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Introduction

The interest in the development of devices for the detection of low rate, low energy deposi-
tion events is motivated by the axionic dark matter searches and by the study of coherent
neutrino-nucleous scattering as well as by the possibility to decrease the energy threshold
for soft X-ray detection. An investigation on the feasibility of a new class of low-threshold,
high efficiency particle detectors is carried out within the Axioma Project at the Laboratori
Nagionali INFN in Legnaro.

The detection process is mainly based on the Infrared Quantum Counter concept
(IRQC) applied to rare-earth (RE) doped crystals, as proposed by the Nobel prize Bloem-
bergen in 1959. An energetic particle excites the rare-earth ions from the ground state
to a low-lying (< 1<eV), metastable (lifetime > 1ms) state. Then, a tuned pump laser
promotes the excited ions to a higher lever (upconversion), that relaxes to the ground
state or to some other lower lying states by emitting a visible fluorescence photon. A very
high detection efficiency can be reached depending on several factors, including the energy
level scheme of the specific combination of RE ion and crystal matrix that may lead to
excitation recycling induced light amplification processes.

The most important requirement is that the energy deposition released by an energetic
particle in the crystal leads to a high production of excited ions in the lowest metastable
level above the ground state. A second important requirement is a high upconversion
efficiency that depends on the laser light absorption cross section and lifetime of the excited
levels of the ions. Finally, a third requirement is that the crystal is as transparent as
possible to the laser if the ions are in the ground state.

Owing to the scant number of studies on these subjects that can be found in literature,
the best crystal-RE ion combination has to be sought by direct investigation in our lab. To
this goal we have started a systematic investigation campaign of the properties of several
combinations of single crystal hosts doped with different RE ions of selected concentrations.

The first chapter deals with the unique optical properties of RE doped crystals that
make them a suitable active medium for the realization of the detector. Starting from RE
electronic configuration, it is shown how to calculate the energy, lifetime and transition
probability of the RE levels. It is also discussed the RE ions interaction with the environ-
ment, such as vibrational coupling, and with themselves via processes of energy transfer.
In particular, a very careful study of light absorption processes is presented because if

is of crucial importance for our purposes, as well as the application of RE in inorganic
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scintillator and in the IRQC technique.

In the second chapter it is proposed a model in order to simulate and estimate the main
detection features such as the number of photon released per energy unit of the particle or
ionizing radiation (LY'), the detector time response, and its noise features.

We have built two experimental setups in order to investigate the different properties
of the crystals. The third chapter discusses the measurement carried out with the first
setup whereas the measurements performed with the second one are reported in the fourth
chapter.

The efficiency of the production of excited ion levels is studied by exciting crystals
by either electron impact or X-rays irradiation with a home-made electron gun. The
emission spectrum can be recorded in the range 200 nm< A < 5000 nm by suitably merging
the spectra recorded with different spectrometers, including a FT-IR (Fourier Transform-
InfraRed) one. The outcome of these measurements is the light yield in both the visible
and infrared ranges. In particular, light yields as high as 5 x 10* photons/MeV can be
obtained. From the spectra we are also able to identify the levels involved in the excitation
by both the position of the emitted wavelengths and by their time evolution. We have
also excited the crystals with different lasers (diode, tunable dye and Ti:Sa laser, Nd:YAG
higher harmonics) in order to shed light on possible different excitation mechanisms with
respect to particle excitation. At the end of the third chapter it is proved how the laser
excitation can improve the scintillation due to electron impact even if the high noise must
be reduced in order to realize a viable detector.

For these reasons, a second type of measurements has been carried out in order to study
upconversion efficiency and crystal transparency by irradiating the crystals with finely
tunable lasers at low temperature. The upconversion efficiency is measured by simulating
the particle excitation with an infrared source of selected wavelength band and using a
Ti:Sa or a dye laser tunable with picometer accuracy to promote the excited ions to the
even higher excited levels whose decay produces the visible fluorescence light collected by
a photomultiplier. In the future we will also use a small v-source in order to detect its
crystal excitation by applying the IRQC technique.

All these studies allow us to define the optimum characteristics of the crystal-dopant

system to select the optimum crystal for low-threshold particle detection.
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Chapter 1

Theoretical Background on Rare
Earths

Rare earths (RE), as defined by IUPAC, are a series of chemical elements ranging in atomic
number from Lanthanum (Z=57) to Lutetium (Z=71). They are named Lantanoids or
Lantanides. Scandium (Z=21) and Yttrium (Z=39) are also counted to them. They are
widely used in modern technology for their unique magnetic and optical properties due
to their particular electronic configuration. The similarity of their electronic structure,
[Xe]4fm6s2 or [Xe]dfm5d6s? ([Xe| = 1522522p®3523p03d104524p54d'05525p5), give the neu-
tral Lantanides analogous electrochemical properties. Actually, starting from Lantanium
(Z=5T7), as the atomic number increases, the additional electrons fill the inner 4f subshell
whereby preserving the same number of valence electrons. For this reason, rare earths
atoms in compounds are interchangeable, provided the limitation imposed by the lattice
tolerance with respect to the atomic radius of different atoms is enforced. Since all Lan-
tanides may have an oxidation number as large as 3+, they can usually dope matrices in
form of a trivalen ion, [Xe|4f".

The wavefunctions of the 4 f electrons are shielded and compressed by the outer and less
localized 552 — 5d° shells. As a consequence, they are weakly coupled to their surrounding.
For example, the luminescence spectra are generally dominated by sharp zero-phonon lines.
However, many important processes, such as multiphonon processes or interaction between
RE ions, still occur. Although Actinides have similar properties, this work is devoted
only to Lantanides and, in particular, to their optical properties. Actually, Actinides are
characterized by the filling of 5f subshell but, in contrast to the localized Lantanides 4 f
shell, they can get strongly hybridized in compounds.

1.1. Enmergy levels of trivalent Rare Earth ions

This section is devoted to coarsely describe the energy level structure of RE?T ions in solids
by considering the several occurring interactions. A detailed theoretical approach to the

precise calculation of the energy levels can be found in literature [1-3].
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Since the 4f electrons of RE3T ions are weakly coupled to the environment and their
polarization effect can be neglected to first order, the free-ion model is a quite good ap-
proximation in order to calculated the 4f energy levels. The electronic closed shells can
be considered spherically symmetric so it can be proved that they have no effect on the
relative energy levels of 4f electrons. In other words, the effect of the electrons of the
[Xe| configuration appears in the free Hamiltonian only as a term that shields the nucleus.
Hence, the free-ion Hamiltonian takes only in account the n electrons in the 4f states.

The most relevant contributions to the Hamiltonian for a RE3* ion with nuclear charge

Ze in absence of an external field may be written as’

Hfree = HO + He,e + HSO =

h2 n 1 n 6 n 1 dU 'rz)
2me z;v 4req ; 47T€0 Z;J T ZZ; 2c2r;  dr ——(si{)1)

where e, me, n are the charge, the mass and the number of the 4f electrons, respectively.
Z*e is an effective nuclear charge that takes into account the shielding of the closed shells.
r;, 8; and 1; are the radial coordinate, the spin, and the orbital angular momentum of the
i-th electron, respectively. 7;; = |r; — r;| is the position of the i-th electron relative to the
j-th one. U(r;) is the potential in which the ith-electron is moving. The first term Hj is
the sum of the kinetic and potential energies of the electrons in the field of the nucleus,
the second H,_, describes the mutual repulsive Coulomb interaction between each electron
pair, and the third Hgo is the energy associated with spin-orbit interactions.

The Hy term has a spherical symmetry and separates in energy the different configu-
rations (4f,5d...) by ~ 10° cm~! but it does not remove its degenerancy.

Let us neglect, for a while, the spin-orbit term. It is not possible to calculate exact solu-
tions for the Hamiltonian H = Hy + H._., when more than one electron is involved. How-
ever, good approximations can be obtained with the well-known Hartree-Fock method [4].
The term H._, can be divided into: a spherically symmetric component ng’se, that added
to Hy is known as Hamiltonian of central field, and into a second component HYSS that
is small enough to be treated as a perturbation. In the central field approximation, each
electron experiences an average radial potential due to the interaction with other electrons
and with the nucleus, but it moves independently of the coordinates of the other electrons.
Likewise in the Hydrogen atom, the exact solution of the Schrodinger equation for one
electron can be expressed as product of three components, characterized by four quantum

numbers n, [, m;, mg

W =~ By(r)¥im, (6,0)0(m.) (1:2)

where (r,0,¢) are the spherical coordinates. The radial function R,; depends on the
central field potential, Y}, are the spherical harmonic functions and o(m) takes in account

the electron spin. Linear combinations of these solutions that satisfy the Pauli exclusion

! Assuming that the nuclear mass is infinite.
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principle and provide an eigenfunction set for a IV electrons system, are obtained by using
Slater determinants.

The Hamiltonian H = Hy + He_ commutes with the total spin angular momentum
(S), the total orbital angular momentum (L), the total angular momentum (J) and its
projection on z-axis (J,). The relative quantum numbers S, L, J, M are considered good
quantum numbers. This situation is known as LS-coupling o Russel-Saunders coupling: the
spin and orbital angular momenta of each electron are independent and the total angular
momentum J is the sum of the total orbital angular momentum L = ) 1; and total spin
angular momentum S = > s;. A basis set of electronic states for a system described by

the hamiltonian Hy + H._. can be expressed as

U = |nlyLSJM) (1.3)

where nl for RE?t are the principal and azimuthal quantum numbers, respectively, that
are associated with the radial part of the wavefunction. The quantum number v, called
seniority number, is required to distinguish among states with the same LSJM numbers.
The terms with the same nl and different LS numbers are separated in energy by
about 10*cm™!. Another common notation for Eq. (1.3) is (nl) 2T'L(y)jyq. This basis
is applied to calculate the matrix elements of additional perturbation terms, such as the
electron-electron Coulomb interaction and even the spin-orbit interaction [1]. Actually,
in RE, they are comparable in magnitude and cannot be both neglected. Contrary to
J and M, L and S are not good quantum numbers for the spin-orbit term. Hence, the
|nlyLSJM) wavefunctions are not eigenfunctions of the free Hamiltonian in Eq. (1.1). The
eigenfunctions that can diagonalize the spin-orbit and the electron-electron Hamiltonian
terms are expressed as a linear combinations of pure LS-coupling wavefunctions |nlyLSJM)

with the same JM numbers

nly[LSJIM) = )~ aqrs [nlaLSIM) (1.4)

a,L,S
The new wavefunctions, as they have been constructed, are a complete set of eigenfunctions
for Hy and also for the Hamiltonian in Eq. (1.1). This basis, calculated in the so-called
"intermediate coupling", is normally written with the predominant pure Russell-Saunders
state (4f) 2T L(y) g or with |(4f)7[LS]IM) where LS in the square parenthesis indicate
the quantum numbers of the predominant pure Russell-Saunders state. The problem is

now how to find the coefficients aqrg, that are determinated by the matrix elements [2]:

aoLs = Y (nlaLSIM|H,_. + Hso|nly[LS]IM) (1.5)

v.L,S
In general, the more energetic are the 4f levels to be described, the more relevant are the
contributions in Eq. (1.4) of other levels with the same J. Since the 5d-levels components

are very small, it is common practice to neglect them in the sum and write then the basis
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by implying only the numbers nl = 4f. The free-ion Hamiltonian Eq. (1.1) is independent
of M, so each |nly[LS]JM) eigenfunction is (2J + 1) times degenerate.

An efficient way to simplify the computation required to solve Eq. (1.5) is to represent
the He_o and Hgo operators in tensorial form. By so doing, five effective tensorial operators
are needed. Each of them is coupled with a parameter, that is adjusted to give agreement
with the experimentally measured energy levels, that estimate the integral of the radial
component of the Slater determinants that depends on the central field potential.

According to the Wigner-Eckart theorem, Eq. (1.5) can be replaced by the sum of
expectation values of reduced matrix element properly weighed by the Clebsch-Gordan
coefficients. In this way, it is possible to obtain the eigenfunctions and the relative energies
of the free-ion Hamiltonian in Eq. (1.1). Nevertheless, in order to find a good agreement
with the experimental values we must take into account second order corrections, such
as relativistic effects and configurational interactions. Additionally, the Hamiltonian must
account for more interactions, including spin-spin, spin-other-orbit, and, for 4f™ configu-
rations with n > 2 also electron triplet interactions and, even, electrostatically correlated
magnetic interactions.

By including fifteen more tensor operators, needed to described these interactions, with
fifteen more parameters, for a total of twenty parameters to be experimentally determined,
it is possible to calculate the anps coefficients with a good accuracy [2,3]. For example,
the ground state of Pr3* (3Hy, |[51]4M)) can be expressed as [5]:

|[51]4M) = 0.9879 |°Hy) 4 0.1523 |1 G4) — 0.0282 PF4) + ... (1.6)

where the terms in the r.h.s belong to the Russel-Saunders basis given by Eq. (1.3). The
deviation between measured and calculated values of the energy could be less than few
ecm~!. The spin-orbit interaction removes the degeneracy of the states with same nivy[LS]
numbers bur with different J, separating them by =~ 103 cm™! [1].

Upon doping a dielectric crystal with a RE ion, the ion spherical symmetry is broken
and the energy levels split by ~ 102 cm™! under the influence of the strong crystalline
electric field according to the crystal group symmetry. The difference between the energies
of the same RE ion level in different host matrices is of the same order of magnitude or less.
As a consequence of the shielding due to the 5s? and 5p® electrons, the crystal-field term
in the Hamiltonian can be regarded as a perturbation of the free ion Hamiltonian and can
also be calculated introducing several more tensor operators and adjustable parameters.

Although the energy levels are mixed even with respect to the quantum number J,
the Russell-Saunders notation (**'Ljy, [4fy[LS]JM)), is being normally used, thereby
indicating the dominant components described by the four quantum numbers LSJM. The
more than twenty parameters related to the tensor operators can be estimated by measuring
several 4 f" level energies. This is possible by studying the absorption of narrow linewidth
tunable lasers or the emission spectrum with high resolution.

It has been proved by Kramers [6] that each level of a RE ion with an odd number of
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electrons in the 4f shell, i.e., with semi-integer J value, retains at least a double degener-
acy under the action of the crystal- or of any other electric field in such a way that the
multiplets split in, at least, (J + 1/2) sublevels. This degeneracy, however, can be removed
by applying an external magnetic field. In Fig. (1.1) the energy levels upon 50000 cm™*
calculated by Carnall [7] for different RE3* doped LaF3 are shown.

Recently, the complete 4" level energies of RE3t:LaF3 have been calculated, thereby
obtaining values up to 200000 cm™~! [8].

Lantanium and Lutetium do not show any transition between 4f states because they
have the 4f shell completely empty and full, respectevely. For this reason, they are not
represented in the figure. However, they are exploited in the composition of host matrix [9]
because they are spectroscopically inert, as are Sc and Y.

We have considered only trivalent RE, but this discussion is correct even for divalent
RE. The additional electron in 4f shell in the divalent ions compared to the trivalent
RE ones causes an enlargement of the atomic radius that reduces the energy separation
between the 4f and 5d levels, as one can see in Fig. (1.6) on page 30.

Thanks to their narrow lines, it is possible to observe even the hyperfine interactions.
As an example, we consider the Zeeman effect in presence of an externally applied magnetic
field. If the field is directed along Z direction with strength B, a Zeeman term has to be

added to the Hamiltonian in the form

KB
Hmag = ?BZ[LZ + gssz] (17)

Here, pp is the Bohr magneton and g5 =~ 2. In the case of a weak magnetic field field this
term can be considered as a perturbation and the energy splitting in LS-coupling can be
expressed as:

(nlyLSIM| Hypqq |nIYLSIM) = pp B.Mg(SLJ) (1.8)
where g(SLJ) is the so-called Landé factor

JT+1) —LL+1)+8(S+1)
2J(J+ 1)

g(SL)) =1+ (gs — 1) (1.9)

In the case of RE3T, the eigenfunctions cannot well described by a unique set of quantum
numbers SL. Thus, the Landé factor has to be weighted by the square modulus of the

relative component in the basis of SL-coupling:

(Y[LS]IM| Hag |y[LS]IM)

> 1 (Y[LS]IM[aLSIM) [* (aLSIM]| Hiyag |@LSIM)
a,S,L

= ppB.M Y _ | (y[LS]IM|aLSIM) |*g(SLJ) (1.10)
a,S,L

All remaining hyperfine and superhyperfine interactions are not important in this work and

can be neglected. In Fig. (1.2) the contributions of the different terms in the Hamiltonian
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Figure 1.1: Energy level structure of RE*3:LaF3 calculated by Carnall [7].
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Figure 1.2: Scheme of the energy levels splitting due to the different types of interactions. [9].

to the energy level splitting is summarized.

The influence of crystal-field and, more generally, the coupling with the crystal envi-
ronment, is much stronger for the 5d energy levels than for the 4 f ones. As a consequence,
the crystal field interaction cannot be treated as a perturbation term and the previuos es-
timations can be applied only to 4f™ levels. In spite of this, from experimentally estimated
parameters by Dorenbos [10] it is possible to predict the 5d energy levels for the twelve

Lantanides in hundreds of different host materials with an accuracy of +600cm™".

1.2. Line broadening and vibronic side bands

The several factors that determine the linewidth and the line profile of absorption and
fluorescence of optically active centers can be divided into two types: homogeneous and
inhomogeneous. The former broadens the line of each atom in the same way and the
line profile is generally close to a Lorentzian function, whereas the latter distributes the
resonance frequencies of the atom over a given band and the line profile is close to a
Gaussian function [2,11].

Highly disordered crystalline structure can be an important inhomogeneous factor,
especially at low temperature: each rare earth ion experiences a quite different local en-
vironment which influences the energy of the ion level. As a consequence, inhomogeneous

1

linewidth as large as 100cm™" may be occur. For the same reason, the narrowest lines
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have been observed in ultrapure RE doped single-crystals at extremely low dopant concen-
tration.

Whereas the linewidth due to the natural radiative lifetimes is almost always negligi-
ble, the vibrational coupling is the most important cause of homogeneous broadening of
absorption and emission lines in the spectrum of many systems, even in 4f-4f transition
in RE3* doped crystals in spite of the weakness of electron-phonon coupling. McCumber
and Sturge [12]| have theoretically shown that line width T" and shift 6 E of a transition can

be expressed as a function of the temperature T as:

7 T/Tp 1.66:1:
IN(T) =T(0) + o <%> /0 mdw (1.11)

T\* (T/To 3
oF = — d 1.12
o (TD> /O R (1.12)

where T is the Debye temperature. The temperature independent term I'(0) arises from

inhomogeneous line broadening. «7, as are constants that are related to the electron-
phonon coupling.

The lattice vibrational coupling, even if its effects on the line broadening can be strongly
reduced by cooling the system according to Eq. (1.11), deserves a more detailed discussion
for its role in important processes like side-band absorption and non-radiative relaxation.

Small ion deviations from the equilibrium position in the lattice are associated to an
energy well described to a first approximation by a harmonic oscillator model. It is known
that the energy level are given by (m+ %)hw where m is the vibrational quantum numbers
and w is the angular frequency of vibration. Each ion electronic transition may even
involve different vibronic state and the resulting spectrum exhibits several corresponding
lines. The relative intensity of these transitions is given by the Franck-Condon factor
FY = | [ W0, dQ|*?, where w and v are the vibrational numbers of the initial and the
final vibrational states W,, and W, respectevely, and @) is the coordinate of the nucleus
relative to the lattice.

It is possible to find an analytical form for the Franck-Condon factor. In the approx-
imation that the transition takes place only from the vibrational ground state w = 0, it
can be expressed as [13]:

_gS"
= e S

F) = (1.13)

v!
where S is the dimensionless Huang-Rhys parameter. Eq. (1.13) describes F as a Poisson
distribution with variable v and expectance value S. A number of phonons equal to S is
also released on average in the electronic transitions. A microscopic point of view can be
given by referring to the Fig. (1.5) on page 30. Let E; be the energy difference between the
ground state and the excited state of the atom in the equilibrium position. When the atom

is excited, the different electronic configuration leads a displacement AQ) of its nucleus in

2 Actually, the Franck-Condon factor is dependent also by the fourth power of the transition energy.
Because in this case the different transition are little separated in energy, this dependence is neglected.
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relation to its previous position in the lattice. The maximum peak of the absorption

spectrum ia observed at the energy?
1 2 2
E,=FE;+ §Mw (AQ) (1.14)

where the second term in r.h.s corrisponds to the displacement energy. M and w are the
reduced mass and the frequency of the vibration of the system, respectively. S is defined

as the number of phonons that can be created with this displacement energy [14]

11
S = —-Muw?*(AQ)? 1.15
— MP(AQ) (1.15)
The photon emitted in the radiative relaxation of the atom has an energy less than F;
because, after the electron transition that occurs slower than the lattice relaxation, the
atom is in a non-equilibrium position with an averaged energy equal to %M w?(AQ)2.
Then an average number of S phonons are released*. The maximum peak of the emission

spectrum is observed at the energy:
E.=FE; — %MwQ(AQ)Z (1.16)
The difference E, — E, called Stokes shift, can be expressed as®
ABsiogen = Fa — o % A5 MA(AQ)) —2(5he) = 2(5 — D (117)

In this way, the Huang-Rhys parameter can be experimentally estimated®, linking the
theoretical calculation to the experimental value.

It should be noted that the Huang-Rhys parameter, as it is a measure of the electron-
phonon coupling strength, can be different for different ion excited states. Actually, in
RE3T S lies in the range 1072 < § < 107! for the lowest 4f levels whereas S = 1 for the
od levels.

The Huang-Rhys parameter can also be experimentally estimated. In the case of the 4f-4f
transitions, both the absorption and the emission spectrum are also dominated by narrow

zero-phonon line” 2.

3The Poisson distribution takes on its maximum value for w = S.

4We have assumed that frequency and reduced mass for the vibronic system relative to the two states
are the same, but it is not always a good approximation.

®Recalling that the zero point energy is hiw/2.

6Actually7 Eq. (1.17) is an approximation. Other researchers use AFEsiokes = 2STw. This ambiguity is
explained in [13] and is solved by assuming for S low accuracy.

" Almost zero phonons are averaged involved.

8There may still be a relevant Stokes shift, but it is due to the splitting of the Stark levels in the
manifolds.
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1.3. Relaxation processes

Typically, three different mechanisms determine the lifetimes and the kinetics of the level
population of the excited states of the ions. These are radiative relaxation, multi-phonon

relaxation, and interaction between rare earth ions.

1.3.1 Radiative relaxation

Radiative transitions between 4 f levels are characterized by long lifetimes, up to some tens
of milliseconds. The lifetimes are so long because the electric-dipole transition between pure
4f levels is parity-forbidden whereas only the small 5d contribution to the wavefunction or
the coupling with the lattice vibrations give origin to a non-zero transition probability. This
kind of transitions is usually referred to as forced (or, induced) electric dipole transitions.
In addition, also magnetic-dipole have to be taken into account that are typically about
10° less probable than the allowed electric-dipole transitions®.

The theory developed by Judd [16] and Ofelt [17] allows the researchers to calculate
the transition probabilities from three parameters Q; (¢t = 2,4,6) that are commonly
determined in an empirical way. According to this theory, the electric dipole (ED) line
strength involving the initial multiplet |4f"y[SL]J)!? and the final one |4f"y[S'L/]J’) can

be expressed as follows:

SP0 = 37| (4f"y[SLI| U [4f"y ST [P (8 =2.4,6) (1.18)
t

where U? is a tensor operator of rank ¢ related to the dipole moment operator. A similar

expression can be written for the magnetic dipole (MD) transition:

2
SMP = (ﬁ) (4775 [SLIT| L + 28 [4f"y[S'L ) (1.19)

In addition, the integrated cross section o,ps of this transition can be theoretically de-
mostrated to be related to S¥P and MP by:

d\  4rm?e? 1 (n?>+2)? &p MD
/JabST_ 3he (2J+1)[ on > TS (1.20)

where (2J + 1) is the degeneracy of the initial manifold and n the refractive index. S™P

can be alsoevaluated once the term SMP is calculated with Eq. (1.19) and then subtracted.
By fitting the theoretical S®P value computed by means of Eq. (1.18) to the experi-
mentally determined one given by Eq. (1.20) for, at least, three transitions, the Judd-Ofelt

9Some transitions follow the selection rules of the electric quadrupole Tab. (1.1) but as they are too
strong relative to the weak quadrupole transition, they are called pseudo-quadrupole transitions but are
not considered here. More detail are given elsewhere [15].

10Tn this theory the splitting due to crystal field is neglected. The quantum number M is also omitted
in this notation.
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parameters can be obtained in such a way that all other electric dipole strengths can be
computed.

The radiative transition rate for spontaneous emission involving electric and magnetic
dipole interactions between the |4 f"~[SL]J) and |4 f"~[S'L’]J’) manifolds (indicated by LSJ

and (LSJ)" quantum numbers) is given by

(1.21)

- ' In

LSy 32m3e? n’c (n? +2)° GED |, gMD
(LsD" 7 3he A3(2] 4+ 1)

The radiative lifetime T{Sﬁl of upper level and its branching ratio B(LS])/, i.e the probability

of the manifold LSJ to radiatively relax to the (LSJ)" one, follow straightforward

ALSJ

ALSJ , ,BLSJ L= (Lsyy (122)
d SJ) SJ) LSJ
Tra % (L J (L J Z(LSJ)” A(LSJ)N

The selection rules for forced electric dipole transitions, derived by the Judd-Ofelt theory,

are reported in Tab. (1.1). However, there are many cases, in which they are not satisfied.

In case the crystal is birefringent, the situation is more complicated but, for our pur-
poses, it suffices to know that the absorption cross section depends on the light polarization
and the lifetime of the excited states depends on the crystal-dipole moment orientation.

The emission cross section between LSJ and (LSJ)’ can be estimated from the measured
emission spectrum I(\) by using the Fiichtbauer-Ladenburg equation [15,18], known also
as 8 — 7 method:

2\ IBLLSSI]) ( )

Smen2rrad [E37 T(AN)AdA

(Lsy)

U?SJ /()\) =

LSJ)

(1.23)

where the integral is limited to the wavelegth range of the emission due to the transition

from LSJ to (LSJ)". The branching ratio 87!, is experimentally estimated by

(Lsy)

fLSJ ()\))\ d)\

(Lsy’

Z(LSJ)” fILSsJI)” >‘ dA

Bilss = (1.24)

Table 1.1: Selection rules of different electric and magnetic transitions [9]

Forced electric dipole Magnetic dipole Electric quadrupole

Al =+1 Al=0 Al =0,42
AS =0 AS =0,+1 AS =0
|AL| <6 AL =0,+1 |AL| <2
AJ|<6ifJand J #£0  AJ=0,£1 AT <2

AT =2,4,6if Jor J =0

Tf =T Tf =T T =T
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1.3.2 Multiphonon relaxation

Although the electrons in the 4f shell are shielded by those in the 5s and 5d shells, intra-
ionic processes can frequently occur. The most common of them is the non-radiative
decay of the excited RE ions due to the emission of phonons. The larger is the energy
gap between the populated excited state and the next lower lying energy level, the more
phonons are needed to bridge the gap and the smaller is the multi-phonon decay rate WMF .
In Tab. (1.2) the maximum phonon energies of some common crystals are reported. In
particular, the non-radiative decay is described in this system by the so called “energy gap

law”

WMP — C exp(—an AE)[1 — exp(—hweg /ET)] 7P (1.25)

where C' and the Stokes parameter o, relative to the excited state are empirically fitted
parameters. hweg is the effective phonon energy of the host medium, AF is the energy
gap and p = AE/hweg is the number of phonons involved in the process. This equation

can be rewritten as [20]
WMP — Cexp(—anAE) [n(T) + 1) (1.26)

in which
n(T) = [exp(hweg/kT) — 1] (1.27)

It is possible to prove a relation between «,, and the Huang-Rhys parameter [21]:

Uy = (Bwegr) ™! [(1 - %) 1n5£0 —1-In(n+1) (1.28)

The multiphonon relaxation takes the ions to the next lower lying manifold with a rate

Table 1.2: Properties of various host crystals [19]

Host hwmax [cm™1] Trasparency [um| Hygroscopic Structure
YVO (YVOy) 880-980 0.35-4.8 no tetragonal
YAG (Y3Al5012) 700-850 0.21-5.2 no cubic
YAP (YAIO3) 550-600 0.20-7.0 no cubic
YLF (YLiFy) 400-560 0.12-8.0 no tetragonal
CaGagSy 350-400 0.34-12 no orthorhombic
BYF (BaYqFy) 350-415 0.15-9.0 no monoclinic
KYF (KYF,) 350-400 0.20-10 no hexagonal
LaFsg 300-350 0.20-10 no trigonal
LaClj 240-260 0.30-25 highly hexagonal
LaBrj 175 0.30-20 highly hexagonal
CsCdBrs 150-160 0.40-25 no cubic

KPB (KPbyBrs) 140 0.40-25 no monoclinic
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Figure 1.3: Multiphonon relaxation rate at low T as function of the energy gap between the one
manifold and the next lower one for five different phonon energyy [3].

that depends roughly in an exponential way on the effective phonon energy of the host
matrix (Fig. (1.3)). In Eq. (1.26) it is possible to distinguish two components. The first
one depends on the temperature and is related to the Bose-Einstein distribution function
n(T) of phonons. It describes the stimulated emission of phonons. The second component,
represented by the term 1, describes the spontaneous emission of phonons. This model
is derived by assuming that all phonons share the same energy, called effective phonon
energy, that is the average of the energy phonon spectrum. In general, oxides have large
phonon energy, followed by fluorides, chlorides, iodides, and bromides.The multiphonon
relaxation and the radiative emission are competitive process. When AE < Shweg, the
non-radiative transitions generally quench the upper manifold.

Let us consider a manifold 25*1Lj that it is separated from the next lower one by an
energy < 3fweg. In this situation, the measured lifetime of the lowest level is generally more
than 1 us. It must be noted that the relaxation between the Stark levels in the manifold
can also be assisted by acoustical phonons. This kind of relaxation has a characteristic time
shorter by several orders of magnitude than the multiphonon relaxation of the lowest level.
In this case, one can deduce that the ions excited to the manifold very quickly establish
an equilibrium Boltzmann population distribution. Thus, radiative emission from these
populated Stark levels occur to those of the lower manifolds and the spectrum consists
of several lines. By contrast, at low temperature only the lowest level of the manifold is

populated and the number of lines decreaseas.
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1.3.3 Interaction between rare earth ions

The long lifetime of the 4 f excited states gives some quenching mechanisms, such as energy
transfer between RE ions, the possibility to occur. One type of excited state, called donor
or sensitizer (D), transfers energy to a nearby ion, called acceptor or activator (A). In rare
earths doped crystals, energy transfer may occur between ions of the same element or also
between ions of different elements. This mechanism has been extensively applied for the
development of lasers and many more optical devices.

According to the Fermi’s Golden Rule, the energy transfer rate WP can be expressed
as [22]:

WAD = ZE (W) Hi (V2P P [ FAE)FO(E) (1.29)
where H;i,; is the hamiltonian that describes the electrostatic interaction between donor
(D) and acceptor (A). The wavefunctions WP and ¥4 describe the states of the two ions,
respectively, in the initial (bra) and final (ket) states. The integral represents the overlap
between the donor emission spectrum FP(E) and the acceptor absorption spectrum FA(E)
and it is maximum when the differences between the levels of the donor and acceptor are
equal, i.e. when they are resonant. However, thanks to phonon assisted processes, energy
transfer may occur even though the levels are out of resonance. Energy transfer involving
emission of phonons is usually more probable than absorption!'! and, as a consequence, the
dependence on the energy mismatch AE,, of this process is similar to that of multiphonon

relaxation [20]:

WPAAE,,) = WPA(0) exp {AEmhweﬂr [m (ﬁ - 1> ~In (1 + %)} } (1.30)
in which Spa/Sop ~ 1 is the ratio between the Huang-Rhys parameters of acceptor and
donor at very low temperature, respectively. It must be noted that, at low temperature,
only the lowest level of the manifolds is populated, so a resonance is less probable to occur.

The electromagnetic interaction can be expressed as a multipolar series [22] whose
dominant contributions need only to be taken in account. By considering only dipole-
dipole-, dipole-quadrupole-, and quadrupole-quadrupole interactions and by recalling that

WAD o |Hip|?, the energy tranfer rate can be written as:

ad—d ad—q qd—d

R T s TR0

WAP(R) ~ (1.31)

d=d gd=4a ¢9-9 are the coefficients relative to the electric dipole-dipole-, dipole-qua-

where a
drupole-, and quadrupole-quadrupole interaction, respectively. In general, the magnetic
dipole-dipole- and other types of magnetic interactions are smaller and are then neglected.

Because of these interactions, the emission spectrum and the temporal behavior of the

relaxation of the excited states might show a strong dependence on the concentration, in

HEspecially at low T
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particular on the mean separation R between donor and acceptor. Actually, the energy
transfer mainly occurs between the donor and the nearest neighbor acceptors, for which
the distance is short enough for a direct overlap of their electronic wavefunctions to occur.

Inokuti and Hirayama [23] proposed a model in order to simulate the fluorescence time

1(t) = I(0)exp [_é T <1 _ g) % G)

where I' is the gamma-function, 7 is the intrinsic decay lifetime, s defines the type of

evolution:

w W

] (1.32)

interaction (s = 6,8, 10 respectively for electric d-d-, d-g-, and q-q interaction), NN, is the
acceptor concentration and N, is a parameter called critical concentration of acceptor. In

case the dipole-dipole interaction is dominant, Eq. (1.32) becomes:
t 4
I(t) = 1(0)exp (—— - 7\/%) v = gﬂ'%Na\/ ad—d (1.33)
T

In the Inokuti-Hirayama theory, in addition to a random continuos distribution of accep-
tors around donors, some further conditions are assumed, in particular that the energy
transfer can happen only between donor and acceptor. Other models [24,25] expand the
Inokuti-Hirayama one by considering also the donor-donor interaction, but they are not
considered in this work because the presented measurements do not require such a com-
plicated description.

Energy transfer processes can mainly be distinguished in four different phenomena that

are exemplified in Fig. (1.4):

e Energy transfer upconversion (ETU): when two spatially close ions are both
excited, the donor may relax to a lower energy state and the acceptor is promoted

to a higher energy level.

e Energy transfer Down-Conversion: part of the energy of the donor is delivered
to the acceptor. In case the donor and the acceptor are ions of the same element,

the process is usually called cross relaxation (CR).

e Energy migration: this process involves two ions in different energy levels. One
ion takes on the state of the other but the final configuration is the same as the initial
one. The only results are the spatial migration of the energy from a ion to another

and an increase of the radiative emission decay lifetime.

e Cooperative luminescence: Two nearby excited ions can simultaneously relax by
emitting a photon of energy equal to the sum of the energy of the two ions. In this

case, both ions act as donors.

The first three process can have a strong impact on the emission spectrum even at low
concentration (less than 1%). The fourth one is less probable and, generally, it is possible

to observe it only in particularly high doped systems. These processes can be distinguished



26 CHAPTER 1. Theoretical Background on Rare Earths

(a (b (c (

Figure 1.4: Scheme of the main energy transfer process. a) Energy transfer upconversion. b)
Cross Relaxation. ¢) Energy migration. d) Cooperative luminescence.

from a combination of spontaneuos emission and absorption of photons because they occur
with their own characteristic times and depend on the population distribution of the excited

states.

1.3.4 Total lifetimes

As a consequence of the above described phenomena, the lifetimes 7 of the excited states

depend on three factors:

11
== 4 WMP L pAD (1.34)

T TR

TR is the intrinsic radiative lifetime , WMP is the multiphonon relaxation rate, and WAP
is the energy transfer process rate. A particular excited state has, in general, an intrinsic
radiative lifetime which is roughly independent of the host matrix. However, the other two
mechanisms can quench the photon emission depending on the effective energy phonon of

the host matrix and on the concentration of the dopants.

1.4. Light absorption

A very careful study of light absorption processes is, obviously, of crucial importance for our
purposes. Owing to the high optical quality of the dielectric single crystals investigated in
this work, the host materials can be considered as trasparent from the mid-infrared range,
outside of absorption band due to the lattice vibrational mode, up to the wavelength
corresponding to the energy of the conduction band, in UV optical range, as reported
in Tab. (1.2). When these host single crystals are doped with RE3", they inherit the
energy level scheme of the dopant (influenced by the crystal field as described in the first

section). In addition, a broad intense absorption is sometimes observed at a given frequency
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that depends both on the host matrix and the RE3* ions. This is due to process of transfer
of one electron, called charge transfer (CT) process, between the dopant and a ligand ion.

In this section, we first characterize the attenuation of the light crossing the crystal.
Then, resonance absorption processes are distinguished by the type of energy level involved
by specifying their typical cross section and linewidth. Finally, we will deal with the non-

resonant absorption assisted by phonons.

1.4.1 Light extinction by the crystal matrix

The decrease of the intensity of a weak radiation of wavelength A\ propagating in a crystal

is described by the Beer-Lambert law
I(2,\) = I(0)e~ W= = [(0)em0zocsa() (1.35)

in which z is the distance travelled by light in the crystal. « is the absorption coefficient
and ng is the density of atoms with a absorption cross section from the ground state equal
to oasa (M2

In Eq. (1.35) it has been supposed that all atoms (ions) are in the ground state. As
the RE3t excited states can have a lifetime as long as several milliseconds, in a stationary
regime with a continuos pump the fraction of ions in a excited state may be not negligible.

In this case, the Beer-Lambert law becomes [18]:

I(Z, )\) — I(O, )\)ef(nofnl)zUGSA(}\)+n12[05()\)70'ESA()\)} (136)

Here, np is the density of ions in the excited state that is characterized by the stimu-
lated emission cross section o.(A) and by the excited state absorption (ESA) cross section
ogsa (A).

We have considered only one excited state, but it is simple to modify the equation in
order to include more states. A pump-probe technique commonly used in order to measure

these cross sections is described in literature [26].

1.4.2 Resonant absorption types

It is possible to classify the resonance absorption of RE in 4f states into three main

categories according to the RE final state [27].

Intraconfigurational 4" —4f™ transition As mentioned before, the transitions 4 f™ —
4f™, including absorption from an excited state (ESA), are weakly parity allowed. The typ-
ical absorption cross section values range between 102! and 10~!? cm? and the linewidths

may usually be very narrow [18].

12WWe have assumed that there is only a type of atom (ions) responsible for the absorption.
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Interconfigurational 4™ — 4f"~!5d transition Contrary to the 4f levels, the energy
of 5d levels may change even by tens of thousands of cm™! from compound to compound.

In order to predict this energy, Dorenbos [10] has introduced the following equation:
E(Ln,A) = 49340cm ™! — D(A) + AEM™Ce (1.37)

The energy of the lowest 5d level of the Lantanides Ln in the compound A depends on the
energy of the 5d level of Ce?t as a free ion in the gas phase, on the so-called crystal field
depression D(A), that depends only by the host matrix, and on the difference between the
lowest 5d spin-allowed level of Ln and Ce, AR ’Ce, which has a weak dependence on the
compound.

Dorenbos has measured or estimated the parameter D(A) for hundreds of compounds
allowing the researchers to calculate, using ,Eq. (1.37), the position of 5d levels with an
accuracy of +600cm~!. For example, D(A) can range between about 7000 and 17000 cm~*
for fluorides, between about 10000 and 32000 cm™! for oxides, between about 24000 and
34000cm~! for sulfides. Tab. (1.3) provides the values of AEZ and of the difference
between the lowest 5d spin-forbidden level of Ln and Ce AE?;I ‘C° when it is less than
AEZ . The absorption cross section is about 10718 — 10717 cm? [9].

The 5d levels are very numerous and close each other. In large band gap crystals it
is possible to observe the RE3T 5d band splitted by the crystal field into relatively well
isolated levels [28]. Thus, when they are excited, they quickly relax to the lowest 4f levels.
Unless multiphonon relaxation or energy transfer occur, a broad and fast emission (of the
order of 10 — 100 ns) from this level is due to the allowed electric dipole'® transitions well
coupled with phonons. The relevant Stokes shift makes the crystal transparent to its own

5d levels emission.

Charge transfer (CT) A valence electron can be transferred from the ligand toward
the unoccupied orbitals of the RE through the absorption of a photon'?. In RE3* doped
crystals, the dopant becomes divalent thereby increasing his atomic radius. The lattice
reaches faster a new equilibrium position releasing a large amount of energy as phonons
(Fig. (1.5)). Then, the ligand recaptures the electron thereby leaving the RE in trivalent
form in the ground state or in an excited state. The excess energy may be released through
the emission of a photon. A Stokes shift of several tens of nm is usually observed [29].
However, at room temperature, the luminescence is thermally quenched heavily in many
compounds.

Jorgensen [30] has proposed a simple formula to predict the photon energy required for

13 Actually, some 4f — 5d transition can be spin forbidden In some RE*T this 5d levels have less energy
than that spin allowed one and can be observed as shown Tab. (1.3).

“More specifically, this process is noted as Ligand to Metal Charge Tranfer (LMCT) absorption. Actu-
ally, the opposite MLCT process can occur with more energetic photons but it is not studied in RE doped
crystal.
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Table 1.3: Optical electronegativity of RE3t and energy difference between the first spin
allowed and spin forbidden 4f-5d transition in Ln®* with that of Ce3*.

RE*"  yopt AESC®[em™!] AELC® [em™]

Ce3t 1.1 0 -
Pr3t 2.0 12240 -
Nd3t 1.2 22700 -
Pm3+t 25740 -
Sm3+ 26500 -
Eudt 1.8 35900 -
Ga3t 45800 -
Th3+ 13200 6300-7700
Dy3+t 25100 5200-7400
Ho3* 31800 2700
Er3t 30000 3050
Tm3t 1.6 29300 2350
Yb3t 1.7 38000 -
the process:
E ~ 30000 cm ™ (xopt (L) — Xopt (M)) (1.38)

where xopt is the optical electronegativity defined by Jgrgensen and the symbols L and
M correspond to ligand and metal (RE ion in our case), respectively. A more accurate
expression can be found elsewhere [27,29]. The value of the optical electronegativity of
Lantanides and the common ligand are presented in Tab. (1.3), and Tab. (1.4) respectevely.
Charge transfer transition is allowed electric dipole type and the fast emission!®, located in
visible-UV, is broad. The charge transfer can occur at lower photon energy in the case the
dopant is in an excited state. CT absorption may overlap with 4 f to 5d levels absorption,

thereby being difficult to distinguish.

Table 1.4: Optical electronegativity for the ligands considered in the inorganic com-
pounds [32]

F- CI- Br- 0> I°
39 30 28 32 25

For the sake of completeness, we recall the existence of several more processes, among
which one important example is the two photon absorption process, where the first step-
level is virtual. In our case it can be neglected because it has a very low cross section at the
intensity used in the experiment presented in this thesis. In Fig. (1.6) a typical Dorenbos

energy level scheme of RE3 has been represented.

5The order of magnitude of the radiative lifetime is 10% ns. However, the divalent ions at low T can be
trapped and relax only at higher T' [31].



30 CHAPTER 1. Theoretical Background on Rare Earths

Figure 1.5: Energy of Yb ions versus nucleus displacement(configuration coordinate). There are
shown the energy of both Yb3t and Yb2™, illustrating the transitions involved in charge transfer.
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Figure 1.6: Energy level scheme of the lanthanides in SrAlsO4. Curves 1 and 2 connect the
lowest level of the 4f™ configuration and the 4 f"~15d configuration of the trivalent lanthanides,
respectively. Curves 3 and 4 connect the lowest level of the 4f"*! configuration and the 4f"5d
configuration of the divalent lanthanides, respectively. FEp is the Fermi energy midway between
the valence and conduction band [33].
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1.4.3 Color center and impurities

Because all RE have the same chemical properties, they are difficult to chemically separate
from each other. The amount of impurities of other RE and other elements of highly
pure powders used for the crystals growth is limited to tens of p.p.m. or less and can
be determined by spectroscopic analysis. The term color centers is referred to a type of
crystallographic defect that can absorb light at well defined frequencies. For example, the
well studied F-center is an anionic vacancy in a crystal that is filled by one or more unpaired

electrons. Impurities and especially color centers can quench the dopants emission.

1.4.4 Side band multiphonon assisted absorption

In the previous sections, the processes involving the absorption of one resonant photon
have been discussed. Out of resonance, one can still observe absorption even though
it is characterized by a cross section smaller by several orders of magnitude than that
at resonance. Auzel [21] has associated this phenomenon to the multiphonon assisted
absorption from the RE ion ground state to an excited state.

By inspection of Fig. (1.7), let E; be the ion energy levels. The absorbed laser intensity
fraction as function of the radiation energy FE, assuming without loss of generality Fq <

FE < Es, can be theoretically given as a sum of two terms:

I(E) = I(Ey)exp[—as(E — Eq)] + I(Es)exp[—aas(Es — E)) (1.39)
with:
as = (Awer) ' (ﬁ - 1) (1.40)
and )
apas = ag + T (1.41)

The first term in r.h.s of Eq. (1.39) is related to the so-called Stokes process: an ion absorbs
one photon and it is promoted to the excited state with energy FE7 releasing the energy in
excess through the emission of one or more phonons. The amount of absorbed intensity
depends on that at resonance I(FEp) and roughly decreases in an exponential way with
the number of phonons p = (E — Ej)/(hweg) involved, on average, in the process. In the
AntiStokes process, described by the second term in r.h.s. of Eq. (1.39), an ion absorbs
simultaneously one photon and enough phonons from the lattice in order to be promoted
to the excited state characterized by energy FEj.

Contrary to the Stokes parameter ag, aag has a strong dependence on 1T because
the process depends on the energy absorption from the thermal bath. This theoretical
prediction has been confirmed by measuring the absortion cross section as a function of
the laser wavelength at room temperature, as can be seen by inspecting Fig. (1.7). Close
to the resonance of the manifold %S /2,4 Fq /2,4 I/, the absorption cross section is of the

0—20 2

order of 1 cm?. It decreases linearly (in logscale) by 6 orders of magnitude with the
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Figure 1.7: Multiphonon absorption cross section of Er3*:YLF between %I /2 and 48, /2 terms at
room temperature [34]. Stokes and Antistokes processes scheme.

increase of pump photon energy until the AntiStokes process becomes important. The
absorption cross section, then, increases linearly (in logscale) with the increase of pump
photon energy according to the second term of Eq. (1.39), until the resonance with the

next higher manifold is achieved.

1.5. RE doped crystals as active media for detectors

Rare earths play an important role in many light emitting devices thanks to their high
competitive light emission processes in comparison with non-radiative ones. For the same
reason, rare earth doped crystals are widely exploited as scintillators. In the first part of
this section, we discuss the processes occurring in RE doped crystal when they are excited
by ionizing radiation. Furthermore, the best RE based scintillator with their technical
features and application are mentioned.

In the second part, we describe the working principle of the InfraRed Quantum Counter
(IRQC) that many researchers have unsuccesfully tried to achieve during the last 50 years.
However, many progress are made since the IRQC concept was proposed in 1959 by Bloem-

bergen.

1.5.1 RE in inorganic scintillators

When a gamma ray (or other ionizing radiations) interacts with the crystal, energy is
released by a variety of processes. In particular, a cascade process occurs when the pho-

toelectron released by the gamma ray absorption, ionizes other atoms by creating more
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Figure 1.8: a) Scheme of the scintillation processes. b) Scheme of IRQC. c¢) Scheme of photon
avalanche upconversion.

photoelectrons or when deep holes produced by the gamma ray absorption create Auger
electrons and x-rays. This chain reaction stops as soon as the energy of these secondaries
electrons or x-rays falls below the threshold energy needed to create the electron-hole (e-h)
pairs €min-

The conversion efficiency (56 is defined as the ratio between epmi, and the average
effective energy needed to create a e-h pair. A considerable part of the energy may be lost
in the creation of optical phonons that result in an enhancement of the sample temperature.

For RE doped crystals excited by gamma/x-rays, emin ~ (2.3 — 2.5) E,;, where E, is
the energy gap of the crystal. The recombination of the pairs may occur yielding their
energy to the activator (the RE ions) that emits a photon Fig. (1.8). Let 7" and QY be
the probability of this energy transfer'” and the quantum yield of the RE ions transition,
i.e the probability to emit the photon, respectively. [35].

The number of photons produced by the scintillator, in which the energy E. is deposited
by the radiation, is given by:

E E
”p:%'S'Q:2.3z7g

B-5-Q  (0<6,5Q<1) (1.42)

Hence, the light yield (LY'), i.e., the number of photons produced per MeV of energy

163 may depend on the type and energy of radiation.

n low activator’s concentration is reasonable to assume that all the radiation energy is released in
the host matrix and then a part is transferred to the activator. In the case of high concentration- or
stoichiometric materials, the previous assumption is not reasonable because the conversion and transfer
processes tend to merge but this treatment can still be applied formally.
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deposited in the scintillator, can be expressed as

1 MeV

LY =
2.5-E,

-B-S-Q (0<5,5Q<1) (1.43)

In Fig. (1.9) we show LY for gamma ray excitation as a function of E,. From Eq. (1.43)
and confirmed by Fig. (1.9), it is clear that LY < 1MeV/(2.5E,).
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Figure 1.9: LY for v-ray excitation vs E, for the most common scintillators (black squares) and
more recent ones (empty triangles) developed by the groups of Kramer and Dorenbos [36].

The most important requirement for a scintillator for many applications is speed in

order to detect high counting rate signals and a high LY in UV-visible range, where pho-
tomultiplier tube or silicon photomultiplier are most efficient. However, even scintillators
with several u s decay time have found applications in security systems and x-ray computed
tomography.
Ce3t is the active RE used in most scintillators. It ehxibits a bright luminescence, a fast
decay time due to allowed 5d-4f transitions, and a suitable 4f energy level scheme. It has
only two manifolds that are separated by a few tens of thousands of cm™! from the lowest
5d level. In addition to that, it is trasparent to the Cerium emission thanks to the large
Stokes shift and it has an high quantum yield Q. In particular Ce3*:LaBrs has thoroughly
been investigated for its high LY (60 x 10 ph/MeV between 350 and 430nm), for its
high energy resolution (2.6 % at 662keV), and for its fast decay time (16ns). Recently
even the 5d — 4f transitions of Pr3*:LuAG (LY = 33 x 103ph/MeV) and Eu?*:Srly
(LY = (100 — 120) x 10% ph/MeV with decay time equal to 1-2 us) have been used.

Also charge transfer luminescence of Yb3+ is also attractive for its very fast decay time
(even less than 1ns'®) at room temperature, in spite of its relatively low LY. Yanagida [37]

has investigated 4f — 4 f transitions in the range between the UV band and 800 nm, which

181t is due to the fast multiphonon relaxation that strongly limits the LY.
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are characterized by a decay time of few microseconds. He has found LY as high as up to
15 x 103 ph/MeV.

1.5.2 Infrared Quantum Counter and photon avalanche upconversion

In 1959 Bloembergen [38] proposed to use the principle of excited state absorption in order
to realize an infrared quantum counter. A rare earth ion is excited by one infrared photon,
then a strong light source, used as a pump, promotes it to a more energetic state whose
fluorescence in the visible range can be detected with a higher quantum efficiency using a
photomultiplier tube. The main problem is that a fraction of the pump is absorbed by the
ions in the ground state thereby exciting ions in the same state that infrared photons only
should populate. In 1979, while studying this issue on LaBrs and LaCls doped Pr?t at
low temperature, Chivian [39]| discovered a new phenomenon that they denoted as photon
avalanche.

The sample was exposed to a continuous wave dye laser pump radiation, tuned between
the 3Hs and 3P; manifolds and also non resonant with the ground state (Fig. (??) on
page ??). The fluorescence emitted by the 3Py and 3Py relaxation increased by orders of
magnitude, as well as the pump absorption, as soon as the laser intensity was in excess
of a certain critical value. The dye laser promotes the ions in >Hs to >P; and 3Py level
that relax mainly to the 3Hg. Now, an efficient cross relaxation 3Hg +2 Hy —3 Hs +3 H;
occurs. Not only the first ion returns in the 3Hs state but also a nearby ion from the
ground state is excited to the same manifold Fig. (1.8). When the laser intensity exceeds
the critical value, the excitation rate of the ions in state 3Hs due to the laser exceeds
their natural relaxation rate, their population strongly increases thereby resempbling an
amplification circuit with positive feed-back [40]. According Eq. (1.36), the increasing of
the ions in the state 3Hs enhances the pump absorption. A more detailed analysis can be
found in [34], [41]. The photon avalanche process, as efficient combination of excited state
absorption and cross relaxation, is applied to other rare earth element, such as Tulium,
Holmium, Erbium, Samarium, Neodymium [42].

Since its discover, the photon avalanche was considered by many researchers a limitation
rather than an advantage for the infrared radiation detection. Only recently, Gatch and
et al. [43] managed to apply it to Pr:LaCls in order to realize an infrared detector (1.0-
2.3 um) with a good noise equivalent power (NEP) equal to 9.3 - 107> W/v/Hz at room

temperature, (comparable to common thermoelectrically cooled InGaAs detector).
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Chapter 2

Implementation of a RE based

detector

In the previous chapter the optical properties of rare earths have been presented. In
this thesis, we want to investigate the possibility to apply the IRQC idea, that is briefly
discussed in the Sec. (1.5.2), to the particle detection. We propose here a model to simulate
and study the main technical features of a detector, such as time response, efficiency, and

noise. The results and some assumptions will be confirmed in the the chapter 4.

2.1. A working model

In this simplified model, non-radiative processes, reabsorption, stimulated emission and
side band absorption are neglected. The last two will be considered subsequently. For
the realization of the detector we will use the RE energy level scheme with large energy
gap between the considered levels (manifolds) or/and with host matrix with low phonon
energies in order to reduce the quenching due to multiphonon relaxation. If the RE ions
concentration is not too high, reabsorption can be neglected. If not, it can be treated by
adjusting some parameters. Also the energy transfer processes are neglected in this model.

Let us consider a scheme of RE3* doped crystal made up by five 4f™ energy levels as
shown in Fig. (2.1). Let n;, 7, B;; and o0;; be the fraction of the IV ions that are excited in
the i-th level, their radiative lifetimes, the branching ratio, and the absorption cross section
from the i-th to the j-th level, respectively. A continuous wave (cw) laser, of intensity I
and tuned to the frequency v, provides the upconversion from state 1 to 4. In addition,
no resonance absorption from the ground state occurs so that I can be considered costant
all over the crystal. Hence, under only laser excitation all the ions are in ground state
(ng = 1) until a particle (at the time ¢ = 0), penetrates the crystal and, during a negligible
time interval, excites n1(0) ions to the level 1.

A fraction of these ions is brought to the level 4 by mean of the laser. We suppose
that level 4 mainly relaxes to the ground state and to level 1. This simplification is done

to neglect the populations of level 2 and 3, but they can be easily included. The equations
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that describes the time evolution of the populations of the levels are

no(t) ~ 1 (2.1)
dnq 1 I Ba1
- _ _ - il 2.2
dt m <T1 +014h1/> —|—’I’L4 T4 ( )
dn4 I 1
* = = 2.
dt thouT (2:3)

Most of the ions remain in the ground state and after a (relatively) long time all excited
ions are relaxed to the ground state. As shown by Eq. (2.2), two competitive mechanisms
depopulate level 1: spontaneous emission, represented by the term 1/7 and the upconver-
sion process represented by o141 /hv. We can define the upconversion efficiency e, as the
fraction of the n;(0) ions in level 1 at ¢ = 0 that has been promoted (“upconverted”) to

the level 4. The upconversion efficiency can be also expressed as:

I
0147 — 1
h
€up = N ’/I = 1 " (2.4)
T Ul4hu o471 1

A high upconversion efficiency is obtained if the level 1 has a long lifetime and a large

absorption cross section. Moreover, the laser must be intense. If the upconversion process

Figure 2.1: Scheme of the detection and noise generation processes. The dashed arrow the particle
excitation.
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is much less efficient than the spontaneous relaxation (13 < hv/oi41), i.e., when laser

intensity is very low, Eq. (2.4) can be approximated by:

€up = 50147'1—7 (2.5)

Level 4 relaxes radiatively with its own lifetime 74 to the level 1 or to the ground state.
In the first case, the emitted photon is indistinguishable from those of the laser!. Thus,
only the second transition, i.e., that to the ground state, can be identified as the signal
produced by the particle to be detected, once selected through suitable optical filters.
The first important parameter of the detector is the “effective upconversion efficiency”
Tup, defined as the number of photons emitted in this transition (4 — 0) divided by the

number of ions excited to level 1 by the particle. It can be written as:

1 N-ng(t) Bwo , 1 n4(t)Bao
My = N nl(O)/ T4 dt = n1(0)/ T4 at (26)

It should be noted that the ions relaxing from level 4 to level 1 may be again upconverted

to level 4 by the laser. The fraction of ions in level 4 that relax at first to level 1 and then
are again upconverted, thereby accomplishing a “cycle”, is B41€up. It can be easily deduced
that the fraction of ions that have accomplished j cycles is (,8416up)j and for each cycle
relaxes to the ground state, emitting a detectable photon, with a probability equal to S4p.
It is easy to show that

= € /8 /8 1 -1
j 40 40
=€ /840 € 541J:L:_< _1> o7
Thup up ]go( up ) 1-— 6up541 B /841€up ( )
For eyp = 1, myp = 12 i.e., all the ions excited by the particle emit one photon more

energetic than that they could have spontaneously emitted without the laser pump.

By solving the equations Eq. (2.1), Eq. (2.2), and Eq. (2.3), it is possible to obtain
the time evolution of the signal. It mainly depends on the effective lifetime of the level 1
(/71 4 0141/ hu)_1 and the natural lifetime of the level 2. In addition, if 7,841 is large,
the recycling effect can have a deep effect on the detector response time.

In this model we have neglected the existence of the Stark level splitting as though the
laser line width were not so narrow. Actually, one advantage of our apparatus is that the
narrow line width of the tunable laser allow us to precisely select the Stark levels out of
the manifolds we would like to work with. In this way the absorption cross section o4
is optimized. It must be considered that only ions in that particular Stark level can be
promoted and the population in the manifold follows the Boltzmann distribution so the
absorption cross section can have a strong dependence on the temperature. In practice,

level 1 is the lowest level of the manifold 1 and level 4 can be any level of the manifold 4.

! Actually, the wavelength is the same but while the photons emitted by the laser have a well-defined
polarization, those spontaneously emitted are randomly polarized. Hovewer the discussion is more com-
plicated because a little part of the laser intensity is scattered by the crystal.

2We have assumed B40 + fa1 ~ 1.
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At low T, however, only the lowest level of the manifold 4 is radiative.

The stimulated emission has the opposite effect of upconversion. It downconverts the
ions in level 4 to level 1. However, the lifetime of level 4 is generally much shorter than that
of level 1, especially if the level 4 is not the lowest of the manifold 4. Since the stimulated
emission cross section is smaller than o014, it can be neglected to a good approximation.
This will be confirmed by the measurements of chapter 4.

As in this model laser side band absorption is not accounted for, there is no room
for noise. Unfortunately, this assumption is not correct and, in the measurements we have
been carrying on, a large emission from level 4 is caused by the laser only, thereby becoming
an important source of noise itself. As it will be proved in chapter 4, this process, due to
an absorption of two laser photon and called in this work laser double resonance (LDR)
process, is mainly due to the population of the level 1 by means of the laser through the
phonon assisted side band absorption. This process has been described in Sec. (1.4.4).
Once the level 1 is populated, upconversion can be induced by a second photon, exciting
the ions in the level 4.

By referring to our model and Fig. (2.1), level 2 and level 3 can be populated by Stokes
and antiStokes processes, respectively. Then, they partly relax to level 1, radiatively or
through multiphonon relaxation. As the energy gap between level 1 and the photon is
much higher than that between the photon and level 2, the Stokes process that populates
directly level 1 can be neglected. However, It can become the predominant noise source in
absence of level 2 and at low T, that inhibits the antiStokes processes. We can write the

equation in stationary regime that describes the noise as

no(t) ~ 1 (2.8)
dn 1 I n n
kel —ni|{ —+ou— |+ 21 + 3 + n4@ =0 (2.9)
dt 1 hv T2 T3 T4
dns I ny  n3P32  naba
o T Moougs = + 7_3 + P 0 (2.10)
dns I n3  n4bus
% = nodogﬁ - T_3 + L =0 (2'11)
dn4 I 1
P = = 2.12
a n1014 " ny o 0 ( )

Here, we have introduced the laser absorption cross section ogo and og3 that are related
to the Stokes and antiStokes processes and several branching ratios that take even into
account multiphonon relaxation. If we neglect the relaxation term from level 4 in the
equations for the population of level 2 and 3 (Eq. (2.10) and Eq. (2.11)), the stationary
fraction of ions in these two levels is proportional to laser intensity. Hence, it is possible
to introduce an effective laser absorption cross section o(p; that takes into account the

population of the level 1 as a consequence of the Stokes and antiStokes processes

001 = (002 + B32003) 821 + 003331 (2.13)
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Hence,

dnq 1 I I Bai
- _ _ i - — =0 2.14
7t n1 <7'1 +Ul4hu> +n0001hu + ng - ( )

By calculating n; from Eq. (2.12) and substituting it in Eq. (2.14), we obtain

Ny

s 110141 hv

hv I
<1 — B + ) = Npoo1T— (2.15)

The noise, defined as the number of photons per second emitted by the (4 — 0) radiative

transition, can be estimated by

-1
n I

N_4540 = <1 — Ba1 + ) Nog1Bag— (2.16)
T4 hv

1 0'14]
It turns out that the signal, defined as the total number of photons emitted by to the
particle action, and the noise depend on the laser intensity in different ways. In particular,
for low laser intensity, or more generally with low upconversion efficiency, signal and noise

can be approximated by exploiting from Eq. (2.16), Eq. (2.7),Eq. (2.4) as

2
N%ﬁm = (NT1001041540) (%) (2.17)
1

11 (0)up = [n1(0)BaoTi014] - (2.18)

On the contrary, in case of high upconversion efficiency, we have

Ny I
N— = Nog— 2.1
7_4 Bao o017 (2.19)
and
n1(0)1pp = 11(0) (2:20)

In order to obtain high upconversion efficiency with low laser intensity, it is necessary to
choose suitable crystals, in which o is as small as possible and 7014 is as large as possible.
We have dealt with a model considering a cw laser but some interesting properties can be

expected if a pulsed laser is used. This possibility will be discussed in chapter 4.

2.2. More interesting schemes

Some variations on the previous scheme can be realized. If level 4 relaxes assisted by
phonons on a nearby level, or if level 4 is the lowest of the 5d, or if level 4 is a CT level?,
absorption may occur at a wavelength that can differ from that of emission, by even several

tens of nanometers. Thus, both the emissions (4 — 0) and (4 — 1) can be collected and

3That have a remarkable Stokes shift
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used as signal. In this case, the “effective upconversion efficiency” (Eq. (2.7)) becomes:

S 00 3 1 1
4
Thip = 6upﬁ40 Z 611p,841 j + Z 6up,841 <_0 + 1> < — 1) (2~21)
=0 = Ba 5416up

For each “cycle” of each ions one more detectable signal photon is released.

Actually, a more interesting scheme, involving photon avalanche process, is shown in
Fig. (1.8)c on page 33. The second energy level 1 is equidistant (or almost equidistant) in
energy from 0 and 2 levels, so cross relaxation (2,0)—(1,1) is very efficient. In addition, we
assume a high branching ratio B32. The particle excites ions of level 1, the laser promotes
them to level 3 and they radiatively relax, in particular, to level 2. If the energy transfer
process is efficient, each ion in level 2 with a nearby one in ground state are brought to
level 1, where they are both ready to be promoted by the laser. In this case, for each cycle
a detectable photon is released and another ion populates level 1 so that this recycling
process may induce a signal light amplification. However, the noise increases at the same
rate.

This model is more complicated to describe than that of the previous section. In
particular, it depends on many parameters and different regimes can be achieved depending
on the laser intensity. As the measurements performed in this work do not involve photon
avalanche processes or it can be neglected, we do not discuss in detail this model. A system
of equation describing this type of process can be found [40-42].

Now it is possible to envision the possibility of a detector based on IRQC. The total
scintillation photon energy can be much higher than that of the incident particle while in
modern RE scintillators it is at most 1/2.5 times less than that of the incident particle.
However, in contrast to the advantage of a possible high light yield and low energy thresh-
old, there might be the drawback of a long decay time of the signal, i.e., of the same order

Ole.
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Chapter 3

Cathodo- and radioluminescence of

RE doped crystals in a wide optical
band

In the previous chapters we have presented the IRQC concept and its possible application
to the realization of a new class of particle/ionizing radiation detector. In the model we
have proposed, the visible LY of the detector is proportional to the number of ions excited
in a given low energy metastable level per unit amount of energy deposited in the crystal by
the particle or by the ionizing radiation. The number of the excited ions can be estimated
by measuring the number of photons emitted from this level per deposited energy unit!,
i.e., by measuring the infrared LY due to this low energy level. A large LY in the visible
range requires that this intermediate level is efficiently populated by the incoming particle
(or radiation) and its effective UP rate is large, as can be seen by inspecting Eq. (2.7).

Many processes contribute to the population of the low energy levels of RE doped
crystals. Among them there are the direct excitation by the particle impact, the radiative
and multiphonon relaxation from higher states, and maybe transitions induced optical
phonons and even plasmons. However, these processes are poorly investigated.

A scant number of studies can be found in literature on the LY or on the population
of these low RE energy levels by mean of energeticparticles. Interesting results have been
found in the past in our laboratory [44]. A light yield LY = (79 + 8) x 103 ph/MeV at
A =~ 1.03 um at room temperature has been observed in a Yb:YAG 10% single crystal.
Additionally, a light yield LY = 120 x 103 ph/MeV has been measured in powders of
Eu-doped phosphors [45].

To our knowlegde, no articles provides the LY in mid-infrared range. Actually, these
low RE energy levels are widely applied in optical devices, especially lasers, but have not
found any applications in the particle detection realm because they have got long lifetimes

and because the present detectors have low quantum efficiency in the infrared band.

Without laser excitation that can reduce the number of emitting ions in the given level via the UP
process.
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For these reasons, an investigation of the infrared LY in different combinations of
RE and host matrices of different concentration must be carried out. We also propose
a new technique in order to estimate the LY with a good accuracy and efficiency even
in mid-infrared range. We have built an experimental setup in which the crystal under
investigation is excited by 70keV electrons or x-ray and the emission spectrum is recorded
from UV to mid-infrared band. The LY in visible range is estimated by comparing the
visible emission to that of an another crystal whose LY is known. The infrared LY is also
quantified from the recorded spectrum and the visible LY. This technique is optimized by
studying two particular single crystals: Nd3T:YAG and Tm3t:YAG.

A further goal of this work is aimed at observing an enhancement of the visible cathodo-
luminescence when a laser is tuned to provide the UP of the ions in the first excited mani-
folds. Actually, even if the UP process has been extensively applied for optical devices, to
the best of our knowledge, it has never been observed if produced by energetic particles
or high energy radiation. Therefore, we have built one more experimental setup in order
to prove the feasibility of this detection process. We have chosen to exploit an Er>T:YAG
single crystal because a suitable UP from its first excited state can be realized by adopt-
ing a tuned Ti:sapphire laser. However, we have to note that a detector with acceptable

efficiency and noise is still far from being realized yet.

3.1. Apparatus

The aim of this section is to describe the experimental setup used to measure the LY and
to analyze the emission spectrum of the sample. The technical features of the apparatuses
and devices used in the experiment are briefly discussed in the present and next sections.

The experimental technique we developed consists in exciting the crystal under inves-
tigation with a pulsed or continuous beam of 70 keV electrons or x-rays. They are both
produced or generated by exploiting a home made electron gun [46]. The block diagram
of the experiment is shown in Fig. (3.1).

The crystal luminescence intensity in different optical ranges is selected by optical
filters and is detected by suitable photodiodes (PDs). The emission spectrum is analyzed
by CCD spectrometers and by a Fourier Transform infrared (FTIR) interferometer.

3.1.1 Electron gun

The electrons for the study of the impact excitation the crystals are delivered by a home-
made electron gun (e-gun). The detailed description of th e-gun can be found in litera-
ture [46]. Here, we only recall its main features. The e-gun is located in a Pb shielded
room because it is a strong source of stray X-rays. It can be operated at high voltage (H.
V.) up to 100keV by using a commercially available, d.c. voltage source (Spellman) in
either continuous or pulsed mode. In the former one, it delivers a d.c. current with in-

tensity up to 15 uA, whereas in the latter one it delivers electron bunches of several nC as
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short as 100 us per pulse. The electron are released by thermionic effect be a Joule-heated,
Tungsten filament. A pack of rechargeable cells, floated at H.V., powers the filament. The
filament current controls the electron emission current. the released electrons are accel-
erated outside of a Wehnelt cylinder toward the closing flange in which a small opening
allows electrons to impinge on the target crystal. Two magnetic coils are used as magnetic
lenses to focus and deflect the electron beam. An additional coil, powered by a home made,
a.c. generator, can be used to harmonically deflect the electron beam so as to achieve a
pulsed electron injection regime by periodically crossing the exit opening. This opening
also defines the spot size of the beam. In the pulsed regime, the repetition rate can be as
high as 1 kHz. All the electrode system is contained in a sealed vessel that is evacuated to
a residual pressure of ~ 1076 mbar.

A 2mm hole drilled in a copper beam stopper mounted on the high vacuum side of the
closing flange defines the maximum exploitable beam size. On the room-pressure side of
the flange, a crystal holder flange is mounted. A 10 um thick metal foil (either Tungsten
or Tantalum), is sealed to the crystal holder. It is in mechanical and in electrical contact
with the crystal and serves several purposes. It separates the high vacuum e-gun from the
atmospheric pressure, screens the crystal from the light emitted by the hot filament of the
e-gun, and, if Tungsten is used, it allows the electron beam to enter the crystal without
loosing an excessive amount of energy. Moreover, when Tantalum is used, the foil stops
electrons from reaching the crystal while itself becomes the source of the X-rays with which
the crystal is irradiated. In both cases, the dielectric crystal is grounded by the metal foil
connected to the R = 1 MSQ input resistance of an oscilloscope. The relative signal is
termed beam stopper signal. Thus, the metal foils allows us to measure the amount of
charge that has impinged on the crystal. The

A special flange with a sealed sapphire optical window has been built for the experiment

in which an optic fiber let a laser to be shone sideways on the crystal.

Interferometer
FT-IR D
electron e_ beam RE:crystal
gun
Filters
PD

Figure 3.1: Block diagram of the experiment.
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Figure 3.2: Block diagram of the electron gun assembly. Legend: vv= vacuum vessel, ft=high-
voltage feedtrough, pe= Pierce electrode, fm= focusing magnet, iy= iron yoke, sm= magnets for
the sweeping of the electron beam, msx, msy = magnetic stirrers for fine tuning of the x-y position
of the electron beam center, tw= Ti window (not to scale) [46].

3.1.2 Optical filters

Several filters are available. They provide the simplest way to select a desired wavelength
range. They can be mainly divided into two classes: the FB bandpass and FEL, FGL
longpass. They are supplied by Thorlabs. Their typical trasmission curves are plotted
in Fig. (3.3). The FEL and FGL filters are defined by their cut-in transmission wave-
length, whereas the FB filters are designed by their center and full width at half maximum

3.1.3 PDs and amplifiers

Several types of PDs are exploited in order to analyze the luminescence in different optical
bands, from the ultraviolet- to mid-infrared range. In Fig. (3.4) are shown the responsivity
of the PDs. In particular, the Thorlabs Det36A and Det20C have been used in the photo-
voltaic mode. Their current output is linearly converted to a voltage signal by using a a
transimpedance amplifier (Femto, mod. DPLCA200) with variable gain up to 10° V/A or
it is integrated by a UA1 active integrator (or simply, charge amplifier) with a conversion

factor of 0.25 mV /fC.

3.1.4 Spectrometers

Spectrometers have to be used in order to single out the individual lines of the luminescence.
To this goal, owing to the wide wavelength range we wish to investigate, we used the

following commercially available spectrometers.

e Ocean Optics, mod. Red Tide USB650: is a compact, fiber-based, silicon CCD

spectrometer with 650 pixel resolution. Two models are available. The first one is
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set to record spectra in the range 200 to 850 nm. The second one is for the range 350
to 1000 nm. The integration time can be set up to one minute. Only the latter one

has been calibrated in order to obtain a corrected spectrum.

e Thorlabs, mod. CCS175: is very similar to the previous spectrometers. It can

record spectra in the range 500 to 1000 nm with accuracy ~ 0.6 nm.
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Figure 3.3: Typical trasmission curve of the used filters.

Table 3.1: Photodiodes features

PD S1137-1010BQ! Det36A2 (307233 Det20C2  P7163' P59681
semiconductor? Si(I) Si(I1)  InGaAs(I) InGaAs(II) InAs  InSb
Area [mm?| 100.0 13.0 19.6 3.14 0.8 12.6
! Hamamatsu
2 Thorlabs
3 EG&G

4 We label the PDs with the semiconductor type, and, sometimes with the tags (I) or (II).
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Figure 3.4: PD responsivities. They can be easily found in the literature. That of the InGaAs(I)
is measured [47].

e Ocean Optics, mod. NTRQuest512: this fiber-based, InGaAs CCD spectrome-
ter, that is thermoelectrically cooled down to —20°C, is to be used in the range 900
to 1700 nm with a optical resolution ~ 3nm. The integration time can be set up to

two minutes. It has not been calibrated.

e Bruker, mod. Equinox 55: This Fourier Transform infrared interferometer can
be coupled with either a PD or a bolometer and allows the researchers to record
emission or absorption spectra in the range 15798 to a few hundreds of cm™! with
maximum resolution ~ 0.5cm™'. Two techniques can be exploited in order to record
a spectrum: the so-called rapid scan and step scan techniques. In the former one, the
interferometer mirror makes continuous scans and up to four spectra can be obtained
from each full forward-backward scan. The latter one can be used only for repetitive
events. The moving mirror moves in discrete steps. At each step, the mirror is
stopped and several signals are acquired in order to reduce the signal-to-noise ratio.
This method finds application in study of the dynamics and kinetics of processes

where high spectral and fast temporal resolution is necessary.

UV laser

As it is necessary to carry out spectroscopic measurements by optically exciting the crystals
in order to compare the differences between electron impact and laser excitation, we have
also used a commercially available Nd:YAG UV laser. It releases 8 ns long pulses at A =
266 nm at a maximum repetition rate of 0 Hz. The energy released by each pulse can be
as high as 10 mJ.
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3.2. Electron impact excitation studies

Two commercial single crystals, Nd3>T:YAG 1.1% by mol. (in the shape of a cylinder, 3mm
in diameter and 3.1 mm in thickness) and Tm3":YAG 4.4% by mol. (cylinder, 5mm in
diameter and 3 mm in thickness), are investigated as first samples in order to measure their
infrared cathodoluminescence. They have been chosen for the large amount of literature
with which our results can be compared. In particular, the Nd:YAG material is widely

applied as a lasing medium for solid-state lasers.

3.2.1 Integral luminescence intensity measurements

The first goal is to measure the total intensity of the cathodoluminescence. This experiment
is done by measuring the response of the PDs as a function of the charge impinging on
the crystals. Different filters can be used to limit the wavelength band over which this

measurement has to be carried out.

Linearity- First of all, it is necessary to verify that the level population is directly
proportional to the energy released into the crystal by the particles at least in the low
intensity region for two reasons: scintillators should work in a linear regime and the relative
emission spectrum must not depend on the excitation intensity, if the LY has to be correctly
evaluated.

The PD is mounted on a micrometrical translational stage in order to carry out mea-
surements at several distances so that the solid angle subtended by the crystal at the PD
can be determined in view of the estimation of the LY.

When the electron gun is used in pulsed mode, both the transimpedance amplifier
output and the beam stopper signal are simultaneously acquired with a storage oscilloscope.
For each settings of the injected charge, one hundred signals are fetched from the scope to
a PC and numerically averaged offline in order to improve the signal-to-noise ratio.

We want to know the amount of charge generated in the PD in response to the lumi-
nescence light as a function of the charge impinged on the crystal. Let i4(¢) be the current
in the PD, V() be the detector signal, and let Vj5(t) be the beam stopper signal. Typical
signals are shown in Fig. (3.5). Let moreover Ry = 1 M be the scope input resistance.
The total amount of charge produced in the crystal @/, can be related to the total charge

Qg flown in the input resistance of the oscilloscope

Q= fiai= [0y B [Ty, T, o)

where the integrals are performed over the time interval separating two successive pulses?.

Similarly, the total charge impinged Qs on the crystal during a pulse is obtained by

2The integrals are calculated after the offset due to the dark current has been subtracted.
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integrating the beam stopper signal

_ [ Vs
Qs = / Ro dt (3.2)

The pulse repetition rate is set so as to ensure that during the time Ty between two
successive pulses, the excited RE ions can relax and crystal becomes electrically neutral
again.

The results of the measurements of Qg as function of Qs for Tm®*+:YAG are shown
in Fig. (3.6) and presented in Tab. (3.4). Similar results are also obtained for the Nd
doped crystals. The direct proportionality between the amount of charge impinging on the
crystal and the intensity of the induced luminescence is very well obeyed. It is also verified
in different optical ranges with the Si(II), InGaAs(II), InAs and InSb PDs; using suitable
optical filters in order to isolate one or few specific sets of transitions.

In the case of Si(II) detector, the frequency of the electron beam pulses is set to 100 Hz
as the signal due to the emission in 200-1100 nm range decays quite rapidly (within a few
hundreds of us (Fig. (?7)). For all remaining PDs, which are more sensitive in the infrared
region, where some of the fluorescence stems from longer lived states, the pulse repetition
rate was lowered to 30 Hz (Fig. (77)).

The linearity measurements can be even performed with the e-gun in continuous mode.
The beam stopper current Is and the potential difference V; generated by the detector
are measured by two multimeters. This method is faster and as good as the previous but
no pieces of information on the lifetimes of the excited ion levels can be gathered. The
results for the Nd*T:YAG crystal are presented in Tab. (3.5). The results obtained in this

way with Tm3*:YAG are similar and the linearity is also proved in all investigated optical
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Figure 3.5: Typical PD and beam stopper signals. Si(II) response amplificated with 107 V/A, to
the Tm:YAG luminescence, selected with FB450-40 filter.
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ranges.

Estimation of the LY - The values we have obtained so far can be useful for the emission
spectrum analysis. We suppose to use the electron gun in pulsed mode. The time-averaged,
emission power spectral density (P()\))¢, owing to the previously assessed linearity property,
is directly proportional to the average charge injected in the crystal during each pulse3
Qbs

(P()idA = k5

S(A)dA (3.3)

in which S()\) is the spectrum, Ty is the time interval between two successive pulses, and

k is the proportionality constant. The LY per unit wavelength is obtained as

A A
Y (N)d\ = [ (P(A dA = k—S(A)dA 3.4
x = (PO ) jamdh = keSO (3.
in which V' is the electron acceleration potential, V Qg is the energy of the charge pulse.
The charge carriers generated in the PD per pulse can be expressed as a double integral

over wavelength and time
fo+To g s
Q, = / / O POODNT(N) drd) =T / SUPONDNT() A (35)
to
Here, d2/Q2 = A/4md? is the solid angle subtended by the crystal at the PD with area A

located at a distance d from the crystal, T'(\) is the transmission of a the optical filter
used, and D(\) is the PD responsivity.

3This assumption is generally only valid for low injected energy.
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Figure 3.6: Tipical dependence of generated charge carriers in PD vs the pulse beam charge for
different filters located in front of the PD.
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Substituting Eq. (3.5) in Eq. (3.1), one obtains:

Q= [ EmQuDNTNS NN (36
Q) dnd? -1
Y [ / DOYVT(A)S(\)dA] (3.7)

Substituing & in Eq. (3.4):

A Q) Ard? S(A\)dA

LY(Ndr =30 Qns VA [DNT(N)S(N)dA

(3.8)

As the absolute distance d of the detector from the PD is only given with an unknown
offset o, the ratio (Q/;/Qus) is estimated at several distances x = d — zo by a linear fit of

Q! vs Qps. In the point source approximation, the parameter a = Qad?/Qus is estimated

by the fit
QZ& _ (Q;l 2) 1 _ a
Qbs (@) = Qbsd (z+20)? (24 m0)? (3.9

with a and xg as free parameters. The values of the fit for Nd:YAG and TmYAG are
reported in Tab. (3.5), Tab. (3.4) and the correctness of this approach can be observed
by inspecting Fig. (3.7) obtained for Tm:YAG. Similar results are obtained for Nd:YAG

although the e-gun was used in continuous mode.
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Figure 3.7: Typical dependence of the Q4/Qps vs the relative distance. In particular, the mea-
surements are performed with Si(I) PD exciting the Tm:YAG.

Hence, the integrated LY in the range [\;, Af] is:

1 dma A
LY (N, Ap) = thAfD(A)T(A)S(A)dJ A S(A)AdA (3.10)
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Once the spectrum in a broad optical band is obtained and the term in the square brackets
is estimated with any combinations of the PDs, optical filters and amplifiers?, LY in each
range can be calculated.

Nevertheless, in this way, LY may be affected by a large sistematic error that is difficult
to estimate because the assumption that the energy injected in a pulse is VQys, may be
not correct. First of all, the deposited energy has a strong dependence on the Titanium
foil thickness that is eroded in time by the electron beam.

Secondly, it is not sure that all Q¢ electrons release their energy into the crystal.
Some of them may not properly be focused and may then collide directly against the
flange. Some others may be backscattered by the crystal towards the foil where they are
stopped and collected by the flange. Moreover, the crystal composition and size can also
have an influence on the measurements of the effective charge injected in to the crystal.

It must be noted that all estimations of LY obtained by using Eq. (3.8) with different
PDs are affected by the same systematic error. All the values differ from the true one by
a proportionality constant that is the same proportionality constant linking V' Qs and the
true value of the injected energy. As a consequence, the estimation of the “absolute” LY
value will be done in next section using a formula similar to Eq. (3.8) but the measure-
ments are those performed by using th x-ray excitation produced with the electron beam.
Unfortunately, the production efficiency of x-ray is of the order of 0.1%, so the resulting
luminescence is much weaker than that obtained by electron impact. Hence, cathodolumi-
nescence is used to obtain an accurate emission spectrum, in particular when the spectra
are obtained with the FTIR technique, whereas x-ray excitation provides avery accurate
value of LY once the spectrum in a broad band is obtained.

Without a common, intense enough emission line, it can be difficult to merge the spectra
recorded in different wavelength ranges with different spectrometers. This problem can be
overcome by using Eq. (3.8). For each spectrum, a “pseudo” LY () in the same range
can be evaluated by using a careful choice of PDs and optical filters. In particular, it is
necessary that D(A)T'(\) are zero outside the range of the given spectrum. In this way, it
is possible to calculate the integral in Eq. (3.8). As discussed before, all the LY's calculated
in different spectral regions in this way differ from the true one by the same proportionality
constant and it is thus easy to merge them together. In other words, spectra recorded in
different optical bands are merged by normalizing each one to the absolute intensity value.

Using the electron gun in continuous mode, the Eq. (3.8) becomes

1 X Vg dnd? S(A)dA

LY = G T VA TDOVTNS VDN

(3.11)

Let us define a = Vyd?/(Iys - G). It is evaluated in a similar way as in pulsed mode.
The a parameter values for Nd:YAG obtained by using Si(II) detector in both pulsed and

continuous operating modes of the e-gun, are equal within 5%.

4Obviously the formula is valid only for transimpedance amplifier, but for other type of amplifier it can
easily be modified
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3.2.2 Lifetimes

When the electron gun is used in pulsed mode, information on the temporal evolution of
the emission can be obtained by simultaneously acquiring the beam stopper and detector
signals.

Let consider the beam stopper signal Vi4(t) fetched by the oscilloscope. It is the
response of a series RC circuit to the electrons injection e(t), where Ry ~ 1M is the
impedance of the oscilloscope and C' is the effective capacitance due to Faraday cup and
cable. The electronic time constant 1,5 = RC' is estimated with a good accuracy by fitting
an exponentially decaying function to the final part of the signal. Typically, (400 us < 7 <
600 is), depending on the beam stopper used. e(t) can be obtained solving numerically

the following equation
1 dVis

Vi il
bs Ths dt

= e(t) (3.12)

In fig 7?7a beam stopper signal and the computed e(t) are shown.

Now, let us consider the PD signal generated by the emission from only one level with
lifetime 7, selected thanks to an appropriate optical filter. Except by a proportionality
constant, the light intensity emitted by the crystal is described by the following equations

Ldr

T+ -2 —
+7’dt

e(t) (3.13)
provided that the time needed for electrons to excite the crystal and to be then collected by
the Faraday cup is much less than the luminescence characteristic time, as it is reasonable
to assume. If the signal is produced by many transitions of by many processes, such as
energy transfer, the previous equation has to be modified.

A similar discussion for the beam stopper signal is valid for the PD signal, leading to
Va+ ———=1(t) (3.14)

According to Eq. (3.14), the time constant 74 can be estimated fitting an exponential
decaying function to the final part of V; when this signal is generated with the 50 ns short
pulse of a Q-switched laser diode, whose emission at ~ 900 nm makes this measurement
possible for all different PDs.

In order to make measurements of lifetime, the response time of the electronics must
be kept as small as possible. Therefore, owing to their very large output capacitance, the
PDs are always amplified by the transimpedance amplifier whose output impedance is very
low and whose bandwidth is such as to add only ~ 3 us to the signal time constant. For
the same reason, no charge amplifier is used for lifetime measurements as its integration
constant = 450 us.

The temporal evolution of V;(t) of an emission due to a transition with a single time
constant 7 is numerically evaluated by simultaneously solving Eq. (3.12), Eq. (3.13), and

Eq. (3.14), and adjusting the value of 7 until the computed signal waveform agrees with
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Figure 3.8: Experimental (blue) and simulated (red) Vj; signal, and injection pulse (black) e(¥)
obtained for the infrared emission of Nd:YAG.

the measured one.

A similar procedure can be followed also in the case the signal were due to several
transitions with different lifetimes by suitably modifying the rate equations. We have to
note the length of the electron pulse is the most important factor that limits the accuracy
of this method.

The results of the procedure adopted to derive the signal shape due to infrared emission
are shown in Fig. (3.8) for Nd:YAG 1.1% by mol. We obtained lifetime 7 = (224 £ 10) us,
in agreement with the 228 us reported in literature [48].

3.2.3 Emission spectra acquisition

In order to record spectra in the visible and near infrared regions we used the e-gun in the
continuous mode. Several pA of 70 keV electrons excite the crystal, whose luminescence
is collected by an optical fiber connected to the CCD spectrometer. In particular, Redtide
650 (I) ocean optics and Thorlabs CCS175 spectrometers provide a calibrated spectrum
from 350 nm to 1000 nm Fig. (?7).

For the near- and mid-infrared region we used the FTIR interferometer Bruker Equinox
55. In the case of the Nd sample, the e-gun is used in the pulsed mode delivering ~ 10nC
at 70 keV per pulse at 200 Hz repetition rate and the interferometer is operated in step-scan
mode. In order to improve the signal-to-noise ratio, a few spectra are averaged together.
In Fig. (3.9) we report the average spectrum for Nd, recorded with a resolution of 4 cm™1
using the InGaAs (I) PD. The spectrum is corrected by taking into account the spectral
responsivity of the detector. We have also recorded a spectrum with the InSb PD in order
to investigate a band more extended toward the infrared region, as shown in Fig. (3.10).

We can observe that Nd does not show any detectable emission for 7 < 6800cm~!. The
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broad emission at 7 &~ 2000cm™! is an an artifact due to the thermal emission of the

interferometer casing.
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Figure 3.9: Nd:YAG emission spectrum recorded with InGaAs (I) PD.
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Figure 3.10: Nd:YAG emission spectrum recorded with InGaAs (I) PD.

For the Tm?3*:YAG sample we used the e-gun in continuous mode in order to operate the
interferometer in the rapid-scan mode with InGaAs or InAs PDs connected to the charge
amplifier even though its time constant is quite large. Although the noise is higher with
this procedure, it is possible to acquire a huge number of spectra in a limited time that are
averaged together so that the noise level is reduced to an acceptable level. In Fig. (3.11) we

show the spectra obtained with both detectors and corrected by the relative responsivities.
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Figure 3.11: Infrared Tm:YAG spectra obtained with different PDs. Black curve: InAs. Blue
curve: InGaAs.

3.2.4 Spectra merging and lines identification

In order to have a spectrum in a broad band we have to merge spectra obtained in narrower
ranges with different spectrometers and PDs. The procedure is quite cumbersome and we
will describe it for the different crystals.

For both Nd and Tm samples the spectra recorded with the two Redtide spectrom-

eters are merged by normalizing them to the common, most intense and most energetic

transition.

Nd

In order to merge the visible and near-infrared spectra of Nd, the common transition to be
used is located at A = 400 nm. The error done by neglecting the wavelength dependence of
the spectrometer efficiency in the wavelength range below 300 nm is negligible because the
more energetic transitions, i.e., those for (260 < A < 300) nm, are very weak, as confirmed

by the analysis of the Q;/Qps measurements performed with UV optical filter
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Figure 3.12: Nd:YAG electron and UV excitation emission spectra from 200 to 1000 nm.



58 CHAPTER 3. Cathodo- and radioluminescence of RE doped crystals in a wide optical band

electrons ———— A

N
T

Intensity [a.u.]

780 795 810 825

Wavelength [nm]

Intensity [a.u.]

740 760 780 800 820 840 860 880 900 920
Wavelength [nm]

Figure 3.13: Magnification of Fig. (3.12).

In order to merge the visible spectra obtained with the Redtide spectrometers with
the infrared spectrum obtained with the FTIR interferometer coupled with the InGaAs(I)
PD, we use Eq. (3.8) because they do not share any common transitions. In order to do
so, we need to know the values of the a parameter for the SI(II) detector in the the range
350—1000nm, ag;(350—1000) and and for detector InGaAs(II) in the range 1000— 1600 nm,
ar(1000 — 1600). The latter one has been directly measured. The former is calculated
starting from the ag value measured in the optical range of the Si(II) PD, ag;(350 —1100).

Unfortunately, the required ag;(350 — 1000) value and the measured ag;(350 — 1100)
are different because a large emission is observed between 1000 and 1100nm. To solve
this problem, we estimate the LY (A) in the 1000-1100 nm range by using Eq. (3.10) from
the InGaAs PD measurements. The value of ag;(1000 — 1100) can be deduced from the
InGaAs LY because the LY itself is detector independent

a5:(1000 — 1100) a7(1000 — 1600)
1100 = 1600 (3.15)
ASi 1000 DS@(A)SF(A) dA Ap flOOO D[nGaAs()\)SF()\) dA

in which SF is the spectrum recorded with the FTIR interferometer.

Now, it is a simple matter to deduce

a5i(350 — 1000) = ag;(350 — 1100) — ag;(1000 — 1100)

Ag; 19 Do (0)Sp(A) dA 516
— (350 — 1100) — a7(1000 — 1600) —-L1000 5i(AN)Sr(A) (3.16)
A7 Jio00 Pr(A)Sk(A) dA

Now, it is possible to obtain the spectrum between 200 and 1600 nm (or even, 4500 nm)
that are shown in Fig. (3.15)

In order to validate the previous procedure, we can also do the following. The parameter
ag;(350 — 1000) can be also directly measured using an appropriate optical filter or can be
estimated by the comparing signals obtained with different pairs of filters, one of which
must not be opaque between 1000 and 1100 nm.

The ratio V;/Ips relative to different optical filters is measured Tab. (3.5). An equation
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similar to Eq. (3.6) can be obtained with the electron gun in continuos mode

Va
e / DT(N)S(A) dA (3.17)

Once the integral for each filter is calculated using the previously merged spectra, the
measured Vy /I, values vs the corrisponding integrals in Eq. (3.17) should lie on a straight
line through the origin®. The goodness of the fit (¢ = 16.2940.12 0.7%) Fig. (3.14) proves
the correctness of the spectrum we obtained in this way.

As the transitions above 700 nm originate from the same 4F4 /2 manifold, as it will be
discussed in the next section, the spectrum obtained with particle excitation should be
equal to that obtained by laser excitation. This is actually confirmed by comparing our

spectrum with literature result [48].
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Figure 3.14: Linearity of Q4/Quvs vs the integral of the r.h.s. of Eq. (3.17).
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Figure 3.15: Nd:YAG calibrated emission spectrum.

®The measurement performed with FB1064-10 filter are not considered in this analysis because its
transmission curve is affected by a very low accuracy, that is inherited by the computed integral.
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Tm

In this case, the common transition to be used in order to normalize the spectra obtained
by the two CCD spectrometers and that are to be merged occurs at 350 nm. As there is
only one more line at 290 nm, which is observed with one spectrometer only, we assume that
the spectral sensitivity of the spectrometers is roughly constant between 290 and 350 nm.
In any case, the 290 nm line is so weak that its contribution to the overall intensity of the
spectrum is negligible.

On the other hand, in order to merge this visible spectrum with the infrared one
obtained with the FTIR interferometer, we used the same procedure leading to Eq. (3.10),
previously described for Nd.

However, in this case the required parameters can be directly measured with both the
Si(II) and InAs PDs because there are no lines in the spectrum between 1000 and 1100 nm.

The infrared spectrum obtained with the FTiR interferometer is quite noisy. Owing to
the absence of relatively intense lines in the 900-1500 nm, we use the spectrum provided in
the 900-1600 nm range by the InGaAs CCD spectrometer because it is much less noisy, as
shown in Fig. (3.17). The complete spectrum is shown in Fig. (3.18).
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Figure 3.16: Tm:YAG electron and UV excitation emission spectrum from 200 to 1000 nm.
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Figure 3.17: Tm:YAG emission spectrum recorded with ocean optics NIR512.
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Figure 3.18: Tm:YAG correct emission spectrum.

3.2.5 Identification of the radiative transitions

The identification of the radiative transitions is mainly accomplished by the locating the
wavelengths in the spectrum. We consider only those levels for which the non-radiative
multiphonon relaxation rate is negligible . A measure of the lifetime of a transition can
be used in order to resolve possible ambiguities because the lifetimes of the manifolds can
be found in literature. In addition, the high-power pulse of the 266 nm Nd:YAG laser can

used in order to selectively populate a high energy level to observe its luminescence.

beq? For the YAG, C = 9.7-107 s7* and o = 3.1-107% cm—1, with effective energy phonon 700 cm™" [49]
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Nd

Owing to the high effective energy of the phonons of the matrix, only three manifolds
(2F(2)5/2,2P3/2,4F3/2)7 are expected to radiatively decay with lifetimes 3.02 us, 0.32 us,
and 220 us, respectively. For these manifolds the multiphonon relaxation rate is estimated
to be at least one hundred times less than radiative relaxation rate [49].

Each of the twentyeight lines in infrared region (see. Fig. (3.15)) are associated to a
transition from one Stark level of 4Fy /2 manifold to one of 417 with J = 9/2 for 850-950 nm
range, J = 11/2 for 1040-1110nm, J = 13/2 for 1350-1450 nm. The emission towards the
145 somanifold, expected at about 1800nm, is buried in the noise because of its very low
branching ratio (about 0.6%). In addition, the spectrum is very similar to that obtained
by directly exciting the 1Fy /2 manifold with a light source [48,51] and using Si(II) detector
coupled with FEL1000 filter, a lifetime of ~ 224 us is estimated, thereby confirming the
identification.

Since the emission from the P4 /2 manifold occurs almost totally in the infrared ran-
ge [49], we can deduce that it is very little if not excited at all.

The visible cathodoluminescence spectrum well agrees with the literature results ob-
tained with Nd3*:YAG sample doped between 0.1-6% by mol. and excited with 15keV
electrons at 300K and 77K [52], with samples excited by 23°Pb and ?*!Am a parti-
cles [53,54], respectively, and with low temperature (7' = 8 K) samples excited with 192 nm
synchrotron radiation [55], In particular, Ning et al. [55], owing to the high resolution of
their experiment, are able to ascribe the visible emission to the 2F(2)5 /2 manifold. We use
this result as a benchmark. However, to our knowledge, the first calibrated spectrum in the
very broad range 200 to 1700 nm (or, even, 5000 nm), obtained with particles excitation,
is presented in this work. Finally, we stress the fact that the emission in the visible range
is too fast in order to measure its lifetime via the signal time evolution.

By referring to the level scheme shown in Fig. (3.22), a physical model can be cast
to interpret the data [55], The e-h pairs generated in the crystals yield their energy to
the Nd3* ions, thereby exciting them to the 5d levels. These levels relax to those of the
2F(2)5 /2 manifold via multiphonon relaxation by cascading through the lowest 5d level and
the 2F- /2 manifold because only four phonons are required to bridge the energy gap.

The mechanisms that populate the 4Fy /2 manifold are more complicated. First of all,
it is necessary to understand how large is the fraction of population due to the relaxation
from the 2F(2)5 /2 manifold. This piece of information can be obtained by exciting the
crystal with the 266 nm laser. In this way, 2F(2)5 /2 manifold is directly populated and the
resulting infrared luminescence due to the “Fj /2 manifold can be observed.

Fig. (3.12) shows a similar visible emission due to UV- and electrons excitation. The
small differences in the two spectra may arise because of the difference of the volumes
excited either by photons or particles. Actually, electrons are stopped in the first few

hundreds of pm of the crystal, whereas the laser excites the whole crystal volume.

"All the other emissions are quenched or very weak
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We have observed a broad emission centered at about 800nm. It is believed to be

associated with iron impurities. The following CT process takes place
0% + Fe*™ + hv — O~ + Fe?* (3.18)

leading to a strong laser absorption centered at 256 nm. This absorption is independent of
the doping of the YAG crystal. The relaxation of Fe?T to an excited state of Fe3* which
is responsible for the emission at 800 nm. This emission is in part absorbed by the Nd3*
ion as shown Fig. (??7). Energy transfer or/and optical phonons released by relaxation of
the Fe?t manifold may justify the increase of the Fj /2 emission compared to the ’F, /2

Venikouas et al. [49] excited with a 266 nm laser an iron-free sample doped at 0.87%
by mol. The absence of the emission at 800 nm has allowed them to prove that all the ions
in the 2Fj /2 manifold relax by emitting a visible photon to a level that non-radiatively
populates the *Fj somanifold that eventually emits an infrared photon. As a consequence
of this mechanism, the ratio of the number of photons emitted in the visible range to that
of photons emitted in the infrared range is =~ 1.

From our measurements, this ratio for electron impact excitation is 5.4. Thus, we
infer that several other mechanisms have to be active. Probably, the ratio between the
populations of the 4F5 /2 manifold to the ’Fy s2 manifold may even be larger because the
quantum yield of the 4Fy somanifold is ~ 87 % owing to the possible cross relaxation 4Fy /2t
Hgja = Tis2 + Tys/2 [56].

3.2.6 Tm

The intense emission between 1600 and 2100nm that can be observed in Fig. (?7?) is
associated with the transition >F4 — 3Hg. The spectrum shape is very similar to that
obtained by a similar sample excited with a laser [57]. We measured a lifetime of 6.6 ms is
estimated by the time evolution measured with InAs PD.

The weak emission between 1400 and 1550 nm and between 800 and 840 nm is ascribed
to the transitions 3Hy — 3F4 and 3Hy — ®Hg, respectively. They have the same time
evolution shown in Fig. (3.20).

Similarly, using suitable filters, we can associate the emission around 750, 550, and
400 nm to transitions from the I manifold (see Fig. (3.21)) and the emissions around 800,
and 650 nm to those from the 'G, manifold.

It is known that cross relaxation *Hy + 3Hg — 3F,4 + 3F4 may be very efficient and so
the effective lifetimes of 2Hy of Tmi‘F:Yl,xAG ranges between 511 us for x = 0.005, 152 us
for x = 0.04 and 61 us for =z = 0.06 [56].

After ~ 300 us from the beginning of the pulse, only the manifolds *Hy, 3Fy, and the
groundstate 3Hg are still populated because all other manifolds have lifetimes of less than
a few tens of us, as shown in Fig. (??). Thus, the lifetime of the 3H,; manifold can be
determined by analyzing the final part of the signal. We obtain the value 7 ~ 110 us that
is compatible with the lifetime f the 3Hy for a Tm3*:YAG single crystal doped at 4.4% [56].
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Figure 3.20: Time evolution of the PD output in particle excited Tm:YAG using several filters.
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Figure 3.21: Time evolution of the PD output in particle excited Tm:YAG using different filters
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3.3. X-ray excitation studies

As mentioned above, LY cannot be accurately measured with electron impact excitation
because it is difficult to estimate the exact quantity of energy injected into the crystal.

For this reason, we replace the Tungsten foil in the crystal holder flange with a 10 um
thick Tantalum foil. A 2mm thick lead® foil with an suitable hole is fixed in front of the
window in order to set the area of the x-ray beam. A black conductive adhesive tape, on
which the sample is glued, closes the hole, thereby stopping the electrons that may have
crossed the tantalum foil. The area of the x-rays beam must be much smaller than that of
the crystal surface on which x-rays impinge and the crystal width must be at least of few
millimeters to be sure that almost all the x-rays are stopped into the crystal. The goal is
to accomplish a pulsed x-rays beam whose energy is proportional to the charge Qs of the
electron beam pulse.

LY's of several samples can be easily determined with good accuracy by comparison
with a sample whose LY is known. The calibration can be carried out only with x-rays
because there are no literature calibration studies carried out by using electron impact
excitation. Moreover, contrary to YAG, other matrices, including those based on Fluorine,
are heavily damaged by a prolonged irradiation with the electron beam.

X-ray excitation can be a good alternative that may allow us to obtain the LY in
different optical band, even if it has some disadvantages. Because the excitation and con-
sequently the emission are much weaker, it is necessary to amplify the PD signals with the
long time constant, charge amplifier, thereby loosing the possibility to extract information
on the level lifetime from the detector signal. Moreover, much longer integration times are
required to obtain a decent spectrum,

As a calibrated sample we used a (Lug75Y0.25)Al5012:Pr 0.16% (LuYAG:Pr) single
crystals (5x5x5mm?®) grown via Czochralsky method at ITME, Warsaw. It has LY =
27 x 103 ph/MeV with 5.3% energy resolution in the UV range [58].

As we are more interested in the infrared and visible region than the UV, we have
recorded spectra obtained by exciting this crystal with x-rays and with the 266 nm laser
in order to identify the occurring transitions. These spectra are shown in Fig. (3.27) and
Fig. (3.28). The x-rays generate e-h carriers that transfer energy to the Pr3* ions, exciting
them to the 5d levels. The UV laser directly populates the same levels. As some lines
correspond to more than one possible transition, we also recorded the emission spectrum
obtained by selectively exciting the 'Dy manifold with a dye laser tuned at 585nm. The
main transitions scheme we have been able to deduce is shown in Fig. (3.29).

We have to note that the calibration of the spectrum obtained with x-ray excitation
on the UV emission produces a relative enhancement of the emission in the visible range.
This means that the manifolds 'Dy and 'Gy4 are more populated by x-ray excitation than
by UV excitation. Moreover, one can deduce that in the x-ray excitation, in addition to

the relaxation of the 5d levels, other processes may occur to populate the 4f levels.

8The thickness of the lead foil is big enough to stop all the x-rays generated by the 70keV electrons.
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In analogy with the case of the particle excitation, we can introduce the formula for

the LY in a given wavelength band as

Ry 4m

A
Qa d2> L AS(A) dA (3.19)

@us /) [ n(NT(AAS(A) dA

in which G and 74 are the gain and the integration constant of the charge amplifier, and
k is a proportionality constant. Moreover, the PDs responsively has ben replaced by their
quantum efficiency n(\).

At variance with the electron impact excitation case, now the spectrum is not corrected
for the CCD efficiency. Thus, we use a little modified (and approximate) procedure. We
assume that n(A\)T'(\) is constant in the desired wavelength range [A;, A¢]. This assumption
is not a limiting factor because the PD quantum efficiency is generally a smooth function
of A\. Moreover, bandpass filters can select narrow wavelength ranges, thereby strongly
enhancing the goodness of this approximation. Alternatively, since the longpass filter FGL
transmission above the cut-in wavelength is constant, equal to ~ 0.90, the difference of the
a parameters related to two different filter, is equal to the a parameter related to an ideal
bandpass filter with a trasmission of 0.90 between the two longpass filter cut-in. Within

this approximation, Eq. (??) becomes

o B Am (Qa
LY (NoAr) = G o (Qbsd > . (3.20)

The parameter a = (Qg/Qps)d? is measured using the Si(I) detector for the crystals
Pr:LuYAG, Nd:YAG, and Tm:YAG with the procedure outlined earlier in this work.
In Fig. (?7?) we show the dependence of Q;/Qps vs the distance x and the inverse parabolic
fit.

We have to note that a small fraction of x-rays can directly hit the detectors, especially
when short crystals of low atomic number Z are used, thereby giving a contribution to the
measured signal. This contribution is estimated by blocking the luminescence light with a
200 pm thick Al foil and then it is subtracted. In Fig. (3.26) we show for Nd :YAG crystal
the relevance of the x-ray contribution.

If the k proportionality constant in Eq. (3.20) were known, the LY in the given band
of any crystals could be obtained by the measurement of the quantity a. We observe from
Eq. (3.20) that in this type of measurements it crucial to know with precision the efficiency
of the x-ray generation process, related to proportionality constant k. It can be estimated
if the x-ray energy is fully released in the sample and provided the LY and the a parameter
of a generic crystal in any wavelength range are known. As the sensitivity of the detector
that has been used to measure the light yield of the LuYAG:Pr sample is peaked in the
UV range, it is reasonable to expect that the reported light yield is mainly determined
by 4f5d — 4f? radiative transitions. Furthermore, short integration times are prone to

underestimate the slow components. In order to select the PD signal component due to
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Figure 3.24: Linear response in the visible range of the Pr:LuAG crystal as a function of the
injected charge.

the UV scintillation, the previously described measurements are performed with optical
longpass filters FGL and with Silicon detector S1337 (that has a high quantum efficiency
even in deep UV). In particular, the UV component is estimated as the difference of the a
parameter without filters and that with FGL495 filter corrected by the filter trasmission,
as can be seen by inspecting Fig. (??). This procedure yields the k value.

Likewise, the LY yield, calculated with eq 3.20, is estimated between 495 and 1700 nm
using different longpass filters (FGL, FEL) and also InGaAs PD (see Fig. (??7) and Fig. (3.24)).
The results are reported in tab ??. Owing the high phonon energies of LuYAG, no transi-
tions in the mid-infrared range are to be expected. However, the LY in this band can be
measured in the same way using InAs or InSb PD.

The value of a parameter for both samples using S1337 PD are presented in Tab. (3.2).
In addition, the emission spectra between 200-1000 nm is recorded with silicon CCD spec-
trometers and they are very similar to that acquired with electrons excitation. This is

reasonable because the x-rays, as the electrons, create a swarm of secondary ionizing pho-
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Figure 3.27: Emission spectrum Pr:LuYAG excited with electron gun
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Figure 3.28: Emission spectrum Pr:LuYAG excited with 266 nm laser.

Pr:LuYAG
Optical range [nm| LY [ph/MeV]|
200-495 27000 [58]
495-780 8300
780-1000 1100
1000-1100 1300
1100-1200 600
1200-1700 1100

toelectrons, For these reasons, we can assume that the ratio between the LY's in visible
and in infrared range is the same for the two different excitations. Hence, the LY between
200 and 1000 nm band for both samples is estimated by using Eq. (3.19) and from the
analysis of the previous section, the LY above 1000 nm is obtained. We can deduce that
the number of ions excited per MeV in the low metastable manifolds 4Fj /2 and 3F, are
about 56 x 10% and =~ 49 x 103 for Nd:YAG and Tm:YAG, respectively. The accuracy of
these figures is estimated to be ~ 10%.

In particular we have calculated the visible LY of the Nd:YAG crystal and obtained
10.4 x 103 ph/Mev, in agreement with the 11 x 103 ph/MeV reported by Yanagida and
his group [54| for a similar sample at the same dopant concentration. In addition, they
measured the LY in visible range for several RE doped YAG and LuAG single crystals via
gamma-ray excitation and obtained values up to 15 x 103 ph/MeV.

The results are summarized in in Tab. (3.2).

3.4. Electron excitation and up conversion

We have observed that electrons and x-rays lead to a considerable population of the low

energy levels of the rare earth ions dopant. we have to prove that UP can be now induced,
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Figure 3.29: Energy level structure of Pr:LuAG and the main transitions.

thereby showing the feasibility of the detection process. In order to produce UP the crystals
are mounted on a suitably modified flange so that the crystal can be irradiated sideways
with a tunable continuous wave Ti:Sa laser whereas the luminescence light is collected by
a photomultiplier PMT located in front of the crystal, as shown in Fig. (3.30). The laser
can deliver up to 200 mW in the wavelength range 790-860 nm.

Unfortunately, neither Nd3* ion nor Tm?* ions inYAg show an energy level scheme
compatible with the emission range of the tunable laser and, thus, cannot be used to this
goal. We therefore, use an Er:YAG single crystal doped at 0.5% by mol. Its energy level
structure is shown in Fig. (??7). The particle excitation should populate the first excited
44 /2 manifold that is located at ~ 0.74eV above the ground state. The laser, tuned
at ~ 850nm, promotes the ions from this manifold to the %S, /2 whose fluorescence at

~ 550 nm will tag the particle passage.
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Table 3.2: LY parameters for ND: and T:YAG

Nd:YAG
Manifold Optical range [nm| LY [ph/MeV]
°F5 /2 390-650 10400
4Fs/9 800-1500 56000
Tm:YAG
Manifolds Optical range [nm| LY [ph/MeV]
g, 1Dg, 1Gy, 3Hy 280-900 7700
3Fy 1600-2300 49100

Pb-shielded cabinet

filter

HV
0—\ Er:YAGl T
ock-in
0y [ PMT > amplifier
Uoptical fiber

Ti:Sa laser
790-860 nm | J dichroic mirror

diode laser
960 nm

Figure 3.30: Scheme of the apparatus for double resonance and up conversion measurements.

We have carried out the same cathodoluminescence measurements as for Nd and Tm
but, as we observed a strong nonlinear response of the crystal to the amount of charge in-
jected into it, these measurements are not yet competed and are still under way. Nonethe-
less, as the detector has to work at very low particle excitation, the nonlinearity does not
hinder the UP conversion measurements.

For the sake of completeness, we show in Fig. (??) the cathodoluminescence spectrum
of Er:YAG where the radio time manifolds are identified.

In order to carry out the UP measurements the Ti:Sa is chopped at low repetition rate
(=~ 10Hz). A bandpass filter (FB550-40) between crystall and PMT selects the fluorescence
only in the range 540-560 nm. In order to reduce the large noise due to the Ti:Sa laser,
the PMT output is connected to a lock-in amplifier synchronized with the chopper. This
noise is actually the so called laser double resonance (LDR) that will be treated in detail
in the next chapter. The e-gun is operated in continuous mode at 70keV.

A dynamic equilibrium occurs in the population of the different excited state, in par-
ticular a constant fraction of ions lives in *I;3 /2 state and the lock-in amplifier rejectst the
PMT signal due to the 4S; /2 constant emission at 550 nm.

The wavelength of the tunable Ti:Sa laser is varied in the range 790 nm-860nm in



74 CHAPTER 3. Cathodo- and radioluminescence of RE doped crystals in a wide optical band

120 -

——pump + electron gun

—e—pump

100 -

o]
o

fluorescence signal (mV)
B D
o o

n
o

847.5 848 848.5 849 849.5 850
A (nm)

Figure 3.31: Double resonance and up conversion of Er:YAG [59].

order to find the resonances between 4I;5 /2 and 493/2 Stark levels at which we expect an
increase of the lock-in signal. In fig3.31 we plot the signals due to the 4Sg /2 fluorescence
intensities for different wavelengths of the pump laser, but at the same laser intensity,
with and without the electron excitation. The second measurement is needed to quantify
the contribution of the laser double resonant process. Two particularly intense transitions
are identified by fitting each of the two sets of data to two Lorentzian functions. Even if
the emission due to laser double resonance represents a large contribution to the signal,
an increase of about 30% of the areas under the Lorentzian curves when electrons excite
the crystal, demonstrates the feasibility of the detection process based on the Infrared
Quantum Counter concept.

Moreover, it is also observed, by setting the laser wavelength at about 848.7nm, a
linear dependence between the current Ips (up to 1.6 uA) of the electron beam and the

fluorescence signal with a fixed laser intensity (280 mW).

3.4.1 Conclusion

To summarize the results of this section, we can say that an efficient procedure to measure
the LY in different optical bands can be proposed and we have successfully implemented
it.

Both with electrons and x-ray excitation it is possible to record emission spectrum with
CCD spectrometers, but only cathodoluminescence is intense enough in order to acquired
spectra from 632nm to 5 um, with a resolution up to 0.5cm™! using FTIR coupled with
InSb (or InAs up to 3 um). Rapid-scan mode allows to complete the measurements in few
minutes.

Furthermore, the electron excitation allows us to study the emission temporal evolution,
from which important information on the level lifetimes, energy transfer process and the
levels involved in the emission can be deduced.

Laser excitation can be useful in order to resolve some ambiguous transition identifica-

tion. We have observed that electrons excitation provides the same emission spectrum of
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Pr:YAG 0.16%

excitation PD filter Qa/Qpsx103 Xo |[mm]| a [mm?|
- 5.80+0.04 | 31.86+0.46 1.678 +0.057
FGL400 1.74 £0.01 - -
FGL495 1.41 £ 0.01 - -
S1337 FGL715 0.58 £ 0.01 - -
FGL780 0.42 £0.01 - -
FGL850 0.33 £0.01 - -
aluminum foil  0.21 £0.01 - -
X-rays
- 1.044 +£0.012 | 11.46 £ 0.70 0.87 & 0.08
FELS800 0.563 4+ 0.003 - -
FEL1000 0.389 £ 0.009 - -
Det10C FEL1050 0.282 4 0.003 - -
FEL1100 0.230 4+ 0.004 - -
FEL1200 0.154 4 0.006 - -
aluminum foil 0.031 £ 0.011 - -

Table 3.3: Results of the linearity fits performed with different PDs, filters and inverse parabolic
fits of the Nd:YAG excited by electrons or by x-rays

x-ray excitation and even if it is able to release much more energy into the crystal, some
host materials may be damaged.

For each excitation type, it is possible to quantify the relative emission in many narrow
optical bands from UV to mid-infrared range by measuring the ratio Qg/Qps in different
positions with appropriate optical filters and detectors. By comparison with a calibrated
sample, the visible LY can be estimated from Eq. (3.20), as well as the LY in each other
range where the relative emission compared to the visible one is known if the required
spectrum is known (Eq. (3.19)) or if filters are used (Eq. (3.20)).

Tm:YAG 4.4%

excitation  PD filter Q,/Qusx10®  x¢ [mm| a [mm?]
- 19.94+0.06 | 10.84 +0.28 514+ 0.19
FB450-40  6.37 4+ 0.04 - i
Electron Det36A  ppsso40  0.57 +0.01 _ _
ectrons FB800-40  2.20 + 0.01 - -
- 204+003 | 11.46£0.70 0.87 £0.08
Detl0C peri500  2.65 4 0.06 - -
P7163 - . 1079 £0.60  1.54 + 0.09
X-rays S1337 - . 31.9 0.386 £ 0.011

Table 3.4: Results of the linearity fits performed with different PDs, filters and inverse parabolic
fits of the Tm:YAG excited by electrons or by x-rays.
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Nd:YAG 1.1%

excitation = PD filter Va/Ibs Xo [mm] a [mm?]
- 46.818 £0.054 | 7.03£0.30 13.81 £0.98
FEL500  40.361 £+ 0.048 - -
Electrons Det36A  FEL750  30.911 £0.023 - -
FB900-40  9.529 +0.011 - -
FB1064-10  4.272 £+ 0.004 - -
C30723 - - 6.74 £0.09 4.873 +£0.090
X-rays S1337 - - 31.97 £0.65 1.593 £0.058

Table 3.5: Results of the linearity fits performed with different PDs, filters and inverse parabolic
fits of the Nd:YAG excited by electrons or by x-rays
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Chapter 4

Low temperature upconversion

measurements

In the previous chapter, a population of the low energy level in Nd:YAG and in Tm:YAG
as high as about 5times10* per MeV has been estimated and the measurements on the
Er:YAG has proved the feasibility of the detector. However the efficiency, i.e, the visible
LY and the noise are not satisfactory at all. For these reasons, a study of the upconversion
process, and in particular of the laser double resonance (LDR), must be carried out. The
development of new experimental setup allows us to investigate several detection energy
level schemes for different combinations of rare earth dopants and host matrices, at room
temperature and at 10 K.

In the chapter 2 we have proposed a model to describe the characteristics of the detector
based on the IRQC concept. Now, we will present the measurements that have led to prove
the goodness of that model. In particular, it will be demonstrated that the phonon assisted,
side band absorption is the main process responsible for the LDR and noise. We will search
for the most promising RE doped crystals and upconversion energy level schemes for the

realization of the proposed detector by also minimizing any spurious contributions.

4.1. Experimental technique and setup

The experiment aimed at observing the upconversion processes is conceptually very simple.
An infrared source, used to simulate the effect of the particle induced excitation, is shone
on the crystal in order to populate the low energy levels of the RE ions. The ions are
promoted to higher lying levels by a tunable laser. Finally, the visible fluorescence emitted
by the deexcitation of the high levels is detected. In the following we describe the technical
detail of the apparatus built for the experiment.

The RE doped crystals are mounted on the cold head of a cryocooler within a suitable
cryostat and can be cooled down to 10 K. Three antireflection quartz windows (transparent
in the range 200 nm to 4000 nm), each centered on a different side of the crystal, allow us

to excite and to observe the crystal from outside the vacuum vessel. By referring to the
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pictures of the apparatus shown in Fig. (4.2) and Fig. (4.3), the left window is used to pump
the crystal with an infrared source. The laser enters the cell through the right window,
whereas the third window allows the PhotoMultiplier Tube (PMT) or PDs to collect the

fluorescence.

1. The infrared source (Newport, mod. 80030) is based on a SiC filament that is Joule
heated up to incandescence. Its spectral emission is characterized by a Planck dis-
tribution at temperature T' =~ 1550 K. The infrared source is used to simulate the
particle passage by exciting the rare earth ions into a specific low energy metastable
level. Two lenses, that act as a telescope, and one diaphragm focus the light on the
crystal whereas optical filters can be mounted to select the desired wavelength ranges
of the source fluorescence. An intensity of 340 uW and of 680 uW is measured with
the Germanium bolometer (Coherent, mod. LM-10) when optical filters FEL1500
and FEL1300 are respectively mounted. The diameter of the beam spot in the middle

1

of the crystal, measured by a cam', is &~ 3 mm.

2. A tunable lasers is necessary in order to pump the ions in the excited state to a
more energetic one. Thanks to its broad tuning range and to its narrow linewidth,
it is possible to test different upconversion energy level schemes and to optimize the
upconversion efficiency tuning the laser between the Stark level resonances.Three

tunable laser are available

e Avesta cw Ti:Al,O3 Laser: It is a Ti:sapphire laser is tunable? between
690 and 1030nm with 1.5 W output power at 800nm and about 700 mW av-
erage output power when it is pumped with 6 W released by a Coherent cw
frequency-doubled Nd:YAG Lasers (532 nm). Thanks to two etalons placed into
the resonator, the linewidth of the generated radiation is narrowed down to 2

GHz. The beam has a TEMgq spatial mode and a divergence less than 2 mrad.

e Coherent cw Ti:Al,O3 Laser: Ti:sapphire laser is pumped by 6 W cw fre-
quency-doubled Nd:YAG Lasers (532nm) or by 6 W Argon-ion laser. It is tun-
able between 790 and 860 nm with about 200 mW average output power and

with a picometer accuracy.

e Dye Laser: The rhodamine 6G dye laser, pumped by 6 W cw argon-ion laser,
has =~ 200mW output power that can be tuned from 570nm to 615nm with

picometer accuracy.

Several micrometrical adjustable mirrors are used to lead the laser beam to the center
of the crystal. Lenses with different focal lengths can be located on the laser optical

path in order to reduce the laser beam diameter in the middle of the crystal. The

The beam is reflected by inserting a mirror at halfway between the source and the crystal and then
analyzed by the cam so that the optical path travelled by the beam is the same as that from the source to
the crystal.

2with only one set of optics
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beam diameter can be measured by the cam. The bolometer (Coherent, mod. LM-
10) and the wavelength analyzer (Thorlabs, mod. S132C) measure the intensity and
the wavelength of all the three tunable laser with an accuracy of 1mW and 1 pm,
respectively. An half-wave plate can set the angle of the linear polarization of the

lasers.

3. The PDs are the same described in Sec. (3.1). The Hamamatsu PMT R2248 has
a bialkali photocathode and eigtht dynodes. Its quantum efficiency and its gain as
function of wavelength and supply voltage are shown in fig. 4.1. The PMT output is

read by a ammeter.

In addition, a weak 60keV gamma source (1077 /srads) can be located in a groove of
the vessel, centered to the crystal. It can excite the sample thanks to the few mm of the
aluminum thickness in that part of the vessel.

The infrared source induces a small constant fraction of RE ions to a desired low
energy metastable level. The wavelength of the laser required for up conversion an be
approximately calculated by using literature data for the level energy values of RE ions>.
The resonances between the Stark levels of the two investigated manifolds are sought in the
neighborhood of the calculated value. At resonance, upconversion occurs. The consequent
visible fluorescenceis collected by the PMT.

This measurement is repeated with the infrared source switched off in order to study
the LDR process. The more energetic level may be populated by laser itself, indeed. By
comparison of the PMT output? in the two cases, we can estimate the signal-to-noise ratio
S/N. Please note that in this context we use the term “signal” to identify the PMT output
with the infrared source switched on and the term “noise” is used to name the PMT output
in the LDR case. The dependence of signal, noise and relative ratio on several factor like
laser intensity and phonon energy of the crystal is investigated in order to confirm the
model proposed in Chapter (3). The aim is to understand how to reduce S/N enough in

order to detect the excitation of the small gamma source.

3The values of RE ion energy levels are tabulated only for few matrices and show a quite large depen-
dence on the temperature (Eq. (??)). The accuracy of the calculated wavelength is < 1nm.
4Under the same laser conditions.
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Figure 4.3: Detail of the crystal cell assembly.
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4.2. FErbium

The UP and LDR of three different host matrices (YAG, KYF, YLF) doped with Erbium
(0.5%, 1%, and 1%, respectively)® are investigated at 10 K. The structure of the Erbium
energy levels and the UC and LDR scheme applied to them are shown in Fig. (4.4).

The source light crosses the longpass filter FEL1500, thereby only populating the first
excited 415 /2 manifold directly from the ground state. Particle excitation should populate
the same manifold.

As discussed in section Sec. (1.3.2), at 10 K only the first two levels of the 4113/2 manifold
are mainly populated because the third energy level of this manifold is separated from the
first by about 45cm™! ~ 6meV [60] that corresponds to about 6kpT. According to the
Boltmann distribution, the ratio between the population of the two levels is also equal
to about 400. Actually, the observed fluorescence is weaker when the laser is tuned on
the second level of the manifold rather than when the laser is tuned on the first one. No

resonances are observed from the other levels.

20,

iHn/z +2H9/2
Sgjp 75 =400 ps
19 ‘Fypp 7, =100 ps
D 1
g Ly, 73=6.6pus
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Figure 4.4: Energy level structure, energy level up conversion, and LDR scheme for Er:YLF [61]
[62].

The Ti:Sa laser can be tuned on the transitions 4113/2,1/2 — 483/27M with M = 1/2 or 3/2

at about 836 nm and 840nm, respectively. The bandpass filters FB540-40, that selects

6

only the crystal fluorescence from the transition 4S; /2 = o o s2,M - is mounted in front of

The first crystal is the same describer in the previous chapter. It has been cut as a cube 3mm on each
side. The two other crystals (of a similar sizes) are grown by the Tonelli group of Department of Physics
of the Pisa University.

5Only the 483/2’3/2 decays radiatively because the two levels of 483/2 manifold are separated by =
60cm™!. Even if the more energetic 483/2’1/2 is excited, it quickly relaxes to the level 483/2,3/2, indeed.
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the PMT to avoid the noise due to the Ti:Sa light scattered by the crystal. It should be
noted that this upconversion scheme is described by the first model in Chapter (2), where
the 4115/2,5/2, 4113/271/2, 4111/271/2 and 483/271/2 (or 483/273/2) are to be identified with levels
0, 1, 2, 3, and 4, respectively. At 10K we can neglect energy transfer processes between
these levels ||.

In Fig. (4.5), Fig. (4.6), Fig. (4.7) the PMT signal as function of the Ti:Sa laser wave-
length” with infrared source switched off and on is plotted for the three Erbium doped host
matrices. The two sets of data relative to each crystal are fitted to Lorentzian functions.
Tthe results of the fits are presented in Tab. (4.1). The different quality of the crystal can
be responsible for the difference in the FW M H. In particular, it should be noted the very

narrow absorption line of the Er:YLF.
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Figure 4.5: Dependence of the PMT output and noise on the laser wavelength for Er:YAG.

"With the same intensity. The polarization in each cases is set to maximize the signal.
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Figure 4.6: Dependence of the PMT output and noise on the laser wavelength for Er:KYF.
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Figure 4.7: Dependence of the PMT output and noise on the laser wavelength for Er:YLF.

As for electron excitation, the signal and the noise depend on the laser wavelength but
their ratio is independent of it. In fact, the two Lorentzian functions obtained with the
source switched on and off only differ by the amplitude coefficient.

Actually, the effective UP efficiency (defined as the number of emitted visible photons
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divided by the number of ions excited in the low metastable level) depends on many factors
(Eq. (?7)) but it is the same for the ions excited into the 4113/271/2 level by the source and
by the laser.

We also plot the results obtained with the birifrangent crystal Er:YLF as a function of
the laser polarization orientation. As signal and noise also share the same dependence on
it, this means that the S/N quantity represents the ratio of the number of ions excited in
the 414 /2,1/2 level when the infrared source is on to that when the source is off.

It must be noted that according to Eq. (1.39) the cross section of the phonon assisted
side band absorption and so the number of ions excited in 4I;5 /2,1/2, has a strong depen-
dence on the laser wavelength, but it can be neglected in the narrow linewidth range. The
Lorentzian shape fitting the sets of data is due to the fact that the effective upconversion ef-
ficiency (Eq. (1.39)) is proportional to the cross section of the transition 4113/271/2 — 4S3/Q,M
for low intensity®.

According to the model in Chapter (2), the 41y, /2 manifold is populated by the laser
via the Stokes process, whereas the Antistokes process, that should populate the 41 /2,1/2
manifold, is inhibited by the low temperature. It is observed, actually, a decrease of the
LDR output? by a factor equal to about 20 by cooling the Er:YAG crystal from room
temperature to 10 K.

The energy separation between the laser photon tuned at the resonance and the 4I;; /2
manifold is about of 1600cm™'. About 2, 3, 4 phonons are needed for Er doped YAG,
YLF and KYF, respectively, for the Stokes process to occur (see Tab. (1.2)). In addition,
as the multiphonon relaxation rate decreases exponentially with the effective phonon en-
ergies of the host matrix (Sec. (1.4.4)), a major contribute to the radiative relaxation is
expected by the 4S3 /2 and T /2 manifolds in low energy phonon matrices. In particu-
lar, the multiphonon relaxation of the *I; /2 manifold favors the population of the 5 /2
thereby increasing the LDR process Fig. (4.4), whereas the radiative relaxation towards
the ground state is dominant [61]|. For this reasons, we expect a lower S/N ratio (under the
same experimental conditions) for the Er:KYF crystal and a higher values for the Er:YAG.
Actually, the S/N value tabulated in Tab. (4.1) can roughly be compared to each other
because the crystals slightly differ in concentration and absorption cross section and have
been excited with slightly different laser intensities. However, we have obtained a larger
than expected value for the ER:KYF compared to the other two. It may be caused by low
crystalline order that can give rise to a major laser absorption. This is confirmed by the
larger linewidth.

Eq. (2.16) and Eq. (2.7) predict a different laser intensity dependence of the signal
and the noise. In particular, for low intensity the former should have a linear dependence
whereas the latter a quadratic one. The measurements for all the three crystals confirm

the prevision, as can be seen in Fig. (4.8) for Er:KYF.

8In the measurements with electron excitation we used gaussian function to fit the data because, at
room temperature, the line broadening due to the vibrational coupling deforms the Lorentzian shape
9We have to account for a thermal shift of 1 nm in the whole temperature range.
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However, in all the three cases, the LDR process is too efficient in order to detect an

increase of the signal due to the small gamma source.
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Figure 4.8: Dependence of the PMT signal and noise (LDR) on the laser intensity for the Er:KYF
crystal.
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4.3. Model validation

In the previuos section we have presented results that follow the proposed model. However,
we now perform measurements on Er:YLF without the source showing that the Stokes
process is responsible for LDR.

The population of the “I;5 /2 due to the Ti:Sa laser (II) as a function of the laser
wavelength and with the intensity set to 100mW is studied by measuring the infrared
fluorescence of this level with the InGaAs(II) PD coupled with the FEL1500 longpass
filter. Its use and the responsivity of the PD ensure that only the fluorescence from *I;5 /2
can be detected. The amplified output of the PD is measured by a voltmeter. The results,
plotted in Fig. (4.10), follows Eq. (1.39) where the Antistokes process can be neglected just
off resonance. These measurements are similar to those performed in absorption by Auzel
Fig. (1.7) at room temperature for a similar sample. The infrared fluorescence decreases

exponentially with the energy difference between the laser and the next lower manifold.
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Figure 4.10: Dependence of the multiphonon side band absorption on laser wavelength in Er:YLF.
The position of the energy of the manifolds is shown.

We can prove that the population of the 414 /2 manifold is due to the relaxation from the
T /2 one by pulsing the laser beam with a chopper!?. The Ti:Sa is tuned to the resonance
at 840.565 nm with an intensity of 540 mW. The fluorescence of the 4Sj /2 1s measured with
the PMT coupled with the filter FB540-40. The LDR can occur only if the level 4113/2,1/2
is populated and simultaneoulsy the laser beam is shone on the the crystal. If the laser
pulses are short enough and if their repetition rate is slow enough, then almost all ions

excited by one laser pulse in to 4I;3 /2 have already relaxed to the ground state before the

107t is a rotating metal disk with a slit that are larger than the beam size.
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arrival of the next pulse. During each pulse only a small fraction of the ions excited into
4111/2 by the laser relaxes to 4113/2. Hence, the slower the pulse repetition rate and the
shorter their duration, the smaller is the LDR strength. As the lifetimes of the %Iy, /2 and
of the 414 /2 manifolds are of few milliseconds in YLF, this effect can be already important
with a rate of few Hz and laser pulse of few milliseconds. In Fig. (4.11), the time evolution
of the LDR is plotted with and without the chopper. Compared to the continuous mode,
at 4Hz and at 10Hz the LDR is reduced by a factor equal to about 6 and 400. This

interesting measurement is currently under investigation.
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Figure 4.11: Time evolution of the PMT signal for different repetition rates of the laser pulses.

4.4. Er:YLF upconversion efficiency

It is important for the realization of the detector to achieve a high UP efficiency but,
as we seen before and in Eq. (2.7), the noise increases with the laser intensity. In order
to estimate the efficiency we have repeated the measurements of the visible fluorescence
induced by the infrared source as function of laser intensity using the Avesta Ti:Sa. It
delivers up to 750 mW at 840.565nm. We can also achieve an intensity equal to about
60 W /cm? focusing the beam to 1.3mm of diameter. According to Eq. (2.7)!!, tha data

are fitted to the following function

1
F(I) = amp (1) = a [% (55 -1) ] (4.1

Hactually this formula is obtained considering an uniform laser intensity, whereas the laser profile is
gaussian. This should be led to an understimation of the efficiency
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with @ and b adjustable parameters. Here, 849, 841 are fixed to 0.28 and 0.67 [61]'2, I is

the laser intensity. In particular, we get

01471

hv

b= (4.2)

2

)

from which it is possible to estimate the absorption cross section: o4 ~ 4 - 107 cm
consistent with the value obtained in literature ||.

From the estimated parameter b, the effective upconversion efficiency 7, is computed
as function of laser intensity and is plotted in Fig. (?7)

For example, with an laser intensity of 10 W/cm?, 1,,,—40 % is obtained, i.e., 40% of the
ions excited by the source have been converted into visible photons at 540 nm, instead to

fluoresce at about 1600 nm.
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Figure 4.12:

4.5. Other energy level schemes

The S/N is observed also in other UP energy level schemes of Erbium doped KYF. UP
is provided by the Dye laser tuned on the level *I; /2,1/2 and on one level of 4Gy /2 at
579.094nm. The filter FEL1500 that selects the source fluorescence is replaced with the
filter FEL1000 in order to allow the source to excite the manifold *I; /2. Once 4Gy /2 18
populated, it quickly relaxes to the S /2,372 level. Then, the fluorescence at 540nm is
collected by the PMT. However, two filters, FB540-40 and FGB67, are mounted in front

of the PMT because the scattered laser light causes its saturation. In fact, fa ew mV offset

12Confirming the good assumption that B40 4+ 841 & 1 used to obtain the formula
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affects the measurements Fig. (4.13). The S/N is not comparable with the others obtained
for the different source intensity excitations, but the noise is again too high in order to

detect the small gamma source.

4.6. Other rare earths

Besides the Erbium measurements campaign, other RE ions havesimilarly been studied.
It has been chosen an energy level scheme in which the laser photon is separated from the
next lower manifold by an energy bridged by al least three phonons. The energy level of
the different RE3* level are shown in Fig. (4.13).
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Figure 4.13: Dependence of the PMT output and noise (LDR) on the dye laser wavelength for
Er:KYF crystal.

4.6.1 Ho:YLF 0.8%

The source excites the Ho?T ion in the first excited state °I; whose lifetime is about 17 ms.
Then the Dye laser promotes these ions to ®Gs or 'F5 manifold, that relax to °Ss. It emits
at about 545 nm and the fluorescence is selectively collected by the PMT. The fits provide
two Lorentian functions centered at 585.789 nm with a FWMH of about 15 pm. However

the noise is again too large.

4.6.2 Dy:BYF 0.65%

Dy:BYF has a very interesting energy level scheme. The first excited manifold °H; /25
located at around 3500 cm ™! has a lifetime of 6 ms at 10 K [63] and the Dye laser is tuned
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between the lowest level of this manifold and that of the 4Fy /2 manifold. The laser photon

1 corresponding to about

is separated in energy from the next lower manifold by 4100 cm™
eleven effective phonon energies. Hence, we expect a very low noise due to Stokes process.
The emission *F /2 —6 Hy; /2 at 482 nm is expected as a consequence of the source induced
population of the 5H /2 imanifold and is selectevely collected by the PMT.

Nevertheless, no fluorescence output is observed with or without the lamp, searching
the resonance between 575 and 585 nm with a laser intensity of 100 mW. The resonance is
found around 576.4nm by populating the H;4 /2 manifold using the cw Avesta Ti:Sa laser
with 100 mW at about 810 nm. The SF; /2 manifold is directly populated and then relaxes
to theSH,3 semanifold with the assistance of phonons. Hence, we have supposed that a very

low absorption cross section characterizes the transition Hyg /2 —4Fy /2

4.6.3 Yb:YAG 10%

The 4f energy level structure of Yb3™T is consists of only two manifolds. They are separated

1

in energy by about 10250cm~!. The more energetic ?F; /2 has a lifetime of about 1ms.

It is found that a CT cross section at around 265nm from this manifold is equal to 1.1 -
107 em =t [32].

At low temperature, about 10% of the Yb?* ions radiatively relax to the excited state
of Yb3* by emitting photon at 330 nm or 465 nm. The remaining ions relax by releasing a
high number of phonons [64]|. A recycling process, as described in Sec. (2.2), can be also
applied for the realization of the detector. In addition, a high number of ions excited by
X-ray into the 2F; /2 manifold has been already proved [44].

The crystal is cooled down to 10 K and is excited with a laser diode at a wavelength
between 255 and 265 nm with intensity of 1 mW, thereby providing the upconversion of
the first excited manifold. However, a saturation of the PMT occurs though the longpass
filter FGL400 and FGL450 screen the PMT by the UV diode excitation. We plan to repeat

these measurements with a suitable notch filters and also with Yb doped different matrix.

Table 4.1: Lorentzian fit parameters

Crystal Transition Laser+-source Laser S/N
Center [nm| FWMH [pm| Center [nm|] FWMH [pm]

Er:YAG  *13/0,1/2%S3/2,3/2 839.648 39 839.647 65 13.1

ErKYF 1372124832172 833.977 97 833.978 92 474
11 /2,1/2—4Gg2,777 579.094 17 579.093 18 4.0
4113/2 1/2_>4SS/2 1/2 836709 16 - - -

Er:YLF ' ’

' 13/2,1/2—%S3/2,3/2 840.565 4 840.565 4 ~ 300
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Conclusions

We have developed an experimental technique in order to efficiently investigate many
different Re doped crystals with the goal of the realization of a IRQC based detector for
low-threshold particle detection.

We have developed a theoretical model in order to describe the physics at the basis of
such a detector scheme and we have carried out the measurements necessary to validate
the model.

In particular, we can estimate with good accuracy the number of ions excited by the
particle per energy unit into the different radiative states in the range energy between 0.25
and 6eV.

As a second step, the different upconversion energy level schemes and their efficiency
at a temperature of 10 K can be tested. Finally the crystal as active medium of the IRQC
based detector can be investigated with a small gamma source.

We have demonstrated the feasibility of the detection process but we have not managed
to reduce enough the noise in order to build a real detector, yet.

The performed measurements allow us to define some important characteristics on the
basis of which it is possible to identify the optimum crystal as detector active medium.
A low energy phonon host matrix ensures low multiphonon relaxation rate, increasing the
effective level lifetimes and limiting the Stokes and Antistokes processes. The last two can
also be reduced by choosing suitable RE energy level schemes. In addition, high excited
state absorption cross sections are required to obtain high upconversion efficiency and low
noise with low laser intensity.

Ce:LaBrg satisfies this requirements. In particular, it has only two 4f manifold, sepa-
rated in energy by only about 2000 cm™!. No lifetime measurements have been performed,
to our knowledge, on this excited state but it is reasonable that its lifetimes at low temper-
ature can reach even tens of ms. The upconversion towards the 5d levels ensures a large
excited state absorption cross section. Furthermore, Ce:LaBrg itself is a good scintillator,
as mentioned in Sec. (1.5.1), and the upconversion process, involving a recycle mechanism
as described in Sec. (2.2), can improve its features. We plan to investigate this crystal in
the next future.

With this technique, we are also planning to investigate the involment of the photon

avalanche upconversion in the detection process in crystal such as Pr:LaCls and Nd:KPB.
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