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Resumo

Os centros de cor em diamantes representam uma das areas de investigagao mais ati-
vamente estudadas no campo das tecnologias quanticas. Neste trabalho, estudou-se
um centro de cor especifico baseado em sédio (Na), selecionado devido as previsbes
tedricas promissoras, que sugerem o seu potencial para diversas aplicagdes quanticas,
apesar da atual falta de estudos experimentais. Para explorar este centro, realizaram-se
duas experiéncias complementares no ISOLDE/CERN. Primeiro, realizou-se a técnica de
Emission Channeling (EC) para determinar os locais mais provaveis para o sédio, >*Na
radioativo, ocupar na rede cristalina de um diamante. Em seguida, utilizou-se um sistema
de fotoluminescéncia (PL) para obter o espectro de emissdo de uma amostra semelhante
implantada com 22Na estavel. As medicdes de EC revelaram que o sédio provavelmente
adopta uma combinagao de configuragdes substitucionais (S) e de bond-centre (BC), ma-
ximizada ap6s uma temperatura de recozimento de 600°C, exibindo aproximadamente
51% de split-vacancy NaV (a fragdo mais alta observada) e 17% de Na substitucional
(que aumenta lentamente e quase linearmente com a temperatura de recozimento). No
entanto, a temperaturas de recozimento mais elevadas, a configuragdo BC diminui rapi-
damente, e a fragao combinada destas duas configuragbes também decresce, sugerindo
o surgimento de uma outra configuragao ainda nao identificada. Na experiéncia de PL,
nao se observou um sinal 6tico direto atribuivel ao sédio, mas apresentou-se a caracte-
rizagado optica das amostras de diamante monocristalino fabricadas pela Element Six e
implantadas com sddio estavel a diferentes temperaturas de recozimento. Verificou-se
que o centro 3H esta consistentemente presente em quase todas as amostras apos a
implantagao e o recozimento, com o seu pico de zero fondes (ZPL) localizado em torno
de 503 nm.

Palavras-chave: Centros de cor em diamantes, ISOLDE/CERN, Tecnologias Quéanticas,

Fotoluminescéncia, Emission Channeling, Impurezas de Sédio
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Abstract

Colour centres in diamonds represent one of the most actively researched areas in the
field of quantum technologies. In this work, we investigate a specific colour centre based
on sodium (Na), selected due to promising theoretical predictions suggesting its potential
for various quantum applications, despite the current lack of experimental studies. To
explore this centre, we conducted two complementary experiments at ISOLDE/CERN.
First, we employed the electron emission channeling (EC) technique to determine the
most probable lattice sites occupied by sodium in a single-crystal lattice of a diamond im-
planted with radioactive **Na. We then used a photoluminescence (PL) set-up to obtain
the emission spectrum of a similar sample implanted with stable 22Na. EC measurements
revealed that sodium likely adopts a combination of substitutional (S) and bond-centre
(BC) sites, maximised after an annealing temperature of 600°C, exhibiting approximately
51% NaV split-vacancy (the highest fraction observed) and 17% substitutional Na (which
increases slowly and almost linearly with annealing temperature). However, at higher an-
nealing temperatures, the BC configuration decreases rapidly, and the combined fraction
of these two sites also drops, suggesting the emergence of another, yet unidentified, con-
figuration. In the PL experiments, we did not observe a direct optical signal attributable
to sodium, but we present the optical characterisation of single-crystal diamond samples
fabricated by Element Six and implanted with stable sodium at different annealing temper-
atures. We found the 3H centre consistently present across nearly all samples following

implantation and annealing, with its zero-phonon line (ZPL) located around 503 nm.

Keywords: Colour centres in Diamonds, ISOLDE/CERN, Quantum Technologies, Photo-

luminescence, Emission Channeling, Sodium Impurities
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1. Theoretical and Conceptual Background
1.1. Colour centres in diamonds

1.1.1 Diamond

Diamond is commonly known as the hardest natural material [1] and is extensively used

as an expensive gemstone, with multiple colours [2].

Carbon is an element in the second period and in group IV, with an atomic number of
6 and a mass number of 12. Its ground-state electronic configuration is 1s> 2s 2p?,
presenting four outer electrons (valence electrons). In the diamond crystal, the carbons
share one electron with each one of the four neighbours (in sp® hybrid orbitals), resulting
in a tetrahedral arrangement. This type of bonding is a simple covalent bond, which is a

very strong bond between carbon atoms [3].

The diamond bandgap is 5.47 eV (at 300 K), which is considered a very large bandgap,
making it an electrical insulator. In fact, at room temperature, almost no electrons are
thermally excited to the conduction band. On the other hand, diamond has the highest
room-temperature thermal conductivity of any conventional solid. In this case, the heat
is transferred via phonons (atomic vibrations) in contrast to metals, where the electrons

carry the heat [3].
In a pure diamond (defect-free), light can be absorbed with two mechanisms:

- Via ultraviolet radiation, if the energy of the photons is greater than the bandgap energy

(A <223 nm), generating electron-hole pairs, giving rise to the absorption edge;

- Via infrared radiation, the absorbed light generates phonons, causing the carbon atoms

to vibrate (2.5 < A < 6.5 um), giving rise to the phonon absorption region.

This means that defect-free diamonds are transparent to the visible region (0.4 < A <
0.7 um) and should not show any type of colour; they are colourless (Fig.1.1). Most
diamonds found in nature have colour, so light must be absorbed in the visible region.

This absorption arises from the presence of defects in the diamond.
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Figure 1.1: Diamond electromagnetic absorption spectrum [2].

1.1.2 Diamond Crystal Structure

The crystal structure of diamond is one of the most studied crystal structures. It can
be described as a face-centred cubic (FCC) lattice with a basis of two carbon atoms at
(0,0,0) and (1,1, 1), which is equivalent to two interpenetrating FCC lattices offset along
a body diagonal by one-quarter of its length. The conventional cubic unit cell has a lattice
parameter ap = 3.57 A, and the nearest-neighbour carbon bond length follows as d =

Yy = 1.54 A,

If we imagine that each atom is a sphere, we can say that the conventional cell contains
the equivalent of eight whole carbon atoms. The theoretically calculated mass density for

diamond is then, p,, = 8/a3 X Mone carbon atom =3-516 glem’.

Figure 1.2: Tetrahedral configuration
of diamond. Figure 1.3: Diamond lattice.
1.1.3 Defects in Diamond

As already mentioned, most diamonds found in nature present a colour, which is due to

the impurities present in the solid. The most common impurity found in natural diamonds
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is nitrogen, which is found in more than 98% of natural diamonds. The second most

common impurity is boron [4].

The most common method of classifying diamonds is based on the presence or absence
of certain impurities, such as nitrogen and boron, which can be detected by infrared (IR)
spectroscopy. Type | diamonds contain nitrogen, while type |l diamonds do not. Inside
type Il, if boron is not detectable, it is type lla; if it is detectable, it is type lIb. See more

about diamond classification in [2].

The common name that the science community uses to refer to optically active defects in
diamond is colour centres. Colour because these defects can absorb and emit light in the
visible region (defect-free diamond does not), and centre refers to a localised imperfection
in the crystal lattice, such as vacancies, impurity atoms, complexes, etc, that introduce
additional localised electronic levels into the electronic band structure of the diamond,

leading to distinct optical transitions.

We can visualise the high-symmetric lattice sites in a diamond in the following figure:

A {110} plane in
7,\1 3 diamond lattice

Figure 1.4: High-symmetric sites in {110} plane in diamond lattice [5].

The figure shows part of the {110} planes of the diamond lattice. The letters in the figure
correspond to specific high-symmetry lattice sites: substitutional (S), interstitial tetrahedral
(T), bond-centre (BC), hexagonal (H), anti-bonding (Q or AB), split (100) (SP), split (110)
(DS), Ytterbium (Y), and “C” sites. The most commonly occupied sites are S, BC, and T,

depending on the impurity’s atomic size and chemical properties.
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1.1.4 Synthetic Diamonds

The High Pressure High Temperature (HPHT) method used to be the most common
way to grow diamonds. It consists of inserting some carbon source with a metal catalyst
in a reactor chamber capable of achieving enormous pressures (6 GPa) and tempera-
tures (1600°C). With a seed crystal in the chamber, it is possible to grow diamond single

crystals [6].

Nowadays, the most common technique used is Chemical Vapour Deposition (CVD),
and to achieve high-purity single crystals, the most widely adopted method is Microwave
Plasma-enhanced Chemical Vapour Deposition (MPCVD). Diamond is synthesised
from a hydrogen-rich H, /CH,4 plasma, where CHj3 radicals act as key precursors, and

atomic hydrogen stabilises the diamond phase by etching sp? carbon [7].

The company Element Six fabricated our MPCVD single-crystal (SC) diamonds with the
following characteristics: crystallography - single sector {100} on the top faces; edge ori-
entation - (100) edges; face orientation - {100} faces; dimensions - 3.0 x 3.0 mm? sur-
face area and 0.25 mm thickness; with [N] < 1 ppm [8, 9]. Our electronic grade MPCVD
single-crystal (EL SC, or EL to distinguish) diamonds have the following characteristics:
crystallography - single sector {100} on the top faces; edge orientation - (110) edges;
face orientation - {100} faces; dimensions - 2.0 x 2.0 mm? surface area and 0.50 mm

thickness; with [NS] <5 ppb [10].

1.1.5 Annealing

Annealing is a thermal treatment in which a material is heated to a specific temperature,
held at that temperature (soaking), and then cooled down in a controlled way. This pro-
cess is widely used in materials science and engineering to relieve internal stresses, and
repair damage in the crystal lattice. It can also be used to modify electrical or optical
properties, especially in semiconductors, metals, or, in the context of this thesis, in the
study of defects in diamond. Through annealing, dopants can be activated and impurities
may migrate to energetically favourable lattice sites, allowing the system to reach a lower

energy state [11].

In semiconductor and ion implantation experiments, such as with diamond, annealing is
essential for repairing the lattice from implantation damage caused by high-energy im-
planted ions and for stabilising dopants or colour centres. By promoting atomic diffusion,

annealing may enable implanted atoms to occupy energetically favourable sites, which is
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crucial for obtaining reliable and meaningful experimental results. A further role of anneal-
ing may be the stabilisation of the charge state of certain defects in different materials,

allowing them to exhibit optically accessible transitions.

1.1.6 Photoluminescence

Luminescence is the general physical phenomenon where a material emits light after
being excited by an external energy source. If that energy source is light, the process is
known as photoluminescence (PL). In this case, the material absorbs photons of a cer-
tain energy, which excites electrons to higher energy states; these electrons then return to
lower energy states via the emission of light, generally of the same or lower energy. If en-
ergy is lost through non-radiative processes, typically via phonon interactions - a phonon
being a quantum of vibrational energy in a crystal lattice, essentially a particle-like repre-

sentation of collective atomic vibrations - the emitted light has lower energy [2, 6].

Luminescence can occur via two processes: fluorescence or phosphorescence. The
main difference between them lies in the timescale on which they occur: fluorescence is
much faster, whereas phosphorescence occurs over a longer period and is more notice-

able, as it persists even after the excitation light is turned off.

In Fig.1.5, we can see these processes illustrated. The figure shows absorbance; inter-
nal conversion, where a vibrational state of an electronically excited state couples to a
vibrational state of a lower electronic state; and intersystem crossing, which is a transi-
tion to a state with a different spin multiplicity. One of the most important processes is
vibrational relaxation, which involves the dissipation of energy from the excited species
to its surroundings. This process plays a significant role in the study of colour centres in
diamond. The figure also shows the approximate number of interactions per second for

each process, with absorbance being the fastest and phosphorescence the slowest [12].
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Figure 1.5: Luminescence: S denotes singlet electronic states, T denotes triplet elec-
tronic states, and v represents vibrational energy levels within each electronic state.
Adapted from [12].

In a common PL spectroscopy experiment, when the incoming photons have an energy
equal to or larger than the material’s bandgap, electron-hole pairs are created. If that
energy is greater than the material’'s bandgap energy, the electrons will go to an excited
state, and they will quickly thermalise to the bottom of the conduction band (via a non-
radiative process). The electron-hole pairs eventually will recombine, emitting photons

with approximately the energy of the bandgap [3].

In our case, we do not excite with above-bandgap photons. Instead, excitation occurs
directly through the defect states, without generating electron-hole pairs. The process
is quasi-resonant, where photons with slightly higher energy than the Zero-Phonon Line
(ZPL) excite directly the defect via the Phonon Sideband (PSB). The excess energy is
transferred to phonons. The subsequent emission occurs close to the ZPL energy, and

may involve phonon-assisted emission or occur directly at the ZPL.

The electron-phonon coupling can be described with the vibronic coordinate diagram
in Fig.1.6. Each parabola represents an electronic state; the one on the left, with smaller
energy, is the ground state, centred in Q,, and the other, with greater energy, is the first
excited state, centred in Q.. The blue lines represent the different vibrational modes (VMs)

in each electronic state, with different energy spacings [3].
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Figure 1.6: Vibronic coordinate diagram.

The Franck—Condon principle states that the probability of a transition between two
electronic states is proportional to the overlap between their vibrational wave functions
(i.e., phonon states). The most likely transition between the ground-state and the excited-

state is the vertical transition, known as Franck-Condon absorption (FCA) [13].

Thereafter, the system will thermalise into the lowest-energy VM of the excited state, and
then the centre may relax to the ground state, emitting a photon with energy, % f,, and
no phonons (pure electronic transition). In the PL spectrum, the corresponding line is the

zero-phonon line (ZPL), which corresponds to the photon with higher energy.

The Franck-Condon emission (FCE) occurs as the system undergoes a vertical down-
ward transition to an excited VM of the ground-state configuration. Subsequently, the
system relaxes further by emitting multiple phonons with energy niw, eventually reaching
the lowest-energy VM of the ground state. These emissions have lower energies than the

ZPL transition, resulting in several peaks, known as vibronic sidebands [3].

In quantum applications, itis important to have emitters with a well-defined frequency, so
we want to maximise the intensity of ZPL and minimise the intensity of vibronic sidebands.
The centre most used is the nitrogen-vacancy (NV) centre, but this centre has a problem,

which is that its ZPL intensity is low, i.e. a low Debye-Waller factor (cf. definition below,
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only around 3—4% at RT [14—16]), even though it is very sharp, so we want to find new

materials with a high ZPL intensity.

One of the most important characteristics of colour centres is their charge state, which
can be neutral, positively charged, or negatively charged. In fact, different charge states
correspond to completely different local atomic systems with distinct electronic configu-
rations and symmetries. This determines whether a given defect is optically active and
whether a zero-phonon line is present at all. Annealing can play a key role in modifying
and stabilising the charge state of a defect, thereby enabling optically accessible transi-

tions.

1.1.7 Debye-Waller Factor

The Debye-Waller factor (DW) is a good experimental parameter to describe the coupling

between the electrons and the phonons. It is defined as:

I I
Dw = lzrL _ 7PL (1.1)
liotar  Izpr + Ipsp

where Izp; and Ipsg are the intensities of the zero-phonon line (ZPL) and the phonon
sideband (PSB), respectively. This ratio tells us the amount of intensity present in the
zero-phonon line, compared to the total intensity of the emission spectrum. As noted
earlier, in quantum applications, we want a narrow ZPL and low phonon sidebands, cor-
responding to a Debye-Waller factor near one, which means we are in the presence of
weak coupling. For strong coupling between electrons and phonons, the factor is close to
zero, which means that our ZPL intensity is much smaller than the intensity of the phonon
sideband. The Debye-Waller factor is a good parameter to compare the results of different

centres [17].

1.1.8 Radiotracer Photoluminescence - rPL

Radiotracer photoluminescence (rPL) enhances the conclusions that can be drawn from
standard PL by introducing radioactive isotopes, allowing for chemical identification
through time-dependent changes in PL intensity. As radioactive isotopes decay into
daughter elements, the corresponding PL lines grow or diminish according to the half-
lives of each isotope. This method overcomes the chemical blindness of conventional
PL, which typically cannot directly identify the chemical nature of defects, especially for

heavier elements where isotopic shifts are too small to detect [18-20].
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1.1.9 Raman Scattering

Raman scattering, in contrast to Rayleigh scattering, involves a change in the energy of
the scattered photons. While Rayleigh scattering is elastic (the energy of the incident
and scattered photons is conserved), Raman scattering is inelastic. In this process, the
photon either loses or gains energy through interaction with a vibrational mode (phonon)

in the crystal lattice [2].

In Stokes scattering, the incident photon loses energy, creating a phonon in the lattice.

In anti-Stokes scattering, the photon gains energy by absorbing an existing phonon.

The energy of a phonon is typically represented by (). The energies of the Stokes and

anti-Stokes scattered photons can be written as:

hvg = hv — Q) (1.2)

NVas = hv + hQ) (1.3)

Where § is Planck’s constant, v is the frequency of the incident photon, v, is the frequency
of the emitted photon in the Stokes scattering and v, is the frequency of the emitted

photon in the anti-Stokes scattering.

At room temperature and below, anti-Stokes scattering is much weaker than Stokes scat-
tering because the thermal population of phonons is low. As a result, the probability of a

photon interacting with and absorbing a phonon is much smaller than that of creating one.

The Raman shift is material-dependent. In diamond, the characteristic first-order Raman
peak appears as a sharp and intense feature at a shift of 1333 cm~! relative to the energy
of the incident light. A weaker and broader second-order peak is typically observed at a

shift of 2667 cm~!, corresponding to two-phonon scattering processes [2].

To estimate the wavelength of the Stokes-shifted light, given a laser of wavelength Ay,

the Raman-shifted wavelength A, can be approximately calculated using the relation:

— = —AD (1.4)
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where A is the laser wavelength (in cm), A, is the scattered wavelength (in cm), and A7

is the Raman shift expressed in wavenumbers (cm™1).

If A7 = 1333 cm~! for diamond, we are referring to the first-order Raman shift.

1.1.10 Sodium (Na) Centres

Sodium (Na) centres were selected for this study because theoretical predictions indicate
that this centre has potential for various quantum applications. From the experimental

side, the knowledge of Na in diamond is scarce.

One of the latest works on the Na centres was carried out by Joel Davidsson et al [21],
who used the ADAQ (Automatic Defect Analysis and Qualification) high-throughput com-
putational database to investigate defects with high spin states. In that study, they in-
vestigated a great number of defects, but the ones that stand out more were the Sodium
Substitutional (Nas) and Sodium-Vacancy (NaV), as shown in Fig.1.7. On these defects,
they used higher-order methods, such as HSE DFT (Heyd—Scuseria—Ernzerhof hybrid

Density Functional Theory) calculation, to confirm their properties.

Density Functional Theory (DFT) is a quantum mechanical method used in simula-
tions that models many-electron systems using the electron density rather than the full
wavefunction, using approximations for the exchange-correlation energy. Researchers
commonly use it to predict structural, electronic, and optical properties in physics, chem-
istry, and materials science. HSE DFT (Heyd-Scuseria-Ernzerhof) is a type of DFT that
improves accuracy by mixing DFT with a portion of exact exchange from Hartree-Fock,
especially effective for bandgap predictions in solids, like the colour centres we are study-

ing [22].

In Lombardi’s article [23], they studied sodium in diamond with ab initio density functional
theory (DFT), and they found that the Na substitutional site is more stable than the tetra-
hedral interstitial site (T), with the formation energy of substitutional Na 2.87 eV lower than

the interstitial site.

Na substitutional is a promising defect for quantum applications, due to the multiple spin
states for different charge states, but it hasn’t been studied much further yet. Its charge
depends on the doping of the host material, and each charge state (2-, 1-, 0, 1+) has
different spin states. Besides the charge 1+, all the other present ZPL transitions with

similar values of ZPL [21].
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(b) NaV / “full-vacancy” configuration: sub-
stitutional Na with a neighbouring vacancy.
This configuration of NaV is theoretically
predicted to be unstable [21].

(c) NaV / “split-vacancy” configuration: can
be pictured as Na on the bond-centre (BC)
side inside a double vacancy.

Figure 1.7: Na possible configurations.

The most interesting charge states are the -1 and 0 (neutral), because they are predicted
to have a bright ZPL in the near-infrared regions and a high Debye-Waller factor around
40-77% [21], with spin 1 and 3/2, respectively. Nas centres are predicted to exhibit prop-
erties that make them highly promising for biological sensing applications, outperforming
NV centres due to their bright near-infrared ZPL, potentially lower spectral diffusion, and

significantly higher Debye-Waller factor.

In diamond, it is an open question whether sodium implantation leads to the formation of
substitutional Nas centres, NaV centres with a split- or full-vacancy configuration, or both.
This thesis investigates the nature and configuration of these sodium-related defects. The
ADAQ database reports that NaV has a slightly lower formation energy than Nag, so it
should be more stable and more likely to be formed, and it exhibits the split-vacancy
configuration [21]. Alkali metals and alkaline earths have similar chemical properties, and
since Na is a neighbour of Mg in the periodic table, the amount of lattice defects created
during ion implantation is also comparable. One might therefore expect both elements to

exhibit a similar lattice site distribution following ion implantation [24].
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In the negative charge state, the NaV centre is predicted by the database to have spin 2,
with an allowed ZPL transition at 2.548 eV, which corresponds to a wavelength of 487 nm.
These energy and wavelength values are comparable to the ZPL transition of the MgV

centre, reported as 2.224 eV (554 nm) [21].

The database also lists a ZPL at 1.592 eV (779 nm) or 1.49 eV (832 nm) for the Nag centre,

which we will be looking for in both configurations during our PL measurements [21].

1.1.11  Quantum Technology Applications

Diamond colour centres can be treated as spin systems whose quantum states can be
manipulated and controlled for technological applications. This is due to the presence
of an unpaired electron, whose spin state can be initialised, manipulated, and optically
read out. The resulting spin state coherence is a key feature that makes these centres
particularly valuable in quantum technologies. The nitrogen-vacancy (NV) centre is the
most extensively studied among them, with almost 50 years of NV research [25]. As we
can see in Fig.1.8, the nitrogen atom in the NV centre is much smaller compared to the
sodium atom in the previous configurations. Because of this smaller size, it is easier for

the nitrogen atom to fit into the lattice, which is why many nitrogen-related centres exist.

Figure 1.8: NV / “full-vacancy” configuration: substitutional N with a neighbouring va-
cancy.

Nitrogen-vacancy (NV) centres in diamond have garnered significant attention in recent
years due to their unique combination of optical and spin properties, which remain stable
at room temperature. These defect centres possess long spin coherence times, which can

be optically initialised and read out, and can interact sensitively with external fields [25].
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These characteristics make NV centres versatile for a wide range of cutting-edge tech-

nologies, such as:

Quantum sensing due to the coupling of the centre with the environment; it can couple
with a magnetic field (high precision magnetometer), an electric field, strain, and temper-
ature. This results in relative shifts in the energies of the spin sublevels and changes in
the transition rates between them, which can be measured with optical readout, optical

spin polarisations, and coherent microwave control [26, 27].

In the health and biomedical fields, we can find that Fluorescent NanoDiamonds (FNDs)
offer major advantages over traditional biomarkers like Green Fluorescent Protein and
quantum dots due to their brightness, photostability, and biocompatibility. They can be
functionalised with biomolecules or DNA for targeted applications. Nanodiamonds as
small as 7-19 nm have been used successfully in cellular imaging and tracking, with
efforts ongoing to develop even smaller, brighter, and more stable particles. Real-time
imaging, drug delivery, and targeted bio-labelling have all been demonstrated using FNDs.
However, challenges remain in producing high-quality colour centres in small nanodia-

monds and in preventing agglomeration [28].

In quantum computing, the NV centres in diamond are promising building blocks for
quantum technologies due to their long spin coherence times, at room temperature, and
their optical addressability. They enable high-fidelity control and readout of both electron
and nuclear spins, forming the basis for quantum bits and quantum registers. Their solid-
state nature allows integration with photonic and electronic devices, though challenges

remain in fabrication precision and photon collection efficiency [29].

Single-photon emitters are essential for quantum technologies such as quantum com-
munication, quantum computing, and quantum cryptography, where individual photons
are used to carry and process quantum information. The nitrogen-vacancy centre has
important limitations as a single-photon source. Most notably, its ZPL contributes only a
small fraction (3-4%) of the total emission, with the majority emitted into broad phonon
sidebands. This results in spectrally broad and less coherent photons, making the NV
centre less suitable for applications requiring high photon indistinguishability and narrow
emission lines. To overcome these limitations, various studies have focused on group-I1V
colour centres in diamond, such as SiV, SnV, GeV, and PbV. These defects exhibit nar-

rower ZPLs, higher emission rates into the ZPL, reduced phonon coupling, and greater
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spectral stability. Such features make them highly promising for the development of scal-
able, stable single-photon sources, well-suited for integration into nanophotonic circuits

and quantum networks [30-32].

1.2. Electron Emission Channeling

The Emission Channeling Technique is a powerful method for determining the lattice site
occupancy of radioactive isotopes in single crystals. It is based on the fact that charged
particles that are isotropically emitted during nuclear decay, such as beta particles, con-
version electrons, positrons, or alpha particles, may experience a series of correlated scat-
tering events with the atomic nuclei within crystallographic axes and planes inside a single
crystal, which results in highly anisotropic emission of these particles from the surface of
the monocrystalline. In the case of beta decay, which involves the emission of electrons,

the technique is specifically referred to as Electron Emission Channeling [33—36].

1.2.1 Beta (B) Decay

Beta (B) decay is a nuclear process from the weak-interaction decay in which a neutron
is transformed into a proton (or vice versa), accompanied by the emission of an electron
or positron and a neutrino. Beta decay exists in three different variants, as we can see
below. In all cases, the number of nucleons A (mass number) remains the same, while

the nuclear charge Z (atomic number) will increase or decrease by one unit (+1) [5, 371

n—pt+e +7, (1.5)
p—onte +v, (1.6)
pte —n+v, 1.7)

where n is a neutron, p is a proton, e~ is an electron, et is a positron1, v is a neutrino?,

and 7 is an antineutrino.

1Positron is the antiparticle of the electron. It has the same mass and spin as the electron, but an opposite
(positive) electric charge.

2Neutrino is a fundamental particle belonging to the lepton family, with no electric charge and tiny mass.
It interacts only through the nuclear weak force and gravity, making it extremely difficult to detect.
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The first case is the B~ decay, where a neutron is transformed into a proton and an
electron and an antineutrino are emitted. This process generally happens in a neutron-
rich nucleus. The second case is the B decay, where a proton is transformed into
a neutron and a positron and a neutrino are emitted. This process usually happens in
a neutron-deficient nucleus. The third case is electron capture decay, where a proton
inside a neutron-deficient nucleus captures a K-electron from its atomic shell, transforming

into a neutron and emitting a neutrino [5, 38].

1.2.2 Channeling Concepts

Channeling occurs when charged particles traveling through a crystal lattice undergo a
series of small, correlated deflections due to their interaction with the screened Coulomb
potentials of the atomic nuclei arranged in periodic rows or planes. It can occur with
many types of charged particles, such as ions, electrons, etc. The basic mechanism can
be understood by considering the simplest case of channelling, namely axial channelling
along a chain of atoms. In this case, we consider a beam of electrons, which are negatively
charged particles, moving along the atomic chain. The projectiles oscillate around the
chain, where the Coulomb potential reaches a minimum due to the attractive interaction
between the negatively charged electrons and the positively charged nuclei. As a result,
the electrons are guided through the channel while they penetrate the crystal [39, 40].

This is illustrated schematically in the following figure (1.9):

Atoms
—_— e [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] U(r)

D ——

—_—
Electron —,
beam ——

—_—

B —

pu— ] [ ] [ ] [ ] [ ] (] [ ] [ ] [ ] [ ] [ J ° [ ° [ [ ]
—

Figure 1.9: Schematic representation of the path of an electron and the corresponding
electric potential. The vertical axis represents the position, and the horizontal axis the
electric potential in a continuum model.

The continuum approximation treats the crystal as continuous rows or planes of atoms
rather than discrete atoms. This helps explain how electrons move at small angles along
a row of atoms become guided along the chains of atoms. While this model gives a useful

general understanding of channeling, it oversimplifies some details like lattice vibrations
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and exact atomic positions. More accurate methods, such as Monte Carlo simulations,
are available but less intuitive. Besides that, when we are studying electron emission
channeling we need to use quantum treatment despite the high particle energies (where

the emitted particles are electrons and positrons).

The electronic potential shown in Fig.1.9 represents the continuum approximation of the

screened Coulomb potential® at a distance r, as given below:

2
(1) +1
T

where Z; and Z, are the atomic numbers of the projectile and the crystal atoms, respec-

. Z1Z2€2
(7’) - 4:7T80d In

, (1.8)

tively. e is the electric charge, ¢ is the permittivity of free space, d is the distance between
atoms in the same row, a is the Thomas-Fermi screening radius, and C is a constant

(C ~ +/3) [39, 40].

Simulations are therefore performed using the many-beam dynamical theory. This ap-
proach considers the electron wavefunction as composed of two components: a relativis-
tic part, governed by the Klein-Gordon equation, describing motion along the channeling
axis; and a perpendicular component, described by Bloch waves, which result from solv-
ing the Schrdodinger equation in a periodic potential which is composed of Doyle-Turner
atomic potentials for each atom. The number of beams in this model corresponds to
the number of Bloch waves considered. A detailed description of the classical vs quan-
tum treatment of channeling goes beyond the scope of this thesis and can be found e.g.
in [5, 401.

The channeling effect depends strongly on the direction of the beam relative to the chan-
neling axis. A critical angle can be defined such that, if the angle of incidence exceeds
this value, channeling does not occur. This critical angle is known as Lindhard’s critical

angle [39], which is defined as:

Yo = \V/2Z1Z2¢*/Ed , (1.9)

where E is the kinetic energy of the projectile. A detailed derivation of this angle can be

found in [5].

"The screened Coulomb potential describes the reduction in the effective interaction between charged
particles due to the screening effect of atomic electrons surrounding atomic nuclei.
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Lindhard’s reciprocity theorem establishes a fundamental equivalence between chan-
neling effects observed when charged particle beams enter a crystal from the outside and
channeling effects related to charged particles emitted from sources inside the crystal.
This theorem is crucial in understanding and interpreting emission channeling and block-
ing! experiments, as it allows one to treat the two scenarios as equivalent under certain
conditions (mainly that irreversible processes like energy loss due to electron scattering
are negligible). Practically, this means that experiments with external beams can be di-
rectly compared to emission channeling experiments with internal emitters, provided the

emitters are not too deep inside the crystal [5, 40, 41].

The theorem also greatly simplifies numerical simulations, since it is more efficient to
model particle tracks entering from outside than to simulate their trajectories starting inside

the crystal.

It should be noted that this concept also applies to positively charged particles. However,
instead of traveling along the atomic chains, these particles move between two chains,
where the Coulomb potential is minimised. This is because positively charged particles
are repelled by the atomic nuclei, in contrast to negatively charged particles, such as

electrons, which are attracted toward the atomic nuclei, described in more detail in [39].

1.2.3 Electron Emission Channeling with Radioactive Isotopes

The type of emission channeling used in this study is electron emission channeling from
implanted radioactive isotopes (probes). Experimentally, a sample is implanted with the
appropriate isotope to study a particular chemical species. This technique allows us to
determine the lattice sites of the isotopes by exploiting the fact that the emission yield
of charged particles from the surface varies strongly with crystal orientation, depending
on the emitter’s position in the lattice. The implanted isotopes act as sources of charged
particles, such as B, [3*, and conversion electrons, which, when emitted along high-
symmetry directions, may be channeled or blocked by the crystal structure, leading to

angle-dependent variations in the measured yield.

Figure 1.10 illustrates how particle yield anisotropy, influenced by channeling and block-
ing effects, can be used to determine the lattice site of a radioactive probe in a typical
electron channeling experiment. It shows that when the probe occupies substitutional

sites, the emitted electrons undergo channeling along all crystallographic directions. In

"Blocking is the opposite of channeling. It occurs when particles are not guided along the channel axis
and therefore cannot pass through the channel.
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contrast, interstitial site occupation leads to either channeling or blocking, depending on
the observed crystal axis. The example emphasises the importance of measuring along

several complementary directions to identify the probe’s lattice location unambiguously.

(a) Substitutional probe. (b) Interstitial probe.

Figure 1.10: Two-dimensional schematic representation of the channeling behaviour of
electrons from a radioactive probe located at two distinct positions in the crystal lattice.

The angular emission yield anisotropy is currently measured using a two-dimensional
(2D) position-sensitive detector (PSD) placed 30—60 cm from the sample implanted with
a radioactive probe. The sample is mounted on a high-precision goniometer, allowing
the positioning of its principal crystallographic axes to be aligned toward the detector.
Angular distributions of the emitted particles are acquired for a set of complementary

crystal orientations.

These measured distributions are then fitted using simulated libraries specific to the par-
ticle type, its energy spectrum, and the implantation conditions. The simulations predict
angular emission yields for a wide range of possible lattice sites the probe may occupy.
By comparing the experimental data to the simulated patterns, both the lattice sites and

their respective occupancy fractions can be identified.

The EC-SLI (Emission Channeling with Short-Lived Isotopes) collaboration, to which this
work belongs, is a collaborative effort primarily between the Instituto Superior Técnico
(IST) and the Belgian University of KU Leuven (Quantum Solid-state Physics group -
QSP). The three off-line experimental setups, as well as the on-line EC-SLI setup, are
located at ISOLDE (CERN), where emission channeling experiments using 2D position-
sensitive detectors have been conducted since 1996 [42, 43]. The Institute of Physics for
Advanced Materials, Nanotechnology and Photonics of the University of Porto (IFIMUP)
has maintained collaborations and funded projects with these research units for several

years, which enabled the development of the present work.
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An important parameter in emission channeling simulations is u, the root-mean-square
(rms) displacement of an atom from its equilibrium position. This parameter is used in the
thermally averaged Doyle-Turner potential to model the crystal, thereby influencing both
the electronic energy levels and the dechanneling effects caused by thermal vibrations of

the lattice atoms, deviations from the ideal periodic structure [5].

The values of u for the host crystal atoms are typically taken from the literature. For
impurity atoms, the value is often estimated, although larger values can also be consid-
ered to represent broader Gaussian distributions than those resulting from purely thermal

vibrations.

Simulated patterns depict a normalised yield, defined relative to the yield expected in
the absence of channeling, such as in an amorphous material. Directions at which this
normalised quantity is close to unity are referred to as random directions, and a uniform
distribution of yield across all directions is termed a random pattern. Experimental data
generally include a contribution from such a random pattern, which is always considered
during fitting. This random component functions similarly to a constant offset in linear
regression and may originate from various sources such as background radiation, inco-
herent electron scattering, amorphous regions in the sample, or a uniform, i.e. random

distribution of emitting sites within the crystal.

During the fitting process, instrumental broadening affecting the angular resolution must
also be accounted for. These arise from the finite resolution of the PSD, denoted oyetector,
and the finite size of the implantation beam spot, ospot. These effects are incorporated
through a Gaussian smoothing function with an effective one-dimensional standard devi-

ation ¢, calculated as:

2 2
Udetector + Uspot
0 = arctan 7 (1.10)

where d is the distance from the sample to the detector [5, 44].

The fitted fractions, including the random component, sum to unity. However, the random
fraction typically includes contributions from background radiation and scattered electrons
within the measurement chamber. To isolate the true random contribution, corrections can
be made by estimating the background through separate measurements or simulations.

These corrections are subject to uncertainties and typically result in absolute sum site
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fraction errors of about 10% [45].

1.2.4 Decay of **Na

In this work, we use 2*Na, a neutron-rich unstable isotope of sodium, as a radioactive
probe with a half-life of about 15 hours. It decays into >*Mg, a stable isotope of mag-
nesium, via the emission of B~ particles, as shown in Fig.1.11. While the emission is
isotropic with respect to the decay site, the emitted charged particles interact with the di-
amond lattice, undergoing channeling along its crystallographic planes and axes, which

gives rise to the emission channelling patterns.

24 ~ 14.95%9h
711Na B

Figure 1.11: Decay scheme of %*Na.

In Fig.1.12, we show the energy spectrum of the B~ decay of 2!Na. This spectrum was
produced using data from the Nuclear Energy Agency (NEA) JANIS database [46]. As
can be seen, the energy spectrum is very broad, with some particles emitted with only
a few keV, and although the spectrum extends up to 4114 keV, there is practically no
electron intensity above 1400 keV. The mean energy is 556.2 keV, which corresponds to

the most frequently observed energy of the emitted 5~ particles.

The reason why the energy spectrum is continuous and broad, rather than consisting of
one or two discrete lines, is that ~ decay involves three particles: the proton, the electron,
and the antineutrino. Due to this three-body interaction, conservation of momentum and

energy results in a continuous distribution of energies among the emitted particles.
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Figure 1.12: Energy spectrum of the 8~ decay of *Na.

In quantum technology applications, the relevant form of sodium is the stable isotope
23Na, which is the only stable isotope of sodium. However, to determine the lattice site of
sodium using the emission channeling technique, a radioactive isotope is required. For
this reason, 2*Na is chosen, as it undergoes B~ decay, emitting electrons suitable for the
technique. Despite differing by a single neutron, 2Na and 2*Na are chemically identical,
and it is a reasonable assumption that they occupy the same lattice sites in the crystal

when forming impurity defects.

1.3. ISOLDE/CERN

The European Organisation for Nuclear Research, commonly known as CERN, is an inter-
governmental organisation that operates the world’s largest laboratory for particle physics.
Founded in 1954, CERN is situated in Meyrin, a suburb of Geneva, located on the border

between France and Switzerland. It currently has 25 member states [47].

CERN is home to the Large Hadron Collider (LHC), the most powerful particle accelerator
ever built. In the LHC, protons are accelerated to near the speed of light and smashed
together to recreate conditions similar to those just after the Big Bang. These experiments
help physicists explore the basic structure of matter [47]. One of CERN’s major achieve-
ments was the discovery of the Higgs boson in 2012, a key particle that explains how other
particles acquire mass [48]. CERN is also known for inventing the World Wide Web in

1989, originally developed to help scientists share information [49]. Beyond these, CERN
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contributes to advances in technology, computing, and medical imaging, while pushing

the boundaries of our understanding of the universe.

CERN hosts a wide range of facilities and accelerators that make experiments at the
LHC and its predecessors possible (Fig.1.13). Approved by the CERN Council in 1964,
the ISOLDE facility (Isotope Separator OnLine DEvice) received its first beams in 1967.
Later, in 1992, the facility was redesigned, allowing it to take advantage of the existing
high-energy proton beam and re-enabling the production of radioactive ion beams (RIBs)

for diverse studies in nuclear, particle, and solid-state physics [47].

The CERN accelerator complex
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Figure 1.13: CERN facilities with their opening year and the length of the accelera-
tors [50].

1.3.1  Production and implantation of radioactive isotopes

For electron emission channeling (EC) experiments, radioactive isotopes must first be pro-
duced and then implanted into a single-crystal sample via ion implantation. This process

is illustrated by the facility layout shown in Fig.1.14.
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Figure 1.14: General layout of the ISOLDE facility [51].

As mentioned earlier, ISOLDE receives a high-energy proton beam from the Proton Syn-
chrotron Booster, the second stage of acceleration for the LHC. The beam has an energy
of 1.4 GeV and a maximum current of 2 uA of single charged ions. Upon arrival, it is
directed to one of two targets, each coupled to its mass separator: the General Purpose
Separator (GPS) or the High Resolution Separator (HRS). These separators use large
analising magnets with high mass resolution, used to select specific isotopes based on
their charge-mass ratio [52]. After passing through the GPS, the isotope beam can be
directed to either the General High Mass (GHM) or the General Low Mass (GLM) beam
line. Emission channeling experiments are conducted in the GHM area, while the GLM
is typically used for implantation or other types of experiments. The central beamline is

reserved for other experimental setups within the ISOLDE facility.

The maijority of targets consist of heavy elements or their compounds, such as 238U (Ura-
nium Carbide); however, the elemental composition may vary depending on the specific
isotope being produced. When struck by the proton beam, the heavy nuclei undergo nu-
clear reactions - fission, fragmentation, or spallation - resulting in the production of a wide
variety of radioactive isotopes. To facilitate isotope release, such targets are heated to

temperatures between 1500-2000°C using a high current of around 900 A [53].

lonization of the produced isotopes can be achieved through three main techniques: sur-

face ionization (for which purpose it was used in this work to produce Na beams), which
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involves heating metallic surfaces at the target’s exit so that atoms lose electrons upon
collision - effective mainly for elements with low ionization potential like alkali metals and
some rare earths; plasma ionization, where isotopes pass through a plasma discharge
with low element selectivity; and laser ionization, which uses tuned lasers to selectively
ionise specific elements. Laser ionisation at ISOLDE is performed using the Resonance
lonisation Laser lon Source (RILIS) [53, 54]. Once ionised, the ions are accelerated to
energies of up to 60 keV, forming Radioactive lon Beams (RIBs) that are directed to the
experimental beam lines. At the end of the beam line, the radioactive ion beams are im-
planted into the samples for further analysis [52]. For short-lived isotopes, with half-lives
on the order of a few hours or less, the emission channeling measurements must be per-
formed in situ, using the on-line setup in a chamber that is attached to the GHM beam line.
For very short-lived isotopes (e.g. half-lives of the order of seconds), the measurements
are performed on-line during implantation. In contrast, long-lived isotopes can be safely
transported in lead-shielded containers to a dedicated laboratory within the ISOLDE com-
plex, where three additional emission channeling setups, referred to as off-line setups,

are available for further studies.
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2. Experimental Methods
2.1. Emission Channeling

2.1.1 Set-up description

Fig.2.1 shows a schematic vertical cross-section of the experimental on-line set-up, where
the ion beam from ISOLDE enters from the left. In the first chamber, the beam encounters
the Collimator Chamber, where a laser is used to align the set-up after interventions or
to verify proper alignment when needed. A collimator shapes the incoming beam. After
passing through the collimator chamber, the beam reaches a second collimator at the
entrance of the main chamber, known as the "nozzle”, which collimates the beam to a
diameter of 1 mm. Here, the beam can either hit the sample or be directed to a Faraday
cup, depending on whether the sample holder is moved upwards to allow the beam to
pass through to the Faraday cup. When the sample holder is moved up, the Faraday cup

measures the ion current, which is later used to calculate the implantation fluence.

The set-up also includes a vacuum system, composed of a rotary pump and a turbo-
molecular pump, responsible for establishing the primary and secondary vacuum levels,
respectively (down to approximately 1x10~¢ mbar). Additionally, the system also con-
tains the components necessary to perform thermal annealing. These allow the sample
to reach temperatures of up to 900°C. A halogen lamp is also included to provide illumi-

nation, allowing visibility inside the chamber.

The sample holder is mounted on a high-precision goniometer, which enables accurate
alignment of the crystal axes relative to the detector. The available degrees of freedom
include translational movement along the x, y, and z axes, as well as three rotational
motions: M1 (rotation around the vertical axis), M2 (rotation around the sample normal),
and M3 (rotation around a horizontal axis perpendicular to the sample normal). Typically,
the translational motions and M3 are set at the beginning of the experiment, with only M1

and M2 being used for fine alignment and axis switching during measurements.

The detector is positioned at an angle of 17° to the right in the plane of the beam. In this
position, the detector can be replaced with other detectors. A valve isolates the detector
from the chamber to protect it from external light exposure and from potential damage

caused by high-temperature radiation during annealing.
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Figure 2.1: Emission Channeling set-up vertical cross section: 1 - collimator chamber
with lead shield, rotatable disk with collimator holes, alignment laser; 2 - detector flange
DF17; 3 - fixed aperture removable collimator; 4 - movable Faraday cup; 5 - revolving
thermal shield; 6 - thermal shield actuator; 7 - ion beam transport tube; 8 - spare flange;
9 - halogen lamp; 10 - alignment laser mechanism; and 11 - Collimator_1 wheel rotation
mechanism [55].

Fig. 2.2 shows photographs of the EC set-up. In Fig.2.2 (a), we can see the main chamber
where the samples are implanted and measured, and the left lid-door used for changing
the samples. The equipment above the main chamber is the high-precision goniome-
ter, together with the respective knobs that allow us to rotate the sample to orient it. We
can also see the beamline coming through the wall, which carries the radioactive sodium
beam, in our case. Fig.2.2 (b) was taken during the annealing process through the right
window (which is not visible in the left picture). This is why the sample appears to be
emitting a red colour, as it is at high temperature (900°C). We can also see the nozzle
through which the radioactive beam enters, the halogen lamp at the bottom (turned off),
and the sample holder mounted on the goniometer. The various cables are used to mea-
sure electrical currents in the Faraday cup, supply current to the heating element, and

read the thermocouple voltage for temperature measurement. The Faraday cup shown
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in Fig.2.1 is hidden at the bottom left so that it does not collide with the sample holder.

(b) View inside the chamber through the
= right window during the annealing process
(a) Left-front view of the set-up. of the sample.

L

Figure 2.2: Photographs of the emission channeling set-up.

2.1.2 Experimental procedures

The procedure begins by mounting the sample onto the support that fits into the sample
holder. Using the goniometer handles, the sample holder is then rotated so that it faces
the load lock door of the chamber, allowing the sample to be properly inserted. Once in
place, the sample is rotated until it is aligned with the beam entrance. Before starting data
acquisition, a background signal measurement should be performed. The beam is then
directed to the desired spot on the sample, and implantation continues until the target
fluence is achieved. To cover a crystallographic axis, the sample is moved accordingly.
Measurements can be taken either during (if the temperature is below 800°C) or after the
implantation process. If data from another crystallographic axis is required, the position
or inclination of the sample is adjusted, and acquisition is repeated. If necessary, the
sample can be annealed (with a typical duration of 10 minutes) before repeating the entire

procedure.
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2.2. Photoluminescence
2.2.1 Set-up description

Fig.2.3 shows a schematic diagram of the PL spectroscopy set-up, consisting of two ex-
citation laser sources, an XYZ translation stage, mirrors, filters, shutters, a fibre coupler,
and a spectrometer. The traces of the lasers are shown in green and blue, the lumines-

cence light is represented in yellow, and the fibre optic link is shown in purple.
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Figure 2.3: Schematic diagram of the photoluminescence set-up.

Fig.2.4 shows photographs of the PL set-up. In Fig.2.4 (a), we see a picture taken from
the same perspective as the schematic diagram shown above, including the traces of the
lasers and the luminescence light. In Fig.2.4 (b), we have a frontal, slightly elevated view,
where the XYZ translation stage, the objective, and the sample holder are visible. The
objective itself partially covers the sample in this picture. It is also clear how the fold mirror
redirects the light path from the horizontal plane to the vertical one, and then focuses it

onto the sample.
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(a) Top view of the set-up, matching the (b) Frontal, slightly elevated view of the set-
schematic diagram perspective. up.

Figure 2.4: Photographs of the photoluminescence set-up from two different perspec-
tives.

In this experimental set-up, two lasers are used: a green laser with an emission wave-
length of 532 nm (Cobolt 06-DPL 25mW) and a blue laser at 457 nm (Cobolt 08-DPL
30mW). We chose these DPL lasers because of their high frequency and power stabil-
ity, as well as low divergence. These allow selective excitation of different defects by
choosing the appropriate laser source. In front of each laser, a motorised shutter and
filter module is installed. The shutter allows the beam to be blocked without turning off
the laser, which helps maintain its thermal and power stability. When the shutter is open,
the beam passes through a bandpass filter with a =5 nm window centred on the laser’s
wavelength, ensuring a well-defined excitation energy. The filters used were FBH460-10
and FBH530-10 for the blue and green lasers, respectively. To properly direct and focus
the beams, each laser path requires at least two adjustable mirrors. For the green laser,
two standard silver-coated mirrors with 95% reflectivity (PF10-03-P01-10) are used. For
the blue laser, a standard mirror is combined with a dichroic mirror (DMLP505R), which

reflects blue light from one side while transmitting green light from the other.

The next dichroic mirror directs each beam into its corresponding optical path, using either
the blue (T470Ipxr) or green (RT532rdc) dichroic, depending on which laser is utilised for
excitation. The beam is subsequently reflected by a fold mirror (BB1-E02, a dielectric mir-
ror with 99.5% reflectivity) that redirects the light from the horizontal plane of the optical

table into a vertically mounted microscope objective (MPLAPON100X) with a numerical
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aperture (NA) of 0.95 and a magnification of 100 x, which focuses the beam onto the sam-
ple. The sample is mounted in a holder attached to an XYZ translation stage: XY motion
is controlled by servo motors, while Z positioning is achieved via a piezo actuator, which
offers significantly higher sensitivity than the servo motors, enabling precise movement

at the micron and sub-micron scale.

Upon excitation, the defects emits light at a different wavelength. This photoluminescence
light travels back along the same optical path but is now transmitted through the dichroic
mirror. It then passes through a linear polariser (WP25M-VIS), which helps suppress Ra-
man scattering lines due to their strong polarisation dependence. The signal then passes
through a long-pass filter mounted on a motorised filter wheel, which blocks any reflected
excitation light. For the blue laser, an ET460Ip filter is used, with a cutoff wavelength of
460 nm. For the green laser, an RET537Ip filter is used, with a cutoff at 537 nm. Differ-
ent filters are used for the green and blue lasers, and the appropriate one is selected by

rotating the wheel.

Finally, the filtered emission is focused onto the entrance of an optical fibre using an op-
tical doublet lens (ACA254-050-A) and coupled into the fibre with a fibre coupler. The
doublet lens reduces aberrations compared to a typical convex lens. The light is guided
through the fibre to an iHR 550 spectrometer with a 600 lines/mm grid, where the opti-
cal spectrum, intensity (counts) versus wavelength, is captured by the Horiba Symphony
CCD3000 camera.

2.2.2 Experimental procedures

The sample should be mounted with the implanted side facing upward and inserted into
the XYZ translation stage. To locate the focal plane, one has to use the green laser first,
as it provides better visual feedback for focus adjustments. Because the sample has a
slight slope along the X direction, the focus should be checked at two opposite ends along
this axis to determine how the focal plane shifts with position. The slope in the Y direction

is negligible and can be ignored.

One must choose the laser type according to the sample and the nature of the experiment.
Initially, acquire spectra at different wavelengths to search for any detectable signal. If a
signal is observed that might be related to sodium-related defects, a Z-scan (depth profil-
ing) should be performed to determine whether the emission originates from the surface

or from deeper within the sample. Due to the ion implantation process, which produces
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sharply defined and narrow impurity or defect profiles near the surface of the sample (e.g.
an implantation depth of 480 A and a straggling of 144 A for 50 keV *Na), a peak-like
response is expected that reflects the depth resolution function of the experimental setup
(with a FWHM (Full Width at Half Maximum) on the order of 10 ym), as will be demon-

strated also by our results, e.g. Fig.3.6.

Note that our PL set-up, while it has depth resolution, is not strictly a so-called "confocal”
setup, which can provide depth resolution down to the diffraction limit (a few tenths of
a micrometre). A confocal setup would require that the last doublet lens focus the light
through a small pinhole. In our case, the entrance of the fibre optics acts as the equivalent

of a pinhole, though with a larger diameter and hence providing worse depth resolution.

Following this, an XY-scan across the entire sample area should be conducted to map
the spatial distribution of the suspected defects and compare it with the expected implan-
tation pattern. Once regions of interest have been identified, the full emission spectrum
should be recorded. To acquire the XY and Z-scans, we used a LabVIEW (commercial
software developed by National Instruments) programme created by Zeno Maesen and
Kirill Danilov from the Belgian university of KU Leuven. The PhD student Kirill Danilov
also collaborated on these experiments. In addition to these scans, the programme also
allows us to record standard spectra as a function of wavelength and to monitor the CCD

(Charge-Coupled Device) temperature.

For an XY-scan, we first select the starting position, typically at the bottom left of the
sample, and define the number of steps and step size according to the desired resolu-
tion. The scan proceeds line by line from left to right, moving up one line each time until
it is complete. Next, we configure the spectrum to be acquired, specifying the central
wavelength (CW), the aperture width (APT), the exposure time (ET), balancing resolu-
tion and the amount of light collected, and the number of signal averages (AVG). We
then select the integration windows by setting its central wavelength and width, and op-
tionally activate background correction by choosing a background window. The pro-
gramme integrates these windows using the trapezoidal rule and calculates the ratio
(signal — background) /background, which can yield negative values if the background

exceeds the number of photons collected in the signal window.

During an XY-scan, the main variables changing are the x and y positions. However,
since the sample surface has a slope, maintaining focus requires compensating for this

inclination. By determining the slope of the focus along the x-axis, we can instruct the
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programme to adjust the z position accordingly.

Acquiring a Z-scan is similar, but instead of scanning a region, we choose a fixed position
and vary the z coordinate. For safety reasons (to avoid accidentally hitting the sample),
our z-scans are implemented such that they start at a chosen minimum z-value, which is

then successively increased by moving the sample away from the objective.

To acquire our data, we used the SynerJY programme from HORIBA Scientific, as it of-
fers specific functionalities, such as real-time acquisition that allows us to see what we are
acquiring without saving the data. The acquired data are plotted within SynerJY using the
commercial graphics software Origin. To acquire a spectrum with SynerJY, we need to
choose the central wavelength (CW), the aperture width (APT), the exposure time (ET),
and the number of signal averages (AVG) or, alternatively, the number of unsummed
spectra forming a stack (STK). We can also use the range function, in which the pro-
gramme automatically changes the CW to cover the desired spectral range. Additionally,

the software displays the temperature of the CCD.

We used liquid nitrogen to cool the CCD camera. Its temperature should be around 136 K
(-137.15°C). If the temperature starts to rise, we need to refill it before starting the acqui-

sition.
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3. Results and Discussion
3.1. Emission Channeling

In this work, we measured two different samples of 24Na, both implanted into SC diamond
at room temperature. The first sample, #530, was implanted at an energy of 50 keV with
a fluence of 2.8 x10'3 atoms/cm?, and the implantation lasted 43 minutes. The second
sample, #565, was implanted at 30 keV with a fluence of 5x 10!2 atoms/cm?, for 11 min-
utes. Both implantations were performed at an angle of 17° from the surface normal and
resulted in approximately Gaussian depth profiles, with implantation depths and straggling
of 480 (144) A for 50 keV and 293 (95) A for 30 keV [56].

A position-sensitive silicon pad detector with 22 x 22 pixels, each measuring 1.3x 1.3 mm?,

was used and placed 30 centimetres from both samples.

EC experiments in crystals of the diamond structure are usually performed by studying
the emission anisotropies around the (100), (110), (111), and (211) axes, which are the
crystallographic directions of highest symmetry. It is also essential to acquire background

data between measurements with the detector valve closed.

Once the crystallographic direction has been chosen, data acquisition proceeds until the
detector registers sufficient statistics for meaningful analysis, which in this case was con-
sidered to be around one million events, or above roughly 2000 counts/pixel. During
acquisition, it is important to monitor the emerging pattern to identify any evidence of
channelling. If no channelling effect is observed, the direction should be adjusted. In this
experiment, we aimed to measure the angular patterns along the (100), (110), (111), and
(211) crystallographic directions for both samples. These four orientations should allow
us to determine the lattice site occupied by the >*Na atoms. We repeated these measure-
ments after annealing the sample at 300°C, 600°C, and 900°C for 10 minutes each, in

order to investigate how the defect configuration evolves with temperature.

To extract the possible lattice sites and their respective occupation fractions responsible
for a given pattern, the experimental data must be fitted by a library of simulated patterns.
In this work, a pre-computed library was used, containing patterns within a £3° angular
range, with steps of 0.025° along both angular axes for each selected crystallographic di-
rection. The simulated library also includes patterns accounting for atomic displacements,

with positions shifted from one lattice site towards another. These displacements were
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applied in steps of either 0.05 or 0.1 units (0.1 units is around 0.04-0.08 A), with finer 0.05

steps used in cases where higher precision was necessary.

The experimental patterns were fitted using the JavaFDD software [44]. Java is the pro-
gramming language in which the software is written, and FDD stands for the fit done in two
dimensions. This technique is used to identify the lattice site of implanted atoms by fitting
experimentally measured angular distribution patterns with a precomputed library of sim-
ulated patterns. JavaFDD performs this comparison using routines based on non-linear

least square minimisation [44].

Due to the presence of dead pixels on the detector, a mask was applied to exclude these
pixels during the fitting process. The software allows the user to specify the number
and types of lattice sites to be fitted. In addition to the occupation fractions, it also fits
the xy-coordinates of the centre of the pattern and its azimuthal rotation angle, as well
as a scaling factor. It begins with an initial guess and then uses iterative algorithms to
minimise the fitting error. The error function employed in the software is the reduced chi-
square, x%4. The chi-square, x2, is a quantity that characterises the difference between
the experimental data and the fitted model. The reduced chi-square, )(fed, is the chi-
square normalised by the number of data points minus the number of degrees of freedom

in the fit, providing a measure of the goodness of fit [57].

To analyse the data, we initially performed 1-site fits using all simulated lattice sites
and their corresponding displacements. We used a smoothing, o, of 0.1°, calculated
using Eq.1.10, and a root-mean-square (rms) atomic displacement from equilibrium, u,
of 0.044 A, for the ?*Na emitter atoms. This value can be approximated to that found
in [58] for the rms displacement of carbon atoms in diamond. Each annealing tempera-
ture yielded 4 experimental patterns, plus 4 from the unannealed sample, resulting in a

total of 16 patterns for fitting for each sample.

After obtaining the fitting results, we searched for both global and local minima along each
displacement path. We then verified whether the results had physical meaning, that is,
whether the occupation fractions were positive and less than one. Fractions very close
to one were discarded, as the presence of background counts must also be taken into
account. Including such values would lead to a total fraction exceeding one, which is not

physically meaningful.

From this initial fitting, we found that the best-fitting sites, in terms of lowest error and
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agreement with theoretical predictions, were sites close to the substitutional (S) site.
Based on this, we proceeded with 2-site fits, where we kept the first site fixed at the BC
position and varied the second site (because the BC position is what would be expected
if Na were found in the split-vacancy configuration), and then fixed the S site and varied

the second site, following the same approach used in the 1-site fitting.

The best results were obtained with a combination of BC and S sites. We also attempted
3-site fits, fixing BC and S sites while varying the third site. However, these results were
inconclusive, as many of the resulting fractions lacked physical meaning or showed no

consistent trend in the error minimisation.

Fig.3.1 shows the simulated patterns for angular-dependent emission of beta-particles
from 2*Na on substitutional and BC sites using the many-beam approach. There are 8
plots in total: the left column shows 4 plots corresponding to a 100% fraction of substi-
tutional sites, while the right column shows 4 plots corresponding to a 100% fraction of
bond-centre sites. The x and y axes represent the angles (in degrees) relative to the axial
direction within the pattern. Note that the orientation of the patterns has been chosen to
match the experimental patterns shown below in Fig.3.2. We plotted these patterns as
heatmaps, where the colours represent the normalised ~ yield (in this case, the simu-
lated yield). Blue indicates regions where the angular-dependent emission yield from the
crystal is highest, i.e. where channeling effects occur for emission from the considered
lattice sites, and red where it is lowest, i.e. where the normalised emission yield is close
to one, or in case of blocking effects, even lower. Within the patterns, at the left edge, we
can also see white areas where there are no results because the corresponding angles

fall outside the +3° range of the simulations.

Before discussing the results, it is important to clarify what our notation means. As we can
see, each plot is labelled with the crystallographic direction that was pointed towards the
detector, denoted by angle brackets, for example, (110). Within the patterns themselves,
we indicate the equivalent families of crystallographic planes, denoted by parentheses,

for example, (111); this plane is perpendicular to the vector [111].
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Figure 3.1: Simulated patterns for 5~ channeling from 24Na using the many-beam ap-
proach. On the left is the case with 100% fraction at the substitutional (S) site, and on
the right is 100% fraction at the bond-centre (BC) site, both without any displacement.
Note that the orientation of the simulated patterns has been chosen to correspond to the
experimental results for sample #530.

Comparing the simulated patterns for the same crystallographic direction (i.e., within the
same row of Fig.3.1), and considering the distances between carbon atoms in the diamond
lattice (Fig.1.4), we can see that directions where atoms are further apart are less likely
to exhibit channeling in the substitutional site. In the first row, plots (a) and (e), both for
the (110) direction, correspond to a 100% substitutional site (S) and a 100% bond-centre
site (BC), respectively. In the substitutional simulation, the direction where the channeling
effect is most pronounced is along (110) it appears as a prominent blue circle near the

centre of the pattern, followed by (111), (100), and then (211).

This is expected, as the strength of the channeling effect is roughly determined by the
nuclear charge per unit length along the respective crystallographic direction of a sub-

stitutional site. In the diamond structure, the number of atoms per unit length along the
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principal crystallographic axes is given by:
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As can be seen, the intensity of the axial channeling effects from substitutional (S) sites

is roughly correlated with these values.

For the bond-centre simulation, the situation is qualitatively and quantitatively different
from that of the substitutional case: first, the yield scale is notably smaller, i.e., the dif-
ference between the maximum and minimum yield (from blue to red) is only about 0.220,
compared with around 1.630 for the substitutional sites. Unlike substitutional sites, which
are always aligned with all atomic axes and planes, the bond-centre patterns may rep-
resent a mixture of projections, some aligned with the lattice and others interstitial with
respect to the axes and planes, making it much harder to visualise the agreement between

the simulated patterns and the diamond structure.

In Fig.3.2, we compare the experimental results after annealing at T, = 600°C with the
best-fit 2-site simulated patterns for each crystallographic direction studied. The angles
in the experimental patterns were determined using the distance between the sample
and the detector and the detector area. By taking the perpendicular line to the sample
and detector as the reference axis, we computed the angle relative to this axis as the
arctangent of the ratio between the pixel position and the sample-to-detector distance.
For both samples, this distance was 30 cm; a distance of 60 cm could also have been

used, which would reduce the angular range but improve the angular resolution.

The experimental patterns exhibit some background fluctuations due to the inhomoge-
neous response of the detector to gamma background radiation. We also observe that
the scale, the difference between the maximum and minimum values, is quite small: ap-
proximately 0.230 for (110), 0.180 for (211), 0.100 for (100) ,and 0.205 for (111). The
combination of site fractions in the best fit is a composition of 17% substitutional site and

51% bond-centre site. Despite this, we can be confident in our results, as the experimental
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patterns closely resemble the best-fit simulations.
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Figure 3.2: Comparison of experimental and best-fit simulated patterns after annealing
at T, = 600°C for sample #530.

The graphs and analysis for sample #565 are essentially similar, so it is not necessary to

discuss them again as they show similar patterns and support similar conclusions.

In the last figure, after an annealing process at 600°C, we observed that the best 2-site fit
corresponds to a mixture of 17% substitutional sites and 51% bond-centre sites for sample
#530. However, it is important to investigate how these fractions vary with increasing
annealing temperature, since the optical activation of implanted colour centres usually

requires thermal annealing procedures.

In Fig.3.3, we present these fractions for all cases and both samples: at the top, sample
#530, and at the bottom, sample #565. The measurements were taken for the unannealed
sample (T, = 30°C) and after annealing at 300°C, 600°C, and 900°C. The error bars

shown for fzc and fs were calculated according to the standard deviation of the spread
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of values derived from the patterns for the four different crystallographic directions. In the
case of fs, the error bars are smaller than the size chosen for the circles to represent the

data points.

We also plotted the sum of the site fractions of the substitutional and bond-centre sites,
fsum = fBc + fs, to follow the overall tendency and to check whether some other type
of site not accounted for might appear. If the sum decreases, it could suggest that the
fraction of another site is increasing. Here, the error bars for fsym were omitted, as they

would be identical to those shown for fpc.

The qualitative behaviour of both graphs is very similar, with only minor differences.
Firstly, both fractions increase between 30°C and 300°C, although the increase in fpc
is more pronounced. Between 300°C and 600°C, the bond-centre fraction fzc continues
to increase in sample #530, but less steeply than before, while in sample #565 it starts
to decrease slightly. The substitutional fraction fs keeps increasing, though very slowly,
showing an approximately linear trend. Finally, between 600°C and 900°C, fpc decreases
sharply in sample #530, which also causes the sum fraction fsum to decrease; this could
indicate that at higher temperatures, some other type of site might be forming, although
we could not identify which one. In sample #565, fzc also decreases, but less abruptly,

and fs continues its gradual increase following the same tendency.

These minor qualitative differences between the two samples could be due to the accuracy
of the sample temperature read-out, which is estimated around +10°: in sample #530,
the actual temperature could have been slightly below 600°C, while in sample #565, it
could have been slightly above 600°C. We do not know the precise behaviour of the site

fractions in the vicinity of that temperature.

One notable quantitative difference between the two samples is the overall value of the
site fractions: in sample #565, the fractions are approximately half of those observed in
sample #530. There are several possible explanations for this. As mentioned earlier, the
background corrections might not have been perfect, but we do not believe this alone
could account for such a large difference. Another possibility could be the difference in
the implantation fluence; however, simulations of the resulting lattice damage suggest that
this difference is not sufficient to explain a halving of the site fractions. A further possibility
is that, during the implantation of sample #565, the beam might have partially missed the
sample, with some portion of the beamspot hitting the sample holder instead. This would

reduce the effective activity of the implanted isotope.
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The most plausible explanation is that the simulations introduced a systematic error due
to differences in the beam energy, which drastically reduced the site-fraction intensities

in sample #565.
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Figure 3.3: Site fractions f versus annealing temperature T, for two different samples
with different beam implantation intensities. The quantities, fs, fpc, and fsum represent
the fractions at the substitutional site, the bond-centre site, and the sum of these two
fractions, respectively.

These results are similar to those previously obtained for magnesium (Mg). In that study,
the largest fitted fractions corresponded to BC sites (42% at RT; 30% at 800 °C), while
smaller fractions were associated with S sites (15% at RT; 14% at 800 °C). These findings
are consistent with our results, showing that the BC configuration predominates over S
sites, and that the BC fraction decreases at higher temperatures (800 °C). That can be ex-
plained due to their similar electron configurations, Mg and Na would be expected to adopt
similar configurations in the diamond lattice due to their comparable chemical properties.

It remains possible that some additional site could appear at high annealing temperatures,
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which has not yet been identified in this study. A comprehensive description of the Mg

study can be found in [24].

In terms of theoretical predictions, the substitutional Na and the NaV full-vacancy config-
urations are associated with the substitutional site, while the NaV split-vacancy configu-
ration corresponds to the bond-centre site. Since the NaV full-vacancy configuration is
theoretically predicted to be unstable, we assume that the observed substitutional fraction
represents only the true substitutional Na, without a nearby vacancy. These configura-
tions are theoretically predicted to be optically active, exhibiting both a zero-phonon line
(ZPL) and a phonon sideband (PSB), with specific values discussed in subsection 1.1.10.

A search for these features was the focus of our PL studies, described in the following.

3.2. Photoluminescence

In this work, we measured four different diamond samples implanted with the stable iso-
tope 22Na at an energy of 50 keV. For each sample, the right half of the diamond surface
was first covered, while the left side was implanted with 4.5x10'2 atoms/cm?. The cover
was then removed, and the entire sample was implanted with 5x 10!! atoms/cm?, resulting
in a total fluence of 5x 1012 atoms/cm? on the left side and 5x 10! atoms/cm? on the right
side. This allowed us to compare the results for a tenfold difference in fluence. We used
two EL diamond samples, one of which was annealed at 900°C, and two SC diamond
samples, again with one of them annealed at 900°C. The other two samples were kept
unannealed. The samples were laser-marked to ensure there was no ambiguity about the
front and back sides, as well as to clearly distinguish between the high- and low-fluence

implanted sides.

These samples were not implanted with 2*Na, the radioactive isotope typically used in
emission channeling experiments. By the time we had to perform the PL experiments
for this thesis, the PL laboratory at ISOLDE had not yet been approved for use with ra-
dioactive samples. Consequently, we could not perform radioactive photoluminescence
as initially proposed. To still include photoluminescence research in this thesis, we pre-
pared these four samples at KU Leuven and brought them to ISOLDE to measure the
photoluminescence lines of the stable sodium implantation. Because of this, we could
not correlate the decay of radioactive sodium with a decrease in the PL signal. This is
why, in these subsections of the thesis, we present simple PL, rather than its radioactive

variety.
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Before discussing the acquired data, | will briefly summarise the samples studied, as
shown in Table 3.1. Firstly, we measured the two samples which were annealed at 900°C;
afterwards, we measured the unannealed samples, which are listed in the table with an

annealing temperature of 30°C.

Label | Type T,

EO12 | EL | 900°C
LO10 | SC | 900°C
EO0O13 | EL | 30°C
LO11 | SC | 30°C

Table 3.1: Overview of samples used in the PL experiment.

We started with the annealed samples because it is expected that ion-implanted colour
centres in diamond only become optically active after annealing. During implantation,
significant damage is introduced into the lattice, and the implanted atoms may initially not
be located in their stable positions. Therefore, it was expected that if any of the samples
were to show a sodium-related emission line, it would be these annealed ones. Between
the two annealed samples, we first measured the EL sample, since its lower concentration

of nitrogen and other impurities should result in fewer unwanted lines in the spectrum.

For all samples, we began by searching for the sodium peaks, scanning around the wave-
length regions predicted theoretically, i.e. around 500 nm and 800 nm. After identifying a
suspected peak, we performed a Z-scan (depth profiling) to determine whether the signal
originated from a surface or bulk defect. As the sodium was implanted, we expected the
defect to be near the surface, which would appear as a peak-like response, which reflects
the depth resolution of the "confocal” PL set-up. Once the presence of a candidate peak
was confirmed, we performed an XY-scan across the entire sample to determine whether
the signal followed the implanted pattern. These two measurements also enabled us to
perform background correction, as will be shown later. Finally, we acquired the full emis-
sion spectrum in the wavelength range 475 nm to ~800 nm from both the high-fluence

side (left side) and the low-fluence side (right side).

In the discussion of the results, we will first analyse the full spectrum acquired to identify
and discuss the peaks observed. Next, we will present the Z-scan to confirm the nature

of the signal, followed by the XY-scan, and, if necessary, additional data.
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The analysis of the sample’s lower fluence region will not be addressed here, as the sig-
nals resemble those observed at higher fluence but are weaker and noisier, if detectable
at all. Therefore, we will focus solely on the results from the higher fluence region. In
the results section, the data are presented in the same sequence in which they were

measured.

3.2.1 Analysis of E012 Sample

We started acquiring spectra of EO12 (which was annealed at 900°C) at a few points and
observed a peak at 503 nm in different locations (spots) on the sample, as we can see in
Figures 3.4 and 3.5. This value is close to the theoretical value of 487 nm expected for the
NaV centre [21]. However, in the wavelength range expected for the Nag centre around
779/832 nm [21], we did not observe any peak. On the left side of the sample, the 503
nm peak was stronger than on the right side, as expected from the implantation pattern.

We adjusted the polariser to 90° in order to minimise the first-order Raman contribution.

To acquire the full spectrum, we collected data at five different central wavelengths, man-
ually changing the measurement location (spot) each time rather than using the automatic
range function, as shown in the legend of Fig.3.4. All other acquisition parameters were
kept constant across the different central wavelengths: an aperture width (APT) of 60 um,
an exposure time (ET) of 10 s, and 30 averages (AVG). We used the blue laser at a power
of 5 mW.

As the resulting curves exhibited considerable noise, we applied a Savitzky—Golay fil-
ter ' from the SciPy library to smooth the data, preserving the main features without

significantly altering the underlying signal [59].

In the resulting full spectrum, we observe that only in the blue curve (with CW = 530 nm)
does a peak appear; in the other curves, no significant signal is detected. The inclination
visible in the curves is caused by a misalignment inside the spectrometer. This systematic
effect appears consistently across all curves and is therefore not related to the response

of the sample itself.

1The Savitzky—Golay filter smooths noisy data by fitting successive subsets of adjacent points with low-
degree polynomials, preserving important features like peak height and width better than simple averaging
filters.
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Figure 3.4: Full spectrum of the E012 sample.

Knowing the wavelength of our blue laser (457 nm), we can use Eq.1.4 to calculate the po-
sitions of the first- and second-order Raman peaks, which should appear at approximately

486 nm and 515 nm, respectively.

Focusing on the blue curve in Fig.3.5, we can clearly see the first-order Raman peak
around 486 nm. However, the second-order Raman peak near 515 nm overlaps with
the phonon sideband of the 503 nm peak, which extends from approximately 510 nm to

530 nm, resulting in a PSB with a width of about 20 nm.

Raman lines are typically very narrow, with their width often limited by the resolution of the
spectrometer, which itself depends on the chosen aperture width (APT). In contrast, for
the APT values chosen in our measurements, the width of the ZPL is usually determined

by the properties of the ensemble of defects that give rise to it.
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Figure 3.5: Spectrum of the E012 sample with a central wavelength of 530 nm.

Before continuing with the acquisition, we need to verify whether the 503 nm peak is a
surface-related response, as expected due to the nature of the implantation process. In
Fig.3.6, we used a power of 5 mW for the blue laser, and for the parameters: an APT
of 60 ym, no averaging, and an ET of 5 s. This is not ideal, as the overall intensity of
the spectrum will be low; however, as we will see later, another effect is occurring that

compromises the quality of our Z-scans.

To calculate the intensity at each point, we selected a signal window centred at 505 nm
with a width of 4 nm. For background correction, we chose a window centred at 545
nm, also with a width of +4 nm. As shown in Fig.3.5, this background region is flat and

remains stable over time and under blue light exposure.

We can see a peak-like response of the signal, indicating that it is likely surface-related.
Due to limited time, we opted only to verify the Z-scan quickly, so we did not use many
points, which means we lack extensive statistics in this scan. We found the optimal z-

value (the focus) to be 1.076 mm, as expected from the slope calculation for that spot.
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Figure 3.6: Z-scan of the E012 sample. Note that the fact that the intensity is turning
negative is due to the chosen background subtraction.

For the XY-scan, we set the parameters as follows: CW of 530 nm, APT of 60 ym, ET of
10 s, and no AVG. We used the same windows as in the Z-scan to calculate the intensity
at each point. For the scan configuration, we started from the bottom left corner of the
sample and aimed to scan the entire area with sufficient resolution in about one hour. To
achieve this, we chose a grid of 19x 19 steps with a step size of 0.11 mm. Multiplying
19x0.11 gives 2.09 mm, which is slightly larger than the sample size of 2x2 mm?, i.e.
larger than the actual lateral dimension of the sample. So we expected to include a few

points on the sample holder outside the diamond sample.

Looking at the XY-scan acquired for the E012 sample in Fig. 3.7, we can first observe that
the implantation intensity pattern appears as expected: the high-fluence side shows an
intensity approximately four times greater than the low-fluence side. The line separating
both regions has high contrast, which is due to the relatively low resolution across that
boundary; nevertheless, this indicates that, on a macroscale, the implantation separation
was very well executed. In this plot, we can also see the specific spots where the detailed

measurements were performed.

We decided to acquire measurements at different spots because we observed that, un-
der prolonged blue laser exposure, the 503 nm peak decreased in intensity (quenched).
After a sufficiently long time, the peak would become almost impossible to detect. This

behaviour is illustrated in Fig.3.8.
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At the border of the sample, particularly on the right-hand side, we can see points that do
not follow the general trend and exhibit large variations; this is because those points were
acquired on the sample holder rather than on the sample itself. At the bottom of the scan,

the intensity is almost zero, so the 503 nm peak becomes comparable to the background.
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Figure 3.7: XY-scan of the entire E012 sample, with the measurement spots marked and
labelled accordingly.

As mentioned earlier, Fig.3.8 shows the quenching effect observed in the 503 nm peak,
using the same parameters as for the full spectrum. In Fig.3.8 (a), we present a time
series measurement in which the peak intensity drops to almost half within just 40 seconds
under a laser power of 10 mW. We also performed other time series measurements at
laser powers of 2, 5, and 20 mW. In all cases, a decrease in peak intensity was observed,
and the rate of this decrease correlated with the laser power used: the higher the power,

the faster the quenching occurred.

We can also see a corresponding decrease in the phonon sideband (PSB), supporting
that the PSB is indeed related to the adjacent peak. In Fig.3.8 (b), we show the signal
from the sample after 20 minutes of blue laser exposure at 20 m\W on the quenched spot;
the peak has completely disappeared. A small "bump” remains in that region, which is
likely due to the second-order Raman, which is intrinsically weak. We also verified that

even after one day, the peak did not recover at all.



FCUP | FEUP | 48
Study of Sodium Colour Centres in Diamond for Quantum Technology Applications

Spectrum CW530 E012 Quenching 1600 Spectrum CW530 E012 Quenching

1600 1 —— Reference Time

+10s
— +20s 1500 4
— +30s
+40's

1500 1

~ 1400 - 1400

21300

Intensity (a.u
N
@
S
S)
Intensity (a.u.)

1200 1200 4

1100 ‘ 11001
1000 M ‘ 1000 JAQM&MMMMoL
470 480 490 500 510 520 530 540 550 560 470 480 490 500 510 520 530 540 550 560
Wavelength (nm) Wavelength (nm)

(a) Decrease of the 503 nm peak intensity (b) 503 nm peak fully quenched after ap-
over time under continuous blue laser ex- proximately 20 minutes.
posure.

Figure 3.8: Quenching effect on the 503 nm peak in sample E012.

We performed several Z-scans, but the results were not satisfactory due to on-spot quench-
ing. This limited both the number of steps and the achievable signal intensity: rather than
observing signal changes solely due to variations in the z-position, the measurements
were dominated by quenching effects. As a result, many of the Z-scans showed inconsis-
tent point-to-point variations, with increases due to improved focus but decreases caused

by the quenching effect, unrelated to the actual focal position.

Consequently, we decided to perform an XY-scan, shown in Fig.3.9, on the quenched spot
where the 503 nm peak and its PSB had completely disappeared. In this scan, we should

see the outline of the laser beam spot as a region where the signal does not appear.

In this scan, we used a laser power of 5 mW and applied the same windows to calculate
the intensity of each pixel as in the XY-scan of the whole sample. As the starting point,
we chose a position offset by five steps diagonally to the bottom left of the quenched spot,
with a grid of 11x11 steps, each of 2 um. Measuring the major and minor axes of the
elliptically shaped beam spot using the software ImagedJ, and taking the edge of the last

orange pixel as the boundary, we obtained diameters of 13 um and 5 um, respectively.



FCUP | FEUP | 49
Study of Sodium Colour Centres in Diamond for Quantum Technology Applications

XY-scan Quenched Spot E012

-11.690

-11.695 I 0.0

-11.700

Y-axis (mm)
o
=)
=
Intensity (a.u.)

-11.705

-11.710 -

-6.795 -6.790 -6.785 -6.780
X-axis (mm)

Figure 3.9: XY-scan in the quenched spot in E012.

As can be observed in Fig.3.9, the laser beam spot is visible but appears flattened and
skewed along the diagonal, likely due to imperfect alignment of the set-up. Outside the
beam spot, the 503 nm peak is still detectable, as these regions were not exposed to
the blue laser previously to this fast XY-scan. At the exact centre of the beam spot,
the 503 nm peak is most strongly quenched, corresponding to the area of highest laser

intensity, which gradually diminishes moving away from the centre.

3.2.2 Analysis of LO10 Sample

As with the E012 sample, we began by acquiring the full spectrum of L010 that was an-
nealed at 900°C to identify the type of signal obtained and to check for the presence of
any sodium-related peaks. The acquisition parameters were kept exactly the same as for
the previous sample: an APT of 60 um, an ET of 10 s, and 30 AVG. Since the overall
luminescence intensity from SC-type samples was much higher than that from the highly
pure EL-type samples, the laser power was adjusted to 2 mW to avoid excessive counts

that could saturate the spectrometer.

From Fig.3.10, it can be observed that the overall behaviour of the signal differs signif-
icantly from that of the EL diamond sample, showing a broad band composed of two
main "bumps”, as well as other peaks. Due to the higher concentration of nitrogen, some
nitrogen-related centres were formed, as indicated by the peak around 575 nm, which

corresponds to the neutral nitrogen—vacancy centre (NV°) [60]. The final peak in the red
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curve (CW750) may correspond to the negatively charged silicon—vacancy centre (SiV™)
around 738 nm [60].

Regarding the small feature on the left, we believe it may be caused by the unpolished
side of the sample (facing downwards), which could introduce back reflections and give
rise to this signal. The upper side of the sample, where the sodium was implanted, is
polished. The broad feature on the right corresponds to the NV? PSB at RT, as the centre
has a low DW, i.e. a comparatively weak ZPL and a prominent PSB [60, 61].

Due to time constraints during the experiment, we did not acquire data for the part of the
spectrum with CW825 nm. This region did not show any noticeable peaks or interesting
features; the signal remained approximately constant at around 1000 a.u, i.e. the dark

count response of the CCD.

In this sample, we observed a more intense 503 nm peak, which is unexpected. Under
typical conditions, such peaks are usually more prominent in EL samples, as there are
fewer competing centres. This suggests that the observed peak might originate from a
different mechanism and may not be sodium-related. There is a possibility that the last

peak observed corresponds to SiV~.
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Figure 3.10: Full spectrum of the LO10 sample.

For the Z-scan we acquired with an APT of 60 um, no averaging, and an ET of 10 s,
using the laser at 5 mW. To calculate the intensity at each point, we selected a signal
window centred at 505 nm with a width of +4. For background correction, we chose a

window centred at 490 nm, also with a width of 4. The background correction was more
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challenging to define, as in the range of CW530 there is no perfectly flat region; the flattest

section we identified was the part to the right of the 503 nm peak.

As illustrated in Fig.3.11, we observe a clear bulk-defect behaviour, appearing as a step-
like profile rather than the peak-like response we initially expected. This suggests that the
503 nm peak could be due to something else and not necessarily related to sodium. Noting
that the Z-position had to be shifted by approximately 250 um to higher values compared
to sample L013, since SC samples are only 0.25 mm thick, whereas EL samples are

0.5 mm thick.
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Figure 3.11: Z-scan of the L0O10 sample.

Anyway, we acquired the XY-scan to see if we get anything similar to the implantation
pattern. We set the parameters as follows: CW of 530 nm, APT of 60 um, ET of 10 s, and
no AVG. We used the same windows as in the Z-scan to calculate the intensity at each
point. For the scan configuration, we started from the bottom left corner of the sample
and aimed to scan the entire area with sufficient resolution in about one hour. To achieve
this, we chose a grid of 19x 19 steps with a step size of 0.1620 mm. Multiplying 19x0.162
gives 3.078 mm, which is slightly larger than the sample size of 3x3 mm?, i.e. larger than
the actual lateral dimension of the sample. So we expected to include a few points on the

sample holder outside the diamond sample once again.

As can be seen in Fig.3.12, we obtained a pattern similar to the implantation mask, al-
though tilted by approximately 45° and varying along the diagonal, and it does not show

as good a contrast as in the E012 sample. It seems that the distribution of the 503 nm
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peak is not homogeneous, and it did not result from the implantation of 2Na in the sam-
ple, or only partially so. We do not know precisely what the 503 nm peak corresponds to,
but we can observe that its intensity was affected by the sodium implantation. We have
also identified the spots where the full spectrum and the Z-scan were acquired. In this
measurement, we also recorded a few points from the sample holder, which did not follow

the local trend.
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Figure 3.12: XY-scan of the entire LO10 sample, with the measurement spots marked
and labelled accordingly.

In Fig.3.13, we observe the same quenching behaviour of the 503 nm peak as previously
seen in E012. In these measurements, we used a 5 mW blue laser for 18 minutes. The
exposure time was not sufficient to completely quench the peak, as was done previously,
due to time constraints. Once again, we also observe a decrease in the corresponding
PSB.
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Figure 3.13: Quenching effect on the 503 nm peak in sample L010.

3.2.3 Analysis of Unannealed Samples (E013 and L011)

Due to the fact that these samples were not annealed, we do not expect to observe a
sodium-related peak. As discussed previously, colour centres in the as-implanted state
are usually optically inactive. For that reason, we will examine the data from both samples

simultaneously.

To acquire the full spectra of both samples, we used an APT of 60 um, an ET of 10 s,
and 12 AVG, with a laser power of 5 mW and 2 mW for the E013 and L011 samples,
respectively. The difference in laser power was to avoid saturating the spectrometer: in
the SC sample (L011), the broadband produces much higher counts, which would saturate
the detector at 5 mW. Instead of manually selecting central wavelengths, we used the
range option, setting the range to [475,850] nm. We measured this range at the same spot
on each sample to make better use of the available time; even if some peaks decrease
under blue laser exposure, the averaging process allows us to still observe their average
intensity. Both measurements were performed on the high-fluence side, but as we will see

in the XY-scan, this choice is largely irrelevant because the samples were not annealed.

As depicted in Fig.3.14 (a), in the EL diamond sample, we observe the first-order Raman
peak (around 486 nm), along with the second-order Raman feature appearing as a very

weak broad peak centred near 515 nm. Comparing this to the annealed sample (E012)
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shown in Fig.3.4, we see a similar trend above 550 nm, where there is essentially no
measurable signal, and the spectra exhibit the same general slope. As expected, the

503 nm peak is completely absent in the unannealed sample.

In Fig.3.14 (b), we observe the same broadband feature due to the presence of NV, and
the small feature which is attributed to the non-polished side of the sample. Compared to
the annealed sample (Fig.3.10), the overall behaviour is very similar, although the last two
peaks above 700 nm are much weaker; these peaks tend to increase upon annealing. We
still detect the NV° peak around 575 nm. We measure a strong response from the neutral
nitrogen vacancy (NV°) while seeing no response from the negatively charged nitrogen

vacancy (NV7).

Unexpectedly, we also observe a peak at 503 nm. This peak appears in the sample with
a higher nitrogen concentration and without annealing, suggesting that it is unlikely to be
sodium-related.
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Figure 3.14: Full Spectrum of the unannealed samples.

To confirm this, we measured a pristine SC diamond sample, shown in Fig.3.15, and
obtained a spectrum similar to that in Fig.3.14 (b). The main difference is that the small
feature is less pronounced in the pristine sample. The presence of the 503 nm peak in
the pristine sample further supports the conclusion that this peak is not related to sodium.
Initially, this feature was considered potentially sodium-associated because it appeared
near the wavelength predicted by theoretical studies, and its intensity in the EL sample

E012 annealed at 900°C was correlated with the implantation fluence.
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Figure 3.15: Full spectrum of the pristine SC diamond sample.

To acquire the XY-scans, we used the same parameters, the same integration windows
to calculate the intensity at each pixel, and the same laser power as before, according
to the diamond type. The two samples have different dimensions, as can be seen from
the axes in Fig.3.16: in the EL diamond, the distance covered along the x- and y-axes is
around 2 mm, whereas in the SC diamond it is approximately 3 mm, matching the physical

size of each sample.

In Fig.3.16 (a), we observed almost no intensity of the 503 nm peak, as expected; we
could not identify any trace of the sodium implantation, and the overall scale of intensities
is very low. However, in Fig.3.16 (b), we see a noticeable difference between the high-
and low-fluence sides of the implantation, although the top-left corner deviates from this
general trend. Interestingly, on the side where the implantation fluence was higher, the

intensity of the 503 nm peak was actually lower.

Since the sample was not annealed, and considering that the pristine SC diamond already
exhibits the 503 nm peak, it is possible that Na implantation without annealing caused the
optical deactivation of some 503 nm centres in the LO11 sample. This could explain why
the 503 nm peak intensity appears higher in the regions of the sample that received the
lower Na fluence. However, given the large spatial variations in the 503 nm peak intensity
observed across all SC-grade samples, the observed XY-scan results may simply reflect

the initial distribution of these centres.



FCUP | FEUP | 56
Study of Sodium Colour Centres in Diamond for Quantum Technology Applications

XY-scan E013 XY-scan LO11

0.010

-11.00 —. ._ -10.5 - 0-35
-11.25 [ H = | |

0.005 —-11.0 4 . 0.30
-11.501 [l ] ]

| [ N |
- -11.5

-1.7s4 0000 3 0.25

n |
—12.0 A . -

—-12.25 - . .

Y-axis (mm)

.

Y]

=)

o
ntensity (a.u.)
Y-axis (mm)

Intensity (a.u.)

|
4
o
S
o
o
N
o

-12.54
—12.501
-0.010 H u - 0.15
-12.75 | —13.01
-13.00 - T T T - -0.015 T T T T T 0.10
-7.0 -6.5 -6.0 =5.5 =5.0 -7.5 -7.0 -6.5 -6.0 -5.5 -5.0
X-axis (mm) X-axis (mm)
(a) EO13. (b) LO11.

Figure 3.16: XY-scan of the unannealed samples.

We can conclude that the SC diamond samples originating from Element Six (which are
richer in nitrogen than the EL variety) exhibit the 503 nm peak, which could arise from
nitrogen impurities incorporated during their fabrication. Thus, whereas in the SC sam-
ples the ZPL around 503 nm was readily visible in the unannealed diamonds, in the EL
samples it was only observed after Na implantation followed by annealing at 900°C. This
indicates that, in the EL-type samples, the introduction of radiation damage and subse-

qguent annealing are required to induce its luminescence.

3.2.4 3H and H3 Centres

As previously discussed, the 503 nm peak is most likely not related to sodium. We identify

two possible candidates for this peak: the H3 and 3H centres [60].

The 3H centre in diamond is a radiation-induced defect, characterised by a sharp zero-
phonon line at 503.5 nm. It typically forms in nitrogen-rich diamond after irradiation and
annealing. However, its exact microscopic structure remains unclear. Although it is more
prominently observed in nitrogen-containing diamond, this does not necessarily imply the
direct involvement of nitrogen in its structure. Several models have been proposed, includ-
ing an oxygen—vacancy pair [62], neutral interstitial hydrogen [63], and the single, isolated
(100) split self-interstitial in diamond, most likely in a negative charge state [64, 65], the
latter being the most commonly assumed nowadays. Its relative abundance in nitrogen-
containing diamond could then be explained by its negative charge state, which is pro-

moted by nitrogen acting as a donor.
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The H3 centre in diamond is a nitrogen-related defect, characterised by a sharp zero-
phonon line at 503.2 nm. Itis generally accepted to consist of two next-nearest-neighbour
substitutional nitrogen atoms separated by a vacancy, i.e. an N-V-N structure, presum-

ably in a neutral charge state [62].

As shown in Fig.3.17, the spectra of the 3H and H3 centres can be compared. The RT
photoluminescence spectrum of the 3H centre reported in [66] (Fig.3.17(a)) and also ob-
served in [64] closely resembles the spectrum we measure for the 503 nm peak. It displays
a sharp and well-defined ZPL followed by a PSB, a characteristic signature that strongly
matches our experimental data. The 3H centre has a Debye—Waller factor of 0.3 at room

temperature [66].

In contrast, the H3 centre exhibits a nearly absent ZPL at RT due to strong phonon cou-
pling, corresponding to a DW of ~0.015 [67], as shown in [60] (Fig.3.17(b)) and confirmed
in [68]. Although the ZPL wavelengths of the two centres are very close, this strong differ-
ence in the relative intensities of the ZPL and phonon sideband (PSB) provides a reliable

way to distinguish them.
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Figure 3.17: Luminescence spectra of 3H and H3 centres.

Moreover, it has been reported that the 3H centre exhibits a reduction in intensity under
prolonged laser exposure [63, 64], with a characteristic exponential decay that depends
on the laser power and wavelength. In contrast, we did not find any evidence in the

literature of quenching (bleaching) for the H3 centre.

Given the similarity in spectral shape between the 503 nm peak and the 3H centre, along
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with the observed decrease in the 503 nm peak intensity under laser exposure, we are

confident in concluding that this peak corresponds to the 3H centre.



FCUP | FEUP | 59
Study of Sodium Colour Centres in Diamond for Quantum Technology Applications

4. Conclusion

In this work, we investigated sodium as a colour centre in diamond, motivated by promis-
ing theoretical predictions highlighting its potential for quantum applications, and by the
current lack of experimental studies on this centre. The experiments were carried out at
ISOLDE/CERN, making use of the unique capability of this facility to provide radioactive
species, in combination with the electron emission channeling (EC) and photolumines-

cence (PL) set-ups available on site.

We began by determining the most probable lattice sites that Na occupies in diamond
using the EC set-up. Two single-crystal diamond samples (#530 and #565) were im-
planted at room temperature with radioactive >*Na at different fluences (2.8x10'® and
5x10'2 atoms/cm?) and beam energies (50 keV and 30 keV), respectively. In both sam-
ples, we measured the anisotropy patterns around the (100), (110), (111), and (211) axes
using a position-sensitive silicon pad detector, for three annealing temperatures: 300°C,

600°C, and 900°C, as well as for the as-implanted case (without annealing).

To identify the occupied sites, the experimental patterns were fitted (using the JavaFDD
software) by simulated patterns calculated via the many-beam approach. The best fits cor-
responded to a mixture of substitutional (S) and bond-centre (BC) sites, consistent with
theoretical predictions. Analysis of the site fractions as a function of annealing tempera-
ture revealed that at T, = 600°C the BC site fraction reached a maximum of approximately
51%, corresponding to the NaV split-vacancy configuration. Above this temperature, the
BC fraction decreased sharply, leading to a reduction in the combined fraction of S and
BC sites. This behaviour suggests the possible formation of another, as yet unidentified,

lattice configuration.

Having identified the most probable configurations and the corresponding wavelength
range of interest, we further studied these systems using the PL set-up. Initially, we aimed
to perform PL measurements on the radioactive counterpart (rPL); however, as CERN did
not authorise the use of radioactive samples in the PL laboratory, we restricted our study
to stable 22Na. For this purpose, we implanted four different samples, each annealed at
a distinct temperature, and for all samples we performed XY- and Z-scans, as well as

acquired the full spectrum within our range of interest.
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In the first measurements, carried out on sample E012 (annealed), we observed a peak
at approximately 503 nm, close to the theoretically predicted wavelength of 487 nm. The
zero-phonon line (ZPL) was sharp, with a small phonon sideband (PSB), indicating a high
Debye-Waller factor, but no other significant spectral features were detected. Using this
peak as a reference, we proceeded to characterise the sample with the scans. We found

that the 503 nm peak was quenched after prolonged exposure to the blue laser.

When measurements were repeated on sample LO10 (annealed), the behaviour differed,
although the 503 nm peak was again observed and similarly quenched. Unexpectedly,
when we measured unannealed samples (E013 and LO11), where no 503 nm peak was
anticipated, as colour centres typically require annealing to migrate to equilibrium posi-
tions and re-order their charge states to become optically active, we still detected the
same peak. To confirm whether this feature was sodium-related, we measured a pristine

SC diamond (with no implantation) and, once again, the 503 nm peak appeared.

A review of the literature on diamond colour centres revealed that this feature corresponds
to the well-known 3H centre. Therefore, although no direct optical signal attributable to
sodium was observed, we present the optical characterisation of single-crystal diamond
samples fabricated by Element Six and implanted with stable sodium at various annealing

temperatures.

In future work, it would be of interest to repeat the implantations and measurements in an
attempt to detect any optical response from sodium centres. In particular, employing rPL
can be especially promising. This would involve implanting 2*Na in the EC set-up, subse-
quently transferring those samples to the PL set-up, and exploiting the decay to observe
a sodium-related optical signal potentially. In that respect, it would also be interesting
to explore annealing temperatures higher than 900°C, which should be possible once
the newly acquired electron beam annealing system becomes operational at ISOLDE.
Moreover, the present work has established robust procedures and identified suitable pa-
rameters for rPL measurements, which are inherently time-sensitive and must therefore
be conducted both rapidly and accurately. It is anticipated that later this year, rPL mea-
surements with sodium will become feasible. Regarding the EC results, an additional
avenue for investigation would be to search for the possible emergence of a third site and

its characteristics.
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