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Introduction

The JUNO experiment (Jiangmen Underground Neutrino Observatory) was proposed
with the main aim of solving the problem related to the neutrino mass ordering through
accurate measurements of the antineutrinos ŕow produced by the nuclear reactors of
two power plants located about 53 km away from the experiment site. The excellent
characteristics of the JUNO detector will allow providing important contributions to
neutrino physics, obtaining a better estimate of the parameters that describe the neutrino
ŕavor oscillation, measuring the ŕux of neutrinos of solar and terrestrial origin, and studying
neutrinos of atmospheric origin. The JUNO detector consists of an acrylic sphere with
an internal diameter of 35.4m containing 20 000 t of liquid scintillator and surrounded
by 17612 photomultiplier tubes to detect the energy depositions in the liquid scintillator
volume. Reactor antineutrinos will interact in the JUNO detector via inverse beta decay
reaction that occurs between the neutrinos and the protons of the atomic nuclei of the liquid
scintillator. Due to the extremely small cross-section of neutrinos, the number of expected
signal events is very small, about 60 IBD events per day, and it is therefore essential to keep
under control the rate of background events that could greatly reduce the measurement
sensitivity of the experiment, masking the presence of signal events. This can be achieved
by minimizing all the sources that contribute to the generation of spurious events, those
that are indistinguishable from signal events, and in the őrst place those generated by
the radioactive background. One of the sources that contribute most to the background
of rare event physics experiments, such as JUNO, is the natural radioactivity present in
the environment where the detector will be installed and, in the materials, used to build
the detector itself. By using Monte Carlo simulations of the detector response, a limit on
the total rate of events for the different background sources was set to guarantee the őnal
sensitivity of the JUNO experiment. Considering this, it is evident how essential it is to
carry out an accurate selection of the materials that will be used in the construction of the
various parts of the detector in order to reduce the intrinsic background generated. The
natural sources of radioactivity are mainly constituted by the nuclides of the radioactive
chains of 238U and 232Th and from 40K. For each progenitor of the natural chains, for
the 40K, and for some key artiőcial and natural nuclides, such as 60Co and 210Pb, it is
necessary to impose strong limits on the concentration that may be present within the
various materials that will make up the detector. Given the structure of the JUNO detector,
the most critical material is the liquid scintillator because any decay event that occurs
within it will produce a signal that will be detected. For this material, uranium and
thorium concentrations below 1·10−15 g/g and potassium below 1·10−16 g/g are required.
An extremely sensitive trace element analysis technique is neutron activation analysis
(NAA). It is based on the exposition of the sample to be analysed to an intense ŕux of
neutrons and the determination of the concentration of the nuclides produced by neutron
capture by measuring the induced radioactivity. Using this technique with standard low
background High purity germanium (HPGe) detectors it is possible to achieve sensitivity in
the order of ppt. In the context of the JUNO experiment, this technique can be widely used
to carry out analyses on the materials proposed for the construction of the experiment, for
which the sensitivity obtainable with neutron activation is sufficient to satisfy the imposed
requirements. However, this sensitivity is not sufficient for the radio purity requirements of

1



the liquid scintillator. For this reason, it is necessary to implement an innovative technique
that allows reaching the required sensitivity.

In this thesis, I present the work I did in this context during my Ph.D. with two
main purposes. The őrst one is the validation of the Monte Carlo software of the JUNO
experiment applied to the background simulations with the aim of verifying the radiopurity
limits imposed for the materials and determining the background budget of the experiment.
The second one is the implementation of a measurement technique that allows reaching
the sensitivities required for the measurement of the content of uranium, thorium, and
potassium in the liquid scintillator.

The validation of the Monte Carlo software of the JUNO experiment (SNiPER) was
performed by comparing its results with those of two other simulation codes, in particular
with the software Arby, developed at the University of Milano-Bicocca. I was able to study
different aspects and many critical issues of the simulation of the background and the results
reported by the official tool, such as the application of the quenching factor and the shape
of the radioactive β-decay spectra. Due to its complexity, the implementation in Arby of
the geometry of the JUNO detector was not trivial and it required the implementation of
techniques to reduce its complexity in order to cut down the computation time. Once the
most suitable geometry was implemented, the spectra of the deposited energy produced by
the contaminations in the main components of the JUNO detector were computed with
the Monte Carlo codes. The spectra associated with the liquid scintillator and the acrylic
sphere contaminations are compared bin-to-bin, while for the other external components
only the total number of events was compared (integral of the spectrum). For each of the
main components that are expected to contribute to the background of the experiment,
the rate of events induced in the detector was assessed based on the imposed radiopurity
limits, obtaining the expected total background event rate. The value obtained is lower
than the limit set to ensure the őnal sensitivity of the experiment. This allowed correcting
and validating the answer of the official software of the JUNO experiment and verifying
the actuality of the radiopurity limits initially deőned for the components of the detector,
thanks to the simulations carried out with Arby that, for some components, turned out to
be essential as they have not yet been implemented in SNiPER and therefore cannot be
simulated directly.

A very huge effort has been carried out by the JUNO collaboration in order to guarantee
that the radiopurity requirements for the materials of each component are observed. Since
these materials have very different matrices and requirements in terms of nuclides concen-
tration, different techniques have been applied in order to certify each of them. The main
critical one is the liquid scintillator because a radioactive background event associated with
internal contaminations is detected with an efficiency almost unitary and its contribution
cannot be reduced by reducing the őducial volume, as can be done for external sources. Its
radiopurity requirements on uranium, thorium, and potassium are at the ppq scale and
a measurement technique able to perform this measurement is very important because
it would allow the radiopurity of the liquid scintillator to be certiőed during each of the
puriőcation steps during mass production.

During my master’s thesis, I started to develop a new measurement system, called
GeSparK, that exploits the coincidence between a liquid scintillator and an HPGe detector
to reduce the background of the single HPGe detector, obtaining a stronger marker of
the decay of interest and therefore increase the measurement sensitivity on the activated
samples. During my Ph.D. I completed its development, in particular by implementing a
better veto system of cosmic muons, optimizing the data acquisition and analysis system,
and the conőguration of the detector itself. Since the use of the coincidence is not enough to
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reach the required sensitivities, I worked on the development of a new delayed coincidence
technique that exploits the nuclear structure of 239Np, the activation product of 238U, which
has a metastable level, in order to obtain an extremely strong marker of this particular
decay and signiőcantly increase the measurement sensitivity compared to the traditional
approach. The development of this technique has also led to the measurement of the
metastable level’s lifetime itself with twenty times better accuracy than previous results.
A measurement was carried out on a sample of liquid scintillator using these techniques
obtaining very good results, especially for the uranium concentration.

Despite the use of the new GeSparK detector and the delayed coincidence technique
for the measurement of 238U, the sensitivity obtained was still insufficient compared to the
requests of JUNO and for this reason, it was decided to implement a series of radiochemical
treatments on the sample to obtain the required increase in sensitivity. Different treatments
have been proposed, tested, and implemented with the two aims of increasing the mass
of the measurable sample and reducing the concentration of interfering nuclides, whose
activation increases the measurement background, reducing the sensitivity of the detector.
The technique developed for uranium and thorium involves a liquid-liquid extraction
phase which allows the uranium and thorium to be transferred from the liquid scintillator
to an acid aqueous solution, which can be treated by extraction chromatography with
UTEVA and TEVA resins respectively before and after irradiation in order to concentrate
the radionuclides of interest and remove the interfering ones. A crucial aspect of these
treatments is that at the required radiopurity level, the risk of contamination of the sample
by the used materials and reagents is extremely high so the control of the contamination
sources was a crucial aspect of this activity, making it necessary to validate each reagent and
develop a dedicated cleaning protocol. Two measurements conducted on "blank samplesž by
combining the GeSparK detector, the delayed coincidence technique, and the radiochemical
treatments, in order to determine the őnal sensitivity obtained, allowed us to achieve a
sensitivity that is compatible with the limits imposed by JUNO for the liquid scintillator at
the ppq level.

The outline of the present thesis is as follows: in the őrst chapter, neutrino physics and
the JUNO experiment will be discussed. In particular, the neutrino will be introduced from
a theoretical point of view, with particular reference to its role within the Standard Model,
describing the discovery of mass and the phenomenon of neutrino oscillations and the
relative implications. The second part of the chapter will describe the JUNO experiment,
its physics objectives, and the detector structure, as well as the type of signal produced
by the detector. In chapter 2 a description of the JUNO background sources will be
provided and subsequently, the work carried out on the validation of the Monte Carlo
software and radiopurity requirements will be described. Chapter 3 is dedicated to the
description of the development of the new GeSparK detector and, in the last part of the
chapter, the measurement techniques used for uranium, thorium, and potassium will be
described. To conclude it, the measurements carried out on a sample of liquid scintillator
using these techniques will be presented. Chapter 4 describes the different radiochemical
treatments proposed, tested, and implemented with the two aims of increasing the mass of
the measurable sample and reducing the concentration of interfering nuclides. The general
characteristics of these treatments and the speciőc implementation for the measurement
of uranium and thorium in the liquid scintillator will be discussed. At the end of the
chapter, will be presented the two measurements conducted on "blank samplesž showing
the performance of the developed technique.
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Chapter 1

Neutrino physics and the JUNO experiment

1.1 Neutrino oscillations and mass ordering

1.1.1 Introduction to neutrino physics and Standard Model

The existence of neutrinos was proposed by Wolfgang Pauli in 1930 as a "desperate
remedy" to save the law of energy conservation in beta decays because the apparent
emission of only one electron in beta decays was in contradiction with its continuum energy
spectrum, experimentally observed. The introduction of this new particle, emitted in the
beta decay together with the electron, which is electrically neutral and with intrinsic angular
momentum (spin) 1/2, made the beta decay a three-body-decay, perfectly consistent with
a continuum energy spectrum for the electron. This new particle played a crucial role in
Fermi’s theory of beta decay and its existence was experimentally conőrmed in 1956 when
Clyde Cowan and Fred Reines detected antineutrinos emitted from a nuclear reactor.

Two years later, Goldhaber and co-workers measured the handedness of neutrinos,
showing that neutrinos are always left-handed (LH). This important result implies that
neutrinos must be massless, moving at the speed of light, because otherwise, it should be
possible for an inertial observer to move faster and see the neutrino right-handed (RH).
Since RH neutrinos have never been detected, physicists concluded that neutrinos had to
be massless. In force of this experimental result, neutrinos were included in the Standard
Model (SM) of particle physics with zero mass.

Nowadays we know that all the elementary particles, six quarks, and six leptons, are
grouped into exactly three generations, a fact conőrmed by precision experiments permed at
the LEP at CERN. The őrst generation is formed by the up and down quarks, the electron,
and the electron neutrino. The second and third generation comprises heavier versions of
the őrst-generation particles with the same quantum numbers. All these particles and their
antiparticles, together with those that carry the forces between them (photons, W and Z
bosons, and gluons) and the Higgs particle, which is responsible for their mass, are at the
basis of the Standard Model of particle physics.

The Standard Model of electroweak interaction is based on the symmetry group SU(2) x
U(1), combining the quantum electrodynamics U(1) gauge group with the weak interaction
SU(2) gauge group. In this model only the chiral LH fermions őelds transform as doublets
under SU(2):

Ψi =

(

νi
l−i

)

=

{(

νe
e−

)

,

(

νµ
µ−

)

,

(

ντ
τ−

)}

(1.1)

and

Ψi =

(

ui
d′i

)

=

{(

u
d

)

,

(

c
s

)

,

(

t
b

)}

(1.2)

The RH őelds are SU(2) singlets and therefore do not interact via electromagnetic or
weak forces, but their presence is responsible for the different probability of interactions of
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massive particles based on the content of the RH component with respect to the LH one.

To explain the nature of the strong force responsible for the bound states of quarks
inside the baryons, the SM is extended including the Quantum Chromodynamics (QCD)
into the more general gauge theory based on the group SU(3) x SU(2) x SU(1). This general
theory provides for example explanation for the CP violation in the quark sector because,
since each family of quarks is an SU(2) doublet, the electroweak interactions should live
in a single family and so conserve the CP symmetry. The violation of this symmetry was
observed and explained by introducing the Cabibbo-Kobayashi-Maskawa (CKM) mixing
matrix. This is a 3x3 unitary matrix that links the up-type quarks with the down-type
quarks of the three families, based on the mass-to-ŕavors bases transformation. This is
associated with the fact that the mass eigenstates of the quarks do not coincide with the
ŕavor eigenstates, those that interact by weak force. The CKM matrix is fully deőned by
three angles and one complex phase, responsible for the CP violation in weak transitions of
quarks because its presence produces different probabilities under CP transformation.

The effectiveness of this theory has been proved over the years by the huge amount of
experimentally conőrmed predictions for the phenomenology of the interaction of elementary
particles. One important aspect of the weak interactions is that they are a powerful and
sensitive tool to test the prediction of the Standard Model for unpredicted features and the
neutrinos are the best probes for this because they are the only particles that interact only
by weak interactions.

1.1.2 Neutrino mass discovery

As introduced before, the őrst formulation of the Standard Model included three
neutrinos νe, νµ, ντ (and their anti-particle νe, νµ, ντ ), all initially assumed to be massless.
The incompleteness of this framework became clear when the solar neutrinos were observed
by Davis et al [1] with a deőcit of factor 3 in their ŕux as compared with the prediction
of the Bahcall’s standard solar model [2, 3]. The so-called "solar neutrino problem" was
conőrmed by other experiments [4, 5, 6] while other results also conőrmed the solar standard
model [7].

A milestone in this puzzle arrived from the SuperKamiokande experiment (SK), in Japan,
thanks to the observation of the neutrinos produced in the atmosphere when cosmic rays
interact with oxygen or nitrogen nuclei [8]. These atmospheric neutrinos are mostly muon
neutrinos because they are produced in the decay of pions. The SK detector is composed
of 50 000 tonnes of water in which the high-energy neutrinos interact via charged current
interaction with atomic nuclei to produce the corresponding lepton (electrons, muons, or
tau) that emitting Cerenkov radiation can be detected with photomultipliers. The signal
provided by the SK detector also allowed determining the direction of the interacting
neutrinos. The SK detector observed that about one-half of the atmospheric neutrinos
from the opposite side of the Earth were lost, while those from above were not. The
most likely explanation for this result is that muon neutrinos converted into tau neutrinos
during the traveling across the Earth, which are not detectable by SK. This process, called
"oscillation", is a spontaneous and periodic transition between the different ŕavor neutrinos
and does not take place unless neutrinos have non-zero masses and lepton ŕavors are mixed.

The solar problem was őnally solved by the SNO experiment [9] which found that the
deőcit in the solar neutrino ŕux was due to the neutrinos oscillation, conőrming that the
total number of neutrinos from the Sun agreed with theoretical calculations and providing
further evidence for non-zero neutrino mass.

6



1.1.3 Neutrinos oscillation

The existence of the ŕavor oscillation implies that if a given ŕavor neutrino is produced
in some weak interaction process with an energy E, the probability of observing a neutrino of
a different ŕavor at a sufficiently large distance, L, is not zero. This is deőned as "transition"
or "oscillation probability" P (νi → νj ;E,L). In this case, the quantity P (νi → νi;E,L)
is called "survival probability" and describes the probability that a neutrino of a given
ŕavor will not change into a neutrino of a different ŕavor. In the case of the solar neutrino
problem, since the sun is a pure source of νe and the detectors were designed to detect only
νe, a fraction of the expected neutrino will be observed because the other oscillate into νµ,
not detectable by the experiments.

As introduced in 1.1.2 the oscillation takes place only if neutrinos have non-zero masses
and their ŕavors are mixed. The meaning of the ŕavor mixing is the following: neutrinos
are created and interact as ŕavor eigenstates of the weak interaction but propagate in space
as a superimposition of mass eigenstates with different velocities depending by the E/m
ratio. Since the two bases are different, the neutrino of deőnite ŕavor entering a reaction is
a linear combination of three neutrino mass eigenstates νj at the interaction point:

|νl⟩ =
3

∑

j=1

U∗

lj |νj⟩ l = e, µ, τ j = 1, 2, 3 (1.3)

where the matrix U, known as Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, is a 3x3
complex unitary matrix, deőned by 3 angles and 3 phases. Therefore, the PMNS matrix
acts as a base transformation between the mass base and ŕavor base. Since during the
propagation the relative content of each mass eigenstate is different, it is also different the
relative content of the ŕavors at the interaction point. So, there is a deőned probability
that a neutrino, created with a deőned ŕavor, interacts with a different ŕavor.

The standard parametrization for the PMNS matrix is the following:

U =





1 0 0
0 c23 s23
0 −s23 c23









c13 0 s13e
−iδ

0 1 0
−s13e

iδ 0 c13









c12 s12 0
−s12 c12 0
0 0 1









eiη1 0 0
0 eiη2 0
0 0 1



 =





c12c13 s12c13 s13e
−iδ

−s12c23 − c12s13s23e
iδ c12c23 − s12s13s23e

iδ c13s23
s12s23 − c12s13c23e

iδ −c12s23 − s12s13c23e
iδ c13c23









eiη1 0 0
0 eiη2 0
0 0 1





(1.4)

where cij = cos(θij), sij = sin(θij), δ is the Dirac CP violation phase and η1, η2 are
the Majorana CP violation phases. The PMNS matrix allow computing the transition

probability from a ŕavor α to β as Pαβ = |⟨νβ |να(t)⟩|2 =
∣

∣

∣

∑3
i=i

∑3
j=1 U

∗
αiUβj ⟨νj |νi(t)⟩

∣

∣

∣

2
,

that for the speciőc case of reactor antineutrinos (νe) experiments it gives the following
survival probability:

Pνeνe = 1− cos4 (θ13) sin
2 (2θ12) sin

2

(

∆m2
12L

4E

)

− cos2 (θ12) sin
2 (2θ13) sin

2

(

∆m2
31L

4E

)

− sin2 (θ12) sin
2 (2θ13) sin

2

(

∆m2
32L

4E

)

(1.5)
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Figure 1.1: The two neutrino mass ordering possibilities: normal and inverted

This probability depends on the neutrino energy, E, on the source-detector distance, L,
on the elements of the U matrix, θij , and on ∆m2

ij = (m2
i − m2

j ). In the case of three

neutrinos mixing there are three ∆m2 but only two are independent, say ∆m2
21 and ∆m2

31.
Since the numbering of the neutrino mass states is arbitrary it is possible to identify ∆m2

21

with the smaller of the two differences and to impose m1 < m2 so that ∆m2
21 > 0. With

this convention, there are two possibilities for the third neutrino: m1 < m2 < m3 or
m3 < m1 < m2. These two possibilities are called Normal and Inverted mass Ordering
(NO and IO). The Figure 1.1 shows a graphical representation of these two possibilities,
showing also the different ŕavor composition of the mass eigenstates. The two independent
squared-mass differences are often called "Solar" (∆m2

⊙ = ∆m2
21) and "Atmospheric"

(∆m2
atm = ∆m2

31(NO)/∆m2
32 (IO)) because the values of these quantities were initially

measured by studying the oscillation of that particular type of neutrinos. The equation
1.5 on the previous page can be rewritten in a way that clearly shows the dependence on
the two independent squared-mass differences (solar and atmospheric) and on the mass
ordering:

Pνeνe = 1−1

2
sin2 2θ13

(

1− cos
∆m2

atmL

2E

)

−2 cos4 θ13X
2
(

1−X2
)

(

1− cos
∆m2

⊙L

2E

)

−1

2
sin2 2θ13X

2

(

cos

(

∆m2
atmL

E
− ∆m2

⊙L

E

)

− cos
∆m2

atmL

E

)

(1.6)

where ∆m2
⊙ = ∆m2

21, ∆m2
atm = ∆m2

31 and X = sin2 θ12 in the NO case and ∆m2
atm =

−∆m2
32 and X = cos2 θ12 in the IO case. The survival probability in equation 1.6 depends

on the X2 coefficient whose value is about a factor 2.3 larger for NO with respect to IO
case, based on the best őt value for θ12. Since this is a quite large difference it can be used
to discriminate between the two mass ordering by analyzing the distortion in the oscillated
νe spectrum. Although the relatively large value of θ23 provided the opportunity to solve
the mass ordering with different neutrino oscillation experiments, with the medium baseline
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Figure 1.2: The sum of the neutrinos masses as a function of the mass of the lightest
neutrino, m1 or m3 for the normal and inverted ordering, in red and blue respectively. The
gray line represents the cosmological limit of the neutrino masses sum [10].

reactor antineutrino experiments it is not necessary to include the matter effect in the
neutrino propagation.

1.1.4 Neutrino mass and its implications

Neutrino oscillation experiments have so far only been sensitive to the squared mass
differences between neutrino masses, which are known with quite high accuracy. Given the
two mass splittings it is possible to guarantee that two neutrinos have a mass larger than
√

∆m2
21 ≃ 8meV and at least one of these two has a mass larger than

√

∆m2
31 ≃ 50meV.

This estimation can be simply obtained by assuming that the mass of one neutrino is zero
because in this case, the ∆m2 became m2 since one therm is zero. By using the same
consideration it is also possible to impose lower limits on the sum of the neutrinos masses:

NO:
∑

mν = m1 +
√

m2
1 +∆m2

21 +
√

m2
1 +∆m2

31 ≳ 0.06 eV (1.7)

IO:
∑

mν = m3 +
√

m2
3 +∆m2

31 +
√

m2
3 +∆m2

31 +∆m2
21 ≳ 0.1 eV (1.8)

Upper limits on the neutrinos masses sum can be instead provided by cosmological
observations. The Cosmic Microwave Background (CMB) data of the WMAP and PLANCK
satellites, combined with supernovae and other cosmological and astrophysical data can
be used to obtain an upper limit on the sum of neutrinos masses. Assuming the existence
of three light massive neutrinos and the validity of the ΛCDM cosmological model, the
Plank Collaboration reported the updated upper limit on the sum of the neutrino masses:
∑

mν < 0.12 eV at 95% of CL [10].
The sum of the three neutrinos’ masses as a function of the mass of the lightest one

(m1 or m3) is shown in Figure 1.2 together with the current cosmological upper limit.
Once the neutrinos masses are discovered to be non-zero, a correct theoretical framework

must be provided. The are two problems associated with the neutrinos masses: the őrst is
to overcome the contradiction between left-handedness and non-zero mass, while the second
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is to understand why the neutrino masses are so small compared with the other particles in
the SM. In fact, the lightest particle in SM is the electron which is at least 500 000 times
more massive than neutrinos.

The őrst possible approach to extending the SM is to consider the neutrino as Dirac
particle. In this case, the neutrinos get their mass from the Higgs mechanism and the
resulting value is given by mν = λνv, where λν is the Yukawa coupling of ν to the Higgs
őeld and v is the vacuum expectation value for the Higgs őeld. Based on the current limit
on neutrino masses (me < 0.1 eV) the coupling should be in the order of 10−12. This model
requires to introduce a sterile right-handed neutrino and left-handed antineutrino that
interact only via gravitational force. The biggest problem of this model is that it implies
that the coupling constant λν must be unreasonably small compared with respect to one of
the other fermions and an unnatural by-hand introduction of another data-driven parameter
and non-interacting particles.

The second approach is to consider the neutrino as a Majorana particle. One advantage
of this approach is that it no longer requires including non-interacting right-handed neutrinos.
In this model, the fundamental distinction between matter and antimatter must be given
up because it assumes that neutrinos and antineutrinos are the same particle and what we
call neutrino and antineutrino are instead only the left- and right-handed version of the
same particle. In this case, a non-renormalizable therm is added to SM lagrangian that

couples the leptonic doublet to the Higgs őeld: (LH)2

2ΛL
, where L is the lepton doublet and

ΛL is a new energy scale that automatically suppresses the effect of Higgs coupling. This
operator gives a Majorana neutrino mass mνL ∼ v2

ΛL
for the LH neutrino and mνR ∼ ΛL

for the RH neutrino. This results in a mass of 0.1 eV and 1015GeV respectively for the LH
and RH neutrinos for ΛL ∼ 1015GeV (see-saw model). In this case, neutrinos masses might
be the őrst manifestation of a new length scale ΛL in nature [11]. Alongside this simple
model, more complex and exotic mass theories and solutions have been developed.

A consequence of the Majorana model for the neutrino mass is the possibility to realize
the so-called 0νββ decay, a double beta decay without the emission of neutrinos. This is
possible only if the neutrino and antineutrino are the same particle and an experimental
signal of the existence of this process would constitute evidence of the Majorana neutrino
character. The non-observation of the process provides bounds on the so-called effective
Majorana mass mββ , which is a combination of the (Majorana) neutrino masses weighted
by the leptonic ŕavor mixing: mββ =

∑

j=1,2,3 |Uej |2mje
iηj . In Figure 1.3 is shown the

credible interval for the mββ as a function of the lightest neutrino mass [12]. From this plot,
it is clear that 0νββ decay can discriminate between normal and inverted ordering only if
the lightest neutrino mass is lower than about 40meV. In this case, an experiment that can
test the mββ region below 10meV would be able to rule out the inverted scenario, while a
positive detection of the 0νββ decay above the 10meV region is not sufficient to determine
the mass ordering without independent information on the mass of the lightest neutrino.

For these reasons the different experiments in neutrino physics, such as oscillation, 0νββ,
cosmological, and also the not discussed beta decay measurements, provide complementary
information about neutrinos properties that can impose important constraints. In particular,
the determination of mass ordering imposes a strong constraint on the sensitivity required
by the next generation 0νββ experiments and also on the absolute scale of neutrino masses
based on the cosmological and beta decay measurements and it is a crucial factor for the
determination of the CP violation phase. From the theoretical point of view, mass ordering
is one of the most important indicators for ŕavor models and mass origin.
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Figure 1.3: Bayesian credible intervals for the effective Majorana mass, mββ , as a function
of the lightest neutrino mass [12].

Experiment Dominant Important

Solar θ12 ∆m2
12 , θ13

Reactor LBL ∆m2
12 θ12 , θ13

Reactor MBL θ13 , ∆m2
atm

Atmospheric θ23 , ∆m2
atm , θ13 , δCP

Accelerator νµ, νµ Disappearance ∆m2
atm , θ23

Accelerator νe, νe Appearance δCP θ13 , θ23

Table 1.1: Sensitivity of different experiment types on oscillation parameters.

1.1.5 Actual knowledge and missing information

The current knowledge about neutrino physics, in particular all the parameters associated
with oscillations, has been obtained by numerous neutrino experiments that measured solar,
atmospheric, accelerator, and reactor neutrinos or antineutrinos. All the experimental
results are fully described assuming the existence of three different mass eigenstates that
follow the normal or inverted mass ordering.

In Table 1.1 are summarized the different experiment types which dominantly contribute
to the actual knowledge of the different oscillation parameters, and in Table 1.2 are reported
the best-őt values from the global analysis of current experimental data from the nu-őt
group [13].

Although the data provided by the oscillation experiments allowed the mixing parameters
to be determined with more or less precision, there are some important missing information
about them and in general in neutrino physics that are going to be studied by future
experiments.

• The values of θ13, θ23, and δCP must be determined with higher precision, but they
are sensitive to the mass ordering, so őrstly it is crucial the determine the correct one.

• The value of δCP should be determined with higher precision in order to conőrm the
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Normal ordering Inverted ordering
bfp ∼ 1σ 3σ range bfp ∼ 1σ 3σ range

sin2 θ12 0.304+0.012
−0.012 0.269 → 0.343 0.304+0.013

−0.012 0.269 → 0.343

θ12(°) 33.45+0.77
−0.75 31.27 → 35.87 33.45+0.78

−0.75 31.27 → 35.87

sin2 θ23 0.450+0.019
−0.016 0.408 → 0.603 0.570+0.016

−0.022 0.410 → 0.613

θ23(°) 42.1+1.1
−0.9 39.7 → 50.9 49.0+0.9

−1.3 39.8 → 51.6

sin2 θ13 0.02246+0.00062
−0.00062 0.02060 → 0.02435 0.02241+0.00074

−0.00062 0.02055 → 0.02457

θ13(°) 8.62+0.12
−0.12 8.25 → 8.98 8.61+0.14

−0.12 8.24 → 9.02

δCP 230+36
−25 144 → 350 278+22

−30 194 → 345
∆m2

21

10−5 (eV
2) 7.42+0.21

−0.20 6.82 → 8.04 7.42+0.21
−0.20 6.82 → 8.04

∆m2
3l

10−3 (eV
2) 2.510+0.027

−0.027 2.430 → 2.593 −2.490+0.026
−0.028 −2.574 → −2.410

Table 1.2: Current best estimation for the values of the mixing parameters (best őt and
3σ range) obtained assuming normal and inverted mass ordering and using also the result
obtained by Super-Kamiokande experiments.[13]

hint of δCP ≠ 0 with a high conődence level since it implies leptonic CP violation.
This can be done only by appearance experiments because the value of δ affects only
the appearance probability.

• The θ23 = 45° cannot be excluded at 2σ level, thus is important to determine its
value with higher precision in order to determine the strength of the µ− τ symmetry
breaking in the mixing matrix.

• Nature of neutrino: whether or not ν and ν are the same particle (Dirac or Majorana
particle) but, at the moment, only the neutrino-less double-beta (0νββ) decays
experiments are able to probe the neutrino nature.

• Mass ordering: normal or inverted, as discussed in the previous section.

• Absolute neutrino mass scale. The oscillations of neutrinos allow measuring only the
mass-squared differences, but the absolute mass scale is an important information that
must be probed with other experiments such as (0νββ) decays and direct measurement
from beta decay or cosmological measurements.

• Octant of θ23. Since the value of θ13 was already determined, the structure of the
MNSP U matrix can be őxed by the octant of θ23 and the value of δ, which are
both unknown. The current experimental data support an approximate symmetry for
µ − τ permutation. Since θ23 = 45° is favored in many neutrino mass models as a
consequence of the µ− τ or other ŕavor symmetries, deviation from this value is a
useful model discriminator.

• Existence of extra light or heavy sterile neutrinos. A fundamental question in neutrino
physics is whether there exist extra species of neutrinos that do not participate in
the standard weak interactions (sterile). Although there are no experimental proofs
about the existence of these neutrinos, it is theoretically motivated and experimentally
implied. The heavy sterile neutrino does not participate in ŕavor oscillations but
may violate the unitary of the MNSP matrix, while the light sterile neutrino can
contribute with extra oscillation terms to the oscillation probabilities. The unitary
test of the MNSP matrix is an important probe in order to study these effects.
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Figure 1.4: Location of the experimental site of JUNO and TAO.

1.2 The JUNO experiment

The Jiangmen Underground Neutrino Observatory (JUNO) [14] is a massive multi-
purpose underground neutrino observatory proposed in 2008 and currently under construc-
tion in the south of China. Its main physics goal is the determination of the neutrino mass
ordering by measuring the spectrum of the oscillated antineutrinos originating from the
Yangjiang and Taishan nuclear power plants located at a baseline of about 53 km, which was
optimized for the best sensitivity to neutrino mass ordering measurement. As mentioned
before, the knowledge of the reactor neutrinos spectrum shape is very important for the
JUNO experiment, thus a dedicated small detector, TAO, is placed at about 30m from
one of the Taishan reactors to precisely measure it to constrain the spectra of the other
cores. Figure 1.4 shows the location of the experimental site of JUNO and TAO. Thanks to
its excellent expected performances JUNO has a rich scientiőc program that covers many
crucial open issues of neutrino and astro-particle physics.

1.2.1 Physics goals of JUNO

As introduced before, the main physics goal of JUNO is the determination of neutrino
mass ordering by measuring the energy spectrum of reactors antineutrinos. This has a
deep impact on our understanding of neutrino physics, neutrino astronomy, and neutrino
cosmology. Although the mass ordering can be determined also with long-baseline accelerator
or atmospheric neutrino experiments, the JUNO sensitivity is based only on the vacuum
oscillation effect, while the other experiments rely on the dependence of the matter effect,
and it is not related to the CP-violating phase and the θ23 octant.

In order to extract the mass ordering information from the spectral distortions, an
excellent energy resolution of (3%/

√
E), a good understanding of the energy response

(better than 1%), and a large statistics of signal events O(100k) are required.
The large detector volume of about 20 000 t of liquid scintillator (LS) and the un-

precedented energy resolution, makes JUNO the largest LS-based, underground neutrino
observatory capable of addressing many important topics in different őeld of neutrino
physics. Therefore, besides the determination of the neutrino mass ordering, JUNO will
also allow various aspects of neutrino oscillations to be studied, including high precision
measurement of the mixing parameters θ12,∆m2

21,∆m2
32 at 0.5% level.
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The extensive physics program of JUNO comprises solar neutrinos, atmospheric neutri-
nos, supernova neutrinos, and geo-neutrinos, as well as beyond Standard Model physics
topics.

1.2.1.1 Solar neutrinos

Solar neutrinos offer the possibility to investigate many aspects of neutrino physics,
such as the consistency of the standard three neutrino framework, the existence of sterile
neutrinos, and new physics beyond the Standard Model, but also to contribute to solar
physics, especially the question of solar metallicity. The JUNO experiment has many
advantages in performing solar neutrino measurements compared with previous detectors.
It has the beneőt of the high resolution and low energy threshold of the LS detector,
like Borexino and KamLAND, but with a large mass that allows having large statistics
comparable to Super-Kamiokande. The primary detection channel for solar neutrino in
JUNO is electron elastic scattering. Since it is a single-event signal, the intrinsic, reactor,
and cosmogenic backgrounds can have a deep impact on the sensitivity of solar neutrino
measurements. For this reason, the background level must be kept extremely low. The
background will be discussed in the dedicated section.

1.2.1.2 Atmospheric neutrinos

Atmospheric neutrinos are a very important source to study neutrino oscillations. Since
the Earth is almost transparent to neutrinos, a detector is able to observe neutrinos coming
from all directions. The matter effect, acting on neutrinos passing through the Earth, plays
a key role in determining the neutrino mass ordering. The JUNO mass ordering sensitivity
from atmospheric neutrinos is complementary to that from reactor antineutrinos thus the
combined sensitivity will exceed the purely statistical combination of the single sensitivities.
Furthermore, atmospheric neutrinos allow JUNO to study the CP-violating phase, since the
appearance probability (P (νe → νµ)) depends on the δ phase, and the θ23 octant. Finally,
the atmospheric neutrinos studies with JUNO can also probe new physics beyond the
standard model, such as the non-standard neutrino interactions and sterile neutrinos.

1.2.1.3 Supernova neutrino

The detection of a neutrino burst from the next supernova event is a primary target
of low-energy neutrinos physics and astrophysics because they are crucial players during
all stages of stellar collapse and explosion. Very massive stars (M > 8M�) can undergo
core collapse when nuclear fusion reactions become unable to sustain the core against its
gravity, which is the cause of all types of supernovae (except Ia). The collapse may cause
violent expulsion of the outer layers of the star resulting in a supernova. About 99% of the
energy liberated in the core collapse is emitted in the form of neutrinos. Every second a few
core-collapse events happen in the visible universe, but JUNO (and similar experiments)
cover only our galaxy and its satellites. The őrst and only observed SN neutrino signal was
produced by the SN1987A in the Large Magellanic Cloud (LMC) at a distance of 50 kpc
and was detected by the Kamiokande experiment with two dozen events [15]. The expected
number of events in JUNO is about 200 events for a SN in the LMC and about 5000 events
considering a SN at the average possible distances of 10 kpc. For comparison, only one
event is expected for a SN in the Andromeda galaxy, our nearest-neighbor big galaxy at
750 kpc. The observation of these neutrino bursts allows a deeper understating of the
explosion mechanism to be obtained and the intrinsic properties of the neutrinos themselves
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to be probed, for example constraining the absolute scale of neutrinos masses. JUNO is
also expected to play a central role in the next generation of multi-messenger astronomy.
Finally, JUNO will be able to detect some events from the diffuse SN neutrino background,
a low energy neutrinos ŕux produced by all past stellar core-collapse SN, improving the
understanding of the average SN neutrinos signal and the underlying cosmology.

1.2.1.4 Geoneutrinos

The surface heat ŕow of the Earth was established as (46±3)TW but the fraction
that comes from primordial versus radioactive sources is not established yet. Over the
last decade, the νe ŕux produced by naturally occurring radioactive beta decay inside the
Earth was detected. Since the matter is mostly transparent to neutrinos, by studying
the geoneutrinos ŕux it is possible to study the amount of radiogenic power produced in
the depths of the Earth and have information about the relative abundance of uranium,
thorium ad potassium, the naturally occurring radioactive nuclides. This information is
also important for understanding the formation and evolution of the Earth. Within the
őrst year of running, JUNO is expected to detect more geoneutrinos events than all other
detectors will have accumulated to that time, about 400 events per year [16, 17]. The
500 km range of the crust around JUNO contributes more than 50% to the total signal.
Thus, local reőned geological models are needed for a precise estimation of the crustal signal
to disentangle the mantle one, because the latter is related to radiogenic heating. The
main challenge for the JUNO geoneutrinos measurement is the large reactor antineutrinos
background because the geoneutrinos are detected using the same reaction (IBD).

1.2.2 Detector structure

The JUNO detector consists of a Central Detector (CD), a water Cherenkov detector
(WCD), in which the CD is submerged, and a muon tracker placed on top of them, as shown
in Figure 1.5 on the next page. The 20 000 t of liquid scintillator are contained in a spherical
acrylic vessel with an inner diameter of 35.4m and a thickness of 12 cm. The acrylic vessel
is supported by a spherical stainless steel (SS) structure with an inner diameter of 40.1m,
sitting on 30 pairs of stainless steel (SS) legs safely rooted to the concrete ŕoor. The
anchoring of the acrylic vessel to the SS truss is ensured by 590 stainless steel rods (SS
bars), which end at the vessel side with hinged connections within acrylic nodes to ensure
the required stress relief. The scintillation light emitted by the LS is read by 17612 20-inch
photomultiplier tubes (LPMTs, for large PMTs) and 25600 3-inch photomultiplier tubes
(SPMTs, for small PMTs), which are installed on the inner side of the SS truss. All LPMTs
feature a special protection in case of implosion: 10mm thick acrylic semi-sphere on the
front, supported by a 2mm thick stainless steel semi-sphere on the back.

The entire CD is submerged in a cylindrical water pool with a diameter of 43.5m and a
height of 44m, providing sufficient water thickness in all directions (at least 3.9m) to shield
the detector from the radioactivity of the surrounding rock. The 2.3m thick water shell
between the SS structure and the acrylic sphere shields the LS from the radioactivity of the
PMTs with a 1.4m distance between the acrylic vessel and the front face of the PMT glass
bulb. The water pool is equipped with about 2400 LPMTs to act as a WCD to veto cosmic
muons. The CD and the WCD are optically separated with Tyvek. The WCD LPMTs are
installed on the outside of the SS truss. Tyvek reŕective foils provide a coating for the pool
walls and the SS structure to increase light collection efficiency. Finally, on the top of the
water pool, a top tracker (TT) is installed to precisely measure the muon directions and
support the veto strategies.
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Figure 1.5: Schematic representation of the JUNO detector and its main components

In the next sections, a more detailed description of the main components will be
provided.

1.2.2.1 CD structure and liquid scintillator

The Central Detector is one of the most challenging parts of JUNO, especially for
mechanics and radiopurity. The acrylic vessel is made by bulk polymerization of 265
pieces of spherical acrylic panels. The composition of the acrylic is carefully tuned in
order to maximize the transparency and improve the anti-aging and creep resistance and a
dedicated acrylic panel production line is established also in order to reduce the radioactive
background. The acrylic vessel is supported by connection structures linked to the stainless
steel main structure with a total of 590 connecting bars. The SS main structure is composed
of 30 longitudinal H-beams and 23 latitudinal H-beams supported by 30 pairs of supporting
legs and 60 base plates, rooted on the concrete ŕoor of the water pool.

The liquid scintillator of JUNO has a similar recipe as the Daya Bay LS but without
Gadolinium loading [18, 19]. It consists of linear alkylbenzene (LAB), a straight alkyl chain
of 10-13 carbon atoms attached to a benzene ring, used as detection medium due to excellent
transparency, high ŕash point, low chemical reactivity, and good light yield. The JUNO
LS contain also 2.5 g/L of PPO (2,5-dyphenyloxazole) as ŕuor and 3mg/L of bis-MSB
(1,4-bis(2-methylstyryl) benzene) as a wavelength shifter. The density is 0.86 g/cm3 at room
temperature. The LS scintillator is subjected to multiple steps of puriőcation in order to
improve the radiopurity and transparency which are critical aspects for such a big detector.
The radiopurity requirement on U/Th of the LS is 1·10−15 g/g for the reactor neutrinos
studies and 1·10−17 g/g for the solar neutrinos studies. Since it is difficult to quantitatively
demonstrate that the LS could be puriőed to such a low level without the data of the JUNO
detector itself, the minimum requirement is determined to be 1·10−15 g/g upon őlling. The
LS will be further puriőed online, with the water extraction and gas stripping systems,
to reach the goal of 1·10−17 g/g. The puriőcation system is composed of four steps [20]:
alumina column treatment, distillation, water extraction, and stripping. The őrst step is
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(a) Schematic drawing of the LPMTs with the
acrylic and stainless steel covers

(b) Photograph of the LPMTs and SPMTs in
the pattern used to cover the CD sphere

Figure 1.6: Large and small PMTs of the JUNO detector

the alumina column puriőcation used to improve the transparency of LAB. This is followed
by distillation in partial vacuum (5mbar) to remove the heaviest radio-impurities (238U,
232Th, and 40K) and to further improve the optical properties in terms of absorbance and
attenuation length. At this point, the PPO and bis-MSB are dissolved into the LAB. The
complete LS mixture is then subjected to water extraction to further remove 238U and
232Th, potentially introduced by PPO and bis-MSB. The őnal step is the stripping, whose
main purpose is the removal of radioactive gases and gaseous impurities from the liquid
scintillator, using gaseous steam of nitrogen and/or superheated steam in counter-current
ŕow mode, all performed in partial vacuum at about 250mbar.

1.2.2.2 PMTs

In order to determine the neutrino mass ordering, JUNO requires an excellent energy
resolution of 3%/

√
E. From the PMTs point of view, this requires a large photodetection

area coverage, high photon detection efficiency, low dark noise, and stable operation of
the whole PMT system. As introduced in 1.2.2, the whole PMTs system is composed
of 17612 LPMTs and 25600 SPMTs instrumented with high voltage dividers, waterproof
sealings, and protection covers, and they are connected to dedicated electronics to process
the signals. The structure of the LPMTs is shown in Figure 1.6a. The PMTs electronics is
composed of two parts: the łwetž electronics is located a few meters from the PMTs inside
the custom-made stainless steel underwater boxes (UWBs), while the łdryž electronics
is placed in a dedicated room above the pool. Each UWB contains the customized high
voltage (HV) module, front-end board, and readout card for 3 LPMTs or 128 SPMTs. The
HV divider circuit to provide the working voltage to the PMTs is placed at the back of
each phototube inside a customized experimental volume with waterproof potting. The
cables connecting the PMTs to the UWBs and the UWBs to the łdryž electronics are kept
inside waterproof SS bellows. In the space between the LPMTs will be installed the SPMTs
(Figure 1.6b. The primary goal of these PMTs is to provide a complementary set of sensors
looking at the same events in the LS. This allows providing them a calibration reference,
reducing the impact of any systematic uncertainties in the energy response of the LPMTs
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Figure 1.7: Overview of the calibration system

and improving the energy resolution, but also to perform some physics measurements in a
semi-independent way, allowing independently cross-checking of the systematic uncertainties
to be performed. Furthermore, they allow extending the dynamic range of the detector and
mitigating the saturation effect of the LPMTs at high energy.

1.2.2.3 Water pool and Cherenkov detector

The JUNO detector is installed in a cylindrical water pool with a diameter of 43.5m
and a height of 44m, őlled with 35 kt of ultrapure water. To prevent 232Rn diffusion from
the external rocks from dissolving into the water, 5mm thick HDPE panels (liner) are
sealing the pool walls and are sustained by a concrete barrier with a minimum thickness of
70 cm placed in front of the cavity rock. The Cherenkov light produced by muons passing
through the volume is detected by about 2400 LPMTs installed on the outer surface of the
SS structure of the CD.

In order to guarantee stable performances of the WCD, a water system will provide
and monitor the ultra-high purity of the water and ensure temperature uniformity over the
whole volume. The temperature of the water must be stabilized at (21±1)◦ to maintain
the mechanical stability of the detector and the water circulation is necessary to remove
the heat from the electronics of PMTs.

1.2.2.4 Calibration system

The neutrino mass ordering requires stringent detector response knowledge and in
particular, the non-linearity must be below 1%. To reach this goal multiple calibrations
sources and multiple dimensional scan systems are developed to correct the energy non-
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linearity and spatial non-uniformity of the detector response. The calibration system
consists of 4 main different bus-system, which are shown in Figure 1.7 on the facing page.
For a one-dimensional scan, the Automatic Calibration Unit (ACU) can deploy multiple
radioactive sources or a pulsed laser diffuser ball along the central axis of the CD. Off-axis
calibration, necessary for studying the non-uniformity response, is performed by the two
Cable Loop Systems (CLS), each consisting in a radioactive source that can be moved on
a vertical half-plane by adjusting the lengths of two connection cables. The Guide Tube
(GT) surrounds the outside of the CD running in a longitudinal loop containing a movable
radioactive source that allows the calibration of the non-uniformity at the CD boundary.
For a full-volume scan, a source attached to a Remotely Operated under-LS vehicle (ROV)
can be used to study speciőc locations inside the CD.

Other auxiliary systems allow monitoring the detector to determine the position of
the calibration sources and to measure the optical properties of the LS. These systems
are the Ultrasonic Sensor System (USS), used to reconstruct the source positions, and the
AURORA laser device used to measure the attenuation length and Rayleigh scattering
length of the LS.

1.2.3 Antineutrino signals and radioactive background

The main goal of JUNO will be reached by measuring the energy spectrum of antineu-
trinos produced in nuclear power plants. These neutrinos are produced in electron ŕavor as
a consequence of the β− decay of the őssion products. In pressurized water reactors (PWR)
the fuel is enriched Uranium so more than 99.7 % of the thermal power and antineutrinos
are generated by the őssion of four isotopes: 235U, 238U, 239Pu, and 241Pu. On average,
every őssion reaction is followed by six β-decays that emit six electron-type antineutrinos.
The thermal power output of a typical nuclear power reactor is in the order of some GW.
Considering that every őssion release is about 200MeV, the antineutrino emission rate is
about 2·1020 per second, emitted isotropically. The total ŕux is given by the sum of the
contributions of the four őssioning isotopes. To estimate the total ŕux, which is a crucial
parameter for neutrinos oscillation experiments, a direct calculation based on the beta
spectra of all the isotopes involved in őssion reactions could be done, but the őnal result
is affected by an uncertainty of about 10 %. More accurate evaluations are obtained by
inverting the measured beta spectra of the thermal őssile isotopes 235U, 239Pu, and 241Pu
and by theoretically computing the contribution of the fast neutron őssile isotope 238U.

Electron antineutrinos are detected via the inverse beta decay (IBD) reaction:

νe + p → e+ + n (1.9)

where the antineutrino interacts with a proton creating a positron and a neutron. Since
this reaction has a threshold of 1.8MeV, only the ŕux above this energy can be detected.
The different component of the neutrino ŕux and their typical measured spectrum is shown
in Figure 1.8 on the next page. In this plot is also shown the total cross-section of the
antineutrino via IDB reaction.

Since the energy of reactor neutrinos is lower than 10MeV, the νe disappearance is the
only oscillation channel that can be studied using reactors and liquid scintillator detectors,
like JUNO.

In the inverse beta decay reaction (eq. 1.9), when the neutrino interacts with a proton
of the LS creating a positron and a neutron, the positron quickly deposits its kinetic energy
and annihilates intro two 511 keV γ-rays, which provides a prompt signal. The neutron
scatters in the LS until being thermalized and then it is captured by a proton about 200 µs
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Figure 1.8: Observable νe spectra given by the product of the reactor antineutrino ŕuxes
and the cross-section of IDB (black line). The contributions of the four őssion isotopes of a
PWR reactor to the antineutrino ŕux are shown.

later and emits a 2.2MeV γ-ray. This is the delayed signal. Since the positron carries
almost all energy of the neutrino, the neutrino spectrum can be obtained from the prompt
signal spectrum with a shift of about 0.8MeV given by the following energy conservation
balance (eq. 1.10):

Elost = mn +me+ −mp −mνe − 2 · Eγ

= 939.565MeV + 0.511MeV − 938.272MeV − 2 · 0.511MeV = 0.782MeV
(1.10)

The expected νe spectrum acquired by the JUNO experiment is shown in Figure 1.9 on
the facing page. Here are visible the two modulations produced by the solar squared-mass
difference, associated with the low-frequency modulation, and the atmospheric squared-
mass difference, associated with the high-frequency modulation. In the spectrum are also
highlighted the two different shapes expected in the case of normal and inverted mass
ordering.

Taking into account the low cross-section of the IBD reaction, the expected signal rate
is about 60 IBD events per day. Since the signal rate is very low, many background sources
can interfere with the signal. The accidental, 8He/9Li, fast neutron, and (α, n) backgrounds
are the major sources for the reactor neutrino oscillation analysis. Fiducial volume cut can
signiőcantly reduce the accidental and the (α, n) background. The application of energy
selection, time coincidence, and vertex correlation of the prompt and delayed signals allow
further suppression of the accidental background. The cosmogenic background, such as
8He/9Li and fast neutron, can be instead reduced with muon veto cuts.

The preliminary selection criteria for IBD events in the JUNO experiment are the
following:

• Fiducial volume cut r < 17.2 m;

• Prompt energy cut 0.7 MeV < Ep < 12MeV;

• Delayed energy cut 1.9 MeV < Ed < 2.5MeV;

• Time interval between prompt and delayed signals ∆tp−d < 1ms;
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Figure 1.9: Expected νe spectrum acquired by the JUNO experiment

• Prompt-delayed distance cut Rp−d < 1.5m;

• Muon veto criteria:

ś For muons tagged by Water Pool, veto the whole LS volume for 1.5ms

ś For well-tracked muons in the central detector and water Cerenkov detector,
veto the detector volume within Rd2mu < 3m and Td2mu < 1.2 s

ś For the tagged, non-trackable muons in the central detector, veto the whole LS
volume for 1.2 s

The events produced by natural radioactivity that satisfy these criteria cannot be dis-
tinguished from a true IBD event. Therefore it is mandatory to keep the radioactive
background at extremely low levels with a careful design of the detector structure and an
accurate material selection.

In other physics channels, such as the measurement of solar neutrinos, it is not possible
to apply these selection criteria because the electron neutrinos interact with the electrons of
the LS via elastic scattering and therefore only a fraction of their initial energy is transferred
to the electrons and the resulting spectrum is continuous. For these studies, the demand
for a low background level is even more stringent. In the next chapter, the background
control strategy adopted for the JUNO experiment will be discussed.
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Chapter 2

JUNO background control strategy

In this chapter, I’ll give a brief introduction to the components of the radioactive
background, and then I’ll discuss the strategy applied to the JUNO experiment in order to
keep under control its radioactive background. In particular, I’m going to focus on the work
I have done in the validation of the Monte Carlo simulations of the different background
components of the JUNO detector and the estimation of the expected background events
rate based on the detector geometry and radionuclides concentration measured in each
material.

2.1 Components of radioactive background

All the radioactive nuclides can be classiőed based on their origin. They can be naturally
occurring or artiőcially produced. Regarding the őrst type, considering the age of the earth,
which is 4.5·109 years, a naturally occurring radioactive nuclide must meet one of the three
following conditions:

• The nuclide is a very long-lived one, with a half-life at least in the same order of
magnitude as the age of the earth.

• The nuclide is a short-lived one but it is a daughter of a long-lived radionuclide.

• The nuclide is a short-lived one but is continuously produced on earth or its atmosphere
by natural phenomena.

Every naturally occurring radionuclide can be classiőed into one of these three categories,
which will be brieŕy discussed in the following sections together with the artiőcially produced
radionuclides before introducing the problem of background reduction and material selection
of rare physics experiments and in particular for JUNO.

2.1.1 Long-lived radionuclides and their chains

The most diffuse component of the natural radioactive background is associated with
the long-lived nuclides and their chains, called fossil nuclides. Based on the age of the earth
we can expect that all nuclides with a half-life lower than about 108 year and produced
during the formation of the solar system and that are not a daughter of other long-lived
nuclides, would have decayed to an undetectable level. Among these nuclides, the most
relevant for the radioactive background are 40K, 238U, 235U and 232Th. The őrst one is a
very common nuclide with an isotopic abundance of 0.0117% and a half-life of 1.26·109 years
which decays on stable nuclides. It decays by β emission to 40Ca with a branching ratio of
89.3% or by EC with K-shell capture to an excited state of 40Ar with a branching ratio
of 10.7% followed by a deexcitation with the emission of a 1460 keV gamma ray. The last
three nuclides are instead the parents of three decay chains.
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Name Type Parent nuclide Stable nuclide T1/2(years)

Thorium 4n 232Th 208Pb 1.41 · 1010
Neptunium 4n+1 237Np 209Bi 2.14 · 106
Uranium 4n+2 238U 206Pb 4.47 · 109
Actinium 4n+3 235U 207Pb 7.04 · 108

Table 2.1: Characteristics of the four independent decay chains. Only the őrst three exists
nowadays.

The principal decay modes of a radionuclide are alpha, beta, and gamma decay. The
alpha decay involves the emission of a monochromatic alpha particle, consisting of two
neutrons and two protons, and so results in a mass reduction of the daughter nuclide of 4.
On the contrary, the mass number does not changes in beta decays and gamma transitions
because beta decays involve the transformation of a neutron into a proton or vice versa and
for this reason, the total mass number is conserved, while the gamma transition involves only
the emission of photons as a consequence of the deexcitation of excited states of the nucleus.
As a consequence of the properties of the decay, the mass number for all radionuclides in a
given decay chain can differ only for a multiple of 4 and, for this reason, only 4 independent
decay chains can exist in nature. Three of them have as parent nuclide the 238U (4n+2),
the 235U (4n+3), and the 232Th (4n), while the fourth (4n+1) is extinguished because the
most long-lived nuclide of the chain (237Np) has a half-life much lower than the age of the
earth. In Table 2.1 are reported the four independent decay chains.

The three decay chains’ parents nuclides decay on isotopes with a much shorter half-life,
ranging from 300 ns up to 2.46·105 years, so they have survived since the formation of
the earth due to a continuous production by the decay of the parent one. In absence of
mechanical or chemical/physical effects that remove the nuclides from the matrix where
they are produced, the secular equilibrium is established, that is a steady state condition of
equal activities between a long-lived parent radionuclide and its short-lived daughters. The
Figures 2.1, 2.2 and 2.3 shows respectively the radioactive chain of 238U , 235U and 232Th.

The uranium series is characterized by a sequence of decays that stops on 206Pb. In
the őrst part of the chain, from 238U to 230Th, the chemical properties of the daughter
nuclides are quite similar to uranium and for this reason, the secular equilibrium can be
easily reached because it is difficult that a process breaks it, although the half-life of these
nuclides can be quite long, up to 2.46·105 y. In the second part of the chain, from 226Ra to
214Po, are present only very short-life nuclides but the presence of 226Ra and 222Rn makes
this sub-chain easily to be found out of equilibrium with the progenitor 238U. Radium is an
alkaline earth metal and, for this reason, is quite soluble in water and can be easily removed
from the original matrix. The 222Rn is instead a noble gas with a quite long half-life (3.8 d)
and can diffuse in materials and escape from the original matrix into the atmosphere or
dissolve in water. Finally, the őnal part of the chain starts from 210Pb, which having a quite
long half-life (22 y) can easily establish its sub-chain and is characterized by two daughters
that decay via high energy beta and alpha decays. As a consequence of its long life, the
210Pb can accumulate from the decay of 222Rn and the rapid decays of its daughters, for
example in the atmosphere particulate before it precipitates to earth’s surface with the
rain.

The 232Th and 235U chains have different characteristics from those of the 238U. The
main reason is the very different half-life of the daughter because both 232Th and 235U

24



Figure 2.1: Decay chain of 238U

Figure 2.2: Decay chain of 235U
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Figure 2.3: Decay chain of 232Th

chain nuclides have a very short half-life that makes the equilibrium hard to break. In
particular the 232Th pass through the 220Rn that has chemical properties similar to 222Rn
but having a half-life of only 56 s it has less opportunities to diffuse from the matrix in
which it is created.

The fossil nuclides are present in the environment and all materials with different levels
of concentration. As a consequence, a radioactive background produced by these nuclides
is always present in every detector, but their contribution can be reduced, for example, by
selecting or purifying the materials.

2.1.2 Cosmic muons and cosmogenic radionuclides

Another naturally occurring radioactive background source consists of cosmic particles
and cosmogenic radionuclides. Charged particles originating from space that strike the
top of the atmosphere form what is known as cosmic radiation. This radiation is classiőed
into primary or secondary. The former are charged particles and nuclides accelerated by
astrophysical sources, while the latter are particles produced in the interactions of the
primaries with atmospheric gas. Free protons account for about 80% of the primary nucleons
and alpha particles for 15%. Electrons and positrons contribute at a level of 2% and the
remaining part is composed of heavier nuclides. The energy distribution of the cosmic
radiation is shown in Figure 2.4a on the next page.

When the particles of cosmic radiation collide with atoms of the air on the top of the
atmosphere, they produce a cascade of secondary subatomic particles and electromagnetic
radiation, called showers of cosmic radiation. The shower can be split into two components:
hadronic and electromagnetic. The hadronic component is mainly composed of mesons
(kaons and pions), nucleons of various masses, and neutrons. The electromagnetic part
is composed of the decay product of mesons, thus muons, neutrinos, electrons, positrons,
and gamma photons. A schematic representation of the production of the cosmic radiation
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(a) Cosmic rays spectrum at sea level with energy
greater than 100MeV

(b) Graphical representation of the secondary
cosmic rays shower produced by the interaction
of one primary cosmic ay in the atmosphere [21]
(Compilation by S. P. Swordy)

Figure 2.4: Energetic spectrum and shower representation of cosmic rays [22]

shower is shown in Figure 2.4b. The muons produced in the showers are relativistic and
since they have a half-life of 2.2·10−6 s, they can reach the earth’s surface and penetrate
the crust up to several kilometers depending on the initial kinetic energy. The muons are
almost the only particles produced in the showers that can reach the earth’s surface, while
the others are mainly stopped by the atmosphere.

This muon ŕux contributes to the environmental background because the muons can
themselves release energy by ionization, generating signals in detectors, emitting Cerenkov
light during the passage through matter, and interacting with stable nuclei releasing neutrons
that can activate other stable nuclides. When the primary and secondary cosmic rays
interact with nuclei in the earth’s atmosphere several radionuclides are produced. These
isotopes are called cosmogenic isotopes and are continuously produced, thus it is possible to
have nuclide with any half-life. The cosmogenic isotopes with the highest production rate
are 14C, 3H, 3He, 7Be, 10Be and 36Cl, but the most important for the JUNO experiment
are the 9Li and 8He that are produced in the interaction of muons and can mimic the IBD
signal.

2.1.3 Artiőcially produced radionuclides

The last source of radioactive nuclides is those produced artiőcially. There are over 1300
of these nuclides, produced by nuclear reactions in accelerators, nuclear reactors, or nuclear
weapons. Many of them have important applications in medicine, industry, and scientiőc
research, but over time some of these nuclides have been spread into the environment and
now we can őnd them for example in the soil, like 137Cs, or in the steel, like 60Co.
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2.2 Background sources of the JUNO experiment

Not all the sources described in the previous section can be relevant for a given experiment
or detector and the importance of each component depends on the characteristics of the
signal to study and the structure of the detector itself. In the case of the JUNO experiment,
the impact of a background source depends on the speciőc measurement performed because
based on that, different selection criteria are applied and as a consequence, different
background sources can be involved.

The main analysis channel is the IBD signal produced by reactor antineutrino, which
will be used for the mass ordering determination. In this case, the selection criteria are
very strong because it involves a coincidence between a prompt and a delayed signal with
speciőc energy and timing properties, so this allows obtaining a strong reduction of the
background associated with random events. For this analysis channel the most important
residual background sources are the accidental coincidences between radioactivity events,
the cosmogenic nuclides 9Li and 8He, the cosmogenic fast neutrons and the (α, n) reaction
on 13C. Their expected distributions are showed in Figure 2.5 on the next page.

The accidental background is caused by the random coincidence of events within the
time window of IBD signals that also respect the energy and distance cuts. The rate of
these events can be computed as the product of the rates of the prompt-like and delayed-like
events (Rp and Rd), multiplied by the time coincidence window (∆t): Racc = Rp ·Rd ·∆t.
The sources of prompt- and delayed-like signals can be the radioactivity for both types,
but also the cosmogenic isotopes and cosmogenic neutrons. Based on the production rate
the last two contributions are negligible with respect to the radioactivity-radioactivity
coincidence rate, which is estimated in 0.9 events per day.

The background produced by the decay of the cosmogenic nuclides 9Li and 8He represent
one of the most signiőcant components because their decay mode can mimic the IBD reaction,
having a high probability to decay β − n. The production of these nuclides is due to the
interaction of muons in the detector with a strong dependence on the muon energy. These
events cannot be discriminated by using the signal produced in the detector, but by having a
strong space and time correlation with the incident muon, their contribution can be reduced
by exploiting the muon tracking system to veto the region of the detector associated with
the transit of the muon. Based on the estimated production rate and muon veto efficiency,
the expected rate is 0.8 events per day.

Another cosmogenic background is the production of fast neutrons as a consequence
of the passage of muons in the surrounding material of the experiment, mainly the rock
around the water pool. In this case, the muon veto system cannot track the muons and the
emitted neutron can scatter and reach the LS where is captured. Their expected rate is 0.1
events per day.

Finally, the last source of background is the reaction 13C(α, n)16O induced by the alpha
particles emitted in the radioactive decays of the uranium and thorium and their daughters
present in the liquid scintillator. Thanks to the high purity requirements of the LS, the
expected rate of these background events is 0.05 events per day.

For other analysis channels of the JUNO experiment, the impact of the radioactivity
background can be much more signiőcant and one of the most important cases is the
measurement of the solar neutrinos. As discussed before, the solar neutrinos will be
detected by JUNO by using elastic scattering on electrons. In contrast to the IBD reaction,
the detection of solar neutrinos appears as a single ŕash of light with a continuum energy
spectrum for both continuum and monochromatic neutrinos sources because only a fraction
of the neutrino energy is transferred to the electron. As a consequence, these events are not
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Figure 2.5: Expected energy spectrum of the reactor antineutrinos IBD events with the
corresponding background spectra.

Figure 2.6: Expected spectrum of solar neutrinos and backgrounds signals with the radiop-
urity requirements reported in Table 2.2
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distinguishable from the beta or gamma interaction events. For this reason, the intrinsic
background of the detector is a primary requirement to allow this measurement to be
performed with high sensitivity. The őducial volume cut is a powerful tool to suppress
the external sources of background by exploiting the auto-shielding at the expense of
the sensitive volume, therefore the internal radioactivity in the LS is expected to be the
dominant source of background events. As can be seen in Figure 2.6 on the preceding page,
all the naturally occurring radionuclides contribute to the background for solar neutrinos,
because their β− and γ decays produce signals that overlap the regions of interest. Among
all, one of the most important background sources is the 210Bi, whose beta decay has an
energy similar to those of 7Be solar neutrinos. 210Bi is produced in the decay of 210Pb in
the third 238U sub-chain. As introduced in the previous section, the 222Rn is a radioactive
noble gas that can easily diffuse from the production matrix to air or water. In order to
limit the diffusion of the radon contained in the rock at the JUNO’s site, the entire water
pool is coated with a polyethylene őlm, but a low quantity of radon can be dissolved in the
water and in the LS itself due to contact with air. The background is not caused by the
radon itself, because having a half-life of 3.8 d it decays completely in a couple of weeks if
it is not restored, but its daughter 210Pb have a half-life of 22 years and then accumulates
in the material, giving rise to its sub-chain. For this reason, a speciőc requirement of the
210Pb concentration is imposed for the JUNO liquid scintillator.

2.3 Radio-purity requirements and material selection for JUNO

2.3.1 Radioactive contaminants and radio-purity requirements

As introduced in 1.2.3 the radioactive background can have a deep impact on the
sensitivity of the JUNO experiment. Due to the small cross-section of antineutrinos, the
expected rate of IDB signals will be only 60 events per day, so it is mandatory to maintain
the background at extremely low levels. The accidental background, produced by random
coincidence between decays from natural radioactivity, can be kept under control with a
strict reduction strategy during the detector design and construction. Natural radioactivity
is present in all materials (see section 2.1.1) and can only be reduced by selecting the
material with the highest radiopurity, purifying the materials that do not satisfy the
requirements, and with accurate environmental control. These three approaches were
applied to all materials used for the JUNO experiment.

The most critical contaminants are the following:

• Natural decay chains and long-lived nuclides: 238U, 235U, 232Th and 40K.

• Natural gaseous radionuclide: 222Rn

• Anthropocentric radionuclides: 60Co and 85Kr

All of these radionuclides can be present in the materials of the JUNO detector and
may contribute to the rate of background events measured in the CD. The materials
contaminations can be classiőed as internal or external. Internal are those contained in
the liquid scintillator so that their contribution cannot be reduced by őducial volume (FV)
cut and all the radionuclides contribute to the deposited energy because it is released in
the sensitive volume. On the other side, the external contamination contribution can be
reduced with FV cuts because the external shell of LS can act as a shield for the inner
region and only high energetic gamma rays can contribute to the background because low
energy photons, alpha, and beta particles are stopped before reaching the LS. There are
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mainly four radionuclides that emit such high-energy gammas: 214Bi (from 238U chain),
208Tl (from 232Th chain), 40K and 60Co. All the others emit low-energy gammas that are
almost completely absorbed before reaching the liquid scintillator.

Based on the auto-shielding and FV cuts consideration, the radiopurity requirements for
the materials are less stringent as you move away from LS, from the acrylic sphere up to the
water pool and the surrounding rock. In Table 2.2 on the next page are reported the minimal
requirements for the radiopurity of the materials to be employed in the JUNO experimental
setup. These values are expressed in Bq/kg or in mass concentration units (g/g, i.e. grams
of contaminant per gram of material, and its sub-multiples ppm = 1·10−6 g/g, ppb =
1·10−9 g/g, and ppt = 1·10−12 g/g).

Very often in low background experiments, the sensitivity needed to validate raw
materials is at the limit of available screening techniques, and sometimes lower. This
difficulty implies that the approval of certain materials or particular production and
cleaning protocols requires itself to conceive non-trivial dedicated test facilities and develop
new measurement techniques. JUNO surely beneőts from the experience of past and running
neutrino and dark matter experiments using the same type of detector to select the proper
materials and related cleaning procedures to achieve its goals: the challenge comes from
pushing of ultra-low background techniques to the largest experimental scale. In the next
section, I’m going to brieŕy discuss the main techniques applied in material screening for
the JUNO experiment, while in Chapter 4 I’m going to describe the dedicated experimental
approach and measurement techniques we developed to validate the radiopurity of the
liquid scintillator of JUNO.

2.3.2 Measurement techniques for materials screening

The most suitable techniques for measuring the radioactive contamination of materials
depend on different factors, such as the lifetime of the radionuclides, the nature, and phase
of the sample matrix, the distribution of the contamination (bulk or surface), etc. The
most common techniques are gamma spectroscopy with High Purity Germanium Detectors
(HPGe), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and, less common,
Neutron Activation Analysis.

Gamma spectroscopy is the only technique suitable for short-lived nuclides that emit
gamma rays in the decay sequence. This is a common technique for screening materials
because it allows a multi-radionuclide analysis of a sample in one measurement, giving
access to its bulk activity for natural radioactivity (U and Th chains and 40K), and for
cosmogenic or artiőcial gamma emitters (60Co, 137Cs, etc). The main advantage of this
technique consists in measuring independently the activities of several radionuclides in the
U/Th chains to check whether secular equilibrium is achieved. It is of great importance e.g.
for the uranium chain since gamma spectroscopy can quantify 226Ra and 210Pb activities.
Low background gamma spectroscopy with HPGe has typical sensitivities in the 10 ppt ś
10 ppb range or more (100µBq/kg ś 100mBq/kg). More technical detail about the HPGe
detector and gamma ray spectroscopy will be provided in the dedicated section of Chapter
4.

The ICP-MS is most suitable for long-lived nuclides and it can be performed without
any requirements on the nuclides decay type. It is widely used for screening materials
of low background detectors due to its high sensitivity to trace 238U and 232Th. High
sensitivity ICP-MS can reach detection limits lower than 0.01 ppt for pure water. Since
this technique allows measuring only aqueous solutions of the materials, the material must
be dissolved with a chemical treatment that should be critical for ultra-pure materials and
does not apply to all materials, such as organic compounds. For example, for JUNO acrylic
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Material
Mass Radius 238U 232Th 40K 210Pb/222Rn 60Co
(t) (m) (ppb) (ppb) (ppb) (mBq/kg)

Liquid scintillator
LS reactor

2000 0-17.7
10−6 10−6 10−7 10−13ppb

LS solar 10−8 10−8 10−9 10−15ppb

Acrylic vessel 580 17.7-17.8 0.001 0.001 0.001

Acrylic nodes 28.5 17.8-17.9 0.001 0.001 0.001

Calibration parts 0.04 1.5 4.5 0.02

SS structure
truss 1000 20.0-20.05 1 3 0.2 20
bars 65 17.9-20.0 0.2 0.6 0.02 1.5

LPMT glass
NNTV 84.5 19.2-19.8 200 120 4
Hamamatsu 33.5 19.2-19.8 400 400 40
veto (NNTV) 16.0 20.2-20.8 200 120 4

LPMT cover
acrylic 110 19.2-19.4 0.003 0.01 0.01
SS 150 19.4-19.8 0.4 2.5 0.12

LPMT readout
divider 0.6 19.8-19.9 3000 5000 100
potting 24.5 19.7-19.9 70 50 4
UWB 100 20.1-20.4 50 200 5 20

SPMT glass 2.6 19.3-19.4 400 400 200

SPMT readout
divider 0.15 19.4 3000 10000 200
potting 5.1 19.4-19.5 100 50 20
UWB 11 20.1-20.4 50 200 5 20

Water 35000 17.8-21.8 10mBq/m3

Rock 10000 30000 5000

Table 2.2: Target values for the impurity concentrations in the different materials of the
JUNO detector. For each detector component, the mass and its geometrical position, i.e.
the radius quoted from the center of the LS volume, are reported [23].
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screening, a vaporization setup for acrylic pretreatment is built in a Class 100 environment
and with mature procedures for contamination control, the acrylic samples can be easily
measured by ICP-MS to sub-ppt level in two days. Besides that, this technique will play
an important role in the quality control of the cleaning procedures and the puriőed water
[23]. Laser Ablation ICP-MS is a complementary technique to ICP-MS to measure U/Th
contaminations. The chemical preparation of the sample is replaced by a UV femtosecond
laser used in an ablation mode. This promising technique has preliminarily achieved a
surface or bulk sensitivity better than 10−12 g/g level for U/Th in a few minutes with only
a few tens of µg sample and is also well-suited to screen the surface treatment of the acrylic
panels and other critical materials for JUNO [23].

NAA is a very sensitive method for the qualitative and quantitative determination
of trace elements based on the measurement of characteristic radiation from activated
radionuclides formed by neutron irradiation of the material. The principle is the following:
the capture of a neutron by the nuclide under investigation produces a radioactive nuclide
which is usually unstable and decays β− to excited states of the corresponding daughter
nucleus, thus emitting characteristics γ-rays that can be measured by an HPGe spectrometer.
NAA can achieve substantially greater sensitivity than direct gamma ray counting on long-
lived nuclides: it can be applied to quantify the concentration of natural contaminants
(238U, 232Th, and 40K) in matrices that show no long-lived neutron activation products
emitting lines which could interfere with the measurement. The Milano-Bicocca group has
been applying the NAA technique on many materials for several years, using the TRIGA
Mark II research reactor of the University of Pavia (Italy) as the neutron source and the
various HPGe detectors at the Radioactivity Laboratory of Milano-Bicocca University.
Typical sensitivities are at ppt and sub-ppt levels. For JUNO, NAA was used for the
screening and quality control of acrylic, LAB, Teŕon, and PPO. Also, this technique will
be discussed in detail in the dedicated section of Chapter 4.

2.4 Monte Carlo codes for JUNO background

The Monte Carlo simulation software is a powerful tool that allows for investigating
complex problems with a statistical approach instead of analytical calculation that are
often impossible. For the JUNO background estimation, it is necessary to understand
what is the contribution of a speciőc material and contaminant to determine a reasonable
requirement on its radiopurity and eventually to understand how to modify the detector
geometry if its contribution cannot be reduced. This is a very complex task that cannot be
done analytically because there are many variables to take into account, in particular, the
geometry and the material composition of the source and all the detector parts, which in
such huge and complex detectors like JUNO are countless. The Monte Carlo software allows
simulating the propagation of the particles emitted in the decay of radioactive nuclides into
the whole geometry of the detector and, taking into account all the possible interaction
processes, to simulate their effects.

One of the most powerful Monte Carlo tools that can be used to simulate the propagation
of particles through matter is Geant4, developed by CERN [24] in C++ programming
language. Geant4 is a simulation toolkit because it provides a very rich and complete set
of classes that allow the user to write his application. The user must pay attention to
accurately describe the geometry of the experimental setup and include the correct physics
processes with the correct parameters. One might ask why it is necessary to include physics
processes and parameters and the answer is that in a simulation there is a trade-off between
the accuracy of the simulation and the adopted models and the speed. The user is free to
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decide how much detail to use in the physics modeling, weighing precision against the CPU
time required by the simulation. In Geant4 this is done by choosing one of the available
physics lists that are already implemented in the toolkit or building a new one, based on the
simulation requirements. Since the native classes of the toolkit take care of propagating the
particles through the geometry by selecting the correct process, another task that the user
must perform is the implementation of the codes that generate the primary particles and
that allows collecting all the required information during the propagation of the particles.

In the context of the work of the low background group of the JUNO collaboration,
three different and independent codes, based on Geant4, have been used to cross-check the
results and obtain some kind of validation while waiting for the experimental data. The
three codes are described in the following sections and the comparison of the results is
described in Section 2.7.2.

2.4.1 SNiPER simulation framework

The official simulation software of the JUNO experiment is developed using the SNiPER
(Software for Non-collider Physics ExpeRiments) tool [25]. This simulation framework
consists of different sub-module: physics generator, detector simulation, and electronics
simulation modules.

The physics generator deals with generating the primary particles according to the
correct physical processes while the detector simulation, which is based on Geant4, is
responsible for the geometry description and the particle tracking. Physics generator
interfaces, physics processes, and detector components are all conőgurable by using Python
scripts. To be consistent and ŕexible, a detector element is proposed to represent one
detector component, which is a high-level concept. For example, a central detector is a
detector element, which contains only the LS, the container, and the buffer material and for
example, PMTs are not placed in this detector element. Therefore different options for the
central detector can be interchanged while keeping the arrangement of PMTs unchanged.
Finally, the electronic simulation module converts the data generated by the detector
simulation module into a digital waveform taking into account the trigger algorithm, the
PMTs response, and the mixing of multiple events to reproduce a real-like event signal.

The sequence of the different operations can be synthesized as follow. The physics
generator generates kinematic information of primary particles, which are saved into
GenEvent objects. In the next step, the detector simulation algorithm accesses these
GenEvent objects and starts tracking. Hits, which contain charge and time information,
are generated in sensitive detectors and saved in SimEvent objects. After that, the
electronics simulation algorithm reads these SimEvent objects and performs the digitization,
which generates ElecEvent objects containing waveform information. These waveforms are
processed by the PMT calibration algorithm and CalibEvent objects are saved. The event
reconstruction algorithm performs the event reconstruction by reading CalibEvent objects
and storing RecEvent objects. At last, the user can perform any physics analysis from
RecEvent objects.

Details of the JUNO experimental setup as implemented in SNiPER are shown in Figure
2.7 on the facing page.

2.4.2 ARBY simulation code

ARBY is a general-purpose Monte Carlo simulation code Ð written by O. Cremonesi at
INFN Milano-Bicocca Ð designed for low-energy particle physics applications. The ARBY
software has been used for many years by the INFN Milano-Bicocca group for different
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(a) Stainless steel truss (b) Large and small PMTs

(c) Nodes and bars (d) Chimney between the central detector and
the calibration house

Figure 2.7: Some pictures of the JUNO geometry as implemented in SNiPER.
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applications, like the efficiency evaluation in gamma spectroscopy with HPGE detectors
and the development of accurate background models in rare-event experimental searches
with bolometers [26, 27]. It is based on the Geant4 toolkit with a text-based interface for
the description of the geometry. The Physics Lists used by ARBY can be chosen by the
user to obtain better or fastest results. In particular, ARBY uses the G4RadioactiveDecay
class of GEANT4 to manage the radioactive decays according to the ENSDF database [28].
When a daughter nucleus is itself unstable, like in the natural decay chains of 238U and
232Th, ARBY allows keeping track of the single steps in the chain Ð i.e. of each decay
Ð while scoring the event information. In this way the peculiarities of subsequent decays,
like time correlations, do not get lost and allow reconstructing particular effects which can
manifest experimentally. Other information like the position of the event in the detector
volume or the particle quenching in organic scintillators can be also saved for each event.
The user needs just to describe the detector arrangement in the text-based conőguration
őle, where details concerning the materials in use as well as the position of the radioactive
sources are declared.

In the case of JUNO, a conőguration őle was built to reconstruct with ARBY the
main detector components: the LS, the acrylic sphere, the SS truss, the large and small
PMT systems together with their readout electronics, the calibration equipment, the water
pool, and the veto system. The different contamination sources were then systematically
positioned in each of these materials and the resulting experimental spectrum was evaluated
with ARBY. Some details of the reconstructed geometries are shown in Figure 2.8 on
page 39.

The work done with ARBY to implement the JUNO geometry, the performed tests and
the comparison results will be discussed in the section 2.5.

2.4.3 G4-LA simulation code

The G4-LA simulation code has been developed at the Laboratoire de Physique des deux
Inőnis Bordeaux (LP2i Bordeaux) in France and it is based on the GEANT4 toolkit using
the G4RadioactiveDecay class to generate the decays of all the radionuclides of interest.
The relevant contaminants (mostly U and Th chains and 40K) are generated uniformly in
the bulk materials. The subsequent particles are tracked and the deposited energy as well
as the coordinates of the mean deposited energy in the LS are recorded, allowing energy
and FV cuts. The quenching effect for alpha and electron particles has been taken into
account as described in the paper. The detector geometry is simpliőed and includes the
most critical materials of JUNO (LS, acrylic vessel, and inner water pool). This allows a
precise crosscheck of the energy spectra and the derived singles rate for the LS and the
acrylic vessel in order to validate the Monte Carlo electromagnetic simulation of SNiPER.

2.5 Monte Carlo results validation

In this section, őrstly I’m going to discuss the work I’ve done with ARBY in order to
implement the geometry of JUNO with a reasonable level of accuracy without affecting too
much the speed of the simulations. Then, I’m going to describe the tests I’ve performed
on different aspects of the simulation to understand their effect on the results and correct
discrepancies or wrong behavior in our MC codes.
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2.5.1 Implementation of the JUNO geometry in ARBY

The JUNO detector is a very complex system composed of many parts and materials
and each of them can contribute to the background of the experiment. The materials
and detector parts that have the most signiőcant contribution can be classiőed into 13
components, based on the radiopurity requirements shown in Table 2.2, and each of these
components have to be included in the simulation to study their contribution.

1. Liquid Scintillator

2. Acrylic

3. LPMT glass

4. LPMT acrylic cover

5. LPMT SS protection

6. LPMT potting

7. LPMT HV divider

8. SPMT glass

9. Truss

10. SS nodes and bars

11. Water shell

12. Rock

13. Calibration system

Central detector The liquid scintillator is modeled as a sphere of 34.5m in diameter
with a uniform composition of LAB, composed of hydrogen and carbon atoms in a
20:11 ratio and a density of 0.86 g/cm3. The acrylic vessel is a spherical shell with an
inner diameter of 35.4m and an outer of 35.64m, composed of hydrogen, carbon, and
oxygen in a 5:8:2 ratio and a density of 1.14 g/cm3.

PMT The large PMTs are modeled with more complex geometry to reproduce with higher
accuracy the shape of the PMTs. Two pictures of the PMTs geometry are shown
in Figure 2.8c on page 39 and 2.8d on page 39. The front bulb is a spherical shell
made of glass (blue) covered with a semi-shell of acrylic (green) and stainless steel
(gray) respectively on the front side and backside. The neck of the PMT is a cylinder
of glass (white and yellow) with a cylindrical potting on the back (red). Inside the
potting, a thin disc is placed to represent the HV divider.

The small PMTs are modeled in a similar way to the large ones, but with an ellipsoidal
bulb and without the acrylic and SS covers.

A dedicated positioning algorithm was developed to compute the coordinate of each
LPMT and SPMT around the central detector. The algorithm computes the Cartesian
coordinates and the rotation matrices needed to correctly orientate the PMTs towards
the center, which are saved in a őle read by ARBY during the geometry construction.

Truss The complete structure of the truss has been implemented in a similar way, with
a positioning algorithm to compute the correct coordinate and orientation of each
element (see Figure 2.8a).

Node and bar The SS nodes and bars are the components that őx the acrylic sphere to
the truss. The node (Figure 2.8e on page 39) is composed of two truncated cones
made of acrylic (blue) and SS (white) while the bar is a simple SS cylinder (white).

Water shell The water shell is the part of the water pool between the acrylic sphere
and PMTs and it is the main source of radon for the central detector because the
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product of decays that occurs in the outer region cannot reach the sensitive part of
the detector.

Rock The rock surrounding the water pool was modeled as a cylindrical shell of 21.75m of
inner diameter, 43.5m of height, and 20 cm of thickness, composed by silicon dioxide
with a density of 2.8 g/cm3. The width of the shell is a compromise between the
necessity of a large path to simulate the interaction of gammas inside the rock before
escaping and the efficiency of the simulation and, as a consequence, the CPU time.
The most energetic gamma ray emitted by the natural nuclides is the 2615 keV emitted
by 208Tl of the 232Th chain. In SiO2 the absorption coefficient is 3.89·10−2 cm2/g,
that for a density of 2.8 g/cm3 it gives an half-thickness of 6.4 cm. The considered
thickness of 20 cm corresponds to 3.3 half-thickness, with an interaction probability
of about 90%.

Calibration system As introduced in 1.2.2.4, the calibration system of the JUNO detector
is made of 4 different sub-systems. To simulate the contribution of these systems to
the radioactive background, their geometry has been implemented in ARBY. The
wire of the CLS is modeled with two parts: the cables and the anchors. The cables
consist of a cylinder composed of a SS wire covered by Teŕon and positioned in the LS
where they will be placed during data taking that is from the chimney to the anchors
(see Figure 1.7 on page 18, blue wire from the big blue points to the top chimney).
The anchors are instead placed attached to the internal surface of the acrylic sphere.
The GT system was modeled as a Teŕon pipe around the external equator of the
acrylic sphere with a SS wire inside and a SS cylinder to represent the sensor. Finally,
the USS is composed of a Teŕon pipe around the equator inside the LS with a copper
wire inside and a Receiver attached to the internal surface of the acrylic sphere.

The complete geometry of the JUNO detector implemented in ARBY is shown in Figure
2.8a on the facing page. Since the complexity of this geometry, the time required to run a
simulation is very long because Geant4 has to navigate in a very large number of elementary
volumes. In order to reduce the CPU time, I implemented some simpler geometries without
impacting the results of the simulations.

The őrst one is related to the PMTs (both large and small). In this case, instead of
simulating contaminations in each of the more than 40000 PMTs, a sub-section composed
of 37 LPMTs and 27 SPMTs has been created (Figure 2.8c on the next page). With this
geometry, only the central LPMT and the six internal SPMTs are considered sources of
radioactive nuclides. This allows having only a very small number of volumes (1 or 6)
in which the simulator has to generate the uniform contamination and the surrounding
volume acts only as passive material to simulate the potential interaction of a photon with
an adjacent PMT. Since the complete geometry is symmetrical, this is a representative
sub-unit and can be used to simulate the behavior of the whole structure with a huge
time-saving.

Another simpliőcation has been required by the truss. As in the case of PMTs, the
truss is a symmetric structure composed of a very large number of identical elements and
this allowed a simpler geometry to be created that could be representative of the complete
one. This geometry is shown in Figure 2.8f on the facing page, where a cross, with the
correct shape of the beams of the truss, is placed behind the PMTs sub-section. With this
geometry, it is possible to simulate the effect of the presence of the PMTs and the auto
absorption of the truss. Since the whole cross is used as a source, a small effect can be
present at the edge of it but it is negligible.
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(a) Complete geometry (b) Central detector with nodes and bars

(c) Large and small PMTs (d) Large and small PMTs detail section

(e) Node and bar detail section (f) Simple truss behind PMTs

Figure 2.8: Some pictures of the JUNO geometry as implemented in ARBY.
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As for the nodes and bars is concerned the simulations have been performed simulating
the contamination in only one node and bar (Figure 2.8e on the previous page) because the
distribution of them around the sphere is highly symmetric and the distance between them
is so long to make negligible the cross talk.

2.6 Implementation of quenching in MC simulations

Geant4 is a powerful toolkit to simulate the interactions between particles and matter
but, as introduced in Section 2.4, particular attention must be paid to the choice of the
physics list and its parameters. The default ones are a good choice in a wide variety of
situations providing accurate results but especially when the user introduces some non-
standard features, some non-obvious behaviors can emerge. Some of the most signiőcant
for the simulations of the JUNO experiment are related to the application of the quenching
factor.

When a charged particle interacts in a liquid scintillator only a small fraction of its lost
kinetic energy is converted into light photons. The remainder is dissipated in non-radiative
processes such as lattice vibration and heat. The fraction of the deposited energy that
is converted into light depends on both the particle type and its energy and it is called
scintillation efficiency. The response of organic scintillators to charged particles can be
described by a relation between dL/dx, the ŕuorescent energy emitted per unit path length,
and dE/dx, the speciőc energy loss for the charged particle. The widely used relation was
suggested by Birks [29] and it is based on the assumption that a high ionization density
along the track of the particles leads to quenching from damaged molecules and a consequent
lowering of the scintillation efficiency. An extended version of the original Birks’ formula
was proposed by Craun and Smith [30] and can be expressed as follow:

dL

dx
=

S dE
dx

1 + kB dE
dx + C

(

dE
dx

)2 (2.1)

where S is the scintillation efficiency in absence of quenching, B is a proportionally constant
between the speciőc energy loss and the resulting density of damaged molecules, k is the
fraction of damaged molecules that lead to quenching and C is an empirical parameter. As
a consequence, for low ionizing particles, such as electrons, the quenching effect is quite
small but for highly ionizing particles, such as alphas, this effect is huge. The total amount
of energy that is converted into light can then be computed using the following equation:

Escint = S ·
∫ E

0

dE

1 + kB dE
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(

dE
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)2 (2.2)

In Geant4 the propagation of a particle is not continuous but performed in steps and
the length of each step depends on the chosen interacting process and the physics list
parameters. For example for alpha particles, the most probable interaction process is
ionization and in each step, the particle lose an amount of kinetic energy that depends on
the speciőc Bethe-Block dE/dx. In ARBY, as in SNiPER, the application of quenching is
applied at each step and the resulting energy is then summed with the contributions of the
following steps until the whole kinetic energy of the particle is deposited. If we consider a
particle that loose and amount of energy dEi in the i-th step with a length dxi, the energy
that will be converted into light is computed with the following equation:

Escint = S ·
∑

i

dEi

1 + kB dEi
dxi

+ C
(

dEi
dxi

)2 (2.3)

40



Particle a (g/cm2/MeV) b (g/cm2/MeV)

Electrons, positrons 6.5·10−3 1.5·10−6

Protons 6.5·10−3 1.5·10−6

Alphas, ions 3.705·10−3 1.5·10−6

Table 2.3: Values of the Birks’ coefficients of Equation 2.3 used to compute the ionization
quenching in JUNO simulations, based on the experience of the Daya Bay experiment.

Figure 2.9: Spectra of the quenched deposited energy for different parameters of the step
function for an alpha particle of 5.4MeV

where the used Birks’ coefficient values are reported in Table 2.3 and the S coefficient
is őxed to 1 because it acts only as a normalization factor and is not relevant for the
comparison of the simulations.

In the computation of the discrete quenching effect, the step length and number are
crucial parameters because the dE/dx is not a constant value but depends on the kinetic
energy of the particles. In fact, the more steps there are, the more accurate the calculation
will be because Equation 2.3 tends to Equation 2.2. Since it is possible in Geant4 to modify
the computation of the step length, a study has been conducted in order to evaluate its
effect on the resulting deposited energy. The chosen Geant4 physics list is the Livermore
with the G4 version 10.04.p02. The step length can be controlled by using the Step Function,
which is an internal algorithm of Geant4 used to compute the length of a step, based on
the total range of the particle. This function depends on two parameters: αR and ρR. The
őrst one control the step size at high energy, and the step size tends to be alphaR · Range.
As the particle travels the maximum step size decreases gradually until the range becomes
lower than the second parameter, ρR, and in this case, the step length tends to be equal
to the total range. For example, the default parameters of the chosen physics list are 0.1
and 10 µm which results in the propagation of an alpha particle of 5.4MeV in 3 steps. In
Figure 2.9 is shown the effect of different choices of the step function parameters on the
steps number and the resulting deposited energy for an alpha particle with an initial kinetic
energy of 5.4MeV. Looking at the plot starting from the black curve (default parameters
of the Livermore physics list), if we change the őrst parameter from 0.1 to 0.02, the result
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(a) ARBY/SNiPER 40K spectrum comparison (b) Kelly, Beard, Peters 40K spectrum

Figure 2.10: Spectra of 40K decays obtained by ARBY and SNiPER and the reference
measured spectrum

is almost the same and the alpha particle is propagated always in three steps, in this case
only the relative length of the steps is changed a little. This happens because the energy
of the alpha particle is already low enough so that the step length is controlled almost
by the second parameter. If we change the second parameter from 10 to 1, the alpha is
propagated in 13 steps, and the resulting deposited energy increase by about 30 keV. If we
now decrease again this value, the number of steps increases but the deposited energy is
almost the same. This indicates that the computed quenched energy is converged to the
correct value given by Equation 2.2 on page 40.

Another study has been conducted on the results associated with the propagation of
electrons produced by gamma interactions or beta decays. The results obtained from pure
electron simulation are in excellent agreement, while a very signiőcant difference has been
observed in the deposited energy spectrum associated with the decays of 40K. This nuclide
can decay via β− or electron capture decays. In the őrst case, an electron with a maximum
energy of 1311 keV is emitted, while in the second case is emitted a gamma photon of
1461 keV that transfer its energy to electrons when it interacts with matter. In Figure
2.10a is shown the spectrum of the deposited energy resulting from the simulation of the
decay of 40K in the LS. Here can be seen that the gammas and electrons are propagated
and quenched in the same way because the two peaks on the right overlap perfectly. On
the contrary, the continuum produced by the beta electrons has clear different shapes. This
effect is related to the use of an internal generator for the primary particle in SNiPER. This
generator produces beta energy distribution only according to the allowed decay shape,
but the 40K decay is four-forbidden so, the shape is quite different. Since ARBY uses the
internal Geant4 generator it is able to better reproduce the experimental shape of the beta
spectra as obtained by Kelly, Beard, and Peters [31], shown in Figure 2.10b. This wrong
behavior has been corrected by using the Geant4 generator also in SNiPER.

2.7 Simulation results and comparison

2.7.1 Results of ARBY

For each component listed in 2.5.1 on page 37 three or four dedicated simulations have
been performed, depending on the nuclides and chains to simulate. All components require
the simulation of 238U, 232Th and 40K because these radionuclides are always present in all
materials. Instead, only stainless steel-made components require the simulation of 60Co
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Component LS Acrylic External Rock

# of chains or events 106 107 108 2·1010

Table 2.4: Number of events for the simulation of different components of the JUNO
experiment

that can be found almost only in metal alloys.

The number of events for each simulation depends on the distance between the source
and the detector (LS). The number of events is reported in Table 2.4. For the simulation of
the rock, the source is so distant from the LS that the number of events required to obtain
some signals in the detector is in the order of tens of billions. Since all alpha and beta
decays cannot produce a signal in the detector, to drastically reduce the computation time
required to simulate the complete chains, only gamma ray with the energy of 1460 keV and
2650 keV have been simulated. These two energies are representative of the most energetic
gammas emitted in the 238U and 232Th chains and 40K. The results have been scaled to
the whole chain based on the branching ratio of these radionuclides.

In Figure 2.11 on the following page and 2.12 on page 45 are shown the spectra obtained
respectively from the simulation of 238U, 232Th and 40K in LAB and acrylic vessel. The
őrst ones describe how the internal contaminations are seen by the detector together with
the event reduction obtained by applying the default őducial volume cut of 17.2m. The
second ones are instead representative of all external contamination, for which only gamma
rays contribute to the events because alphas and betas are stopped before reaching the LS.
In the plots are shown the spectra with and without the application of the default FV cut
in red and blue respectively.

In the spectra of the LAB contamination, it is possible to distinguish two components:
the beta and gamma decays. The energy of the beta electron and almost all the gamma
ray emitted in the following nuclear deexcitation are summed to produce the continuum of
the spectra, whose shape is given by the sum of the different energy distributions of all
the decays in the chains. The only exception is the presence of the peaks associated with
the gamma ray emitted in the electron capture decay of 40K. Since the energy released by
the alpha particles is strongly quenched, the alpha peaks are present at lower energy with
respect to the alpha initial energy. The effective energy that contributes to the emission of
light in LS is in the order of 12% of the energy of the alpha particle. The width of the alpha
peaks is not due to the application or simulation of the energy resolution of the detector
but is related to the ŕuctuation in the energy loss of the alpha particle that ŕuctuates the
total deposited energy. More detail about the value obtained for the quenching of the alpha
particles will be provided in section 2.7.2. The application of the FV cut has a minimal
effect on the shape of the spectra for LAB contamination because these are uniformly
distributed, so the effect is only limited to a reduction of the global rate given by the ratio
of the FV volume divided by the total detector volume R =

(

17.2m
17.7m

)3
= 0.92. Is it possible

to see a small difference in the spectra shape in the region dominated by the sum of beta
and gamma events because, if the FV cut is applied, there is the possibility that a gamma
ray escapes from the FV and is not detected.

The application of the cut has a deep impact on both the shape and the global event
rate for external contaminations (about 95% of the rate of events between 700 keV and
12MeV). As for as the shape is concerned, the low energy component of the spectra is
drastically reduced because it is not able to penetrate deeply into the LS volume, while the
most energetic gamma rays present a lower reduction. The shielding effect of this external
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(a) 238U in LAB with and without FV cut

(b) 232Th in LAB with and without FV cut

(c) 40K in LAB with and without FV cut

Figure 2.11: Spectra of the deposited energy in LS produced by uniform contamination of
the LS with 238U, 232Th and 40K as computed by ARBY.
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(a) 238U in acrylic with and without FV cut

(b) 232Th in acrylic with and without FV cut

(c) 40K in acrylic with and without FV cut

Figure 2.12: Spectra of the deposited energy in LS produced by uniform contamination of
the acrylic vessel with 238U, 232Th and 40K as computed by ARBY.
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Component SNiPER ARBY G4-LA

LS
Acrylic

LPMT glass
LPMT protection
LPMT electronics Scaled

SPMT glass Scaled
Nodes and bars Low detail

Truss Scaled Low detail
Calibration

Radon
Rock MC + analytic

Not simulated

Table 2.5: Components simulated by each Monte Carlo software: in green are represented
the components simulated with a high degree of accuracy, in orange are the components
simulated with low detailed geometry or rescaling, and in red are those that were not
simulated.

shell of the liquid scintillator plays an important role in the reduction of the background
events due to the residual radioactive contaminations in all the external materials. To
obtain a more effective reduction, the FV cut could be changed to increase the shielding
width at the cost of a lower active mass. This approach will be widely used for the study of
the solar neutrino, for which the background must be much lower than those required for
reaction antineutrino measurement.

2.7.2 ARBY, SNiPER, G4-LA comparison

As introduced before, the simulations of the contribution of the different components
and their contaminations have been performed with three different codes: SNiPER, ARBY,
and G4-LA. Since SNiPER is the official tool for the JUNO experiment, the geometry is
implemented with a very high degree of accuracy, but while we were doing the comparison
work the development of the SNiPER code and the implementation of the geometry were
in progress. As a consequence, not all the components have been simulated with the same
level of detail and the contributions of some of them have been obtained by rescaling the
contribution of similar components. With the ARBY software, all components have been
simulated, but the degree of accuracy of some components is not very high, for example
for the truss. The G4-LA code implements instead only the central detector geometry (LS
and acrylic sphere), where the physics validation of three codes has been performed, but it
didn’t allow for evaluating the contribution of the external components. This is summarized
in Table 2.5, where in green are represented the components simulated with a high degree of
accuracy, in orange are the components simulated with low detailed geometry or rescaling,
and in red are those that were not simulated.

A complete comparison of the results of the three codes has been performed for the
LS and acrylic simulations. In particular, the resulting deposited energy spectra shape,
the quenching computation, and the global event rate have been compared. The complete
natural chains of 238U and 232Th, the sub-chain starting with 210Pb and the 40K are
considered separately for the LS. The contribution of the 210Pb sub-chain is considered
because it is produced by the 232Rn secular equilibrium breaking and could be in non-
equilibrium with respect to the 238U chain. For the same reason, only the chains of 238U
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(a) LAB contaminations spectrum

(b) Acrylic contaminations spectrum

Figure 2.13: Superposition of the sum spectra obtained by considering all energy depositions
in the entire detector volume following 238U, 232Th, 40K, and 210Pb decays uniformly
distributed within the LS and the acrylic vessel, as simulated by each of the three Monte
Carlo codes.

and 232Th and the 40K have been simulated for the acrylic.

For each code, the contributions of the four contaminants are summed and the resulting
spectra are superimposed in Figure 2.13. As one can see, the features of the spectra are in
very good agreement and the residual differences are attributed to the implementation of
the quenching factor calculation. In fact, the most relevant differences are related to the
position of the peaks associated with the energy deposition by the alpha particles, while the
beta and gamma continuum has an excellent agreement because in this case, the quenching
effect is not so relevant.

In Figure 2.14a are shown the quenched energies of the alpha peaks as a function of the
true alpha energies, while in Figure 2.14b are shown the differences (in keV) between the
quenched energy computed by SNiPER and those computed by ARBY and G4-LA. The
agreement between the three codes is good, in fact, the differences are within 25 keV for
all the alphas. In Figure 2.14b is visible a systematic difference within the three codes, in
particular between SNiPER and the other ones. In fact, except for one point (6288 keV) all
the energies of the peaks computed by SNiPER are systematically higher. This is probably
related to differences in the propagation of the alpha particles that result in a different
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(a) Plot of the quenched energy of the alpha peaks as a function of the true alpha energy

(b) Difference between the quenched energy computer by SNiPER and those computed by ARBY
and G4-LA

Figure 2.14: Comparison of the energy of the quenched alpha peaks computed by SNiPER,
ARBY, and G4-LA

application of the quenching faction because the value of the quenching factor depends
on the energy of the alpha particle when it deposits its energy. This difference is however
negligible for the scope of this analysis because it is not so relevant for the estimation
of the total global rate of background events and the particular implementation of the
quenching factor coefficient and propagation parameter will be adjusted to match with the
experimental data when available.

The results of the simulation provide important information about the efficiency with
which the detector can detect an event of radiogenic background in the materials. In
particular, this efficiency can be computed by using the following equation:

ϵ =
# of event in the spectra

# of generated event/chains
(2.4)

where the number of events in the spectra is selected according to the different cuts that
will be applied to the data, in particular the őducial volume cut of 17.2m and the lower
energy cut of 0.7MeV. Once the efficiency for every chain or nuclide and each component
have been evaluated, it is possible to compute the expected background rate by using
the information on the concentration of radioactive nuclides in the materials. The rate is
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Cut Code 238U (HZ) 232Th (HZ) 40K (HZ) 210Pb (HZ) Total (HZ)

R<17.7m
E>0.7 keV

SNiPER 0.70 0.37 0.23 0.69 1.99
ARBY 0.67 0.35 0.23 0.70 1.95
G4-LA 0.67 0.35 0.22 0.69 1.95

R<17.2m
E>0.7 keV

SNiPER 0.64 0.34 0.21 0.63 1.83
ARBY 0.61 0.32 0.21 0.64 1.78
G4-LA 0.63 0.30 0.21 0.63 1.77

Table 2.6: Rate of background events expected for LS contaminations for the different
radiogenic sources and with or without the application of the FV cut. The assumed mass
of LS is 20000 tons. The computation is performed using the requirements indicated in
Table 2.2 on page 32 as radionuclide concentration.

Cut Code 238U (HZ) 232Th (HZ) 40K (HZ) Total (HZ)

R<17.7m
E>0.7 keV

SNiPER 1.70 0.71 4.54 6.95
ARBY 1.66 0.72 4.46 6.84
G4-LA 1.72 0.71 4.49 6.92

R<17.2m
E>0.7 keV

SNiPER 0.084 0.041 0.25 0.38
ARBY 0.078 0.039 0.25 0.36
G4-LA 0.080 0.039 0.25 0.37

Table 2.7: Rate of background events expected for acrylic contaminations for the different
radiogenic sources and with or without the application of the FV cut. The assumed mass
of acrylic is 566 tons. The computation is performed using the requirements indicated in
Table 2.2 on page 32 as radionuclide concentration.

computed using the following equation:

R(Hz) = C(g/g) ·m(g) · ϵ · SA(Bq/g) (2.5)

where C is the concentration of the considered radionuclide (e.g. 238U, 232Th or 40K), m is
the total mass of this material in the JUNO experiment and SA is the speciőc activity of
the considered radionuclides.

The rates of expected background signals have been evaluated for each simulated
component and a detailed comparison of the three codes results has been also performed
on these results. In Table 2.6 and 2.7 are reported the results of this computation obtained
for the liquid scintillator and acrylic contaminations by using the efficiency calculated with
and without the application of the FV cut. The radionuclides concentrations are assumed
to be equal to the requirements indicated in Table 2.2 on page 32. The results obtained
are in very good agreement within the three codes indicating that the small differences
observed in the spectra shape are negligible for this estimation. As deduced previously
by the visual analysis of the spectra, the background rate produced by LS contamination
is reduced by only a small amount, proportional to the considered őducial volume. The
background rate produced by acrylic contamination is instead very high, especially for 40K,
if all the detector volume is considered. The application of the FV cut at 17.2m drastically
reduces the total rate (about a factor of 20), because these events are all associated with
gamma rays absorbed in the outer shell of the liquid scintillator.

A similar analysis has been performed for the external component but, as introduced
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Component Mass (t)
ARBY

No-FV (Hz)
ARBY

FV (Hz)
SNiPER

No-FV (Hz)
SNiPER
FV (Hz)

LPMT glass 177 24.1 3.28 30.6 3.84
LPMT protection 260 0.068 0.0093 0.15 0.02
LPMT electronics 24.6 0.44 0.06 - -

SPMT glass 3.1 0.91 0.23 1.3 0.14
Nodes and bars (SS) 65 29.9 2.4 26.1 2.2

Truss 1000 0.019 0.0017 0.3 0.03
Calibration - - 0.115 - 0.120

Radon 6000 16.2 1.3 16.2 1.3
Rock 4200 - <0.13 0.5 0.08

Table 2.8: Rate of background events expected for contaminations in external components
for the different radiogenic sources and with or without the application of the FV cut. The
computation is performed using the measured radionuclides concentrations, when available,
or the requirements indicated in Table 2.2 on page 32.

before, only with SNiPER and ARBY. The total background rates have been computed
by using the measured radionuclides concentrations, when available, or the requirements
indicated in Table 2.2 on page 32. In Table 2.8 are reported the obtained results. As can be
seen, in this case, there are some materials for which the differences within the two codes
are signiőcant, especially for the low-detail geometries or scaled results. The main external
sources are the glass of large PMTs, the stainless steel of the nodes and bars, and the radon
in water. These three sources completely dominate the total background of all the external
components. Particular care has been applied during the mass production control of the
radiopurity of these materials in order to guarantee the respect of this estimation.

2.8 Expected background count rate in JUNO

Although the ARBY code can simulate all the physics processes leading to the deposition
of energy by the tracked particles, it is not able to simulate the emission of light photons
by the liquid scintillator, propagate them in the materials and simulate their conversion
into electrons by the PMTs of the JUNO detector. All these processes are important in
the study of the impact of the radiogenic background on the global background event rate
because they introduce additional energy spreading (detector resolution), inefficiencies in
the detection, non-linearity in the detector response, and so on. To obtain a more realistic
estimation of the background event rate produced by the radioactive contaminations in
the materials, a full event simulation has been performed with the SNiPER framework.
Here, the total number of photoelectrons (PEs) collected by the PMTs is evaluated for
each event and converted into energy using a calibration obtained by simulating uniformly
distributed 1MeV gamma ray. This calibration allows taking into account the non-linearity
of the detector response because it provides information on how the 1MeV gamma rays are
seen by the PMT as a function of their interaction radius in the detector. This response
is shown in Figure 2.15. The number of emitted PEs is about 1400 at the center of the
detector but there is a sharp decrease at large radii due to the energy leakage near the edge
of the sphere (Compton scattering) and the total reŕection of the optical photons at the
interface between the acrylic and the water.

The simulations have been performed with the same statistics reported in Table 2.4 and
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Figure 2.15: Total number of PEs collected by the PMTs as a function of volume for
uniformly distributed 1MeV gamma rays in the LS [23]

Material Mass (t) Singles ALL (Hz) Singles FV (Hz)

LS-reactor 20000 2.5 2.2
Acrylic 610 8.4 0.4

SS structure 1065 15.9 1.1
PMT glass 136.6 26.2 2.8

PMT readout 141.3 3.4 0.3
Other 2.5 0.3

Sum 59 7.2

Table 2.9: Final background budget for the main materials used in the JUNO detector with
reconstructed energy larger than0.7MeV. The expected count rates are given both in the
full detector volume (ALL, i.e. rLS = 17.7m) and within the default FV (rLS = 17.2m).
The "Other" components include all materials that have a relatively smaller contribution to
the background, such as the calibration parts, the LPMT cover, the rock, and the radon in
water. These results include energy resolution, optical propagation, charge reconstruction,
and non-uniformity corrections.

assuming the contaminations in Table 2.2. The resulting background count rates obtained
for the dominant materials are reported in Table 2.9. As can be seen, the main contributions
considering the FV are due to the glass of the PMTs, the stainless steel structure, and the
liquid scintillator itself. The resulting background rate, taking into account the default
energy and FV cut, is lower than the 10Hz target for the IBD analysis channel, and further
reduction can be obtained by increasing the FV cut for example for solar neutrino studies.
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Chapter 3

Development of measurement techniques

and detectors for ultra-trace elements

analysis

3.1 Motivations and strategy

The liquid scintillator of the JUNO experiment is the component with the most stringent
radiopurity requirements (see section 2.3). The organic nature of this substance makes
it impossible to be directly measured by ICP-MS, so the only available technique able
to measure directly the concentration of 238U, 232Th and 40K is the Neutron Activation
Analysis (NAA). The typical sensitivities of this technique, combined with low background
HPGe detector, are of the order of 10−12/10−13 g/g, not enough to meet the requirements
of JUNO.

In order to reach the required sensitivity, in my Ph.D. work, I continued the development
of a new β − γ coincidence detector, called GeSparK, started during my master’s thesis,
that exploits the coincidence between a liquid scintillator and an HPGe detector to reduce
the intrinsic background of a typical HPGe spectrometer. Since the background reduction
provided by the GeSparK detector is not enough, I worked on the development of measure-
ment techniques based on radiochemical treatments on the samples. The radiochemical
treatments allow to concentrate the nuclides of interest in the sample, making it possible to
measure a higher mass and reduce the concentration of interfering nuclides produced by
the neutron activation that reduces the sensitivity due to their contribution to the detector
background. Moreover, a dedicated technique based on a new approach that exploits a
delayed coincidence measurement has been developed to increase the sensitivity for 238U.

The combination of the GeSparK detector, the neutron activation, the application of
radiochemical treatments, and the dedicated delayed coincidence technique should allow
reaching the sensitivity required by JUNO for the concentration of 238U, 232Th and 40K in
its liquid scintillator.

In this chapter, I will give a description of the NAA technique applied in particular
to the LAB measurement and the HPGe gamma spectroscopy and then I will describe
the GeSparK detector, its structure and operation, and the studies performed in order to
develop a plastic scintillator system for cosmic muons veto. Finally, I will describe how
the NAA technique is applied for the measurement of 238U, 232Th and 40K, describing, in
particular, the measurement principle of the delayed coincidence techniques.

53



3.2 Measurement techniques

3.2.1 Neutron Activation analysis

3.2.1.1 General description

The neutron activation technique makes it possible to carry out qualitative and quanti-
tative measurements of trace elements by irradiating the sample with neutrons. This leads
to the production of relatively short-lived radioactive nuclides from the long-lived or stable
nuclides present in the sample. The nuclides produced can therefore be identiőed by the
properties of the emitted radiation: type of particles, energy, intensity, and average life.

The neutron activation analysis method consists of the following őve major steps:

1. Choice of the nuclear reaction of interest (if more than one is available)

2. Preparation of the sample

3. Irradiation of the sample

4. Measurement of the irradiated sample

5. Data analysis

The best nuclear reaction is chosen taking into account that it should have a high cross-
section in order to obtain a high őnal activity with relatively short irradiation times, the
nuclide produced must have a reasonable average life (not too short or too long), the
radiation emitted in the decay of the activated nuclides must be easily detectable and the
possible interferences produced by any competing reactions must be limited. Sometimes
there is more than one reaction available for the same isotope and the optimum reaction
depends also on the composition of the sample that is analyzed. The most used reactions
are the (n,γ) type, which occurs with all the nuclides (with different cross sections), and in
general, they have a higher cross section for thermal neutrons. Other neutron reactions
are (n, α), (n, p), (n, 2n) but these have an energy threshold and therefore they can occur
only for fast neutrons. For some particular nuclides, such as 238U, the neutron capture
occurs at neutron energies above the thermal threshold, due to the presence of resonances
in the cross-section. In Figure 3.1 is represented a scheme of the typical neutron activation
process that can be divided into three phases:

1. The neutron is captured by a nucleus (A,Z) of the sample which is transformed into
the excited nucleus (A+1,Z)*

2. The excited nucleus decays on the ground state with the emission of a prompt gamma
ray, generating a radioactive nuclide (A+1,Z). This process is called prompt because
it happens almost simultaneously with neutron capture.

3. The radioactive nuclide decays β−, as a consequence of the excess of neutrons, with
the emission of an electron and the following deexcitation gamma rays. This decays is
called delayed because it occurs after a time related to the mean life of the radioactive
nuclides.

The mass of the sample is determined by experimental aspects such as the maximum
activity that can be handled in the laboratory, the size of the sample holder, the self-
absorption of the radiation emitted by the reaction products, and the size of the detector
with which the sample will be analyzed.
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Figure 3.1: Scheme of the neutron activation process

The sample must be carefully prepared and placed inside a dedicated container. In
particular, the preparation of the sample must be carried out with extreme cleanliness in
order not to contaminate the sample, especially in the case of searching for trace elements,
for which neutron activation is a highly sensitive technique. The materials used for the
containers must be resistant to radiation and temperatures, must have a very low content
of interfering elements that can be activated, and must be easy to handle.

The irradiation is performed by exposing the sample to a high neutron ŕux with the
correct properties depending on the reaction of interest. The main source of neutrons for
activation are research nuclear reactors, which are capable of providing very high thermal
neutron ŕuxes (up to ∼ 1014 neutrons/cm2), although accelerators and isotopic sources
are frequently used. More details are provided in Section 3.2.1.3.

At the end of the irradiation process, the sample is analyzed with a suitable detector
according to the type of radiation to be identiőed and for what purpose. The typical case
involves the detection of gamma or X-ray photons emitted by the activated nuclides using
a germanium detector, which allows for a high energy resolution and sensitivity. In this
case, the energy spectrum of the photons emitted by the activated sample can be analyzed
qualitatively, determining which elements are present by recognizing the energies of the
emitted photons, and quantitatively, determining the concentration of the nuclides.

The neutron activation technique has numerous advantages, such as the need for very
small mass samples, the possibility of simultaneously detecting more than one nuclide,
identifying different isotopes of a given element, and not depending on the chemical form of
the element of interest. On the other hand, however, it is a technique that allows identifying
only the progenitors of the natural radioactive chains, while it is not of great use to identify
the other elements present in the chain and the eventual break of the secular equilibrium.
Of particular interest in trace radioactive element determination is the fact that nuclides
with a very long lifetime, such as 238U, 232Th, 40K, are transformed by neutron activation
into nuclides with a much shorter half-life, typically days, and therefore, with the same
concentration, much higher activity is obtained, allowing their detection with extremely
high sensitivity and accuracy.

3.2.1.2 NAA equation and sensitivity

Neutron activation is a complex process that involves at the same time many nuclides
and different reactions. The sensitivity of this technique is related to many parameters
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associated with the sample, the activation facility, and the measurement system. In order
to understand how these parameters affect the sensitivity and in order to compute the mass
or the concentration of the nuclides of interest at the end of the analysis, the NAA equation
is used. The following steps allow this equation to be derived.

For a speciőc nuclide of the sample, it is possible to describe the time evolution of the
number of associated activated nuclides (n) with the following differential equation:

dn

dt
= m

NA

A
aiσΦn − nλ (3.1)

where NA is the Avogadro number, m is the mass of the element of interest, A is its
atomic mass, ai its isotopic abundance, σ is the cross-section of the neutron capture, Φn

is the neutron ŕux and λ is the decays constant of the activated nuclides. It is important
to highlight that this equation is valid under the hypothesis of a uniform neutron ŕux,
constancy of the number of target nuclei, and negligible cross-section for the reaction
products. These assumptions are well veriőed in practical applications of this technique.

By integrating the equation 3.1 it is possible to compute the number of activated
nuclides present in the sample after an irradiation time ti and the resulting activity:

n(ti) =
mNAaiσΦn

Aλ

(

1− e−λti
)

→ A(ti) = m
NA

A
aiσΦn

(

1− e−λti
)

(3.2)

This equation indicates that the number of activated nuclides saturates to the value
mNAaiσΦn

Aλ for ti >> 1
λ , while the activity saturates to the value mNA

A aiσΦn. This means
that a longer irradiation time increases the sensitivity only if the mean life of the activated
nuclides is longer than the irradiation time.

The quantitative analysis is conducted by inverting the previous equation in order
to determine N by measuring the resulting activity after the irradiation. The activity
is commonly measured by gamma spectroscopy, so it is required to know the detection
efficiency (ϵ) and the branching ratio (BR) of the observed gamma ray. Another important
aspect to consider is that the gamma measurement is performed after a waiting period (tw)
at the end of the irradiation because the sample must be extracted from the reactor core
and shipped to the measurement laboratory. The number of gamma rays detected can be
computed by integrating over the measurement time the exponential law of radioactive
decay to obtain the total number of decays and multiply this quantity by the branching
ratio of the observed gamma ray and the absolute efficiency of the detector (ϵ):

nγ = ϵ B R n(tw)(1− e−λtm) (3.3)

where nγ is the number of counts below the peak of interest (number of gamma rays
detected), ϵ is the peak efficiency for the detector used, BR is the branching ratio of the
used gamma transition, n(tw) is the number of activated nuclides present in the sample
when the gamma measurement starts (after the waiting time) and tm is the duration of the
measurement. In Figure 3.2 is represented the timeline of a neutron activation analysis
with the meaning of the different times deőned here.

Now we can substitute n(tw) = n(ti)e
λta and n(ti) with equation 3.2 to obtain the

following complete relation:

nγ = ϵB R
NAσϕnmai

nγAλ
(1− e−λti)e−λtw(1− e−λtm) (3.4)

The previous equation can be inverted in order to compute the mass of the nuclide of
interest:

m =
nγAλ

ϵB RaiNAσϕn(1− e−λti)e−λtw(1− e−λtm)
(3.5)
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Figure 3.2: Timeline of a neutron activation analysis with the meaning of the different
times: irradiation time, waiting time, and measurement time. The zero is the end of the
irradiation.

This equation (3.5) allows understanding how the different parameters affect the sensitivity
of NAA. As expected, the sensitivity increases if it is possible to choose a reaction that
produces a radioactive nuclide with high BR gamma rays, the detector has a high efficiency
and the neutron ŕux is high. The times should be optimized in order to reduce the
waiting time, especially for short-lived nuclides, and to maximize the irradiation time and
measurement time with respect to the mean life of the activated nuclide.

In order to use the equation 3.5 the neutron ŕux must be known with high accuracy
and this is a very critical aspect in NAA because the neutron ŕux in a nuclear reactor
is not constant neither over time nor in space, within different irradiation channels (see
section 3.2.1.3 on the following page for more detail). If a sample of a known quantity of
the nuclide of interest is irradiated at the same time as the unknown sample, the two are
exposed to the same neutron ŕux so in this way the measurement of the sample can be
carried out by comparison with the standard (relative method), eliminating the need to
know precisely the neutron ŕux, the cross sections, the BR and in some speciőc conditions
also the measurement efficiency, if this is the same for the standard and the sample. In
this case, the mass of the searched element can be determined with the formula 3.6 (NAA
equation), obtained by the ratio of two equations 3.5 computed for the sample (Sample)
and the standard (STD):

C

(

g

g

)

= ai ·
mSTD

mSample

· nSample

nSTD

· ϵSTD

ϵSample
· e−λ·tw, STD

e−λ·tw, Sample
· 1− e−λ·tm, STD

1− e−λ·tm, Sample
(3.6)

When in the germanium detector spectrum cannot be identiőed the peaks associated
with the gamma rays emitted by the activated nuclides, because the intensities are too
low with respect to the background ŕuctuation, the equation 3.6 can be still applied but
the quantity nSample represent the n-sigma ŕuctuation of the background in the region of
interest (ROI). For example, if we are looking for a peak at 106 keV and there is no evidence,
we consider a ROI equal to 1.2 · FWHM centered at the energy of the peak (106 keV) and
integrate the counts in that region. By computing the square root of the total counts
in the ROI, we obtain the ŕuctuation at 1 sigma of the background, assuming a Poisson
distribution of the background events. If we want a conődence level at, for example, 90% we
can consider a factor of 1.64 in that value and use this quantity in the NAA equation. The
result of the computation is an upper limit in the concentration of the nuclide of interest.
The meaning of this value is that any concentration below that value cannot be observed as
a consequence of the ŕuctuation of the background that can hide the presence of the signal.

The main consequence is that if the background of the HPGe spectrum is very high, the
sensitivity of the analysis decrease if there is no evidence of the peak. This means that for
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ultra-trace analysis when the sensitivity is given by the background, it is very important
to have it at a very low level in the detection system. The main source of background in
NAA is the presence of other nuclides in the sample that are activated by the neutron
ŕux and their decays are detected by the germanium detector. Unfortunately, there are
many nuclides that can contribute to the background, for example, sodium, argon, bromine,
chlorine, zinc, gold, and so on. For this reason, it is very important to guarantee a very
high level of cleanliness in the preparation of the samples.

3.2.1.3 Neutron sources and irradiation facility: TRIGA reactor at LENA

The NAA requires an intense source of thermal neutrons in order to achieve very high
sensitivities. There are many sources of neutrons available with different characteristics in
terms of neutron ŕux and neutron energy. These sources are:

• Spontaneous őssion isotopes:

Spontaneous őssion (SF) involves the spontaneous splitting of the nucleus into two
nuclides or őssion fragments and the simultaneous emission of more than one neutron
on average. The radionuclides 252Cf is a common commercially available source of
this type. With a half-life of 2.65 years and a SF branching ratio of 3.1%, it produces
an average number of 3.7 neutrons per őssion with an average energy of 2.3MeV.
Typically, the intensity of these sources can reach 1·1011 n/s isotropically emitted.

• Sources based on (α,n) reaction:

These sources are based on the reaction of alpha particles on low Z elements, typically
beryllium. An alpha emitter, such as 241Am, is compressed with beryllium to create a
compact neutron source. The neutrons emitted have energies over a broad spectrum
from 0 to 10MeV. The intensity can reach 1·108 n/s isotropically emitted.

• Accelerators:

The accelerators generate a beam of charged particles such as electrons, protons, and
deuterons into target materials. When the charged particles have enough kinetic
energy to react with target nuclei, nuclear reactions occur. Electrons produce neutrons
exploiting the (γ,n) reactions induced by the Bremsstrahlung photons produced in the
interaction of the high-energy electrons in the material. Accelerated deuterons can
be used to produce neutrons when deuterium or tritium are used as target materials
according to the (d,n) reaction with an intensity up to 1·1011 n/s. The acceleration
of protons at high energy (GeV scale) against high Z materials will result in nuclear
spallation reactions with the emission of 20-30 high-energy neutrons per proton. These
sources can yield a neutron ŕux of up to 1·1014 n/cm2/s at the surface of the source.

• Nuclear fusion systems:

The fusion reactions between deuterium and tritium (D-T) or deuterium and deuterium
(D-D) emit one neutron per reaction with an energy of 14.06MeV and 2.45MeV
respectively. Electrostatic fusion devices are available as sources of neutrons with a
ŕux up to 1·1010 n/s.

• Nuclear reactors:

The production of neutrons by nuclear reactors is based on the induced őssion on
őssile nuclides such as 235U. When the 235U capture a thermal neutron has a high
probability to split into two fragments with the release of energy and free neutrons
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Parameter Value

Maximum thermal power 250 kW
Maximum n ŕux (central channel) 1.8·1013 n/cm2/s

Fuel U-Zr (235U 19.95%)
Coolant Light water

Moderator HZr and H2O
Reŕector Graphite

Table 3.1: Main technical data of the TRIGA MarK II reactor at LENA

(2.4 on average). The neutrons emitted vary in energy over the range from 0 to
10MeV with an average value of 2MeV. Because more than one neutron is released
per őssion, a self-sustaining chain reaction is possible with the release of considerable
energy, forming the basis of the nuclear reactor as a principal source of neutrons and
energy. Since for 235U slow neutrons are required for neutron capture, the nuclear
reactor is equipped with a moderator in order to reduce the energies of the fast
neutrons via elastic scattering with low atomic mass nuclei. Research nuclear reactors
are the most intense source of fast and thermal neutrons, up to 1·1014 n/cm2/s. The
TRIGA reactor is a particular type of research nuclear reactor that is able to produce
neutron ŕuxes up to 1·1016 n/cm2/s for a very short period of time (milliseconds).

The analysis of radioactive contaminations in materials by NAA requires a high ŕux of
thermal and epithermal neutrons because the nuclides of interest (238U, 232Th and 40K)
have the highest cross-section for neutron capture at these energies.

The best choice for our research is the TRIGA Mark II research reactor at the "Labora-
torio di Energia Nucleare Applicata (LENA)" at the University of Pavia. This research
facility is located at about 30 km from the University of Milano-Bicocca and this allows the
waiting period to be minimized (when required) due to the transport from the irradiation
facility to the radioactivity laboratory for the measurement of the samples. The main
technical data of this reactor are provided in Table 3.1. The reactor is equipped with two
irradiation channels in the core of the reactor for the irradiation of samples that require
a high neutron ŕux with an equal fraction of fast and thermal neutrons, and a rotating
rack around the core (called "Lazy Susan") that is equipped with 40 irradiation channels
dominated by a thermal neutron component and other speciőc irradiation channels. The
thermal neutron ŕux in the Lazy Susan channel is about 3·1012 n/cm2/s. In Figure 3.3
on the following page is shown a photo of the reactor operating at its maximum power of
250 kW with the emission of the characteristic Cherenkov light.

3.2.1.4 Container for irradiation

The sample container for NAA must respect some requirements (see Section 3.2.1.1 on
page 54) and the materials that are used most frequently are polyethylene (PE), silica, and
aluminum. The silica and aluminum have the disadvantage that they became radioactive
due to impurities in silica and activation of the aluminum. Another problem is that they are
not very pure and could contaminate the sample in ultra-trace element analysis. The best
solution for our research is PE which is a very cheap material, very clean, inert, and easy to
handle. The only problem with polyethylene is that it is not very resistant to radiation and
temperature because it becomes brittle after exposure to a ŕuence of 1017 − 1018n/cm2.
Since this quantity corresponds to about 10 irradiation campaigns at the TRIGA MARK II
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Figure 3.3: Photo of the reactor operating at its maximum power of 250 kW with the
emission of the characteristic Cherenkov light. The inner annular ring is the Lazy Susan
channel with the sample loading pipe on the left (curved pipe).

reactor at LENA, this material is our choice. The Lazy Susan channels have a cylindrical
shape with an inner diameter of about 32mm and the standard container used at the
LENA facility is a cylindrical container with an external diameter of 28mm, an internal
diameter of 23mm, and a height of 94mm plus 40mm for the screw plug. In order to
increase the volume available inside the containers (more volume, means more mass and
more sensitivity) we decided to make our own containers with an optimized size to őt in
the irradiation channel and to maximize the inner volume. The new container drawing is
shown in Figure 3.4 on the facing page and they are made by machining a cylindrical rod of
pure PE. The external diameters is 30mm, the internal is 27mm and the height is 135mm
plus 40mm for the screw plug.

The sample to be irradiated is not placed directly inside this container because typically
the samples are liquid and in order to avoid spills, a double container is required. Another
reason is that the inner container can be cleaned in a deeper way and sealed in order to
avoid contaminations during irradiation. The size of the irradiation container has been also
optimized in order to contain our inner containers. The őrst ones are PE vials with different
sizes and the biggest one has an external diameter of 25mm and a height of 75mm. This
means we can put one and a half of these vials inside the irradiation container. The second
type are PFA vials with a screw plug that are used for the cleanest procedure because the
PFA is a very low contaminated material that can also be cleaned very well and have an
external diameter of 25mm and a height of about 90mm. These vials are shown in Figure
3.5a and 3.5b on the next page.
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Figure 3.4: Technical drawing and picture of the new custom-made irradiation container

(a) PE vial (b) PFA vial

Figure 3.5: PE and PFA vials used as inner containers for the irradiation of the sample.
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3.2.2 HPGe gamma spectrometry

3.2.2.1 General description

As a consequence of an alpha or more frequently beta decay, a nucleus can be produced
in an excited state whose deexcitation generally occurs via the emission of one or more
gamma ray photons. Since the energy of the emitted photons is related to the excitation
energy of the nucleus, which is quantized, their energy is monochromatic and characteristic
of the transition that produced them. By measuring the energy spectra of the photons
emitted by an unknown source it is possible to perform both qualitative and quantitative
analyses. In particular, it is possible to determine what radioactive nuclides are present in
the sample, based on the energy of the gamma rays, and the activity (or concentration)
of these nuclides by analyzing the rate of the emitted photons. This technique is called
gamma spectrometry and can be performed with different types of detectors with different
characteristics.

The most performing detectors are the High Purity Germanium Detector (HPGe)
because they can reach the highest sensitivity both in qualitative and quantitative analysis.
The HPGe is a type of semiconductor detector whose active volume consists of a high-
purity germanium crystal. Through localized fusion techniques, developed in the mid-
1970s, it is possible to create crystals of high purity with contaminations of the order of
109 − 1010atoms/cm3 and with volumes up to a few hundreds of cubic centimeters. HPGe
detectors are available in different geometries and the most common are planar and coaxial.
The coaxial case has the advantage of being able to have a much greater detector thickness
than the planar case, so as to have a high probability of interaction for high-energy gamma
photons. The limit to the size of the crystals is given by the maximum distance at which
the electrodes that create the electric őeld inside the crystal can be placed, necessary for the
collection of the charges created by the interaction of a photon. Since the charge collection
electrodes are placed on the external and internal surfaces of the cylinder, the coaxial
crystal has the advantage that the distance between them does not change as the height of
the cylinder increases, and therefore it is possible to make crystals whose length is much
greater than the maximum distance of the electrodes.

The main feature of HPGe detectors is their excellent energy resolution. This is due
to the fact that the energy gap between the valence band and the conduction band in
germanium is only 0.7 eV, therefore, with the same deposited energy, more carriers (in
this case electron-hole pairs) will be produced in a germanium detector than in detectors
that require higher energies to produce single carriers. The improved energy resolution
is a direct consequence of the reduction of the statistical ŕuctuations since they scale as
1/
√
N , where N is the number of carriers generated per event. Figure 3.6 on the facing page

shows spectra of environmental radioactivity obtained with different types of detectors,
and the different energy resolution is clearly visible. The high energy resolution allows
very close peaks to be resolved and lower activity sources to be detected when their signals
are superimposed on a continuous background. Figure 3.7 shows an exploded view of an
HPGe detector with the relative dewar containing the liquid nitrogen necessary to cool
the crystal during operation. The need for cooling at cryogenic temperatures is due to
the small energy gap (0.7 eV) between the valence and conduction bands of germanium,
which makes it impossible to operate at room temperature due to the high thermal noise
that would arise, as a consequence of the high conduction current generated by the charges
released by thermal vibrations.

To perform spectroscopy measurements and obtain an energy spectrum, the HPGe
detector must be equipped with an electronic chain for reading and processing the output
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Figure 3.6: Background spectra acquired with different detectors where the different energy
resolution is evident

Figure 3.7: Exploded view of a PopTop HPGe detector with liquid nitrogen Dewar

Figure 3.8: Acquisition chain of an HPGe detector
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signals and a storage system for the acquired data. The electronic chain of an HPGe
detector is schematized in the diagram in Figure 3.8. The interaction of a photon with
the germanium crystal produces electron-hole pairs that are collected by the electrodes
through the electric őeld generated between them by the bias voltage. The charge produced
is then converted into a current signal and sent to the preampliőer, which integrates it
into a voltage signal whose amplitude is proportional to the energy of the incident photon.
The pulse shape is optimized (semi-gaussian shaper) and its amplitude is increased by the
ampliőer. The signal coming from the ampliőer is processed by a Multi-Channel Analyzer
(MCA) which digitizes the amplitude of the analog signal and increases the counter of the
channel corresponding to the amplitude of the measured signal by one unit. Each channel
of the MCA then records the number of pulses that have a given amplitude/energy. The
typical number of channels of an MCA for gamma spectroscopy with HPGe ranges from
4096 to 16384. In gamma spectrometry, the channel spectrum obtained through the MCA
must be calibrated in energy in order to identify the energy associated with each peak.
A source containing known nuclides that emit monochromatic gamma photons of known
energy is used for the calibration. Since MCAs often do not exhibit perfect linearity over
the entire measurement range, a multi-point calibration is performed in various regions of
the energy spectrum.

A fundamental parameter that characterizes a germanium detector is the efficiency,
which is necessary when it is required to determine the absolute activity of a sample. The
absolute efficiency is deőned as

ϵabs =
# of event detected

# of event emitted by source
(3.7)

From the deőnition it is clear that the absolute efficiency depends not only on the properties
of the detector but also on the geometry of the detector-source system; in particular, it
depends on the solid angle with which the source illuminates the detector, from the source
materials and size, and from the dead layers present in the detector. The reconstruction
of the efficiency is carried out by acquiring a spectrum of a source containing nuclides of
known activity (standard source) and calculating the efficiency at each peak emitted by the
source. Since the efficiency depends on the geometry of the detector-source system, as it
varies, there is a variation in efficiency. An analytical procedure for calculating the efficiency
can be poorly accurate, especially in the case of large sources, for which it is preferable to
carry out an efficiency measurement with a standard source of known geometry (size of
the source, distance from the detector, etc.). This measure is then used for comparison
with the estimated efficiency through numerical simulators and, if the results provided are
compatible, the numerical method itself is used for the efficiency calibration of any sample.
The numerical methods normally used are based on Monte Carlo approaches. The typical
systematic error obtained using this technique is less than 10 %.

3.2.2.2 Low background facility at Milano-Bicocca

As introduced in Section 3.2.1 the NAA technique requires measuring the activated
samples in order to determine the activity of the irradiated nuclides. This is generally
performed with HPGe detectors. All the samples analyzed in this work are measured in the
radioactivity laboratory at the University of Milano-Bicocca. This facility hosts four HPGe
detectors with different characteristics, a low background HPGe detector and a γ − γ, and
a β − γ low background coincidence detector.

• GeSilena
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This is a p-type coaxial HPGe detector produced by "Silena" with a relative efficiency
of 30% and an energy resolution of 1.7 keV at 662 keV. A picture of the detector can
be seen if Figure 3.9a

• GeGEM

This is a p-type coaxial HPGe detector produced by "Ortec" with a relative efficiency
of 30% and an energy resolution of 1.5 keV at 662 keV. A picture of the detector can
be seen if Figure 3.9b

• GeKAN

This is a p-type coaxial HPGe detector produced by "Canberra" with a relative
efficiency of 70% and an energy resolution of 1.9 keV at 662 keV. A picture of the
detector can be seen if Figure 3.9c

• GePozzetto

This is a well-type HPGe detector produced by "Ortec" with a relative efficiency of
50% and an energy resolution of 1.9 keV at 662 keV. A picture of the detector can be
seen if Figure 3.9d

• BeGe

This is a planar-type broad energy HPGe detector produced by "Canberra" with a
relative efficiency of 50% and an energy resolution of 1.2 keV at 662 keV. A picture
of the detector can be seen if Figure 3.9e

• GMX

This is a coincidence system based on two n-type GMX-type HPGe detectors produced
by "Ortec" with a relative efficiency of 100% and an energy resolution of 1.7 keV at
662 keV. The system is equipped with a plastic scintillator detector for cosmic muon
veto. A picture of the detector can be seen if Figure 3.9f

• GeSparK

This is a β− γ coincidence system based on a p-type coaxial HPGe detector produced
by "Ortec" with a relative efficiency of 38% and an energetic resolution of 1.8 keV at
662 keV. The HPGE is coupled to a liquid scintillator detector in order to measure
the beta events associated to the gamma photons. This system is described in detail
in section 3.3.

3.2.3 Beta-gamma coincidence detector and radiochemical sample treat-

ments

The typical sensitivities obtained with NAA and low background HPGe detector are of
the order of 10−12 g/g to 10−13 g/g for 238U, 232Th and one order or magnitude lower for
40K. Since this is not enough for the requirements of the JUNO experiment we developed a
new detector, called GeSparK [32] which allows obtaining a reduction of the background of
a typical HPGe detector by exploiting the coincidence between the signal produced in a
liquid scintillator detector by a beta (or alpha) particle and the coincidence signal produced
in the HPGe detector by the deexcitation gamma photons. This is possible because the
coincidence allows identifying with higher accuracy than the observed decay happened in
the sample, and for example, it isn’t due to environment radioactivity or cosmic muons,
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(a) GeSilena (b) GeGEM

(c) GeKAN (d) GePozzetto

(e) BeGe (f) GMX

Figure 3.9: HPGe detectors at the radioactivity laboratory of the University of Milano-
Bicocca
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obtaining also more information about it, for example, the time distribution and the energy
of both decays.

Most of the background of an HPGe detector is due to two components. The őrst is
the gamma rays emitted in the decay of nuclides in the environment, in the detector shield,
or in the material of the detector itself. The second component is due to the interaction
of cosmic muons directly with the detector or more problematic are the interaction in the
surrounding material and the production of electromagnetic showers that can be detected
by the HPGe crystal. The use of coincidence detectors allows drastically reducing the
őrst component because in order to accept a signal produced by the HPGe detector is
required that a signal in the liquid scintillator detector is produced in coincidence. The
only possibility for single gammas events to produce this type of event is to interact via the
Compton effect in one detector and then be absorbed in the other. Another possibility is
the simultaneous interaction of two uncorrelated gammas in the two detectors within the
coincidence time window. These processes have a very low probability because the őrst is
suppressed due to the interaction type probability and solid angle view of the two detectors,
and the second contribution is negligible to due the very low background rate and short
coincidence time window. As a consequence, the background of a coincidence detector is
completely dominated by the cosmic muon interaction [32], because the electromagnetic
showers can interact at the same time with both the detectors producing signal amplitudes
in the regions of interest and there is no way to discriminate these events only using the
information of the two detectors. The reduction of this component can be performed by
using external plastic scintillators in order to detect the incoming muons (veto detectors).
More details about the development of the GeSparK detector are provided in section 3.3 and
the use of this detector for the measurement of activated samples for the JUNO experiment
in section 3.4.

In parallel to the development of the GeSparK detector, we worked on chemical treat-
ments to perform on the sample (LAB) in order to increase the measurement sensitivity. In
particular, the main purposes of the chemical treatments are the removal of the interfering
nuclides (as introduced at the end of the section 3.2.1.2) and the concentration of nuclides
of interest in the sample. This topic is widely discussed in section 4.

3.3 The GeSparK detector

I started the development of the GeSparK detector during my master’s thesis and during
the Ph.D. the detector performances have been improved, both from the hardware and
software point of view.

This detector was designed to allow measurements of the radioactivity content of a
sample by exploiting the coincidence between beta or alpha decay and gamma photons to
obtain a high reduction of the background. The main motivation was the measurement
of the liquid scintillator of the JUNO experiment but this detector can also be used for
different types of samples, such as materials screening of liquid samples or characterization
of environmental samples. The sample to be analyzed is mixed with a liquid scintillator
that emits light when it interacts with a charged particle. This mixture is optically coupled
to a photomultiplier which generates an electrical signal that is used as a trigger for a
decay (alpha or beta). This signal is digitized and memorized to allow studies on the
shape and other features. The scintillation detector is positioned on top of a germanium
detector for the detection of gamma photons emitted in coincidence with the beta or alpha
decay, allowing an accurate spectroscopic analysis. The section of the structure of the
GeSparK detector is shown in Figure 3.10. In the őrst part of this section the germanium
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Figure 3.10: Section of the GeSparK detector with passive shielding and veto system

detector is described, in particular the characteristics of the instrument, the design, and
the construction of the shielding. In the second part is described the liquid scintillation
detector and, after a general introduction to liquid scintillators, its structure and operation.

Although the GeSparK detector is able to perform α/βdiscrimination on the signal
produced by the liquid scintillator [32], this feature will not be discussed here because it is
not relevant for the measurement of activated samples. This is due to the fact that all the
activated nuclides decay by beta decay since they have an excess of neutrons due to the
neutron capture.

3.3.1 Detector structure

3.3.1.1 HPGe detector and passive shield

The germanium detector was chosen on the basis of the needs imposed by the system
to be implemented. In particular, a őrst request is to have a low energy threshold, so as
not to lose low-energy photons such as the X emission. For this purpose, a coaxial detector
with 38% relative efficiency was chosen (900 g), which allows having good sensitivity at
high energy and is equipped with a carbon window, which allows having a very low energy
threshold. Another fundamental request is related to the geometrical structure required
for the detector. Since we wanted to have the germanium detector facing upwards in a
vertical position in order to facilitate the positioning of the scintillation detector and to
optimize its geometrical efficiency, a dewar far from the detector was chosen, see Figure
3.10, so that it is possible to build the shield around it. The shield around the germanium
detector consists of a 10 cm copper layer surrounded by a 15 cm lead layer. The copper and
lead used for the shielding have been selected to minimize their radioactive contaminants:
the copper is oxygen-free high thermal conductivity (OFHC) and the lead has an activity
<135Bq/kg for 210Pb. The upper shielding part is instead made up of a 3mm layer of
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Figure 3.11: Scheme of a PMT and its operation.

copper and 5 cm of lead. The different size was chosen because in this section there are
no detectors, but only the base of the photomultiplier and it was possible to lighten the
structure. The upper part has a cap, a removable portion, consisting of 10 cm of lead and
5 cm of copper, for the insertion of the scintillator with the photomultiplier.

3.3.1.2 Liquid scintillator

Liquid scintillation has been a quantitative detection and measurement technique of
radioactivity since the early 1950s. It is widely used in many őelds, ranging from monitoring
environmental radioactivity to detecting rare events in particle physics. The widespread use
of this technique is a consequence of its numerous advantages, such as the high detection
efficiency, the possibility of automation, and spectroscopy on the acquired signals, allowing
the analysis of several radionuclides simultaneously.

The liquid scintillation technique involves mixing the sample to be analyzed in a
container with a particular scintillating mixture, containing ŕuorescent substances dissolved
in a suitable solvent. The scintillating mixtures are typically made up of long-chain aromatic
organic solvents, such as LAB (linear alkylbenzene), in which the actual scintillator is
dissolved, i.e. a substance capable of emitting photons following the release of energy by
charged particles.

Many scintillation cocktails are commercially available with varying scintillation capa-
bilities and miscibility with other compounds. The best products, in addition to a high
photon emission, have the characteristic of being able to accept both organic and aqueous
samples and possibly acid solutions. Particular mixtures can be specially prepared for
certain applications that require particular characteristics, such as those produced for rare
event physics experiments like JUNO.

The scintillation process involves the conversion of the energy deposited by the interacting
particle into light. To convert photons into an electrical signal, which can be processed by
electronics, a photomultiplier tube (PMT) is generally used. This device converts the photons
produced by the liquid scintillator into electrons when they interact with the photocathode
positioned in the front face of the PMT, as shown in Figure 3.11. The photoelectrons
produced at the photocathode are multiplied through a series of positively charged dynodes
with increasing voltage. Since the amount of light produced by a scintillation event is
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(a) (b)

Figure 3.12: Schematic representation and photograph of the liquid scintillation detector

normally very low (∼ 10 photons per keV of absorbed energy), the PMT must be able
to amplify the initial signal by a very large factor. PMTs used in liquid scintillation
applications typically have a gain greater than 106. The PMT is a fundamental component
of the acquisition chain as it is the element that implements the light-to-current conversion
and determines many of the characteristics of the őnal signal, such as the rise time and the
signal/noise ratio.

The scintillation detector that has been developed for the GeSparK detector consists of
a cylindrical container in Teŕon with a thin bottom thickness (2 mm), in order to minimize
the absorption of low-energy photons, and a cap of PMMA (polymethylmethacrylate) which,
being transparent, allows coupling with the PMT, a low-background 3 inch Hamamatzu.
The volume of the container is 200mL, but it can eventually be modiőed according to
the type of measurement; larger if you want a high mass, or smaller if the priority is the
maximization of efficiency. The system is shown in Figure 3.12.

3.3.2 Introduction to cosmic muons veto

Passive shieldings consist of materials interposed between the detector and the source
of the background in order to reduce its contribution to the detector signals. Active
shieldings can also be added, where necessary, in order to provide a further reduction of
the environmental and cosmic backgrounds. Active shieldings are all those techniques that
are not based on the absorption of unwanted photons, but try to eliminate their causes or
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limit their effects. Anticoincidence techniques are usually used as shielding from cosmic
muons. They are made by placing a plastic scintillator of suitable dimensions over the
passive shielding. When a muon passes through the plastic scintillator, a signal is produced,
which is used as a veto for the acquisition of the detector signals. In particular, when a
coincidence is observed between the detector and the plastic scintillator within a certain
time window, the detector signal is discarded as it is probably produced by the interaction
of the muon.

During my Ph.D. I worked on the installation and optimization of a muon veto system
for the GeSparK detector. As I will describe in detail in the dedicated section (3.4), the
cosmic muons are the main background sources for the measurement of the content of
232Th by NAA. In this case, the implementation of a high-performance active muons veto
system can increase the measurement sensitivity.

In this section őrstly I’m going to give a general description of the use of plastic
scintillators for the veto of cosmic muons and then I’m going to describe the preliminary
measurement performed in order to verify the angular distribution of the muon ŕux in the
radioactivity laboratory of the Milano-Bicocca University. After that, I’m going to provide
a detailed description of the simulation of the plastic scintillator detectors for the GeSparK
detector and their implementation.

3.3.2.1 Plastic scintillator detectors for muon veto

As introduced before, a common method to implement the active shielding of the cosmic
muons is based on plastic scintillator detectors. The plastic scintillators are produced
by dissolving scintillator compounds in the plastic monomers before the polymerization
process. With this technique, the resulting product exhibits highly uniform scintillation
and optical properties. Scintillators are őnally machined to őnal dimensions using diamond
tools to provide optimum quality surfaces for total internal reŕection. Based on the organic
activator and the host material is it possible to produce a wide variety of plastic scintillators
with different characteristics in terms of emission wavelength and decay time.

Typically, the scintillation emission of plastic scintillators has a maximum at around
425 nm and they are characterized by a relatively large light output, typically 25-30% of
NaI(Tl) crystals, and a short decay time of around 2 ns. This makes the material suited
for fast timing measurements, as required for veto applications. The plastic scintillators
are optically coupled to a PMT in order to collect the emitted light and convert it into an
electric signal that can be processed by electronics.

The scintillators are placed on the top and on the side of the detector to be shielded
in order to intercept the incoming muons. When the muons pass through the scintillator
they deposit a fraction of their kinetic energy. The amount of deposited energy is directly
proportional to the width of the plastic scintillator detector. As described in the next
section, the muon energies are in the GeV scale and at this energy, they are minimum
ionizing particles. In these conditions, the energy loss of the muons is of the order of
2MeVcm2/g. This value multiplied by the density of the plastic scintillator and its width
provides the deposited energy in MeV. Assuming a width of 5 cm we get:

E(MeV ) = 2MeVcm2/g · 1 g/cm3 · 5 cm = 10MeV (3.8)

This energy is then converted into light and electric signal that is used to register the
passage of the muon in order to reject the detector signals in coincidence with the muon
one. The coincidence is deőned by a time window of suitable amplitude. If the time window
is too large, erroneous coincidence events could be accepted and thus signals not produced
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Figure 3.13: Section scheme of the physics building of the University of Milano-Bicocca
and the location of the radioactivity laboratory, where the muon angular distribution was
measured.

by muons could be discarded, and if it is too narrow there is the risk of not rejecting a
muon signal due to the ŕuctuation of the arrival time of the detector and scintillator signals,
which produces a non-coincidence event. The optimum value must be chosen according to
the time speciőcation of the detectors.

3.3.2.2 Cosmic muons ŕux measurement

The overall angular distribution of muons measured at sea level follows with good
approximation a cos2 distribution [33]: it is maximum at 0◦ on the vertical and goes to zero
at 90◦, parallel to the ground. The radioactivity laboratory of the physics department of
the University of Milano-Bicocca is located on the -3 ŕoor of the department building and
this could modify the angular distribution of the muon ŕux due to different absorption at
different angles as a consequence of the asymmetric structure of the building. A schematic
section of the structure is shown in Figure 3.13.

In order to understand this effect, a dedicated measurement of the angular distribution
has been performed. The experimental setup is composed of two plastic scintillators
produced by Shonix, which have a size of 420mm × 300mm × 50mm, installed on a
rotating support at a őxed distance of 30 cm. The two plastic scintillators are powered by
a NIM high-voltage power supply at 800V and the signals are processed by an analog NIM
electronic chain composed of: a preampliőer, an ampliőer with semi-gaussian shaper, a
timing-SCA, a coincidence unit, and a counter. The NIM electronic chain is represented in
Figure 3.14. The signal from the PMT is integrated by the preampliőer and then shaped
into a semi-gaussian waveform with a short shaping time (0.5 µs) and ampliőed. These
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Figure 3.14: Block diagram of the electronic chain used to process the signal of the PMT
for the measurement of the muon ŕux.

Figure 3.15: Experimental setup for the muon ŕux measurement.

signals are sent to the timing-SCA that allows generating a logic signal when the amplitude
of the input signal is greater than a speciőc threshold. This is necessary because we want
to select only the muons and not the environmental radioactivity signals. As calculated in
equation 3.8 the deposited energy in these detectors by a muon is of the order of 10MeV.
Since the most energetic gamma ray produced by natural radioactive decays is the 2615 keV
from 208Tl of the 232Th chain, it is possible to set the threshold of the timing-SCA around
5MeV in order to select only the muon events. The logic signals of the timing-SCA are
sent to the coincidence unit that generates another logic pulse only when the two input
signals are overlapping (coincidence). The resulting coincidence signal is sent to a signal
converter and then to the counter. A timer module is connected to the counter in order to
set the measurement time. The complete setup is shown in Figure 3.15.

With this measurement system, two sets of measurements were performed. The rotation
axis of the system was positioned parallel and transverse with respect to the main building.
With reference to Figure 3.13 the rotation axis of the detectors was oriented perpendicular to
the section in the picture for the "parallel" case (we call this ϕ = 0°) and rotated by 90◦ for
the transverse case (we call this ϕ = 90°). For each of these two positions the measurement
of the ŕux is performed every 10◦ from −90◦ to 90◦, by counting the coincidence events for
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8minutes at each position. The results are shown in Figure 3.16
In order to interpret the experimental data, a simple model has been constructed. The

experimental setup is not able to measure the exact angular distribution of muons because
a muon that is able to induce a signal in both the detector can come from a range of angles.
In other words, the detector integrates the muon angular distribution in an angular range
given by the geometrical properties of the detectors. The integral goes from Θ− k to Θ+ k,
where Θ is the angle formed by the axis perpendicular to the plastic scintillator with the
vertical axis and k is the semi-range angle of the őeld of view of the system. Since the
distance of the two plastic scintillators is about equal to the height, the k parameter is
expected to be around π/4. The function that describes the data can be computed in the
following way:

I(θ) = a ·
∫ Θ+k
Θ−k cos2(θ)dθ
∫ k
−k cos

2(θ)dθ
= a · cos(2Θ) sin(k) cos(k) + k

k + sin(k) cos(k)
(3.9)

where "a" is a coefficient that represents the number of counts at θ = 0 and the denominator
is simply a normalization factor in order to obtain that the maximum of the function is
equal to "a".

Although it would be possible to perform a őt of the data with the model function,
the k coefficient is not a completely free parameter, because it is determined by geometric
constraint and its best őt value would not be representative of its real value. This is because
the deőcit at high energy due to the absorption of the muons is strongly correlated with
the k coefficient, so the őt can converge to a lower value of k in order to adapt the function
to the lower data but this has no sense because the deőcit is due to the absorption and
not to a different őeld of view of the detection system. In order to have a more accurate
estimation of the k value with respect to the simple consideration described before that
can be used to describe the experimental data, a simulation was performed. The detector
system response was reproduced with a Monte Carlo model using a simulation software
based on Geant4 called "Genesis" that I developed during my master’s and Ph.D. thesis
(see Appendix B). The software allows describing the geometries with a text őle and it is
able to simulate a muon ŕux distributed with a cos2 around the experimental setup. More
detail about these types of simulations will be provided in the next section when I describe
the simulation of the GeSparK detector response. The simulations were performed for
each angular position (every 10◦ from −90◦ to 90◦) by simulating 100 000 muons for each
position and counting the number of event that produces a coincidence signal in the two
detectors. In Figure 3.17a and 3.17b are shown respectively the Monte Carlo model of the
detectors and the resulting angular distribution. The best őt of the data with the equation
3.9 provided the best estimation for k = Pi/4.11 or 43.8◦. This value is used to őx the k
value for the function 3.9 used to describe the experimental data with "a" őxed to the data
value at θ = 0°. The resulting curves are also shown in Figure 3.16.

By observing the plot we can say that for the red data (ϕ = 0°, rotating axis perpendicular
to the building section) the ŕux is lower than the function for almost all the negative angles
from about −20◦ while for positive angles the deőcit is visible only for very large angles,
starting from 70◦. This is due to the presence of the solid ground on the left (negative
angles) of the building that reduces the muon ŕux starting from low angles while on the
right the soil level is lower and the absorption is signiőcant only at very high angles. For
the blue data (ϕ = 90°, rotating axis parallel to the building section) there is a very good
agreement in almost all the ranges with only a small deőcit at very high angles and a small
asymmetry because at positive angles the deőcit is higher than at negative angles. This
can be explained considering that in this orientation the absorption is due only to the
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Figure 3.16: Muon angular distribution at the radioactivity laboratory. The ϕ = 0° is
referred to the parallel conőguration and the ϕ = 90° is referred to the transverse one. See
the text for more detail about the orientations of the experimental setup.

(a) (b)

Figure 3.17: Monte Carlo model of the detectors used to measure the muon ŕux angular
distribution (3.17a) and the muon angular distribution obtained my MC simulation with
the best őt (3.17b)
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building that is mostly empty, but for high angles, its contribution can be signiőcant and
the asymmetry is due to the asymmetry of the building structure (is longer on one side
that the other).

In conclusion, this measurement showed that the overall angular distribution of muons
in the radioactivity laboratory follows with good agreement a cos2 distribution with small
deviations due to the absorption in the soil and buildings. However, since these differences
are quite small they will not be directly considered in the next considerations and in the
simulations performed for the GeSparK detector.

3.3.2.3 Monte Carlo reconstruction for veto system design

The information about the angular distribution of the muon ŕux in the radioactivity
laboratory was used to implement a simulation of the whole structure of the GeSparK
detector in order to determine the response of the plastic scintillator detectors and their
veto efficiency.

As introduced in the previous section, these simulations were performed by using the
Genesis Monte Carlo software, whose description is in Appendix B. To perform these
simulations with the best accuracy the following information must be provided to Genesis:

• Geometric model of GeSparK detector with plastic scintillators

• Angular distribution of the muon ŕux

• Energy distribution of the muons

The geometric model of the GeSparK detector is constructed by combining the CAD
model developed during the construction of the detector and a text-based description of the
HPGe and scintillator detectors. The CAD model includes the geometry of the copper and
lead shieldings, the liquid nitrogen Dewar and the cold őnger of the HPGe. Using CAD
have been also created the models of the support frame for the plastic scintillators and the
plastic scintillators themselves. The text geometry is instead used for the description of the
HPGe detector, comprising the germanium crystal, the holder, the end-cap, and the cold
őnger, and for the description of the LS detector, as described in Section 3.3.1.2.

The CAD models can be imported in Genesis by using the stl format and deőning
for each solid the material composition by using a dedicated interface while for the text
geometry Genesis is currently used the TextGeom module of Geant4.

The proposed setup for the plastic scintillator detectors for the GeSparK detector is
shown in Figure 3.18 on the next page. It is composed of six plastic scintillators: two on
the top of the detector (1000mm× 500mm× 50mm) and the other four around the liquid
scintillator radiation shield (420mm× 300mm× 50mm), in order to cover the sides of the
detector.

The Genesis software utilizes the General Particle Source (GPS) class of Geant4 in
order to generate the primary particles to propagate. This class is very versatile and allows
deőning a very wide range of sources. As many other G4 classes, the GPS can also be
controlled by the G4 user interface (UI) with its dedicated commands and this allows
modifying the properties of the generated particles during the execution of the program
(but only between runs). In particular, the GPS allows the user to deőne the angular and
energetic distributions of the primary particle, in this case muons, by providing a set of UI
commands that deőne the histograms of the distributions.

As far as the angular distribution is concerned I used a cos2 distribution in θ, based on
the analysis described in section 3.3.2.2, and a uniform distribution in ϕ. Since the GPS
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Figure 3.18: Complete Monte Carlo model of the GeSparK detector, including the HPGe
and LS detectors, the passive shieldings, and the plastic scintillators for muons veto.

Detectors Efficiency

Top 60%
2 side 33%

Top + 2 side 75%
Top + 4 side 87%

Table 3.2: Plastic scintillators veto efficiency obtained by Monte Carlo simulation of the
GeSparK detector by assuming a cos2 muon distribution.

samples the θ and ϕ coordinates independently, in order to allow the GPS to generate the
desired distribution the provided histogram must include the sin(θ) term of the differential in
spherical coordinates system. In this case the resulting distribution is given by sin(θ)·cos2(θ).
A dedicated algorithm has been developed in Genesis in order to generate events distributed
on a semi-spherical surface with a generic radius (1.5m for these simulations) from the LS
and HPGe detectors of GeSparK, with the angular distribution provided by the GPS class.

The energy distribution of the muons should not be a critical parameter of the simulation
because the behavior of high-energy muons is not very different with respect to their energy
due to the fact that they are concentrated in the minimum ionization region. In order to
use a quite realistic distribution, instead of a monochromatic source, the energy histogram
is obtained by approximating the distribution reported in [34] from the muons at 0◦ zenith
angle at sea level from 1GeV to 100GeV. The histogram is shown in Figure 3.19.

A simulation of the experimental setup has been performed with 500 000 muons and
from the resulting data, the veto efficiency for different combinations of plastic detectors
has been evaluated. I considered the efficiency of the top detectors, two side detectors, the
combination of the top and two sides, and the complete setup (top plus four sides). The
obtained results are listed in Table 3.2. In the next section these results are discussed in
relation to the experimental ones and the optimization of the modeling is described.
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Figure 3.19: Energy distribution used in the Monte Carlo simulation of the GeSparK veto
system for cosmic muons.

3.3.2.4 GeSparK veto system and performances

Based on the encouraging results obtained from the simulations, the veto system has
been implemented. Two plastic scintillators 1000mm × 500mm × 50mm, produced by
Nuvia, were placed on the top and four plastic scintillators 300mm × 420mm × 50mm,
produced by Scionix, were placed on the side. These detectors are equipped with a PMT in
order to convert the light into an electric signal. The signals produced by the six detectors
are summed with a summing ampliőer and then sent to a NI oscilloscope for digitalization
and the analysis of the veto signals is performed offline. The HV voltage for the PMTs is
provided by a dual-channel HV power supply from CAEN. One channel provides the HV
voltage to the two top detectors and the other channel to the four side detectors. More
information about the signal processing of the GeSparK detector are provided in section
3.3.3.1. The resulting detector is shown in Figure 3.20.

With the complete system in operation, a set of background measurements were
performed with the different combinations of anticoincidence detectors listed in 3.2 in order
to compare the experimental value with the predicted ones by using the simulations. The
four background measurements were performed by connecting to the summing ampliőer
only the relevant plastic scintillator detectors and acquiring the corresponding signal in
coincidence to the LS and HPGe detectors. The resulting veto efficiencies are reported
in Table 3.3 As can be seen from these results, the measured efficiencies are quite similar
to the simulated ones but there are deviations. In particular, the effectiveness of the top
plastic scintillator is overestimated by the MC (7%) while the effectiveness of the sides
detectors is underestimated (3%), providing an overall overestimation for the complete set
by 8%.

A possible explanation of these differences could be a non-exact estimation of the
angular distribution of the muons, which could be quite different from the simple cos2 but
not visible to the total ŕux measurement performed before. The angular distribution of
atmospheric muons is not constant but depends on the energy of the muons considered
[33]. At the sea level if we integrate all the energetic contributions we obtain the usual cos2

distribution which is characteristic of the muons of about 3GeV of energy. At lower energy,
the angular distribution becomes increasingly steep, while at higher energy it ŕattens,
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Figure 3.20: Picture of the GeSparK detector with the complete muons veto plastic
scintillator system.

Detectors Efficiency

Top 53%
2 side 36%

Top + 2 side 71%
Top + 4 side 79%

Table 3.3: Measurement results for the plastic scintillators veto efficiency.

approaching a 1/ cos distribution. At large angles low energy muons decay before reaching
the surface and high-energy pions decay before they interact, thus the average muons energy
increases. If we consider that the radioactivity laboratory is located on ŕoor -3 of the
Department building, we can assume that a fraction of the kinetic energy of the muons
is lost in the passage through the walls of the building, losing an energy in the order of
some GeV. In this hypothesis, the energetic distribution is simply shifted by some GeV to
lower energies but also the angular distribution changes, because the original low-energy
muons at ground level are stopped in walls and the more energetic muons became the new
low-energy ones in the lab. In this case, we can think that the mean angular distribution is
shifted to distributions associated with more highly energetic muons than 3GeV (mean
value at sea level).

In order to evaluate this effect, based on the data in reference [33], the angular dis-
tribution of muons at different energies has been reconstructed and used to generate the
relative histogram distribution necessary for the Monte Carlo simulations. In Figure 3.21
are shown the reconstructed distribution for different energies, from 1GeV up to 100GeV,
and are clearly visible the differences, in particular the increase of the contribution at
large angles for high energy muons. The data at 1GeV, 3GeV, 10GeV and 100GeV are
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Figure 3.21: Reconstructed angular distribution for atmospheric muons at different en-
ergies from the data reported in [33] (1GeV, 3GeV, 10GeV and 100GeV). The data
at 6GeV are obtained by weighted mean of the data at 3GeV and 10GeV. The inter-
polations functions are: 0.9865 cos2

(

0.01151 · x+ 0.00006280 · x2
)

for the green line and
0.9820 cos2

(

0.007523 · x+ 0.0001081 · x2
)

for the red line.

Detectors Efficiencies
3GeV (cos2) 6GeV 10GeV Measured

Top 60% 53% 51% 53%
2 side 33% 33% 34% 36%

Top + 2 side 75% 69% 68% 71%
Top + 4 side 87% 83% 82% 79%

Table 3.4: Monte Carlo estimations for the plastic scintillators veto efficiency for different
assumed angular distribution compared to the experimental values.

obtained directly from the plot in the reference [33], while the distribution at 6GeV has
been estimated by using a weighted mean between the 3GeV and 10GeV data. The PDF
of the distribution at 6GeV and 10GeV have been computed by őtting the data points with
the parametric function a · cos2

(

b · x+ c · x2
)

, where a, b and c are free parameters (green
and red curve in Figure 3.21. These functions are then multiplied for sin(θ) and normalized
to obtain the PDFs. These PDFs are used to construct the histograms of the distributions
required by Genesis. These histograms have been used to perform two other simulations and
evaluate the new estimations of the veto efficiencies. The results are reported in Table 3.4,
together with the efficiency computed assuming a cos2 distribution and the experimental
values. The results at 6GeV provide the most accurate estimation for the top detectors
and a good agreement for the other conőgurations with an error much lower than the cos2

distribution. This corroborates the hypothesis that the angular distribution is distorted
with respect to the cos2 distribution due to the muons kinetic energy loss and absorption
in the materials. This condition can be used for further studies and improvement of the
GeSparK veto system or other detectors in the radioactivity laboratory of the University of
Milano-Bicocca.
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Figure 3.22: HPGe background spectra of the GeSparK detector with and without the
application of the cosmic muon veto, obtained by measuring the coincidence events between
LS and HPGe detector in absence of radioactive sources in the LS. In the plot is superimposed
the simulated energy deposition in the HPGe detector produced by cosmic muons, normalized
for the total number of events in the measured spectrum without veto.

The data produced by the simulation can also be compared to the residual background
of the GeSparK detector after the application of the coincidence event selection. In this
case, the detected events are associated only with signals that are produced in coincidence
in both the LS and HPGe detectors. In Figure 3.22 are shown the spectra of the residual
background of the GeSparK detector with and without the application of the cosmic
muon veto, obtained by acquiring the coincidence events in absence of a sample in the LS
detector. In the same plot is superimposed the distribution of the energy deposited in the
HPGe detector obtained by the simulation and normalized for the number of events in the
measured spectrum. The simulation reproduces with very good agreement the shape of the
GeSparK background in the whole spectrum except for the very low energy region. This
agreement and the absence of any particular peak in the background spectrum, except the
511 keV, which is produced by the annihilation of positrons produced by the muon showers,
indicates that the background of the GeSparK detector is dominated by the contribution
of the cosmic muon showers that can be produced when they interact with the passive
shielding of the GeSparK system.

3.3.3 Data acquisition and analysis

3.3.3.1 Signals processing and acquisition

As introduced in section 3.3.1, the GeSparK detector is composed of a liquid scintillator,
an HPGe, and the muons veto plastic scintillator detectors. The signals produced by these
detectors are acquired by a common acquisition system composed of two ADC boards,
NI PXI 5122 and NI PXI 5153, produced by National Instrument (NI) that digitize the
waveforms and store them for subsequent offline analysis. A block diagram of the signal
processing electronic chain is shown in Figure 3.23.

The őrst is a 14-bit resolution ADC with a maximum sampling rate of 100MHz and it
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Figure 3.23: Block diagram of the electronic chain for the signals processing of the GeSparK
detector

is used to acquire the germanium detector and muons veto signals. Thanks to the high
resolution in bits, this card allows having a digitalization of the signals with a negligible
discretization of the amplitudes compared to the intrinsic resolution of germanium (1-2
keV) and therefore not worsen it, allowing us to obtain spectra of the energy distribution
of the detected events. The second board is an 8-bit resolution ADC with a maximum
sampling rate of 2GHz and it is used to acquire the liquid scintillator signals. Since the
signals produced by an organic scintillator are characterized by extremely fast rise and
decay times, ∼ 10 ns and less than 50 ns respectively, it is necessary to use a high-speed
card to have a sufficient number of points both on the tail but also on the rise of the signal.
The speed performance is at the expense of the resolution, limited to 8 bits, but this does
not appear to be a problem because the intrinsic resolution of the scintillators is much
lower (hundreds of keV) with respect to the germanium detector.

The anodic signal produced by the PMT coupled to the liquid scintillator is sent
to an inverting ampliőer that acts also as a buffer. This stage has a double function.
The ampliőcation allows increasing the amplitude of the signal in order to optimize the
acquisition dynamics of the ADC and allows having a buffer with the correct impedance
matching in order to avoid signal reŕections in the transmission line, particularly critical
because of the high speed of these signals and a quite long cable (about 2m) required to
conned the PMT to the acquisition board. Another important feature of this ampliőer is
that it allows the output signal to be split into two channels that are acquired by the NI
PXI 5153 ADC with two different dynamics, in order to reduce the discretization of the
signals at lower energies. With this technique we can exploit the 8-bit for two different
amplitude ranges, from 0V to 0.5V for a higer range and from 0V to 0.1V for the lower
range, improving the sensitivity to low energy signals but preserving the possibility to
detect the high energy ones. The combination of the signals is then performed offline.

The signal produced by the HPGe crystal is őrstly integrated by the dedicated charge
preampliőer produced by the manufacturer of the detector and its output signal is sent
to an Ortec ampliőer mod. 672 in order to perform an optimization of the signal-to-noise
ratio with a semi-gaussian shaping with a time constant of 6 µs and the ampliőcation of
the signal. The resulting signal is őnally sent to the NI PXI 5122 ADC for digitalization.

As introduced before, the signal produced by the PMTs of the plastic scintillator
detectors used for the cosmic muon veto are summed together with an operational ampliőer
and the resulting signal is digitized by the NI 5122 ADC.

The acquisition system has been structured in such a way as to be able to use a channel
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of the PXI 5122 (the fastest) as a trigger. When this board detects a signal that exceeds
the set trigger threshold, it also sends the trigger command synchronously to the slow
board (PXI 5153) to start the waveform acquisition. The control software of the cards
was created in LabView and allows the acquisition parameters to be set for the two ADC,
such as, for example, the channels to be acquired, the dynamics on the various channels,
and the trigger settings and to monitor the progress of the measurement by displaying live
the acquired waveforms, the number of recorded events, the relative rate, the dead time
value and having rough spectra of the signals. The acquired waveforms are saved in binary
format to disk for archiving and subsequent offline analysis.

In order to reduce memory usage and reduce the offline analysis time, the acquisition of
the GeSparK detector is able to determine if the acquired event is a coincidence or a single
LS event and store on disk only the coincidence ones. This allows drastically reducing the
amount of data written on disk that would have been discarded anyway if only coincidence
events are required, as in most cases.

3.3.3.2 Offline data analysis

The acquired data are processed offline by using a dedicated software that has been
created using the Wolfram Language with Mathematica. The software can read the binary
őle containing the waveforms and display the signals with an interactive view. The waveforms
acquired at each trigger are analyzed by the software extracting the main signal features
through the application of őltering algorithms in order to improve the signal-to-noise ratio.
The lists of parameters characterizing each signal are then stored on disk in a őle that can
be successively inspected. The software also includes tools for the energy calibration of
the germanium spectrum, the analysis of the germanium and scintillator energy spectra
with functions dedicated to peak őtting and integral area calculation, and the creation of
pulse shape scatter plot for alphaśbeta discrimination. The software allows in particular
coincidence events to be investigated. The őrst step consists in selecting the events where
scintillator and HPGe signals are both present in the acquired time window. Among these,
only the events presenting a relative time distance of less than 1.5 µs, are considered in
coincidence and further analyzed. The second step allows events in coincidence with the
muon veto to be rejected. In this case, only events presenting a time distance greater than
6 µs with respect to the signal from the veto monitor, are accepted. The events that satisfy
these requirements are used to generate the gamma coincidence spectrum.

As mentioned before, the liquid scintillator detector signals are acquired with two
different dynamic ranges of the ADC at the same time. The analysis algorithm veriőes if the
amplitude of the signal acquired with the smallest dynamic is lower than the maximum (the
signal does not saturate the ADC) this signal is analyzed to extract the relevant parameters,
otherwise (the signal is saturated) is analyzed the signal acquired by the other channel with
the higher dynamic range.

A dedicated algorithm has been also developed to perform the delayed coincidence
analysis for the determination of 239Np (the nuclide of interest for 238U determination by
NAA). Detail about this technique and the relative algorithm are provided in the dedicated
section 3.4.1.

3.4 Measurement of 238U, 232Th and 40K by neutron activation

The principal contribution to the radioactivity in materials coming from the natural
fossil nuclides and their chains: 238U, 232Th and 40K. These nuclides are always present in
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all the materials in different concentrations and their quantitative determination is one of
the main tasks of radiopurity material selection. As introduced in section 2.3.2, different
techniques can be exploited to measure these nuclides based on the nature of the sample
and its matrix. For quite large mass samples and up to concentrations in the order of
100 µBq/kg the gamma spectroscopy with HPGe detectors is the most sensitive technique
and allows obtaining important information about secular equilibrium breaking. For lower
concentrations, it is not easy or it is impossible to measure the concentration by gamma
spectroscopy because the decay rate is too slow. In this case, the most sensitive technique
is the ICP-MS, that measure directly the 238U, 232Th or 40K concentration, and not the
decay of its daughters, or the neutron activation analysis that allow these nuclides to
be transformed into newer nuclides with a much shorter half-life and making possible to
measure them again with gamma spectroscopy.

The last technique is the one we choose for our analysis. In the following sections is
described how the NAA technique is generally applied to measure 238U, 232Th and 40K and
is discussed in detail the newer technique developed speciőcally for the 238U thanks to a
peculiarity in the decays of its activated nuclide 239Np.

3.4.1 238U measurement with delayed coincidence technique

When the 238U is exposed to a neutron ŕux it can capture a neutron and transform into
239U. This nuclide has a very short half-life (23min) so it is completely decayed into its
daughter 239Np during the irradiation period (several hours) that can be measured thanks
to the half-life of 2.4 days. The complete activation reaction is shown in equation 3.10.

238U + n → 239U
T1/223min
−−−−−−→ 239Np + e− + νe

T1/22.4d−−−−−→ 239Np + e− + νe (3.10)

The standard NAA technique for 238U determination exploits the 106 keV gamma ray
emitted in the decay of the 239Np, that is the photon emitted with the highest branching
ratio providing the best sensitivity, in order to measure its activity. The counts associated
with this peak are determined for both the standard and the sample and the NAA equation
is applied to determine the unknown concentration of 238U in the sample.

In order to maximize the sensitivity, the measurement should last as long as the signal
contribution is greater than the background one. Although this depends on the background
level of the detector, after about 3 half-lives about the 90% of the 239Np nuclides have been
decayed and an increase in the measurement time is associated with a negligible increase of
the signal events. For this reason our measurement time for 239Np determination is 1week.

The factor that most limits the measurement sensitivity of 239Np produced by neutron
activation is the presence of other activated nuclides that produce a background in the
region of interest at 106 keV, whose ŕuctuations could not be removed. The most critical
interference nuclides are 24Na and 82Br that are widely common nuclides in the environment
(Na) and organic compounds (Br) because their half-lives are almost compatible with the
239Np one and their contribution cannot be reduced for example by waiting for its decay.

Based on the technique proposed in [35], a new improved technique has been devel-
oped in order to increase the measurement sensitivity thank to a strong reduction of the
background produced by the interference nuclides and also the intrinsic background of the
detector (cosmic muons). This technique, called "delayed coincidence technique", exploits
a metastable level in the 239Pu nuclear structure in order to obtain a very strong marker of
the 239Np decay. The 239Np decays with a 40.5% branching ratio on the metastable level at
391.6 keV with a β− transition which is followed by γ or IC decay (Figure 3.24). γs or IC
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Figure 3.24: Simpliőed nuclear level scheme of 239Pu[36]. The main transitions related the
metastable level deexcitation are shown.

electrons are emitted according to an exponential time distribution with a decay constant
related to the half-life of the metastable level. The following de-excitation to the ground
state can occur via subsequent γ or IC transitions.

Thanks to the very high speed of its response, the liquid scintillator of the GeSparK
detector allows measuring both the electron emitted by the beta decays and the delayed
electrons emitted in the IC deexcitation transitions following the deexcitation of the
metastable level (Figure 3.25). The GeSparK detector can also measure the time delay
between the two events and thus provides very important information for the identiőcation
of this particular decay because the time distribution of these delays follows an exponential
distribution with a decay constant that is characteristic of this particular level. Moreover, the
GeSparK detector allows detecting the coincidence gamma ray emitted in the deexcitation
of the metastable level providing a third marker for this particular transition.

The proposed event selection, based on three makers: one beta decay event followed by a
delayed signal, with a speciőc time distribution, in coincidence with a deőned gamma energy
event in the HPGe detector, allows rejecting almost all the spurious coincidences due to
interference nuclides and to drastically increase the measurement sensitivity. The proposed
technique exploits the IC transitions and the capability of the LS detector to obtain the
delay information with high time resolution with respect to the delayed coincidence based
on the beta-gamma delay applied in [35].

A dedicated algorithm has been implemented in the analysis software of the GeSparK
detector in order to select these events, with a quite simple principle. The algorithm
determines if in the acquisition window of the LS is present more than one peak (Figure
3.25). If two peaks are present the time distance is evaluated by using a constant fraction
algorithm in order to reduce the effect of the amplitude walk and improve the time resolution.
The amplitudes of the two peaks are determined and are also analyzed in the HPGe channel,
in order to determine the energy of the coincidence gamma ray, and the presence of a veto
signal from the plastic scintillators. These and other minor information are stored for the
next step of the analysis.
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Figure 3.25: Example of delayed coincidence signals of 239Np decay as acquired by the
GeSparK detector.

Once all the delayed coincidence events are determined and analyzed, a selection of
these events is performed in order to reduce the residual background produced by random
coincidence events. In particular, it is applied a cut relative to the time difference, which
must be greater than a threshold set to a value equal to the length of the LS pulses, in order
to eliminate false positives of the analysis due to a deformation of the LS pulses. A cut on
the LS energy of the two pulses, in order to select the event with the correct energy, and
a cut on the energy of the HPGe signal, that must be lower than about 300 keV because
there are no gammas associated to the 239Pu deexcitation above this value.

After the selection of the events, the time distribution of the delays is plotted and őtted.
The signal events, associated with the delay between the beta decay and the IC electron
emitted in the deexcitation of the metastable state, follow an exponential distribution with
a decay constant given by the reciprocal of the mean life of the metastable state: 1

τ e
−

t
τ . The

potential background events are produced by random coincidence in the acquisition window
and follow an exponential distribution with a decay constant given by the rate of singles
background events: R · e−R·t. If the exponent is R · t << 1, low background rate compared
to the reciprocal of the width of the acquisition window, the exponential distribution can
be approximated with a uniform distribution R · e−R·t ∼ R. Since the detected events can
be both signal and background, we can expect that the overall distribution is given by the
sum of these two distributions with a weight given by the expected number of signal events
with respect to the total ones (c parameter). The analytical expression of this distribution
can be expressed as follows.

D = c ·
1
τ e

−
t
τ

∫ ∆t
0

1
τ e

−
t
τ dt

+ (1− c) · 1

∆t
(3.11)

In this equation has been included the fact that the exponential distribution is truncated
after a time ∆t because of the őnite acquisition window. This is included in the equation
in two ways: the őrst one is the integral at the denominator of the exponential distribution
in order to renormalize it and the second is the normalization of the uniform distribution
between 0 and ∆t. In this case, the c parameter represents exactly the ratio between the
number of signal events and the total number of events observed.
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The GeSparK detector is set in order to acquire the LS signal for 1600 ns for each trigger,
with a pre-trigger of 250 ns. This means that there is a window of 1350 ns for the second
pulse to be acquired. Moreover, as mentioned before, a threshold is applied in order to
exclude pulses that are overlapped, excluding the őrsts 120 ns. In conclusion, the available
time window width for the events signals is 1230 ns. The resulting distribution is shown in
equation 3.12

D = c ·
1
τ e

−
t
τ

∫ 1230
0

1
τ e

−
t
τ dt

+ (1− c) · 1

1230
(3.12)

By using this distribution, a Maximum Likelihood őt can be performed in order to
estimate the value of the parameter c. Once this value is estimated, the number of signal
events can be computed simply by multiplying c and the total number of observed events,
following the deőnition of c. This analysis is performed for both the sample and the
standard, with the application of the same analysis procedure and cuts. Based on the
number of signal events associated with the sample and the standard, the usual comparative
NAA analysis can be performed by using the equation 3.6. The only difference between
the analysis applied for the sample and the standard is that for the standard the őt is
performed with a chi-square minimization of the function a · 1

τ e
−

t
τ + c on binned data

because the number of events does not allow a ML őt on the distribution to be performed.
During the development of this method, we realized that the GeSparK detector, used

for the analysis of the activated samples with this technique, is not only able to detect
the signals and measure the time difference between the prompt and delayed one in order
to perform the event selection, but also to measure the delay distribution with very high
accuracy. The accurate measurement of this distribution can be used to determine the
half-life of the metastable level with higher accuracy with respect to the previous results.
For this purpose, a dedicated measurement was performed, achieving a result for the half-life
of the metastable state of (190.2±0.2) ns, that improve the error associated with the result
of factor 20 with respect to the current reference result. In appendix A is described the
complete analysis performed as described in the dedicated paper [37].

3.4.2 232Th measurement

The determination of 232Th by NAA exploits the neutron capture reaction shown in
equation 3.13. The 232Th captures a thermal neutron and transforms into 233Th that
decays quickly of 233Pa. This nuclide has a quite long half-life, about 27 days, and decays
β− on 233U. This decay is accompanied by the emission of a gamma ray of 312 keV with a
branching ratio of 30% and it is used for the measurement of the 233Pa activity with HPGe
gamma spectroscopy.

232Th + n → 233Th
T1/222m−−−−−→ 233Pa + e− + νe

T1/227d−−−−−→ 233U + e− + νe (3.13)

In this case, in order to maximize the sensitivity, the measurement should last about
3month (3 half-lives). Since the lifetime of 233Pa is much longer than almost all the
interfering nuclides that can be commonly activated during the neutron activation, their
contribution to the background of measurement can be reduced and almost completely
eliminated by waiting before starting the gamma measurement, in order to wait for the
almost complete decay of all the interfering nuclides. This is usually done by waiting one
week from the end of the irradiation.

In this situation, the only source of background is the intrinsic one of the detector used.
In particular, for the GeSparK detector this contribution is dominated by the cosmic muon
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showers (see section 3.3.2.4). The measurement of 233Pa will take the most advantages from
the presence of the plastic scintillators veto, which allows this contribution to be reduced
with very good efficiency.

3.4.3 40K measurement

Potassium is a very common alkali metal that is present in nature in two stable nuclides:
39K and 41K, with an isotopic abundance of 93.26% and 6.73% respectively. When a
sample of natural potassium is exposed to a thermal neutron ŕux, both the isotopes are
activated, transforming respectively into 40K and 42K. Although the 39K has a much
greater abundance and a higher cross section for neutron capture, the activated nuclide
40K has an extremely long half-life that makes it impossible to measure its activity by
gamma spectroscopy due to the very low amount of activated nuclides produced during the
irradiation. The 42K has instead a very short half-life, 12.4 h, which makes it possible to
measure it with gamma spectroscopy. The 42K decays β− with the emission of a deexcitation
photon of 1525 keV with a branching ratio of 18%, that is used to determine its activity.
The activation reaction is shown in equation 3.14.

41K + n → 42K
T1/212h−−−−−→ 42Ca + e− + νe (3.14)

The very short half-life makes it impossible to reduce the impact of interfering nuclides
by waiting for their decay but, thanks to the high energy of the gamma ray, the region of
interest is in a region of the spectrum where the background produced by the Compton
interaction of the photons emitted by the other nuclides is much lower compared to the
low energy regions of the gamma ray of 239Np and 233Pa. For these reasons the main, and
almost the only, interfering nuclide is the 24Na that has very high energy gamma rays at
2754 keV and a comparable half-life.

3.4.4 Measurement of 238U and 232Th in LAB sample

The previously described techniques were applied to the measurement of a sample of
LAB produced by the pilot plant for the production of the JUNO LAB. This sample was
processed with the two puriőcation steps foreseen for the JUNO LAB, the alumina column
treatment and the distillation, as described in 1.2.2.1.

A sample of 22 g of LAB was irradiated at the TRIGA MK II research reactor at LENA
for 6 hour together with a standard solution of 0.1 µg of 238U and 10 µg of 232Th. The
following day, the sample was transferred to the radioactivity laboratory at the University
of Milano-Bicocca and the measurement of the standards and the sample were performed.
The measure of the sample lasted 1 week for the uranium determination and about 55
days for thorium. At the end of the respective measurement times, the data acquired by
the GeSparK detector were analyzed by the dedicated analysis tool in order to extract
the necessary information and select the signals of interest. the uranium standard was
measured with GeSparK detector before measuring the sample while the thorium standard
was measured by the GeGEM HPGe detector.

The determination of the uranium was performed using both the conventional analysis
and the delayed coincidence technique in order to compare their performances. Two different
analysis algorithms were applied to the standard and the sample data. For the standard
analysis, the algorithm selects the signals in coincidence with the HPGe and LS detectors
excluding saturated signals, and those in coincidence with the muons veto. The resulting
data are used to compute the spectra of the HPGe detector and a őt of the 106 keV peak is
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Figure 3.26: Spectrum of the HPGe detector signals of the selected events associated with
the standard solution measurement. On the top-right a zoom around the 106 keV peak
with the relative őt function.

performed if present, otherwise, the spectrum integral in the ROI is computed. For the
delayed coincidence one the algorithm described in section 3.4.1 on page 84 have been
applied in order to select the delayed events that respect the required temporal properties,
in addition to the coincidence and anti-coincidence criteria described above.

In Figure 3.26 is shown the HPGe spectrum obtained with the conventional analysis
applied to the data of the uranium standard solution. Here can be clearly seen the
characteristic peaks of the 239Np and the őtted peak at 106 keV. An analogous spectrum
was obtained for the delayed analysis, with the only difference in the total number of events
due to the more stringent selection criteria.

The conventional analysis applied to the data acquired during the measurement of
the sample provided the HPGe spectrum shown in red in Figure 3.27, where there is no
evidence of a peak in the region of interest. In this case, the method for the evaluation
of the limit on the 238U concentration was applied. The integral of the spectrum in the
ROI is computed and the statistical ŕuctuation, based on Poisson statistics, computed as
the square root of the number of events, is considered as the number of events used in the
NAA equation. The Poisson error is multiplied by 1.64 in order to compute the limit at
90% of conődence level. The ROI is considered with a width of 1.2 FWHM centered at
the energy of the expected peak. The number of background events in the ROI was 5673,
so the number of events used in the NAA equation was

√
5673 · 1.64 = 124. The resulting

limit on the uranium concentration is reported in Table 3.5.

As can be seen in the HPGe spectrum, this measurement is subjected to a very high
background due to the presence of interfering nuclides that create a continuum background
at low energies in the HPGe spectrum due to the Compton interaction of the photons in
the detector. The main sources of this background are 82Br, which dominates the spectrum
with its peaks, and the 24Na that has two peaks at 1369 keV and 2754 keV (out of the
showed spectrum).

The delayed analysis applied to the same data allowed their contribution to be reduced
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Figure 3.27: Spectrum of the HPGe detector signals of the events associated with the
sample measurement and processed with the standard analysis (red) and delayed coincidence
algorithm (blue).

Figure 3.28: Distribution of the time difference between the two pulses in the LS detector
in coincidence with the HPGe signals lower than 350 keV.
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(a) Plot of the LogLikelihood proőle as a function
of the c parameter between 0 (maximum) and
0.2.

(b) Plot of the cumulative normalized LogLikeli-
hood (cumulative probability) as a function of
the upper integration limit, between 0 and 0.1.
The 90% of probability is reached at c = 0.053.

Figure 3.29: LogLikelihood plots of the delayed coincidence analysis with the selection of
the HPGe signal lower than 300 keV.

Figure 3.30: Distribution of the time difference between the signal in the LS detector in
coincidence with the HPGe signal between 105 keV and 107 keV.

thanks to the stronger selection criteria based on the time properties of the signals. The
HPGe spectrum of the events in the HPGe detector, in coincidence with delayed events
in the LS detector is shown in blue in Figure 3.27 on the preceding page. Here is clearly
visible the reduction in the number of background events.

The time distribution of the delays between the second and the őrst event in the LS
detector is shown in Figure 3.28 on the facing page, with a total number of events of
1248. In general, the selected events can be both signal and background events. In order
to determine the signal contribution, a őt using a maximum likelihood (ML) method is
performed by using the distribution (equation 3.11 on page 86) reported in section 3.4.1.
The maximum likelihood indicates that the best estimation for the c parameter (signal to
total events ratio) is 0 (Figure 3.29a). This means that all the acquired events should be
considered random background events. In this case, a limit on the uranium concentration is
computed based on the number of events that can be considered signals with a conődence
level of 90%. To compute this value the cumulative probability is computed by integrating
the normalized likelihood function between 0 and a generic value of c, constructing the
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(a) Plot of the LogLikelihood proőle as a function
of the c parameter between 0 and 0.8.

(b) Plot of the cumulative normalized LogLikeli-
hood (cumulative probability) as a function of
the upper integration limit, between 0 and 1.
The 90% of probability is reached at c = 0.78.

Figure 3.31: LogLikelihood plots of the delayed coincidence analysis with the selection of
the HPGe signal between 105 keV and 107 keV.

Measure U (10−13 g/g) Th (10−13 g/g)

Standard NAA analysis <4.2 <4.2
Delayed analysis EHPGe < 300 keV <2.0

Delayed analysis 105 keV < EHPGe < 107 keV <1.1

Table 3.5: Concentration of 238U and 232Th obtained by the direct measurement of a LAB
sample.

function shown in Figure 3.29b. The value of c associated with the 90% of probability is
0.053. Based on this value, the number of signal events considered for the following analysis
is N = 1248 · 0.053 = 66.

Since in this case there is no evidence of signal and we have a quite high residual
background in the HPGe spectrum, it is possible to increase the sensitivity by selecting
a narrower region of the HPGe spectrum around the main peak of the 239Np at 106 keV.
With this selection criterion, the signal-to-background ratio is expected to increase because
the ratio between the number of signal events and background events is much higher under
a peak with respect to the continuum region. Applying a selection window of 2 keV between
105 keV and 107 keV for both the data associated with the standard solution and the sample,
the time distribution showed in Figure 3.30 is obtained for the signal events of the sample,
with a total number of 7 events. The same approach based on the ML őt is applied and the
resulting ML plots are showed in Figure 3.31a and 3.31b. In this case, the LogLikelihood
has a maximum around 0.3, indicating a probable contamination, but if we look at the
error associated with this value by using the approximation of the LogL − 1/2 rule, we
obtain very asymmetric errors that allow the value to be compatible with 0. For this reason
and to be conservative, was decided to evaluate the cumulative distribution and set a limit
as in the previous case. The cumulative probability reach the 90% value at c = 0.78, that
corresponds to a number of signal events of 7 · 0.78 = 5.5. This value was used to compute
the new limit on the concentration of uranium, which is reported in Table 3.5, together
with the previous results.

From these results, it is evident the increase in the sensitivity obtained with the
application of the delayed coincidence technique with respect to the conventional NAA one
and the further increase achieved with the more stringent selection criterion of the HPGe
detector signals.
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Figure 3.32: Spectrum of the HPGe detector signals of the events associated with the
sample measurement for the determination of 232Th, with a waiting time of 10 days. On
the top-right a zoom around the ROI between 280 keV and 350 keV.

The determination of the 232Th was performed by using the conventional NAA technique
described in section 3.4.2. Since the measurement background is very high due to the
presence of high activity of interfering nuclides (red spectrum in Figure 3.27 on page 90),
the measurement period used for the thorium concentration determination was reduced by
increasing the waiting time to 10 days in order to allow the interfering nuclides to decay.
The reduction of the total background in the ROI largely compensates for the reduction
in measurement time since the half-life of the 233Pa is very long compared to the waiting
time considered. Since there is no evidence of a peak in the HPGe spectrum (Figure 3.32),
the integral of the spectrum is computed in the ROI at 312 keV as described for the őrst
uranium case. The number of background events in the ROI was 348 and the number of
events used in the NAA equation was

√
348 · 1.64 = 31. The resulting limit on the thorium

concentration is reported in Table 3.5 together with the uranium results.

Despite the high reduction obtained with the delayed coincidence technique, the achieved
limits for both 238U and 232Th are about two orders of magnitude higher than the required
sensitivities imposed for the JUNO LAB measurement. The main factors that limit the
sensitivity are the residual background events produced by the interfering nuclides and
cosmic muons and the limited mass of the sample. In order to solve both problems, the
implementation of radiochemical treatments was evaluated.

3.4.5 Measurement of 40K in LAB sample

In a separate irradiation, a measurement of the concentration of 40K in LAB was
performed. In this case, we irradiated a sample of 19 g of LAB and a standard solution of
natural potassium of 10 µg. The conventional NAA analysis was applied as described in
section 3.4.3.

The irradiation lasted for the usual 6 hours and the measurement of the sample with
the HGPe detector started the same day because of the very short half-life of the 42K. The
measure time is 44 hours and the acquired gamma spectrum is shown in Figure 3.33.
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Figure 3.33: Spectrum of the HPGe detector signals of the events associated with the
sample measurement for the determination of 40K. On the top-right a zoom around the
ROI between 1480 keV and 1580 keV.

K (10−15 g/g)

<8.3

Table 3.6: Concentration of 40K obtained by the direct measurement of a 19 g LAB sample.

As can be seen in the őgure there is no peak in the region of interest at 1525 keV, so a
limit for the 40K concentration was computed by applying the usual procedure. The main
sources of background in the spectra are the 82Br and the 41Ar but their characteristic
peaks have energies below this value so they do not affect the measurement sensitivity. The
only peaks above the ROI are those associated with some very low branching gammas of
82Br and the 2754 keV of the 24Na whose rate is not so high. The integral of the spectrum
in the ROI was 2877 counts and the number of events used in the NAA equation was√
2877 · 1.64 = 88. The resulting limit on the 40K concentration is reported in Table 3.6.

Although the limit on the 40K concentration achieved with a direct measure on a small
LAB sample is very impressive, is not enough with respect to the requirements of the JUNO
experiment. For this reason, a dedicated radiochemical procedure was developed in order
to increase the sensitivity, by reducing the presence of interfering nuclides, increasing the
mass sample and the efficiency of the measurement.
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Chapter 4

Radiochemical treatments for activated

samples

4.1 Introduction and strategy

4.1.1 Introduction

The combination of the GeSparK detector and the measurement techniques discussed
in the previous chapter allows the measurement sensitivity to be increased but not enough
to reach the requirements for the liquid scintillator of the JUNO experiment. The factors
that limit the sensitivity are the presence of residual background, in particular for 232Th
determination, and the limited mass of the sample. The latter is due to the maximum
volume of the sample that can be introduced in the irradiation container (see section 3.2.1.4)
and the maximum number of containers that can be irradiated simultaneously. In absence
of correlated background produced by the sample itself, the sensitivity increase linearly
with the mass, as can be seen from the NAA equation (equation 3.6 on page 57). On the
contrary, a reduction of the intrinsic background of the detector brings to an increment in
the sensitivity that grows as the square root of the background reduction factor, because it
is related to the Poissonian ŕuctuation of events in the region of interest.

These considerations allowed us to conclude that the most effective approach that would
allow reaching the required sensitivities in the mass increment at constant background. In
order to reach this goal, radiochemical treatments of the LAB have been evaluated in order
to concentrate the nuclides of interest contained in the LAB and reduce the concentration of
interfering nuclides. The őrst objective is related to mass increase because it is possible to
treat a very large mass of LAB and, after the radiochemical treatment, obtain a low-mass
sample that can be irradiated in the nuclear reactor. The second objective is instead related
to the constant background because if the nuclides of interest are concentrated by the
radiochemical treatments, the interfering nuclides could be too. This would produce an
increment of the background measurement, so it is mandatory to remove them. Dedicated
radiochemical treatments must be applied in order to reduce the concentration of the
undesired nuclides and preserve the concentration of the nuclides of interest.

In the following block diagram (Figure 4.1) is represented the conceptual sequence of the
radiochemical procedures. In red are highlighted the pre and post-irradiation treatments.

Figure 4.1: Block diagram of the radiochemical procedure.
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Figure 4.2: Different radiochemical sequences considered for the treatment of the liquid
scintillator of JUNO. Each arrow color deőnes a different sequence.

Different options have been evaluated for the implementation of the speciőc treatments
and for the whole procedure for 238U and 232Th that are described in the following section.
The radiochemical treatment for the determination of 40K will be described in a dedicated
section after the discussion about 238U and 232Th. Radiochemical treatments have been
already applied for a similar measurement as reported in [38] where the authors applied
an evaporation step on the analysed liquid scintillator, followed by acid digestion, neutron
activation, and extraction chromatography steps. The resulting procedure allowed the
authors to reach very high sensitivities but not enough for the JUNO requirements. For
this reason, a different radiochemical approach has been evaluated.

4.1.2 Implementation strategy

The radiochemical treatments can be classiőed as pre-irradiation and post-irradiation
based on when they are performed on the sample with respect to its irradiation.

The radiochemical treatments we used can be classiőed into the following categories:

Liquid-liquid extraction This is the step that allows the nuclides of interest to be
extracted from the LAB and transferred to an acid aqueous solution. This procedure
allows performing an initial concentration of the sample because the volume of the
extracting solution is lower than the volume of the LAB, but it is also necessary in
order to perform the other treatments based on extraction chromatography because
these use resins that can accept only aqueous solution and not an organic compound.

Extraction chromatography Extraction chromatography is a technique that allows ions
to be separated based on their affinity to an exchanger absorbed on an inert support
(resin). With this technique, it is possible to collect the nuclides of interest present in
the aqueous solution obtained in the extraction step and transfer them to another
aqueous solution. The advantage is that during this transfer it is possible to remove
all the other undesired nuclides and to perform another concentration of the sample
because the őnal volume is much lower than the initial volume.

These techniques, discussed in detail in section 4.2, can be applied both in pre and post-
irradiation, with pros and cons, and, for the extraction chromatography, multiple times.
What treatments and when they are performed deőne the speciőc procedure and in Figure
4.2 are schematized those we studied.

One crucial aspect is that all the commonly used materials are orders of magnitude
more contaminated than the levels required by the LAB of JUNO for the 238U, 232Th and
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40K. This means that every manipulation of the LAB performed before the irradiation
can hopelessly contaminate the sample. The post-irradiation treatments instead are safe
because the 239Np and 233Pa are not present in any non-irradiated material so there is no
risk of contamination. This is one of the most critical differences between performing a
treatment before or after the irradiation, but the use of pre-irradiation treatment allows a
much greater sensitivity improvement to be obtained.

The őrst procedure (red sequence) is the safer one because no pre-irradiation treatments
are performed, so the risk of contamination is minimized. This procedure has been the őrst
considered but subsequently excluded because although the post-irradiation radiochemical
treatments allow the interfering nuclides to be reduced, the mass of the sample is limited by
the irradiation capability and without a high mass sample the required sensitivity cannot
be reached.

All the other procedures involve a őrst step of liquid-liquid extraction in order to transfer
the nuclides of interest from the LAB to the acid aqueous solution. At this point, we can
irradiate this solution (yellow sequence) and then treat it with extraction chromatography,
but again the mass sample is quite limited because although the extraction allows performing
a concentration, the concentration factor cannot be arbitrarily high. This is because a
minimum ratio between the extracting solution and LAB volumes is required to have good
extraction efficiency. As a consequence, in this case, in order to have a high-mass sample,
also the extracting solution volume is quite high and cannot be irradiated in our facility.
The use of the extraction chromatography with TEVA resin produced by Triskem [39] in
post-irradiation allows the concentration of interfering nuclides to be reduced by separating
the 239Np and 233Pa from the irradiated solution and the overall risk of contamination is
only due to the extraction process.

The next two procedures (blue and green sequences) exploit the extraction chromatog-
raphy with the UTEVA resin produced by Triskem [39] in order to concentrate 238U and
232Th contained in the extracting solution and perform a őrst reduction of the interfering
nuclides. The resulting solution is then irradiated and can be directly measured (blue)
or previously treated with TEVA resin (green) in order to further reduce the interfering
nuclides activated during the irradiation. These sequences, in particular the green one, allow
obtaining the best concentration factor and the best reduction of the interfering nuclides.
The cons of these procedures are the high risk of contamination due to the liquid-liquid
extraction and extraction chromatography process before the irradiation.

4.2 Treatments description

4.2.1 Liquid-liquid extraction

The liquid-liquid extraction is a separation process consisting of the transfer of an
analyte from one solvent to another immiscible one. The transfer of the analyte from one
solvent to the other is due to the different affinity between the two solvents. Frequently,
one of the solvents is water or an aqueous mixture and the other is an apolar organic
liquid. As in all extraction processes, liquid-liquid extraction comprises a step of mixing,
followed by a step of phase separation. In the mixing step, the two solvents are vigorously
mixed together in order to allow intimate contact between them and when the transfer
equilibrium is reached, the distribution coefficient of an analyte is deőned as the ratio of its
concentration in one phase (e.g. aqueous) to that in the other phase (e.g. organic). The
larger the distribution ratio, the higher the recovery of the analyte.

In our case, the organic solvent is the LAB which is a complete apolar compound
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immiscible with water (polar) that represents the other solvent. The analytes of interest
are the 238U, 232Th and 40K if the extraction process is performed before the irradiation,
or 239Np, 233Pa and 42K if it is performed after the irradiation. Since all the interesting
analytes are metallic ions they have a very high affinity with water, in particular at low pH
(acid solution). For this reason, the extracting solution is composed of water and nitric
acid which is a strong mineral acid whose salts are almost always soluble in water.

Since the distribution coefficient is constant for a particular combination of analytes,
solvents, and experimental conditions (e.g. temperature, pH), in order to obtain a higher
extraction efficiency it is better to repeat the extraction process more than one time with a
low volume of fresh extracting solution than use a large volume only one time. Another
important aspect is that the volume of the extracting solution cannot be too small in order
to guarantee good contact between the organic and aqueous phases. Based on literature
information and expects advice we choose the extracting conditions. We use a ratio between
the total water and the LAB from 1:3 up to 1:5 in volume, based on the LAB volume,
and the extraction process is repeated three times. The higher ratio is used with a higher
quantity of LAB in order to reduce the amount of extracting solution that must be handled
in the following operations and increase the concentration factor. This means that for
100mL of LAB we use a total extracting volume of 30mL divided into three extraction
with 10mL for each one. Each extraction step lasts 20minutes under vigorous agitation on
a magnetic stirrer in order to guarantee very good contact between LAB and water.

The complete extraction procedure is the following:

1. The extracting solution is prepared by diluting the nitric acid with water up to desired
concentration: 5M for pre-irradiation and 8M for post-irradiation extraction.

2. The LAB and 1/3 of the extracting solution are mixed together and vigorously stirred
by a magnetic stirrer for 20minutes.

3. The mixture is transferred into a separatory funnel where the LAB and the water
phases are separated thanks to their immiscibility and different density.

4. The mixing and separation processes are repeated two other times.

4.2.2 Extraction chromatography with UTEVA and TEVA resins

The extraction chromatography (EC) is a separation technique, in which the extractant
is őxed on inert support by absorption way, and the aqueous sample with the analytes to
extract ŕows through it. The extractant can be very selective towards the ions to extract
and its affinity can be changed by modifying the pH or the composition of the solution
to be extracted. This technique has the advantages of exploiting the good selectivity of
extractants and easy operations and the multi-stage possibility of chromatography.

The extraction chromatography resin is composed of an inert substrate on which is
absorbed the liquid stationary phase (extraction phase) that can be composed of one or
multiple compounds. The mobile phase is usually a mineral acid solution, e.g. nitric or
hydrochloric acid, although complexants, such as oxalic or hydroŕuoric acids, are frequently
used to enhance selectivities or the stripping power to strongly retained metal ions from
the resin. In Figure 4.3 is shown a representation of the structure of an EC resin.

The distribution coefficient (KD) in the two phases is deőned as the ratio of the
concentration of a solute in the stationary phase (cs) to the concentration in the mobile
phase (cm):

KD =
cs
cm

(4.1)

98



(a) (b)

Figure 4.4: Picture of 2mL column for extraction chromatography on the left and of the
vacuum system used for the extraction chromatography on the right

The retention factor, k, which is an important parameter in any chromatographic process,
is deőned as the ratio of the quantity of the solute in the stationary phase, Qx, to the
quantity in the mobile phase, Qm:

k =
Qs

Qm
(4.2)

The relationship between KD and k is given by:

k =
Qs

Qm
=

cs · Vs

cm · Vm
= KD · Vs

Vm
(4.3)

where Vs and Vm are respectively the volume of the stationary and mobile phases.

Figure 4.3: Representation of the struc-
ture of extraction chromatography resin
[40].

From the deőnition of the retention factor, it
is clear that the higher this parameter the higher
the retention of the resin. Its values are provided
by the manufacturer of the resins as a function
of the composition and acid concentration of the
mobile phase and can be used to determine the
best operative condition.

The stationary phase is packed into columns
(Figure 4.4a) of 2mL volume that are equipped
with a small funnel on the top to allow the
charging of the solutions. A vacuum system
is necessary in order to achieve the correct
ŕow rate through the column because the EC
columns require a ŕow in the range 0.6mL/min
to 0.8mL/min. A picture of our system is shown
in Figure 4.4b. The dry vacuum pump is con-
nected to a ŕask with a faucet in order to regulate
the vacuum level and compensate for its rapid
variations, for example, due to the on-off of the
pump or ŕow regulation. This ŕask is then con-
nected to a őlter ŕask on which the column is
mounted.

The UTEVA resin (Uranium and TEtraValents Actinides) is widely used for the
separation of uranium and tetravalent actinides like Th, Np, and Pu. The inert support is
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(a) (b)

Figure 4.5: k’ values for different actinides on UTEVA resin on the left and on TEVA resin
on the right as a function of the HNO3 and HCl concentration in the solution.

Amberlite XAD-7 EC and the extractant is the Dipentyl pentylphosphonate (DPP[PP]).
We choose this resin for pre-irradiation treatment because we have to extract the 238U
and 232Th nuclides for which it shows very high efficiencies. In Figure 4.5a is shown the
dependency of k’ on the acid concentration for different actinides for the UTEVA resin.
The uptake is very similar for each tetravalent actinides and uranium, with strong retention
(k’>100) above 5M nitric acid. These nuclides can be eluted from the resin with low
concentration nitric acid, about 0.01M.

The TEVA resin (TEtraValents Actinides) is mainly used for the separation of tetravalent
actinides. The inert support is Amberchrom CG-71ms and the extractant is the Aliquat
336. We choose this resin for the post-irradiation treatments because in this case, we have
to extract 239Np and 233Pa that are both tetravalent actinides, and this resin has higher
retention factors for these nuclides with respect to the UTEVA. In Figure 4.5b is shown
the dependency of k’ on the acid concentration for different actinides for the TEVA resin.
The uptake is very high for each tetravalent actinides and in particular for 239Np with a
strong retention (k’>1000) at concentration greater than 1M nitric acid. All the nuclides
can be eluted from the resin with low-concentration nitric acid or hydrochloric acid.

The exchange chromatography with the EC columns consists of the following steps:

1. Washing: in this phase, the resin contained in the column is washed using an
appropriate solution in order to remove the preservative liquid and any trace of the
elements of interest that can be potentially present in the resin, especially when very
low concentration are analyzed. This is generally done using a low-concentration acid
solution in order to allow the resin to release the ions.

2. Conditioning: in this phase, the resin is prepared to accept the sample by ŕowing a
solution with the same acid concentration as the sample.

3. Charging: in this phase, the sample is passed through the resin. In this process, the
nuclides of interest are retained by the stationary phase of the resin while the others
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Figure 4.6: Changing and elution phases representation. In the charging phase, the nuclides
of interest are retained by the stationary phase and the interfering nuclides are discarded
in the leachate. In the elution phase, the nuclides of interest are released by the stationary
phase and transferred to the eluate.

remain in the mobile phase that is called "leachate" when it comes out of the column.

4. Washing: in this phase, the resin is washed again with an acid solution at the same
concentration of the sample in order to remove the sample solution that remained in
the column but without removing the nuclides of interest from the stationary phase.

5. Elution: in this last phase, the elution solution ŕows through the column in order to
release the nuclides of interest from the stationary phase of the resin. The resulting
solution is called "eluate".

The main steps, charging and elution, are represented in Figure 4.6.

4.2.2.1 UTEVA protocol

The best protocol for UTEVA treatment has been obtained starting from the manufac-
turer and literature information. The protocol has been tested during the efficiency studies
(see section 4.4) and optimized in order to achieve the best results.

The őnal protocol is the following:

1. Washing: it is performed by using a solution 0.02M of ultra-pure HNO3. The volume
is at least 50mL in order to obtain a very deep cleaning of the resin.

2. Conditioning: it is performed by using 15mL of 5M ultrapure HNO3. This allows
ensuring that the resin has the correct pH to retain the 238U and 232Th of the sample.

3. Charging: the sample must have a concentration of 5M of HNO3.

4. Washing: this step is not performed in pre-irradiation because is not particularly
crucial and to reduce the potential loss of analytes and the sample contamination.

5. Elution: it is performed by using 15mL of 0.02M ultra-pure HNO3 to guarantee a
complete release of the analytes of interest.
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4.2.2.2 TEVA protocol

Also for the TEVA resin, the best protocol has been obtained starting from the
manufacturer and literature information. The protocol has been tested during the efficiency
studies (see again section 4.4) and optimized in order to achieve the best results.

Unlike for 238U and 232Th with UTEVA resin, the 239Np and 233Pa can have different
stable oxidation states and since the TEVA resin works only with tetravalent elements
(Np(IV) and Pa(IV)) it is important to ensure that the elements are in correct oxidation
state. This is done by adding to the sample a set of reagents in order to őx the redox
potential of the solution and so őx the oxidation state to IV. The reagents are reported in
the following őnal protocol:

1. Correct oxidation state: the HNO3 concentration is corrected, if necessary, to 8M
and then the following reagents are added to the sample solution:

• 25 µL sulfamic acid (H2NSO3H) 1.5M

• 2 µL Fe(NO3)3 5mg/mL in HNO3 1M

• 75 µL ascorbic acid (C6H8O6) 1M

These quantities are calculated for 1mL sample at the correct nitric acid concentration.
The reagents volumes must be rescaled to the sample volume at the correct nitric acid
concentration. Wait for at least 5minute before charging the sample in the column.

2. Washing: this step is not performed since it is not necessary to clean the resin
because 239Np and 233Pa cannot be present in the resin.

3. Conditioning: it is performed by using 15mL of HNO3 8M. This allows ensuring
that the resin has the correct pH to retain the 239Np and 233Pa of the sample.

4. Charging: the sample must have a concentration of 8M of nitric acid and the correct
redox potential.

5. Washing: this step is performed with 15mL of HNO3 8M in order to remove the
residual traces of interfering nuclides.

6. Elution: it is performed by using 15mL of a solution composed by:

• HNO3 2M

• Ammonium oxalate ((NH4)2C2O4) 0.5M

• Hydroxylamine hydrochloride (NH2OH ·HCl) 0.01M

4.3 Contaminations control

4.3.1 Importance of cleanliness

The uranium normally found in nature consists of four isotopes and 238U represents the
99.28%. Uranium is found in all rocks and soils with different concentrations depending on
the rock type. Common rocks have concentration from 0.03 ppm to 3 ppm but can be as
higher as 100 ppm in particular phosphate rock and bituminous shale [41]. Uranium occurs
in traces also in many commercial products, such as steel, food, and human tissues, as a
consequence of its presence in soil and phosphate fertilizers. For example the human skeleton
is estimated to contain about 25 µg of uranium [41] which correspond to about 0.0025 ppm

102



Figure 4.7: Picture of the clean room class 10000 (ISO7) where the pre-irradiation treatments
are performed.

or 2.5·10−9 g/g. Uranium is also present in the air and correlated to the concentration
of suspended particulates, most probably due to the airborne soil. A study in New York
between the 60s and 70s [42] found concentration in the order of 1 ng/m3.

Also thorium is widely present in the environment, as isotope 232Th. The thorium
content of rocks ranges from 8 ppm to 33 ppm[41]. As for uranium, thorium is present in
food (about 0.0002 ppm or 2·10−10 g/g) and it is suspended in soil particles and this is the
principal source of human exposure.

The concentration of 238U and 232Th in LAB required by JUNO is many orders of
magnitude lower than the typical concentration in the environment. As a consequence, all
the materials, air pollution, and the human body are an immense source of contaminations.
For these reasons the cleanliness of the working area, the materials and consumables, and
the purity of the reagents used in our treatments play a crucial role in the őnal sensitivity.

The deőnition of a cleaning protocol and operative procedures required a huge effort in
order to determine the origin of the observed contaminations during the tests performed
and to reduce their contribution. In the next sections will be described the working area
and the cleaning protocols, the containers and consumables used, and the validation of the
purity of the reagents.

4.3.2 Working area description and cleaning protocols

All the treatments performed in pre-irradiation must be conducted in a very clean
environment with a very low concentration of suspended particulate. This is a clean room
class 10000 (ISO7). This means that there are no more than 10 000 particles/ft3 greater
than 0.5 µm. The liquid-liquid extraction and the extraction chromatography are performed
under a laminar ŕow hood that allows reducing the cleanliness class to 1000 (ISO6) around
the operation area. A picture of the clean room is shown in Figure 4.7.

A clean room allows reducing the risk of contamination related to air particulate but
another very important source is the contamination introduced by the instruments and
consumables. As introduced before, all materials contain a small amount of uranium and
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(a) PE vials with pressure cap. (b) PFA vial with screw cap.

Figure 4.8: Pictures of the containers used for the irradiation of the samples

thorium and they can release these nuclides when getting in contact with the sample. For
this reason, all the instruments and consumables are subjected to a deep cleaning process
in order to reduce their release of uranium and thorium.

The developed cleaning protocol exploits the ability of an acid solution to bring into
solution the nuclides on the surface of the materials, in a process similar to the extraction.
All the consumables that will contain samples or extraction chromatography solutions, for
example, vials, bottles, centrifuge tubes, and separatory funnels are immersed in a solution
composed of ultra-pure water (Milli-Q) and ultra-pure nitric acid with a concentration of
about 2% for some days in order to clean both the internal and the external surface. After
this őrst cleaning step, they are őlled with a fresh solution and maintained őlled until they
are used, but for at least one week. If not used, about every two weeks the acid solution is
replaced with a fresh one. Other consumables that will not contain samples or solutions for
a long time, for example, the micropipette tips, are immersed in the acid solution for one
week and then dried in the clean room and conserved in sealed bags. Although the vacuum
ŕask used in the extraction chromatography will not enter directly into contact with the
samples, it is maintained őlled with acid water when not in use.

4.3.3 Containers for samples and extraction solutions

All the solutions described in section 4.2.1 on page 97 and 4.2.2 on page 98 used in the
liquid-liquid extraction and in the extraction chromatography have to be prepared in some
containers. These containers should not contaminate the solutions and should prevent any
contamination from external sources such as the environment or operators. During our
studies and tests, we used different containers in order to determine the most performing
ones. The preparation of the solutions has been conducted in the 50mL centrifuge test tubes
(produced by Falcon or Corning) made of polypropylene. These tubes have a screw cap that
allows the inner content to be isolated from the outside in order to prevent contaminations
and be easily őlled with acid solution and sealed for long-term cleaning. Unfortunately,
these tubes cannot be used for the samples because they cannot őt into the irradiation
containers since the diameter is too large. For this reason, we used different containers and
the őrst one was a polyethylene (PE) vial with a pressure cap (see Figure 4.8a). During the
tests performed, we became aware of the presence of random contaminations and őnally,
we found that these vials are problematic for two reasons. The pressure cap requires that
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(a) (b)

Figure 4.9: In the plot on the left and right are shown the results of the measurement of
the concentration of 238U and 232Th respectively in the cleaning solution of the Falcon
tubes and in the 20mL vials with pressure caps, after a cleaning period of one week. The
results are the mean of six different samples and the error bars are the standard deviation
of the measurements. The results marked as "Blank" are the control blanks of the ICP-MS
system.

the operator, in order to close and open the tube, touches directly the edge of the cap and
during this operation can contaminate its content. Another problem is that the intrinsic
contaminations are higher than in other containers (for example the Falcon centrifuge test
tube). This was established by measuring blank solutions by ICP-MS at the Gran Sasso
national laboratory. A solution of about 2% of ultra-pure nitric acid has been introduced
in the containers and after waiting for a week the cleaning solution has been measured in
order to determine the concentration of 238U and 232Th. The tests have been performed on
six vials for each type in order to study the ŕuctuation of the contaminations. The mean of
the six results of the 20mL vials (those used for the samples) and Falcon tubes are shown in
the plots in Figure 4.9, together with the control blanks of the ICP-MS system. The error
bars are computed as the standard deviation of the six results. It is evident that the 20mL
are subjected to much higher contaminations with very high ŕuctuations, while the falcon
tubes are much cleaner and their cleanliness is well reproducible. The results of this test
allowed us to conclude that the PE vials with pressure caps cannot be absolutely used for
the preparation of the solutions for the radiochemical treatments and for the containment
of the samples. For the radiochemical solutions, the falcon tube can be used because the
contamination release is not so high to interfere with the sample since the dwell time in the
tube is limited to some hours or less.

In order to resolve the problems related to the use of the pressure cap vials for the
samples to irradiate we decided to try the PFA (Perŕuoroalkoxy alkane) centrifuge vials
produced by Nalgene (see Figure 4.8b). These tubes are produced in PFA, they have a
screw cap and their size őts perfectly with the irradiation container size. The PFA material
has similar chemical properties of PTFE (Teŕon), such as complete chemical inertness
and excellent resistance to strong acids and organic solvents, and has the advantage to
be optically transparent and can be melt-processed. For these reasons is widely used in
ultra-trace element analysis because it is a very clean material and can be very efficiently
cleaned with acid solutions.

As will be discussed in the next chapter, the nitric acid used for extraction and
chromatography is an ultra-pure acid that is sold in 500mL PFA bottles. These bottles
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238U(g/g) 232Th(g/g)

H2O Milli-Q <0.7·10−15 <0.8·10−15

H2O Milli-Q Element <0.7·10−15 <0.8·10−15

Ultra-pure NHO3 <3·10−14 <3·10−14

Table 4.1: Results of the measurement performed at LNGS for the validation of the purity
of the reagents used in the pre-irradiation treatments.

are the perfect containers for the liquid-liquid extraction process and for the preparation
of high-volume extracting solution because they contained ultra-pure highly-concentrated
nitric acid for a long time making them the cleanest container available and, having a very
high volume, allows high-volume samples and solutions to be processed.

4.3.4 Reagents validation

As introduced before, one of the most critical sources of contamination is the reagents
used in the chemical processes performed in the pre-irradiation phases. In particular, there
are two reagents used: water and nitric acid. The uranium and thorium nuclides present in
these reagents cannot be removed and cannot be distinguished from those coming from
the sample. Of course, it is possible to measure a blank sample and subtract the obtained
concentration from the sample result, but this can be done only if the concentration in
the blank is not much greater than in the sample. Since our goal is to reach a measured
sensitivity of 10−15 g/g the concentration of uranium and thorium in the reagents should
not be much greater than this value.

The water is puriőed by using the Milli-Q or Milli-Q Element ultra-pure water systems
produced by Merk Millipore. These systems guarantee water with a conductivity of
18.2MΩcm and no particulates with >0.22 µm. The Milli-Q Element system is speciőc for
trace-element analysis.

The nitric acid is the ultra-pure grade produced by Carlo Erba Reagenti, and it is
guaranteed to contain less than 0.1 ppt (1·10−13 g/g) of uranium and thorium.

In order to determine the exact concentration of uranium and thorium in the produced
water and certify their content in nitric acid with higher sensitivity, we asked for a dedicated
measurement by ICP-MS at the Gran Sasso National Laboratory (LNGS). A set of PFA
containers cleaned for a long time was shipped from LNGS to our laboratory. A sample of
Milli-Q and Milli-Q Element water and ultra-pure nitric acid was introduced into these
containers and shipped back to LNGS for the measurements.

The measurement results, shown in Table 4.1, conőrm the quality of the Milli-Q water,
obtaining a limit for uranium and thorium concentration lower than 10−15 g/g and no
differences are present with the Milli-Q Element water from the uranium and thorium
content point of view. Also the purity of the nitric acid was conőrmed with a good
improvement with respect to the certiőed value, but the obtained limit is a bit higher
because the ICP-MS is able to measure solutions of nitric acid with a concentration lower
than 10%, so it is required to dilute it in water and this operation reduces the sensitivity.

The fact that the limit obtained is one order of magnitude higher than our requirement
is not a big problem because the amount of acid is only about 1/15 of the sample volume
because there is a factor of 5 for the ratio of sample to extracting solution and another
factor of 3 because the concentration of the nitric acid is 5M, about 1/3 with respect to the
concentrated one. This means that the contribution of eventually present contaminations
is reduced by a factor of 15, allowing us to potentially achieve the required sensitivity.
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Obviously, although it is not necessary because the limit is already lower than the required
sensitivity, this consideration can be applied also to the water, lowering its potential
contribution.

4.4 Treatments studies and efficiencies

All the radiochemical treatments described in the previous sections are affected by an
efficiency, in principle lower than one. The knowledge of the efficiency is very important
because it affects the őnal sensitivity of the measurements. In order to determine the
best radiochemical sequence among those described in section 4.1.2 the efficiency of each
treatment has been evaluated. In this section are described the most signiőcant test and
the obtained results.

During each irradiation together with the samples are irradiated the reference standards
that are used to compute the nuclides concentration as described in section 3.2.1.2 with the
equation 3.6 on page 57. In order to verify the dilution process are also irradiated what we
call "dilutions" which are the samples of a known quantity of diluted standards in order to
verify the concentration at dilution steps and the amount added during the contamination
of the sample with a dilution sample containing the same amount of the samples. The
efficiency of a process is evaluated as the ratio of the nuclide mass measured in a sample
with the reference amount provided by the dilution sample.

4.4.1 Pre-irradiation

The pre-irradiation treatments are the most promising in therm of mass increasing
because they allow the sample to be concentrated, but at the same time are the most
dangerous for the contaminations they can introduce. Here will be discussed the preparation
of the samples, the performed treatments, and the obtained efficiencies of these treatments
while the potential contaminations are evaluated in the blank tests described in section 4.5.

4.4.1.1 Sample preparation

In order to determine the efficiency of the processes it is necessary to contaminate with
a known quantity of 238U and 232Th the LAB in order to compare it with the amount
obtained at the end of the radiochemical processes. The contamination is performed by
using standard solutions of 238U and 232Th in HNO3 1% with a certiőed concentration of
1000 ppm. As described in the introductory sections about NAA, the typical measurement
sensitivity with standard low-background HPGe gamma spectroscopy on activated samples
in the order of 10−12 g/g. The ultimate sensitivity is reached with long-term measurements
(1 week for 238U and 1 month for 232Th) and relatively high mass samples (tens of grams).
For these reasons the efficiency studies are performed by contaminating a LAB volume of
100mL to 1·10−11 g/g with 238U and 232Th, in order to have enough signal intensity to
reduce the measurement time to about one day and accumulate enough statics to have a
reasonable low statistical error.

The mass of nuclides associated with this concentration and sample volume can be
easily computed by multiplying the mass of the sample and its concentration:

m = 100 g · 1·10−11 g/g = 1·10−9 g = 1ng (4.4)

The concentration of these standards is too high to be used directly because the required
amount is contained in 1 nL of standard and it cannot be withdrawn directly. Another

107



crucial problem is that they are not miscible with the LAB, since they consist of an aqueous
solution. In order to solve these problems, a dedicated dilution protocol has been developed
to reduce the concentration and create a standard solution miscible with the LAB.

The commercial standard solutions are diluted in multiple steps in acid water and the
őnal one is performed in isopropyl alcohol. The őnal step in alcohol is required because it
can be easily dissolved in LAB and allow the nuclides to be dispersed in the LAB matrix.
The dilution steps are the following:

• Dilution 1:10 with HNO3 1% → standard 100 ppm

• Dilution 1:100 with HNO3 1% → standard 1 ppm

• Dilution 1:100 with isopropyl alcohol → standard 10 ppb

With the őnal concentration of 10 ppb, in order to have 1 ng of nuclides, it is required to
use 0.1mL of this solution that can be easily withdrawn with a micropipette.

The procedure to contaminate the LAB is the following:

1. Prepare the dilute standard in isopropyl alcohol.

2. 100 g of LAB are transferred in a beaker placed on a magnetic stirrer and maintained
in strong agitation.

3. A volume of 0.1mL of isopropyl alcohol standard is added to the LAB.

4. The agitation is maintained for some minutes in order to allow a uniform dispersion
of the nuclides in the LAB matrix.

Note: In some tests, for example when multiple procedures are performed on the same
sample and only a fraction of the total sample is measured for each treatment, the mass
of contaminant is increased to 2 ng to have more signal. In this case, the procedure is the
same with the only exception that the őrst dilution is performed 1:5 in order to double the
concentration in the őnal standard solution to 20 ppb.

4.4.1.2 Radiochemical treatments

The őrst pre-irradiation treatment is the liquid-liquid extraction that allows the transfer
of 238U and 232Th from the LAB to an acid aqueous solution. This is also necessary for the
possible subsequent extraction chromatography with UTEVA resin.

To evaluate their efficiency the contaminated LAB is extracted and a fraction of the
obtained solution is measured with NAA, while the remaining amount is processed with
the UTEVA resin.

The liquid-liquid extraction procedure is the following:

1. Add 10mL of HNO3 5M to the 100 g LAB sample.

2. Stir vigorously the mixture with the magnetic stirrer for 20minutes.

3. Transfer the mixture to the separatory funnel and wait for the phase separation.

4. Spill the aqueous phase that is accumulated on the bottom (higher density).

5. Transfer the LAB to the original beaker.

6. Repeat step 1-5 for two more times.
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At this point, the obtained solution has a volume of about 30mL. 10mL of this solution
is conserved to be measured by NAA to determine the liquid-liquid extraction efficiency and
the remaining 20mL are treated with UTEVA resin according to the following procedure,
that is simpliőed version of the procedure described in section 4.2.2.1 because less cleaning
accuracy is required for contaminated samples.

1. The resin is washed with 15mL of HNO3 0.02M.

2. The resin is conditioned with 15mL of HNO3 5M.

3. The sample is charged into the column.

4. The nuclides are elated with 15mL of HNO3 0.02M.

The őnal sample (eluate) is then measured by NAA together with the previous sample.

4.4.1.3 Efficiency results

The őrst efficiency of the extraction process has been obtained in test number 6, then
repeated during test 17, and őnally veriőed in a dedicated set of three measurements during
test 21. All these efficiencies are computed on contamination of 1 ng in 100mL of LAB
except for test 17 in which the LAB was contaminated with 10 ng. The results are reported
in Table 4.2 and in the plot in Figure 4.3 on the next page. The results show a very good
recovery efficiency and good repeatability. This was quite expected because the affinity of
238U and 232Th is much higher with an aqueous acid solution with respect to a completely
apolar organic compound.

From the efficiency point of view, the extraction process is very promising because
allows quantitative recovery of the nuclides of interest. This process allows performing a
őrst concentration of the sample thanks to the lower volume of the extracting solution with
respect to the LAB volume.

Extraction chromatography is the other process that allows us to drastically concentrate
the sample and in principle removes a large amount of interfering nuclides. Numerous
dedicated tests have been performed in order to determine the best procedure and elution
solutions. The efficiency of the őnal procedure are reported in Table 4.4 and in the plot in
Figure 4.10 on page 111.

Also for the extraction chromatography the results show very good efficiencies both for
238U and 232Th. Based on the data provided by the manufacturer of the UTEVA resin, the
stripping capability of 232Th could be better if HCl is used instead of HNO3 or if ammonium
oxalate is added to the elution solutions. The őrst option has been tested by performing
an elution using HCl 1M and shows a very high efficiency for both uranium and thorium,
but the use of HCl is very problematic in NAA because the 35Cl, that is stable with an
isotopic abundance of about 76%, is activated by the irradiation into 36Cl that having a
half-life of 3·105 years cannot be eliminated and the bremsstrahlung radiation emitted by
the beta electron increase the background of the measurement that is unacceptable for low
concentration sample because of the reduction of the sensitivity. Despite the addition of
ammonium oxalate produced an increase in the stripping efficiency, the risk of contamination
due to the use of another reagent that is not available with an ultra-purity grade is not
acceptable, because even though the efficiency obtained by using only HNO3 is not as high
for 232Th as for 238U, it is an excellent result.

Based on these results, also this process is very promising thanks to its very good
efficiency and the possibility to obtain a very high concentration of the sample.
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Test number U efficiency (%) Th efficiency (%)

T6 107±8 102±8
T17 99±8 95±19

T21.1 86±11 111±16
T21.2 69±7 88±16
T21.3 93±9 67±12
Mean 91±14 93±17

Table 4.2: Results of the measurement of the liquid-liquid extraction efficiency for uranium
and thorium in pre-irradiation

(a) (b)

Table 4.3: In the plot on the left and right are shown the results of the liquid-liquid
extraction efficiency measurements respectively for uranium and thorium. The last column
in each plot represents the mean of the őve measurements and their error bar is computed
as the standard deviation of the results.

Test number U efficiency (%) Th efficiency (%)

T6 93±9 76±6
T9 85±9 109±13

T21.1 102±14 62±9
T21.2 133±14 71±13
T21.3 93±9 97±17
Mean 101±19 83±19

Table 4.4: Results of the measurement of the extraction chromatography efficiency for
uranium and thorium in pre-irradiation
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(a) (b)

Figure 4.10: In the plot on the left and right are shown the results of the extraction
chromatography efficiency measurements respectively for uranium and thorium. The last
column in each plot represents the mean of the őve measurements and their error bar is
computed as the standard deviation of the results.

Test number U efficiency (%) Th efficiency (%)

T6 100±11 78±9
T21.1 88±16 69±14
T21.2 92±13 62±16
T21.3 86±12 65±16
T22.1 96±8 86±7
T22.2 85±7 92±10
T23.1 94±7 61±6
T23.2 92±7 68±8
Mean 92±5 73±11

Table 4.5: Results of the measurement of the complete pre-irradiation procedure efficiency
for uranium and thorium.

(a) (b)

Figure 4.11: In the plot on the left and right are shown the results of the complete pre-
irradiation efficiency measurements respectively for uranium and thorium. The last column
in each plot represents the mean of the measurements and their error bar is computed as
the standard deviation of the results.
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The efficiency of the complete pre-irradiation processes has been evaluated by combining
the efficiencies of the single procedures (when available for the same test) and performing
additional tests of the complete pre-irradiation procedure. The new tests 22 and 23 are
performed by contaminating the LAB with 2 ng of 238U and 232Th and performing the
liquid-liquid extraction and extraction chromatography on the whole sample, without
splitting. The global efficiency has been computed as the ratio of the uranium and thorium
mass recovered at the end of the extraction chromatography procedure and the expected
value obtained by the dilution sample. The Final results are summarized in Table 4.5
and in the plot in Figure 4.11 on the previous page. The results of tests 22 and 23 are
consistent with the ones obtained from the previous tests and provide a conőrmation of the
repeatability of the processes.

4.4.2 Post-irradiation

The post-irradiation treatments, in particular the extraction chromatography, allow
us to reduce the concentration of interfering nuclides with no risk of contamination. It is
important to remark that this treatment involves the nuclides 239Np and 233Pa because
are performed after the irradiation. This implies that the concentration of the nuclides of
interest is much lower with respect to the concentration of 238U and 232Th because not
all the nuclides are activated during the irradiation. A simple calculation based on the
experimental data of activation allows us to estimate that the ratio between the number of
activated nuclides and the original one is about 3·10−7. As a consequence, the procedure
performed in post-irradiation in principle could be less efficient and reproducible. Here will
be discussed the preparation of the samples, the performed treatments, and the obtained
efficiencies of these treatments.

4.4.2.1 Sample preparation

The preparation of the samples for the efficiency measurement of the post-irradiation
treatments is different for the liquid-liquid extraction and for extraction chromatography.

For the liquid-liquid extraction, a sample of 30 g of LAB and separately a sample of
standard solution are irradiated. After the irradiation, the LAB is contaminated and then
extracted.

For extraction chromatography, the efficiency measurement has been performed in
different ways. One option is to prepare a solution with a known quantity of irradiated
standard and use this solution to charge the TEVA resins. This allows measuring the
efficiency of the extraction chromatography process without any interference from the other
processes. The second option is to use the resulting sample obtained by the liquid-liquid
extraction in post-irradiation, in analogy to the pre-irradiation procedure. This allows
measuring two efficiencies on the same sample, but it is required to split the extracted
solution to measure the efficiency of the liquid-liquid extraction in order to know the starting
point of the extraction chromatography.

The standard solution used to contaminate the LAB after the irradiation is prepared
by diluting the usual 1000 ppm standard solution in acid water in order to reduce its
concentration. The acid solution is irradiated and then diluted with the isopropyl alcohol in
post-irradiation. The irradiation is performed before the alcohol dilution because the heating
of the solutions during the irradiation can reduce the volume of the alcohol, concentrating
the solution and changing its concentration. The dilution steps are the following:

• Dilution 1:10 with HNO3 1% → standard 100 ppm
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• Dilution 1:100 with HNO3 1% → standard 1 ppm

• Irradiation of about 3mL of 1 ppm solution.

• Dilution 1:100 with isopropyl alcohol → standard 10 ppb

As in the previous case, in order to have 1 ng of nuclides, it is required to use 0.1mL of this
solution. The procedure to contaminate the LAB is exactly the same as the pre-irradiation
procedure (see 4.4.1.1 on page 107) with the exception that the mass of the LAB is lower
because 100 g cannot be irradiated at the same time.

4.4.2.2 Radiochemical treatments

The liquid-liquid extraction is performed in a similar way to the pre-irradiation case
but since the LAB volume is lower, so it is the extracting solution, and the nitric acid
concentration is different in order to adapt to the following extraction chromatography step.
After the contamination of the LAB, the following liquid-liquid extraction procedure is
applied:

1. Add 6mL of HNO3 8M to the 30 g LAB sample.

2. Stir vigorously the mixture with the magnetic stirrer for 20minutes.

3. Transfer the mixture to the separatory funnel and wait for the phase separation.

4. Spill the aqueous phase that is accumulated on the bottom (higher density).

5. Transfer the LAB to the original beaker.

6. Repeat step 1-5 for two more times.

If only the extraction efficiency is required, the whole sample is measured. Otherwise, it is
split to have a faction that can be treated with extraction chromatography.

The extraction chromatography with the TEVA resin is performed according to the
procedure described in section 4.2.2.2 with the correct volume of reagents for the sample.

It is important to note that the application of post-irradiation treatments implies
an increase in the waiting time, the time lapsed from the end of the irradiation and
the beginning of the sample measurement, and the higher the waiting time, the lower
the sensitivity. Since the time required to complete both the described post-irradiation
treatments is in the order of some hours, the increase in the waiting time does not affect the
sensitivity in a signiőcant way, because the half-lives of 239Np and 233Pa are much longer,
respectively 2.4 days and 27 days.

4.4.2.3 Efficiency results

The liquid-liquid extraction process is involved only in the red sequence in Figure 4.2
on page 96 where the LAB is directly irradiated and then processed with liquid-liquid
extraction and extraction chromatography with TEVA resin. Although this is the sequence
with the least risk of contamination, it does not allow the sample to be concentrated before
the irradiation. For this reason, this option has been excluded. Despite this, an evaluation
of the extraction efficiency has been performed and the obtained result is reported in Table
4.6 on the following page. The efficiency is quite good but it is lower with respect to
extraction efficiency obtained in pre-irradiation. This can be attributed to the fact the
the extraction process is applied to 239Np and 233Pa nuclides that have different chemical
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Test number U efficiency (%) Th efficiency (%)

T14 93±9 76±6

Table 4.6: Results of the measurement of the efficiency of the liquid-liquid extraction
post-irradiation treatment for uranium and thorium.

Test number U efficiency (%) Th efficiency (%)

T22.1 94±11 97±11
T22.2 106±12 82±12
T23.1 112±12 85±12
T23.2 108±12 63±10
Mean 105±8 82±14

Table 4.7: Results of the measurement of the efficiency for the extraction chromatography
post-irradiation treatment for uranium and thorium.

(a) (b)

Table 4.8: In the plot on the left and right are shown the results of the efficiency of the
extraction chromatography post-irradiation measurements respectively for uranium and
thorium. The last column in each plot represents the mean of the measurements and their
error bar is computed as the standard deviation of the results.

behaviors than the precursor nuclides 238U and 232Th (see section 4.4.2 on page 112) and
whose concentration is much lower.

The most useful post-irradiation treatment is extraction chromatography which allows
removing all the interfering nuclides produced during the irradiation. The efficiency of
this process has been evaluated in different tests in order to optimize the procedure and
the solutions used for the treatments. In particular, the nitric acid concentration of the
conditioning solution has been optimized, increasing it up to 8M. At this concentration,
we obtained the highest retention of 239Np and 233Pa by the TEVA resin. Other aspects
that required optimization are the charging and elution times and the composition of the
elution solution. The őnal procedure is the one described in section 4.2.2.2 on page 102,
which provides the best recover efficiencies for both 239Np and 233Pa.

The results of the tests performed with the őnal procedure are shown in Table 4.7 and
in Figure 4.8. The results show a very good recovery efficiency (almost unitary) for 239Np
and 233Pa, even if in for this nuclide is a bit lower.
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Sample 82Br (Bq/kg) Pre 82Br (Bq/kg) Post

LAB 232±2 97±3
Extracted 2.4±0.1 14.2±0.6

Eluate 0.96±0.03 0.040±0.002

Table 4.9: Speciőc activities of 82Br in the three samples used to evaluate the reduction
efficiency of the liquid-liquid and extraction chromatography.

Sample Efficiency Pre Efficiency Post

Liquid-liquid extraction (98.97±0.04)% (85.4±0.8)%
Extraction chromatography (60±2)% (99.72±0.02)%

Total reduction (99.56±0.01)% (99.959±0.002)%

Table 4.10: Reduction efficiency of 82Br for the liquid-liquid and extraction chromatography.
The last row reports the total reduction efficiency of the two processes. The reported errors
are associated with the counting statistics.

4.4.3 Interfering nuclides reduction

As already introduced in the previous sections, one of the main purposes of the radio-
chemical treatment implementation is the reduction of the interfering nuclide concentration.
The numerous test performed showed that both the liquid-liquid extraction and the ex-
traction chromatography allow obtaining a very high reduction of the concentration of
interfering nuclides. A quantitative estimation has been performed by exploiting the samples
used to measure the efficiency of the treatments. One of the main interfering nuclides is the
82Br that is produced by the activation of the 81Br, a nuclide present in the LAB probably
due to the production process of the LAB itself. The 82Br has a half-life of 35 h and its beta
decays are followed by a cascade of numerous high-energy gamma rays. As a consequence,
this nuclide can deeply impact the measurement sensitivity because it can increase the
background in the region of interest and it has a half-life comparable to the 239Np one.

The reduction capability has been studied both in pre and post-irradiation. In both
cases the evaluation has been performed by measuring the speciőc activity of 82Br in the
samples with the following equation:

As

(

Bq

g

)

=
N

t · ϵ ·BR ·m (4.5)

where N is the number of events in the peak of interest, t is measurement time, ϵ is the
detection efficiency at the energy of the peak, BR is the branching ratio of the observed
gamma ray and m is the mass of the sample. The speciőc activity has been calculated
as the mean of the speciőc activities obtained considering three main peaks of the 82Br:
554 keV, 619 keV and 777 keV.

The reduction efficiency associated with a treatment has been computed by using the
following equation:

ϵred = 1− AsAfter

AsBefore
(4.6)

The efficiency has been estimated for the liquid-liquid extraction and chromatography
extraction for both the pre and post-irradiation phases by measuring the activity of the
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Test number U efficiency (%) Th efficiency (%)

T22.1 90±7 83±7
T22.2 90±7 75±7
T23.1 105±8 52±5
T23.2 99±8 43±5
Mean 96±7 63±19

Table 4.11: Results of the measurement of the efficiency for the complete procedure for
uranium and thorium performed on the same sample.

(a) (b)

Table 4.12: In the plot on the left and right are shown the results of the total efficiency of the
pre- and post-irradiation treatments applied to the same sample respectively for uranium
and thorium. The last column in each plot represents the mean of the measurements and
their error bar is computed as the standard deviation of the results.

LAB, the extracted solution, and the eluate. The measured activities are reported in Table
4.9 and in Table 4.10 on the preceding page are reported the relative reduction efficiencies.

Although the major contribution to the total reduction is associated with the liquid-
liquid extraction in pre-irradiation and to the extraction chromatography in post-irradiation,
the reductions obtained by combining the two treatments are comparable, allowing us to
obtain an almost quantitative reduction.

4.4.4 Final procedure

Based on the results obtained during the tests performed to estimate the efficiencies of
the single procedures, the reagents validation, and interfering nuclides reduction the most
suitable radiochemical procedure has been chosen. The pre-irradiation treatments showed
very good recovery efficiency and the quality of the reagents and containers is adequate for
the required sensitivities and also the post-irradiation treatment showed good efficiency.
This made it possible to not exclude one of these treatments for low efficiencies or other
problems. The application of the delayed coincidence for the analysis of the 239Np and
the cosmic background reduction provided by plastic scintillator detectors does not allow
reaching the sensitivity required by the JUNO experiment. In order to reach the objective
we decided to implement the most promising procedure, the green one in Figure 4.2 on
page 96, that implements both the liquid-liquid extraction and extraction chromatography
in pre-irradiation and the extraction chromatography in post-irradiation. Although this
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is the most subject to contaminations, it is the most promising in therm of sensitivities
because it allows obtaining the highest level of preconcentration. Since the efficiencies of
the different processes are very good the use of all three is not deleterious and the sample
mass increase and interfering nuclides reduction are much greater than the loss due to the
lower efficiency.

The efficiency of the complete procedure can be computed as the product of the
efficiencies of the pre-irradiation treatments and the extraction chromatography in post-
irradiation as follows:

ϵU = (92±5)% · (105±8)% = (97±9)% (4.7)

ϵTh = (73±11)% · (82±14)% = (60±14)% (4.8)

These efficiencies are consistent with the ones determined by performing the complete pre-
and post-irradiation procedure on the same sample. Tests 22 and 23 were performed in this
way and a fraction of the whole sample is used to compute the partial efficiencies reported
in the previous sections. The results obtained for the efficiency of the complete procedure
in these two tests are reported in Table 4.11 and Figure 4.12 on the facing page.

The results obtained for the uranium show a very good efficiency of recovery with very
high reproducibility, while the thorium results show a good efficiency but it is subjected to
a higher ŕuctuation between different samples. This means that there is a random error
associated not only with the measurement of the sample (counting statistics) but also with
the chemical treatments and the latter is dominating the total error. For this reason, the
errors associated with the efficiency are computed as the standard deviation of the single
measurements.

4.5 Blank measurements and sensitivities

As pointed out many times in the previous sections, the most critical aspect of the com-
plete procedure that involves the pre-irradiation treatments is the possibility of introducing
contaminations of 238U or 232Th during the treatments themselves. In order to determine
the quality of all cleaning processes and the entities of these potential contaminations, two
blank tests have been performed.

A blank test is a measurement conducted on a fake sample that has the same mass
(or volume) as the őnal one and it is subjected to the same procedures but it is neither
contaminated with the standards nor entered in contact with the substance to measure.

In our case, the blank samples consist of 200mL of 5M ultra-pure nitric acid that is the
volume of solution required for the liquid-liquid extraction of 1 kg of LAB. This solution is
then racked into the extraction bottle and then, after a waiting time of 1 hour, into the
separatory funnel, in order to simulate the contact with the bottle and the funnel for the
same time as in a real extraction. The solution is then processed with the usual procedure
of extraction chromatography with UTEVA resin as described in section 4.2.2.1 on page 101.
The eluate is then irradiated and processed with the procedure of extraction chromatography
with TEVA resin as described in section 4.2.2.2 on page 102. The resulting eluate is őnally
measured with the GeSparK detector in order to determine the concentration of 238U and
232Th.

4.5.1 Blank 1

The őrst blank test was performed during irradiation number 12518 on March 9, 2022
and the sample was irradiated for 6 hours. The next day we performed the post-irradiation
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(a) (b)

Figure 4.12: Time distribution of the delayed events of the standard solution with the
resulting best őt curve and the delayed events of the sample.

radiochemical treatments at the chemistry laboratory at LENA. The measure of the őnal
sample began in the late afternoon of the same day and lasted 1 week for the uranium
determination and about 1 month for thorium.

At the end of the respective measurement times, the data acquired by the GeSparK
detector was analyzed by the dedicated analysis tool in order to extract the necessary
information and select the signals of interest.

For the uranium determination, the developed delayed coincidence method was used. A
standard solution containing about 0.1 µg of uranium and 2 µg thorium was measured as
the reference standard for the NAA. As introduced during the description of the method,
since the number of events associated with the standard is very large, a chi-square őt was
performed in order to determine the number of signal events (239 300±700). In Figure
4.12a is shown the time distribution of the delayed events and the resulting best őt curve.

The same selection criteria are applied to the sample data and the resulting time
distribution is shown in Figure 4.12b, with a total number of events of 47.

In order to determine the signal contribution, a őt using a maximum likelihood (ML)
method is performed by using the distribution (equation 3.11) reported in section 3.4.1 on
page 84. The maximum likelihood indicates that the best estimation for the c parameter
(signal to total events ratio) is 0.76. This means that only this fraction of the total events are
"true" 239Np decay events, while the others are random background events. Based on this
value, the number of signal events considered for the following analysis is N = 47 ·0.76 = 36.

In order to verify the result obtained with this approach, an estimation of the number
of background events was performed at the end of the long measurement performed for
the 232Th determination. After a waiting time of about 1month, almost all the potentially
present 239Np nuclides have decayed and in this condition, a measurement of the rate of
delayed events is a measure of the random coincidence rate, because there are no other
sources of delayed events. By considering a time period of the same duration as the
measurement, the number of delayed events detected was 15. With this estimation, the
number of signal events is N = 47− 15 = 32. This number is consistent with the number
obtained with the maximum likelihood estimation based only on the őrst week’s data. The
advantage of the ML method is that it is based only on the data of the measurement
and does not require waiting until the end of the long measurement to compute the őnal
results for the 238U concentration. Moreover, if only the measurement of 238U must be
performed, this method avoids to unnecessarily prolonging the measurement to compute the
background events. An exception to this is that if the measurement event rate is dominated

118



Figure 4.13: Spectrum of the events detected by the HPGe detector during the standard
solution measurement. On the top-right a zoom near the 312 keV peak of 233Pa with the
relative őt function.

by the background of the detector, the number of expected random coincidences is almost
constant since it depends on constant parameters which are the measurement time and the
total event rate, and in this case, it is not necessary to prolong the measure to estimate the
background.

By using this information and the NAA equation, the concentration of 238U in the
sample was computed and the results are shown in Table 4.13 on the following page.

The determination of the 232Th is performed by using the standard NAA technique
described in section 3.4.2 on page 87. The spectrum of the measurement of the standard
is shown in Figure 4.13, where are visible both the 239Np and 233Pa characteristic peaks.
A simple őt of the 312 keV peak provided the number of events associated to the 232Th
standard (189 100±500). The measurement of the sample lasted for exactly 2 664 000 s,
during which the spectrum shown in Figure 4.14 on the following page was obtained. As
can be seen, there is no evidence of a peak in the region of interest at 312 keV, so a limit
is computed for the concentration of 232Th using the same approach described in section
3.4.4 on page 88

The integral of the spectrum in the ROI is computed and the statistical ŕuctuation is
computed as the square root of the number of events multiplied by 1.64 in order to compute
the limit at 90% of conődence level. The number of background events in the ROI was 131,
so the number of events used in the NAA equation was

√
131 · 1.64 = 19.

By using this information and the NAA equation, the concentration of 232Th in the
sample was computed and the results are shown in Table 4.13 on the following page.

For the 238U a value for the concentration was found indicating the presence of con-
tamination in the 10−14 g/g scale, while for the 232Th a limit was obtained indicating the
at the moment the measurement sensitivity is limited by the background of the detector
and not by an internal contamination [43]. In order to verify this result and determine the
possible sources of uranium contamination, another blank test was performed.
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Figure 4.14: Spectrum of the events detected by the HPGe detector during the measurement
of the sample. On the top-right a zoom around the ROI between 250 keV and 370 keV.

U concentration (10−15 g/g) Th concentration (10−15 g/g)

7.9±1.4 <44

Table 4.13: Concentration of 238U and 232Th obtained by the measurement of the őrst
blank sample.

4.5.2 Blank 2

The second blank test was performed during irradiation number 12565 on July 25, 2022,
and the sample was irradiated for 6 hours. The next day we performed the post-irradiation
radiochemical treatments and the measure of the őnal sample began in the late afternoon
of the same day and lasted 1 week for the uranium determination and about 1 month for
thorium.

The mass and the composition are the same as the Blank 1 sample as well as the
radiochemical treatments performed. The only difference, in this case, is a modiőcation of
the GeSparK detector conőguration we tried to implement in order to verify a potential
measurement sensitivity improvement.

The őrst modiőcation is a reduction of the volume of the liquid scintillator detector.
The original volume was 200mL as described in the detector general description, but since
the sample volume using the őnal radiochemical procedure is limited to 15mL, that is
the elution volume, the volume of the liquid scintillator detector can be reduced. The
maximum allowed sample-to-LS ratio for the Ultima Gold AB is 1:1, but we decided to
keep a conservative lower ratio (about 1:2) with a total volume of 50mL. The smallest size
of the LS detector, both in diameter and height, allow increasing the detection efficiency of
the HPGe detector thank to the higher geometrical efficiency and lower absorption.

Another modiőcation is the use of another HPGe detector. We tried to couple the LS
detector to the HPGe of the GMX system, which has a crystal with a relative efficiency of
100%, with respect to the 38% of the GeSparK one, which would allow a further increase of
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Conőguration Efficiency 239Np Efficiency 233Pa

1 1.30% 0.81%
2 2.03% 1.21%
3 3.55% 2.57%

Conőguration Efficiency gain 239Np Efficiency gain 233Pa

1→2 1.54 1.48
2→3 1.75 2.12
1→3 2.73 3.17

Table 4.14: Detection efficiencies for 239Np and 233Pa main peak for different detector
conőgurations and the efficiency gain for the new conőguration with respect the original
GeSparK.

U concentration (10−15 g/g) Th concentration (10−15 g/g)

9.5±1.0 <24

Table 4.15: Concentration of 238U and 232Th obtained by the measurement of the second
blank sample.

the total efficiency to be obtained. I’d like to point out that the efficiency gain is not equal
to the ratio of the relative efficiencies because the 239Np and 233Pa gamma rays have low
energies and in this case the sensitive part of the HPGe crystal in only the top part and
not the entire volume. The efficiency increase is mostly due to the different diameters of
the crystals.

In order to estimate the efficiency gain we could expect with these modiőcations, three
Monte Carlo simulations have been performed in order to determine the efficiencies in the
different conőgurations. The results are shown in Table 4.14.

1. Original GeSparK detector conőguration: 200mL container and 38% HPGe detector

2. New detector conőguration: 50mL container and 38% HPGe detector

3. New detector conőguration: 50mL container and 100% HPGe detector

As expected, it is possible to obtain a gain of factor 1.5 with the only reduction of the
container size, while the use of the high-efficiency HPGE allows obtaining another factor
∼ 2, higher for 233Pa than 239Np because of the higher energies of the associated gamma
rays.

For this second blank test, we tried to implement the third option with both modiőcations
and the analysis ŕow was the same described for Blank 1.

A net signal was found for the uranium contamination, with a number of signal events
equal to 94 for 239Np and no evidence of signal for 233Pa with a ROI integral equal to 285
counts. These values, combined with the new measurement of a standard solution because
of the changing of the experimental setup, allowed us to obtain the results shown in Table
4.15.

As can be seen, the concentration of uranium is compatible with the previous results,
indicating that this contamination is intrinsic to the reagent and material used and most
likely not due to accidental contaminations. The increase in the efficiency of the measurement

121



system obviously had no effect on the őnal result, other than a reduction in the relative
error. This is not the case of the 233Pa, because in absence of a signal the sensitivity takes
advantage of the higher detection efficiency. In fact, the limit is reduced by a factor of 1.85
which is consistent with the square root of the efficiency gain ratio.

4.5.3 Final consideration on blank measurements and sensitivities

Based on the results obtained in the two blank tests, there is evidence of contamination
of 238U at the level of about 1·10−14 g/g considering the 200mL of the extracting solution.
The reproducibility of this result allows us to conclude that this contamination is not
probably due to random effects associated with the procedures or the operators because in
this we can expect a large ŕuctuation in the resulting concentration. The most probable
source of this contamination is the nitric acid itself which has been validated at the level
of 3·10−14 g/g by ICP-MS and guaranteed at 1·10−13 g/g by the manufacturer and also
considering the dilution factor of 3 applied in the preparation of the extracting solution,
the acid cannot be excluded by using these results.

In this case, we can expect that the amount of uranium introduce in the procedure is
proportional to the quantity of extracting solution. With this assumption, the sensitivity of
a measurement performed on 1 L of LAB can be estimated by rescaling the concentration of
238U in the extracting solution with the concentration factor of the liquid-liquid extraction,
because the amount of 238U is the same, but the concentration is computed considering
1 kg of mass and not 228 g.

The resulting sensitivity is expected to be the following:

C (g/g) = 8.7·10−15 g/g · 228 g

1000 g
= 2.0·10−15 g/g (4.9)

The obtained uranium results represent an observed contamination and, for this reason,
this value can also be subtracted from the value obtained in the measurement of a real
sample. In this case, the sensitivity is increased because it is related not to the value of the
observed contamination but to its ŕuctuation. Based on the results obtained by the two
blank samples the ŕuctuation is much lower and this is very promising for the sensitivity.
To apply this approach it is however necessary to measure more blanks in order to obtain a
more robust estimation of the standard deviation. A further increase in sensitivity could
also be obtained by increasing the mass of the processed LAB.

For the determination of 232Th, there is no evidence of contamination up to 2.4·10−14 g/g.
At the moment, the limitation to the sensitivity is not the intrinsic contamination of the
reagent but the background of the detector.

With the same consideration exposed for the determination of 238U, the expected
sensitivity for 232Th with the measurement condition used in the blank tests is the following:

C (g/g) = 2.4·10−14 g/g · 228 g

1000 g
= 5.5·10−15 g/g (4.10)

This value is higher than the required sensitivity for the JUNO LAB but there are
margins for improvement. The sensitivity of NAA depends on many factors and it is
possible to optimize each parameter in order to increase it. In particular, in the second
bank test, we tried to increase the measurement efficiency that has a linear dependence on
the sensitivity (with the assumption of constant background), but this parameter cannot
be further increased. Another possibility is the reduction of the detector background which
impacts the sensitivity with the square root. The new system that exploits the GMX HPGE
with a relative efficiency of 100% has a much lower efficient cosmic veto system compared
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to the GeSparK detector one so it is currently on study and development an improvement
of the veto system of the GeSparK detector in order to compensate for the lower efficiency
of the HPGe detector and obtain an additional gain in the sensitivity thanks to an almost
quantitative reduction of the cosmic background. Finally is possible to increase the mass
of the LAB sample and eventually increase the irradiation time, eventually in multiple
irradiation days thanks to the fact that the 233Pa has a very long half-life.

4.6 Radiochemical treatment for 40K measurement

The direct measurement approach by NAA on a LAB sample, described in section 3.4.5,
allowed us to obtain a very good sensitivity on the 40K concentration, but it is not enough
for the requirements of the JUNO experiment. In order to increase the sensitivity, a new
dedicated measurement technique is under development.

The idea is to perform a radiochemical treatment on the sample to concentrate the
content of potassium present in the LAB, obtaining an increase in the mass of the measured
sample, as in the case of uranium and thorium. The chemical properties of uranium and
thorium are very different from potassium, so it is not possible to use the same approach.
In particular, there are no resins commercially available that are able to selectively separate
the potassium from other elements, in particular sodium, which is its most important
interfering nuclide. For this reason, a gravimetric approach is under study.

The proposed technique involves the selective precipitation of the potassium, the
collection of the precipitate by őltration, and then the measurement of the őlter, all
performed post-irradiation in order to avoid contaminations from the environment. This
is necessary because potassium is a more common element than uranium and thorium,
playing also important biological roles.

The steps of the procedure are summarized as follows:

1. Irradiation
The irradiation transforms the 41K into 42K.

2. LAB liquid-liquid extraction with NaNO3 0.1M
In this step the LAB is extracted with a solution of sodium nitrate (NaNO3) 0.1M
in order to transfer the potassium from the LAB to an aqueous solution. This step
is performed by repeating the extraction process three times with a fresh extracting
solution.

3. Addition of 2mg of non irradiated potassium as KCl
A carrier of natural potassium (not irradiated) is added to the sample. The presence
of the carrier is necessary to force the small amount of potassium extracted by the
LAB to precipitate and for the following őltration step to work properly.

4. Addition of 1mL of Na-TPB 0.1M
A solution of Sodium TetraphenylBorate (Na-TPB) is added to the sample. This
reagent is able to precipitate selectively the potassium, because the K-TPB is an
insoluble compound, while sodium and other elements remain in the solution.

5. Wait for the complete precipitation of K-TPB
A waiting time of about 20-30 minutes is necessary to ensure the complete precipitation
of the potassium.
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Sample Carrier Na-TPB Efficiency (%)

1 Tl2+5mg 2mmol 81±6

2 K+ 2mg 2mmol 78±6

3 Tl2+5mg 5mmol 84±7

Table 4.16: List of the three samples prepared for the test of the potassium procedure. For
each sample are reported the type and mass of carrier, the amount of Na-TPB added for
the precipitation of potassium, and the resulting efficiency of the precipitation procedure.

6. Filtration of the precipitate with a 0.45 µm glass őber őlter
When the non-irradiated potassium precipitate as K-TPB, also the irradiated potas-
sium precipitate, and the resulting crystals are őltered on a 0.45 µm glass őber
őlter. The őlter needs that the size of the precipitate crystals must be large enough
(>0.45 µm) to be retained by the őlter and the presence of the carrier allows obtaining
a macroscopic quantity of precipitate with adequate particles size.

7. Washing of the őlter with cold water saturated with K-TPB
The precipitate is washed in order to remove the residual traces of activated sodium
and other interfering nuclides present in the solution. Since the K-TPB has very little
solubility (64mg/L), in order to reduce the solubility of the precipitate, which would
introduce a reduction in the recovery efficiency, we use cold water saturated with
K-TPB. This is because the solubility of a salt decrease as the temperature of the
water decrease and the presence of saturated K-TPB makes it impossible for other
salts to pass into the solution.

8. Measurement of the őlter with HPGe gamma spectrometry
The small őlter with the precipitate is őnally measured with the well-type HPGe
detector (GePozzetto) described in section 3.2.2.2 on page 64 in order to exploit its
high measurement efficiency.

At the writing time, this procedure has been tested on a standard solution of potassium
with a known quantity of potassium in order to verify the feasibility of the procedure and
determine the efficiency of the precipitation process, and optimize the different steps.

The test has been performed with the goal of determining the best carrier and to have
a őrst feedback on the efficiency of the procedure. In particular, in the literature, we found
that in order to increase the precipitation of potassium with TPB it is possible to use both
potassium and thallium as a carrier. In order to verify their effect on small concentrations
of activated potassium and the use of different quantities of Na-TPB, we prepared a set of
three identical solutions with the same amount of potassium (1 ng) and treated as described
in the above procedure except for the LAB irradiation and extraction steps. In particular a
standard solution of potassium was irradiated and then the desired quantity was dissolved
in 45mL of NaNO3 0.1M, in order to reproduce the same conditions at the end of the
extraction process. In Table 4.16 are reported the different conditions of each test, together
with the resulting efficiencies for the precipitation procedure.

The efficiencies obtained are compatible with each other indicating the type of carrier
and the amount of Na-TPB are not relevant parameters at the tested concentrations. Since
thallium is a toxic compound and there is no beneőt to using it, we decided to use potassium.
The result is very promising because the resulting efficiencies of the precipitation process
are very high and we expect the liquid-liquid extraction will have high efficiency because of
the extremely high affinity of the alkali metal, like potassium, with water solutions.
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In the next tests, we are going to test the possibility of reducing the mass of the carrier
without a loss of efficiency in order to make for an easy and quick őltration process, which
is a quite long procedure due to the tendency of the őlter to clog up. In the following tests,
we are going to test the complete procedure including the extraction process on LAB and
őnally test the procedure on a non-contaminated LAB sample.
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Chapter 5

Conclusions

The work of my Ph.D. thesis has been dedicated to two main connected topics. The
őrst one is the validation of the Monte Carlo simulations of the background of the JUNO
detector with the veriőcation of the correctness of the radiopurity requirements for its
materials and the determination of the total background budget. The second topic is the
development of a measurement system and technique able to measure the concentration of
uranium, thorium, and potassium at the ppq level (10−15 g/g), as required for the liquid
scintillator of the JUNO detector.

A comparison of the simulation results with different Monte Carlo codes has been
performed in order to cross-check the results in absence of experimental data. SNiPER, the
official simulation software of the JUNO experiment has been compared with Arby, the
Monte Carlo software developed at the University of Milano-Bicocca for the simulation
of the efficiency of HPGe and bolometric detectors, and G4-LA, the software developed
at PL2i in France. Different critical issues of the simulation of the JUNO response have
been studied in particular how the quenching factor is implemented in SNiPER and the
correctness of its implementation, the effect of the particle propagation parameters on
the őnal quenched energy, and the correct parameterization of the β-decay spectral shape.
These studies led also to the deőnition and standardization of the best parameters to be
used in SNiPER before the data produced by JUNO will be available. The use of Arby
allows access to its source code which has been critical for studying in detail these effects
and the possibility of directly implementing the geometry of the JUNO detector allowed
me to implement techniques to reduce its complexity in order to cut down the computation
time. The bin-to-bin comparison of the spectra associated with liquid scintillator and
acrylic sphere contaminations computed by the three independent Monte Carlo codes
allowed verifying the correctness of the implementation of the particle transportation and
the application of the quenching factor, especially for alpha particles, for which it is a very
critical aspect due to the high intensity of the effect. Furthermore, thank the detection
efficiency information obtained by the total number of events in the spectra associated with
the contamination in the most critical components of the JUNO detector, I was able to
compute the contribution of each component to the background rate of JUNO, providing
its background budget, and to determine how the őducial volume and energy cuts affect
it. The resulting value for the total expected background event rate produced by natural
radioactivity present in the detector materials and applying the default FV and energy cuts
is 7.2Hz that is safely lower than the limit of 10Hz set to ensure the őnal sensitivity of the
experiment.

In parallel to this activity, I worked on the development of a technique able to measure
the concentration of the natural radioactive nuclide 238U, 232Th and 40K in the liquid
scintillator of the JUNO detector (LAB) which is the material with the most stringent
requirement since it is the active volume of the detector and it has a huge mass. To guarantee
the radiopurity of the őnal liquid scintillator and during all steps of the puriőcation process,
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a new technique has been developed. The proposed technique exploits the high sensitivity
of the neutron activation analysis, which allow reaching sensitivity on 238U and 232Th
in the order of 10−12 g/g when combined with standard HPGe gamma spectroscopy for
the measurement of the activation products. To increase it, a β − γ coincidence detector,
the GeSparK, has been developed to allows reducing the background of a standard single
HPGe conőguration, and the development of a speciőc delayed coincidence techniques
for the measurement of 238U and the implementation of radiochemical treatments on the
sample have been performed. In order to reduce the contribution of the cosmic muons to
the detector background, a dedicated muons veto system has been implemented by using
plastic scintillator detectors. Before implementing it, the effectiveness of the veto system
has been evaluated by using a dedicated Monte Carlo simulation. The simulation showed
a very good reduction of the muons background and, based on that, the complete őnal
setup was constructed. It is composed of two detectors on the top and four detectors
on the sides of the GeSparK lead shield and makes it possible to obtain a reduction of
about 80% of the cosmic muons signals, essential to increase in particular the sensitivity
of thorium measurements. The speed of the signals produced by the liquid scintillator
detector of the GeSparK system has been exploited to develop a new delayed coincidence
technique that takes advantage of the nuclear structure of 239Np, the activation product of
238U, which has a metastable level, to obtain an extremely strong marker of this particular
decay and signiőcantly increase the measurement sensitivity compared to the traditional
approach. This marker is extremely powerful at identifying the decay of 239Np because
the beta and IC electrons that characterize it are produced with a delay related to the
mean life of the metastable state of the 239Pu. The only residual background to this signal
are random coincidences of right-energy events in a very short time and thus is extremely
suppressed and, for this reason, this technique allowed increasing the sensitivity of the
uranium measurement, gaining a factor of 4 on a measurement performed on a LAB sample
directly irradiated. The development of this technique has also led to the measurement
of the metastable level’s lifetime itself with twenty times better accuracy than previous
results.

Although the GeSparK detector and the delayed coincidence techniques make it possible
to reach very high sensitivity, it was not enough for the JUNO liquid scintillator requirements.
For this reason, a series of radiochemical treatments have been tested in order to increase
the mass of the sample and reduce the background produced by the interfering nuclides
activated during the irradiation process. For the determination of uranium and thorium a
liquid-liquid extraction phase has been applied to transfer these elements from the LAB to
an acid aqueous solution, which can be treated by extraction chromatography with UTEVA
and TEVA resins respectively before and after irradiation to concentrate the radionuclides
of interest and remove the interfering ones. At the required radiopurity level, the risk
of contamination of the sample by the used materials and reagents is extremely high so
the control of the contamination sources was a crucial aspect of this activity, making it
necessary to validate each reagent and develop a dedicated cleaning protocol. In particular,
the irradiation containers have been optimized to maximize their size, with custom-made
ones, and the containers for the samples have been accurately chosen for the best radiopurity
and cleanliness, using PFA vials for the sample manipulation and irradiation. Moreover,
a dedicated cleaning protocol for these containers and all the other tools used for the
radiochemical treatments has been implemented. The efficiency of each radiochemical
process has been determined in order to evaluate the feasibility of each technique by using
samples contaminated with a known amount of uranium and thorium. These results
have led deőning a radiochemical procedure that is composed of liquid-liquid extraction
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and extraction chromatography with UTEVA resin in pre-irradiation and an extraction
chromatography with TEVA resin in post-irradiation to maximize the preconcentration
of the sample and the interfering nuclides concentration reduction. The efficiency of this
complete procedure has been estimated by the product of the pre- and post-irradiation steps
and then directly measured by applying it to the sample tests, conőrming the obtained
values. The results show a high recovery efficiency for both 238U and 232Th, respectively
of (97±9)% and (60±14)%. These values also demonstrate a very good reproducibility
of the radiochemical processes for uranium and also quite good for thorium because in
this case we observed a higher ŕuctuation most probably related to the different chemical
behavior and affinity with the resin of the protoactinium. A dedicated measurement of the
interfering nuclides reduction shows that the implemented procedure allows reducing its
contribution almost quantitatively for both the 24Na and 82Br, the most important ones.

To demonstrate the sensitivity of the complete technique and verify the quality of the
cleaning protocols, two measurements conducted on "blank samplesž have been performed by
combining the GeSparK detector, the delayed coincidence technique, and the radiochemical
treatments. The results showed the presence of contaminations at the level of 9·10−15 g/g
for uranium and no contamination up to 2.4·10−14 g/g. Since no LAB has been processed in
these tests, the observed uranium contamination can only be associated with the solution or
materials used in the radiochemical processes. One possible source that cannot be excluded
is the ultra-pure nitric acid because it has been validated by ICP-MS measurement at the
level of 3·10−14 g/g and also taking into account that the acid is one-third of the total
sample mass, for which its contribution must be lowered by a factor 3, the obtained limit
on its uranium concentration is compatible with those obtained on the blank samples. The
water can instead be excluded because it has been validated at a much lower level than
the observed contamination. Other possible sources include the UTEVA resin and the
containers, but in this case, the high reproducibility of their contribution is quite surprising,
which is expected to be very random. The contamination source could be investigated by
measuring a blank sample with a lower or higher mass of nitric acid solution. In these
cases if the same value of uranium concentration will be obtained we could conclude that
the contamination comes from the acid because the introduced amount of uranium is
proportional to the acid mass, on the contrary, only other sources should be considered.

If the uranium contamination cannot be reduced, we have to consider this value as the
background of the procedure and thus treat it in the proper way. An estimation of the
sensitivity can be performed by considering that the acid solution used in the blank tests is
representative of a LAB sample of 1 kg, so if the LAB is not contaminated, the obtained
concentration can be rescaled by the mass to obtain the values to be associated with the
LAB. These values are 2·10−15 g/g and 5.5·10−15 g/g for uranium and thorium respectively.
The proposed technique allowed obtaining very high sensitivities for the JUNO LAB that
are in the same order of magnitude as the requirements. Nevertheless, they are quite higher
for the őnal measurement, there is a margin of improvement for both values. Since the
uranium result represents an observed contamination, this value can also be subtracted from
the value obtained in the measurement of a real sample and thus the sensitivity can be also
greater because in this case it is related not to the value of the observed contamination but
to its ŕuctuation. Based on the results obtained by the two blank samples the ŕuctuation
is much lower and this is very promising for the sensitivity, despite this requires more blank
tests to be performed in order to obtain a more robust estimation of the standard deviation.
For the thorium measurement, an higher efficiency veto conőguration is currently under
study and development in order to obtain an almost quantitative reduction of the cosmic
background and thus compensate for the lower HPGe efficiency of the GeSparK detector
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with respect to the GMX one and obtain a further increase on the őnal sensitivity. Another
improvement can be obtained by extending the measurement and the irradiation times and
evaluating the possibility of a further increase in the sample mass.

For the measurement of 40K, I started to develop a dedicated radiochemical procedure
based on a gravimetric separation of the potassium from the other nuclides after a liquid-
liquid extraction to transfer the potassium to an aqueous solution. This technique is
currently under development and it is very promising thanks to the initial efficiency test
performed.

The proposed methods for measuring uranium, thorium, and potassium are among the
most sensitive in the world for directly measuring trace amounts of these elements in liquid
scintillators.
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Appendix A

High precision measurement of the half-life

of the metastable level of Pu239

A.1 Introduction

During my Ph.D. work, I worked on the development of a dedicated measurement
technique to increase the sensitivity in the 238U determination on activation samples. As
described in section 3.4.1 on page 84, this technique exploit the particular characteristics
of the decay of the nuclide 239Np, produced in the activation of 238U, on 239Pu. In fact,
the 239Pu is characterized by the presence of an excited metastable state at 391.6 keV that
introduce a delay in the following deexcitation transitions that can be exploited in order to
increase the capability of identifying the signal event with respect to the background ones
and so increase the sensitivity.

During the development of this method, we realized that the GeSparK detector, used
for the analysis of the activated samples with this technique, is not only able to detect
the signals and measure the time difference between the prompt and delayed one in order
to perform the event selection, but also to measure the delay distribution with very high
accuracy. The accurate measurement of this distribution can be used to determine the
half-life of the metastable level with higher accuracy than the previous results.

The nuclear structure of 239Pu has been studied extensively since the 1950s, leading to a
well-known level scheme. In 1955 Engelkemeir and Magnusson performed the measurement
of the half-life of the 239Pu(391.6 keV) level achieving a result of (193±4) ns by exploiting
a coincidence circuit between anthracene and sodium iodide scintillation counter, a result
conőrmed by Patel et al. almost twenty years ago obtaining a value of (192±6) ns.

During our studies in the development of the measuring technique, we performed a
dedicated measurement of a sample of 239Np in order to determine with higher accuracy
the half-life of this level. This work has been concluded with the publication of a dedicated
paper [37].

In this appendix, I will describe the measurement principle and how the measurement
and analysis have been performed.

A.2 Measurement principle

In őgure A.1 is shown a simpliőed version of the decay scheme of 239Np on 239Pu. As
can be seen, the beta decay of 239Np has a 40.5% of probability populating the metastable
level at 391.6 keV. The deexcitation of this level can happen via γ or internal conversion
(IC) transitions. The γ-rays or IC electrons are emitted according to an exponential time
distribution with a decay constant related to the half-life of the metastable level. The
following deexcitations to the ground state can occur via subsequent γ or IC transitions.
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Figure A.1: Simpliőed nuclear level scheme of 239Pu[36]. The main transitions related the
metastable level deexcitation are shown.

The LS detector of the GeSparK makes it possible to detect with high efficiency and
good time resolution of both the β− and IC/γ electrons, while the HPGe detector is useful
to detect the γ or X photons frequently emitted as a consequence of the IC transitions. The
β-γ coincidence capability of the GeSparK detector was exploited to select different decay
channels in order to evaluate possible systematic uncertainties and to perform a reduction of
the possible random coincidences. In Table A.1 the main observed signatures are reported.
By measuring the delay between the two signals generated in the liquid scintillator from
β− and IC/γ electrons it is possible to construct the life distribution of the metastable
levels that are populated by the observed beta decays. An exponential least squares őt on
the obtained time difference distribution allows us to achieve an accurate evaluation of the
half-life.

A.3 Half-life measurement description

A.3.1 Source preparation

As introduced before, a dedicated measurement was performed in order to estimate the
half-life of the metastable level. A source of 239Np was produced by neutron activation at
the research reactor TRIGA Mark II at LENA (PV), irradiating a sample of 238U certiőed
standard solution. The total irradiated mass of 238U was about 0.5 µg diluted in 2.5 mL of
water.

After six hours of irradiation in the Lazy Susan channel, the sample was dissolved in
the liquid scintillator of GeSparK detector (Ultima Gold AB - Perkin Elmer) and sealed in
its Teŕon container in order to be measured.
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β− IC γ/X-ray
(keV) (keV) (keV)

β− (330)
e− (278)

γ (106) , γ (106) + X-raye− (228)
e− (210)

β− (330)
e− (8) γ (278)
e− (57) γ (228)
e− (75) γ (210)

β− (330) e− (106)

X-ray (99, 104, 116, 120)
γ (278)
γ (228)
γ (210)

Table A.1: Example of the main observed signatures. The őrst column is the β− transition
to the metastable level. The next two columns on the right are the delayed transitions
detectable by GeSparK detector. These transitions are the main de-excitation channels of
the metastable level. Other transitions can also occur with lower probability, contributing
to the total signal.

A.3.2 Experimental measurement and data acquisition

The acquisition parameters of the GeSparK detector are the same described in section
3.4.1 on page 84. Figure A.2 shows an example of the LS acquired signals. The őrst pulse
(trigger) is identiőed as the β− electron signal and the second one is the IC/γ electron signal
(delayed). In coincidence with the PMT pulse, is also digitized the HPGe signal in order to
verify the presence of the coincident γ/X-ray emission. Figure A.3 shows the spectrum of
the HPGe signals in coincidence with the LS pulses. Therefore, for each detected coincidence
event the LS and HPGe detectors acquired data are stored. The measure of the activated
sample lasted 284 hours with a coincidence rate, at the measurement start, of about 150Hz
and a 239Np source activity of 1050Bq.

A.3.3 Analysis and results

The algorithm to perform the automatic detection of the pulses and the calculation
of the relative time distance in each LS acquired window is the same developed for the
analysis of the LAB. Figure A.4 shows the resulting distribution of the time differences
between the β− trigger events and the delayed IC/γ electrons.

Since the number of acquired signal events was huge, the őt of the time distribution
was performed with a function deőned by a decreasing exponential plus a constant and a
chi-square minimization. The analytical form of the őt function is the following:

f(t) = a · e
−

ln2·t
T1/2 + c (A.1)

where a is the amplitude of the exponential term and c is the ŕat component to account
for random coincidences in the approximation R·∆tw << 1 (R is the source rate). To reduce
the contribution of random events generated from interference nuclei, activated during the
irradiation, only LS events in coincidence with a γ ray below 300 keV were considered in
the analysis. This was possible because beyond that energy value the contribution of 239Np
signals events is negligible with respect to the background.

The distortion at the beginning of the distribution of Figure A.4 is due to the pile-up of
the trigger event with the delayed one. This affects both the determination of the delays
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Figure A.2: Example of delayed coincidence signals of 239Np decay as acquired by the
GeSparK detector.

and the evaluation of the pulse amplitudes.

In order to exclude the events that are affected by pileup, the lower limit of the őt was
set at 150 ns, according to the timing features of the LS pulses (pulse width ∼ 100 ns). The
upper limit of the adaptation has been set at 1280 ns in order to remove the signals acquired
at the end of the time window since it is not sure to correctly measure their properties.

The best őt of the distribution and the őtting parameters are shown in Figure A.4. The
goodness-of-őt is satisfactory and the pull distribution in the bottom panel shows a good
agreement between data and model. The obtained χ2/ndf (0.928) and the corresponding
probability (0.958) show a very good agreement between the data distribution and the őt
function. The best estimation of the 239Pu half-life is (190.0±0.2) ns.

A.3.4 Analysis of the systematic uncertainties

During the analysis process, some possible sources of systematic errors for the determi-
nation of the T1/2 of the 391.6 keV metastable level were identiőed and their contribution
was evaluated. These are:

• T1/2[
239Pu(285.5 keV)]=1.12 ns

• ADC clock accuracy

• Histogram binning

• Fit threshold

The presence of the 285.5 keV level in the decay scheme of 239Pu could introduce a
systematic error since this level, energetically below the 391.6 keV, is also a metastable
state with a known half-life of 1.12 ns. Some events detected during the measurement are
characterized by decay cascades that involve both these levels. In this case, the time delay
from the trigger event (β−) and IC/γ electron are shifted by a quantity related to the
T1/2 of 285.5 keV) level. The resulting time delay distribution of these speciőc events is
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Figure A.3: HPGe energy spectrum of gammas in coincidence with delayed LS events. The
main γ lines of 239Pu are labeled in the plot.

Figure A.4: Top panel: distribution of the time differences, between β−(trigger event) and
IC/γ electron (delayed event). Red line shows the best őt in the range 150 ns - 1280 ns,
with a bin width of 1 ns. Bottom panel: pull distribution.

described by the convolution of two exponential functions, whose decay constants are given
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Figure A.5: Mean life obtained by őtting different time distributions constructed selecting
a particular decay channel using the HPGe coincidence. Test 1 is obtained by selecting all
the gammas below 300 keV. The test 2, 3 and 4 are performed selecting respectively the
106 keV, 104 keV and 228 keV peaks.

by the mean life of the two levels, as reported in the following equation:

(Exp(τL) ∗ Exp(τS)) (t) =
τLτS

(

e
−

t
τL − e

−
t
τS

)

τL − τS
(A.2)

where τL (190/ ln(2) ns) and τS (1.12/ ln(2) ns) are the mean lives of the 391.6 keV and
285.5 keV metastable levels respectively. Since τL>>τS , for t >> τS the contribution of the
fastest exponential term is negligible. This assumption is veriőed in the analysis since we
set the lower limit of the őt interval at 150 ns, which is much higher than 1.12 ns. Another
proof was obtained by a toy Monte Carlo simulation. In this case, the delays produced
by the two metastable levels were simulated by generating a random number according to
their exponential distribution. A őt of the resulting distribution was performed excluding
the őrst 150 ns, obtaining a result perfectly compatible with the longer mean life.

A further source of systematic error could be the accuracy of the ADC clock. In
accordance with the warranted speciőcations of the ADC (National Instrument mod.
PXI-5153), this contribution was evaluated in tens of picoseconds, thus negligible.

Finally, the distribution of the time differences in Figure 4 was őtted for different choices
of the binning in the histogram and őtting threshold between 150 ns and 650 ns. In both
cases, the variations of the őt result are negligible with respect to the statistical error
associated with the measurement. Thanks to these considerations it can be stated that
statistics dominate the uncertainty of the őnal result. Moreover, this is also a test to
study the presence of other radioactive contaminants that would produce different half-life
estimations by changing the őt threshold.

In order to bring out other systematic errors not considered in the above list, a validation
of the obtained result was performed. The presence of the HPGe detector in the experimental
setup makes it possible to select with a good energy resolution gamma or X photons. By
forcing an energy selection for γ/X-ray in the analysis of the acquired events, it is possible
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to identify speciőcally observed decay sequences. Figure A.5 shows the half-lives obtained
from the different selections. The őrst point is the result achieved in the previously reported
analysis selecting all the gammas with energy below 300 keV. The points 2, 3 and 4 were
instead obtained by selecting respectively 106 keV, 104 keV and 228 keV energy emissions.
The selections are representative of different types of transitions in the decay scheme. Since
the results obtained from the őts are compatible within one standard deviation, it is possible
to conclude that the effect of selecting a speciőc decay sequence is negligible (e.g. presence
of 285.5 keV metastable level). This test also demonstrates the possibility of using all the
gammas below 300 keV in order to increase the statistics of the measurement.

A.4 Conclusions

The new measurement technique, which exploits the delayed coincidences generated
between β− decay and IC/γ electron emissions, allowed us to measure the half-life of the
isomeric nuclear states with very high accuracy.

The dedicated analysis performed, allowed us to achieve the best results for T1/2 of the
391.6 keV level: (190.2±0.2) ns. This value is statistically compatible with the best-known
value obtained by Engelkemeir but with a factor of 20 smaller uncertainty and it represents
an advancement in the knowledge of the 239Pu nuclear levels.
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Appendix B

Genesis software for Monte Carlo

simulations

B.1 Introduction and motivations

Genesis (GEneral NuclidE Simulation Software) is an application based on the toolkit
Geant4 [24] development for easy and customizable simulations of different types of detectors
and experimental setups, mainly devoted to the radioactivity research őeld.

In particular, this project started during my master’s degree with the main goal of
developing a simulation software able to simulate the response of the GeSparK detector
(see section 3.3 on page 67 and [32]). This detector is composed of two different detectors, a
liquids scintillator, and an HPGe, that work in time coincidence and it can observe delayed
decays in the liquid scintillator detector, as described in section 3.4.1 on page 84. These
characteristics impose some requirements on the simulation software that must be able to
simulate the decays of the nuclides following the deexcitation of metastable states up to
the nanosecond scale.

During the following years, Genesis has been improved to increase its simulation
capability and performance.

Since the beginning I have set some requirements for this software and, at the moment,
they are the following:

• Provide a graphical user interface (GUI) to interact with the user to set the initial
parameters and control the simulation

• Provide a set of commands that allow the user to modify the simulation parameters
without restarting the application

• Run in multi-thread mode to speedup complex simulations

• Able to simulate decays of radioactive nuclides and their chains, separating the decay
of each isotope and, when required, also the metastable states.

• Allow the user to simulate different sources most simply and completely and to
distribute the primary particle uniformly inside a volume (radioactive contaminations)

• Implement a simple way to describe the experimental setup based on text őles

• Support the import of stl őles from CAD software for the deőnition of complex
geometries

Geant4 is a toolkit written in C++ language that provides different classes, that allow
the developer to create its own Monte Carlo application for the simulation of the passage
of particles through matter, by deőning some mandatory classes required by Geant4.
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Furthermore, the developer can extend its own application as desired in order to include
custom functionalities that are not present in the toolkit.

B.2 Main features and general description

Geant4 implements different visualization libraries allow visualizing the geometry of the
experimental setup and often the particle tracks and the developer/user can decide which
one to use. For Genesis, I decided to use the Qt libraries because they offer the possibility
to create a performant GUI that allows the user to interact with the software during a
simulation and not only the possibility to visualize the geometry. The native GUI can be
customized by dedicated Geant4 commands in order to add buttons, menus, and commands.

Figure B.1: Picture of initialization win-
dow of Genesis.

Since this GUI cannot provide all the required
functionalities to allow the user to set the sim-
ulation parameters before the start of the sim-
ulation, I have implemented a dedicated GUI
(hereinafter called initialization window, Figure
B.1), based on Qt, that is opened at the start
of the software and allow the user to set all the
relevant parameters for the simulation, such as
geometry txt and stl őles, physics lists parame-
ters, output and information őles, global setting
and so on. This initialization window is opened
when the program starts and only when it is
closed, the Geant4 classes are created and the
native GUI is started. With this solution, the
user can start the program by a simple "double-
click" on its icon and then set all the parameters
for the simulation. At this point, it is possible
to start Geant4 with the graphical interface and
run the simulation from it or start the batch
mode and run the simulations described in a
macro őle using the so-called "UI command"
in Geant4. These commands allow the user to
modify a lot of different aspects of the simula-
tion without rerunning the application and the
developer can add its own command to those
natives of Geant4. In this way, the user can use
the native GUI for example during the creation
of the experimental setup visualizing the resulting geometry or simulate a small number of
events in order to understand the behavior of the simulation and eventually correct it, while
it is possible to run a complex simulation or multiple simulations with different options
without opening the native GUI. For example, it is possible to create a macro őle that set
the starting nuclide and the output őle name, for many nuclides, then by executing this
macro őle in batch mode, the software simulates each nuclide automatically without the
necessity for the user to wait for the end of the simulation of a nuclide to start the next one.

The multi-thread mode is another requirement for Genesis because the Monte Carlo
simulations generally require a lot of events to be simulated and this is very time-consuming.
In order to speed up the simulations, Geant4 implement a simple way to parallelize the
simulations by using multiple threads. The developers must initialize the dedicated classes
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and implement some methods in order to merge the output information of the simulated
events from the different threads into the master one. This allows obtaining an improvement
in the simulation time that is almost linear with the number of processor cores. Genesis
allows the user to set the number of cores to be used in the simulation in the initialization
window.

One peculiarity of Genesis is the algorithm that allows simulating the nuclides decay
chains. When Geant4 simulates a particle it tracks it until it is stopped, decayed, or exits
from the simulation volume (world). When a nucleus decays the őrst daughter particle that
is tracked is the daughter nucleus and this creates a chain of decays until a stable nuclide is
reached. At this point, Geant4 start to track all the other particles emitted in the decays
(alphas, electron, neutrinos, etc.) making it impossible to separate the contribution of each
decay. When the simulation of a radioactivity detector is performed the user wants to
simulate the decay of each isotope of the chain separately without for example summing all
the deposited energies of the chain because the decay of each nuclide contributes separately
to the detector signal. Another similar problem is related to metastable states of excited
nuclei. Also, in this case, the user may want to separate the contribution of particles
emitted before and after the deexcitation of these states, because the detector could be able
to observe them separately. In order to perform this task, a dedicated algorithm has been
implemented in Genesis in order to separate the decays of each nuclide and the metastable
states whose half-life is longer than a threshold deőned by the user and eventually to
interrupt the decay chain on a nuclide speciőed by the user. The particularity of this
algorithm is to not interfere with the Geant4 simulation algorithm and event management.
This is because, without going into detail, a Geant4 simulation is structured in Runs,
Events, Tracks, and Steps and this structure should not be altered in order to obtain the
best performances and use all the native functions of Geant4. For example, in the Geant4
logic, if the user wants to simulate 1 million decays of a nucleus, it should execute one run
("a simulation") composed of 1 million events and for each event, a number of particles is
created (Traks), for example from the decays of the nucleus or due to secondary interactions,
and tracked. The tracking of a particle is composed of many steps, and each of them is
associated with a particular process and interaction type.

Genesis exploits the General Particle Source (GPS) class of Geant4 in order to help the
user to deőne the generation of the primary particle of the simulation. The GPS allows the
user to deőne the type and the properties of the primary particle by using the UI commands
and provides a rich set of functions to deőne particular geometries and distributions. The
GPS allows the user to set for example the type, energy, and direction of the particles and
to deőne them as single values (constant) or to be distributions. The functionality of the
GPS has been expanded in Genesis in order to allow the user to use speciőc setups. In
particular, has been implemented a command that makes it possible for the user to generate
the primary particles uniformly distributed inside a speciőc volume, which is a key feature
for the simulation of radioactive contaminations in the samples. Another dedicated feature
is the possibility to generate a ŕux of particles distributed on a semi-spherical surface with
the momentum pointing to a speciőed point, region, or volume. This last feature was
used for the simulation of the muon ŕux as described in section 3.3.2.3, while the uniform
generation has been used for example for the simulation of uniformly distributed samples
inside the LS detector of the GeSparK.

For the description of the geometry, Genesis exploits the text interface of Geant4 that
allows the user to describe the geometry of the experimental setup by using one or more
text őles with simple commands that are used to deőne materials, solids, and their positions
in the space. In addition to this interface, I added a dedicated system to easily import the
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stl őle from CAD geometries. This allows the user to create its geometry by using CAD
software and then save it in stl format őle and import it in Genesis by assigning to each
volume some properties, such as the material, color, and the possibility to be a detector.
This functionality makes it possible to import in Geant4 very complex geometry, which can
be extremely difficult or impossible to be described by using the text őle. One example of
the use of this functionality is the implementation of the GeSparK complete geometry (see
Figure 3.18 on page 77).
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