CaF,

For the crystal to be a useful host matrix for the thorium nucleus it needs to be trans-
parent to the wavelength of the first nuclear excited state. To characterize optical/ VUV
transparency, the transmission/absorption of the grown crystals is measured. Several

setups were built to measure the absolute transmission of these crystals.

To measure the absorption of the crystal, the intensity of a VUV light source was
measured while passing through the crystals and compared to the unperturbed light
source. A grating is used to spatially disperse the light into its components in order
to measure the transmission for different wavelengths, effectively using the McPherson
234/302 as a monochromator. By measuring the wavelength-dependent absorption of
the grown crystals, defect centers can be identified. As discussed in chapter 2, many have
a studied characteristic wavelength at which they absorb. By identifying the centers,

the growth processes and condition of the crystal can be understood.

To properly measure the absorption, the optical path of the light needs to be carefully
controlled and the light source intensity needs to drift as little as possible over the
measurement period. Reached reproducibility for the transmission is =5 %. Three types

of absorption setups were built:

e A setup to measure the absorption over the complete VUV spectral range (4.2.1),

with results in section 4.3.

e A setup to measure the absorption over the complete VUV spectral range while
heating the crystal to 620°C (4.2.2). This setup was built to study the transmission
behavior of crystals under heating (section 4.2.2) and their reaction to annealing

after VUV irradiation damage (section 5.5.1).

e A setup to only measure the absorption around 150 nm for quick progress in grow-

ing transparent Th:CaFs (4.2.3), with results reported in table 3.2.

Annealing of crystals is an often used process. As explained in section 2.2.2, the mobility
of F centers is greatly increased at higher temperatures. As the main defect in CaF,
these F centers will naturally find H centers and annihilate. For other crystals the
exact process is different, but the concept is equivalent. When supplied with enough
thermal energy, defects become mobile and will quickly return to the thermal equilibrium
defect concentration. The exact details on defect mobility are explained for CaFy in
section 2.4.1, as the mobility and thermal formation of F and H centers changes relatively

with temperature.
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In the following sections the used absorption/transmission setups are detailed. Mostly
a spectrally resolving transmission setup was used, as this could identify possible defect
centers. A setup purely designed to measure absorption around 150 nm was built to
quickly check the transparency of newly grown crystals during the optimization of the
growing process. Lastly a heated holder was designed and used in these setups to measure
absorptions at temperatures up to 620°C and to anneal the crystal. The vacuum in all

systems was held better than 10 mbar.

4.2.1 Spectrally Resolving Transmission Setup

slit

[PMT ] o=

Crystal in
sample revolver

FIGURE 4.29: Experimental setup to measure the wavelength-dependent transmission
of a crystal. The light of a Hamamatsu L15094 D5 lamp is focused with a toroidal
mirror onto the entrance slit of a McPherson 234/302 monochromator. Part of the
light does not hit the focusing mirror, some part does. The light is separated into its
spectral components by the grating and is focused onto the exit slit. By rotating the
grating the exit wavelength can be selected. The exit slit cuts out a small portion of
the spectrum effectively creating a narrow wavelength source with a linewidth down
to 0.1nm. The linewidth can be changed by changing the entrance/exit slit width
(0.0lmm to 2.50mm) as discussed in chapter 4.3.5. This light travels through the
crystal, and is recorded by a HO PMT which is mounted close to the crystal. By
comparing the light output with and without crystal in the optical path and scanning
the grating a transmission spectrum can be measured.

In practice such a device for the VUV region looks as in figures 4.29 and 4.30. In a
vacuum system, a wavelength selected by the monochromator grating setting is sent

through a crystal and the transmission is measured. By scanning the monochromator
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FIGURE 4.30: The transmission setup as built in the lab.

grating one can record a spectral transmission. As a light source we use the broadband

Do lamp.

In this setup, the Dy lamp is focused on the entrance slit to increase signal and improve
resolution (up to 0.1nm). The PMT was mounted as close to the crystal as possible to
capture all the light that exits the crystal. Not only the light produced by the Dy lamp
exits the crystal, part of the light is absorbed and emitted again as STE luminescence
(see chapter 2). This crystal luminescence will distort the transmission spectrum due
to its spectral shape: Light emission begins at 200 nm, peaks at 280 and 300 nm and
continues into the UV. The Hamamatsu Csl R6836 HO PMT was used in this setup
to be blind to this luminescence in CaFy. This PMT is very insensitive to light with
wavelengths above 200nm. The same setup can also be built with a CCD or MCP
instead of a PMT, imaging the entire transmission spectrum at once and using the
McPherson 234/302 as a spectrometer. In this case the crystal would be moved in the

beam path before the entrance slit such that all light can pass through it at once.

The crystals are mounted in a filter wheel to allow transmission measurements of several
crystals without breaking vacuum. They are mounted in sample holders with a 2 mm

pinhole as can be seen in figure 4.31.

4.2.2 Heating/Annealing Crystal Holder

To anneal/heat CaFq crystals and not oxidize or hydrolyze them, all heating is done

under vacuum. For annealing, the crystal growing device as described in section 3.2.6



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

Chapter 4 Experimental Characterization of 22Th:CaF, Crystals 113

FiGURE 4.31: Holders for 3.2mm diameter crystal in a filter wheel. The 4 holes
surrounding the center pinhole are for screws to sandwich the crystal between two
plates. The pinholes are 2 mm in diameter.

was sometimes used, as annealing is part of the growing process. Aside from that, an
ohmic heating holder was designed which allowed for simultaneous heating and trans-
mission/damage measurements. This holder is shown in figure 4.32. In figure 4.33 the
holder can be seen in the vacuum system in operation. The vacuum during annealing

was held better than 10 mbar.

The requirements for the holder were stringent. It needed to be compatible for use
in vacuum at low and high temperatures, be able to withstand over a 1000°C, have
a large contact area with the crystal for thermal conductivity, high material electric
resistance to function as an ohmic heater, have in-vacuum vertical translation and be
able to measure the temperature as close to the crystal as possible. To do this the
holder in figure 4.32 was designed. Stainless steel was the material of choice due to
the high electrical resistance compared to other common metals (6.9-10'7 Qm). A K-
type thermocouple was spot-welded as close to the crystal as possible and lead via
a feedthrough through the CF40 flange. The top was cooled with a fan as to get a

relatively accurate temperature measurement with the thermocouple.

The CF40 feedthrough was mounted on vertical translation bellows to move the crystal
in and out of a collimated VUV light beam created by an excimer lamp (4.1.3). The area
where the crystal was held was made as thin as possible, 1 mm, to increase resistance
of that area. In figure 4.33 one can see that these areas are particularly hot. The
semaphore that sandwiched the crystal was screwed onto the holder using brass screws

and springs to provide dynamic pressure while the holder expands due to heating. After
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F1GURE 4.32: Ohmic heating crystal transmission holder. Thick copper leads go
through a CF40 vacuum feedthrough flange for mounting on a vacuum system. Through
the thick leads high currents (up to 40 A) can be run through the transmission holder
to heat the crystal held inside. Two equal sized holes are used, one holds the crystal
and one is empty. By measuring the VUV light output through both and comparing
the transmission of the crystal can be determined as a function of temperature. The
lower hole is filled with a red Uranium crystal to show how it can be used.

the first use of the brass screws at 1000°C in vacuum almost all zinc was evaporated
out of the screws. The copper parts were covered in a zinc layer and the screws turned
to copper. In figure 4.34 one can see Newton rings which were produced by VUV
irradiation. Possibly material produced by outgassing of the hot steel holder underwent

a photochemical reaction which produced these rings on the holder.

This holder was incorporated in a VUV transmission setup in order to measure the crys-
tal transmission. A PID controlled heating system was used to stabilize the temperature
of the holder. A computer would read out the thermocouple via an amplifier and a NI
USB6000 analog to digital converter. The read out temperature was used real time in a
MATLAB script that would apply a PID system to determine the current that needed
to be used to heat the system. This information was transferred via a GPIB connection
to a HP6574A 35 A power supply to stabilize the temperature. This setup reached a
temperature stability of +0.25°C at 300°C as can be seen in figure 4.36. A schematic
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FIGURE 4.33: Zoom through a vacuum viewport of the annealing holder while in
operation. Temperatures above 800°C were reached to create this glow.

representation of the setup can be seen in figure 4.35, a more detailed description of
the Excitech Elux 147nm light source and VUV transmission setup can be found in
section 4.1. With this system the heated transmission and annealing experiments were

performed, in sections 4.4.4 and 5.5.1 the results are described.

4.2.3 150 nm Transmission Check setup

Due to experimental setbacks a setup was built to measure the transmission of newly
grown crystals at 150 nm rapidly instead of recording a full spectrum. Using this setup
the 150 nm transmission of freshly grown 3.2mm diameter crystals could be verified

which would stimulate fast development of good Th:CaFs crystals.

The simple setup consisted of the Do L1835 VUV light source, a collimator, bandpass
filter and a detector as shown in figures 4.37 and 4.38. The bandpass filter used was
from esource optics and had a peak transmission at 150nm of 15% and a FWHM
of 20nm. Using the filter an effective average transmission from 140 to 160 nm was
measured, the region that is crucial for the experiments. The collimator was a stack of
4mm apertures with 5 mm gap between them. The space in between the apertures was
painted using Aeroglaze z306 to reduce internal reflections. Instead of photon counting
using the Becker & Hickl PMS400A card, the current of the PMT was read out directly.
A voltage of 2500 V was used on the HO R6836 Csl PMT of Hamamatsu.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 4 Experimental Characterization of 22Th:CaF, Crystals 116

FIGURE 4.34: Ohmic heating crystal transmission holder after focused VUV illumina-
tion and simultaneous heating.
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FIGURE 4.35: Schematic representation of the annealing and transmission measure-
ment system. The transmission could be measured while the crystal is hot or after an
annealing period. The blue cycle is the closed circle controlled by a PID scheme.

4.3 Long Integration VUV Luminescence Setup

CaFs is an excellent scintillator, it produces light when it absorbs high-energy photons

or is bombarded by particles (see chapter 2). This means that the radioactivity inherent
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FIGURE 4.36: Measured temperature of the holder over time when PID stabilization
is turned on for 300°C.
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F1GURE 4.37: Schematic representation of a setup that measures the transmission
of a crystal at 150nm. Light from a Hamamatsu L1835 D5 lamp is collimated and
passes through a quartz window which effectively cuts the light below 147nm. This
is done to reduce VUV damage to the filters and sample. Secondly the light passes
through a 150 nm band pass filter. The filtered 150 nm light passes through a cut and
polished crystal and afterwards through another filter. The second filter removes any
fluorescence that would contribute to counts on the PMT. In the end a Hamamatsu
R6836 CsI HO PMT is used to detect the amount of light. The measurement is repeated
for an open hole and compared to obtain the transmission of that crystal.

to the 22Th and ??3U doped crystals will produce light. Light will be emitted in the
VUV (120-200nm) in the form of Cherenkov radiation (and hopefully isomer photon
emission) and in the UV (200-400 nm) in the form of STE annihilation.

To characterize the radio-induced luminescence in the grown crystals a setup was de-
signed to measure low photon fluxes. Since the interest of this research is mainly in the
VUV, the UV light will be blocked by using solar blind PMTs (see section 4.1.5). These
same PMTs also provide one of the highest photon detection efficiencies to measure
the low photon fluxes involved. The setup is designed to provide spectral sensitivity to
be able to distinguish between Cherenkov emission, STE emission and other possible
sources. This same setup is also used to characterize the light produced by neutron
activated crystals and might possibly one day measure the isomer photon emission from
233U:CaFy or ?2®Ra:CaFy crystals (see chapter 6).
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FIGURE 4.38: The 150 nm transmission setup as built in the lab.

shutter + slit

Pt - | |

[
Feedthroughs for
vacuum/cooling/

HV/signal

Crystal slit

FIGURE 4.39: Schematic drawing of the detector-spectrometer combination used to

measure the fluorescence of activated crystals. The fluorescence produced by the crystal

goes through the entrance slit and is then imaged by a focusing grating in a Seya-

Namioka spectrometer model onto the exit slit. Only a slit size-dependent fraction of

wavelengths will fall onto the PMT. Directly after the exit slit a fast (18.0 ms opening
time) shutter is installed.

To characterize the grown crystals, the Seya-Namioka design McPherson 234/302 VUV
reflective grating spectrometer was used in combination with a PMT, illustrated in fig-
ure 4.39. This provides spectral sensitivity and high detection efficiency, while blocking

out all STE luminescence due to the solar blindness of the PMT spectral sensitivity
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FIGURE 4.40: Long integration setup open in the lab. From left to right, the McPherson

234/302 VUV spectrometer, a VS35 shutter, a cooled diamond PMT and the wiring

needed for that. The PMT cooling is water-cooled from the outside using 11°C water,

see tubes. It is important to avoid loops in the signal wire as to reduce noise on the
signal line.

(figure 4.3). A more detailed image of the PMT chamber is shown in figure 4.40, and
the total setup in the lab in figure 4.41. The vacuum during measurement was held

better than 1074 mbar.

By rotating the grating in the spectrometer, the detected wavelength changes. The crys-
tal is put in the focal point of the grating, behind the entrance slit. Increasing the width
of the entrance slit increases the amount of signal that reaches the grating, but reduces
the resolution of the spectrometer. The detector on the exit slit is a diamond PMT
(Hamamatsu SO diamond R7639). A shutter (Uniblitz VS35) is installed in between
the PMT and exit slit to take background measurements (shutter closed) simultaneous

with signal measurements (shutter open).

The percentage of photons produced by the crystal that fall on the detector is calculated
to be 0.3 %, and the efficiency of the PMT and grating combined is 14 % at 150 nm (see
section 4.1.1). In total, the system efficiency is 0.05% at 150 nm. Due to the grating’s
and PMT’s wavelength dependent efficiency this will be different for other wavelengths
(figure 4.3). By using different slit openings more light can be put into the system and
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LT

FIGURE 4.41: Long integration setup in the lab, as in 4.39. Note the lead shielding
between crystal and detector. This was needed due to the high activities produced

counts per second [1/s]
S

through neutron irradiation of CaFy crystals.
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FIGURE 4.42: Shutter cycle as measured by the setup in figure 4.39. For the first 5

points the shutter is closed, for the last 15 points, the shutter is open. Total mea-

surement time of this cycle is 2 s. The opening time of the shutter is 0.018 s which

causes the not completely dark measurement of point 1 and not completely exposed

measurement, of point 6. In the data processing these points are removed. By using
this measurement cycle every 2 s dark and light measurements are recorded.
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thus increase signal strength. This assumes that the crystal is a point source and is
exactly in the position of the entrance slit. Since both do not hold, the real efficiency
of the total system will be lower. Other factors reducing the efficiency are lensing of
the crystal, absorption by the crystal and the critical angle of total internal reflection

(0. =39.21°) of the crystal.

This setup was used to record the spectrum produced by:

229Th:CaF4 crystals

o 233/2321J:CaF, crystals with the possible de-excitation of the 229Th isomer

A 32P irradiated CaFy crystal producing Cherenkov radiation

Neutron activated CaF9 producing Cherenkov radiation and STE luminescence to

characterize the background for a measurement as described in section 6.2.1

In these measurements long integration times are used: hours for activated crystals
and days for 229Th/?*3U:CaF5 crystals. In order to register unavoidable drifts in dark
counts, the shutter was used to measure the current dark counts. Effectively each mea-
surement was done by repeating a measurement cycle of 20 points of 0.1 s integration
time where 5/20 are shutter closed measurements and 15/20 are shutter open measure-
ments. A representation of such a measurement cycle can be seen in figure 4.42. A PMT
cooling jacket was designed to cool the PMT to reduce dark counts during these long
measurements. A heated holder was designed to measure the effect of heating on the

radioluminescence.

4.3.1 PMT Cooling Jacket

As can be seen from equation 4.6, and from the characterization curves in section 4.1.5,
cooling the PMT reduces the background and thus increases the probability of measuring
the nuclear isomer (or other faint signals). For this purpose a vacuum compatible cooling
jacket was developed as this was not available from the PMT supplier. The only question
that remains open about cooling is how it affects the sensitivity of the PMT; this was
not characterized by the supplier. Cooling the PMT using a metal jacket creates issues.
Under negative high voltage the PMT will direct any photoelectrons from the front
cathode to the back grounded anode. Since now ground is all around the electrodes
in the form of the metal jacket electrons will be deflected towards the walls and create
luminescence in the walls. This effect increases background and can be avoided by

running the PMT on positive high voltage.
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F1GURE 4.43: Total PMT cooler with aluminum cooling jacket and zoom of copper

block with Peltier element. In between the Peltier element and copper block a sheet of

graphene was added for thermal conductivity. The graphene sheet was chosen because

of its vacuum compatibility and high thermal conductivity of 18 W/(m-K). Both a
head-on and a side-on PMT can be mounted in the holder.

The PMT is cooled through an aluminum jacked which is connected to a Peltier element
in combination with a water cooled copper block, see figure 4.43. The Peltier element
uses current to move heat from one side of the element to the other, and the water
through the copper block transports that heat away. As a rule of thumb, the PMT can
create a temperature difference of 40°C depending on the temperature on the cold side

of the Peltier. The resulting minimum temperature is then around -40°C.

For water tubing, Swagelok vacuum tubes were used. The water connections on the
copper block were sealed using tapered pipe threads (NPT) in combination with teflon
tape wrapped around the threads. A closed cycle lab water cooler is used to keep the
copper block cooled. Electric wires were coated in kapton. The copper block with Peltier
element is pressed onto the cooling jacket with PEEK screws and a PEEK plate to avoid

heat leaking from the copper block to the colder aluminum jacket.

The aluminum jacket is again isolated from the top support structure with PEEK wash-
ers, and 4 PEEK pillars hold the structure at the appropriate height to reduce heat
leaks from the vacuum chamber as much as possible. PEEK is chosen because of its
vacuum compatibility and its low thermal conductivity (0.25 W/(m-K)). The structure
is made to be mounted on an optical table. Every drill hole goes completely through

the material to avoid trapped air in vacuum.

On top of the aluminum jacket a PT1000 thermistor is pressed using screws. The tem-
perature is read out using a NI USB6000 and a python script feedbacks this information

to a controllable power supply that determines the Peltier elements power. Using this
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setup a temperature stability of +0.3°C can be achieved and a minimum temperature
of -43°C.

4.3.2 Crystal Heating Holder for Luminescence Measurements

A simple ohmic heating setup was installed to measure the radioluminescence of a
229Th:CaF; crystal in a long integration setup with a camera instead of PMT while
heating the crystal. The suspension heating coil and the 2?Th:CaF, crystal can be seen

in figure 4.44. The results obtained with this setup are discussed in section 4.5.3.

FIGURE 4.44: Simple ohmic heating holder. The V057 22Th:CaF;y crystal was

wrapped in a kapton isolated copper wire effectively producing a coil. The coil, a

temperature sensor and holding mechanism were secured using torrseal. Using a vac-

uum electrical feedthrough and a 12V power supply the crystal was heated. The crystal

was put in front of a McPherson 234/302 spectrometer with a camera at the end to
measure the temperature dependent radioluminescence.

4.4 VUV Absorption of Th:CaF,; and U:CaF,

To serve as a platform for a future nuclear optical clock, the crystals need to be trans-
parent to VUV photons. In principle CaFs should be transparent, but the doping and
produced defects can change this fact (see chapter 2). Therefore the VUV transmis-
sion of the 229/232Th:CaF, crystals was characterized (4.4.1) using the setups described

above.
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The crystals grown using high activity possibly showed signs of fluoride deficiency, so
fluoride annealing was attempted to increase transmission after growth (4.4.2). To assess
the viability of measuring the photon emission of 22 Th through 23U decay in CaF5 the
transmission of these crystals grown in [172] were remeasured (4.4.3). The behavior of
the crystal transmission under heating and cooling was studied to improve characteristics
for any future experiment (4.4.4). In the end the damage created by the radioactive

dopant in the crystal itself is assessed (4.4.5).

4.4.1 VUV Absorption of 229/232Th:CaF, and Color Centers

In order to ensure a good transmission after growth, the crystals were characterized in
a series of experiments described below. The spectral features were studied to learn
more about defects in the crystal, produced during and after growth. The transmission
efficiency using the setup detailed in section 4.2.3 are reported in table 3.2. Here we
discuss the spectral transmissions measured using the setup described in section 4.2.1

and compare different concentrations of crystals doped with 23?Th and ??*Th.

In a spectral transmission measurement the wavelength-dependent absorption of a ma-
terial is measured. To explain the intricacies of transmission measurements we follow a
150 nm photon encountering a material. A photon traveling in vacuum encounters a ma-
terial, in our case CaFy. On the interface between the two optical media it is subjected
to the Fresnel equations that describe reflection and transmission. In the case of un-
polarized light that arrives at normal incidence the equation for reflection R; simplifies

to

2
ny —ng

Ry =
ny + n2

(4.7)

where nq is the refractive index of the material the photon is leaving and no the refractive
index of the material to which the photon arrives. About 5.15 % of the incoming photon
will be reflected and 94.85% will be transmitted while going into CaFs. In the CaFs
the photon will interact with any available electronic and nuclear states. The bandgap
of undoped CaF'y is large, so photons from approximately 12 ym to 122 nm will not be
absorbed and leave the material at the next interface. If due to doping, or the creation
of defects, new electronic states emerge the photon can interact with them and be
absorbed. At the next interface again 5.15 % will be reflected back, and 94.85 % will be
transmitted. Of the 5.15 % that is reflected back into CaFs9, again some is reflected back
towards the traveling direction of the photon and will contribute to the transmission.

The total reflection losses Rs including these multiple reflections is then
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2R,
Ro = 4.8
T + Ry’ (4.8)
which means the total transmission 7" is then
T=1- Rs. (4.9)

So disregarding other absorption processes, ~90 % of the photons will make it through

the medium and in our case will fall on a detector.

Now we compare the photons that are transmitted by the crystals to the photons that
do not travel through a crystal. The ratio between the signal strengths detected by
the detector is then the transmission, assuming a linear detector. From the description
above one can see that a maximum transmission of 90 % can be measured using this
method. Any deviation from this value would mean that an absorption is present in the
material or on the surface. By looking at absorption in the crystal one can learn of the

presence of defects and doping in the material.
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st 232Th:CaF, 7.0*10%° cm~3 1.65 mm
80 -
=
c
o 601
)
1]
e
a .
9 40
©
—
=
20
/; // i
42, —— :

0 | . ! e . :
120 125 130 135 140 145 150 155 160
Wavelength [nm]

FIGURE 4.45: Spectral transmissions of 232Th:CaFs with different thicknesses and
concentrations for different wavelengths. A sample of RAMAN/Excimer grade CaFy
produced and polished by Korth GmbH is displayed for comparison, thickness 5 mm. It
can be seen that the thorium doped crystals all absorb heavily below 130 nm, but pure
CaF5 only below 125 nm. By not taking into account the thickness, volume absorption
is not taken into account properly. Crystals measured here are V9.1, V10.1, V11.1,
V12.1, V14.2 and V15.2. The powder for these crystals was prepared through mixing
(see section 3.2.3).
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FIGURE 4.46: Spectral transmissions of 2?2Th:CaF, with different thicknesses and

concentrations for different wavelengths. A sample of RAMAN grade CaFy produced

and polished by Korth GmbH is displayed for comparison (not remeasured), thickness

5mm. It can be seen that the thorium doped crystals consistently transmit less than

pure CaF5, but otherwise follow the same behavior. By not taking into account the

thickness, volume absorption is not taken into account properly. Crystals measured
here were C10.5, C13.2, C13.5 and X2u.
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FIGURE 4.47: Relative absorption coefficient of 232Th:CaF, with different concen-
trations for different energies and wavelengths. Main features are general increase in
absorption for higher concentrations, absorption around 150 nm and below 130 nm or
after 9.5eV. The thickness of the crystal limits how well high absorption can be mea-
sured which is visible in the figure: the thinnest crystals have the highest absorption
around 10eV. Crystals measured here are V9.1, V10.1, V11.1, V12.1, V14.2 and V15.2.
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FIGURE 4.48: Relative absorption coefficient of ?2°Th:CaF, crystals with different

concentrations for different energies and wavelengths. Crystal X2u, grown under 1 MBq

activity, was only 0.5 mm thick. The thickness allowed an absorption measurement

with high uncertainty. The absorption profile of these crystals is flat with few features.

The bandgap edge of CaFy after 10eV is seen. With higher activity during growth,

more absorption is observed independent of concentration. The crystals measured were
C10.5, C13.2, C13.5 and X2u

Measuring the absolute wavelength-dependent absorption is a challenging task. The
systematic uncertainty on the measured transmissions is hard to estimate, but was mea-
sured to be +5%. Small changes in the optical path of the light when it passes through
a crystal and when it doesn’t, changes the measured intensity. With it, the resulting
transmission can change in absolute value. The spectral shape of the transmission is not
affected by this due to the nature of the optical elements. Due to this, crystals were al-
ways measured in close succession within the same measurement such that experimental

parameters were kept consistent.

To compensate for the thickness of the crystal, surface reflections, and absorption at
the surface we calculate the absorption coefficient relative to pure CaFg, pi.e;. This
relative absorption coefficient then is a measure for the absorption caused by Th doping
in the bulk and surface. Here we assume that the bulk of undoped CakFs absorbs very
little, which is true for thin samples (d < 6 mm) [91]. It is assumed that due to the low
intensities used in our experiments, two-photon absorption plays a small role, although
it has been shown that this process is significant in CaFs. It is assumed that surface
quality is similar for all measured crystals, which is hard to guarantee due to the aging

process [93]. The relative absorption coefficient is then
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—log (T/Tca
fipel = g(d/ Cars) (4.10)

where T is the transmission, T¢,r, the transmission of pure CaFg and d the thickness
of the crystal. We measured the transmission and subsequently calculated the relative
absorption of 229/232Th:CaF,, which can be seen in figures 4.45 and 4.46 for transmission

and figures 4.47 and 4.48 for the relative absorption respectively.

From figures 4.45 and 4.46 it can be clearly seen that all grown crystals have a trans-
mission above 1% around 150 nm, some reaching ~40 %. Doping concentrations up to
2.6-10%° ¢cm™ for 232Th and up to 5.4-10'7 ecm™ 2?Th were grown with good trans-

parency.

The 2*2Th doped crystals often show an absorption around 150 nm, possibly due to Ca
metallic particles [211]. Normally they absorb around 160nm but the presence of Th
might change the refractive index of the crystal and possibly the electron density in the
metal particle thereby changing the absorption wavelength (see section 2.2.3). Higher
concentrations seem to give more absorption. All crystals seem to absorb starting from
130 nm and have very low transmission below 125 nm, earlier than the transmission edge

of CaFy which starts at 125 nm and has little transmission below 122 nm.

In the absorption of 2*2Th (figure 4.47) it can be seen that crystals with similar concen-
tration have similar absorption. Three features can again be identified: Increasing ab-
sorption around 150 nm or 8.2¢eV, general increase of absorption with increasing doping
concentration and very strong absorption starting at <130 nm or 9.5eV. These features

are all compared to pure CaFq, so they are an effect of growing a doped crystal.

In figure 4.46 it can be seen that the 22Th doped crystals transmit up until the trans-
mission edge of undoped CaFy. The overall transmission of these crystals is lower. In the
absorption of 229Th:CaFy (figure 4.48) some common features can be detected. Similar
concentration does not give similar absorption and the absorption profile is flat. The
measurement of the crystal grown with the highest activity is uncertain due to its strong
absorption. Following the spectral absorption of the other crystals we can expect its pro-
file to be flat as well with a relative absorption higher than 6 mm™'. From figure 4.48 it
can be concluded that crystals grown using similar activity have similar absorption and
at these low concentrations (compared to figure 4.47) the absorption does not heavily

depend on concentration.

The ??°Th doped crystals display a different behavior from the ?32Th doped crystals,
which can be clearly seen when comparing figure 4.45 and 4.46, which is shown in fig-

ure 4.49. This was not expected as it is assumed that different isotopes behave identical
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FiGUurE 4.49: Comparison of VUV transmission spectra between undoped CaFs,
229Th:CaF4 and 232Th:CaF,.

Wavelength (nm)
134

146 142 138 131 127 124

10!
T'T' == CaF2 VUV RAMAN window 5 mm
= == C13_bot 229 undoped 5.8:10*¢ 0.9 mm prec
S o == C13_2 229 doped 5.4-10'7 0.85 mm prec
'E' 10 == C13 Top 229 doped 10'® 1.8 mm prec
o Cal3 Top 232 doped 10%7 2 mm prec
‘é_ Cal3 Top 232 doped 10'7 2 mm prec V2
8 == V9 Top 232 doped 4.0:10'° 1.7 mm mix
2 .
<
101

8.50 8.75 9.00 9.25 9.50 9.75 10.00
Energy [eV]

F1GURE 4.50: Absorption coefficient of Th:CaFy and undoped CaFs crystals with dif-
ferent concentrations for different energies and wavelengths. Crystal Cal3 was measured
twice, once at the start and end, to show drifts in the system between measurements. In
the legend the crystal number, doping concentration, thickness and production method
of the initial growing powder is indicated. The very highly doped crystal was made by
manually mixing ThF, with CaF3, not by coprecipitation as described in section 3.2.2.

concerning the chemistry. Most probably, the isotope itself does not change the charac-
teristics but the radioactivity of the isotope does. The ?2Th doped crystals only stop
transmitting at the bandgap edge of CaFy, the 125 nm absorption is not observed. The
absorption around 150 nm seems to have disappeared. The general transmission of the

229Th doped crystals is lower, despite the lower doping concentration.

To confirm the different absorption spectra of 22 Th and 23?Th doped crystals, drifts and

changes between measurements of the VUV transmission setup were excluded. For this,
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a low doped 232Th:CaF3, a high doped ?*Th:CaF5 and a high doped ??*Th:CaF, were
measured in the same experimental run. The result is seen in figure 4.50. Here we can
see several effects. There seems to be an activity-related broadband VUV absorption,
independent of doping concentration. Both the undoped CaFy and 2?Th:CaFy heavily
absorb at >10eV, the transmission edge of CaF5. The ?*2Th:CaF, absorbs heavily at
>9.5eV, earlier than the other crystals. The intensity of this absorption is concentration-

dependent.

If we now combine the knowledge of all figures, a few observations can be made:

e Crystals grown with increasing activity have an activity-dependent broadband
VUV absorption, independent of Th concentration. This is clearly seen in the
absorption of 22Th doped crystals and even in 232Th doped crystals probably due
to the small amounts of added ?2Th in combination with the weak activity of
232Th. The activity of the crystal with the highest 2*>Th doping concentration is
1 Bq.

e Thorium doping with low activity creates a concentration-dependent absorption
around 150 nm and a strong absorption around 124 nm. This is mainly visible for

crystals with doping concentration of >7-10'? cm™.

The thorium-related absorption does not seem to be present in crystals grown with high
activities. It seems that the thorium is in a different electronic state, either oxidation
state or paired with a defect, if a crystal is grown under high radioactivity. Because of
this change in electronic state, the absorption around 125 nm disappears. The hypothesis
of this observation is that the activity induces loss of fluoride which produces non-
stoichiometric, or fluoride-deficient crystals. Section 4.4.2 covers the early investigations

in this direction.

4.4.2 Effects of Annealing and Fluoride-Deficiency on the Absorption

Above observations led to the hypothesis that the 2?Th:CaFy crystals were possibly
fluoride deficient. The strongest observation was the transmission of crystal X2, the
crystal grown under high activity. A thin slice taken from the undoped side of X2, X2u
(see figure 4.51), was measured to be completely VUV opaque. At first the suspicion was
radiation damage: Annealing to 600°C did not decrease absorption whereas it normally
removes radiation damage. The annealing did remove the orange color of the doped
part. This indicated that the VUV opaqueness of X2u was not radiation induced defects
in the crystal. Another observation was that when growing CaFy crystals in vacuum

(doped or not) outgassing of Fy was measured by a mass spectrometer.
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FI1GURE 4.51: Cuts made in the X2 crystal
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FIGURE 4.52: Schematic representation of the radioactively induced loss of fluoride
during the growth process, taking crystal X2 as an example (see figure 4.51). First the
crystal is filled with the radioactive powder. During growth, a part of the crystal is
molten and a part of the crystal is in the superionic state. In the liquid, the 2?Th
is dissolved and the a-decay locally provides the energy to dissociate CaFy, producing
F5. The superionic crystal has extremely mobile F- atoms which will diffuse to the
liquid phase, supplying it with more F~. The resulting crystal will have a homogeneous
deficiency of F in its lattice due to their high mobility, but only a partial doping of Th
due to its low mobility. As is seen from activity measurements, only a small fraction of
the Th penetrates the superionic crystal.
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Our conjecture of the process that leads to the fluoride deficient crystals is depicted and
detailed in figure 4.52. By growing CaFy with radioactive materials, the loss of fluoride
in the liquid is enhanced and non-stoichiometric crystals are produced. The dissociation
of fluoride compounds to produce gaseous Fo through radioactivity, radiolysis, has been

observed in UFg [212]. The nuclear chemical reaction describing this process is

CaFy 22NV, Cas 1 FY, (4.11)

where the metallic Ca is in the solid phase, and Fa leaves the material as a gas. The
energy for a chemical reaction is ~eV, the energy of a-decays is ~*MeV. Because of this
every single a-decay could drive many chemical reactions. In a conservative estimate,
if 1% of all reaction with an « particle drive radiolysis which costs 10eV per reaction,
then 5000 dissociation can take place per a-decay. At an activity of 1 MBq of ?*Th
this would mean at least 5-10° radiolysis events per second. In a growing cycle where a
part of the crystal is molten for 22 hours, there are 2-10'° radiolysis events as compared
to the ~ 10?! F atoms in the crystal. This would lead to a defect concentration of

4-10'6 cm™, which should indeed be visible in a transmission measurement.

Due to the phase transition in CaFy (see section 3.1.5) to a superionic state, the fluorides
become highly mobile even in the undoped part of the crystal. When the top liquid loses
fluoride the mobile bottom fluorides evenly spread throughout the solid and liquid crys-
tal causing homogeneous fluoride-deficiency throughout the crystal. The observations

suggest that this causes broadband absorption in the VUV region.

To confirm this hypothesis, and increase transparency of the 2?Th:CaF, crystals, it
was attempted to add fluoride to the crystals during annealing. This was done by
sandwiching the crystal between undoped CaFsg crystals: The fluoride-deficient crystal
was put into contact with undoped CaFy and together they were heated in the crystal

growing machine described in section 3.1.6 to superionic temperatures, 1200 °C.

Two methods of fluoride transfer at superionic state were envisioned: One, the immobile
but soft Ca?* lattice of the two crystals would connect and the highly mobile F- would
diffuse throughout both crystals decreasing the fluoride deficiency in the 2?Th doped
crystal but increasing it in the undoped crystal. Two, the undoped and doped crystals
will naturally start outgassing Fa at these high temperatures. If the Fo outgassing of the
deficient crystal is less than the not deficient crystal, effectively fluoride can be added
to the fluoride deficient crystal through outgassing of the undoped crystal. The results

of this superionic fluoride transfer experiment are shown in figure 4.53.
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FIGURE 4.53: Spectral absorption taken of the X2u crystal before annealing, after

annealing with pure CaFs,, same again and after annealing the crystal without the

presence of an undoped CaFs. The last attempt was to try and boil out fluoride

of the X2u crystal. The fluoride transfer caused the relative absorption to decrease

homogeneously by a factor of 4, and after annealing without the presence of undoped

CaF5 returned to its previous state. Increase in the absorption after 9.5eV (as seen in
figure 4.47 and 4.50) is observed for fluoride annealed crystals.

The experiment showed that most probably fluoride was transferred to the deficient crys-
tal, and the absorption reduced greatly. The effects of the used experimental procedure
gave results very similar to fluorine oxidation annealing [213]. It was also observed that
the crystal could be returned to its original fluoride-deficient state by heating the crys-
tal to superionic state without undoped CakF, indicating that it outgasses the fluoride
again at these temperatures. Another observation was that the concentration dependent
124 nm absorption in ?32Th:CaF5 returned to the fluoride annealed ?2°Th:CaF; crystals
(see section 4.4.1 and see figure 4.50). The defect responsible for this absorption seems

to disappear and appear through removal or addition of fluoride.

An explanation for the appearance and disappearance of the absorption around 124 nm is
the change of oxidation state from Th3* in fluoride deficient crystals (non-stoichiometric)

to Th** in fully charge-compensated crystals. The change of oxidation state due to
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stoichiometry has been observed in Th:LiF crystals [59]. The change of oxidation state

due to fluorine oxidation annealing has been observed in Eu:CaF[214].

FIGURE 4.54: Glitter observed in ??2Th:CaF; crystal V057 after growth and a micro-

scope image of an individual glitter. This crystal was contaminated with Zr with a 1:1

ratio to 22Th. Probably the fluoride deficiency allowed the Zr and Th in this crystal

to produce these microscopic hexagonal crystals that reflect the light. The glitter was

never observed in the current series of 22Th:CaF; crystals so Zr must play an active
role.

FIGURE 4.55: 22Th:CaF; crystal V057 after fluoride annealing (no glitter observable)

and subsequent damaging using a krypton excimer lamp for 24 hrs. The glitter must

have prevented this type of damage by restricting motion of fluorides because this was

not observed in the experiments in section 5.6.1. Annealing to 550 °C removed the
visible damage but never the glitter.

Another indication of changes in the crystal due to fluoride transfer: The V057 crystal
(see [172]), the crystal grown under the highest total activity of ??*Th in that series,
displayed glitter after growth. The glitter and a microscopic image of it is displayed
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in figure 4.54. Here again, superionic fluoride transfer was applied as described which
removed the glitter. Annealing it without the presence of undoped CaFs brought back
the glitter.

By removing or adding fluoride to CalF,, the crystal can supposedly be brought out of
stoichiometry and create different populations of defects with different electronic and
absorptive properties. In VUV damaging experiments similar to those described in
section 5.6.1 the fluoride annealed crystal was subjected to 24 hrs of krypton excimer
lamp irradiation. This created a heavy purple colored damage in the crystal, as seen
in figure 4.55. This same behavior was not observed when the crystal was still fluoride

deficient and had glitter.

4.4.3 VUV Absorption of U:CaF, Crystals
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FIGURE 4.56: VUV transmission of a 232/238U:CaF, and a 233/232U:CaF, crystal com-

pared to an undoped Korth CaF, crystal. Doping concentration of 232/233U:CaF, is

10'2/10" em™ and of 233/232U:CaFy is 10* em™ (remeasured compared to [172]). The

232U crystal was grown such that it mimicked the 1ppm 232U contamination in the

233U, This was done to separate the VUV background produced by 222U from 233U
decay. Both crystals are 2mm thick.

The VUV transmission of a 232U:CaFy and a ?33U:CaF; crystal was measured in the
setup described in section 4.2.1 using the excimer lamp of section 4.1.3 filled with argon as
a light source. It can be seen in figure 4.56 that both crystals have reduced transmission
as compared to an undoped crystal. The crystals have a different doping concentration

and a different transmission.

The difference in transmission either stems from VUV absorption due to U doping

concentration differences or through radioactivity induced loss of fluoride as described



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 4 Experimental Characterization of 22Th:CaF, Crystals 136

in the previous section. The 233U:CaFy crystal was grown with about 1000 times more
a activity as compared to the 232U:CaF5 crystal and thus the more active crystal would
have lost more fluoride. These characterizations are used to assess the viability of using
233U:CaFy crystals to produce 22™Th in CaFy and measure the subsequent isomer

photon emission, see section 6.1.

4.4.4 Temperature Dependent Absorption of (Th:)CaF,

The temperature dependent bandgap of cooled undoped CaF3 and ?*2Th:CaF5 (10%° cm™)
was measured. The cooling of the crystal will reduce the probability of indirect bandgap

excitations by decreasing the population of phonons, thereby increasing the transmis-

sion. It was observed that the transmission window increases with colder temperatures

for both undoped and Th doped CaF crystals (see figure 4.57).
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FIGURE 4.57: VUV transmission of (left) an undoped IR quality Korth CaFs crystal

at 70 K and 293 K and (right) a 232Th:CaF5 crystal at 70K and 293 K. Spectra were

measured using an argon excimer lamp with leftover krypton, covering the entire spec-

trum. A McPherson 234/302 and a CCD camera were used to detect and create the

spectrum after the light passed through the crystal. Reduction in transmission between

warm and cold measurements is most likely due to water in the vacuum system freezing
on the crystals.

During VUV irradiation F and H center pairs are created, and if these remain in the
crystal the transmission can decrease during irradiation. At higher temperatures these
might anneal more readily during irradiation, re-increasing the transmission. To test this
hypothesis, the transmission of a 232Th:CaF5, crystal was measured at different temper-
atures with low intensity irradiation. Due to the large amounts of infrared radiation
the background as measured by the CCD increased for increasing temperatures, which

prevented going to higher temperatures.

It can be observed in figure 4.58 that for temperatures up to 400°C the transmission
decreases by a factor of 4 at 150 nm as opposed to room temperature. After this point the

transmission increases up to 4 times that of room temperature at 600°C. Observations at
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the same temperatures were made in the annealing experiment described in section 4.4.4,
indicating that these signify important steps in the mobility of F and H centers or larger

defect centers.
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FIGURE 4.58: Spectral transmission measured for a highly doped 232Th:CaF, crystal

at different temperatures. The setup described in section 4.2.2 was used to measure the

heated transmission. Up until 400°C the transmission decreases after which it starts
increasing to 4 times its original transmission at 600 °C.

From figure 2.17 it can be seen that at 400°C, the mobility of F and H centers are
approximately equal which correlates with the first step. An explanation would be that
at these temperatures the probability of created F and H pairs annihilating directly after
creation is lowest, thus decreasing transmission. This would also mean that annealing
at higher temperature, the mobility of F and H centers is not further increased and thus

a plateau in annealing is reached.

Another defect probably gains more mobility above 600°C which explains the increase
in transmission during irradiation. The larger agglomerations of F centers might need
higher temperatures to anneal, as was discovered for undoped CaF5 in [47, 72|. Here a
temperature of 500 °C was needed to anneal the smallest of colloids. Possibly in Th:CakFs,

this increases to 600 °C.

Thus heating the Th:CaFs crystals to 600°C increased the transmission around 150 nm,
but probably decreases transmission close to the bandgap. Cooling increased transmis-
sion around the bandgap. When designing an experiment that attempts to excite the
229Th nucleus in CaFyq, the temperature can be chosen to either increase transmission
close to the bandgap by cooling or to increase transmission and continuously heal dam-
age by heating. Decreasing the phonon population by cooling might also reduce the
non-radiative decay of the nucleus: In a crystal, most non-radiative decays are induced

through defect states which need a phonon to conserve the momentum.
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Characterizing how the transmission behaves at the bandgap could be used to study
why 232Th:CaF5 crystals absorb heavily <130nm and undoped CaFsy absorbs heavily
<122nm. A bandgap would display an exponential broadening behavior and a color

center (as measured in section 4.4.1) would display a gaussian broadening behavior.

4.4.5 Radioactive Decay Induced Damage/Absorption in ?2Th:CaF,

Due to the inherent radioactivity of 22 Th and 233U, crystal damage through radioactive
decay is inherently present in the grown crystals. The most important processes are
detailed in section 2.4.1. Most of the damage will be created due to a-decay and will
thus be highly localized. CeO4 is analogous to CaFs: both have the fluorite structure
and show non-stoichiometry in their anions. CeOs has been studied extensively and
there it is seen that swift heavy ions produce local anion deficient regions surrounded
by anion enriched regions. The exact mechanisms are however complicated and most

likely cannot be mapped exactly onto CaFy [215].

No significant reduction in VUV transmission was observed for radioactively doped
229Th:CaF; crystals, at most a reduction of 5% at 150 nm as compared to the original
transmission. Reduction in transmission due to aging of the surface, or other damages
seems to be dominant. The production of F, M or N centers and with it an orange
coloring (figure 3.21) was observed in C13, X1 and X2. These however do not seem
to affect the VUV transmission significantly as annealing does not recover the undoped
CaF5 transmission but removes the orange coloring. Annealing aged 233U crystals also
did not increase the VUV transmission at 150nm by more than 5%. The fluoride

deficiency dominates the transmission characteristics of these crystals.

4.5 VUV Luminescence of Radioactively Doped CakF',

The VUV luminescence produced by excited defect centers and the radioactive decay
of the dopants produce a background for any experiment attempting to measure the
photon emission of 22 Th. Therefore the VUV Cherenkov emission and the UV radio-
luminescence (see section 2.4.3) of the U and Th doped crystals was characterized (VUV:
sections 4.5.1 and 4.5.2, UV: Section 4.5.3). The UV luminescence was characterized as
a function of temperature. In the end it is shown that a 405 nm laser pointer can excite

F centers in highly damaged ???Th:CaF5 and produce orange luminescence.
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4.5.1 VUV Radioluminescence of 22Th:CaF,

As was established in section 2.4, the dominant photon background in any attempted
measurement of the photon emission of the ??Th isomer is Cherenkov radiation. To
characterize the Cherenkov background of doped CaFs crystals, the setup described in

section 4.3 was built. Here, the Cherenkov radiation of a 22 Th:CaF, was measured.

0.7
- Theoretical Cherenkov

{1 == Measured Cherenkov

o
o

Photon count [cps]
© © © ©
N w B (0,1

o
=

0.0 - - : - - - ; :
120 130 140 150 160 170 180 190 200

Wavelength [nm]

FIGURE 4.59: The detected VUV spectrum of C10.5 a 1mm long 3.2 mm diameter
229Th:CaF, compared to a theoretically computed Cherenkov spectrum that takes into
account the spectral efficiency of the system and the measured transmission of the crys-
tal (see figure 4.46). A 1mm slit size was used for the measurement. The maximum
count rate was 0.7 cps. The transmission cutoff of CaFy below 122 nm can be seen, as
well as loss in efficiency of the PMT and grating for higher wavelengths. The measured
transmission of the C10.5 crystal was used to calculate the theoretical Cherenkov spec-
trum. The small fluctuations in the theoretical spectrum are due to lines in the Do
lamp used to measure the transmission of this crystal. Remarkable are the higher light
outputs at 170 and 180 nm.

The VUV Cherenkov background, induced mainly by 8~ -decay of the ??Th daughters
[45], was characterized for the C10 22Th:CaF5 crystal (see figure 4.59). The Cherenkov
background at 150 nm was measured to be 0.5 cps. As calculated in figure 2.20, every Bq
of 229Th produces 0.1 Cherenkov photon per second at 150 nm in a 1 nm bin. Considering
9.4kBq (as measured on a 7 spectrometer) of 22Th in C10 within the slit, and 0.05 %
total efficiency of the system it would result in ~0.4cps. The small discrepancy can
lie in the accuracy of the measured amount of 2?Th in the crystal, or characterization
of the experimental efficiencies. This was done using activity determination using a -~y

spectrometer in a calibrated geometry.

The calculated Cherenkov spectrum does not match the measured values well for higher
wavelengths, especially when compared to the Cherenkov calibration source in sec-

tion 6.5.2. This could be caused by measurement errors in this experiment or in the
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transmission of C10 which is used in the calculation of the spectrum. Another ex-
planation would be VUV luminescence of color centers induced by the radioactivity,
radioluminescence. It is known that due to the scavenger all crystals are contaminated
with Pb, which has a luminescence peak at 180 nm [124]. The 170 nm peak is not seen
in Pb doped CaFs and is more likely to come from Th doping. Because of the electronic

configuration of Th** it is not expected to fluoresce at this wavelength.

An explanation for the 170 nm luminescence is that in this crystal the oxidation state
is changed due to the fluoride deficiency (4.4.2) or due to capturing electrons excited
by the radioactivity. The first hypothesis, oxidation change through non-stoichiometry,
is known to happen for Ce and Th in other compounds [59]. The last hypothesis,
reduction through self irradiation, is a known effect in CaFy for many actinides [49]
(see section 2.5.2). Lower oxidation states of Th have lower excited states of the outer
electron(s) and could fluoresce at these energies. The Th3* free ion for example has
excited states in the VUV [216]. A last possibility is a change in the crystal lattice using
larger defect structures to compensate for the loss in fluoride (see figure 2.12) which

could absorb and fluoresce.

4.5.2 VUV Radioluminescence of 232/233U:CaF,

The VUV radioluminescence of U:CaFy crystals was measured to determine a back-
ground for future experiments. Due to the low transmission of the 233U:CaF5 crystal (see
section 4.4.3), its VUV radioluminescence was not detected. It was therefore attempted
as well for the more transparent 232U:CaFy which should produce more Cherenkov pho-

tons (figure 2.20).

A 232U:CaF3 was put in front of the slit of the long integration setup (see section 4.3)
and the (V)UV spectrum was recorded. Luminescence was integrated for a week. In this
measurement, radioluminescence above 200 nm was measured, and 0.3 cps of Cherenkov
radiation at 150nm as can be seen in figure 4.60. This weak signal indicates that the
Cherenkov radiation produced by 223U:CaF4 is not measurable in this setup. With little

improvement however it should be possible.

4.5.3 UV Radioluminescence of Radioactively Doped CaF,

Due to the radioactivity of the dopant, defects will be constantly created which will an-
nihilate and produce luminescence, as detailed in section 2.4.2. The « and S~ -decay will

produce STE luminescence. In figure 4.61 the radioluminescence emitted by a 233U:CaF,
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FIGURE 4.60: Radioluminescence produced by a 232U:CaF5 crystal. At 150 nm 0.3 cps

of Cherenkov radiation was detected. Due to the high radioactivity of the sample,

especially the high energy ~v-ray of thallium-208, the background at 120 nm was higher
than in previous experiments.
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FIGURE 4.61: Radioactivity induced STE luminescence in a 233U doped CaFy crystal

(1 mm slit size, 1 min integration). Typical large broad peaks at 275 and 305 nm can be

seen. A smaller peak around 295 nm can be observed. A similar peak is observed in Tm

doped CaFs, but also in Ce doped CaFs where it is explained as a dopant stabilized
Vi center annihilating with an electron [86].

crystal is shown, measured in a McPherson 234/302 spectrometer with Newton CCD

attached and crystal positioned at the entrance slit.

When measuring the radioluminescence of 22?Th:CaF, a similar spectrum is produced,
see figure 4.62. The radioluminescence spectrum needed a longer integration than a
U:CaFs spectrum before reaching sufficient signal to noise ratio due to the difference

in a-decay activity. During long measurements of the radioluminescence spectrum, it



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 4 Experimental Characterization of 22?Th:CaF5 Crystals 142

e = = e
N - @ o
T T T

-
o
T

Counts (a.u.)

T T T T
—t=0hrs
: —t=7.5nhrs
Al t=15hrs
1 y |—Cooled Averaged

a
180 200 220 240

260 280 300 320 340
Wavelength (nm)

360 380

FIGURE 4.62: Radioactivity induced STE luminescence in a 22°Th doped CaF, crystal
(1.2mm slit size, 30 min integration). The spectrum was shifted due to temperature
instabilities in the spectrometer, as can be seen from the first three spectra taken 7.5
hours apart. After cooling the setup to a stable temperature the fluctuations were not
observed anymore and a spectrum similar to figure 4.61 was observed. Again, typical
large broad peaks at 275 and 305 nm can be seen. A smaller peak around 295 nm which
is a dopant stabilized hole (Vi center) annihilating with a conduction electron [86].

was observed that the spectrum would be periodically distorted due to temperature

changes in the spectrometer. This issue was resolved by stabilizing the temperature of

the McPherson 234/302 spectrometer.
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F1GURE 4.63: Amplitude of the radioluminescence spectrum between 230 and 330 nm
as a function of temperature. A single exponential function is fitted to the data. Mea-
surements were taken with the ??2Th:CaF, crystal V057 in the setup described in

section 4.2.2 in picture 4.44.

The temperature dependence of the radioluminescence was measured independently in

Vienna and Japan to explore if it can be minimized. It was observed that the radiolu-

minescence can be shifted towards higher wavelengths for higher temperatures, as seen
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FI1GURE 4.64: Comparison of the radioluminescence spectrum of V057 in Japan for

34°C and 150°C. It can be seen that the luminescence is shifted towards higher wave-

lengths, reducing the intensity in the 230 nm to 330 nm region. Many defects can be
seen similarly to the photoluminescence measurements in section 5.6.1.

in figures 4.63 and 4.64.

4.5.4 The UV Laser Pointer Excitation of (?2°/232Th:)CaF,

Due to the availability of 405 nm laser pointers such a laser was aimed at a 2?*Th:CaF,
crystal. It was observed by eye (figure 4.65) that this crystal fluoresced in the orange.
The absorption at 405nm and emission in the orange matches with M centers as seen
in table 2.5.3. It is very likely that the high radioactivity produces many F centers that

conglomerate to M centers.
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FIGURE 4.65: A 405nm blue laser was shot through a (from left to right) undoped,
low 232Th doped, ??Th doped and high ?*2Th doped CaF3. Due to the high amount of
F centers created in the radioactive crystal orange (600 nm 2.5.3) fluorescence is seen.
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4.6 AFM, Electron microscope, EPR and NAA Measure-

ments

Over the many years performing experiments on Th:CaFs occasional opportunities pre-
sented themselves to microscopically characterize Th:CaFy crystals, sometimes in coop-

eration with other groups. These measurements should be expanded on in the future.

A 232Th:CaFy was measured in a cryogenic atomic force microscope (AFM). Here the
crystal was cooled to cryogenic temperatures and then cleaved in vacuum. The freshly
cleaved surface was then probed with the AFM. The AFM can image single atoms on
the single atomic layer. In figure 4.66 these images can be seen. Only in the doped
crystal features on the surface can be seen. In light of the measurements done on
fluoride deficiency these features are probably Ca metallic nanoparticles compensating
for the fluoride deficiency. These images look very similar to an AFM image of damaged

undoped CaFy [211] in size and shape.

EEEmeEa

.

FIGURE 4.66: AFM pictures of cryogenic cooled undoped CaFy (left) and 232Th:CaF,

(right). The undoped crystal shows its regular crystal structure. The doped crystal has

protrusions of about 7nm in size that are most likely due to the Th doping or they are

imprints left by metallic Ca nanoparticles. When the crystal is heated, these defects

disappear. Either the dopant moves to the inside of the crystal or the hole or protrusion
of the Ca nanoparticle is healed by hopping.

Following above publication, during damaging, F' centers are created which is equivalent
to a fluoride vacancy. When many vacancies are produced at the same location due to
focused irradiation only Ca is left and thus metallic nanoparticles can be formed. In
the growth process of Th:CaFy it has been observed that more fluoride is lost to the
vacuum then for undoped CaF5. This process is probably driven by the radioactivity of

the dopant. The result is a fluoride deficient crystal that forms Ca nanoparticles. Thus



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 4 Experimental Characterization of 22Th:CaF, Crystals

146

the AFM image of a doped crystal (figure 4.66) and damaged crystal in [211] show the

same metallic nanoparticles.
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FIGURE 4.67: An EDXS spectrum taken of 232Th:CaF, crystal V15. The different
X-ray lines of Ca, F, Th, O can be discerned. This information is used together with
focusing of the electron beam to determine the position of these elements in the crystal

in figure 4.68

TABLE 4.3: Measured fractions of major elements in the 232Th:CaF5 crystal. The errors

are in absolute percentages. The amount of Th in the sample is one order of magnitude

lower than expected. Possibly this is due to uncertainties in using gamma spectroscopy
to determine the doping concentration or using EDXS to determine concentrations.

Z Atomic fraction [ %] Atomic error [ %] Mass fraction [ %)] Mass error [ %]
F 71.52 6.62 53.74 3.21
Ca 28.33 4.59 4491 6.55
Th 0.15 0.02 1.34 0.17

The 232Th:CaF5 crystal V15 was imaged under an electron microscope by Transmission

Electron Microscopy (TEM) and simultaneously Energy Dispersive X-ray Spectroscopy

(EDXS) was performed. This allowed to visualize the surface and to visualize the distri-

bution of elements on the surface. To perform this measurement the crystal was polished

down to a few nm and put in the sample chamber of an electron microscope. The EDXS

spectrum can be seen in figure 4.67, an electron microscope picture and element positions

in figure 4.68.

In figure 4.68, some features were detected. The two circles in the top three images seem

to be a Ca metallic nanoparticle and a hole left by one that must have been removed

during polishing. It can be seen respectively that one has only Ca, whereas the other

no F and Ca. It also seems a line element was grown, as was also observed in [84]. A
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FIGURE 4.68: On the left, two images taken at different locations of the 232Th:CaF,
V15 crystal. On the right are positions of elements found with EDXS and electron
beam focusing.

FIGURE 4.69: Bright field and dark field image of the 232Th:CaF, crystal V15. The
loop features observed are typical dislocation loops. The crystal [111] axis is shown.

square structure can be discerned in these pictures, this was damaged due to a more
intense electron beam irradiation because this area was used to produce the spectrum

in figure 4.67.

In the bottom three images it can be seen that the Th is homogeneously dispersed
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throughout the crystal. The fractions of the elements observed is shown in table 4.3.
Oxygen is also observed, which is most likely water that reacted with the surface [217]
or is absorbed [95]. A spot of oxygen can be observed, this is a spot where the electron
beam was focused on for a longer time. It seems the energy of the electron beam drives

the reaction of water or oxygen with the surface and thus incorporates oxygen.

In these same measurements it was discovered that the crystal contained many disloca-
tion loops. Dislocation loops are image artefacts in electron microscopy that are formed
by stabilized rows of defects. In figure 4.69 these can be seen. These loops were also
observed in 232Th:CaF5 in [52]. Here the formation of the loops is explained as follows:
F centers or fluoride vacancies hop around the lattice due to thermal fluctuations. They
preferentially move along the [111] axis because the energy barrier is lowest. Once they
encounter a Th atom they are trapped, because the energy needed to pass a Th atom
is much larger than to pass a Ca atom. Over time more and more vacancies follow and
pile up near a Th atom. This creates a stabilized row defect around a Th atom. This
effect was not observed for U atoms, probably because the energy needed to change its

oxidation state is lower.

The theoretical prediction [57] that in the ground state, the Th** will substitute the
Ca’t in CaFy with two fluoride compensation atoms, was tested in collaboration with
the group of Lino da Costa Pereira in Leuven and mainly the work of Janni Moens'. Due
to the large difference in mass between thorium and calcium, 2D Rutherford backscatter-
ing/channeling (RBS/C) scans could detect doping concentrations of less than 1%. In
these measurements a highly doped 232Th:CaF5 (V14/V15) was sent to be characterized.
It was measured that a fraction of 1.01 £ 0.02 Th substitutes Ca.

Electron paramagnetic resonance (EPR) measurements were performed on V14/V15 in
collaboration with the above group which originally did not yield any signal, indicating
no unpaired electrons are present in the crystal. This concluded that almost all 32Th
is substitutional and is Th**. After annealing these crystals to 1100°C and back to
room temperature, an EPR signal was measured. It is ongoing research if this is due to

inducing fluoride deficiency as detailed in section 4.4.2.

Using Neutron Activation Analysis (NAA), contaminants that are susceptible to neutron
capture and subsequent gamma detection were identified in undoped CalFs crystals. In
these measurements the following elements were detected: Na, Si, K, Mn, Sr and Au.
Most of these elements are alkali and alkali halides which are chemically similar to Ca
and thus hard to separate. Others contaminants probably byproducts of the production
process, possibly to remove metal contaminants like rare earths which cause more issues

in CaFq [218].

!Publication pending



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 5

The Nuclear Excitation of 229Th
with Resonant VUV photons

To date, excitation of a nucleus with photons in the optical range has not been shown.
Excitation with x-ray photons has been shown, and is covered in chapter 7. Excitation
by low energy photons, close to optical range, is only known to be possible with 229 Th,
but other neighboring isotopes may display similar behavior [219, 220]. These isotopes
however mostly have a much shorter half-life, making practical optical excitation experi-
ments challenging. Excitation with photons in the optical range is interesting due to the
unparalleled precision of lasers. Applications, such as a nuclear clock, are only possible
due to the major advances in laser technology. The VUV region however, is somewhat
underdeveloped. The energy of the ??*Th isomer of around 8 eV (=150 nm) puts it in

the vacuum ultraviolet region, or VUV.

Light sources in the VUV are few, mainly due to little interest for industry. Possible
light sources are synchrotrons, plasma lamps and pulsed lasers. To our best knowledge,
no tuneable continuous wave lasers have been developed. Synchrotrons and lamps have a
broadband spectrum of light and high intensities which can effectively excite the isomer
but will not help to narrow down its exact energy. They can however help determine
its wavelength up to the (zA) level. To obtain a high precision value of the nuclear
excitation energy, a laser is needed. A narrowband laser would ultimately allow the
development of a clock. Important is the linewidth of the laser, which dictates to which
precision the nuclear excitation energy can be determined. Frequency combs can have
linewidths down to at least 1 MHz [26, 221], possibly down to the Hz level using the
individual comb teeth. This narrow band light should be able to probe the nuclear
excitation to a high degree of precision and accuracy. Any other excitation method does

not have this kind of precision and thus the fundamental physics that can be probed
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with the nuclear transition will be invisible to them. Currently, no VUV CW laser is as
precise as these frequency combs. To build the best clock, or probe the isomer extremely

precisely, the limiting element is the laser linewidth, not the nuclear excitation linewidth.

In the past, continuous wave (CW) VUV lasers were actually considered using excimer
molecules and liquid or solid noble gasses and this recently has gathered attention again
[222-225]. To input enough power continuously to excite enough excimers for CW
operation one needs to input at least 1 gigawatt of irradiation power per gram of gain
medium. To input this amount of 1 GW /g, a Febetron [226] could be used which can

deliver electron beams with currents up to 6 kA.

Another approach is frequency doubling or wavelength conversion of lasers in non-linear
media. This has produced 149.8 nm [227] light and could be used to develop VUV
lasers. The limiting factor in terms of producing VUV light of these non-linear crystals
is their bandgap which starts to absorb in this wavelength region. KBBF has the largest
bandgap at the moment, with a transmission up to 165nm [228]. The main difficulty
for producing CW VUYV lasers is the amount of power that needs to be put into the gain
medium continuously. The necessary pumping power density in a gain medium scales
approximately with %, therefore making development of a laser harder the shorter the

used wavelength.

To solve these issues, the most widely used VUV lasers are pulsed, and often more
specifically frequency combs. These can pump a lot of power in a short period of time
into a medium, inducing higher harmonic generation (HHG). Media used are noble gasses
in cells, jets and capillaries [229-231] or large bandgap crystals [232]. Downside is that
the ultimate linewidth one can have is in the tens of MHz range [221] which would not
be sufficient for a next generation clock. It is however useful for precisely determining
the energy of the nuclear transition. A tuneable VUV frequency comb, currently in
development at PTB Braunschweig, is characterized to have 394 uW average power at
150 nm with a linewidth of 250 MHz, which is % ~ 10%. Due to the pulsed nature the

excitation rate of this laser is similar to the other methods considered (see section 5.1.1).

In the end, exciting the nucleus through VUV photon excitation is undoubtedly needed
for development of a clock, and through proper engineering this is a viable option (5.1.1).
We call this the direct excitation experiment. If an electronic defect state in the crystal
host can be coupled to the nucleus, the photon excitation can be enhanced further
[42] (5.1.2). We call this the color center excitation experiment. The nuclear excitation
through defect coupling is a version of the electron bridge (EB) process. The EB process
uses an excited electronic state, energetically near the thorium isomeric excitation energy
and couples that via a virtual state to the nucleus using a strong laser field such that the

total energy of excited electron and photon is the isomer energy (2.3.1). The closer the
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energy of the excited state of the electron is to the isomer, the stronger the coupling will
be [31]. This EB process can be extended to any electronic excited state that has some
wave function overlap with the nucleus. Excitation via a defect state is an example of

this.

Other examples use the EB process in any thorium ion (1+ [233], 2+ [31], 3+ [234]) or
via the continuum [235, 236]. One could investigate changing the Th oxidation state to
create defects at the right energy for EB excitation, as the oxidation state for Eu in CaFq
was changed [214]. Implementing the continuum EB process in a crystal by using the
conduction band as continuum might also be possible: Trapping of conduction electrons
by impurities is a well known effect in lanthanides and actinides [49, 115]. Scattering of
electrons of the Th atom in a solid or outside of it could also produce isomeric thorium

[237]. These methods are not considered further in this chapter.

In any practical experiment, the excitation of the nucleus needs to be verified. The
most straightforward verification is measuring the photon from the de-excitation of the
nucleus. Because of the slow decay rate (long lifetime) and the isotropic emission of the
photons detection above the noise threshold is challenging. By using many nuclei and
intense excitation sources this problem can be overcome. For that reason we grow large
bandgap crystals with high doping concentration and use intense light sources focused

on the crystals.

There are also options to determine the nuclear state without waiting for the de-
excitation. An example is that once excited, the nuclear magnetic moment changes
and therefore the hyperfine splitting of electronic excited states of the ion/atom. For
ion traps the monitoring of the hyperfine splitting of electronic excited states can thus
determine the nuclear state [21]. Monitoring hyperfine splitting is much more reliable
because an electronic excited state can be chosen for which intense narrow lasers have

been developed (optical region) with which such a spectroscopy can be done.

The optical region can be chosen for hyperfine splitting spectroscopy because in ion
traps or beams the ion is in the 2+ oxidation state and has optically active electrons.
In the crystal this is not possible because the thorium is in the 4+ oxidation state and
has no electronic excited states in the optical region. Another example is that in a
crystal the nuclear magnetic properties of 22?Th interact with electric field gradients
which together create a quadrupole structure depending on the excitation state of the
nucleus [22]. Monitoring the state of the nucleus in the crystal thus comes down to
spectroscopy of the nuclear quadrupole structure, which has not been demonstrated.
Due to the oxidation state of Th in a crystal, monitoring the hyperfine splitting is not
possible. Pursuing the only option, many nuclei need to be excited to detect a nuclear

photon emission.
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In order to ensure that many nuclei are excited the viability of the direct excitation and
color center excitation experiment are investigated (section 5.1). After identifying the
necessary experimental characterizations for a full analysis, the characterization setups
(sections 5.2,5.3 and 5.4) and results (sections 5.5,5.6) are presented. Concluding this

chapter is a revisit of the viability calculations.

5.1 Viability of Excitation of 22Th with VUV Photons

Excitation of the 2?Th nucleus can be done directly by resonant photons or indirectly:
For example using electron bridge (EB) processes and charge transfer state electron
bridge (CTS-EB) processes. The EB method is used by the group of Peik at PTB,
in Vienna direct excitation is attempted and CTS-EB is investigated theoretically and

reported on in this thesis.

First of all, the Cherenkov background due to S~ -decays from the daughters of ?2Th
can only depends on the crystal used, not the excitation approach. To calculate the
produced Cherenkov radiation, we use the results in section 2.4.3. A more detailed
analysis of the Cherenkov radiation produced through 3~ -decay of each ?2*Th daughter
can be found in section 6.1. From equation 6.2 we can calculate the Cherenkov flux at

150 nm in a 1nm bin for a certain concentration of 22°Th ngy,:

(I)che’/‘ chnth
= 0.59\
Q 0-59229 41

= 1.31- 10" B3V, ngy, st Hz, (5.1)

where @ pe, is the Cherenkov photon flux, {2 the solid angle, Aoog the a-decay constant
of ?2*Th, and V, the volume of the used crystal. The factor 0.59 is the amount of
Cherenkov photons produced per ??Th decay taking into acount all daughters. This
result is around 100sr'Hz for a 1 mm? cube of 108 cm™ 229Th:CaFs. Now we consider

the nuclear excitation and decay rates for 22Th nuclei in CaFy crystals.

5.1.1 Direct Excitation Experiment

Assuming there is only radiative decay (with rate I'y, of the nuclear isomer), the number

of excited nuclei N,, will grow under photon flux %

Ny = Neg(1 — e Tmnty (5.2)
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where n is the refractive index of the material [238]. The equilibrium or asymptotic

number of excited nuclei, N¢q, can be described by

Wyuv  Np, A* dN, ~10-BN dN

N., = N — ANy
0 TR 03 T Spoam 12men3 dAdt Th ixndt

(5.3)

Here we use Speqn, is 1 mm?2, X is 152.1nm and n()\) is 1.575 for the estimate while Wy ¢y,

is defined as

ATy, dly AT, dN,
24m2c2h dt  127CSpeqm dAdL

Wyuy = (5.4)
In these equations Wy yy is the VUV excitation rate, Speqm is the cross-section of the
beam, Npp the number of irradiated thorium nuclei, ¢ the speed of light and dd%) the
beam intensity in the crystal. In equation 5.3 we can see that the equilibrium number
of excited nuclei is independent of lifetime of the isomer state. The time needed to
reach this equilibrium however obviously depends on lifetime: The shorter the lifetime

the faster equilibrium is reached. Here it is assumed that the value of Zf\vd”t is taken

for on-resonant photons. With these equations we approximate the produced nuclear

photons per second, ®, as a function of photon flux and excitation time ¢

dN.
Ny, ~ 1072 Ny, (1 - e Tmn’ty, (5.5)
®., = n’T,, Ny, 57 (5.6)

If a pulsed VUV laser is used we cannot make the assumption of a continuous stream
of photons. Assuming that the spectrum of a single pulse is a Lorentzian profile with a
full width half maximum (FWHM) equal to Aw the spectral energy density of a pulsed

laser can be modelled as

dr Epulse
dw | pulse o TAw (5.7)

Since many pulses are fired in rapid succession any nucleus will feel an average spectral

density

aE
dw

_dE

oy dw

1 e Epulse
1+(2w—w7£:nAw)2 Aw

1pulse ,,—_nN
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The above equations can be used to estimate the excitation probability R of a single

thorium nucleus that is in this pulsed beam

2 ATym? dE
-2 ZTJ (5.9)
To compare between excitation methods, above equations can be used to calculate the
nuclear photon emission flux ®. per 47 steradian €2 for each method. We assume that
the isomer decay rate is I',,, = 2.8-10 Hz [16], A = 152.1nm, n(152.1) = 1.575 [56], Speam
= 1mm? and N7}, = 10'6 (~10'® cm™ doping in 1x1x10 mm crystal). The different light

sources available in Vienna with corresponding excited nuclear photon flux are then:

e Dy lamps [200] with a photon flux at 150 nm of 2[)]\\;1 ~ 10 nm sl
% = 7n3FTQ”Ne" ~ 101 srlgt

e Excimer lamps [239] with a photon flux at 150 nm of % ~ 104 nm st
% = 7n3F’Q”Ne" ~ 103 srigt

e A pulsed VUV laser currently being developed at PTB. The pulsed laser has a high
intensity pulse, but low power on average. The characteristics of this laser are:
10'® photons/pulse, 30 Hz pulse repetition and 250 MHz linewidth (Av = %)

R~ 6.78 10~ and then % = % ~6-10° srigt

The downside of using Do lamps is that their spectrum consists of extremely many
sharp lines rather than a continuum as is the case for excimer lamps. This creates the
possibility that the nuclear state cannot be excited via a Dy lamp. The excimer lamp
thus seem favorable, although the nuclear photon flux is one order of magnitude lower.
The pulsed laser is tuneable, produces a higher photon flux than the excimer lamp and
in a successful measurement would be able to precisely determine the wavelength of the
isomer excitation. The pulsed VUV laser thus seems to be the most favorable to use, if

the isomer energy falls into the operating range of the tuneability of the laser.

5.1.2 Charge Transfer State Electron Bridge

The direct excitation of a thorium nucleus is very inefficient, the required photon flux to
excite a single nucleus is 26 orders of magnitude larger than the signal flux it produces
in a crystal, 27 orders of magnitude larger in an ion trap. The coupling of photons to
the nucleus seems to be a more inefficient process than coupling electrons to the nucleus.

For example, this has been calculated and validated for plasma excitation [237].



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 5 The Nuclear Excitation of 22Th with Resonant VUV photons 155

We propose to use a color center, a charge transfer state (section 2.3.1), that is created
in the crystal by doping it with Th [42]. This charge transfer state can be seen as an
excitation where the negative charge of the interstitial F~ is excited to an orbit around
the Th'*. Effectively the F becomes neutral and the Th gains an oxidation state of 3+.
This excited electron would normally have a very low probability to excite the nucleus
by transferring its energy. By sending in an additional laser, the CTS electron can be
coupled to a virtual state at exactly the same energy as the thorium nuclear excited
state. The electron can now under the emission of a lower energy photon transfer its

energy to the nucleus via the virtual state, creating an excited nucleus (see figure 2.14).

The characteristics, such as wavefunction, of these CTS can be calculated by using DFT
theory as described in chapter 2. The charge transfer of the electron that moves from
fluoride to thorium results in the electron being in a certain orbital. There are several
possibilities for these orbitals which have different total energy and wavefunction. Each
one thus has a different probability to excite the nucleus through CTS. According to [29]
there are 8 states possible, depicted in figure 2.13. The result of these calculations is
that the excitation rate of the nucleus can be increased by at least 2 orders of magnitude
if this type of scheme is used. The closer the defect state energy to the isomer energy,

the more the enhancement increases.

Independently, preliminary calculations were done on these CTS by L. Seijo [102] that
predict two type of CTS: One from the interstitial F~ that is used for charge compensation
of the Th** and one from the lattice F~. These two were estimated to be at 125 nm and
300 nm, where the first one is in close agreement to the prediction by [29]. These colour
centers can also be used to de-excite the nuclear excited state faster, increasing the rate
by 3 orders of magnitude. If these CTS can be characterized experimentally, which was
possibly done in sections 4.4.1 and 4.4.2, they can be used as a novel approach to excite

the 229Th nucleus.

These calculations purely take into account excitation of the ??Th nuclei in CaFy and
not the surrounding crystal and detection setup. The transmission needs to be taken
into account, the damaging effects of VUV irradiation characterized and mitigated, back-
ground needs to be measured and the detection setup efficiency needs to be evaluated.
The crystal transmissions were evaluated in chapter 4. The setups to measure the other
aspects are presented in the following sections: The cooling setup to characterize and
mitigate VUV irradiation damage and the direct excitation setup meant to measure the

photon emission of the isomer and to characterize background in a realistic setting.
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5.2 VUYV Irradiation Damage Characterization Setup

As described in section 2.4.1 damage in undoped CaFy is mainly produced by creating
F and H centers. If they do not annihilate, they will separate. The F centers can then
agglomerate to form Ca metallic nanoparticles which scatter light in the VUV region (see
figure 2.16). This effect needs to be characterized as well for Th:CaF3. Non-radioactive
(?32Th doped) crystals will be used for this.

In [47] it is described that cooling can possibly prevent F and H centers from separat-
ing, and thus they will more likely annihilate after formation preventing any formation
of larger colloids which absorb in the VUV. Thus a setup was designed to measure the
effects of temperature on damage formation of the Th:CaFy under VUV irradiation. For
this a holder was designed to cool a crystal to cryogenic temperatures while simultane-
ously damaging it. Also the holder from section 4.2.2 was used to anneal the crystals

after damaging.

5.2.1 Cooled VUV Irradiation Setup

Building and designing a crystal VUV transmission holder that can also be cooled brings
with it a unique set of boundary conditions. The holder needs to be cooled to low
temperatures (35K), need to have temperature control, materials that withstand the
cold temperatures, low thermal conductivity to prevent heating, temperature read out,
vertical translation, vacuum compatibility and two openings for crystal and reference

measurement.

The end result is shown in figures 5.1, 5.2 and 5.3. The entire holder is connected to
a CF40 flange which is connected to an XYZ bellows translation stage for moving the
holder. The flange has a D-type socket feedthrough for the electronics. An NTC resistor
is connected as close to the crystal as possible for temperature measurement. A ceramic
heating element is sandwiched in between the long plate and the actual crystal holder
to function as isolation and as a possible heater. The wiring for the heater and NTC
is coiled around the long plate and fastened with screws. As thin leads as possible are
used for the NTC resistor to reduce heat leaking into the crystal holder. At the top of
figure 5.2 3 thick copper wires can be identified that will be connected to the cold finger
to cool the crystal holder.

This crystal holder needed to be incorporated into a setup where at the same time
the holder could be cooled and a VUV light source could damage the crystal. In this
damaging setup, a Sunpower cryocube is used as cold finger. The cryocube is an inverse

Sterling engine that can cool down to 35K. Three copper wires are attached to the
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FIGURE 5.1: Cryogenic VUV trans- FIGURE 5.2: Zoom of cryogenic
mission crystal holder. holder.

FI1GURE 5.3: Side view of the cryogenic holder to show the NTC and heater.




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 5 The Nuclear Excitation of 2?Th with Resonant VUV photons 158

FIGURE 5.4: Sunpower cryocube suspended with rope and a piece of lead of the same

weight as the cube. This contraption was needed to avoid pressure on the vacuum

connection on the cube, as it was too weak to resist any stress. The whole suspension

and bellows system was designed such that it could be moved, as the holder needed to

be able to move up and down for transmission measurements. The copper wires that

are meant to cool the holder were shaped into a spring to provide some longitudinal
motion freedom.

cryocube cold finger and the crystal holder to provide cooling of the crystal, see figure 5.4.
Since the PID system of the cryocube expects a large cooling load, the ceramic heater
was installed to provide the cryocube with the appropriate load to stabilize on any
desired temperature between 50 K and room temperature. Later, holes were drilled into
the long plate to reduce thermal conduction through this connector, which limited the
ultimate temperature that could be reached. The holder in the open damaging system

can be seen in figure 5.5, and the entire cooled damaging setup can be seen in figure 5.6.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 5 The Nuclear Excitation of 22Th with Resonant VUV photons 159

F1GURE 5.5: Cooled damaging setup with the focused VUV light source removed to

show the holder inside the system. Here one can also see the copper cooling wires

connected to the holder. On the top the XYZ vertical translation bellows can be seen.
A gauge is added to measure the pressure.

The vacuum during cooling was held better than 10" mbar.

5.3 Direct VUV photon Excitation Setup

To directly excite the 22Th isomer in a CaF5 crystal, a setup was designed to focus as
much VUV light onto a crystal and detect the fluorescence. The excitation probability

was calculated above, which yielded ~ 10% sr''s™! for an excimer lamp focused on a
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FIGURE 5.6: Damaging setup top view with the focused L15094 VUV light source Do

lamp of Hamamatsu. The whole system is pumped with a rough pump/turbo pump

combination from Pfeiffer. The NTC resistor is read out through a multimeter, heater
is powered by a DC power supply (red, yellow and black wires).

Crystal

@17.35 mm

FIGURE 5.7: Schematic representation of the lamp and its emission angle. The 100 mm

diameter elliptical mirror (f; = 100 mm, fo = 100 mm) focuses the light onto the crystal

to an approximately 1.2mm spot at the tightest focus, which is a 5mm spot on the

top of the crystal. The crystal used was the V057 (8-10'° cm™ ?2Th and 1-10'7 cm™

232Th) grown in [172] cut to the shown dimensions. The cut sides and top were polished
to excite and image the fluorescence.

10" cm™ doped 22Th:CaF3 of dimensions 1x1x10 mm. A setup was designed to ensure

this focusing and detection with a large acceptance angle.

The entire setup in the lab can be seen in figure 5.9, where an excitech lamp filled with

krypton is attached to a large vacuum chamber with a ?2Th:CaF; crystal and focusing
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27 mm

Grating (30%)

Mirror
(50 mm diam)

Slit (12 x 0.25 mm)

Crystal

7.8 mm

5mm

F1cURE 5.8: Imaging system of the irradiated volume from figure 5.7. A 50 mm di-

ameter elliptical mirror (f; = 80 mm, fo = 225mm) focuses the light onto the slit of

the 234/302 McPherson spectrometer and is then diffracted and focused by the grating
onto the CCD camera.

FIGURE 5.9: The total fluorescence excitation setup as built in the lab. The 3 mi-

crometer screws can carefully change the alignment of the excitation mirror inside the

system. The CCD camera needs water cooling to reach -100°C. The system is encased
in lead plates in order to reduce cosmic rays hitting the CCD chip.

optics. This chamber focuses the light of the lamp on the crystal (schematically shown
in figure 5.7), and images the fluorescence onto a 234/302 McPherson spectrometer
(schematically shown in figure 5.8). The spectrometer is connected to a CCD camera

cooled to -100°C in order to perform long integration measurements and minimize dark
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FIGURE 5.10: Holder for the 22 Th:CaF5 crystal. The holder is painted with Aeroglaze

7306 in order to reduce scattering off the holder. Behind the crystal a 1 inch aluminum

mirror is mounted to reflect more light into the spectrometer. Below the crystal, a VUV

diode is mounted to improve ease of aligning the lamp onto the crystal. Both crystal
and mirror are secured by set screws.

noise. The vacuum in the system was held better than 10 mbar.

The geometrical efficiency of the imaging system can be separated in three parts: Col-
lection angle of the elliptical mirror (€25s), losses on the slit (n;) and efficiency of the
McPherson plus detector (n2). Using the values in figure 5.7 the factors can be calcu-
lated. The collection angle 23, can be calculated using the distance to the mirror, the

size of the mirror and its 45° angle to the crystal to be

21 80
Q=2 (1o —2 ) ~o02sm 5.10
M= R ( V302 + 252) (5.10)

The factor 11 can be calculated by knowing the size of the illuminated volume, its

magnification due to the mirror and the size of the slit to be

12-0.25 / 80 \?
— 220 20~ 001, 5.11
Mm="578 (225) (5:11)

The factor ne can be taken from chapter 4.1.1 taking the CCD efficiency to be 26 %
then 7 = 0.26-0.001 = 2.6 - 10~% or 0.026 %. The total detection efficiency can then be
estimated to be 0.2sr - 0.01 - 0.00026 = 5.2-1077 sr.
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5.4 VUYV Photon Irradiation Damaging Effects in CaF,

VUV irradiation excites F and H center pairs which creates damage over time [47].
In this section the experimental results on damaging the Th:CaFs crystals with VUV

irradiation is presented.

FIGURE 5.11: Highly doped 232Th:CaF; crystal irradiated for 9 hours with the Excimer
lamp filled with a Kr gas. This crystal had many defects due to rapid cooling at the end
of the growth cycle, possibly increasing its susceptibility to damage. A purple/orange
haze can be seen where the VUV lamp was focused. The haze probably consists of Ca
metallic nanoparticles together with separate F/M/N centers. The Ca nanoparticles
would give it a black/purple coloring and the F/M/N centers an orange coloring which
in this crystal creates a color in between orange and purple giving it the characteristic
color.

It has been observed that the damaged crystals gain a purple haze and glitter under
intense VUV irradiation [211]. In the excitation setup described above a highly doped
232Th:CaF; crystal was irradiated for 9 hours with the excimer lamp filled with a Kr
gas. This produced a purple/orange haze, see figure 5.11. The same effect was observed
in the fluoride annealed 229/232Th:CaF, crystal V057 in figure 4.55.

In more quantitative experiments a 232Th:CaFy crystal was irradiated with a focused
Hamamatsu L15094 VUV Dy lamp for 24 hours and the spectral transmission was mea-
sured before and after irradiation. This was done in the cooling setup described in
section 5.2, the crystal in its holder can be seen in figure 5.13. The results are shown in
figure 5.12. It can be seen that the transmission has been significantly decreased, mostly
for low wavelengths. The crystal obtains an orange colored layer on its surface at room

temperature, which can be easily polished off. By polishing the crystal, transmission
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FIGURE 5.12: Low doped 2*2Th:CaFy crystal (Cal3.1, 107 cm™) irradiated for 24

hours with the a focused Hamamatsu L15094 VUV D5 lamp. Damaging this crystal

greatly reduced its transmission, especially at low wavelengths. Repolishing the crystal

increases the transmission significantly, indicating the damage is mainly on the surface
but penetrates deeper into the crystal.

FIGURE 5.13: 232Th:CaF, crystal in the cooled damaging setup while being irradiated
with a Hamamatsu L15094 D5 lamp. The attached cooling wires can be seen below,
and the heater above. The STE fluoresces visibly blue due to the intense irradiation.

can be regained close to the original value, about 80 %. The increase in transmission
shows that the surface contains a significant portion of the damage. The exact amount

of transmission that can be regained needs to be studied further. These results can be
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F1cURE 5.14: Crystal before and after damaging by VUV irradiation. An orange color
is produced which is possibly due to F, M or N centers or due to deposition of cracked
hydrocarbons that are leftover in the vacuum system.

used to assess the viability of the VUV irradiation experiments.

5.5 Prevention and Healing of VUV Irradiation Damage

Due to the expected long lifetime of the photon emission of isomeric ?2Th any experi-
ment designed to excite the nucleus through VUV irradiation and subsequently detect
photon emission will be irradiating and integrating for long periods of time. To reach
the required amount of excited nuclei, irradiation times need to be long and to detect

enough photons to see a signal above the noise, integration times need to be long.

VUV irradiation creates damage in the crystals which reduce both excitation efficiency
and detection probability. To mitigate the effects of VUV irradiation damage it was
attempted to prevent it by cooling and heal it by annealing. Annealing of crystals after
damaging was done using the setup from 4.2.2. Cooling the crystals was done using the
setup described in section 5.4. Possibly the annealing and cooling of Th:CaFy can also

be used to mitigate neutron irradiation or x-ray irradiation damage.

By increasing or restricting the mobility of defects or fluorides in CakFy, damage can be
healed or prevented. Healing by annihilation of F and H centers through heating and
damage prevention by annihilation upon creation through cooling are attempted. More

details on the microscopic processes of annihilation can be found in section 2.2.
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5.5.1 VUV Irradiation Damage Healing through Annealing

By irradiating the crystal, damage is created by formation of defects as described in
section 2.2. If the crystal is annealed after damaging, the created F and H center pairs
can be annihilated if they meet. Through heating, the mobility of these defects can be
increased exponentially. This was tested by irradiating a 232Th:CaFy with a focused
L1835 Hamamatsu Dy lamp (4.1.2) for 24 hours and annealing it. The transmission
relative to the original transmission was measured for each temperature, after which the
crystal was brought to a higher temperature with 2°C min™! for 6 hours and then left to

cool down with 2°C'min.

045 T T T T T T

2
=
T
1

0.35

o o
e o n o
o N & w
T T T T T
1 1 1 I 1

Percentage of original transmission (%)

=
T
1

0 100 200 300 400 500 600 700

Annealing temperature ( C)

FIGURE 5.15: Transmission of annealed crystal as percentage of the original transmis-

sion versus annealed temperature. The setup described in section 4.2.2 was used to

anneal the crystal and afterwards measure the transmission. Up until 400°C the trans-

mission increases slowly and reaches a plateau. After 600°C the regained transmission

increases strongly. Due to material constraints the temperature could not be increased
further.

The results are shown in figure 5.15. It is observed that at 400°C a first saturation is
reached. After annealing at 600 °C the transmission increases rapidly. The crystal could
not be heated to more than 620°C in this setup due to material constraints. Still, only
0.4 % of the original transmission was recovered in this experiment. This indicates that
longer annealing times/higher temperatures are needed or the damage is of a different
nature then purely F and H centers. If the damaging process induces reactions of
the crystal with oxygen, or amorphize the crystal, the damage cannot be recovered by
annealing. Longer annealing times were not pursued, as this would take weeks which is

impractical for experiments which reach these levels of damaging in hours.

In section 4.4.4, 600°C was also found to make Th:CaFy the most transparent. The
similar results indicate that at 600°C an important step in the mobility of F and H
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centers or a larger defect centers is made. Sadly, annealing VUV irradiation damaged

crystals after damaging does not bring back the original transmission.

5.5.2 VUV Irradiation Damage Prevention through Cooling

As was suggested in [47], cooling CaFy will possibly keep the F and H center pairs
localized after creation and increase the probability of annihilation instead of separation.
This would mean a radiative decay of the created pair instead of a non-radiative decay.
An indication for the increase in annihilation and radiative decay can be found in [240]
where the STE luminescence increases at colder temperatures. When more energy is
lost through luminescence, less energy needs to go into the creation of defects and thus

damage.

To test this theory, a 232Th:CaF, crystal was irradiated by a focused L15094 Do lamp
(4.1.2) in the setup described in section 5.2. The crystal was irradiated for 24 hours
while being kept at 300K, 183 K and 90 K using a cold finger. After this, the VUV
transmission was measured in the setup described in section 4.2.1 and compared to its

original transmission.

The results of this experiment are shown in figure 5.16. Here it can be seen that at
300K, only 20-60 % of the original transmission remains after damaging. At 183K no
damage is observed above 145nm and at 90 K no damage was observed whatsoever.
Due to difficulties in the stability of the irradiation input, measurement differences in
the transmission setup, and conditions in the vacuum, these results should only be taken

as a qualitative proof. Improved experiments are ongoing.

In these experiments it was also observed that the orange spot in figure 5.14 was not
present when damaging at low temperatures. The nature of the orange spot is either
F/M/N centers or cracked hydrocarbons left over in the vacuum. To quantify the species
present in the vacuum they were measured using a Pfeiffer quadrupole mass spectrom-
eter as a function of cold finger temperature, as seen in figure 5.17. Only the largest
signals on the mass spectrometer are shown here, the hydrocarbons were several orders

of magnitude lower in signal.

As is expected, water is the strongest signal due to its low ionization energy as compared
to nitrogen, and high abundance in air. It can be seen that compared to other gasses
water at -100°C decreases in signal by an order of magnitude. At this temperature water
freezes in vacuum and is thus effectively removed from the background gas by the cold

finger. The same happens for CO5 at 130 K. Seeing water as the most likely cause of
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F1GURE 5.16: Spectral VUV robustness: Fraction of the transmission after damaging

compared to before damaging, for damaging at three different temperatures. It can

be seen at higher wavelengths that the measurements become unreliable. At 90K no

damage was observed. Coincidentally the damage is heavily reduced when the singlet

STE luminescence exponentially increases, indicating more F and H center annihilation
(see figure 2.23) .

the orange spot due to its abundance and sudden removal at lower temperatures it is

conjectured that the VUV irradiation initiates the following photochemical reaction:

CaFy + Hy0 7Y a0 + 2HF, (5.12)

and thus incorporates oxygen in the lattice, increasing the absorption. This reaction is
known to happen at high temperatures during crystal growing [188]. VUV irradiation

could provide the energy to drive this reaction.

Other possibilities for the cause of the orange spot are the deposition of cracked hydro-
carbons left over in the background gas or purely creating defects (such as F centers)
in the crystal more effectively. The hydrocarbon deposition is often cited in literature
[241] and F centers are known to produce orange coloring 2.5.3. Due to the fact that the
largest reduction in damage from 180 K to 90 K coincides with the exponential increase
in singlet STE luminescence (figure 2.23), the production of F and H pairs seems the
most likely cause. A combination of all these effects together can also be the cause of

this observation.
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FIGURE 5.17: Normalized mass spectrometer current to cold finger temperature. The

current was normalized to the HoO current at room temperature. The Ny and O,

currents also decrease when the HoO current decreases. This is due to the fact that the

background current for each species decreases with decreasing vacuum. It can be clearly

seen that both HoO and CO5 content decreases strongly at their respective sublimation
temperatures.

5.6 Direct Excitation with VUV Photons

Using resonant VUV photons to directly excite the nucleus and measure the decay leads
to building a nuclear optical clock. To work towards this goal, the setup described in
section 5.3 was built to excite the 22Th nuclei in the 229/232Th:CaF, crystal grown
in [172] (V057) with a doping concentration of 4-10%°/4-10'" cm™. This concentration
is two orders of magnitude lower than the new crystals grown during this thesis and
characterized in chapter 4. First the background was measured for crystal V057 using a
measurement cycle of 9 hours of VUV irradiation excitation and subsequently 9 hours of
integration with a CCD camera. This background characterization uncovered possible

long lived color centers, see figure 5.18.

To further investigate the long lived color centers, the VUV induced luminescence was
measured. To increase the signal intensity the crystal was continuously excited while
recording a spectrum. Excitation and emission light was separated by a grating. The
VUV induced luminescence uncovered that there is significant induced fluorescence in

these crystals of which the origin is still unknown.
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FIGURE 5.18: Afterglow spectrum of the V057 22Th:CaF; crystal grown in [172] after
9 hours of irradiation by a krypton filled excimer lamp (section 4.1.3) as measured
in the direct excitation setup (section 5.3). This measurement was repeated several
times on different days. At higher wavelengths the STE radioluminescence produced
by this crystal as characterized in section 4.5.3 can be seen. For one measurement
(21-11) a signal was observed above 160 nm which started the research into Th induced
color centers. Possibly, this was no color center at all but a CCD chip burn-in signal
(section 4.1.6).

5.6.1 Background VUV Induced Luminescence

Fluorescence in doped CalFs has long been studied and is still part of active research
[51, 129]. To measure the fluorescence, the crystal to be studied is irradiated with exci-
tation light. The crystal will absorb some of it and emit part of the absorbed light at
characteristic wavelengths. Typically, the excitation happens at a higher energy (lower
wavelength) than the emission. An excitation spectrum can thus be measured for a
particular emission, and also an emission spectrum for a certain excitation. The excita-
tion source used here is a broadband excitation from 123 nm to 180 nm. Only emissions
lower in energy than the excitation light (higher in wavelength) will be observable. By

studying the emitted light, the crystal and its dopants/contaminants can be studied.

Fluorescence in the VUV is often measured in synchrotrons due to lack of other high
power VUV excitation light sources. Using the new excimer lamps we measured fluo-
rescence in doped CaFy crystals that provides evidence towards the state of the dopant
and possible defects. The analysis of these spectra is complex and not yet conclusive.
Due to the many induced emissions, luminescence of CaFs itself and possible multiple
contaminants, identification proves to be unreliable. Possibly by improving growing and

detection methods better conclusions can be drawn using this method.
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In figure 5.19 the fluorescence spectrum of undoped and 229/232Th crystals is shown. In
this, a spectrum of the crystal is recorded while it is being irradiated by the krypton
excimer light source (4.1.3) in the setup described in section 5.3. In this measurement
an undoped crystal, 22°Th doped crystal and a low doped 22?Th crystal were investi-
gated. The 22Th doped crystal was measured twice, once with less background from
the scattered lamp light. A large part of the signal (123 to 180 nm) is light directly from
the lamp being scattered from particles in the crystal (the glitter 4.54), which can be
compared to the spectrum in figure 4.11. From 200 to 280 nm the STE luminescence

(figure 4.62) can be recognized.

Several peaks can be distinguished from 168 nm up until 250nm. The peak around
168 nm is only found in the 229/2327Y) doped crystal. A broad peak around 187 nm, and
narrow peaks around 219, 230, 238 and 250 nm are only detected in the 229/232Th doped
crystal as well. The appearance of these peaks is possibly due to the radioactivity of
the 222Th in the crystal or the 100 times larger doping concentration as compared to
the 232Th doped crystal used here. A peak around 176 nm can be found in all crystals
which we attribute to Pb?T fluorescence leftover after growth [124]. The 219 nm peak
was also observed in Pb doped CaFy [124].
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FIGURE 5.19: Fluorescence spectrum of four different crystals: Undoped, 229/232Th

doped (100 cm™ /108 cm™), low 232Th doped (10'® cm™) and again the same 229/232Th

doped. For the last spectra the system was realigned to reduce background of the

excitation light. Because the grating only covers 90nm two spectra were taken per
crystal with a different center wavelength.

To further explore this behavior, known peaks of the free ions Th IV (3+) and Zr IV
(34) were compared to these peaks (see figure 5.20). These two species were the only
dopants present with significant concentration. Normally the Th and Zr only take the
4+ oxidation state and should be optically inactive in the VUV. If their oxidation state

changed in the crystal, even for a fraction of the total population, they might luminesce.
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These ions are doped in a crystal thus the spectral peaks as opposed to the free ion
lines, can shift and broaden, so few conclusions can actually be drawn. Possibly the
peak around 168 nm is from Th3*, the broad peak around 187 nm is from several Zr3+

lines and the peaks above 200 nm correspond to more Zr37 lines.
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FIGURE 5.20: The same spectrum as in figure 5.19 but lines of the free ions Th IV and
Zr IV are plotted. Few occasions can be seen where these coincide with peaks in the
spectra. The peak at 168 nm possibly stems from Th and the peak at 187 nm from Zr.

It is not clear if the observed spectral peaks produced were due to 2??Th, Zr or simply not
seen in a 232Th doped crystal due to a too low doping concentration. Thus luminescence
spectra were taken of a highly doped 232Th:CaF, crystal and a Zr:CaF, crystal. In
the highly doped **Th doped crystal luminescence, the Pb?t peaks at 176 nm and
219nm become more apparent. Also a large fluorescence continuum from 160nm to
200 nm is observed, possibly containing the 168 nm peak from before. The 168 nm and
187 nm peak is not found in Zr:CaF,, indicating that no VUV peaks related to Zr are
observed. Possibly in this crystal the oxidation state of the Zr is different because it’s
not a radioactive crystal. The peaks above 200 nm were observed for both Th and Zr
doped crystal, indicating contaminants. Possibly Bi as a decay product of both Th and
U contaminated the Zr doped crystal [125].

Finally the excitation light was blocked using a quartz window (7% transmission at
146 nm) to decrease the energy of the excitation light. Effectively this studies the exci-
tation spectrum of the observed emissions. If the absorption peak of a certain emission
lies in the region truncated by the quartz window the emission should disappear. In
figure 5.22 it can be seen that the fluorescence at 168 nm is not observed anymore. The
187nm peak seems to be damped and the Pb peak at 176 nm seems unaffected. It is

known that the excitation spectrum for the 176 nm peak is excited by absorption at
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FIGURE 5.21: Fluorescence spectra of a Zr doped and a high 232Th doped (10%° ¢cm™)

CaF; crystal are presented compared to spectra of 229/232Th of figure 5.19. The 176 nm

peak of Pb?t can now be seen more strongly. Peaks due to the same contamination
can be seen in both crystals above 200 nm.

>150nm, which should thus be unaffected by the quartz window [124]. It seems the

168 nm fluorescence is excited only by an absorption at a wavelength lower than 147 nm.
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FIGURE 5.22: Fluorescence spectrum of the 22°Th:CaF, crystal while the excitation

light is truncated at wavelengths below 147 nm by a quartz window. The intensities of

the spectra are normalized their highest values. The spectrum is compared to those in
figure 5.19.

The above spectra are very similar to Ho**:CaF5 (and also to other lanthanides doped in
CaF5), which shows broad peaks around 168 nm and narrow peaks above 200 nm [134].
The lanthanides all show broad VUV peaks due to the interaction of the 5d electron with
the surrounding lattice. These excitations are characterized as the 5d to 4 f excitations.

The narrow peaks are characterized in [134] as 4f to 4f transitions as the electrons in
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the 4f orbit do not interact as much with the lattice. This behavior in the lanthanides
is probably also present in the actinides, where 6d to 5f excitations will produce VUV
emission as can already be seen for uranium doped large bandgap crystals [242, 243]. A
review on the very consistent emission behavior of lanthanides doped in crystals can be

found in [244] and in particular data for CaFy [137].

To further study the fluorescence of Th:CaFy it is recommended to improve the used
setup. Increasing Th doping concentration of the used crystals (=0.01 %) and remov-
ing contaminants should produce a clearer, more intense spectrum. Using an intense
tuneable narrowband excitation light source will make measurements of the excitation
spectra of certain emissions possible. Using PMTs the lifetime of the emissions can be
characterized. If the resolution is increased the bands can possibly be resolved in their
components and further studied. Cooling the crystals to low temperatures will narrow
the emission peaks and increase their intensity as well. Through this study possible

defect centers and electronic transitions can be found.

5.7 Experimental Viability of the Resonant VUV Photon
Method

The total photon rate on the camera can be estimated from section 5.1 and 5.3 to be 3-103
srts! - 0.2 sr - 0.01 - 0.00026 = 1-1072 57! or roughly 1 photon every 1 hour. The VUV
irradiation damage can be mitigated by cooling the crystals to 80K, the transmission
is at maximum 45 % for C10. The VUV irradiation induced background after stopping
irradiation is less than 1 count per 9 hours (=~ 1-107%), which is insignificant. The total

photon flux detected on the camera will then be 4.5-10 % s,

Compared to the dark noise of a CCD camera (31s/cm? or 157! for the area of the
signal) this signal is very small and would need an integration time of more than a
1000 hrs to have a signal to noise ratio of 1. This does not take into account the readout
noise and the cosmic ray background producing noise. Due to this reason this setup was

only used to take fluorescence measurements of the crystals.

In the future, a new setup will be used, produced by HP Spectroscopy, that mainly
increases the collection angle of the mirror and the efficiency of the spectrometer by
reducing the focal distance and increasing the size of the grating, increasing the system
efficiency by two orders of magnitude. Also, the new highly doped (0 times increase in
concentration) 22?Th:CaFy crystals will be used. In total this can increase the signal
rate by more than three orders of magnitude, creating a photon signal on the order of the

dark noise of a CCD camera. If now also an MCP is employed the signal can be tripled
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due to the higher efficiency and the dark noise reduced by two orders of magnitude. This
would produce a signal to noise ratio after an integration of 1 second of around 100. The
amount of photons falling on the detector would be 1.5s™! for a 3.2mm diameter 1 mm

long crystal.
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Chapter 6

The Nuclear Excitation of 22°Th

Through Nuclear Reactions

Using nuclear processes to excite the isomeric state of 22Th seems to be the most logical
approach, and is proven to work [8]. Processes like o, 3~ or 81 /electron capture (EC)
decay transmute from the parent isotope to 22?Th in a highly nuclear excited state. The
highly excited ?2Th then de-excites through v emission and might end up in the isomer
state in this process. In this section we identify which nuclear reactions, and decays,
create 22MTh in CaFy. To see which isotope needs to be produced such that excited

2297 is produced, one can take a look at the chart of nuclides 6.1.

We can identify 3 different spontaneous decays that lead to 2?Th: a-decay from 233U,
B decay from 229 Ac and electron capture or B decay from 2??Pa. It is known that 2 %
of all 233U decays produce isomeric thorium [8] and it is predicted that >14 % of 229 Ac
decays do [46], up to 93%. For 22%Pa this population probability is >~2.5% [246].
In this study ??Pa was produced through a (p,t) reaction with 23'Pa. Recently the
cross section of 232Th with low energy protons was measured to produce ?2Pa, another

possible production method for isomeric thorium [247].

Other nuclear reactions that produce 2?Th are for example: light-ion fusion evaporation
reaction 2*2Th(p,p3n)?29™Th [248], neutron capture via 2?°Ra [12] 228Th(n,y)?**™Th or
a 29Th(n,2n)?**™Th reaction. These approaches are left for the reader to study in
future research, especially reactions with neutrons can be performed in a crystal using

the right material and doping.

The production of these isotopes and their subsequent decay into the isomeric state
of 229Th are ways to produce isomeric thorium in the crystal environment. Only 233U

decay and ??? Ac decay are considered in this thesis.
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FIGURE 6.1: Section of the nuclide chart of NuDat [245]. Relevant information such
as half-life and decay mode with probability for each isotope is given. The decay paths
for each isotope can therefore be easily recognized: Blue indicates electron capture or
BT-decay (decay product is one square diagonally down right), red indicates 8~ -decay
(decay product is one square diagonally up left) and yellow indicates a-decay (decay
product is two squares diagonally down left). The three decay paths to 2?Th can thus
be conveniently identified: From 233U a-decay, 22°Pa 3t-decay and 22 Ac 5~ -decay.

6.1 Viability of the Excitation of 22°Th through 233U decay

The nuclear decay of 233U was first used to estimate the energy of the thorium isomer [1].
By studying the v spectra of this decay, the excited states of 22 Th can be identified. The
isomer energy can then be indirectly calculated by subtracting the energies of different
excited states [10]. Due to the long 159200 year half-life [249] of 233U the decay rate is

low, and large quantities are needed to produce significant amounts of 229™Th.

Uranium-233, an artificial isotope, was produced in large quantities (about 2 tons) as
part of the United States military and civilian nuclear program (of which 96 kg is unac-
counted for). Probably this was lost in Uranium composite weapons testing’. 233U can

be produced by neutron or accelerator irradiation of 232Th [165].

Through the radioactive decay of 223U 2% of the decayed nuclei end up populating the

isomeric state of ?2Th [8]. In [45] we proposed using 2*3U:CaFj to create 2™Th in

!Private communication
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CaFy and detect isomer photon emission using a spectrometer/detector setup. Using
this method to create 22™Th in CaF, has the advantage that 233U is readily available,
excitation rates are high and it is verified that 233U decay produces 2?™Th. We call

this the uranium experiment.

The most important challenge in this experiment is that the internal conversion decay
channel has to be blocked in order to ensure isomer photon emission. When the 233U
decays it emits an « particle, with a Q value of 4.908 MeV [249]. This decay will have two
effects: The « will cause damage and possibly create a locally amorphous crystal that
will increase internal conversion. The recoil on the daughter 2?Th nucleus will displace
it in the lattice, leaving it in an uncontrolled charge state, possibly allowing internal
conversion in the process. The second effect is unknown and needs to be characterized
in experiments if a photon signal can be measured. The first effect is estimated to be

small, and can be elaborated on:

The o particle will have 4.824 MeV of kinetic energy and the daughter 22Th will have
84.3keV of kinetic energy if the momentum is distributed equally between the two. From
figure 2.18 some indication is found on how CaFy responds to an extremely fast light
ion (« particle) and a fast heavy ion (daughter nucleus). The « particle can maximally
impart 57 % of its energy per collision (see section 2.4.1), so after 8 collisions, it has too
little energy left to cause a displacement of a lattice ion. The a particle will mainly

deposit its energy up to 10 um [250] away from the decay site and cause damage.

The Th daughter will most likely deposit all its energy in the first collision, as it is
much heavier than the surrounding ions, creating many defects in a localized region. It
is unknown if this will move the Th into a Ca position, which would prohibit internal
conversion the most. This is however most likely: impact of a Ca?t moves mostly
other Ca and creation of interstitials on the cationic lattice is unlikely [69, 110]. If no

interstitials are created it is likely the Th takes up a substitutional position.

Since the recoiled daughter is most likely to be highly ionized, it can be assumed internal
conversion does not take place during recoil. The neutralization in this insulator might
happen quite slowly. It is known that neutralization of the ion plus decay of the thorium
nucleus on a metal takes ~ ps. In an insulator with no electrons freely moving this will
be most likely longer, much more than the recoil travel time (=ns). It is known from
other fluorites that fast heavy ion damage creates a local anion (fluoride) deficiency [215].
The lack of fluorides might change the charge compensation of Th and promote internal
conversion. More research is needed to investigate internal conversion probability during

and after recoil.
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FIGURE 6.2: Decay chain of uranium-233 and uranium-232, both present in uranium
compounds. 232U is an unavoidable byproduct of the production of 233U,

One can calculate the expected signal, background, and noise rate to estimate how viable
the uranium experiment will be to detect photon emission from the isomer. In these
calculations we use the experimental characteristics of the long integration setup from
section 4.3 and we assume no internal conversion. The signal strength goes up with
the activity of 2*3U. The main background is Cherenkov radiation at 150 nm, produced
by B~ -decays in the decay chain as is highlighted in figure 6.2, and STE light emission
around 300 nm mainly produced by a-decays in the chain. Per a-decay almost 10°
photons are created (see section 2.4.3), which are mostly filtered out by the grating and
choice of solar blind PMT (see figure 4.3) in the long integration setup. We will now

estimate the produced background Cherenkov photons.
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6.1.1 Cherenkov Emission and Isomer Photon Emission Calculation

Not only does the Cherenkov emission produced by 233U decay need to be taken into
account. In almost any sample of 233U there is a contamination of 232U since it is a
byproduct of its production in a (n,2n) reaction [165]. As can be seen in figure 2.20 even
at a contamination level of 10 ppm the 22U produces ten times more Cherenkov emission
than the 233U, drastically increasing background. Aside from this it emits higher energy
« radiation, producing more STE emission and has a dangerous 2.6 MeV ~v-ray in its

decay chain. This contamination thus disturbs any experiment heavily.

To evaluate the viability of the experiment we calculate the total amount of photons
emitted by the 22°Th nuclei per second, the nuclear photon emission flux. The flux can
be easily calculated: Ry = 2% of all 233U decays produce an isomeric thorium. Thus
a crystal with volume V. containing a concentration ng of 233U will produce a flux per

. @
steradian o

() 1 0.02 log(2
— X233 N33R = 8(2)

y —16 -1
ke R Ving ~2.2-10716 .y, H 6.1
QO 4n 47 159200 yrs OV chy St (6.1)

where Ao33 is the decay constant for 233U and Nasz the number of 223U atoms assuming
no internal conversion happens. One can quickly see that many nuclei are needed to
produce any significant signal. From the binary phase diagram of UF, - CaF3y we can see
that UFy concentration density goes up to 42 wt % (weight ratio percentage) without
changing the CaF5 crystal structure or approximately 102! U nuclei cm™ [251]. If and
how much this affects absorption is not known, in [45] it was found that the absorption

was independent of doping at least up until 5-10'? cm™.

By using the Frank-Tamm equations from section 2.4.3 for every S~ -decay in the 233U

decay chain one can calculate the produced amount of Cherenkov photons, dgj\?h. We
calculate only those produced around 150 nm, where we expect the isomer energy to be.
As one can see from equation 2.15, the intensity is proportional to % thus we expect
higher intensities towards shorter wavelengths (or higher energies). In table 6.1 the
Cherenkov photon fluxes have been calculated for all daughters of 233U and **2U. We
assume in our estimations that Compton scattering and conversion electron processes

have a minor effect as shown in [45].

The total Cherenkov photons are determined by the thorium decay because it takes
very long (6 years for 232, and 24000 years for 233) for the U-Th system to be in
equilibrium. So depending on the ingrowth time after chemical separation of uranium
from its daughters, the amount of Cherenkov radiation will increase. The background

will thus behave as
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Cherenkov intensities
B~ -decay Qp- (keV) Occurence (%) dgj\’h at 150nm in
1nm window per 100
Th decays
233U decays
25Ra—2PAc | 356.0 31.2 0.03
225Ra—22Ac | 316.0 68.80 0.03
213Bj—213pg 1423.0 64.80 39.7
213Bj—213pg 983.0 30.20 8.37
209pH—209Bi | 644.0 100.00 9.04
209T1—209ph | 1827.0 2.04 2.11
2320 decays

212Bj,212p, 2252.1 55.30 78.07
212Bj212pg 1524.8 4.50 5.70
212Bj,212pg 739.4 1.44 0.19
212Bj212pg 631.4 1.90 0.16

AR 2B, 569.9 13.30 0.73
212p;_,212p, 331.3 81.70 0.49
208T1208p | 1801.3 17.70 17.05
20871 ,208pp, | 1523.9 7.96 3.15
208T1208ph | 1290.5 8.71 4.43

20871 208ph | 1038.0 1.14 0.36

TABLE 6.1: Total cherenkov photons, dgj\?h , produced per 100 228Th or ??°Th decay in

a 1nm window for all 3~ -decays in the 232/233U decay chains

D@ cper A
her _ (0.59 - Aggg + 1.1 - /\228ﬁc232)
0 A233

233 Veny,

T t~3.22- 10" Von,t st'Hz  (6.2)
i

where t is the total time after last chemical separation of uranium from its daughters in
seconds and Chso the ratio of 232U to 233U atoms. For the following approximation the
ratio Ca32 was assumed to be 10 ppm [165]. The total signal-to-background ratio around

150 nm now becomes

P R 0.7
T = : ~ — 108, (6.3)
(I)cher (0.59 . )\229 +1.1- )\228 232 ngg)t t

A233

So after a day this ratio is 800, after a month 27, after a year 2.3 and after 5 years
0.5. This means that any of these experiments are done ideally within a year after
chemical separation and crystal growth. Important to note here is that the Cherenkov
background is broad and the nuclear photon emission is narrow. The amount of photons
per wavelength of Cherenkov radiation decreases when a smaller wavelength bin size is

taken, for the nuclear photon emission it stays constant. By increasing the resolution in
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a detection setup this can be exploited: By increasing the resolution the ratio of signal

to Cherenkov background will increase.

Now the nuclear photon emission flux and background ratio have been calculated. By
looking at experimental characterization done in chapter 4, a realistic estimate can be

made for the viability of this experiment.

The main unknown in these calculations is internal conversion after the violent radioac-
tive decay. The recoil on the ?2Th nucleus in the crystal can possibly open up avenues
for internal conversion during motion. Alternatively, the position where the nucleus
ends up can be not substitutional or not charge-compensated which could lead to inter-
nal conversion being the dominant decay path. We assume no internal conversion for

these calculations.

Due to the low transmission at 150 nm for the *3U crystal (figure 4.56) the viability of
the experiment becomes low. From above calculations and the system efficiency from
section 4.3 we can calculate an expected isomer photon flux rate to be 0.1 cps at 150 nm
using a 1 mm slit assuming 10 % crystal transmission (23U doped crystal). As can be
seen from the Cherenkov radiation measurements (figure 6.17) signal rates of 0.25 Hz

can be barely measured in the long integration setup (section 4.3).

Considering the expected signal rate of 0.1 cps, measuring nuclear photon emission is
not expected. Cherenkov radiation should be 10 times stronger than isomer photon flux
but was not measured. The ?*?U doped crystal however is five times more transparent,

which would mean 5 cps of Cherenkov photons which should be detectable.

This signal was detected, and presented in figure 4.60. The weak VUV signal in
the 232U:CaFs, a factor of 0.06 weaker than expected, meant that probably no VUV
Cherenkov radiation (/0.06 cps) or isomer signal (/0.006 cps) could be observable in
the 233U doped crystal. The Cherenkov light is produced regardless of internal conver-
sion and should have ten times the signal strength as compared to the nuclear photon

signal in these crystals (section 6.1).

Improving the crystal transmission and improving the doping concentration can make
the experiment viable. The transmission however could be reduced by increasing doping
concentration, this is part of active research. In [45] is is stated that doping concentra-
tions at least up until 5:10' cm™ do not affect VUV transmission. Other possibilities
to reduce absorption in this region is to change the oxidation state of uranium. It
is known that the oxidation state can be changed by changing the parameters during
crystal growth [252] but verifying which oxidation state the uranium has (2+, 3+, 4+,
6-+[79, 253], 5+[254]) and to which to change it is ongoing research.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 6 The Nuclear Excitation of 22Th Through Nuclear Reactions 183

Increasing the doping concentration by a factor of 10 (to 10?° cm™, and increasing trans-
mission by a factor of 5 would create a signal of ~0.3 cps which would be measurable
with the current setup. The best approach seems to be improving the setup, such as the
one suggested in section 5.7, which would increase the detection efficiency by two orders
of magnitude. Increasing the concentration might be detrimental to the transparency.
Although hard, the excitation of ??*Th through 233U decay in CaF5 seems to be feasible

after improvements.

6.2 Viability of the Excitation of 22Th through Activation

of 228Ra

From the nuclide chart (figure 6.1) we identified the possibility to produce isomeric
thorium through actinium-229. The half-life of 2?9Ac is 62.7min [249] and decay via
B~ -decay with a @ value of 1.104 MeV. Due to its short half-life, this isotope needs to
be produced and immediately used. To produce and use 22 Ac to populate the isomeric
state has been attempted often [46, 255-261]. Production methods in these publications
are 232Th(y,p2n)??’ Ac reaction, 232Th(p,a)??? Ac and 238U spallation.

Actinium-229 beta decays into the isomer with an predicted efficiency between 14 % and
93 % [46]. This is much larger as compared to the 233U decay. In combination with its
much shorter half-life the production rate of isomeric thorium would be much higher, if

an adequate amount of ???Ac can be produced.

The approach of [46] is to produce ?2? Ac online at the CERN ISOLDE facility and then
implant the ???Ac in pure CaFy. This approach also uses the large bandgap of CaFs
to prohibit internal conversion. The ?2?Ac should decay to the isomer, and produce a

photon emission signal.

The momentum kick from the S~ -decay of ??Ac is not expected to move the nucleus
in the lattice, as opposed to excitation through 233U decay, and the local electronic
surrounding should thus not change. This is likely to prohibit internal conversion more
effectively, making photon decay more probable and detectable [262]. The downsides of
this experiment is the violent implantation of the nuclei, but has the benefit of a high
production of ??? Ac through the ISOLDE facility (10'° nuclei/s implanted).

We follow the idea of doping ??’Ac into CaFsy, instead with a different production
method of ???Ac which is illustrated in figure 6.3. We call this the activation exper-
iment. Through the neutron capture by 22Ra and subsequent 3~ -decay of 22?Ra, 229 Ac

is produced. The decay chain is then:
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28R (00, 229, P, 2295 B, 229mey, 2, 229y, (6.4)
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FIGURE 6.3: Production chain of 22 Th through neutron capture of 22Ra.

Benefits of this method is it uses only neutron activation, available to us through the
TRIGA MARK II nuclear reaction (section 6.3) and the long half-life (5.75 years [263])
of 22Ra allowing doping into crystals. After neutron activation the 2??Ra lives shortly
(4 minutes [249]), producing many S~ -decays (Q value 1.872MeV) which contribute to
background. After that, for several hours isomeric ??*Th is produced due to the 62.7
min half-life of 22 Ac. In this time the crystal could be transported from reactor to VUV

spectrometer to see if photon emission from the nucleus can be measured.

We thus propose to grow 22®Ra:CaFy crystals, irradiate them in the neutron beam of the
TRIGA MARK II nuclear reactor in Vienna and immediately measure these crystals in a
spectrometer for isomer photons. The upside of this experiment is that the 2?®Ra atoms
will have a controlled crystal environment, as opposed to the implantation method, thus
reducing possible internal conversion. The double f~-decay will ensure less distortion

of the surrounding lattice as well, as opposed to 233U a-decay.

The downside is that the crystals will be highly active due to the inherent radioactivity
of 2?®Ra. In order to produce a sufficient number of isomeric ??Th the amount of
228Ra needs to be high because the neutron absorption process is inefficient. Sufficient
amounts of 22®Ra can be extracted from even larger amounts of old 232Th. One kilogram
of five year old 232Th would have 500 kBq of ??®Ra. In practice, [12] managed to
extract 1.5 MBq ??®Ra per kg ?*2Th, which means it must have been older than 5
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years. The radioactivity of the large amount of ??®Ra will produce a large gamma and
Cherenkov photon background and damage the crystal (see section 2.4.2). Another
downside is unwanted neutron activation of other species in the crystals, increasing the

photon background and damage.

6.2.1 Cherenkov Emission and Isomer Photon Emission Calculation

To calculate the signal flux, we need to consider the total transmutation dynamics of

the following nuclear reaction:
225Ra —>(n’7) 220Rq 7y 2290 27, 220mepy 7, 229y (6.5)

For the calculations we will only consider activation through thermal neutrons since this
is the dominant neutron flux in our reactor [264] and the process with the largest total
cross section [12]. To calculate the time dependent activities % of all species we need
to consider 3 processes: Activation rate (®y,04,), decay rate to daughter (—AN) and

production rate from mother (+AN). For the three relevant processes then follows

A229R, = Py N2osg, — A220p, V2295, (6.6)
A229 5. = A229R5 N229R, — A220 4 N229 (6.7)
Az29mpp = R - A220 7 N220p. — ['229my, N229my, . (6.8)

Here R 4. is the amount of Ac decays that end up in the isomer state which is between
14% and 93 % [46] and Tazomyy the unknown 229Th decay rate. The activity of the
229m T} is now directly our photon flux, assuming no internal conversion. To calculate
the abundances we assume to have 250 kBq of ??®Ra doped into CaF5, which corresponds
to a concentration of roughly 10" cm™ for a cylindrical crystal of 3.2 mm diameter
and 1 cm length, as is explained in section 3.2. We consider 250 kBq of activity because
we have handled these activities while growing 2?Th:CaF, crystals before, and above
it was found that this amount is reasonably available. Crystals grown with this amount

of 229Th activity have shown up to 10 % transmission (crystal C13).

The TRIGA MARK II reactor in Vienna runs for 8 hours a day, producing a thermal
neutron flux of approximately 103 cm™2s~!. Our experimental cycle is characterized
by activation, transport and detection. Since the lifetime of the isomer is not known,
the best strategy is to maximize ?2°Ac production. Even if the isomer lifetime is short,
the isomer will be actively produced by ???Ac decay during the measurement. If we

assume the ???Ra abundance to quickly reach saturation we can calculate the optimal
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FIGURE 6.4: Concentration in the CaFy crystal over time during our experimental

cycle. The three stages of the experiment are shown by the shaded areas: activation,

transfer and measurement. The concentration of ?2®Ra is barely affected by the activa-

tion process. The abundance curves are shown for 2 lifetimes of 22°*Th, 1 minute and

2 hours. It is conservatively assumed in this curve that 14 % of 229 Ac decays into the

isomer. A different percentage would not change the time behavior of the curve, just
the magnitude.

irradiation time. To reach 90% of saturation activity of ?2?Ac, which has a half-life
of 62.7 minutes [249], the ?®Ra needs to be irradiated for 3.3 half-lifes of ?*?Ac. We
assume a transfer time of 15 minutes, in practice we have been able to move samples from
reactor to measurement start in 10 minutes. Using these conditions, we can calculate
the concentrations of all involved isotopes as seen in figure 6.4. Calculated S~ -decay

rate and isomer decay rate from 2?®Ra abundance can be seen in figure 6.5.

We can see in figure 6.5 that the S~ -decay rates are at most 100 times more than the
isomer rates. However the maximum B~ -decay energy of 2?®Ra, 45.5 keV, is below the
threshold of 158keV for Cherenkov radiation in CaF,. The daughter, ??®Ac, has a 5~
that exceeds the energy threshold for Cherenkov radiation. For the dominant daughter,
we can estimate our signal-to-background ratio. By using that (in a 1nm bin) each
B~ -decay produces 0.1 photon at 150nm (Rg) [45] and that the decay rate of *Ac
is almost constant over our integration time of 10000 seconds we find for a cylindrical

crystal of 1cm length and 3.2 mm diameter that the



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 6 The Nuclear Excitation of 22Th Through Nuclear Reactions 187

=== Cherenkov 228Ac [ Activate
=== Cherenkov 22°Ra/??°Ac Transfer

500000 m— [somer (14%) Measure
m— |Somer (93%)

400000

300000

200000

Rate [cps]

100000

Time [hrs]

FIGURE 6.5: Photon rates of Cherenkov photons produced at 150 nm in a 1nm bin by
B~ -decay and isomer photons. Here the isomer lifetime was set to 2 hours. A crystal
volume of 1cm? is assumed. The B~ -decays will produce a Cherenkov background
signal at the same wavelength as the isomer photon. We can see that the dominant
Cherenkov signal is produced from 22 Ac. We can see also that in the both cases, isomer
photons will dominate over the activation produced Cherenkov photons.

(I).
SNR = ome sVt ~ 500. (6.9)
\/(bisomer + Rﬁq)ﬁ

Although the 2?2 Ac background dominates during the measurement, the amount of noise
it produces scales only with the square root of this signal. By integrating for 3 hours,
this background can be mitigated and a high signal-to-background ratio can be obtained

for the isomer photon emission signal.

The SNR of 500 is a first indication that this experiment is promising, but other sources
of background and detection efficiency need to be evaluated. Now we will present the
simple detection system and its efficiency, measurements of the radioactive VUV back-
ground and crystal transmission reduction. Using these experimental characterizations

we can evaluate the true viability of the proposed experiment.
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6.3 Neutron Irradiation of CaFy with the TRIGA Mark-11

Research Reactor

In Vienna at the Atominstitut of the TU Wien there is a TRIGA Mark-II research reactor
built by General Atomic in the 1960s. The reactor is equipped with UZrH fuel elements
to produce through fission chain reaction a maximum of 250 kW of power with a thermal
neutron flux in the center (Zentrales Bestrahlungsrohr, ZBR) of 10'3 neutrons/cm? /s

[265]. A schematic representation of the reactor can be seen in figures 6.6 and 6.7.
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FIGURE 6.6: Top view of the TRIGA Mark-II research reactor, taken from [265].

By lowering a crystal into the ZBR with a string (see figure 6.8) it can be irradiated with
neutrons. The nuclei in the crystal can absorb the neutrons and become activated. The
neutron energy spectrum of the reactor contains in increasing energy order: thermal,
epithermal, and fast neutrons. The thermal neutrons in general produce (n,7y) reactions
where a single neutron is absorbed. Epithermal neutrons are more likely to produce
other nuclear reactions, such as an (n,2n) reaction where one neutron is removed from

the nucleus or an (n,p) reaction where a proton is replace by a neutron.

After a nuclear reaction the nucleus is often left excited or unstable and will possibly
decay, emitting high energy v photons. When measured on a y spectrometer, the isotopes

in the crystal can be identified by their characteristic «v emission, a so called neutron
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FIGURE 6.7: Side view of the TRIGA Mark-II research reactor, taken from [265].

activation analysis (NAA). The same process can be used to produce isomeric thorium-
229 from radium-228 (***Ra ), 920g, B0y 220p B, 229mTh) as described above in

section 6.2.

To safely transport the highly radioactive irradiated crystals and make sure measurement
in the long integration setup can be quickly started, a special holder was designed. The
holder is designed to fit in a KF40 vacuum tube that can quickly be mounted on the
system. In this holder the crystal is secured by a set screw such that it only has to be
handled in one of the appropriate radiochemistry labs. Using this setup the measurement
of an irradiated crystal can start 8 minutes after the crystal is taken out of the neutron

beam in the reactor. The holder can be seen in figure 6.9

This reactor was also used to produce 3?P for a calibration Cherenkov source and to
activate undoped CaF5 crystals for characterization to assess the viability of 22®Ra:CaF5

activation to produce isomeric 22?Th.

6.4 Production of a Calibration Cherenkov Source

Before characterizing the Cherenkov radiation emitted by a neutron irradiated crystal

directly after irradiation, a dedicated Cherenkov calibration source was produced. The
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FIGURE 6.8: View on the pool of the reactor. The cylindrical fuel elements can be seen

at the bottom of the pool. Some of the tubes are pneumatic transporters for samples.

A crystal can be lowered in the center of the fuel elements to experience the highest
neutron flux (ZBR).

goal was to characterize the spectrum emitted by a S~ -decay in undoped CaFy with a
longer-lived source as to have the integration time to measure the full spectrum. The
choice was 3?P as source which decays to a stable element only by emitting 5~ radiation,
no ~ radiation. The half-life of this isotope is 14.268(5) days [266], which gives enough

time to record a full VUV Cherenkov spectrum.

To build the Cherenkov source, **P was produced through an (n,p) reaction of 32S in an
epithermal neutron beam. The phosphorus was dried in the 2 mm diameter 4 mm deep
drill hole in the 3.2 mm diameter 12 mm height cylindrical CaFs seed crystal (figure 3.6)
and sealed with torrseal onto a screw and vacuum flange. The high energy S~ -decay of
32P would then cause Cherenkov radiation being produced inside the CaF,. The other
side of the crystal was cleaved to produce optimal optical transparency. The end result

can be seen in figure 6.10.

In order to produce 3?P, the 328 M) 32P nuclear reaction was used using epithermal

neutrons from the Atominstitut reactor. For the production, 256.66 mg of finely ground
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FIGURE 6.9: Neutron irradiated crystal in the holder for the long integration setup.

FIGURE 6.10: Vacuum solution for mounting the Cherenkov source. The screw can

be removed and easily inserted in any setup. The crystal pocket filled with torrseal is

clearly visible, the 3?P containing solid is invisible due to its small amount. The top of
the crystal is cleaved to provide 70 % optical transmission at 150 nm.
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sulfur (Johnson Matthey “Spectrographically Standardised Substance”) was transferred
into a polyethylene sample tube (Emerald plastics) using a plastic spatula and closed.
The capsule was irradiated in dry irradiation position R3 for 8 hours at 250 kW (1.8-10'2
thermal neutrons/cm?/s; 10!! fast neutrons/cm?/s). After the irradiation the produced
phosphorus is expected to form a complex with the sulfur (e.g. P4S10). The irradiated
sulfur was transferred to a 35 mL ”Eppendorf” sample vial and 25mL (21.52557g) of
toluene was added (Merck ”zur analyze”). The vial was closed with a magnetic stirrer
and was stirred in a 60°C water bath until all solids had dissolved yielding a clear near

colorless (slightly yellow) solution. The solution is allowed to cool to room temperature.

To determine the contents of the solution, liquid scintillation counting (LSC) was used.
In this process, a fluorescent dye is added to the solution that fluoresces due to the
radioactive decays in the material. Depending on the energy released by the decay a
proportional amount of photons will be emitted by the dye. By measuring the amount
of photons produced per decay an energy spectrum of the solution can be recorded. A
50 pL aliquot of the toluene solution is taken in an LSC vial and 10 mL. PE UltimaGold
scintillation cocktail is added to measure the fluorescence of the sulfur contamination.
The fluorescence can be seen in figure 6.11. Here it can be seen that mostly 2°S (Qg
= 167keV) is present in this phase because of the lower energy S~ -decay, some of the
higher energy *2P 3~ -decay (Qp = 1710keV) can be seen. The 3°S isotope is produced

much more than the 32P and thus needs to be chemically separated.
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FIGURE 6.11: Fluorescence spectrum of the aliquot of the toluene solution before chem-

ical separation. The PE UltimaGold scintillation cocktail emits photons proportional

to the energy of the 8~ -decay. Due to this we can see the low energy 8~ spectrum of
35S as well as small amounts of the high energy 2P spectrum.

To chemically separate the 3°S, HCl (1.0 M, 500 pL, 0.45335¢) dissolved in water is
added and the vial is again heated to 60°C and stirred for 60 minutes at 300 rpm. The
HCI will react with the P3Sg and water to oxidize the phosphorus to different phosphates
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and phosphides (PO4%, PO3%, PH3, HPOs!", HoPO, ", H3PO,) which will dissolve in
the water. After letting the vial settle and cool for 20 minutes the aqueous layer of the
HCI solution sits on the top. With a syringe the layer is collected (less than 5mL) and
transferred to a new vial (35 mL Eppendorf). Care was taken not to take any of the

toluene solution and thus some of the layer remained in the vial.

The 3?P solution was measured on a medical activity meter and registered 391 kBq.
An aliquot was taken of this solution (50 pL) and 10 mL PE UltimaGold scintillation
cocktail is added to measure the fluorescence, the result can be seen in figure 6.12.
No fluorescence peak correlated to the low energy S~ -decay can be seen indicating
a successful separation of sulfur and phosphorus. Another aliquot was taken of the
remaining toluene solution (50 pL) and 10mL PE UltimaGold scintillation cocktail is
added to measure the fluorescence, the result can be seen in figure 6.13. Here it can
be seen that approximately all the sulfur from before the separation is in the remaining

toluene solution. The next step is to dry the 3?P solution in a crystal.
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FIGURE 6.12: Fluorescence spectrum of the aliquot of the water 32P solution. The PE

UltimaGold scintillation cocktail emits photons proportional to the energy of the 57-

decay. As opposed to the other spectra in figures 6.11 and 6.13 we do not significantly
detect 3°S. This proves that the separation was successful.

To dry the 32P, the crystal was put into a metal piece with the pocket upwards onto a
hot plate set to 80°C. With a pipette the 32P solution is carefully dripped into the drill
hole. After the water has boiled away the process is repeated. After many repetitions
approximately 90 % the 3?P is transferred to the crystal. The rest of the drill hole is

filled with torrseal and a screw is attached to the end.

These crystals were produced several times to record its emission as discussed in sec-

tion 6.5.2.
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FIGURE 6.13: Fluorescence spectrum of the aliquot of the toluene solution after chem-
ical separation. The PE UltimaGold scintillation cocktail emits photons proportional
to the energy of the 8~ -decay. Due to this we can see the low energy 8~ spectrum of
353 as well as small amounts of the high energy 3?P spectrum. It can be seen that the
total counts in the 3°S spectrum have remained approximately constant before and af-
ter separation. Also the ratio of P to S fluorescence has decreased, indicating phosphor
was removed. This shows that the two substances were separated to a high degree.

6.5 Neutron Activation Characterization Measurements

In order to estimate the viability of the 2?8Ra activation experiment, the experimen-
tal procedure had to be further characterized. Firstly the transmission of 2?%Ra:CaFs
crystals and their neutron irradiation needs to be evaluated. The damage of neutron
irradiation on VUV transmission is characterized in section 6.5.1. Since no 228Ra:CaF5
crystals have been grown so far, we need to infer the VUV transparency of these crystals

from the characteristics of radium and of other doped crystals that were grown.

Radium is an alkaline earth metal just as calcium and thus has similar properties. It
has the same preferred oxidation state (2+) and forms a cubic lattice just as CaFy [267].
The ionic radius is larger, 148 pm for Ra?* instead of 112 pm for Ca?* for a coordination
number of 8 [58, 268]. Grown CaFy crystals routinely contain Sr and Ba contamination.
It was found that all alkaline-earth metals (Mg,Sr,Ba) are retained in the lattice of CaF,
but the larger the ionic radius difference, the stronger the segregation [269]. It is thus
expected that CaFy crystals would retain some Ra in their lattice. We could not find
any previous experimental studies of the transmission or growth of single crystal RaFs,

probably due to the radioactivity of such a crystal.

Theoretical work on the transmission shows that RaFy has a significantly different lat-
tice constant and a smaller bandgap than CaFs, possibly affecting the transmission of

the crystal [270]. The theoretical bandgap of RaFs of roughly 10 eV would still be large
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enough to prevent internal conversion of the isomer. Due to the low doping concentra-
tions needed for this experiment (10'® cm™3) significant effects are not expected. Doping
can reduce transmission as is seen in figure 4.45 for thorium doped crystals grown in our
group. Naturally, thorium perturbs the lattice more due to its 4+ oxidation state which
needs charge compensation and thus might produce more absorption than radium dop-
ing. Characterizing the VUV transmission of a Ra:CakFy single crystal is thus needed to
assess the viability of the Activation experiment. The VUV transmission of an neutron
irradiated undoped CakFsy crystal was done to approximate this characterization in the

following section.

The next aspect to characterize is the Cherenkov radiation produced by the ?2*Ra doping
and the neutron irradiation of the crystal. The Cherenkov spectrum of 5~-decay in CaFq
is characterized in section 6.5.2 by using the developed Cherenkov source (section 6.4).
This source consisting of undoped CaF5 and 3?P. The information gained here can be
used to characterize the quickly decaying Cherenkov radiation produced through the

neutron irradiation of an undoped CakFs crystal.

In the last section the VUV background created due to irradiation of CaFy is character-
ized. Because of the time sensitivity of these experiments, as explained in section 6.2,
the time behavior of this VUV background is crucial. To perform the measurements
fast enough with the setup detailed in section 4.3, only four wavelengths are sampled.
The rest can be inferred from the Cherenkov spectrum of the calibration Cherenkov
source. Finally in section 6.6, these characterizations are taken into account to predict

the viability of the experiment.

6.5.1 Neutron Irradiation Damaging Effects in CaF,

Isomeric 22 Th can thus be produced by irradiating > Ra doped in a CaF5. If the 22°™Th
decays through photon emission the next critical question is if the crystal environment
is transparent to this photon. Irradiating a crystal with neutrons in a nuclear reactor
creates damage in CaFg. The damage is created by the o, 3, x-ray and - radiation that
is absorbed by the crystal [271-273].

We irradiated undoped Excimer grade CaFy crystals for different time durations in
the TRIGA mark II reactor described in section 6.3, and measured their VUV and UV
(405 nm) transmission. After the irradiation, the crystals take on an orange coloring (see
figure 6.14). The color of the damage looks very similar to the highly doped 22Th:CaF5
(see figure 3.21), indicating a similar origin. The orange color can be attributed to F, M,
and N centers that absorb around 400 nm and emit at 600 nm in the orange (see table

2.5.3).
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F1cURE 6.14: Undoped CaFy crystal that was irradiated by neutrons in the TRIGA

mark II reactor for 3 hours. The orange coloring is indicative of many highly localized

defect centers in the form of F, M and N centers. Any larger agglomerations of defects

would color the crystals purple as is seen in heavily damaged CaF4 with higher concen-

trations of F centers [111]. This indicates this crystal has a low F center concentration
which are not agglomerated.

As can be seen in figure 6.15 the VUV transmission does not decrease drastically after
reactor irradiation, at most by a factor of 0.2. The decrease of transmission seems
to be mostly a surface effect; after repolishing the surfaces the original transmission
was completely regained. The surface absorption is probably due to radioactive self
sputtering [106]. In this processes the violent decay process deteriorate the surface and
create dust particles with a diameter in the 100s of nm. The exact self sputtering process

is not yet understood.

To test the hypothesis that the orange coloring is due to F, M and N centers created
through the movement of F centers the transparency around the broad F center ab-
sorption (400 nm, see table 2.5.3) was measured. If the crystal absorbs in this region it
indicates that the broadband absorption of these defect centers is present. The results

are displayed in table 6.2.

The transmission of a 405nm laser was measured using a UV Thorlabs photodiode.
The UV transparency of undoped CaFy was measured to be 93 %, thus the neutron
irradiation heavily decreased the UV absorption. A correlation in length can be seen,
which indicates a volume absorption. A correlation in irradiation time can also be seen,
which indicates that the process is not saturated yet. More experiments are underway

to quantify this effect.
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FIGURE 6.15: Transmission at 150 nm for four undoped CaF; crystals with different
lengths. The surface quality affects transmission significantly, as can be seen in the
scattering of values before irradiation (irradiation time 0). Polishing quality and surface
water absorbant were not kept constant in these measurements. Before any irradiation,
mechanical abrasion due to handling and quality of polishing affects the transmission
greatly. After 3 hours of irradiation we see only a small reduction in transmission, only
the longest crystal has a significant reduction in transmission. Probably for this crystal
both bulk and surface absorption are affected.

TABLE 6.2: Transmission of a 405 nm laser measured for neutron irradiated crystals
of different height. The 3 and 6 mm crystals were irradiated for 3 hours and the 2 and
4 mm crystals were irradiated for 3.5 hours which explains the difference in transmission.

Crystal length [mm] Transmission [%] Irradiation time (hrs)
2 35 3.5

3 40 3

4 7 3.5

6 11 3

To further investigate the transmission of the neutron irradiated crystals the spectral
transmission was measured with the setup described in section 4.2.1. After the crystal
was annealed at 550 °C for 1 hour and repolished, the transmission was remeasured. The
results are shown in figure 6.16. Firstly it was observed that the orange coloring of the
crystal can be removed by annealing. Secondly it seems the original transmission cannot
be completely recovered, even after annealing. Possibly longer 600 °C annealing as found

in section 5.5.1 needs to be used.

Another explanation for not regaining the original transmission is that the transmuted

Ca (to K, Sc or Ti) and F (to Ne) creates absorption centers. A second option is that
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the crystal became more non-stoichiometric due to unequal transmutation of Ca and F

due to their different thermal neutron capture cross sections (ocq > oF).

100
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FIGURE 6.16: Spectral transmission for the 3 hours irradiated crystal, Korth RA-

MAN/Excimer CaF3 window is shown for reference. Transmissions of the Korth crystal

and neutron irradiated crystals were measured with different light sources, Do lamp for

the undoped CaFs window and argon excimer lamp for the neutron irradiated crystal.

It can be seen that annealing mainly improves the low wavelength transmission and
less at higher wavelengths.

The study of neutron irradiation on undoped crystals cannot be assumed to generate the
same result as for 2?8 Ra:CaF,. For example, it is reported that additional absorption
due to neutron irradiation is only created around 180 nm for undoped CaFq [272]. The
absorption at 150 nm for 232Th:CaFy (see figure 4.47) indicates that doping can shift
the center of this absorption. Any doped crystal might thus be affected differently by

the neutron irradiation than pure Cals.

If the production of isomeric 2?Th through 2?®Ra neutron irradiation is attempted,
as described in section 6.2, then the ?2*Ra doping will increase the absorbed amount
of neutrons. The larger neutron absorption cross section of ??*Ra will induce more
radioactivity and thus more damage. Further experiments are needed to characterize
the damage of doped crystals. Other isotopes can be used to study this: Such as ??8Th
and ??°Ra because they have similar half-life and neutron absorption cross-section. Also
133Ba, can be considered because it is a chemical proxy to ??®Ra and again has similar

half-life and neutron absorption cross-section.
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6.5.2 (V)UV Spectrum of the Cherenkov Calibration Source

The Cherenkov source described in section 6.4 was produced to characterize the Cherenkov
radiation of undoped CaFy. This information is used to compare it to the Cherenkov

radiation produced by radioactively doped CakF's crystals and neutron irradiated crystals.

The shape of the Cherenkov spectrum of the calibration source was used to choose which
wavelengths to measure while characterizing the neutron activation induced VUV lumi-
nescence. In this manner a time dependent Cherenkov spectrum can be reconstructed
by measuring the VUV emission at single wavelengths for neutron activated crystals.
Also its UV spectrum was characterized to determine the produced background by STE

emission.

The VUV luminescence of the Cherenkov calibration source described in section 6.4 was
measured. The produced spectrum of the undoped CaFy with 300kBq of 3?P, a pure
beta emitter, inserted can be seen in figure 6.17. The 3?P S~ -decay in CaFy produces
a background of 2 cps as measured by the detector around 150 nm. It can be calculated
that the 32P decay produces 0.06 150 nm photon per decay. Considering 300kBq of 2P
and 0.05 % efficiency of the detection system one would expect 9 cps. The phosphorous
is not homogeneously distributed but on one side of the crystal. Because of this at most
half of all f~-decays will penetrate the crystal. Most of their energy will be lost not in
the crystal but in the phosphorous itself, thereby reducing the photon count to less than
the calculated 9 cps.

The Cherenkov spectrum can be calculated numerically as well [45], and scaled to the
spectrum which matches well with the measured values. The shape of the spectrum
is mainly dominated by the transmission cutoff of CaFy at 122nm, the increase in
Cherenkov radiation towards lower wavelengths (see section 2.4.3) and the reduction in

efficiency of the grating and PMT towards higher wavelengths (see figure 4.3).

The UV emission of the Cherenkov calibration source was also measured. The S~-decay
produces significant STE luminescence, as only a small fraction of the total energy of

the S~ -decay (1% to 5%) goes into producing Cherenkov radiation.

Finally, the VUV background to a possible isomer photon emission can be characterized
of a neutron irradiated undoped CaFs crystal with the knowledge gained on the spectral

shape of the Cherenkov emission and STE luminescence.
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FIGURE 6.17: The detected VUV spectrum of the Cherenkov source described in

section 6.4 compared to a scaled theoretically computed Cherenkov spectrum that takes

into account the spectral efficiency of the system. The maximum cps was 2cps. The

transmission cutoff of CaFs below 122 nm can be seen, as well as loss in efficiency of the

PMT and grating for higher wavelengths. A 1mm slit size was used. The theoretical

prediction matches well to the measured values, only a broadening is observed which is
most likely due to the slit size used.
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FIGURE 6.18: Radioactivity induced STE luminescence in a 3?P irradiated undoped
CaFy crystal. After 200nm the intensity of the STE luminescence start increasing.
The Cherenkov radiation at lower wavelengths is almost invisible on these scales. The
typical peaks can not be distinguished due to the loss in efficiency of the PMT at higher
wavelengths and the low resolution with which the measurement was taken (1 mm slit).
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6.5.3 Characterization of Neutron Absorption Induced VUV Back-

ground

The shape of the VUV Cherenkov background, induced mainly by S~ decay [45], was
characterized as described above. We can see in figure 6.17 that this produces a back-
ground of 2cps as measured by the detector around 150 nm using the same setup as
envisioned for the ??®Ra activation experiment. By knowing the shape of this spectrum
we can select four wavelengths to measure in this time sensitive experiment: 120nm
is chosen to measure the noise background, 150 and 170 nm to measure the Cherenkov

background and 300 nm to measure the STE background.

Pure CaF5 crystals were irradiated with a thermal neutron flux of 10'3 neutrons cm™2s!
for 30 min, 60 min and 180 min, after which the VUV background was measured. The
crystals needed to be transferred from the nuclear reactor core to the VUV spectrometer.
The transfer took a certain time (=10 min) during which the VUV emission could not be
measured. After a first attempt at measuring the VUV background, lead shielding was
added to the detector due to a high background of gamma radiation, directly striking

the PMT. The shielding reduced the background by two orders of magnitude.

With a shutter, light and dark measurements were taken in quick succession: 0.5s of
dark and 1.5s of light measurements. The average difference is plotted in figure 6.19 for
a 3 hour activation. One can see the Cherenkov light emitted at 150 nm and 170 nm,
and the STE light at 300 nm [51]. The radioactive background produced on average 200
cps in the first 3 hours after a 3 hour neutron irradiation as measured by the detector
around 150nm. It can be seen that the fitted single exponentials of 150 and 170 nm
do not match well to the initial points, indicating that the tail of the short lived *°Ca
B~ -decay dominates the Cherenkov radiation here. It is hard to see if the 300nm STE
fluorescence also deviates in the first minutes from the fitted exponential, as it was not
measured there. From the approximately 1 hour half-life of the fitted exponentials it

can be deduced that the decay product of 4°Ca, 4°Sc, produces most of the background.

In figure 6.20 the fluorescence of a 30 minutes neutron irradiated CaFs crystal is shown.
The radioactive background produced on average 30 cps in the first 3 hours after a 30
minutes neutron irradiation as measured by the detector around 150 nm (figure 6.19).
The activity in the first 5 minutes (not visible in the figure) was much higher than during
the rest of the measurement. This is due to the production and subsequent decay of
49Ca, which has a lifetime of 9 minutes [274]. The transfer time in this activation was
3 minutes shorter than the above measurement which caused the decay of 4°Ca to be

strongly visible. The increased background due to 4°Ca decay disappears after several
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minutes and will produce a negligible background as compared to the expected isomer

decay time of >1min [8].

From the data we can conclude that increasing the neutron irradiation time by a factor
of 6 increased the radioluminescence by a factor of 50. The long term background F
and H center recombination that produces STE light only increased by a factor of 5.
For 3 hours of activation, the Cherenkov radiation reduces to almost background after

approximately 2 hours and the STE luminescence after approximately 3.5 hours.
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FIGURE 6.19: Radioluminescence of a 1cm long 3.2 mm diameter pure CaF5 crystal

after 3 hours of neutron irradiation in the TRIGA MARK II reactor. Due to the nature

of the setup (4.3), only one wavelength could be measured at a time. Slit size was 2 mm,

thus 8 nm wide spectra are measured around each wavelength. Measurement started

11 minutes after activation end in the reactor. The original data points are shown on

top of single exponentials fitted to the data. The 120nm background was subtracted
in this plot which was 66 cps.

6.6 Experimental viability of the Activation of 22°Ra

When measuring isomer photons, the Cherenkov VUV radiation is the dominant back-
ground. It can be calculated from figures 6.20 and 6.19 that the irradiation of the crystal
produces on average respectively 80 cps and 25 cps as measured by our detection system
after the first hour at 150 nm for a slit size of 2 mm. During the first hour after neutron
irradiation the background can be larger due to the decay of the shorter lived 4?Ca.
The 22*Ra contributes ~5 cps for 300 kBq (or 10'° cm™ in a 3.2mm diameter 1cm long
crystal), taking the detection system efficiency into account while using the Cherenkov
photon rates in figure 6.5 and a slit size of 1 mm. This value is ~2.5 times larger than

the measured number for 3P which has similar activity and 8~ -decay energy. The 3?P
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FIGURE 6.20: Radioluminescence of a 1cm long 3.2 mm diameter pure CaF5 crystal
after 30 minutes of neutron irradiation in the TRIGA MARK II reactor. Due to the
nature of the setup, only one wavelength could be measured at a time. Measurement
started 8 minutes after activation end in the reactor. Slit size was 2 mm, thus 8 nm wide
spectra are measured around each wavelength. The original data points are shown on
top of single exponentials fitted to the data. Due to the short transfer time, remaining
luminescence from the *°Ca decay was observed in the first minutes. The 120nm
background was subtracted in this plot which was 11 cps

source is not directly in the crystal and some of the energy of the S~ -decay will be lost

in the source itself, which results in less Cherenkov radiation produced in the crystal.

We can see that if 300kBq of 22°Ra is used, it produces slightly lower background as
compared to the average background produced by 3 hours of neutron irradiation of
the undoped crystal. For a slit size of 1 mm the background due to activation of the
undoped crystal would amount to 40 cps, as compared to 5cps due to the Cherenkov
produced by ??®Ra. The transmission of the crystal is not significantly affected by these
low doping concentrations, especially compared to the transmission loss through neutron
irradiation (figure 6.15). Assuming 30 % transmission at 150 nm, 300 kBq of ?®Ra and
the measurement cycle proposed in section 6.2.1 we can calculate the signal to noise

ratio for different isomer lifetimes and population efficiencies (figure 6.21).

Here we see that in the worst case scenario; 14 % population efficiency instead of 93 % (see
6.2.1), and an isomer lifetime of 1 min, we obtain an SNR of more than 17. Important
is to calculate the minimum photon flux, to assure we can measure it on our detector.
The result of the calculation is shown in figure 6.22, where the minimum photon flux is

equal to what was detected in the 2P experiment.

It seems in figure 6.21 that the ideal lifetime of the isomer is that of the 22?Ac half-life.

The decay of 229 Ac constantly produces 2™ Th nuclei during the measurement process
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FIGURE 6.21: Signal to noise ratio calculated for the activation experiment for different

isomer lifetimes and population probability from the 2??Ac decay. In this calculation,

the experimentally characterized background, system detection efficiency with a slit

size of 1mm and signal strength were used. One can calculate that in all reasonable

cases the SNR will be above 17.5. If the isomer lifetime is as estimated in [16] to be
5000s, the SNR will be above 20.

and thus is the dominant time scale of the experiment. If the half-life of the isomer is
shorter than the 2??Ac half-life, the isomer nuclei produced during activation will not
contribute to signal. If the isomer half-life is longer than ??°Ac it will fall outside our
measurement period and not contribute to signal. If the half-life is that of ?2?Ac it will
fall in our measurement period and the isomer nuclei produced during activation will
contribute to signal. These calculations and measurements show that if a 2?®Ra:CaF,
crystal is grown with sufficient doping and transparency, the experiment is viable using
the current experimental setup and can measure a wide range of possible half-lifes and

wavelengths of the 2 Th isomeric decay with high SNR.
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FIGURE 6.22: Average isomer photon flux (in cps) detected in our system, calculated
for the proposed experiment for different isomer lifetimes and population probability
from the 229 Ac decay. In this calculation the experimentally characterized background,
system detection efficiency with a slit size of 1 mm and signal strength were taken into
account. The lowest photon flux shown here, 0.35 cps, was measured in figure 6.17
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Chapter 7

The Nuclear Excitation of 22°Th
with X-ray Photons

Rotational band of
ground state

Rotational band of
isomeric state

lre E =42.43 keV

E,g=29.19keV T,, =100 ps

In-band, 1-B.°"

E, = 0.01 keV

5/2*

Isomeric state
Ground state 3/2% [631]
5/2+ [633]

FIGURE 7.1: Simple nuclear level structure of the 22Th nucleus including only the

lowest four states which are in two rotational bands: collections of nuclear states which

emerge for non-spherical nuclei. The Nilsson model for deformed nuclei describes these

by the Nilsson quantum numbers, which are the same within a band. The NRS process

is indicated which excites the 22°Th nucleus from ground to second excited state. Taken
from [43]

Excitation of the ?2Th nucleus with x-rays is achieved through a process known as
nuclear resonant Scattering (NRS). In this process, narrowband x-ray photons irradiate
a metal 2?Th target. The nuclei can absorb the photon and get excited to the second

excited state at 29keV. This excitation process is depicted in figure 7.1 for 2?Th. In
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the case of ?Th [43], several tens of picoseconds later (¢;/o = 82.2 + 4.0 ps) the nucleus
excited to 29 keV will re-emit the energy in the form of a photon or will undergo internal
conversion and emit an electron. The internal conversion dominates this decay. The
delayed re-emission of energy by the nucleus is what is measured in NRS. By confirming
this process we know that we have excited 2?Th to the second excited state, which we

call the x-ray Experiment.

In this chapter the viability of this approach will be tested. First (section 7.1) a theoreti-
cal calculation is presented where the nuclear photon emission rate is calculated in order
to assess where experimental characterization is needed. In section 7.2 the experimental
setup is shown: From undulator to the photon detection at the crystal. Two pho-
ton detection setups were used: One which maximized the detection efficiency around
150 nm in an attempt to measure a signal (section 7.2.3) and one that characterized
the spectral features of the crystal radioluminescence and x-ray induced luminescence
(section 7.2.4). Finally the experimental viability of this method is assessed using the

experimental characterizations.

7.1 Viability of the Excitation of 22Th with X-rays

The nucleus in the second excited state will mostly decay to the first excited state due to
selection rules: The cross-band de-excitation is semi-forbidden because it is a transition
between same parity states. The decay of second to first excited state happens both by
photon emission and by internal conversion. The benefit of using this method is that it
is proven, a downside is that it still needs highly doped crystals, the high intensity of
x-rays will definitely damage the crystal and possibly change the oxidation state of the

dopant [70] which might promote internal conversion.

The excitation rate of the 2nd excited state of 2?Th can be calculated through the cross

section of the NRS process which is described by the Breit-Wigner equation [275]

M TITA ]
T [(E — Egna)? + (T¢/2)?

onNrs(E) = gsp (7.1)
Here Agpq is the wavelength of the second nuclear excitation, I'Y" is the width of only
the cross band excitation to the second nuclear excited state, I'; the width of the total
excitation, F the energy of the excitation light, Fs,4 the energy of the second nuclear

excitation and gs, the spin multiplicity factor which is given by

2. +1 1

527:77 -2
G =501, +1) 2 (72)
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where 1,=5/2 and I;=1/2 are the nuclear spins of ground and second excited state of
the nucleus. By using the cross section oygrs we can calculate the excitation rate for

the second excited state Ws,,4:

dd

et (7.3)

Wang = /UNRS(E)

where % is the beam intensity per unit energy. The distribution of beam intensity per
unit energy is heavily dependent on the source. For example one could use radioactive
decay, x-ray tubes or synchrotrons to produce these types of x-rays. The most ideal
for these type of experiments is a synchrotron, which gives energy tuneability and high
intensities. This intensity per energy distribution is in synchrotron experiments [43] well

described by a Gaussian distribution

(E — Ep)?

2
20Xray

: (7.4)

where x4y is the linewidth of the beam, ®y the amplitude and Ey the center energy

of the beam. By combining the above equations this leads to

)\2 Fcr
2nd 2
W2nd = n

Dy. 7.5
4speam \/27mey 0 ( )

To calculate the excitation rate for the isomer through NRS (Wxrs) we need to take into
account that part of it decays to the ground state and part to the isomer state, named

the branching ratio BY" ... We will in this case sum over internal conversion decay and

y+ict
radiative decay since both contribute to production of isomer nuclei. We assume that
the second excited state decays instantly (82.2 ps) such that we can calculate this using

the parameters of [43]

Wxrs = B Wong = € Wona = 0.58Wapng ~ 1072 Hz per nucleus (7.6)

y+c th

where ny" and F;? are the in-band linewidths for radiative and internal conversion decay.
We can now continue to calculate the N4 nrs for NRS and the signal rate using the
values of [43] (®g = 80-10"*Hz, 'Y = 1.70neV, Aypg = 0.04247nm, oxpqy = 1.4€V).
We also need the crystal characteristics (1x1x10 mm crystal) and isomer characteristics:
The isomer decay rate is estimated to be ', = 2.8-10* Hz [16], A = 152.1nm, n(152.1)
= 1.575 [56], Speam = 1 mm? and Ny, = 1016 (=108 cm™ doping in 1x1x10 mm crystal).
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w.
Neq,NRS = NTh FNR:f ~9- 107 (77)
mMN

% = W ~T7-10% srls! (7.8)
These values are comparable to the excitation rate through resonant VUV photon exci-
tation (see section 5.1.1). The NRS excitation of the isomer state therefore gives high
excitation rates and the nuclei are confirmed to be excited. Using the x-ray excitation,
the crystal induced background can be very effectively separated due to the narrow ex-
citation to the second level: If the x-ray energy is tuned slightly away from the nuclear
resonance (~100meV), the crystal will still absorb the x-rays similarly, but the nucleus
will be not excited. These on- and off-resonance excitations can be subtracted from one

another to remove the background to a high degree.

The damage the x-ray beam induces in the crystal (transparency reduction) needs to be
characterized to assess the viability of this experiment. The change in oxidation state
of the 229Th nucleus through x-ray irradiation [67] was not characterized, but should be
in the future. The x-ray induced luminescence was also characterized. If the intensity is
too high the induced luminescence can still lead to large errors in the on- and off nuclear

resonance detection scheme.

7.2 SPring-8 BL19LXU X-ray Source

The SPring-8 (an acronym of Super Photon ring - 8 GeV) storage ring in Hyogo, Japan,
stores 8 GeV electrons in its ring. These electrons are used in the long 25m SLUS-1
undulator [276] of beam line BL19LXU to produce high intensity x-ray beams from 7 to
70keV. These x-rays are used for resonant nuclear excitation experiments, such as NRS
as described in the previous section. The bandwidth of this beam is reduced by using
two monochromators which consist of 2 silicon single crystals that diffract the x-rays
into different orders. In this system the 14.41keV line of ®"Fe was characterized through
NRS with an energy resolution of 2.6 meV using the [11 5 3] crystal plane of silicon [277].

The NRS process can also be applied to the second excited level of 22?Th at 29keV, as
demonstrated in [43]. After being excited a fraction of the nuclei will decay to the ground
state, and if this decay is detected one can learn more about the isomer state. Here,
the second excited state of 22Th was excited and detected with an energy resolution of
100meV. A fraction (=60 %) of the second excited state of 2 Th then decays to the first
excited state, or isomer state. Effectively, with this method 22 Th nuclei can be pumped

from ground state to isomer state. In order to measure the isomer decay and reduce
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internal conversion (IC) of the nucleus, the thorium nuclei are doped in a CaFg crystal
inhibiting IC as described in section 2.1. This will ensure that the nucleus emits as
many isomer photons as possible. The photons can then be measured in a spectrometer
detector setup. In this section the undulator and x-ray optics are described that make
the NRS process possible together with its calibration which is important to specifically
excite the 22Th nuclei. The setups used to measure VUV photons produced by the

x-ray irradiated crystal are detailed as well.

7.2.1 Undulator and X-ray Optics

. Sideview 1 Topview
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FIGURE 7.2: Schematic overview of the used beamline BL19LXU. The bunches of 8

GeV electrons produce pulses of x-rays which travel through two monochromators that

decrease the bandwidth of the x-rays. After these the beam is focused down on the

target by a compound refractive lens. At the target the NRS is detected. After the NRS

setup a silicon plate is used for an absolute calibration of the x-ray beam as detailed in
the next section. Taken from [43].

To produce the 29keV x-rays that excite the 2?Th nucleus, an undulator is used. The
undulator works by applying 0.59 T magnetic fields, using a series of permanent magnets,
which constantly flip, with a period of 32 mm, along the traveling direction of the electron
beam (see figure 7.2). The oscillating magnetic field perceived by the electrons will cause
them to move transversely from their trajectory, effectively wiggling them. The resulting
wiggling of the electrons and thus transverse acceleration will produce photons in the
traveling direction of the electrons. By using a very regularly oscillating magnetic field,

an undulator, a spectrally narrow distribution of photons will be produced [276].

The undulator has 780 periods making its total length 25m. The SPring-8 storage
ring is filled with electron bunches by an injector. Every bunch will produce a pulse
of synchrotron light which is kept very regular. The time information of the electron

bunches can be used to perform time-sensitive measurements. The electron bunches are
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FIGURE 7.3: Resonance curve of the second nuclear excited state of 22°Th. The vertical

axis is the number of confirmed NRS events per 3600s. The horizontal axis is the

energy of x-ray photons used, offset by 29189eV. The Si single crystal monochromator

was used using the 660 crystal plane. The blue point indicates a longer integration time

of 21600s. The red fit is a gaussian curve through the measured points. Figure taken
from [43]

diverted from the undulator after x-ray production to circle around once again. In this

fashion a pure x-ray pulse remains that can be used for experiments.

The x-rays pulses are passed through a cryogenically cooled High Heat load Monochro-
mator (HHM). This device is a silicon single crystal that uses the diffraction on its
crystal planes to disperse the incoming x-rays. By using a slit the bandwidth of the
spectrum can then be effectively reduced by cutting out other wavelengths. Due to
the high incoming intensity this monochromator needs to be cooled to not be affected
by heat-induced changes in lattice constant. The beam is then passed through a High
Resolution Monochromator (HRM) which narrows down the beam spectrum even more.
After that the beam is passed through a Compound Refractive Lens (CRL) to focus it
down from a spot size of 1.5 by 0.8 mm to a spot size of 0.15 by 0.065 mm. An ionization

chamber (IC) is used to monitor the intensity of the beam.

After the IC the 2?Th:CaFy crystal with VUV photon detection chamber is placed to
use the x-ray beam to pump to the isomeric state. Downstream of the crystal, there is
another 22Th target. The target is a ThN3 solution dried on a metal plate and is fitted
with a detector nearby consisting of avalanche photodiodes to detect the NRS process.
This second target is used to calibrate the energy of the x-ray beam during experiments
to ensure it is on-resonance with the second excited state of ?2°Th by validating the
presence of NRS. A scan of the resonance of the second excited state can be seen in
figure 7.3. Validating NRS is not possible in the crystal due to the lower densities as

compared to a pure 22?Th compound.

The center energy of the beam drifts during the experiments due to temperature changes
in the silicon single crystals and need to be adjusted during long runs. By scanning the

monochromators, changing the center energy of the beam, the NRS resonance peak can
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be identified using this target. The absolute energy of the beam is then measured by a
Bond diffractometer which is positioned at the end of the beamline. This consists of a
silicon plate with two detectors. We need to know the exact energy of the x-ray beam
because during the experimental cycle to measure the isomer decay of 22Th the energy
is changed from on resonance to off resonance. In the following sections, the calibration

process and the VUV detection setup with the experimental cycle is described.

7.2.2 Calibration of an X-ray Beam

(a) (h) Siplate PIN photodiodes

rotation axis
L]

Y-ty DB ——

Bottom swivel stage

{c) Side view Top view

HIHM HRM | slit IC  |Detector i plate
PIN dindes

FIGURE 7.4: Schematic image of (a) the Si single crystal used for x-ray diffraction
with the relevant angles, (b) the Bond diffractometer in the beamline and (c) the x-ray
beamline. Beamline is the same as in figure 7.2. Taken from [278].

To measure the absolute energy of x-ray photons a Bond diffractometer is used, essen-
tially another monochromator. This device was first conceived to accurately measure
the lattice constant of a single crystal using narrowband Cu Ka; x-rays [279]. Here it
is used with the opposite purpose: By using a crystal with a known lattice constant
the wavelength of the incoming x-rays can be measured. The crystal used is a silicon
single crystal (dggo = 192.01559 +0.00002 pm) characterized by using combined x-ray
(Laue diffraction) and optical interferometry [280]. The setup is schematically detailed

in figure 7.4, and the lab view is seen in figure 7.5.

The Bond diffractometer works by rotating the silicon plate such that the angle of the
silicon plate with the beam equals the Bragg angle and hits the first PIN diode. Now



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 7 The Nuclear Excitation of 22Th with X-ray Photons 213

FIGURE 7.5: Bond diffractometer setup in the beamline. The cables to the platform

are removed when the 360° SelfA calibration is performed to avoid tangling. The crystal

(black, center) is housed in a styrofoam casing in order to provide more isolation and
thus temperature stability of the crystal.

the plate is rotated in the other direction until the Bragg reflection hits the other PIN
diode. Now the difference between these two angles will be a rotation of the plate of
twice the Bragg angle. The angle between the two PIN diodes now equals four times
the Bragg angle because the diffracted beam has an angle of twice the Bragg angle with
the beam on both sides (see figure 7.4). The two diodes were put at a 45° angle with
the beam. As can be seen in figure 7.4 the two other space angles (Opeam, Orecip) Of the
beam with the crystal also determine the direction of diffraction. By using the swivel
stages, these angles are set to 90° only approximately: every deviation from 90° mildly

affect the outcome of the measurement.

The angle between the silicon crystal and the x-ray beam is accurately measured by a
rotary encoder controlled by SelfA. SelfA is an advanced grating based absolute rotation
angle detection setup. SelfA performs the absolute calibration on itself by using the equal
division averaged method and the fact that a full rotation is 360°. If uncalibrated, when
performing a full rotation, it will thus detect an angle deviation from 360°. It measures
this deviation by measuring when grating lines of the rotating disc pass by optical reading
heads that are positioned equally spaced around the disc. This measures the deviation
from an ideal 360° signal. By using this calibration and measuring the grating lines
passing by the optical reading heads it gives an accurate absolute measurement of the
rotation angle. The system shows a reproducibility of % = 2ppm. By measuring the

Bragg angle, the energy of the x-ray beam can now be calculated by
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1.239841857(keV - nm)

ExXray = .
Xray 2d(P,T') sin 0 sin Gpeqm, sin Orecip (7.9)
d PCcom )
d(P,T) = 2220 (1 - ”) (1+[T —22.5 (°C)|Ctemp) (7.10)

with P the pressure in Pa, Ccomp the compressibility, 7' the temperature in °C and Ciemy
the thermal expansion coefficient. In these equations it is assumed the [4 4 0] plane of
the crystal is used, therefore the factor % was added to dagg. Using this system, the
x-ray energy could be calibrated accurately and the second excited state of 22?Th could
be accurately excited. If the ??Th doped in a CaFs crystal could be excited in the
SPring-8 setup and if no internal conversion takes place, the photons produced by the

isomer decay should be measured.

7.2.3 Photon Detection at 150 nm
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FIGURE 7.6: Schematic image of the 150 nm photon detection system. The holder

of the crystal on the left is mounted on a 3D translation stage to align the crystal.

The crystal is mounted on the holder by strapping the crystal in a cross pattern to

the holder using two wires. This thus blocks out a small part of the crystal in a cross
shaped pattern.

To efficiently measure photons at 150 nm, a setup was developed that would capture
as many photons from the irradiated crystal as possible and filter out all wavelengths
except a broadband region around 150 nm. This would ensure the highest efficiency of
the system to detect the low intensity photon flux produced by the isomer decay after

excitation. A schematic representation can be seen in figure 7.6 where more details on
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F1GURE 7.7: Picture of the 150 nm photon detection setup in the lab, with figure 7.6

overlaid. Note the pneumatic tube on the left to move the crystal from the x-ray

irradiation chamber to the detection chamber. Separating these decreased background

significantly. Also see the PMT cooling mechanism using water tubes and a Peltier
element as in the long integration photon detection.

the setup can be found. In the lab the setup looks as in figure 7.7, note the lead shielding
around the VUV PMT against the large amount of background x-ray radiation. The

vacuum in the system was held better than 10" mbar.

In this experiment the crystal was irradiated by nuclear on resonant x-ray photons for
30 minutes, thereby exciting the ??Th to the second excited state. Irradiation time
was chosen to be 30 minutes as it was a round number close to the expected thorium
nuclear isomer lifetime. The crystal is moved after excitation from irradiation chamber
to detection chamber and then the VUV signal was measured. The nucleus would then

quickly decay to the isomeric first excited state from which it is assumed to decay slowly.

In figure 7.6, the VUV signal exiting the crystal is depicted by blue lines. Aside from a
nuclear VUV signal, STE emission induced by the radioactivity (red lines) is emitted.
The light emitted in one semi sphere of the crystal is made parallel using a parabolic
aluminum mirror and directed towards reflecting prisms. Four quartz prisms, coated
with a dielectric coating (by OptoSigma), transmit 200 nm and above but reflect light

in a broadband region around 150 nm (see figure 7.8). By using several prisms, the ratio
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FIGURE 7.8: Total reflection of the 4 prism array set in a S/P/S/P polarization ar-
rangement to reduce polarization related reflection effects. Three different sets of coated
prisms are shown with differently designed central reflected wavelength. The reliability
of this center wavelength is unsure: The center of the first 145 nm prism set was far
from the design wavelength. The expected range of the nuclear isomer energy is shown.
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Ficure 7.9: Electronic PMT signal as seen by the UV veto PMT and the VUV
detection PMT. The 22°Th daughter, 2'3Bi decays through a 8~ -decay which is quickly
followed by a ?!3Po a-decay (Half-life 3.72 us). The 3~ -decay produces defects in the
crystal and thus STE luminescence, but also produces Cherenkov radiation which can
be detected on the VUV PMT. This way it can be distinguished from the a-decay
which produces no Cherenkov radiation and thus mainly STE luminescence. As a UV
background, single F and H defect pairs produced by decays and x-ray irradiation slowly
annihilate depending on crystal temperature.

between reflected signal to background is increased. Finally the light is focused onto a
R10454 CsI PMT using a MgF3 lens. In between these two elements is a revolver that
is able to block the light, or put an extra narrowband 150 nm filter in the light path.

A second PMT is used to detect the radioluminescence to reject the photon background
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produced by the violent radioactive decay. Each a and 8~ -decay produces a different
type of signal and can be recognized on this PMT, see figure 7.9. All signal waveforms
are stored which in post-processing can be distinguished easily from a nuclear signal,
which would only produce a single VUV signal. To save the waveforms a National
Instruments PXIe-5162 oscilloscope is used. The oscilloscopes uses different waveforms
to trigger the VUV PMT and the UV PMT signal.
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FIGURE 7.10: Total wavelength dependent efficiency of the 150 nm detection system.
The efficiency is dominated by the reflectivity of the prisms as in figure 7.8. Indicated is
the efficiency as fraction of photons being detected by the system, blue for the 145 nm

prisms and red for the 152 nm prisms. Due to the lower reflectivity of the low wavelength
prisms the efficiency is poor in the lower wavelength region.

The total efficiency of this system was calculated using raytracing in OpTaliX, the
measured transmission of the 2 Th:CaF; crystals, the prisms reflectivity and the PMT
efficiency. Combining all these factors leads to the wavelength dependent efficiency as

shown in figure 7.10.

7.2.4 Spectrally Resolved Photon Detection

If a signal around 150 nm would be detected with enough intensity the exact wavelength
can be determined using a spectrometer. Before that, the (V)UV background created by
the crystal needs to be characterized. In this experiment, a Czerny-Turner spectrometer
from Princeton instruments (Acton VM504 monochromator) with a PIXIS-XO CCD
camera was chosen. The setup was used to characterize the x-ray luminescence and

radioluminescence of the 22Th:CaF5 crystals.
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FIGURE 7.11: Schematic representation of the spectrally resolving system. On the

left the crystal with an elliptical focusing mirror can be seen in the x-ray irradiation

chamber. The elliptical mirror is on a motorized stage to focus the system without
breaking vacuum. On the right the VM504 monochromator with CCD is displayed.

FIGURE 7.12: Spectrally resolving system in the lab. On the right the irradiation

chamber can be seen and on the left the monochromator and CCD camera. The cut

V057 2x2x2mm 229Th:CaFy crystal is placed in the irradiation chamber. The bellows

in between the chambers is to overcome aligning differences between the chambers.

The focusing point is aligned using the elliptical mirror onto the entrance slit of the
spectrometer.

The monochromator and irradiation chamber setup is drawn in figure 7.11 and a picture
from the lab in figure 7.12. The vacuum in the system was held better than 10" mbar.

On the left (right for figure 7.12) the crystal is irradiated by x-rays, and the fluorescence
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can be detected while the crystal is being irradiated. This is not possible when using
PMTs, they were found to be creating high levels of noise due to the background x-rays.
The CCD, further away from the chamber than the PMT, seems to be less sensitive to
the background x-rays than the PMTs.

The VM504 monochromator uses two focusing mirrors (black) and one grating (blue) to
image the spectrum that enters its entrance slit onto the CCD camera. The efficiency
of this system is drastically decreased as compared to the 150 nm setup, more than 3
orders of magnitude. No VUV signal was measured using this method, but the STE UV

luminescence could be characterized. The radioluminescence was identified offline.

7.3 X-ray Pumping of the Isomer at SPring-8

At the SPring-8 storage ring a 29keV x-ray beam was produced to induce NRS in a
229Th:CaFy crystal (C10.1). The induced NRS would excite the 22Th nuclei to their
second excited state, after which a fraction would decay to the isomer state. In a crystal,
these would then decay under emission of a photon, which would be detected with the

setup described in section 7.2.4.

FIGURE 7.13: Fluorescence of the 222Th:CaFy crystal in the SPring-8 x-ray beam as
seen through a color webcam. Many lower energy blue photons of the STE annihilation
are emitted.

During 6 beam times at SPring-8 the setup was gradually improve to increase the signal
to noise ratio. Due to the large x-ray induced luminescence background, filters for the
x-ray induced STE luminescence had to be installed. A picture of the 1 mm? crystal in
the x-ray beam is shown in figure 7.13 to indicate the intensity of the produced defects

in the crystal.
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7.3.1 X-ray Irradiation Damaging Effects in CaF,

The effect of x-rays on undoped CaFy have been extensively studied in literature as
described in section 2.4. Using the SPring-8 x-ray source with 29keV photons de-
scribed in section 7.2, undoped and doped crystals were irradiated. The x-ray photon
flux was ®y = 80-10'2 Hz and the spot size 1.5 by 0.8 mm, resulting in an irradiation
of 8.3-10" Hzecm™. The photon attenuation coefficient of CaFy at these energies ~
31.8cm™! (see figure 2.22), and thus for a 1mm thick crystal e 31%0-1 ~ 4% of the

irradiation is absorbed. The absorbed x-ray flux is then 3.5-10" Hz cm™

F1GURE 7.14: CaF, crystals damaged for 3 hours by the SPring-8 x-ray beam, side
and top view. From left to right: Korth produced crystal, undoped CaF5 grown in
Vienna, 232Th:CaF, crystal, 229Th:CaF, crystal.

FIGURE 7.15: Zoom of 22 Th:CaF; crystal damaged by the SPring-8 x-ray beam using
a microscope. Note the small dim almost invisible area of orange discoloration in the
left corner in the drawn circle.
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In figure 7.14 undoped and doped crystals irradiated by x-rays are shown. When an
undoped crystal is irradiated, a dark purple haze is formed in the crystal indicative of
large Ca nanoparticles. When Th doped crystals are irradiated, the visible damage is
much lower and more orange in color, see the zoom in figure 7.15. This could be an
indication that the Th atoms pin down the F centers, as was derived from detecting
dislocation loops in the TEM images 4.3. This process would prevent F centers to

conglomerate to larger centers and prevent the purple haze.

The x-ray irradiation of (Th:)CaFy crystals produces fluorescence, such as STEs (see
figure 7.13), and ultimately also crystal damage. The 229/232Th:CaFy crystals produced
VUV photons after x-ray irradiation: For ?2Th doped crystals by S~ -decay induced
Cherenkov radiation (section 2.4.3) and for 23Th doped crystals by the excitation of
color centers by x-rays. Emitted VUV photons by irradiated crystals were monitored
during x-ray irradiation by using the setup described in section 7.2.4 to study the dam-

aging effects of these x-rays.
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FI1GURE 7.16: VUV emission of 2 crystals monitored over several experimental cycles of

30 min x-ray irradiation. Left: Cherenkov radiation was monitored for 2?Th: Consid-

ering radioactive background (200 counts) and electronic background (80 counts) about

40 % of the original transmission (45 %) was lost (total transmission after irradiation

= 0.45*%0.6 = 0.27). Right: VUV fluorescence was monitored for 2*2Th. Considering

electronic background about 30 % of the original transmission (40 %) was lost (total
transmission after irradiation = 0.4*0.7 = 0.28).

The emission of VUV photons was monitored for both a 232Th:CaFy and a 22?Th:CaF5
crystal during x-ray irradiation measurements as seen in figure 7.16. This experiment
shows the reduction in VUV transmission during the experiment. No saturation was
observed yet, and both crystals reduced in transmission significantly. Over longer irra-
diation times, three hours, a saturation in damage is observed for 232Th doped crystals,
as is shown in figure 7.17. From the pictures and measured transmission reductions it

can be concluded that in the presence of Th in CaF,, saturation in damage is reached
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FIGURE 7.17: Fractional transmission loss measured for a 232Th:CaF; crystal as a

function of x-ray irradiation time. The ratio between transmission before and after

irradiation was taken. After two hours of x-ray irradiation damage saturation was
observed. The average damage from 140 to 170 nm is plotted.

earlier than for undoped crystals, which turn purple. The damage is however more lo-

calized in the bulk of the crystal and can thus only be repaired by annealing, not by
polishing.

7.3.2 Background X-ray Induced Fluorescence
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FIGURE 7.18: UV luminescence of the ?2Th:CaF, crystal during irradiation by the
SPring-8 x-ray beam for room temperature and 150°C. At high temperatures the pho-
toluminescence is decreased by a factor of ten.
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FIGURE 7.19: VUV luminescence of the 22°Th:CaF, crystal after irradiation by the
SPring-8 x-ray beam. Lifetime is around 1 minute.

In these experiments the x-ray induced UV luminescence was characterized as a function
of temperature, see figure 7.18. The spectrum is very similar to the radioluminescence
of ?29Th decay in CaFs, see figure 4.62. At high temperatures the STE decays non-

radiatively and produces less luminescence.

As stated in the previous section, VUV luminescence was observed in x-ray irradiated
229Th:CaF; crystals. The decay of this signal can be seen in figure 7.19. The wavelength
of this signal has not been measured. Taking the system efficiency into account (7.10) the
wavelength needs to be between 140 and 170 nm. The possible luminescence measured
in Cherenkov measurements in figure 4.59 around 170 nm, the fluorescence in figure 5.19

at 168 nm and this fluorescence might be caused by the same defect.

7.4 Experimental Viability of the X-ray Method

I was expected for

As calculated in section 7.1, an isomer photon flux of 7 - 103 sr'ls
a 3.2mm diameter 1 cm long crystal. Using the calculations and parameters from sec-
tion 7.1 while changing the size of the crystal to 1 mm?, the system efficiency of sec-
tion 7.2.3 (figure 7.10), the observed reduction in transmission from section 7.3.1 and
VUV background (figure 7.19), the isomer photon signal rate should have been 1.5 to
10 cps at equilibrium population of excited nuclei. The background noise level of the
system in section 7.2.3 is 0.1cps and the VUV background disappears entirely after
1 min, which would allow detection of this signal assuming 100 % of the nuclei undergo

decay through photon emission (no internal conversion).
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Sadly, x-ray pumping of the 22°Th nucleus in CaFy crystals at SPring-8 did not produce
a nuclear photon signal until now. The last experimental cycle was performed with

229Th:CaF, crystals with a doping concentration of 4-10'7 cm™.

The only remaining background after excitation was an x-ray induced VUV lumines-
cence with a lifetime of around one minute and an intensity of 1cps (see figure 7.19).
Even with this background a signal should have been measured. Excitation of the
nucleus is constantly confirmed through NRS measurements of another ?2Th sample
(section 7.2.1). The population of excited nuclei might be overestimated. The NRS
resonance is possibly shifted in the crystal resulting in the nucleus not exciting or the

nucleus does not preferentially decay to the isomer state in the crystal.

Another possibility is that the isomer energy is released through some other process. Pos-
sible explanations are: The nucleus decays while not emitting a nuclear photon, decays
much faster than expected, or the crystal becomes nontransparent /amorphizes through
x-ray damage. The last explanation was evaluated through transmission measurements

and seems unlikely, only reducing signal strength by 20 to 40 %.

The most likely explanation is the decay of the nucleus without emission of a nuclear
photon. This can happen through either internal conversion or an electron bridge pro-

cess. Both processes can be evaluated:

Internal conversion would mean that the crystal environment is imperfect and allows
for significant electronic excitation below its bandgap. Possibly in combination with
thermal excitation, the nucleus could excite an STE or other nearby defects. During x-
ray irradiation many excited states are present in the crystal such as STEs, self trapped
holes, F centers, electrons in the conduction band, excited impurities and more. If
the wave function of any of these overlap with the nucleus, the energy of the nuclear
excited state could be used to excite an electron into the conduction band, or into a
higher excited state of the conduction band. If the Charge Transfer State (CTS see
section 5.1.2) of the Th doping is excited in this process, the electron that moves from

the fluoride to the thorium could be promoted to the conduction band as well.

Assuming the oxidation state of thorium is 4+ it could decay through EB to the CTS
instead of emitting its own photon. The probability for this process happening is low if
the energy of the two states is not exactly the same. If the CTS predicted in [42] has
an energy lower than the isomer energy, the nucleus can use this state to spontaneously

decay with a low probability.

If the oxidation state of thorium is any different, other EB processes could cause the
nucleus to decay without emitting a photon. The oxidation state can change through

x-ray irradiation [67], electron emission through internal conversion of the second excited
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state, or non-stoichiometry in the crystal (see section 4.4). The lower oxidation states
have lower lying electronically excited states [216, 281] which could quench the nucleus
through EB. If the x-ray irradiation completely neutralizes the atom, the thorium atom

can possibly undergo internal conversion using its bound electrons.

Any of these processes could quench the nuclear state, although the probability is low.
The probability of these processes is correlated to the overlap of the wavefunction of the
nucleus and the other excited state. Only atomic s orbits have a significant overlap with
the nucleus. Excitation of the crystal usually creates displaced mixed states and thus
should have extremely low overlap with the nucleus. This means that the probability
of any of these processes happening is small so we focus on processes happening on the

thorium atom.

Quenching through CTS promotion to the conduction band, through EB of an electron
in an s orbit of Th3t/2+/1* or complete neutralization of the thorium atom through
x-ray irradiation seem the most probable processes. The electron involved in the CTS
is most likely to end up in a mixed d and f state thus will have low overlap with the
nucleus. Thus EB excitation of a Th3T/2+/1% s orbit electron or complete neutralization

seem to be the most probable causes.
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Chapter 8

Conclusion and Outlook

8.1 Conclusion

In this thesis, highly doped 22Th:CaF5 crystals were grown (chapter 3), characterized
(chapter 4) and excitation of the thorium nucleus was attempted (chapters 5, 6 and
7). No excitation effort yielded a detection of a nuclear photon. Many of the observa-
tions made in this thesis need further investigation to increase understanding. A much
deeper qualitative understanding was gained on crystal growth, crystal characteristics

and nuclear excitation. Concluding remarks are in order to finalize the research.

8.1.1 Growth of single crystalline Th:CakF,

In the growth of Th:CakFs several conclusions can be made: Doped small single crystals

of 3.2mm diameter and 1 cm length can be grown using the VGF method (3.3). Doping

3 can be grown and give reasonable (5%)

018 3

concentrations of 23?Th up to 2.6-10%° cm-

transmission at 150 nm, whereas a concentration of up until 1.2-10*° cm™ was achieved

for 229Th with 10 % transmission at 150 nm (4.4.1).

Through characterization of the doped crystals it is suggested that the growth of (doped)
CaFy inherently produces fluoride deficient crystals (4.4.2), as seen in other publications
[252]. Using high activities during the growing process amplifies the fluoride loss and cre-
ates fluoride deficient crystals, possibly through the nuclear-chemical process described
in equation 4.11. This process also drains fluorides from non-molten superionic parts of

the crystal, as described in figure 4.52.
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8.1.2 Th Color Center and Oxidation State

Through characterization of these crystals it was learned that the crystals grown with
232Th displayed a strong absorption around 124 nm as opposed to crystals grown with
229Th (4.4.1). Using higher radioactivity during growth caused increased broadband
absorption in the VUV, possibly caused by the fluoride deficiency or non-stoichiometry
of the crystal. By annealing the fluoride deficient crystal with a pure CaFs crystal
fluoride was transferred to the deficient crystal as predicted (4.2.2). This decreased the
broadband VUV absorption and increased the absorption around 124 nm which was not

seen before in this crystal.

The appearance and disappearance of the absorption around 124 nm shows that in sto-
ichiometric crystals the oxidation state of thorium is probably 4+ as was predicted [57]
and measured (4.6) for the case of crystals grown with 232Th. The absorption at 124 nm
is then most probably the predicted CTS [29]. When the crystal is fluoride deficient
either the Th changes oxidation state or the Th is neutralized and absorbed in a Ca
metallic nanoparticle making this CTS disappear, and with it the absorption at 124 nm.
When growing with 2?Th, the thorium thus changes oxidation state. Most likely this
thorium will be in the 3+ state as was seen in other non-stoichiometric compounds [59].
In self irradiation studies of the actinides the dopants only changed their oxidation state
by one, indicating that Th3* is more likely [49]. It is not excluded that other oxidation
states would be possible. The neutralization of Th in metal Ca is unlikely, as VUV
induced luminescence was observed which is characteristic for lanthanides and actinides
doped in CaFs [134, 137, 243]. A DFT calculation on Th3* doped in CaFy should
be performed to study the possible electronic excited states of this system. The DFT

calculation of Th3*:CaFy is underway in Vienna.

8.1.3 Damage Studies of Th:CaF,

In the study of damaging Th:CaFy different processes were characterized. Neutron
irradiation (6.5.1) seemed to increase absorption in the VUV region less than in the UV
region. An absorption akin to fluoride deficiency was observed as annealing and polishing
did not significantly increase transmission in these crystals. Most of the damage was

thus bulk damage which annealing could not heal.

VUV irradiation (5.4) could heavily damage the crystal, but cooling the crystal to cryo-
genic temperatures (80 K) reduces mobility of the created defects and forces the annihi-
lation of these. The cryogenic cooling of any CaFs completely protects the crystal from

VUV irradiation damage (5.5.2). The VUV damage was mostly contained on the surface
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and was heavily dependent on the remaining water content in the vacuum system, in-
dicating a photochemical reaction. Annealing the crystal to more than 600°C heals the
crystal (5.5.1), but not to its original value due to the photochemical reactions. Possibly,
the cooling to 80 K of crystals applied here can be used to prevent damage in the other

methods of irradiation.

X-ray damaging studies (7.3.1) showed that doped crystals are more robust (only 40 %
transmission loss) to x-ray damage than undoped crystals (complete transparency loss).
Together with TEM images made of the doped crystals (4.6) and previous publications
[52], it can be concluded that the thorium dopant pins down the motion of F centers
and prevents agglomeration which is the main cause of absorption in the VUV region
(Ca metallic nanoparticles). If the F centers remain separate, only absorption in the
UV increases 2.5.3.

The radioactive decay of the dopant damaged the crystals by creating F centers but

little increase in VUV absorption was measured (4.4.5).

8.1.4 Excitation of ?2°Th and VUV Color Center Luminescence

Three different methods of isomer excitation were tested in this thesis: Excitation
through a-decay of 233U, direct excitation with VUV photons and x-ray excitation via
the second excited state. For every method hurdles have been identified and insights

were gained.

Excitation through a-decay of 233U (6.1.1) needs improvements such as increase of dop-
ing concentration and increase of crystal transmission. Possibly through control of the

uranium oxidation state absorption in the relevant VUV region can be decreased.

VUV excitation of the 22 Th nucleus was unsuccessful (5.5). Higher doped crystals were
grown to increase viability of these experiments. Using an improved spectrometer, the
detection of the nuclear excitation should become viable in the near future (5.7). In the
VUV excitation experiments, luminescence of the ??Th:CaF, crystals was observed.
Most notably was a peak around 168 nm which can possibly be assigned to Th or its
CTS.

X-ray excitation of the isomer was successful, but no VUV photon signal was detected,
whereas it should have been detected (7.4). Possibly the irradiation with x-rays itself
forces the nucleus to decay through a non-radiative path. VUV luminescence around

170 nm was observed in this experiment after x-ray irradiation for both 22Th and **?Th.

In the VUV irradiation luminescence (5.5.1), in the X-ray excitation experiments (7.3.2)

and in the characterization of the Cherenkov emission of ?2Th:CaFy crystals (4.5.1),
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a luminescence around 168 nm was detected that cannot be attributed to an obvious
contaminant. Since most abundant, the most likely candidate is a color center associated
to Th. Since Th** has a radon like electronic configuration it is not likely to produce
excited states in the VUV. The only known absorption is the CTS created when Th** is
doped in the crystal. Either the oxidation state of Th is changed to Th3* (through self
irradiation or fluoride deficiency compensation) which has localized electronic excited
states in the VUV [216], which is observed in all lanthanides and actinides [134, 137, 243],
or the CTS absorbs around 124 nm and emits around 168 nm. The latter is less likely
since the 2?Th doped crystals which did not show an absorption around 124 nm were

the ones that showed luminescence around 168 nm.

Through all these observations a final preliminary conclusion is made. The oxidation
state of Th can be changed from 4+ to 3+ in CaFs, possibly through addition or
subtraction of fluoride. Both states are present in any crystal, however the ratio changes.
This produces two distinct scenarios which calls for different approaches of exciting the

nucleus in CaFg which are depicted in figure 8.1.

In low-radioactivity and stoichiometric crystals, the Th is mostly in the 4+ state as
measured in RBS/C and EPR experiments (4.6). In this case, there are defect states
around 124 nm. To use these defect states an argon excimer lamp in combination with an
800 nm laser could be used to excite the nucleus through a charge transfer state electron
bridge process. In this configuration quenching of the isomer state through these defect

states is not possible since the defect states are higher in energy.

In high radioactivity and non-stoichiometric crystals the Th is mostly in the 3+ state,
with an electron configuration of [Rn]5f. In this state there is a luminescence around
168 nm which most likely can also absorb photons. Using this defect state possibly a
new unstudied electron bridge excitation can be used to excite the thorium nucleus. In
this case a 170 nm xenon excimer lamp and a 1700 nm laser could create the two photon
electron bridge excitation. Possibly, the nucleus is quenched by the 170 nm defect state
using 2-photon quenching. This would explain the null result in the x-ray excitation
experiments. If stoichiometric high radioactivity crystals would be created it can be

studied what drives the oxidation state change, self irradiation or fluoride deficiency.

8.2 Outlook

With the observations made in this thesis and the preliminary conclusions drawn many

new directions of research and experimental recommendations can be given. Still many
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FIGURE 8.1: Schematic energy level scheme of two possible configurations of 22°Th in
CaF53. On the left, the bandgap of CaFs with the defect states around 124 nm of the 4+
oxidation close to the bandgap at 122 nm is displayed. In the middle the energy of the
229Th nuclear isomer is displayed. On the right, the bandgap of CaF, with the defect
states around 168 nm of the 3+ oxidation is shown. In the case of the 3+ oxidation,
both excitation and quenching of the nucleus is possible via the defect states as opposed
to the 4+ oxidation where only excitation is possible. The physical nature of the defect
states is possibly very different, but depicted the same. Image adapted from [22].

avenues of characterization have not been performed extensively on all crystals. Exam-
ples are neutron scattering, nuclear quadrupole resonance, electron paramagnetic reso-
nance, x-ray diffraction and electron microscopy. Using these solid state characterization
methods, more can be learned about the microscopic surroundings of the Th nucleus
and with it a higher probability of succeeding in exciting the nuclear excited state in the
crystal. Using the methods already developed, the following research directions can be

pursued.

Firstly, in any future experiment involving irradiation of 22 Th:CaF5, it is recommended
to cool the crystal to cryogenic temperatures. This will reduce the damage caused and
possibly also reduces quenching of the nucleus through crystal defect states. Since the
surface of CaFy is more easily damaged it is recommended to research the damaging pro-
cesses. Possibly the water that is absorbed on the surface during storage [93] contributes

heavily to damage processes by incorporating oxygen into the lattice.

Second of all, the fluorination of CaFs should be studied. Annealing in an Fy gas or
electrochemical insertion of F or removal of Ca as done for Li in [59] can decrease non-
stoichiometry. Decreasing fluoride deficiency can possibly remove the broadband VUV
absorption of for example crystal X2 and the 233U doped crystal. If the highly doped
2297 or 233U doped crystals can be fluorinated, the x-ray irradiation and the radioactive
excitation experiments should be repeated. Possibly, overfluorinating the crystal can

protect it from damage by restricting fluoride motion. Controlling the fluoride content
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might also make it possible to change the oxidation state of any dopant in the crystal
which opens up both paths in figure 8.1 for any crystal. Also changing the oxidation
state of the uranium [79] might reduce VUV absorptions. This method can also be
valuable for other fields of research by changing oxidation states in lanthanides which
influences scintillator and laser crystal efficiencies [282]. Using techniques such as x-
ray photoelectron spectroscopy, x-ray absorption fine structure, mass spectrometry or a
SQUID the oxidation state of any dopant in the material can be uncovered. Using NMR,
neutron activation analysis or or electron energy loss spectroscopy one can accurately

determine the amount of fluoride in the system and prove that it is fluoride deficient.

Thirdly the preliminary evidences found towards color centers around 124 nm and 168 nm
need to be confirmed. Direct excitation and lifetime measurements should be done
to characterize these levels. Using the argon-filled excimer lamp, the 124nm can be
selectively excited, and the 168 nm level can be excited with a xenon-filled excimer
lamp. By measuring their characteristics it can be checked, whether these levels are due
to Th. For example, temperature dependent lifetime, concentration dependent intensity
and possibly zero phonon line can be measured. Studying the intensity dependency on
stoichiometry could help identify the ratio between oxidation states and identify which
ones are present. Using a synchrotron for the necessary excitation intensity and detection
efficiency can be crucial. The P66 beamline of Petra III is ideal for this [283]. Setting
up an experiment that sets out to excite the ?2?Th nucleus through these defect states

can be done after or simultaneous with these characterizations.

Fourth point is that after the characterization measurements in this thesis, the radioac-
tive excitation of 22 Th through activation of 22Ra seems very viable (6.5). The biggest
hurdle is growing VUV transparent CaF, doped with ??®Ra. Possibly loss of fluoride
will be large here thus growth under a fluorinating atmosphere is recommended. Using a
CF4 gas [177], more PbF9 or mixing the powder with Teflon might provide a higher local
partial pressure of Fo. If this hurdle is passed, the neutron activation in the TRIGA
mark IT reactor and the detection of its luminescence should be performed. Upgrading
the setup described in section 4.3 with a CCD or MCP detector will greatly reduce
integration time because the grating does not have to be moved and thus will increase
viability of the experiment. Having the possibility of measuring more wavelengths si-
multaneously opens up the possibility of studying also the time behavior of each spectral

component.

Gaining understanding of the microscopic surrounding of the 22 Th nucleus will be key
for a future nuclear clock. Firstly for nuclear excitation and subsequently for detection of
a nuclear photon. Hopefully by following above research directions, more understanding

is gained and a solid state nuclear optical clock can be built in a reasonable time frame.
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