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Abstract

The motivation of this research study is user demand, from radiophar-
maceutical nuclear engineering and industries, for accurate and precise
activity measurement of radionuclides used in nuclear medicine.

The first chapter of this thesis is the general information regarding
the radionuclides used in nuclear medicine especially , electron capture
and B — < emitter radionuclides. The techniques of radionuclide pro-
duction, physical properties and their applications are described briefly.
As a 1% year PhD student I participated in a training program at nu-
clear medicine laboratory in Cannizzaro hospital, Sicily region, Italy. The
aim of my training program at Cannizzaro hospital, was essentially to
obtain a general understanding of an operational cyclotron site, radionu-
clides production in nuclear medicine laboratories and to observe on-site
cyclotron-PET radiopharmaceuticals operations in Italy.

The objectives of this training program were; learning about a cyclotron-
PET facility’s design and available equipments and tools in nuclear medicine
facility, responsibilities, training and the qualification of the personnel,
site-planning and operation of a cyclotron: liquid and gas targets, daily
operational techniques, transferring radionuclides safely to the other PET
center, PET radiopharmaceuticals such as ['® F]JFDG and ''C (! C-methionine,
1C-choline) productions and their quality controls for clinical PET in on-
cology, general understanding of how often the equipments need to be
maintained, calibrated, and cleaned, and general knowledge about the
maintenance of the cyclotron.

In the chapter two the history of radioactive measurement techniques
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are explained in short. Later we focused on the techniques used for activ-
ity measurement techniques of pure 3, electron capture, f — v emitting
radionuclides. Afterword, we focused on the techniques in liquid scintil-
lation counting, Triple-to-Double Coincidence Ratio (TDCR) and 47t — vy
coincidence methods. The activity measurement and standardization of
pure B, pure electron capture (EC), EC — -y or B — -y emitters radionuclides
are illustrated.

Furthermore, in the chapter three, the experimental setup of the portable
TDCR system at Italian National Institute of Ionizing Radiation Metrol-
ogy (INMRI) belonging to ENEA has been described. The experimental
studies on the influence of the single photoelectron peak are carried out
on pure B-emitters and the detection efficiency of the ENEA portable
TDCR were measured for low energy pure B-emitter radionuclides 3H,
63Ni, and C, medium and high energy pure B-emitter radionuclides
such as BF and *°Sr/?°Y respectively.

Next, Monte Carlo Simulation GEANT4 code was implemented to cal-
culate the detection efficiency of the TDCR counter. For that reason the
geometry of the TDCR counter and the complicated physical processes in
particular the electron’s attenuation and absorption processes and gamma
ray interactions with the surrounding materials were simulated using
GEANT4 code. Hereafter, Monte Carlo Simulation GEANT4 code was
used to determine the detection efficiency of the portable TDCR counter.
The simulated TDCR parameter for different kind of pure B-emitters such
as 3H,%3 Ni,'* C,'8 F and 2°Sr/?°Y radionuclides was computed then com-
pared their results with experimental measurements in the chapter four.

In the chapter five the liquid scintillation counting such as customer-
built TDCR and commercial HIDEX 300-SL at CIEMAT-Madrid (Spain)
are then applied to standardize some important diagnostic radionuclides
used in nuclear medicine such as *"Tc and *®Ga during my stage at
CIEMAT-Madrid (Spain).

This thesis presents my contributions as a PhD student with the staff
of the Radionuclide Metrology Laboratory at the CIEMAT-Madrid (Spain)
in the International comparison standardization of “Cd radionuclide
project. The CCRI (II) decided to repeat this comparison and the Bureau
International des Poids et Mesures (BIPM) volunteered to be the pilot
laboratory, with the support of the Laboratoire National de Métrologie et
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d’Essais Laboratoire National Henri Becquerel, France (LNE-LNHB).

The main part of this thesis is the chapter six, the hardware of the new
in-situ 47B(LS) — 7 coincidence detection system is developed at ENEA
in collaboration with Catania University and INFN-Catania section, for
activity measurement of short half-lived radionuclides used in nuclear
medicine. Whereas, the data analysis software of the ENEA portable
47tB(LS) — 7 coincidence detection system is updated and modified in
Electronic Nuclear Equipment Construction (CAEN) in Italy. The 4778 — 7y
coincidence counting technique is the most powerful technique for the ab-
solute activity measurements of f — 7 or EC — -y emitting radionuclides.

Short half-lived radionuclides such as ''C which has half-life about
20 min, it needs to be standardized in-situ. It is difficult to send the
11C source to nuclear metrology institute for example it is laborious to
standardize '!C radiopharmaceutical solution by sending this solution
form Cannizzaro hospital in Catania to ENEA-INMRI in Rome. For that
reason, it is important to have a portable instrument to standardize short
half-live radionuclide inside radiopharmaceuticals centers. Furthermore,
this portable detection system can be used to calibrate other radioactive
measurement instruments such as activimeter in the nuclear medicine
laboratory. The new ENEA portable 47t8(LS) — < detection system can
be used in all other regions in Italy or in other countries to measure and
standardize short half-lived radionuclides.

Another important point is that we took this new detection system to
the hospital. For the first time the 47t5(LS) — 7 coincidence technique
is used as in-situ detection system in the Ospedale Pediatrico Bambino
Gesu (OPBG) hospital in Rome near ENEA, to measure the activity of an
important therapeutic radiopharmaceutical radionuclides (13'I), which is
used to diagnose and treat cancers of the thyroid gland.
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Chapter 1

Radionuclides use in Nuclear
Medicine

1.1 Introduction

A branch of medicine that uses ionizing radiation to treat illness or obtain
information about the functioning of a person’s particular organs is called
Nuclear medicine. In the majority of cases, physicians use this information
to construct an accurate diagnosis of the patient’s diseases immediately.
The disorders of the human organs function such as bones, thyroid, liver,
heart, and many other organs can be simply brought to light and imaged.
In many situations, diseased organs or tumors can be treated by using
radiation [1), 2].

Technetium-99m (**"Tc) is the most common radionuclides used in
diagnosis, accounting for 80% of all nuclear medicine procedures world-
wide, with some 30 million procedures per year. The utilize of radio-
pharmaceuticals in diagnosis is growing at over 10% per year [3]. Nu-
clear medicine offers adequate tools for radiotherapy using pharmaceu-
tical compounds labeled with radionuclides which emit -, a-particles,
and/or Auger electrons. They will destroy mostly targeted cancer cells in
their short path lengths with limited side effects. The physical, radiobio-
logical, and radiochemical properties of the radionuclides should be well
known and studied for the ideal application for targeted radionuclide
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therapy. In nuclear medicine radiopharmaceutical solution are produced
with the suitable characteristics for their application. In this chapter we
are going to summarize the nuclear physics of medical radionuclide pro-
duction. Some radionuclides used in nuclear imaging, including PET and
SPECT imaging, targeted radionuclide therapy are mentioned [4].

1.2 Diagnostic techniques in nuclear medicine

Radioactive tracers which emits <-rays use in diagnostic techniques in
nuclear medicine. Generally, these tracers are short-lived radionuclides
coupled to chemical compounds which allow particular physiological
processes to be scrutinized. They can be given by inhalation, injection
or orally. Gamma camera detects photons emitted from the point where
the radioactive tracer is positioned in the organs. This helps to view or-
gans from many different angles. The camera accumulate an image from
the points from which radiation is emitted; this image is intensified by
a computer and viewed by a physician on a monitor for indications of
abnormal conditions [1].

Positron Emission Tomography (PET) is a more recent developed di-
agnosis techniques in nuclear medicine. PET machine is more precise and
sophisticated technique which use radionuclides produced in a cyclotron,
especially (B")-emitter radionuclides. Positron Emission Tomography
has most important clinical role in oncology. As radioactive tracer such as
fluorine-18 (8F) decays and emits a (1), this emitted positron directly
combines with a near electron upcoming in the simultaneous emission of
two detectable y-rays in opposite directions. These two emitted gamma
rays are detected by a PET camera and give very precise manifestation of
their origin. Since, fluorine-18 (18F) has confirmed to be the most accu-
rate method for detecting and examining most cancers. It is also widely
known in cardiac and brain imaging [5].

PET/CT is a new procedures, which combines positron emission to-
mography (PET) with computed X-ray tomography (CT) scans to commit
co-registration of the two images (PET/CT). PET/CT is qualifying 30%
better diagnosis than the traditional gamma camera alone. It is a fasci-
nating and very powerful tool which supplies unique information on a
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wide ranges of diseases and cancer. The fundamental difference between
nuclear medicine imaging and other imaging techniques such as X-rays
is the position detected of the radiation source within the body of the
patients. Organ disorder or malfunction are observed when the isotope
is either partially taken up in the organ (cold spot) or taken up in excess
(hot spot). By generating a number of images over time, an unfamiliar
pattern or rate of radionuclide movement could be an indication of the or-
gan malfunction. Nuclear imaging method has the ability to successfully
scan both bone and soft tissue, which is a major advantage over X-ray
methods [5].

1.3 Diagnostic radiopharmaceuticals

Nuclear imaging method is non-invasive studies that measure the distri-
bution of radioactivity from within the human body under normal and
pathological conditions [1]. Gamma camera is generally used for that pur-
pose. Currently, the common clinical nuclear imaging techniques are (ex-
cluding X-rays) computed tomography (CT), magnetic resonance imag-
ing (MRI), ultrasound, planar scintigraphy, positron emission tomogra-
phy (PET) and single photon emission computed tomography (SPECT),
and magnetic resonance spectroscopy (MRS). By producing computer-
generated transverse, sagittal, and coronal slice pictures of an organ, to-
mographic imaging (PET and SPECT) represents high-resolution struc-
tural and functional information. Ionizing radiations are used in planar
scintigraphy, SPECT and PET, except CT. The administration of medi-
cal radionuclides is necessary in these imaging techniques. In general,
short-lived radionuclides are used as the tracers used in nuclear imaging.
The chemical compounds are labeled with these radionuclides and allow
specific physiological processes to be examined [1].

1.4 Therapeutic radiopharmaceuticals

Ionization radiation is used to destroy cancer cell or diseased tissue in
therapeutic procedures, which are either curative or palliative. Meristem-
atic tissues such as cells in the gastrointestinal tract, blood cells in the
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bone marrow, and skin cells are extremely sensitive to be damaged by
irradiation. Therefore, some malignant tumors can be controlled or re-
moved by irradiation in the region where tumor is located. In external
irradiation y-rays from %°Co source, or high-energy X-rays produced by
linear accelerators are used for this purpose [2].

Internal radiotherapy is performed by administering or planting a
source of ionizing radiation usually - or y-emitter radionuclides in the
target location. For example, in the treatment of head and breast cancers
921y radionuclide is used. It is constructed in wire form and is inserted
into the target location through a catheter, and the implant wires are re-
moved after administering the right dose. In brachytherapy (short-range)
method, the radiation is more localized to the target tumor, and the body
expose less to radiation [2, 6]. Ionizing radiation is useful to weaken
or destroy malfunctioning cells in some medical conditions. In the same
manner that a radioactive element is utilized for diagnostics, the radionu-
clide that creates the radiation can be targeted in the relevant organ. In
the vast majority of cases, p-emitter radionuclides are used to damage
cancerous cell, this is called radionuclide therapy (RNT) or radiotherapy
[7]. Despite the fact, radioactive materials use less in radiotherapy than
diagnostic in nuclear medicine, it is nevertheless widespread, important,
and growing. Lutetium-177 (Lu) and yttrium-90 (°°Y) are becoming
the main radionuclide therapy agents. 17 Lu is an example of therapeutic
radionuclide, it is a strong beta emitter with just enough gamma to en-
able imaging [8]. Ytterbium-176 (176YD) is irradiated to become 76Yb and
decays rapidly to 7Lu [9]. *°Y is used in cancer treatment, especially
non-Hodgkin’s lymphoma, and it is more often use in envisaged, includ-
ing for arthritis treatment [10]. '3'T and 32P are also used in radiotherapy
[1T]. 1311 is used to treat the thyroid cancers and other abnormal disorder
including hyperthyroidism (overactive thyroid) [12]. °B radionuclide is
a new and still experimental procedure in radiotherapy, which centralizes
in the tumor [13]. In order to produce alpha particles to kill the cancer
cells, the patient is irradiated with neutrons which are strongly absorbed
by the boron. Actinium-225 (** Ac) is readily available now for Targeted
Alpha Therapy (TAT), from which the daughter Bismuth-213 (*!3Bi) is
obtained (via 3 alpha decays) to label targeting molecules [14]. Signif-
icant medical study is being conducted cross the world into the utilize
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of radionuclides attached to highly specific biological chemicals namely
immunoglobulin molecules (monoclonal antibodies).

1.5 Production methods for medical radionuclides

Radionuclides utilized in nuclear medicine clinics are man-made by ei-
ther charged particle accelerators, nuclear reactors, or radionuclide gen-
erators. Generally, the natural radionuclides are unsuited for medical ap-
plications. Despite the fact that, the majority of natural radionuclides are
long-lived or they are heavy elements that can not be used in physiolog-
ical processes. Radionuclides used in nuclear medicine with essentially
different properties can be produced for each production procedure, and
specity their clinical applications. Currently, in nuclear medicine all ra-
dionuclides are produced artificially either in a particle accelerator by
compulsory altering the nuclear structure of a stable target material or in
a nuclear reactor.

There is a new production process, which is based on 14 MeV neutron
beam obtained by Deuteron-Tritium (D-T) fusion reaction. Some experi-
ments to produce with the 14 MeV neutron beam of the Frascati Neutron
Generator (ENG) both %° Mo [15] and ®*Cu [16] has been performed. Cur-
rently, 80% of the medical radioisotopes are manufactured in a nuclear
reactor by neutron activation, and the remaining radionuclides are pro-
duced by particle accelerators, mostly with cyclotrons [3]. This ratio will
apparently change, as cyclotrons have several advantages over a nuclear
reactor: (i) the amount of radioactive waste generated by cyclotrons is not
as much as in nuclear reactor and less hazardous; (ii) the manufacturing
is decentralized, i.e., cyclotrons are located in hospitals, this means that
the delivery of pharmaceuticals to patients are more secured and exclud-
ing the possibility of a transportation accident; (iii) the controlled chain
reactions is not needed, thus there is no possibility of nuclear-power ac-
cidents or proliferation [1].
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1.5.1 Reactor production

Nuclear reaction is a process of the bombardment of the nuclei of heavy
target by energetic particle such as neutron, proton, alpha particle, or
a heavy ion. For a long time, nuclear reactors have provided an envi-
ronment that is suited for bombarding a specific target with neutrons of
different energies. Neutron can interact easily with the heavy target nu-
clei at low energy, because neutron has zero charge, it does not has to
overcome the Coulomb barrier. Indeed, neutron activation is the bom-
bardment of a target nuclei by neutron projectiles. The low energy neu-
trons have more probability of taking place this reaction, because they
basically spend more time around the target. On the concept of nuclear
tission, medical radionuclides are produced using nuclear reactors. In nu-
clear fission process a heavy unstable nucleus splits into two fragments,
producing 2-3 free neutrons and releasing a enormous amounts of energy.
235] is a common target for neutron projectile bombardment. When the
235] target nucleus bombarded by a neutron 23°U* is formed. 23°U* is
totally unstable and initiates nuclear fission immediately and releasing
more neutrons. Different fission products can produced each time with a
different probability.
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Figure 1.1: Slow neutron reacts with fissionable 23°U nucleus, it is ab-
sorbed and an unstable 2*U nucleus is formed. The 2*U nucleus then
rapidly splits into two smaller fragments (in this case, *!Ba and ?2Kr)
along with number of neutrons (usually two or three), This results in the
release of a tremendous quantity of energy.
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BoU +n —2% U* -1 Bg +°2 Kr + 3n is an example of very known
nuclear reaction, where Barium and Krypton are the fragment products of
the excited 236U* as the results of the nuclear fission, with three released
neutrons as shown in Fig. [

Figure shows that the atomic mass of the fragment products are
significantly different from each other, and the free neutrons that have
been released might lead to further fission processes in the surrounding
material and causing chain reaction. Extreme neutrons will be required
for fission fragment stability, and requiring further decay through emis-
sion of B-particles. The total energy released in each fission event is about
200 MeV [1].
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Figure 1.2: The fission process of the 2°U, produces 2 or 3 neutrons and
two fragments products, each of free neutron is able to cause fission of
another nucleus, the chain reaction is happened if this process continu-
ous.
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In certain cases, the fission fragment products themselves or a daugh-
ter product of these (after disintegration) can be a radionuclide used in
medicine. Alternatively, targets of particular materials can be positioned
around the reactor core to be bombarded by fission neutrons and acti-
vated by neutrons to produce a desired radioactive product. There are
two types of reactions that can occur as a result of neutron activation:

1. (n,7y) reaction: A neutron is captured by a target nucleus, which
is subsequently converted into an excited product nucleus. <y-ray
is released as a result of de-excitation. In that case, the target and
product are different isotopes of the same element. For slow (ther-
mal) neutrons, this reaction is the most typical.

2. (p,) reaction: A neutron is captured by a target nucleus, which
then ejects a proton. The product and target are different chemical
elements.

Considering the (n, y) reaction, it leads that a product is the same el-
ement as the target, chemical separation techniques become useless for
extracting the product. Consequently, the product will not be carrier free,
and the specific activity of the medical radionuclides is limited. As a
result, many radionuclides used in nuclear medicine could be produced
through neutron activation are instead obtained through nuclear fission
to optimize the specific activity, e.g., ° Mo (the parent of " Tc). In some
cases, the product following a (n,y) reaction decays to a daughter prod-
uct that is of medical interest, which can therefore be distinguished from
the target, e.g., 125%e is produced by neutron activation of 124 %0 which
later decays to 1°I, a medically used radionuclide that can be extracted
[1]. Radionuclides made through fission and neutron activation will de-
cay and emits B-particles as they have a neutron rich nucleus, they can
be used in nuclear medicine for therapeutic purposes. Daughter prod-
ucts dispose to decay through <y-emission, they are useful and ideal for
diagnostic imaging. The table shows several medical radionuclides
produced by fission and neutron activation.
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Table 1.1: Medically used radionuclides produced in nuclear reactors,
either from induced fission or through neutron activation of targets, and
examples of their biomedical application.

Radionuclide Decay Mode Reaction Applications
9 Mo B~ BMo(n, 7)Mo The Parent of P"Tc, * Mo
fission of 2°U  is used as radionuclide generator.
31y B, 130Te(n, 7)1 Te  Diagnosis and treatment of thyroid
p~ B disorder, include metastasis thyroid
Cancer.

Y% B~ 8¥Y(n, 7)Y  Therapeutic radionuclide commonly
used in radioembolization to treat
liver canceras a label for peptide
based therapies.

77y B, 76Lu(n,v)"””Lu Targeted therapy via peptide labeling
176Yb(n,v)””Yb (neuroendocrine tumors and
77yp —-177 Lu  metastatic prostate cancer).
186 Re B~ EC 185Re(n,v)1®Re Targeted therapy, including
metastatic bone therapy.

32p B~ 31P(n,v)>P  Brachytherapy label for pancreatic
disease; treatment agent for some
myeloproliferative disease.

1257 EC,vy 124Xe(n,v)'®Xe Brachytherapy (brain tumors, pros-

EC 1251 tate cancer); labeling of antibodies for
nuclear medicine studies (research).
7Cu B~ 77Zn(n,p)®Cu  Labeling of peptides for treatment of
NETs, meningioma (currently under
trial)
225Ra It 226Ra(n,y)**”Ra Target therapy for bone metastases.
—227 Ac —

227Th _>223 Ra
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1.5.2 Charged particle accelerator production

Medical radionuclides can also be formed using charged particle accel-
erator such as cyclotron by irradiating stable targets [17]. In such cir-
cumstances, the projectile particle usually a deuteron, proton or an alpha,
is accelerated before bombarding a stable target to high energies about
(10 — 100 MeV). The charged particles need to be accelerated to high en-
ergies in contrast to nuclear reactions including neutrons to overcome
the Coulomb barrier of target nuclei. The radionuclides generated in cy-
clotrons will be neutron deficient, by comparison to those radionuclides
generated in a nuclear reactor which have a neutron excess. As a result,
they will decay differently, by electron capture and positron emission.
Figure 1.3 describes the operation of the cyclotron [17]. Cyclotron made-
up of two hollow electrodes due to their appearance called 'D’s, a poten-
tial difference ( AC current) applied across them. The entire configuration
is established within a magnetic field. The charged particles are emitted
from the ion source positioned at the center gap of the negatively charged
D. Due to the magnetic field the charged particles follow a curved path.
The frequency of the alternating current supply is such that the current
switches at the time corresponding to the charged particle arrival at the
gap between the D, subsequently accelerating it across the gap with an in-
creasing radius of trajectory each time. The charged particle can be fired
towards a target material after being fully accelerated, where it prompts
nuclear reactions to generate relevant radionuclides [18].

Radionuclides produced in cyclotron have tendency to decay via p*
emission or electron capture, these products generally have high specific
activity. The chemical and physical separation process of the products are
easy and successful, because there is a huge difference in atomic number
of the product and target. However, due to the smaller target regions and
lower beam intensity in cyclotron compare to a reactor, cyclotron pro-
duce smaller quantities of the production. This means that, radionuclides
produced in cyclotron are often more expensive compare to the nuclear
reactor products.

The on-site synthesis of valuable radionuclides is possible thanks to
cyclotrons housed in hospital or cyclotron PET center in a special con-
structed concrete called bunkers [19]. This may be utilized to afford the
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Cyclotrons
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Figure 1.3: Diagram of Cyclotron, illustrating the path of a charged par-
ticle accelerated across the gap between hollow electrodes inside a mag-
netic field. The particle increases speed and so radius of the curved path,
to produce a nuclear reaction before being triggered at a target.

hospital on-site among other PET center in surrounding areas. Addition-
ally, it may provide short half-lived radionuclides to certain sites with
some flexibility for research purposes [18]. Worldwide, there are more
than 950 medical cyclotrons in operation, and that number is steadily ris-
ing [20]. The physics of nuclear reactions may be used to determine the
properties of the PET radionuclides, which are created by a compact med-
ical cyclotron. A compact medical cyclotron is designed and improved to
produce PET radioisotopes [17]. The high performance, reliability, com-
pactness, and cost-effectiveness are important keys for a compact medi-
cal cyclotron, and research is progressing and advancing in this direction.
With more PET scan operations being performed, there is a continuously
growing demand for more affordable compact medical cyclotrons to han-
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dle the PET radioisotopes market. According to the purpose they use,
cyclotrons come in a variety of sizes [18]. 70 MeV cyclotrons recently
installed in some research laboratories to produce specific radioisotopes
(e.g., 82Sr for 82Rb generators) [21]. Alpha particles or deuterons can
be accelerated, and also beams of different energy range can be provided
[18]. As well as, 30 MeV cyclotrons are also installed in radiopharmaceuti-
cal companies where SPECT radionuclides (especially, 1?°I with a half-life
of 13 h) are produced or in research laboratories. 15-25 MeV cyclotron
are the most common medical cyclotrons and are excellent tools for 8F
production, which is the most requested and common radioisotope in
PET applications [22]. The 18/18 MeV IBA compact medical cyclotron
available at Cannizzaro Hospital is shown in Fig. [1.4][18].

pe |l
v \\ “"”é .

Figure 1.4: (a) The 18/18 MeV IBA compact medical cyclotron at Can-
nizzaro hospital, Sicily, Italy. (b) The two D parts of the 18/18 MeV IBA
cyclotron. (c) Central region.
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The cyclotron in the radiopharmaceutical laboratory at Cannizzaro
hospital is capable of producing more than 296 GBq of '®F in 2 h with a
beam of 65 pA at 18 MeV. The radiopharmaceutical laboratory at the Can-
nizzaro hospital became today one of the state-of-the-art PET radioiso-
tope production centers in the Sicily region in Italy, with over 5000 PET
patients per year; it supplies five Sicilian centers every day with PET ra-
diopharmaceuticals [18]. As the number of available kinds of particle ac-
celerators with the varieties characteristics aimed at radionuclide produc-
tion for nuclear medicine has also widened, the field of nuclear medicine
has broadened. Table shows some common medical radionuclides
produced in cyclotron. A point of difference in the table [1.2|below is the
production of 22° Ac, a therapeutic radionuclide produced in the cyclotron
that uses alpha emissions for targeted therapy, most recently metastatic
prostate cancer [1].

Table 1.2: Common medically used radionuclides produced by a cy-
clotron (xproduction can also be achieved in high powered linear acceler-
ator).

radionuclide Decay Mode Reactions
181: IB+, EC 180(p,n)181:
11C IB+ 1OB(d, n)llc
1231 EC 121517(0(, 21’1)1231
7Ga EC 87n(p,n)%Ga
iy, EC 1cd(p, n) M n
225 p o N 226Ra(p,2n)?% Ac

1.5.3 Radionuclide generator production

Generators are a convenient procedure to produce radionuclides on-site
and can be an alternative way to cyclotrons for producing short-lived ra-
dionuclides for quick and regular clinical use. In radionuclide generator a
short-lived daughter radionuclide can be separated form the longer-lived
parent as it decays, and can be used in clinic immediately. %Mo /%" Tc
generator is the most common generator, which is the basic for several
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disciplines of nuclear medicine [3]. The generator system depends on
transient equilibrium state between the parent and daughter, which ba-
sically permits the daughter to decay at the rate of the parent, and ex-
tending its lifetime. In radionuclide generator, °* Mo is generated in high
specific activity as a fission product in reactors. It is loaded into a col-
umn made of porous alumina resin. The parent, ammonium molybdate,
is adsorbed onto the column. The " Tc generated through decay is less
tightly bound and can be eluted by a flow of saline through the column.
The chloride ions exchange with the " TcO, (but not the MOO4_2 ions)
when the saline solution is passed through the column, and generating
sodium pertechnetate NaTcO,. Consequently, %" Tc-pertechnetate is gen-
erated in a sterile form with high specific activity and a pH suitable for
radiopharmaceutical preparations see Fig. The P Mo/*™"Tc genera-
tor can be eluted mostly twice per day for relatively a week before being
replaced [3]. With this method a large quantity of *"'Tc can be produced
daily for clinical use without any losses due to the radionuclide trans-
portation [1].

Saline l T #"Te0,”
charge _ in saline

Porous glass disc 0.22 pm
Adsorbent
(aluminium oxide with
2
Mo 0‘1 )
Plastic
housing

Lead shielding

Figure 1.5: ¥ Tc radionuclide generator
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Generally, by a continuous or discontinuous (or bolus) method one
can separate a daughter radionuclide from the parent. The continuous
method involves elution of the daughter radionuclide from the genera-
tor as it is formed followed by its direct use. The bolus method involves
a single elimination of all the available daughter activities. This can be
repeated after an appropriate intervening time during which the daugh-
ter re-grows. This method is employed when the daughter is not very
short-lived, as in the case of *"Tc. The most suitable time for elution
to gain maximum daughter radioactivity is at approximately four times
the daughter half-life. Some examples of commonly used radionuclide
generators are listed in the table [1].

Table 1.3: Medical radionuclide generator system.

Parent(half-life) Decay Mode Daughter(half-life) Decay Mode
P Mo(67 h) B~ PMTe(6 h) y-emission
8Ge(271 h) EC 8Ga (68 mins) B*, EC

057 (28.8 yrs) B~ Ny (2.7 days) B~
825r(25.5 days) EC 82Rb(75 sec) Bt

1.6 Radionuclides emitting beta particle in medicine

1.6.1 Fluorine-18

Fluorine-18 (*8F) emits positron with (97%) and electron capture with
(3%) probabilities, and positron endpoint energy is 653 keV, the half-life of
8F is 109.8 minutes. The current technique for ¥F production is the irra-
diating of a small volume of enriched H1®0 in a metal target by protons of
energies from near threshold (approximately 3 MeV) up to about 20 MeV
[18, 23], 24]. Due to its almost ideal chemical and nuclear characteristics,
I8F is the radionuclide that is most frequently used for PET routine diag-
nostics. The use of the '80(p, n)!8F reaction on '8 O-enriched water is the
most effective method and delivers 18F of high molar radioactivity [18]].
The half-life of 109.7 min allows time-consuming multi-step radiosyn-
theses as well as extended PET studies of slower biochemical processes.
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The most important route for obtaining '8F-labeled compounds is nu-
cleophilic substitution based on no-carrier-added '8F, which is directly
available from the target without any carrier addition [25]. The beam
current that the water target is able to cope with is limited by vaporiza-
tion/cavitation in the target water volume. The 80 (p, n)'8F reaction for
production of elemental fluorine offers the opportunity to produce larger
quantities, at the expense, however, of being rather more complicated.
There are two target materials that are used for the production of BF.
The most widely used target for the production of ¥F fluoride is water
enriched in the 180 target [18]. However, more recently, a proposal to
use oxygen gas in a two steps procedure has been suggested [26]. The
co-production of 13N via the *O(p,a)!3N reaction should be taken into
account when using 180 of lower enrichment (< 90%). Because the atomic
radius of fluorine is similar to that of hydrogen in most molecules, flu-
orine can be used as pseudohydrogen. Fluorine can be introduced into
molecules using its electronegative and nucleophilic. The best known
and widely used '8F labelled radiopharmaceutical is ['® FJFDG which is a
glucose analogue in which the hydroxyl group on the 2-carbon of a glu-
cose molecule is replaced by a fluoride atom [18, 27]. Cancer diagnosis
and management (diagnosis of malignancy, grading malignancy, staging
disease, residual disease, detection of recurrences, measuring response to
therapy, to identify the site of disease, to identify the primary tumour
when secondary cancers are present) is the most important clinical appli-
cation of [ F]FDG [28]. ['*® F]FDG is also used for the study of metabolism
in the brain and heart and for the detection of epilepsy [27].

1.6.2 Carbon-11

Carbon-11 (}1C) decays 100% by positron with a maximum B* energy of
968 keV with half life 20.4 min. Because carbon is the building block of
all organic matter, '!C can be substituted into these molecules without
apparent disruption of the functional nature of the molecule [29]. In the
Cannizzaro hospital ' C is produced by bombarding the natural nitrogen
with proton via nuclear reaction 14N (p, a)''C. Radioactive carbon dioxide
(11CO,) and methane (1'CH,) will be produced from a gas target made by
mixing a gas containing N, + 0.5-1% O, at a pressure of 17-19 bar, which
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allows the complete absorption of the beam inside the chamber [18]. In
most cases, the 11C is inserted in such a way as to produce an analogue of
the target molecule; thus, this new molecule must be fully characterized
with respect to its functional capacity. While, there are a number of routes
to produce ''C. The “N(p, a)!'C reaction using natural nitrogen gas is
the recommended mode. The production of 'C from nitrogen has been
studied extensively since the mid-1960s [30] 31]. The excitation function
for the 1*N(p, a)!'C reaction. The target material for producing 1CO, is
nitrogen with a small percentage of O, (0.1-0.5%) [31}132]. HC-methionine
and !'C -choline is used for the measurement of oxygen consumption in
the heart and brain; for the detection of different types of malignancies,
reflecting the amino acid utilization and prostate imaging respectively
[25].

1.6.3 Gallium -67

Gallium-67 (% Ga) decays to stable ©Zn by electron capture. Its decay
emissions include y-rays of 93.3 keV (37.0%), 184.6 keV (20.4%) and 300.2
keV (16.6%) with half-life: 3.26 day. Gallium-67 is commonly produced by
using enriched %®Zn targets through the % Zn(p,2n)% Ga nuclear reaction
[5]. The target material is enriched 68 71. Gallium-67 behaves in the body
in a similar way to ferric iron. It is commonly used as a trivalent citrate
compound for nuclear medicine imaging, and is a valuable agent in the
detection and localization of certain neoplasms and inflammatory lesions.

1.6.4 Germanium-68 /Gallium-68

Germanium-68 (®3Ga) is mainly used as a calibration source for PET. The
decay of %Ge to ®®Ga gives a long lived, pure positron, source for use in
PET instruments. ®Ga is a positron emitter for clinical PET applications
that can be produced by a ®Ge/%Ga generator without cyclotron. The
8Ge/%8Ga generator is ideally suited to on-demand availability of 4Ga
for biomedical experiments and clinical applications.

8Ge /% Ga generator system is developed using polysaccharide-based
adsorbents and direct application of the generator eluted 8Ga-citrate to
PET imaging of tropical infectious diseases. Gallium-68 finds significant
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applications in assessments of blood-brain barrier integrity as well as for
tumor localization. It is also widely used as a source for the attenua-
tion correction of most positron emission tomography. It is an ideal PET
radiotracer, owing to its non-halogenated and non-volatile chemical prop-
erties and its 68 min half-life, which permits chemical manipulation for
the production of many PET radiopharmaceuticals.

The %Ga eluent from these generators can be used for the produc-
tion of various ®®Ga-labeled radiopharmaceuticals, such as *Ga-DOTA-
TOC for detection of somatostatin receptor-expressing cancer tissues [33].
However, little progress towards using ®3Ga in clinical applications has
been made, due to the long synthesis times required by manual produc-
tion of %8Ga labeled PET imaging agents.

The nuclear reactions for the production of ®Ge are the alpha reaction
on natural zinc and the proton reaction on either natural gallium or more
often on enriched % Ga. Germanium-68 is long lived Ty, = 271 days, and
attempts to produce it on medium energy accelerators are not generally
made due to the low production yields. The primary source for the parent
radionuclide is from the spallation processes available at large energy
accelerators, where parasitic position and operation are available [5].

1.6.5 Techentium-99m

The growth of nuclear medicine has been due mainly to the availability
of %" Tc radiopharmaceuticals; this single isotope is used in over 80% of
all diagnostic procedures. Each year, roughly 25 million procedures are
carried out with " Tc radiopharmaceuticals [3]. The availability of short
lived #""Tc (half-life: 6 h) from the %Mo /?*"Tc generator, as the daugh-
ter product of long lived *Mo (half-life: 67 h), is a major factor behind
the universal use of this radioisotope [9]. 9mTe have been used for medi-
cal imaging of tumors, cancers and other metabolism-related diseases via
PET and SPECT. **"Tc radiopharmaceuticals are used in several diagnos-
tic procedures, from the use of pertechnetate for thyroid uptake to the
use of *"Tc-octreotide derivatives for imaging neuroendocrine tumours.
Owing to its multiple oxidation states, PMTe has a versatile chemistry,
making it possible to produce a variety of complexes with specific desired
characteristics, which is a major advantage of %" Tc for radiopharmaceu-
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tical development. ?*"Tc is easily produced by the decay of the parent
%Mo by eluting compact and transportable * Mo /%" Tc generator sys-
tems that are almost always available in nuclear medicine departments.

1.6.6 Iodine-121

Iodine-121 (*?']) has a half-life of 2.12 h and decays with 94% electron
capture and 6% positron emission. There is a prominent y-ray at 212.2
keV, which can be used in gamma camera images. It decays to *'Te,
which has a long half-life and decays with the same 212.2 keV - ray
[34]. The half-life of the metastable state is 69 min, and the half-life of the
ground state is 4.9 h. Indium-110m is an isotope that decays by positron
emission 62% of the time and by electron capture the remainder of the
time. Indium-110 has some interesting production problems since it has
a metastable state with a 69.1 min half-life, which decays by electron
capture to the 11%Tn ground state. There is one route that does not proceed
through the metastable state and this is through the '°Sn parent. Thus,
one way to produce pure 1°In is to produce pure ''Sn and use it as a
generator for the 11°In [35,36]. The only practical method of production
is from the 122Te(p, 2n)'?1 I nuclear reaction on highly enriched 2?Te [37].

1.6.7 Iodine-123

The most widely used cyclotron produced radiohalogen is probably 12*I.

It has gradually replaced 3!1 as the isotope of choice for diagnostic radio-
pharmaceuticals containing radioiodine. It gives a much lower radiation
dose to the patient, and the y-ray energy of 159 keV is ideally suited for
use in a gamma camera. The 7-ray will penetrate tissue very effectively
without an excessive radiation dose. A large number of radiopharma-
ceuticals have been labeled using 12371 "and the number is increasing. 1231
decays 100% by electron capture, with two main y-rays at 0.028 and 0.160
MeV [38]. The targets used for production of >’ can be grouped into
three types: solid targets, liquid or molten targets, and gaseous targets.
123] is commonly produced in all three types of target, depending on the
energy of the cyclotron being used and on the availability of enriched
124%0 as a target material [39].
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1.6.8 Iodine-124

Although '2*] has often been considered as an impurity in preparations
of 123], it does have attractive attributes for use in some PET radiophar-
maceuticals [40]. The half-life of 4.2 days is long enough for localization
with monoclonal antibodies, and the 23% positron decay allows imaging
with PET. The use of '?*I is becoming more widespread. '?*I has po-
tential as both a diagnostic and a therapeutic radionuclide [41]. '?*I has
many gamma emissions and some low energy beta emissions, as well as
the two high energy positron emissions. The best nuclear reaction for the
production of '?*] is the 124Te(p,n)'?*I reaction on enriched. The target
for production 124] is limited to solid targets. The target is either elemen-
tal tellurium or tellurium oxide [42, 43]. The targets are identical to those
used for the production of 2] from tellurium. The target plates can be
made from either platinum or tantalum. Elemental tellurium can be elec-
trodeposited onto the target plate. Tellurium oxide is usually melted into
a cavity on the target plate [44].

1.6.9 Iodine-131

B8] is a B-emitting radionuclide with a physical half-life of 8.1 days, a
principal y-ray of 364 keV and a principal p-particles with a maximum
energy of 0.61 MeV, an average energy of 0.192 MeV, and a range in tis-
sue of 0.8 mm. More than 50 years (in the 1930s and 1940s) have passed
since Radioactive Iodine Therapy (RIT) was introduced for treating hy-
perthyroidism caused by Graves’ disease [45]. Today, it is used in nuclear
medicine both diagnostically and therapeutically. In therapy, it is used for
treatment for an overactive thyroid, a condition called hyperthyroidism.
RIT is also used to treat different types of thyroid cancer [11].

Therapy with 13! means the oral administration of 3! as sodium io-
dide. 13! is a fission product of 2°U along with a lot of others. !3!] is
produced by the irradiation of Tellurium-130 in a nuclear reactor accord-
ing to the reaction: 1¥Te(n,7)3!1Te —13! I. In medical applications, 211
is added to NaOH solution containing 0.02 M Na;SO4 with pH=9.0-12.0.
Its activity concentration usually is equal or higher than 1000 mCi/ml (for
high concentration) and 200-1000 mCi/ml (for low concentration) [46].
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1.6.10 Nitrogen-13

Nitrogen-13 (}3N) decays by pure positron emission (100%) to stable '3C.
The end point energy of the positron is 1.19 MeV. Several compounds
incorporating 13N have been made, but the time of accumulation in the
body is short and so the physiological processes that can be studied must
be rapid [47]. 13N is made by bombarding of distilled water with protons
via nuclear reaction ®O(p,a)!>N. With relatively low-energy bunch of
proton in cyclotron (10 MeV) can be efficient production yield 3.7 GBq(100
mCi) achieved by irradiation for 20 minutes. Using a mixture of water
and ethanol is obtained more useful chemical form ammonia ('*NHj3).
Another form also used is nitrate anion (*N O3 ) [48].

By far the most widely used compound of 13N for PET is the chemical
form of ammonia. It is used as a blood flow tracer and has found utility
in cardiac studies to determine areas of ischaemic or infarcted tissue. The
most common reaction is the *O(p,a)'3N reaction on natural water [48].
The final common reaction is the 12C(d, n)!3N reaction on natural carbon,
the targets for production of 3N can be solids, liquids or gasses, depend-
ing on the chemical form of the nitrogen that is desired. The chemical
form can also be changed by a number of other factors, such as the dose
and dose rate to the target, the pH of liquid targets and the physical state.
The first target for production of 3N was a solid target of boron, which
Joliot and Curie [49] bombarded with an alpha particle beam. Solid tar-
gets have been used extensively for production of 13N, particularly in the
form of either nitrogen gas or ammonia [50, 51].

1.6.11 Oxygen-15

Oxygen-15 (°0) is the longest lived of the positron emitting isotopes
(99.9% positron emission) of oxygen with 122 sec. The end point energy
of the positron is 1.72 MeV. 150 decays to stable >N and was one of the
first artificial radionuclides produced with low energy deuterons on a cy-
clotron [52]. 10 is used to label gasses, such as oxygen, carbon dioxide
and carbon monoxide, for inhalation, and it is also used to label water for
injection. The major purpose of these gasses and liquids is to measure
blood flow, blood volume and oxygen consumption in the body. The ex-
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citation functions for *N(d,n)'>O and ®N(p, n)'>0. Gaseous targets are,
for the most part, used for these compounds. °O containing compounds
can be made either directly in the target [53] or outside the target in a
separate recovery module. Gas targets are usually made of nitrogen and
are bombarded with either protons or deuterons, depending on which
particle is available.

1.6.12 Phosphorus-32

Phosphorus-32 (32P) was the first radionuclide introduced more than 50
years ago for the palliation of pain from bone metastases. From the 1940s
to 1980s it was the most widely used radionuclide. 3P has also been used
in therapy of polycythemia vera and leukemia. 3P was one of the first
radioactive isotopes to be prepared in cyclotron for therapeutic research
purposes. It was produced in the Berkeley cyclotron by E. Lawrence in
1936 [54]. 32P was produced by irradiating red phosphorus (}°P) with
deuteron (1H,) according to the reaction [55]:

Py +'Hy, P P+ Hy (1.1)

The cross section of the reaction is 0.18 x 10~2”c¢m?. Nowadays, with the

development of nuclear reactors, radiophosphorus is produced primarily
from bombarding sulfur (1°S) with fast neutrons:

16532 +n —1° Ps) —|—1 Hq (1.2)

The product is practically carrier-free. 32P has a physical life of 14.3 days.
It emits a B-particle with a maximum energy of 1.71 MeV and an average
mean energy 0.7 MeV. The mean and the maximum particle range in soft
tissue are 3 and 8 mm, respectively [55].

1.6.13 Copper-64

Copper (Cu) is a transition metal with atomic number 29, known since
ancient times. It is an important trace element for most organisms. In
humans, copper plays a role as a cofactor for numerous enzymes, such
as Cu/Zn-superoxide dismutase, cytochrome c oxidase, tyrosinase, ceru-
loplasmin, and other proteins, crucial for respiration, iron transport and
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metabolism, cell growth, and hemostasis [56, 57]. 64Cy-labeled peptides
for targeted cancer therapy/imaging are one of the largest groups of cop-
per radiopharmaceuticals currently researched. They are built of a tar-
geting peptide such as bombesin or octreotide analogue, a linker, and a
bifunctional chelator (BFC), commonly tetraazamacrocycle derivate, like
tetraazamacrocyclic (TETA) or tetraxetan (DOTA). The peptide binds to a
specific receptor expressed by cancer cells, while copper isotope-BFC moi-
ety allows localization of the tumor by positron emission detection. At-
tractiveness of peptides for targeted radiotherapy, in comparison to mon-
oclonal antibodies, comes from their good tissue distribution, fast clear-
ance, low immunogenicity, and inexpensive, automated production [58].
Additionally, **Cu-labeled antibodies for PET imaging are trastuzumab
(breast cancers expressing human epidermal growth factor receptor 2 or
HER?2), cetuximab (targeting EGFR-epidermal growth-factor receptor ex-
pressing tumors), TRC105-Fab (targeting CD105), and etaracizumab (an-
tibody against human «, 83 integrin) [58].

64Cu is a highly unusual isotope because it decays by three processes,
namely, positron, electron capture, and beta decays [59]. This property al-
lows either cyclotron or reactor production, with the latter route resulting
in either low specific activity (n, ) or high specific activity (n, p) prod-
ucts [60]. In principle, the combination of these radioactive emissions can
be exploited for carrying out both diagnosis and therapy using the same
radiolabeled species, thus providing an example of clinical approaches
collectively referred to as “Theranostics” [61]. The theranostic approach
is an established tool for specific molecular targeting, both for diagnos-
tics and therapy. Radionuclides used for theranostic radiopharmaceu-
ticals are typically produced in nuclear fission reactors or bio-medical
cyclotrons. Another alternative route for producing an emerging thera-
nostic radionuclide, is using 14 MeV fusion neutrons [16]. This can allow
predictions to be made about the ®*Cu activity that can be produced by
irradiating more material for more time, in order to deal with the requests
coming from the nuclear medicine laboratories [16].

At present, the most common production method for *Cu utilizes the
64Ni(p,n)®* Cu reaction [62,163]. The target for producing **Cu is enriched
64Ni (99.6%). The **Ni (typically 10-50 mg) is prepared and electroplated
onto a gold disk using a procedure modified from Piel et al. [64]. The
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target is bombarded on the cyclotron. Recently, Obata et al. reported the
production of **Cu on a 12 MeV cyclotron, which is more representative
of the modern cyclotrons currently in operation [65].

After bombardment, the ®4Cu is separated from the target nickel in a
one-step procedure using an ion exchange column. Typically, 18.5 GBq of
64Cu are produced with a 40 mg ®*Ni target and a bombardment time of
4 h. The specific activity of the ®*Cu ranges from 47.4 to 474 GBq/umol
(1280 to 12800 mCi/umol). The typical yields for **Cu productions are
0.2 mCi/pAh per mg **Ni. The enriched **Ni can be 85-95% recovered
as previously described and reused for future bombardments, which con-
tributes to the cost-efficiency of this method of 64Cu production [66].

Another method of ®*Cu production is the ¢ Zn(n, p)®*Cu reaction in a
nuclear reactor [67]. Most reactor-produced radionuclides are produced
using thermal neutron reactions, or (n, ) reactions, where the thermal
neutron is of relatively low energy, and the target material is of the same
element as the product radionuclide.

1.6.14 Copper-67

7Cu releases beta particles with mean energies and abundances of 121
keV (56%), 154 keV (23%) and 189 keV (20%) that are suitable for ther-
apeutic purposes and photons with energies and abundances of 91 keV
(7%), 93 keV (16%) and 184 keV (49%) that are suitable for imaging pur-
poses. Cu contains ®*Cu radioimpurity as a co-product. Due to its
excellent physical and biochemical properties for radioimmunotherapy,
Copper-67 (¥’Cu) is being actively investigated by several groups as a
radioimmunotherapeutic agent [68]. %’Cu is referred as isotope of high
priority and due to a 2.6 day half-life and suitable B-emission (141 keV,
avg) is ideal for use with Monoclonal antibodies (MABs) and other tumor
targeting compounds. %’Cu has a cross section value gradually increas-
ing, above 60 MeV-high energy reactions.

7Cu is produced by the %®Zn(p,2p) reaction, which also produces
4Cu(Ty/, = 12.7 h),%' Cu(Ty/, = 3.4 h), and other radionuclides. ¢'Cu
decays rapidly to negligible activity, but Cu remains present in appre-
ciable quantities for days. The ratio of ’Cu to ®*Cu to ®'Cu activity is
typically 1:7:10 at end of bombardment, or 1:0.5:0.0001 when received by
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the customer (48- 72) h later. To produce radiopharmaceutical of adequate
amount and specific activity,  Cu-2IT-BAT-Lym-I is usually prepared for
clinical use within 24 h of receipt of the radionuclide [69] at which time
the activity of %*Cu is still significant. Because the half-life of **Cu (12.7
h) is much shorter than that of ®’Cu (61.9 h), the ratio of **Cu to ’Cu de-
creases after the end of bombardment (EOB). The average amount of **Cu
as a percent of total activity in the supply at the time of delivery, typically
36-48 h after EOB , is 43% (range (35-61) %). In addition to photons (1346
keV (0.5%)), ®*Cu emits positrons that generate annihilation photons (511
keV (36%)). These high-energy photons readily penetrate the septum of a
gamma-camera collimator and can thus alter quantization of the intended
67Cu radiopharmaceutical.

1.6.15 Strontium-89

Strontium-89 (¥?Sr) is the most commonly used radionuclide in the treat-
ment of metastatic bone cancer [70]. %5r is a pure beta emitter. It has
a physical life of 50.5 days and maximum B-particle energy of 1.46 MeV.
The maximum and the average range in soft tissue are approximately
6.7 mm and 2.4 mm, respectively. At the present time, there are two
major methods of 8°Sr production [71]. The first consists of irradiating
a highly enriched target of 85r(8Sr > 99.9%) with neutrons according
to 88Sr(n,v)¥Sr reaction. This is a simple production taking place in
thermal neutron reactors. The second method, based on threshold reac-
tion with emission of charged particles according to Y (n, p)®Sr reac-
tion, occurs in fast flux reactors. The small cross section of the reactions
(6 x 107%cm? and 0.3 x 107%cm? respectively) restricts the productivity
of these two methods. Consequently, there is a need for a more efficient
method for the production of 8Sr. Recently, a new way for 8°Sr produc-
tion with a solution in a reactor was proposed [72]. Corresponding to this
way, the gaseous radionuclide ' Kr decays to 8Sr:

8956 8 Br % Kr -% Rb =% sr (1.3)

In this case the cross section is almost 500 times greater than in neu-
tron capture reaction. This new technology produces almost no radioac-
tive waste with principal advantage of high 8°Sr productivity [72].
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1.6.16 Yttrium-90

Yttrium-90 (°°Y) has been used in medicine since 1960, in order to treat
various kinds of benign and malignant tumors. Y is a pure B-emitter
with a physical half-life of 64.1 h (2.67 days) and it decays to stable
Zirconium-90 (*°Zr). The B-rays emitted by its decay have an average
value of 0.9367 MeV while their maximum energy reaches 2.284 MeV. Its
average range in tissue is about 2.5 mm and its maximum about 11 mm
while the distance within which the B-particle transfers 95% of its energy
to the target tissue is about 5.94 mm. Therefore, it is more suitable for
therapeutic use and it has been measured that one GBq (27 mCi) of Ny
delivers a total absorbed radiation dose of 50 Gy/kg. In therapeutic use
in which the isotope decays to infinity, 94% of the radiation is delivered
in 11 days [73, [74]. *°Y can be produced in two different ways, depending
on whether the specific activity is low or high. Low specific activity °Y is
produced in a nuclear reactor by neutron activation of the non-radioactive
8Y, when #Y captures a neutron and becomes the radioactive B-emitter
DY, This product is of very low specific activity, due to the small neutron
capture cross-section of Y, but its radionuclide purity is generally very
high. For very high specific activity °Y (that is used for target therapy),
a radionuclide generator system of Strontium-90 (*°Sr) is used, and it is
based on the fact that °Sr decays to Y.

Four types of ?°Sr /%Y generators have been developed: 1) Ion exchange-
based generator 2) Single stage of Supported Liquid Membrane (SLM)
based generator 3) Two stage SLM based generator and 4) Electrochemi-
cal generator. The best of these generators is the electrochemical system
as it yields around 97-98% of *°Y deposition. Other advantages of this
generator are that it is based on equilibrium, as the parent element is
very long-living (Ts;, , = 28.8) years and it gives a short-living daughter
(Ty,,, = 64.1 ). In that way, a great quantity of pure and high specific
activity Y can be produced, with a small amount of ?'Sr for a great
period. However, the installation of such generators in nuclear medicine
departments is not easily realized because of the long-lived waste that
requires careful handling and storage [75].
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1.6.17 Lutetium-177

Lutetium-177 (Y”7Lu) has found a variety of applications in biomedical
fields. Its main usage is in the treatment of neuroendocrine tumors but
its applicability in the treatment of colon cancer, metastatic bone cancer,
non-Hodgkin’s lymphoma, lung, ovarian, prostate cancer, and gastroen-
teropancreatic tumors has also been studied.

Y771u can be directly produced with a relatively high specific activity
by neutron activation of 7°Lu. Enriched target material is required for
this production route since the natural abundance of 7Ly is only 2.6%.
As an alternative production route, 1’/Lu can be obtained as carrier-free
from beta decay of Ytterbium-177 (77Yb) produced by neutron activation
of 176Yp (indirect production). Again, enriched target material is required
but it may be recycled since the neutron capture cross section is only 2.4
b so resulting in negligible burn-up of 76Yb. The direct production route
is obviously more attractive; however, most of the medical applications
require ”/Lu of high specific activity. Such products can be prepared
at many reactors only by the indirect production route. '’ Lu with half-
life of 6.71 days turns into the stable Hafnium-177 (1”7 Hf). It emits beta
radiation with a maximum energy of 498 keV and low energetic gamma
rays of 208 and 113 keV with 10% and 6% abundance, respectively, which
enables direct monitoring of the activity distribution in patients” body
with a gamma camera and subsequent dosimetry [76].

1.6.18 Rhenium-186

The use of Rhenium-186-hydroxyethylidene diphosphonate (18 Re-HEDP)
in bone pain palliation from multiple metastases has been proved to be
highly justified and efficient. It is used for palliation because no single
approach has been shown to prolong life. Advances in imaging enable us
to evaluate the spatial distribution of radioactivity in tumors and normal
organs over time [77]. 186 Re-HEDP is the most usually used as a bone-
seeking radiopharmaceutical in patients with bone metastases originating
from breast or prostate cancer regarding toxicity, pharmacokinetics, and
bone marrow dosimetry as well as the palliating effect on bone pain [78].

186 Re-HEDP was first developed at the University of Cincinnati. HEDP
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is strongly adsorbed on hydroxyapatite in vitro. In vivo, it is markedly
concentrated on primary and metastatic bone lesions. In 1979, there was
a first suggestion as a possible use of % Re in the treatment of osseous
metastases [79]. However, it took until 1986 to generate therapeutically
useful bone-seeking compounds, when Deutsch and Maxon were able to
purify the ineffective mixture originally reported by Mathieu [80]. Bone-
seeking radiopharmaceuticals have traditionally been used to image tu-
mors in bone, but, depending on the carrier ligand and the energy of
the radioactive label, these agents can also be used to treat primary or
metastatic tumors in bone [81].

1.6.19 Rhenium-188

Rhenium-188 (18 Re) is an attractive radionuclide because of its physical
properties and its production in-situ by a 88W /188Re generator. 1% Re
obtains a variety of therapeutic applications. The most predominant ap-
plication is in bone palliation while it is also used in the treatment of liver
tumors and non-Hodgkin’s lymphomas. Experimentally, it has been also
used for endovascular brachytherapy and treatment of ovarian and breast
tumors.

The production of ¥ Re can be employed by two reactions in nuclear
reactors. The first reaction is: %”Re —188 Re —18 Os (stable) while
the second one is: 186W —187 W 188 W (69.4 days, B-emission)— 188 Re
(16.9 h, B-emission)—'880s (stable). In % Re(n, )8 Re reaction, the tar-
get is metallic rhenium or oxide in natural abundance or enriched in
187Re. Due to the high costs of the enriched target material this reac-
tion has no importance for the routine production. 88 Re has a significant
advantage as it can be obtained by a Tungsten-188/Rhenium-188 gener-
ator system. Thus, the known benefits of the generators can be used.
The parent radionuclide W, formed by the double neutron capture on
186 with B-decay produces '88Re which decays an energetic B-particle
with a maximum energy 2.12 MeV and a gamma-photon (155 keV, 15%)
[82]. Tungsten-188 is loaded on the alumina generator as tungstic acid
and it is eluted with saline. '83W /18 Re generator, from a chemical point
of view, is almost the same as a %Mo /%" Tc generator system, which
is extensively studied. However, there is a major difference that origi-
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nates from the availability of the mother radionuclides (* Mo and 8W)
as a carrier free. The production process of W results in a significantly
carrier-added 188W product (specific activity < 10 Ci/g of 88W, typically
4-8 Ci/g) [83] unlike ** Mo which is generally produced from the fission
of 2°U. Hence, the adsorption column of an W /188Re generator is
considerably larger than that of a % Mo/%"Tc generator at the same ra-
dioactivity. As a result, a large amount of elution is required to elute
188 Re at a reasonable quantity. In order to solve this problem concentra-
tion methods are utilized [84].
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Chapter 2

Radioactive measurement
techniques

2.1 Introduction

The development and application of both nuclear power and nuclear
medicine have been the major interests in nuclear science for almost half
a century [85]. Associated with that are the increasing demands for stan-
dards of radioactivity in order to define its unit of measurements, i.e.
Becquerel (Bq) and improved accuracy for radionuclide with a wide va-
riety of decay schemes. For activity standards, it is not possible to have
a physical representation of the Becquerel which is applicable to all ra-
dionuclides. As a consequence, a standard for any particular radionu-
clide will only be suitable as a measurement standard for the same ra-
dionuclide. This presents considerable difficulty for radioactivity mea-
surements as there are hundreds of different radionuclides, all of which
have their own particular decay schemes with different energies, decay
rates, intensities and types. Furthermore, there is no one method or de-
tector that can be used for the measurement of all radionuclides. There-
fore, standardization of a particular radionuclide involves a particular
study of its decay scheme, radiation particle interaction with matter and
measurement technique [85]. The activity measurement can be classified
as being either direct or indirect. Direct measurements are the measure-
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ments in which the activity is determined from count rate data alone,
without reference to any activity determined from previous experiments.
Direct measurements are sometimes referred to as “absolute” measure-
ments, and standards so produced are often designated as “absolute” or
“primary” standards. The direct measurements are highly accurate and
precise measurements. Indirect measurements are made by performing
comparisons with the primary standards through a reference instrument
such as an ionisation chamber or gamma ray spectrometer. The standards
so produced are often designated as “secondary” standards. “Tertiary”
standards are made traceable to secondary standards.

There are a variety of absolute methods for activity determination,
as described by Allen [86] and NCRP [87]. They can be classified into
the following categories. The first is defined solid-angle counting [88]
and 47t-counting [89, 90, 91} 92]. In defined solid-angle measurements, a
point source is placed not too close to the entrance window of a detector
and the system is in a vacuum. The detection is made within a defined
solid angle much less than 47 steradians () << 47) and the effects of
absorption or scattering by either the source itself or its surroundings are
kept minimal and all particles incident upon the sensitive volume of the
detector are recorded. Then the activity can be determined from the count
rate, and the solid angle subtended at the source by the detector.

The counters are designed such that the solid angle is well-defined
and directly measurable. When the solid angle increases beyond 10% of
47 steradians the defined-solid-angle method becomes unreliable, mainly
because the effects of absorption and scattering are increasing and can no
longer be estimated with sufficient accuracy. Defined-solid-angle count-
ing has been used for measuring alpha particles with energies of several
MeV, and photons in the energy range of 1 to 80 keV, in other words,
those particles which are “lightly scattered but heavily absorbed” [87].
For B-particles, which result in much more absorption and scattering in
the source itself and detector window, the method is not appropriate. If
the solid angle is increased to 47t steradians and energy is above thresh-
old, every radiation particle can be detected, and the count rate is then a
direct measure of the disintegration rate. This eliminates the need for an
accurate definition of the solid angle and its associated scattering prob-
lems. The angle needs no longer be considered. 47r-counting has been
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used for measuring charged particle emitters where the source is made
very thin, placed on a very thin source mount, and counted within a win-
dowless detector subtending an angle of 47t steradians around the source.
Forms of 47t counting, in which the detection efficiency is nearly 100 per-
cent are: 47 gas proportional counting of a very thin source, internal
gas counting of radionuclides in gaseous form, and liquid scintillation
counting of energetic alpha and beta particle emitters.

These methods are relatively simple in procedure, but they involve
some corrections such as self-absorption, and their accuracy are often
limited. Coincidence counting is the most powerful method for the abso-
lute measurement of radioactivity. Coincidence counting is used for the
absolute radioactivity measurement of a source when each nuclear event
involves two distinguishable radiations being emitted in prompt succes-
sion. Although there are some variations in the method with regards to
the choice of detector type and the selection of radiations detected, the
fundamental principle of the coincidence techniques is the same.

The 47t — 7 coincidence method is used for radionuclides that disin-
tegrate by emission of a or B particle, or an X-ray (as a result of electron
capture), followed by a gamma ray in prompt succession. The gamma-
gamma coincidence counting is used for radionuclides that emit two
gamma rays in cascade, also simultaneously for example of annihilation
of B*. The development of new standards is mostly the result of user
demand. The effectiveness and accuracy of a standard relies upon the ab-
solute standardization techniques and their subsequent development and
dissemination to meet the requirements of the user communities. The de-
velopment, maintenance and dissemination of the activity standard are
the main task of the National Metrology Laboratory.

Following the discovery of X-rays in 1895 by Roentgen [93], H. Bec-
querel discovered radioactivity by accident in February 1896 [94], when
using naturally fluorescent minerals to study the properties of X-rays.
In Becquerel’s paper, he reported that the double sulphate of uranium
and potassium emitted certain rays which gave a reactive impression on
a photographic plate even when exposed to no light. In other words, the
emission occurred irrespective of whether or not the salt was caused by
fluorescence. He realized that the emission came from uranium itself,
even in the dark. Radioactivity, which was always present on the Earth,
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had been discovered. Further experiments showed that uranium miner-
als were the only phosphorescent minerals to show this effect [95]. On 7
March 1896, H. Becquerel showed that this radiation had the important
property of discharging electrified bodies [96]. Later, H. Becquerel re-
ported that this discharge was due to the fact that the gas through which
the radiation passes is made temporarily to conduct electricity [97]. This
discharging power is similar to that of "Roentgen rays".

In November 1896, J. J. Thomson and E. Rutherford theorized that
the rays produce positively and negatively charged carriers throughout
the volume of the gas surrounding the charged body, and that the rate of
production of the charge carriers is proportional to the subjected radiation
[98]. In 1899, E. Rutherford published a detailed comparison of the nature
of the discharge produced by “uranium radiation” with that produced by
“Roentgen rays” [99]. The ability of uranium radiation to “ionize” gasses
formed the basis of a method for the accurate quantitative analysis and
comparison of the radiations.

In July 1898, P. and M. Curie [100] discovered polonium which was 60
times more radioactive than uranium. In the same year, M. Curie discov-
ered radium which was 400 times more radioactive than uranium [100].
M. Curie introduced the shorthand term “radioactivite” (radioactivity) to
describe the “activite radiante de l'uranium” [Becquerel, 1903]. A year
earlier, in 1897, J.J. Thompson, had discovered the electron. has given a
good review of the discovery of radioactivity and evolution of quantities,
units and standards in radioactivity [101].

In 1899, E. Rutherford identified two types of radiation emitted by
uranium minerals, namely the alpha rays, that produced the far greater
part of ionization, but was completely stopped by a thin sheet of paper,
and the beta rays, that produced much less ionization, but were much
more penetrating.

In 1900, even more highly penetrating radiations emitted from ra-
dium, the gamma rays, were discovered by P. Villard. By successfully
deflecting a-particle from radium and its decay products with both mag-
netic and electric fields, Rutherford showed that a-particles were posi-
tively charged. In 1909, Rutherford and Royds first proved that a particle
was an ionized helium atom projected at high speed from a disintegrating
atom [102].
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In 1914, J. Chadwick first demonstrated that the spectrum of B-radiation
was continuous [103]. The continuous spectrum was for a long time com-
pletely unexplained, until Fermi presented a successful quantitative the-
ory of the shape of B-ray spectra and the lifetime of B-ray emitters in
1934 [104]. The theory was based on Pauli’s neutrino hypothesis and was
quite satisfactorily able to account for the relation between the decay rate
and maximum energy of the B-particles. Furthermore, the shape of the
spectrum was calculated.

The theory was soon extended to all possible types of interactions be-
tween heavy and light particles in B-decay. Progress has been more rapid
since then, and by the early 1950s many of the fundamental problems
concerning B-ray spectra had been solved. Since Henri Becquerel discov-
ered the radioactivity in 1896, radionuclides have been used in a diverse
range of applications within medicine, science and industry and the de-
velopment of the technique of quantification of radioactive sources has
never stopped.

2.2 Review of radiation detection techniques

The earliest radiation particle-detection device consisted of a thin layer
of zinc sulphide (ZnS) crystal; the scintillation by a-particles striking the
ZnS screen were observed. The first devices were only sensitive to the a-
and B-particles. In 1908, Rutherford and Geiger used what they called an
“electrical method” to detect a-particles expelled from uranium, thorium,
radium, and actinium [105]. They constructed a simple gas ionization
detector (see Fig. reproduced form [105]) in order to determine by a
direct method, the number of a-particles expelled from a definite quantity
of radioactive matter. The detector consisted of a brass cylinder and a
central insulated wire connected to an electrometer.

The outer cylinder was charged to a negative potential. The cylinder
contained air or gas at a reduced pressure. This detector is considered
as a primary innovation in gas counters. Rutherford and Geiger contin-
ued developing their technique and by 1912 had increased their average
counting rate for a-particles from the 3 to 5 counts per minute to around
1000 counts per minute [106].
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Figure 2.1: The first detecting vessel built by Rutherford and Geiger in
1908. It consists of a brass cylinder A and a central insulated wire B
passing through ebonite cork C at the ends. In the ebonite cork C was
fixed a short glass tube D which has a circular opening. The a-particles
entered the detecting vessel through this opening. A large stop-cock F
was attached to one end of the long glass tube E. The other end of the
glass tube was closed by a ground stopper G.

In 1928, Geiger and Miiller built a gas-filled detector based on ionisa-
tion. It was this type of detector which later became commonly known as
the Geiger-Miiller counter, or G-M tube. The counter employs gas multi-
plication to greatly increase the charge generated by the original ion pairs
formed along the radiation track. It functions only as a simple counter of
radiation-induced events because all pulses from a G-M tube are of the
same amplitude regardless of the number of original ion pairs generated.
It cannot be used as a radiation spectrometer. Due to the simplicity, low
cost, and ease of use, the G-M counter is still widely used. It was in the
same year that Geiger and Klemperer discovered the proportional region
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of the gas ionization which laid the foundations for “proportional count-
ing” [107]. With the proportional property, a- and B-particles could be
distinguished by the difference in ionization produced.

2.21 4 counting of a- and B-particles

Although 47t-counting was originated in 1944 by Simpson [108] who de-
scribed a counter with geometry close to 47t steradians, the first real 47t
counter was reported by Haxel and Houtermans in 1948 [109]. Since then
a number of 47t counting chambers of a variety of designs have appeared.
In a 47t counter, the count rate equals the disintegration rate Ny if absorp-
tion in the source or source mount can be neglected. This is still true
when a nuclide emits more than two radiation particles per disintegra-
tion, provided the time interval between the two radiations is less than
the resolving time of the counter and associated electronics. Thus, the
system is insensitive to 7y-rays and internal conversion electrons follow-
ing B- or a- decay. The system is also insensitive to the scattering effect
since any discharges subsequent to that corresponding to the primary
event caused by repeated scattering of one particle will occur within the
counter resolving time. Therefore, 471-counting eliminates not only ge-
ometry correction, but also secondary radiation and scattering effects.
The introduction of the 47t proportional counter in late 1940s was
to meet the requirements of good energy resolution, high detection ef-
ficiency, wide-range amplitude response and sufficient short resolving
time. In common with the G-M tube, a 47t proportional counter is a gas-
filled detector, operated in pulse mode and utilizes the phenomenon of
gas multiplication to amplify the charge generated by the original ion
pairs created within the gas. The difference is that for a proportional
counter each original electron leads to an avalanche that is basically in-
dependent of all other avalanches formed from other electrons associ-
ated with the original ionizing event. Therefore, the collected charge
is proportional to the number of original electrons, i.e. proportional to
particle energies. 47 proportional counters were initially operated at
atmospheric pressure. Therefore, they are also called “gas flow pro-
portional counter”. These counters are filled with methane gas which
flows through the counter at atmospheric pressure. The counters have
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two plateaus: at the lower voltage for a-particles and at higher voltage
both for a- and B-particles. The energetic B-particles deposit only a small
fraction of their energies in the counter sensitivity volume. The counters
do not give any information concerning the particle energy, but only de-
tect events induced by the particles. High pressure was used at a later
time and these counters are called “pressurized proportional counter”
[110] 1111

The counters are used for X-ray and Auger-electron detection in elec-
tron capture nuclide measurements. The pulse height is truly propor-
tional to the energy deposited. These counters are operated under dif-
ferent pressures; they maintain a constant pressure over a long period of
measurement. They have small absorption of X- or 9-rays in the walls
of the counter. Although a 471 counter detects all the ionizing radiation
emitted from the source, the major problem associated with 47r-counting
is source self-absorption of radiation (and on a small scale the absorption
of radiation by the source-mount). The precise evaluation of absorption
by the source and source-mount is difficult. Therefore, one should aim
to reduce the absorption to as small an amount as possible. The way of
reducing source self-absorption is obviously to improve the source prepa-
ration technique. One of the methods of source preparation is to evap-
orate a liquid drop on the source mount. If the area of the source can
be kept constant, reduction of the solid content (inactive carrier content)
of the drop will reduce the source self-absorption and an extrapolation
to zero source weight may be made to determine the activity for zero
absorption. However, it is found that evaporation produces aggregates
of crystals. Other source preparation techniques, such as using wetting
agents like Ludox (colloidal silica) [112], Catanac [113] and aluminum
treatment [114] have been investigated. These wetting agents act as nucle-
ating agents in the crystallization process and produce a large number of
small source crystals. The use of VYNS thin film [90] of a superficial den-
sity of 5 — 20 ugm/cm? reduces the absorption of radiation in the source
mount to a negligible level, although, for the work of the greatest preci-
sion and particularly that with the weaker B-emitters, the absorption loss
in the source mount still needs to be accurately evaluated and corrected.
The use of very thin films is nevertheless still of considerable advantage,
since the magnitude of the correction is reduced, and the final disinte-
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gration rate value is less sensitive to the errors in the correction. Despite
these improvements in the source and source-mount preparation, the ab-
sorption was still of great concern. It was desirable to develop a new
direct measurement technique. The 47B(LS) — 7 coincidence counting
technique was then developed to overcome this problem.

2.2.2 Gamma-ray detection

Before considering the 47 — 7 coincidence counting, let us review the
detection of y-rays. In 1948, Hofstadter [115] first reported the detection
of y-rays using a sodium iodide crystal to which a trace of thallium iodide
had been added in the melt. The crystal produced an exceptionally large
scintillation light output compared with the organic materials that had
previously received primary attention. This discovery, more than any
others, started the modern era of scintillation spectrometry of gamma
radiation. This crystalline scintillator remained for almost 20 years the
most important for gamma ray spectrometry. The most extraordinary
property of Nal(Tl) is its excellent light yield, giving high detection ef-
ficiency for X- and 7-rays. The scintillation counter has always been at
a basic disadvantage in comparison with the other methods of primary
charged particles. Its resolution has kept it in the role of an energy sensi-
tive detector rather than spectrometer. Even the gas proportional counter
is capable of approximately four times better resolution than the scintil-
lation counter (500 eV per photoelectron versus 30 eV per ion pair, where
the relative resolution is proportional to (signal)~!/2) [116]. Nowadays,
scintillation detectors are not considered as high-resolution instruments,
although they are still widely used for applications that need simplicity
of use rather than high energy resolution. However, their high detection
efficiency provides great merit for their use in coincidence measurements.
We used Nal (Tl) in our coincidence counting systems in this project. In
1949, MacKay first reported the detection of a-particles in the vicinity
of the depletion layer of a reverse-biased germanium point-contact diode
[117]. However, it was not until 1956, when Mayer and Gossick published
results of a study on germanium surface-barrier detectors of a few square

millimeters that the development of broad area junction detectors began
[118].
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The first gold-silicon surface-barrier diode detector was described by
Davis [119] in 1958. Since then, silicon has been used almost exclusively
for charged particle detectors, because high resolution can be obtained at
room temperature. Unfortunately, the low atomic number of silicon (Z
= 14) makes such detectors unsuitable for y-ray spectroscopy. In 1962,
the advent of lithium-ion drift compensates germanium (Z = 32) tech-
nique [120] overcame this problem. In 1965, Tavendale [121] developed
the large volume, high sensitivity coaxial Ge(Li) detector. The Ge(Li) de-
tector became commercially available in the early 1960s and served as the
common type of large volume germanium detector for two decades. In
1970, very high purity germanium containing ~ 1010 electrical impurities
per cm® was successfully grown by Hall [122]. The widespread availabil-
ity of high purity germanium in the early 1980s provided an alternative
to Ge(Li) and manufacturers have now discontinued production of Ge(Li)
detectors in favor of the HPGe type. A major reason for this evolution is
the much greater operational convenience afforded by HPGe detectors.
Whereas Ge(Li) detectors must be continuously maintained at low tem-
perature, HPGe detectors can be allowed to warm to room temperature
between uses. In general, the important performance characteristics, such
as detection efficiency and energy resolution, are essentially identical for
Ge(Li) and HPGe detectors of the same size. Current development in
v-ray spectrometry no longer focuses on increasing the energy resolu-
tion of a system. Instead, they pursue higher throughputs of signal and
higher detection efficiency. High signal throughput is achieved by the
improvement of electronic equipment. Higher efficiency is achieved by
growing large crystals and improving source detection configurations.
While an HPGe detector has been used almost exclusively for y-ray spec-
troscopy; it still suffers from limitations in the detection efficiency and the
requirement of cooling for optimum resolution. A detailed review of the
development of Ge detectors was given by Alexiev et al.[123]].
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2.2.3 The development of 471 — 7y coincidence counting
2.2.3.1 Coincidence counting

The coincidence method can be applied to events where the radioactive
substance emits several coherent rays in the same disintegration pro-
cess simultaneously, or in cascades. In their experiment, Geiger and
Werner[124] in 1924 demonstrated that, with two observers, each us-
ing a low-power microscope to record the scintillation resulting from a-
particles striking a ZnS(Ag) screen, the efficiency of each of the observers
could be determined by the number of counts recorded by each observer,
as well as the number of events which were coincident. This was consid-
ered as the earliest known application of coincidence counting.

In the late 1920s, electronic components for coincidence were devel-
oped [125,[126,127]. This resulted almost immediately in the widespread
use of coincidence counting in cosmic ray measurements. These mea-
surements were chiefly concerned with the responses of separate Geiger
counters to particles and were not associated with the measurement of
radioactivity. For example, in Bothe and Bayer’s arrangement [128]], the
source was placed inside the anode of a G-M counter for detecting the first
particle, and this counter was surrounded by a ring of counters connected
in parallel, forming the second counter of the coincidence equipment for
detecting second particles. The solid angle subtended from source to
counter for both rays was practically equal to 47t.

In 1940, the coincidence method was first applied to the direct mea-
surements of radioactivity by Dunworth [129]. The possible errors due
to the angular correlation of coherent rays, gamma-gamma coincidences
in the beta-gamma coincidence method, scattered gamma-rays, fluctua-
tion of the resolving time and fluctuations of the background were re-
viewed by Barnothy and Forro [130]. Subsequently, the § — < coincidence
method, independent of detection efficiency, became a powerful tech-
nique for simple B — v emitting radionuclides provided that either the
B-counter or the y-counter was equally sensitive to all parts of the source
[131]. This could be achieved by careful choice of detectors and prepara-
tion of uniform sources. Putman [131] later suggested that the uniformity
of specific activity is not a necessary condition, but at least one detector
should have the uniform sensitivity over the entire source. This condition
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is closely approximated in practice for the y-detector. The g — 7 coinci-
dence method was particularly useful for determining the self-absorption
correction in 4718 counting and for determining the efficiency of radiation
detectors.

In principle, the coincidence method may be applied to any known
decay scheme. However, the convenience and accuracy of the method
decreases rapidly as the complexity of the decay scheme increases [132].
For these reasons, in the early days, the coincidence method was gen-
erally only used for measuring radionuclides that disintegrate with the
emission of a single B-particle followed virtually immediately by one or
more 7y-rays. In practice, there are a number of corrections that need
to be applied, such as those for source size, angular correlation, inter-
nal conversion, and dead-time, sensitivity of the B-detector to y-photons,
accidental coincidences and background fluctuations.

2.2.3.2 47 — <y coincidence counting

The 47t — v coincidence counting method is an improvement of the or-
dinary B — 7 coincidence method. The first and well-known paper which
described the 47p — < coincidence counting was written by Campion
[133]. Campion demonstrated that by using beta detector which has 47
geometry (high B- detection efficiency) for the coincidence method, most
of these corrections are small and hence the accurate measurement of
B — 7 emitting nuclides can be achieved. A block diagram of Campion’s
4rtB — v coincidence counting system is presented in Fig. (Repro-
duced from reference [133]).

The 47t — <y coincidence counting technique can be also used for the
measurements of electron capture nuclides, where the measured beta ef-
ficiency is that of the Auger electrons and X-rays associated with the elec-
tron capture process. The original 47t — <y coincidence counting and its
extended method have been used extensively for the standardization of a
wide range of radionuclides [134]. The conventional 4778 — 7y coincidence
equation, Ny = (Ng - N,) /N, applies to a point source with a simple de-
cay scheme (a single § emission followed by one or more 7y-rays). Ng, N,
and N, are the count rates measured by the p-detector, y-detector, and
coincidence recorder, and Nj is the disintegration rate. The beta detector
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Figure 2.2: Block diagram of Campion’s 47t — <y coincidence counting
system.

is assumed to respond only to B-particles, the y-detector only to 7-rays
and the coincidence recorder only to simultaneous pulses from the two
detectors (true coincidences).

In any practical system, however, at least one of the detectors, usually
the B-detector, is not exclusively sensitive to one type of radiation, i.e. -
particles only, but to y-rays and conversion electrons as well. Therefore,
the more general and sophisticated coincidence equation [135] has been
developed and can be expressed as (Ng-Ny) /N, = Ny [l + K], where
K is the decay-scheme-dependent correction factor, which corrects the
influences of those unwanted radiations, including the <y-sensitivity of
the B-detector, the detection of internal conversion electrons and different
B-branches.
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2.2.3.2.1 47 — <y coincidence extrapolation method

To eliminate these influences, the most practical technique is the 477 — y
coincidence extrapolation method [136)} [135] 137, [138]. This method re-
quires no knowledge of the decay scheme parameters and detection effi-
ciency, but only the observed count rate. It has proven to be the most ac-
curate method for activity determination. However, to be able to achieve
the highest accuracy with the method, the highest attainable beta detec-
tion efficiency needs to be more than 90% so that the extrapolation range
can be made as short as possible. Repeating measurements under differ-
ent experimental conditions is required. With the efficiency extrapolation
method, a source is measured with various B-particle detection efficien-
cies. The apparent disintegration rate (Ng-N,) /N is plotted against
(1— 65) / €p. Extrapolation of (Nﬁ N,) /N to eg = 1 yields the 47 beta
count rate to be Ny = Np and the slope to be the correction. The relation-
ship between the apparent disintegration rate and (1 —eg) /eg is often
referred to as the efficiency function. The efficiency extrapolation method
is based on the assumption that all the B-branches are subject to the same
physical condition which causes the counting losses, so the inefficiencies
of the various B-branches have a linear relationship. The extrapolation
method eliminates the influence of conversion electrons and gamma sen-
sitivity of the B detector. Experimentally, B-particle detection efficiencies
can be varied by

1. Changing source self-absorption,
2. Adding thin absorbers, and
3. Adjust electronic discrimination levels.

Methods (2) and (3) are commonly used. Method (3) is used when
the 4mB-counter is pressurized. The three acceptable methods of effi-
ciency variation are not theoretically equivalent [135], although experi-
mentally the differences are insignificant [139]. The efficiency extrapo-
lation method was first used by Steyn and Haasbroek [140] and subse-
quently developed by Campion et. al. [134] Taylor [141], Taylor and Mer-
ritt [142], Williams and Campion [136]. The method is now widely used
for the measurements of radionuclides with complex decay schemes.
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2.2.3.2.2 Theoretical correction

The decay-scheme-dependent correction K can be also derived theoreti-
cally by consideration and calculation of all elementary processes in the
source, although some parameters in general have still to be determined
experimentally. This method requires knowledge of decay scheme pa-
rameters and subsidiary information on some detector efficiencies. This
method is based on a single measurement and has advantage of avoiding
lengthy measurement procedures. When beta efficiency is low, for exam-
ple, in the case of measuring a thick source, this becomes the only method
to be adopted. For the correction K, 7y-sensitivity and e, of the f-detector
is the most difficult parameter to determine. The original method given
by Campion [133] for determining €p, was to count sources of known ac-
tivity covered with absorbers, usually polyethylene, thick enough to ab-
sorb all the B-particles, and it was assumed that all the counts observed
in the B-detector were due to the y-sensitivity of the p-detector. Cam-
pion measured 1Ce,?% Hg,*> Nb and ®°Co. €p, VEIsus y-ray energy was
plotted. €p. was found to be in the range of approximately 0.3 — 1.1%
for an energy from about 200 keV to 1332 keV. However, the thickness of
the absorbers required to stop all the B-particles is so large that the y-ray
interactions in the foils cannot be neglected and much higher results are
obtained due to photoelectron and Compton electrons ejected into the gas
from the foils. It is difficult to separate this effect from the inherent -ray
sensitivity of the detector.

In order to overcome this problem, Williams and Campion [136] used
the 4718 — <y coincidence counting efficiency extrapolation method to ob-
tain much more accurate values of €4, as a function of 7y-ray energy. With
this method, €g., was obtained from the slope of the extrapolation func-
tion. A function of € versus 7y-ray energy was plotted by measuring
21Cr(E, = 320 keV), °Nb (765 keV), >*Mn (835 keV), ®Co (1332 keV)
and %Y (1836 keV). €, was found to be in the range of approximately
0.1 — 0.5% for the energy about 320 keV — 1836 keV.

The accuracy of this method was later confirmed by Merrit and Taylor
[143] . The method may offer much improved results compared with the
original absorber method, but the use of thin absorbers to vary beta effi-
ciency may still cause unexpected photon interactions in the absorption
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foils. The range of absorber thicknesses (and hence efficiencies) that can
be used is limited by the requirement that they stop a negligible number
of y-rays; otherwise the secondary electrons produced will increase the
apparent €g . The detection efficiency for conversion electrons may be
reduced if considerably thick absorbers are used.

Kawada [144) 145] developed a method in which the B-efficiency was
varied by changing the counter geometry from 47 to 27, using the top-
and bottom-halves of the 47t counter. The results were found to be simi-
lar to those of Williams and Campion, and Merritt and Taylor. Since this
method requires no additional absorber foil and the measurements can
be made without changing any physical parameter, precise results can
be expected. However, this method requires modification of the instru-
ment. There is an additional contribution to the coincidence counting
rate, which arises from Compton scattering or, in more complex decay
schemes, from the presence of other cascade 7y-rays (y — y coincidences).
This effect can be reduced to negligible levels by appropriate energy dis-
crimination in the -channel (setting a window for the y-photopeak).

Regarding the detection efficiency of the B-counter for conversion elec-
trons in a thin source, the efficiency for energetic conversion electrons is
taken as unity in 4778 counter geometry [133] unless they are of extremely
low energy (< 50 keV). However, for conversion electron efficiency less
than unity, the event may still be recordable by detection of X-rays or
Auger electrons. Perolat [146] pointed out that the accuracy of the two
methods, extrapolation, and correction, are more or less equal for the sim-
ple B — 7 decay scheme radionuclides (e.g. 60Cp,4 S¢,%° Mn and *Nb).
For complex decay schemes, the best accuracy are obtained by the ex-
trapolation method (e.g.133 Ba,'%® Au,'% Ry — Rh). Nevertheless, in many
cases, the theoretical correction method can provide satisfactory accuracy,
although it may not be as good as the extrapolation method. Some ex-
amples of using the theoretical correction method are the measurement
of °7Zn,%? Mo, and *°Fe.

2.2.3.2.3 47rf — 7 coincidence efficiency-tracing technique

The 47t — v coincidence counting technique has been also extended to
pure B-emitters by addition of suitable f — 7y emitters as the tracer of the
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counting efficiency, the so-called efficiency-tracing technique [134] 147,
148, 149]. The method involves combining into a single counting source
the pure B-emitter and an accurately known fraction of a f — < emitting
“tracer”. This has been achieved by (1) combining atoms of the two dif-
ferent nuclides into the one molecule [134], and (2) quantitatively mixing
a solution of the pure B-emitter with a solution of the tracer [134]. The
tracer must have a simple decay scheme which is “not-too-dissimilar” to
that of the pure B-emitter. The total count rate of the mixture is found by
extrapolating to 100% efficiency. The activity concentration of the nuclide
being traced is obtained by subtracting the count rate due to the tracer.
In fact, the tracer is used to determine the B-detection efficiency of the
source. Ideally the shape and endpoint of the beta spectra of the pure
B-emitter and the tracer nuclide should be the same. However, in prac-
tice this is often difficult to achieve. The effects of the shape of the beta
spectra of B — vy tracers and pure B-emitters are recognized, and accepted,
though not without reservations [150].

The spectrum effect was investigated by Lowenthal [149]. It was found
that measurements made with different B — vy tracers resulted in different
results on extrapolation due to the shapes of the beta spectra affecting
the efficiency tracing function. If the low energy ends of the spectra are
similar in shape and their end-point energies do not differ too much from
each other the uncertainties are negligibly small. If the shapes of the two
spectra are similar but the difference between the end-point energies is
large, the uncertainties are greater. The effect could be even more serious
when the shapes of low-energy sections of the spectra differ markedly.
However, the study shows that there is a linear relationship of counting
efficiencies among many pB-emitters when homogeneously mixed. In or-
der to avoid any differential effects due to separation of the two activities
during crystallization as the source is dried, it is necessary to incorporate
the two activities into the same chemical Compound.SZBr, 2Ng, 77y,
€0Cop, and 13*Cs have been used as tracers [134].

2.2.3.24 Some additional points about 477 — v coincidence system

In order to maintain the linear functional relations between the ineffi-
ciency of different beta branch particles, the B-detection must be arranged
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so that 1) beta efficiencies for all branches must be single-valued functions
of the variable efficiency parameter N./N,, , and 2) the relating functions
must approach to unit detection efficiency for all branches simultaneously
[135]. This requires that the p-detection geometry be 47t steradians. The
source mounting arrangement, even in a 471 gas proportional counter,
can reduce the effective geometry [147)]. In addition, the counter should
be sensitive to 25 ion pairs or less (i.e. <1 keV equivalent energy). An
adequate approximate measure of the sensitivity can be obtained using
a low Z electron capture source. A 47 proportional counter must be
also sufficiently sensitive to high B-energies, since linear energy transfer
for B-particles decreases with increasing energy up to about 1 MeV and
the number of ion pairs generated in a practical counter at atmospheric
pressure may not exceed 100 for energetic particles. The 47t proportional
counter is usually made of aluminum, and is of the pill-box type, with
a sensitive volume 3.8 - 5.9 cm in diameter and 5.1 - 7.8 cm in height.
It has zero intrinsic noise, low sensitivity to -radiation and a recovery
time of the order of 100 ns. Sodium iodide Nal(Tl) scintillation counters
are currently the most satisfactory for the y-detection, providing gener-
ally adequate energy resolution. Some laboratories have shown interest
in the HPGe detector which provides much better resolution. LaCl3 and
LaBrs detectors have high efficiency and high resolution and could be
promising alternatives for y-detection in 4718 — v coincidence counting.

2.2.3.3 Digital coincidence counting and other studies

The principles of the 4718 — < coincidence counting method, as well as
the nature of the corrections required, are well understood. However,
valid application of these principles to actual measurements is not simple
and efforts on the improvement of the accuracy of 4718 — 7y coincidence
counting have continued for decades. The accurate fulfillment of the lin-
earity conditions of the gamma-ray channel was examined by Grigorescu
[151] and was found to be crucial for elimination of the error from source
self-absorption and the error due to absorption in source mount. Having
investigated >Fe and 13*Cs, Miyahara and Watanabe [152] found that to
obtain the highest beta efficiency, the crystallites in the 47 source must
be as small and uniform as possible. In the extrapolation method, a linear
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function is usually used as the efficiency function, a polynomial function
of second or third order is used occasionally. However, if the attainable
beta efficiency is not high enough, the first-order fitting function may
introduce systematic errors. This problem can be overcome by fitting a
polynomial function joining both first and second order terms [153].

Other developments in the coincidence technique include replacing
the 47t proportional counter with the surface barrier silicon detector for
« — 7 emitters [154] and using Nal crystal detectors to perform « — < co-
incidence counting for a nuclide emitting two <y-rays in cascade [155, 156].
With the ¢ — v coincidence technique the activity is computed from the
area A; and A; of the gamma photopeaks, the area Aj, of the sum-peak,
and an extrapolation of the total count-rate to zero discrimination. The
coincidence equation for this technique is N = (A; Az) /A1p + T, where
N is the activity of the source and T is the area under the whole spec-
trum. This method has been used to directly measure the activity of 12°1
[157]. For decades, the conventional methods of data acquisition for the
47t — v coincidence counting technique have used dedicated analogue
electronic modules such as single channel analyzers, gate and delay gen-
erators, paralysis units, time-to-amplitude converters, coincidence mixers
and multichannel analyzers. The high cost of procurement and mainte-
nance of such systems and the considerable equipment setup effort have
emphasized the need for a more flexible and robust data collection pro-
cess. Digital coincidence counting is a promising new approach to the ab-
solute measurement of radioactivity. Buckman and Ius published the first
paper [158| [159] introducing a digital coincidence counting system into
47t — 7 coincidence counting. The paper described a digital coincidence-
counting system which comprises a customer-built data acquisition card
and associated PC software. Using high-speed analogue-to-digital con-
verters (ADCs), the pulse-trains from two radiation detectors are digitized
and recorded. Processing of the pulse-trains is performed by a series of
software components. The method has the advantage that once a set of
pulse-trains has been recorded, it may be processed any number of times
by a variety of methods. It avoids the complex and time-consuming set
up procedures of a conventional analogue system. The software of the
system was improved afterwards, and the system was verified with the
€0Co, 2Na and 235m, good results have been achieved. [160] [161]].
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Chapter 3

Liquid scintillation methods

3.1 Introduction

Liquid scintillation counting (LSC) techniques can be used for radionu-
clide activity measurement when the calculation of detection efficiency
is possible or through comparison with a standard. Unlike most other
radioactivity measurements, the source itself is a part of the detector and
if a precise measurement is needed, standard must have a similar com-
position as that of the sources to measure. If a standard is not available,
the detection efficiency can be calculated with special computing codes
using a model of the physic-chemical and statistical processes involved
in light emission, detection and counting. This model is referred to in
the literature as the free parameter model, which quantifies the mean
value of photoelectrons created in each photomultiplier tube after the ab-
sorption of unit energy in the scintillator. This model can be applied
in two ways: by deducing the free parameter from the measurement of a
tracer (CIEMAT /NIST method) [162] or by calculating this free parameter
from the coincidence ratio in a specific LS counter with 3 photomultipliers
tubes (TDCR method)[163].

There is a growing interest in LSC techniques in the field of radionu-
clide metrology, especially after the development of two quantitative LSC

measurement methods: the Triple-to-Double-Coincidence Ratio (TDCR)
method in 1979 [164], and the CIEMAT /NIST method [162]. These two

89
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powerful methods based on liquid scintillation counting are generally
used to measure pure beta-emitting radionuclides and have been used
successfully in LS counting being established as calibration procedures
for the activity measurements of a number of radionuclides [165] 166,
167]. Both methods require an accurate computation of the emission
spectrum as well as the ionization quenching function to account for the
non-linear energy response of the scintillation mechanism [166].

The earliest known application of coincidence counting was that, with
two observers, the efficiency of each of the observers could be deter-
mined by the number of counts recorded by each one, as well as the
number of events which were coincident. Later, electronic components
for coincidence were developed. This resulted almost immediately in
the widespread use of coincidence counting. In principle, the coinci-
dence method may be applied to any known decay scheme [168]]. Both
CIEMAT/NIST and TDCR methods are counting in coincidence. In the
coincidence method using liquid scintillation technique an electronic cir-
cuit receives the pulses from two or three PMTs facing the scintillator.
It provides an output pulse each time the input pulses are coincident in
time. Except for chance coincidences, the random noise pulses from each
photomultiplier will consequently not be counted, even if they have larger
amplitude than the scintillation pulses. In order to obtain a coincidence
pulse, at least one photoelectron must be emitted from each photocathode
[169]. It is well known that scintillation counters with two or three pho-
tomultipliers working in coincidence drastically reduce the contribution
of the thermionic noise coming from the photomultipliers [170].

3.1.1 The CIEMAT/NIST method

This method, originally developed by the Centro de Investigaciones Ener-
geticas Medioambientalesy Technologicas (CIEMAT, Spain) and the Na-
tional Institute of Standards and Technology (NIST, U.S.A.) is an activity
measurement method, suitable for activity determination of pure beta,
beta-gamma, pure electron capture (EC) and EC-gamma decaying ra-
dionuclides using a commercial liquid scintillation analyzer [85]. The
method is based on a combination of theoretical calculations related to
the particular radionuclide under investigation and its emissions, as well



3.1. INTRODUCTION 91

as theoretical calculations related to a standard tracer nuclide and its
emissions together with experimental data which provides information
concerning the instrument, scintillation cocktail, and radionuclide (e.g.,
count rate and quench indicating parameter) [162]. The main steps of the
CIEMAT/NIST method are reported in Fig. [171].

Efficiency...:3. Figure Efficiency... -3 Quenching
of merit Parameter

Figure of merit........Quenching

parameter

C-14

Efficiency..:"...% Quenching
Parameter

Figure 3.1: Diagram describing the application of the CIEMAT/NIST
method to the standardization of *C.

The CIEMAT/NIST method originated in 1982, when Grau Malonda
and Garcia-Torafio [162] presented a method for the calculation of count-
ing efficiency for B-ray emitting radionuclides in two- phototubes sys-
tem. The authors used a set of tritium standards to obtain an experi-
mental quenching curve, from which the B-particle counting efficiency
was calculated. A quench standard curve contains a series of standards
with constant absolute radioactivity and varied amounts of quench. The
quench is increased from vial to vial by the addition of a quenching
agent. For fundamental reasons related to the physical models used in the
CIEMAT/NIST method, a low-energy tracer with a calculable spectrum
is needed and up to now no alternative radionuclide with a longer half-
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life is found [172]. Tritium is usually used as tracer nuclide because of its
low B-particle energy (E;.x = 18.6 keV), which makes the corresponding
counting efficiency very sensitive to the quench parameter. Due to the
very low energy, the uncertainty in tritium standard has little influence
on the calculated efficiency of the more energetic B-ray emitters [173]].

The method requires one to know the experimental counting efficiency
of the tracer radionuclide for different degrees of chemical quench and to
compute the theoretical counting efficiency at the photocathode output
for different values of the free parameter M (this is defined as the amount
of energy required to produce one photoelectron at the photocathode of
the photomultiplier) [171]. To obtain a universal curve, which allows one
to determine the counting efficiency for any radionuclide, a model for the
counting efficiency as a function of the free parameter must be developed
for each radionuclide. Although CIEMAT/NIST method is not a direct
activity measurement method, it allows relative standard uncertainties of
less than 2% to be achieved even for low energy B-emitters.

The central idea of the method consists of taking an experimental
curve, counting efficiency versus quench parameter, and calculating the
theoretical counting efficiency in terms of the free parameter of a given
tracer radionuclide. Since both curves have in common the counting ef-
ficiency, the universal relationship between the experimental quench pa-
rameter and the theoretical free parameter can be obtained. This curve is
universal in the sense that it is independent of the radionuclide but de-
pends only on the liquid scintillation spectrometer, the vial and the liquid
scintillator used. The next step is to compute the counting efficiency for
the radionuclide to be standardized by applying the universal curve and
taking the free parameter as a common quantity [170].

Different techniques for efficiency correction due to the quenching
may be used. Among others, quench monitoring using an external stan-
dard has several advantages, being a fast and non-destructive method,
allows simultaneous color measurement and works equally well for low
activity samples. The external standardization correction procedure in-
volves many methods sharing the property of using a y-ray emitting
source which may be mechanically positioned externally next to the sam-
ple counting vial. One method used to measure quench is the trans-
formed Spectral Index of the External Standard (t-SIE). This t-SIE is cal-
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culated from the Compton spectrum induced in the scintillation cocktail
by an external '3*Ba gamma source which is positioned under the sam-
ple vial. From a mathematical transformation of this spectrum, the t-SIE
value is determined, and t-SIE is a relative value, on a scale from 0 (most
quenched) to 1000 (unquenched). The t-SIE parameter is independent of
the sample radionuclide and of the activity in the vial and has a large
dynamic range. This makes it a very reproducible means of tracking the
quench of the cocktail. The t-SIE parameter is independent of the count-
ing rate or the total accumulated counts. The t-SIE value for each sample
is given directly by the liquid scintillation counter [170]. Special programs
are available for the detection efficiency computation for the S-decay ra-
dionuclides. One of these is the CN2004 code with composition matched
LS cocktails of a 3H standard as the efficiency detection monitor [174].

3.1.2 The development of TDCR method

Triple-to-Double Coincidence Ratio (TDCR) method is a primary mea-
surement method allowing the standardization of radionuclides by liquid
scintillation counting when the detection efficiency is calculated from a
physical and statistical model of the photon distribution emitted by the
scintillating source [175] [163]. The TDCR method is widely used within
the international radionuclide metrology community and was primarily
developed as an absolute method for the activity measurement and stan-
dardization of beta emitting radionuclides [176].

The TDCR method does rely on decay scheme parameters to calculate
the two- and three-phototube efficiencies. The advent of phototubes with
high quantum efficiencies has permitted the practical application of this
system. The TDCR method has become the preferred method for the ab-
solute activity measurement of a- and B-emitters and has been extended
to electron capture radionuclides and B — y-emitters.

Broda from POLATOM has given an excellent review on the devel-
opment of TDCR method [177]. An overview of his paper is presented
as follows. The first three-phototube system Fig. was constructed
by Hoegl and Schwerdtel [178]. However, this system was used for rela-
tive measurements of pure S-emitters [179, [180]. In their experiment, the
counting efficiency ¢, was determined using a set of quenched standards.



94 CHAPTER 3. LIQUID SCINTILLATION METHODS

Counting rates of the triple (N7) and double (N,;) coincidences were
measured between three phototubes and a simple pair of phototubes, re-
spectively. The experimental ratio was calculated. The function ¢ (K) was
used to determine the activity of the measured sample.

In 1970, Kolarov et al. suggested an absolute method of determining
the activity of B-emitters based on a simple detection efficiency model
using two phototubes working in sum and in coincidence [181]. The
major disadvantages of this method were the effect of afterpulses and
thermal emission noise observed in the sum channel. The above triple co-
incidence LS detector and the principle of the detection efficiency model
have both been the basis of the TDCR absolute method of radionuclide
activity determination. The original version of the TDCR method was
presented by Pochwalski and Radoszewski in 1979 [182]. In Pochwalski’s
system Fig. (Reproduced from reference [177]), the outputs of three
double coincidence gates (N7) and the sum of double coincidences (Np)
(including the triple coincidences) were obtained. Note that they are dif-
ferent from Schwerdtel’s system. The experimentally determined TDCR
value, denoted by K, is given by K = Nt /Np obviously 0 < K < 1, since
the triple coincidence counting rate Nt, is always lower than the dou-
ble coincidence-counting rate Np. As the counting efficiency approaches
unity, the double- and triple- coincidence counting rates will approach
the disintegration rate of the source Nt — Ny, Np — Np and the ratio
K will also approach unity K — 1. By extrapolating to K — 1, the val-
ues of the disintegration rate, Np can be calculated. Thus, the ratio K
was found to be a very convenient experimental indicator of the counting
efficiency of a given sample. In order to obtain series of pairs of count
rates Nt and Np, the efficiencies were varied by changing the optical ef-
ficiency or quenching state. Pochwalski placed a cylindrical steel wire
spring around the counting vial. The number of coils appearing between
the vial and photocathodes changed with the pressure applied on the
spring and hence the optical efficiency of the phototubes varied.

The principle of the detection efficiency model applied to the TDCR
method is based on the detection efficiency model for the two photo-
tubes system elaborated by Kolarov et al [181]. Theoretical calculations
of counting efficiency and the comparison with the experimental data for
pure B-emitters for TDCR method using this model were first reported
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Figure 3.2: A simplified block-diagram of the three-phototube system.
(a) Schwerdtel’s system, (b) Pochwalski’s system. HV - high voltage, P -
preamplifier, A - amplifier, D - discriminator, C - coincidence gate (AND),
S - summing gate (OR), N - counter.

by Broda et al [183]. This model assumed that the three phototubes had
the same quantum efficiency.

In the early 1990s, the electronics of the TDCR system was modified to
introduce three additional double coincidence counting outputs N,;, Ny,
and N, [184, 176, [185] in addition to the two shown in Fig. . In
this enhanced system, the electronic coincidence unit gave five outputs:
three double coincidences, AB, BC and CA, one triple coincidence ABC
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and a logic sum of the three double coincidences including triple coin-
cidences, AB 4+ BC + CA, as shown in Fig. (reproduced from ref-
erence [185]). An extendable dead-time generator was incorporated in
the electronic system. This type of dead-time eliminates spurious pulses
caused by either phosphorescence or the residual gas in the phototube.
With this system, four equations, written as below, with counting effi-
ciencies (¢qp, Ppe, Pac and ¢r) from four coincidence channels, could be
established, and the activity Ny could be determined.

Nap = No ¢ap (€a,€p) , (3.1)
Ny = No Ppe (€, €c), (3.2)
Nuc = No Pac (€a,€c) , (3.3)
Nt = No ¢1 (€4, €1, €c) , (3.4)

In this way, the efficiencies of the individual phototubes, €,, €}, and ¢,
are directly determined. Thus, the assumption of symmetrical behavior
of the three phototubes is no longer necessary. In fact, the real asymmetry
can only be ignored for high counting efficiency. Errors introduced by the
symmetry simplification increase when the efficiency decreases [186].

The TDCR parameter, being a ratio of T to D, is a convenient indica-
tor of the quenching of the source[187]. Knowing the radionuclide energy
spectrum, the model is applied to calculate the number of photons emit-
ted by the scintillator and leading to the detection of photoelectrons in
each photomultiplier. The best estimate of the source activity is the ratio
of the count rate in double coincidences to the efficiency in double coinci-
dence, which must be also equal to the ratio of the counting rate in triple
coincidence to the detection efficiency in triple coincidence.

In the late 1990s, an electronic module MAC3 (module d’acquisition
de coincidences triples) was developed to process the pulses delivered by
the three phototubes[188]. This module replaces the complex intercon-
nection of nine independent NIM electronic instruments. The module is
illustrated in Fig. (Reproduced from reference [177]).
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Figure 3.3: Block diagram of the TDCR coincidence unit.

In 2014, TDCR method is full digitalized at ENEA-INMRI in collabora-
tion with CAEN. A new total digital approach was applied for processing
pulses delivered by three photomultipliers in a TDCR system in which for
the first time at ENEA-INMRI the CAEN digitizers belonging to the fam-
ily of Desktop digitizers DT57XX were used to link directly the PMTs of
home-made TDCR counters to these new front-end electronics devices.
New very interesting perspectives were then opened in the TCDR acqui-
sition and analysis by using new software codes that take into account
the digitized information recorded by compact digitizer modules directly
linked to the detector [189].

The TDCR device has also been applied to 4718 (LS) — -y coincidence
counting, where the three-phototube detector is used in the beta channel
and the HPGe detector in the gamma channel [190, [191]. With this ar-
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Figure 3.4: A simplified block-diagram of the MAC3 module. An incom-
ing pulse will set memory MA, MB, and MC and, after a delay (B40 ns),
will trigger the dead-time circuit. During this delay (coincidence resolv-
ing time), it is possible for additional pulses from a different channel to
also be registered. After that delay, the system will not accept additional
pulses until the (extendible) dead-time period has elapsed. Memories are
sampled by a strobe. An arrangement of gates and buffers allows the
recording of the counts in each channel.

rangement the TDCR method can be extended to a nuclide having g — v
and EC — vy decay-scheme. The system also allows a direct comparison
between TDCR and the 47t (LS) — ¢ coincidence method. Bobin and
Bouchard [191] published the preliminary results of standardizing elec-
tron capture radionuclides >*Mn and ®®Zn using the TDCR incorporated
47tB (LS) — v coincidence.

A number of analysis programs have been developed and adopted for
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use by several laboratories, but many laboratories have also developed
their own codes in order to implement specific features or modifications
of the model not found in other codes [192]]. At the moment there are sev-
eral TDCR analysis codes implemented especially for the case of electron
capture to calculate detection efficiency and activity. Thus, the available
software for TDCR counting could be, in principle, classified into pure
B-emitter programs and nuclide specific programs for more complicated
decay schemes [193].

A stochastic approach is investigated by implementing a comprehen-
sive modeling of the TDCR counter based on the GEANT4 toolkit [194,
195]. This code has been selected for its capability to simulate the differ-
ent processes related to the transport of charged particles and the ensuing
generation of optical photons resulting from scintillation or the Cerenkov
effect. One of these programs is GEANT4 code for TDCR. The program,
provided [196] by LNHB - CEA, uses a Poisson statistical distribution
for the number of photoelectrons generated in the cathode of PMT. The
program has a small default library of input data for usual radionuclides
which includes the maximum beta energy, the nature of the transition
and the spectrum shape factor.

3.2 Ionization quenching

If an ionizing particle deposits energy E in a very short track length x
(high dE/dx), there is a reduction in the scintillation efficiency. This loss
was described by Birks [197] as “ionization quenching”. Birks formu-
lated a semi-empirical model for the rate of light output dL per unit track
length dx (number of emitted photons per unit distance along the path)
as following,

dL _ ns Ik

= 2dx (3.5)
d
dx  1+kB4E

where, 75 is the scintillation efficiency (number of fluorescence pho-
tons emitted per unit of energy), k is the rate constant for ionization
quenching, and dE/dx is the stopping power (The stopping power is de-
fined as the average energy dissipated by the ionizing radiation per unit
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path length of travel in a medium (MeVcm—2¢~1) [175]). The local con-
centration of the core is also proportional to the ionization density, and is
given by BdE /dx (the linear ionization density). The specific fluorescence
in the absence of ionization quenching is:

dL dE

2T it 3.6

dx Is dx (36)
—1

Therefore, (1 + kBZ—ﬁ) is the reduction factor due to the ionization

quench and kB is the ionization quench parameter.
The integration of equation 3.6 gives:

R dE E
L_qs/o <a)dx— ;75/0 dE = ys E (3.7)

Therefore 175 = L/E is the figure of merit of the scintillator when
kB(dE/dx) is negligible (compared with 3.5). For electrons with energy
higher than 1 MeV, dE/dx — zero.

When kB(dE/dx) is not negligible, we have

L(E) = /Ed—E— EQ(E) (3.8)

" Jo 1vkBE " '

where | i
E :—/ _ 4B 3.9
Q(E) EJo 1+kBiE (39)
Thus, the figure of merit will be in this case,
L(E

0 (8) =" = 0 ) 610

From this equation, one can see that the figure of merit is consisted of
two factors: 7, independent of the energy and Q (E), a function of the
energy but dimensionless. The energy loss in material has been calculated
by many physicists, but the basic, classic derivation was due to Bloch who
improved a calculation by Bethe; hence the Bethe-Bloch Formula [198]. The
rate of energy loss is given by (—dE/dx); (dE/dx) being a loss of energy,
is a negative quantity. The calculation of (dE/dx) is done in such a way
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as to determine the energy deposited in the medium (positive), hence the
explicit negative sign for the loss of energy of the particle.
The full expression for the Bethe-Bloch formula can be written as:

dE 2 \?47NpZ mc2p?
(%) = (i) g (") ~m(1-p2) -] 10

Where

c is the speed of light

mc? is electron rest energy (MeV)

€0 is vacuum permittivity

B = v/c velocity of incident particle divided by the velocity of light

e is electron charge

Z is atomic number

I is mean excitation energy of the medium

p is density of the medium

A is relative atomic mass

Ny is the Avogadro number

Equation 3.8 gives the mean number of photons produced in the scin-
tillator when an electron deposits its energy E in the liquid scintillator.
It demonstrates that the dependence of the number of photons of indi-
vidual scintillations upon incident electron energy E is not linear. The
non-linearity increases with the mass of the particle and is a function of
the LET(dE/dx) of the particle. The reason for this lack of linearity is
known as ionization quenching and is related with the density of excited
solvent molecules. When the concentration of these molecules is high, the
interaction probability between the two excited molecules increases and
the result of this interaction is that a molecule loses the excitation energy
and the other one becomes super excited. A super excited molecule has
a high probability to be ionized. The result is that the initial excitation
energy of both the molecules is lost and a deficit of the excited energy is
produced. The light output of scintillators is basically proportional to the
amount of the energy deposited in the scintillator cocktail but it is known
that the light output is suppressed in case of high-LET (linear energy
transfer) radiation such as low-energy protons and heavy ions owing to
the quenching effect.
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The Birk’s formula is useful for explaining the light yield of scintil-
lators in various conditions, however Matsufuji et al. [199] pointed out
that the formula cannot be applied to high LET (dE/dx) particles. This
is because the Birks” formula does not consider the spatial configurations
of the excited fluorescent molecules and damaged molecules explicitly,
whereas the strength of energy transfer is sensitive to the distance be-
tween them.

3.3 Calculation of detection efficiency

The TDCR and CIEMAT/NIST methods are based on the free parameter
model. This model assumes a statistical distribution law of the number
of photons emitted by the scintillation process [163]. Both TDCR and
CIEMAT /NIST methods for the calculation of the detection efficiency are
based on the same statistical and physical models which occur when the
ionizing particle interacts with the liquid scintillator and three assump-
tions are made [200]:

1. The distribution of photons emitted by a scintillator when absorbing
a monoenergetic electron follows Poisson distribution;

2. The detector threshold is lower than the amplitude of the single pho-
toelectron peak, so the detection probability of any single photon is
not zero;

3. The non-linearity of the scintillation efficiency due to ionization-
quenching can be described by Birks law.

It is supposed that the radioactive sample, dissolved into the liquid
scintillator emits particles with energy E and each particle produces m
photoelectrons at the photocathode. An assumption of the Poisson model
for accounting the number of photons collected by the photocathodes
of the photomultipliers is generally accepted [201]. If the emission of
photoelectrons at the photocathode follows a Poisson law, the probability
for obtaining exactly x photoelectrons when the expected average is m is
given by the equation:

m¥e” "

P(x,m) = i (3.12)
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The photons emitted are randomly distributed within the optical cham-
ber of the counter and can create photoelectrons in photomultiplier tubes
with an overall probability of v (quantum efficiency). The resulting statis-
tics of the number of photoelectrons, y, created is also Poisson-distributed
with mean value vm.

(vm)? e=vm
y!

Experimental evidence is that the number of photons emitted is not
proportional to the energy released in the LS cocktail. The detection
efficiency is the detection probability, which is the complement of the
non-detection probability. This second hypothesis allows one to consider
that the non-detection probability is the probability to observe 0 photon,
for a mean value of m. It is well known that with either the TDCR or
CIEMAT/NIST method, the discrimination level has to be set just be-
fore the single photoelectron peak so that all single photoelectron pulses
caused by disintegration are counted as required by the detection effi-
ciency calculation model [202]. The distribution of photoelectrons ob-
tained at the photocathode of a phototube is a result of three random
processes: Poisson distribution for the light emission, multinomial distri-
bution for the behavior of photons inside the optical chamber and bino-
mial distribution for the photoelectric process at the photocathode. The
counting efficiency derives directly by taking into account the formula
(3.12):

P (y,vm) = (3.13)

e=1-P0)=1—¢" (3.14)

For a counter using three photodetectors with the same quantum ef-
ficiency v, the detection efficiency for one PMT, 2 PMTs in coincidence,
3 PMTs in coincidence (T) and logical sum of double coincidences (D) is
[203]]:

Detection efficiency for 1 PMT:

g =1—eVm/3 (3.15)

Detection efficiency for 2 PMTs in coincidence:

£ = (1 - evm/3)2 (3.16)
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Detection efficiency for 3 PMTs in coincidence:

£ = (1 - evm/3)3 (3.17)

Detection efficiency for logical sum of double coincidences:

ep =3 <1 — e_"m/3>2 -2 (1 — e_”m/3>3 (3.18)

The above formula shows the calculated detection efficiency for the
coincidence events registered in two or three phototubes for the mean
number of photoelectrons produced at photocathode by monoenergetic
electrons in the scintillator. A beta energy spectrum generated by a ra-
dionuclide can be described by a normalized density function S (E). So,
by taking into account the previous expressions, the detection efficiency
of a beta particle injected in a liquid scintillator with an energy distribu-
tion S (E), maximum energy E,;.x and detected by 1 PMT is thus given
by:

Ennax
e :/O S(E) (1—e"™) dE (3.19)

For a system made by two photomultipliers working in coincidence
and located in di-ametral position around a high reflectivity optical cham-
ber, the detection efficiency is given by:

Emﬂ){ 2
_ _ —vm/3
£y = /0 S(E) (1—e™) aE (3.20)

For a system with three-photomultiplier tube system, the detection
efficiency of logical sum of double coincidence (D) is given by:

ep = /OEW S (E) {3 (1 - e—’f’”/?’)2 —2 (1 - e_Vm/3)3} dE (321)

and of triple coincidence (T) is given by:

Em(lx 3
er :/ S(E) (1—e7"/3) dE (3.22)
0

Taking the three previous hypothesis into account and assuming that
the energy spectrum emitted by the radionuclide is described by a nor-
malized density function S (E), the ratio of the probability of the triple
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coincidence divided by the probability of the double coincidence, TDCR,
[204] is:

e JEmr s (B) (1 — emvm/3)? dE
TDCR = = E 5 3
D[y S (E) |3(1—evm3) —2(1—evm3)’| dE
(3.23)
For pure beta emitters, S (E) can be calculated by the Fermi function
as explained in the Appendix A [205, 206, 207]. From equation 3.5 it can
be seen that kB is the coefficient of the linear energy transfer (LET) dE/dx.
A precise evaluation of the kB value is difficult but a best estimate can be
obtained by a self-consistent calculation procedure for various values of
the detection efficiency. Plotting activity values calculated from different
efficiencies versus experimental TDCR, the best kB value is obtained from
the one that gives constant activity value over a range of TDCR. Detection
efficiency variation can be achieved using different techniques: chemical
quenching, use of coaxial grey filters and defocusing of photomultiplier
tubes by reducing the focusing electrode potential. The first two processes
reduce the mean quantity of light emission. The last reduces the detection
probability. Cassette et al. [167] indicated that the three procedures were
equivalent.

3.4 The experimental setup of ENEA portable
TDCR

At the Italian National Institute of Ionizing Radiation Metrology (INMRI),
belonging to ENEA and located in Casaccia Research Center, the Triple-
to- Double Coincidence Ratio (TDCR) method is used for absolute activity
measurements and standardization of pure electron capture (EC) or pure
beta emitting radionuclides [186, 183, 168]. A portable TDCR detector,
made up of three photomultipliers (PMTs) working in coincidence and
symmetrically arranged around a specially designed optical chamber. It
allows for the measurement of radioactive material in solution of liquid
scintillator, contained in a vial which is put inside the optical chamber
(183} 173].
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This section will describe the main components of the ENEA portable
TDCR detection system (optical chamber and PMTs of the new ENEA
counter, and digitizer). The ENEA portable TDCR counter was built in
2013 at ENEA-INMRI with identical performance as the TDCR counter
operated for activity primary measurements in metrology [208]. This
counter can be used as an on-site device for activity standardization in
Primary Metrology Institutes (PMI) or it can be used in environmental ap-
plications or in nuclear medicine laboratories of the hospitals to measure
the activity of a radiopharmaceutical injected into patients, such as '®F or
11C. ENEA portable TDCR consists of an optical chamber surrounded by
the three photomultiplier tubes (PMTs) symmetrically arranged around
120° the liquid scintillation vial [208]. The experimental set-up of the
ENEA counter schematic diagram is shown in Fig.

A,
[ P P Coincidence AE, BC, Free parameter model
/ \ Vial _~ B AC, of light emission
S > | < N D, T +
\ _ . .
\\ / \ c TDCR= T/D Radionuclide Data
Vg )
PMT
— | J
~ TDCR

[
\ Calculation algorithms /'
v

==

Activity

Figure 3.5: Diagram of the experimental setup of the portable TDCR at
ENEA.
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The portable TDCR is remarkably reducing the effort required for
metrological assurance in the liquid scintillation (LS) counter; for that
reason, CAEN in collaboration with ENEA-INMRI developed a front-end
electronic acquisition system for the portable TDCR counter [189]. A
new total digital approach was applied for processing pulses delivered
by three photomultipliers in a TDCR system in which for the first time
at ENEA-INMRI the CAEN products such as (CAEN DT5720 Digitizer
belonging to the family of Desktop digitizers DT57XX, DPP-CI firmware,
release 4.8_130.24, running on the Digitizer, and DPP-CI Control Soft-
ware, release 1.3.3 running on the host station) [209] were used to link
the PMTs of home-made TDCR counters to these front-end electronics
devices [210]. New very interesting perspectives were then opened in
the TDCR acquisition and analysis by using new software codes that
take into account the digitized information recorded by compact digi-
tizer modules directly linked to the detector [189]. The CAEN DT5720

DIGITIZER COMPUTER

) 0pp INTERF b

DETECTOR

Figure 3.6: Block diagram of the digital solution.

digitizer [210, 209] is connected directly without any preamplifier to the
output signals of the PMTs [208]]. All the classical electronics acquisition
chain based on Analog to Digital Converter (ADC), gate, traditional Lin-
ear Amplifier, and delay generator modules are completely replaced by
the digitizer as shown in Fig. and it is controlled by a computer by
the CAEN (DPP-CI) Control Software [189][211].
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3.4.1 The optical chamber

The ENEA portable TDCR counter optical chamber has an inner prismatic
shape with equilateral base (L= 60 mm and H= 73 mm) and an outer
cylindrical shape to fit precisely with this box. The optical chamber is
made from white PTFE (Teflon) and it is surrounded by a black PTFE
cylindrical box of (= 150 mm and H= 150 mm) [208]. It is supplied with
a lift and a shutter that can be used to remove or insert the vials inside
the optical chamber without turning off the PMTs. Both optical shutter
and lift were made of Teflon and built at ENEA- INMRI. The total weight
of the portable TDCR detector is less than 6 kg. Figure 3.7|shows the new
portable TDCR detector system [208] .

Figure 3.7: (a) The new portable TDCR system. (b) The optical chamber:
external view (up), (c) The design of the optical shutter, and (d) internal
view (down).
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3.4.2 The photomultiplier tubes

For the new TDCR detector three Hamamatsu Photonics type R7600U-200
square package type of photomultiplier tubes (PMTs) are selected [208].
The photomultiplier tubes with small dimensions (30 mm x 30 mm), with
10 dynodes are used [212] as shown in Fig. They are arranged around
the optical chamber in a 120° planar geometry around the scintillation
vial (Fig. [208]. These PMTs were selected to have a high quantum
efficiency, high gain, short time of response, relatively wide range wave-
length about (300 — 600 nm) [212], and relatively low supply voltage (ap-
proximately 900 V) with the cathode grounded to operate in the photon
counting mode[208]]. The PMTs provide good quantum efficiency with a
maximum of 40% for wavelengths between 300 nm and 650 nm, which is
compatible with the emission spectrum of liquid scintillators [212]. The
PMTs are powered by three compacts (dimensions: 46 x 24 x 12 mm?3,
weight: 31 g), on-board type HV power supply units (C4900 series, pro-
vided By Hamamatsu Photonics) [208]. The PMTs are built with the cath-
ode at ground potential and a high positive voltage applied to the anode,
which is specifically requested by ENEA-INMRI, in order to satisfy the
necessary photon sensitivity for the TDCR applications and for working
in photon counting mode [208]]. [211].

Figure 3.8: Hamamatsu Photonics R7600U-200 square package PMT.
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3.4.3 DPP- CI software

The DPP-CI Control Software is an application that manages the com-
munication and the data acquisition from digitizers where the DPP-CI
tirmware is installed. The DPP-CI system allows setting the parameters
for the acquisition, to configure the hardware, and to perform the data
readout. It allows also to collect the histograms, and to plot and to save
the list, the histogram, and the waveforms. The program can easily be
interfaced to software tools for the spectroscopy analysis [211]. It is also

GuI DPPRunner — 2 gnuplot [~

Figure 3.9: The DPP-CI Control Software block diagram.

possible to operate with multi-board systems: the front panel clock, the
trigger and the general purpose LVDS I/Os connectors (VME only) make
possible the synchronization of several boards. In order to manage the
DPP-CI System, the host station needs either Windows or Linux oper-
ating system (OS). According to the preferred way of connection to the
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digitizer, one can also take care of proper installation of USB or optical
drivers in our case USB communication link with a Desktop digitizer is
used. The main operations of the DPP-CI firmware are the algorithm con-
tinuously calculates the baseline of the input signal by averaging the sam-
ples belonging to a moving window of programmable size. It is possible
to adjust parameters like the DC Offset, the Baseline and the Threshold in
order for the Digitizer to self-trigger. One can be sure that the self-trigger
option is enabled. This allows user to force the channel trigger and to
visualize the signal input for the right parameter setting. When you set
all the parameters correctly you can disable the SW trigger and enable
the self-trigger of each channel [211]. The DC Offset is a DC value added
to the input signal at the input stage of the Digitizer to fit the signal dy-
namic range to the ADC input dynamics. Figure below shows the
functional block diagram of the DPP-CI firmware [211]:
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Figure 3.10: The functional block diagram of the DPP-CI firmware.
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3.4.4 The digitizer

To perform the coincidence measurements with liquid scintillator counter
techniques, the high-performance technology is required to process the
very fast light pulses (few nanoseconds) which is emitted by a liquid
scintillator when a charged particle dissipates its energy in a scintillator.
For that reason, the CAEN DT5720 digitizer are used for the TDCR appli-
cations, which have high power to record very fast signals comes form the
PMTs. This DT5720 digitizer device is a compact module characterized by
four independent input channels, small size (154 x 50 x 164 mm?>), light
weight (700 g) and operation capability without any crate. The board is
provided with fast and precise ADCs (250 Mega Sample/s, 12 bit), ana-
log bandwidth of 125 MHz and 2V peak-to-peak standard input dynamic
range [210], making it suitable for the TDCR measurements [208]. The
DT5720 version allows the setting of gate widths related in time for each
triggered pulse and within a time acquisition window, as shown in Fig.

The Gate covers in time the whole input signal pulse. In fact, the
total charge Q of the signal inside the Gate window can be calculated by
performing the gate integration over the input pulse. The DT5720 module
elaborates and records the data and save them in a file (ASCII or Binary
format) as the charge values Q and a stream of Trigger Time Tag (TTT); it
means that the size of a single event is very small (typically a few bytes).
The following electronic module is a waveform digitizer in which, as in a
digital oscilloscope, when a trigger occurs, a certain number of samples is
defined by an acquisition window and saved in a memory buffer. In order
to evaluate the area of the input pulses and record timing information,
the firmware performs Digital Pulse Processing (DPP) which is the main
feature of the digitizer (Charge Integration, CI mode). Modern FPGA
can be reprogrammed at any time by implementing DPP algorithms in
it. The value of the total charge in the gated signal are recorded in an
ASCII or binary file for each trigger pulse a TTT, of 4ns of resolution and,
only a few bytes of information (2 bytes for charge value and 4 bytes for
TTT) used per event. The digitizer provides the charge sensitivity (40 fC)
and the TTT resolution and makes this device especially skilled for TDCR
applications [189].
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Figure 3.11: Diagram summarizing the DPP-CI parameters. The trigger
fires as soon as the signal crosses the threshold value. Gate, Gate Offset,
Pre-Trigger, Trigger Hold-Off, and Record Length are also shown for one
acquisition window

3.4.5 Experimental measurements with portable TDCR at
ENEA

The TDCR parameter can be measured by using the ENEA portable TDCR
detector linked with DT5720 digitizer for low-energy pure-beta (H, ®®*Ni
and !%C), for medium (!¥F), and high-energy pure-beta (*°Sr and *°Y)
emitter radionuclides. The acquisition parameters such as: gate length,
DC offset, pulse polarity, threshold level, etc., can be set, in the DPP-CI
control software, independently for each channel [189]. The control soft-
ware works both in histogram mode, to obtain the pulse shape spectrum
as in a conventional multichannel analyzer or in oscilloscope mode in
order to get the possibility to visualize the pulse shape [208]].
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At first, the DT5720 digitizer parameters were set with the PMTs bi-
ased around 900V and recording a typical SEP spectrum without any vial
inside the optical chamber of the portable TDCR counter. For each indi-
vidual channel the control software of the digitizer is used to discriminate
threshold and the width of the ADC gate, in order to redact the noise and
to have the whole analog pulse comes from the PMT covered completely
in time by the gate pulse [208]. In order to match the PMTs for having the
same gain in the three different channels, the digitizer was applied in the
histogram mode or, in other words, the three Single Electron Peak (SEP)
should be located at the same channel [208]. The precise adjustment of
the discrimination threshold above the noise for each one of the three
PMTs and under the SEP is a crucial point of the TDCR method [175]. In
Fig. a typically well separated SEP recorded by one PMT is shown.
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Figure 3.12: Single Electron Peak (SEP) recorded by one PMT.

The TDCR parameters for those beta emitting radionuclides measured
by TDCR technique are interesting for radionuclide standardization and
activity measurement in nuclear medicine applications and for other kinds
of applications, such measurements on nuclear site or in the environment.
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The TDCR analysis was performed by recording the Q value with an ADC
gate equal to 24 ns. The sources were prepared at the radiochemistry lab-
oratory at the ENEA-INMRI for other past experiments; the master so-
lutions were checked by a high energy resolution HPGe detector owned
by ENEA-INMRI to perform a preliminary gamma-impurity check. The
sources were made, as usual, of 10 ml Ultima Gold as liquid scintillator
and approximately 10 mg of radioactive solution (with different aliquots
of CCl4 as a quenching agent) in 20 ml borosilicate glass vials. For back-
ground measurements one blank source was prepared containing only 10
ml of UG in the previously mentioned geometry.

3.4.6 The analysis software

The CAEN digitizers are dead-timeless acquisition devices, software is
customized and written in C++ [208]. The dead-time is managed off-line
by the analysis software which analyzes coincident events coming from
the 3 PMTs and emulates the MAC3 logic [188].

A customized data acquisition software was implemented in order to
perform a TDCR analysis on the events which are collected in a list-mode
file; corresponding events from different input channels can then be com-
pared to their TTTs when each of the acquisition channels of a digitizer
are synchronized. For that reason, two data analysis software were devel-
oped, one from ENEA-INMRI and the other one from CAEN [189]. The
ENEA-INMRI analysis software was implemented in the CERN ROOT
frame [208]. In this part of the project ENEA- INMRI data analysis soft-
ware is used for analyzing the data coming from the PMTs of the TDCR
counter. This means that, when the CAEN digitizer records and orga-
nizes data in a list-mode (ASCII or Binary) file, one for each PMT, these
records are read by the ENEA-INMRI data analysis software, event by
event, as “leaves “of a ROOT tree file. This allows visualizing charge and
timing spectra of the events recorded for each PMT of the TDCR detec-
tor. Both ENEA-INMRI and CAEN software implemented algorithms to
perform the off-line TDCR analysis. In addition, to perform the off-line
TDCR analysis on the same set of the events recorded by the 3 PMTs, a
coincidence resolving time, ¢, (ns) window is set so allowing to compute:
the single counts of each PMT (A, B, and C), the sum(S) of them, the co-
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incidence counts (AB, BC, AC, D and T), the real time (¢, ), the live time
(t1ive), and the TDCR parameter (TDCR=T/D).

After the run ends up, the data acquisition software scans the conse-
quent event lists checking for coincidences. The recorded data stream is
then analyzed by the ENEA-INMRI analysis software and values of dead
time (t4.,0 = 50 us) and coincidence resolving time (¢, = 140 ns) are ap-
plied. Such a dead-time length is usually long enough to eliminate the
after-pulsing in liquid scintillation counting.

The ratio of (Rt/Rac, Rr/Rpc, and Ry/R 4p) are calculated for each
set of data from the net count rates of the double coincidences R - =
AC/t1ie, Ragp = AB/t}ive, and Rgc = BC/t};,, and the net count rates of
the triple coincidences Rt from the three pairs of PMTs. They used to
compute the efficiencies for the triple coincidences er and for the logi-
cal sum of the double coincidences ep. TDCR value or TDCR parameter
can be calculated experimentally by taking into account the ratio of the
net count rate (background subtracted) of triple coincidence to the logical
sum of double coincidence and it is equal to the ratio of the efficiency
of triple coincidence et to the efficiencies for the logical sum of the dou-
ble coincidences ep for high statistics conditions of light emissions (i.e.,
for high-energy beta emitters) [177]. The TDCR parameter, obtained for
different radionuclides measured using portable TDCR counter as a func-
tion of the (end-point, Eg, and mean value) energy of the beta spectrum,
with the uncertainty about 1%, are shown in the table

Table 3.1: Experimental TDCR values of different radionuclide sources

Sources Mean Eg(keV) Eg(keV) Experimental TDCR Parameter
SH 5.68 18.591 0.3106 + 0.009
e 49.16 156.48 0.8903 =+ 0.007
PTe 94.6 293.8 0.9492 + 0.005
WGy 196.0 545.9 0.9757 + 0.003
18F 249.5 633.9 0.9917 + 0.002
N0y 926.7 2278.7 0.9910 + 0.002
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Figure 3.13: The relationship between the mean energy of beta spectrum
radionuclides with experimental TDCR parameters.
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Chapter I

Monte Carlo Simulation GEANT4
Code

4.1 Introduction

The Monte Carlo method was first developed in the 1940s at the Los
Alamos National Laboratory by Stanislaw Ulam [213]. It represented a
key technique in determining the stopping power and energy deposited
by neutrons in shielding materials. This problem could not have been
solved by deterministic mathematical methods, and Stanislaw Ulam was
the first one to suggest using random number distributions in model-
ing physical processes and extracting the desired quantities. The Monte
Carlo simulation technique has overcome the shortcoming of the numer-
ical method used for simple geometries based on the radiation transport
equations [193]. Although Monte Carlo simulation has been used for a
few decades in many areas of experimental physics such as nuclear and
particles, it has only gained interest in radiation physics in recent decades
due to the great advance of computing power. Monte Carlo simulation in
radiation physics simulates the transport of electrons, positrons, photons
and neutrons in materials with arbitrary compositions [214]. It simulates
the physical process of energy loss along the path of radiation particles.
The “history” of each primary particle and of the secondary particle re-
sulting from interaction of the primary particle with the detector and
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surrounding materials is tracked until all its initial energy is dissipated
(or below the cut-off energy). A large number of histories (more than 10°)
must be tracked to obtain satisfactory statistics, as only a small percentage
of events leads to absorption.

Indeed, nuclear physics experiments pose enormous challenges in the
creation of complex yet robust software frameworks and applications. A
particular importance is the ever-increasing demand for large scale, ac-
curate and comprehensive simulations of the particles detectors used in
these experiments. The demand is driven by the escalating size, com-
plexity, and sensitivity of the detectors and fueled by the availability
of moderate-cost, high-capacity computer systems on which larger and
more complex simulations become possible. Similar considerations arise
in other disciplines, such as: radiation physics, space science, nuclear
medicine and, in fact, any area where particle interactions in matter play
a role. A joint effort was made to build a more comprehensive package.
As a result, the GEANT4 (GEometry ANd Tracking) "toolkit for the sim-
ulation of the passage of particles through matter" [194, 195] was created.

In response to this, a new object-oriented simulation toolkit, GEANT4,
has been developed. The toolkit provides a diverse, wide-ranging, yet co-
hesive set of software components which can be employed in a variety
of settings. These range from simple one-off studies of basic phenom-
ena and geometries to full-scale detector simulations for experiments at
the Large Hadron Collider and other facilities. In defining and imple-
menting the software components, all aspects of the simulation process
have been included: the geometry of the system, the materials involved,
the fundamental particles of interest, the generation of primary particles
of events, the tracking of particles through materials and external elec-
tromagnetic fields, the physics processes governing particle interactions,
the response of sensitive detector components, the generation of event
data, the storage of events and tracks, the visualisation of the detector
and particle trajectories, and the capture for subsequent analysis of sim-
ulation data at different levels of detail and refinement. The widely used
codes include GEANT4 developed by CERN in 1994-1998 [215], MCNP
developed by the Los Alamos National Laboratory [216], PENELOPE by
the University of Barcelona [217] and EGS4 by the Stanford Linear Ac-
celerator Centre [218]. GEANT4 was completely rewritten in C++ with
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a modern object-oriented design compared to its predecessor, GEANT3,
dating back to 1982 and written in FORTRAN77. The main structure of
the code is shown in Fig.

Geant4
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Digits + Hits J
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Graphic Reps Intercom
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Figure 4.1: Top level category diagram of the GEANT4 package.

The lines which connect the different categories represent a depen-
dency relationship, the circles indicating which is the category that de-
pends on the other one, which is placed below. The most general cate-
gories are at the bottom of the chart, the higher ones depending directly
or indirectly on them. The most basic category, Global, is concerning the
system of units, constants, and random number generators. The Inter-
coms represent means to communicate between modules and between the
user and GEANT4 through Interfaces. Going higher, there are the Mate-
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rial, Graphic representations, Geometry, and Particles which are involved in
defining a physical interaction and they are needed in defining a Track of
a certain particle through matter. Each Track contains the two main parts
for the passage of a particle through matter: the transport (step) and the
interaction (hit). These are used by the Processes category which contains
all different models of physical interactions and calls into action the ones
that are needed in that specific interaction point. An Event is the sum
of all the tracks produced since generating the first particle and, advanc-
ing higher in the hierarchy, the Run is a collection of independent events
which share a common geometry and initial conditions. The categories
through which the user can collect information from the simulation are
Visualization, Readout and Persistency.

One of the many applications of GEANT4 simulations is characteriz-
ing the detection efficiency of a certain detection setup. There are many
cases when standard calibration sources do not provide the desired range
of energies, or they are not strong enough for testing coincidence sum-
ming effects. Another application is assisting in the design of new de-
tectors and detection geometries in order to optimize the desired charac-
teristics (e.g. maximizing efficiency and minimizing cost/material). The
codes have been used to calculate the mean energy deposited in the gas
within the active volume of the 47y counter per photon emitted from
the volume source. The Monte Carlo code PENELOPE has been used
to calculate jonisation chamber calibration factors (for 1221, 199Cd, 133Bg,
210py, 57C, 9mTe 139C, 51Cy, 855y, 95Nb, BCo, 4Mn, ©7Zn, PFe, %Co,
80Co, 22Na, and %Y) and response function [219]. The agreement be-
tween calculated and measured factors is better than 1%. The calculation
of the calibration factors of radiopharmaceuticals with short half-lives,
Bp 9mTe 111y and 123, has also been performed in the same laboratory
[220]. The response of 47ty ionisation chamber has been simulated using
MCNP code [221], GEANT4 [222] and EGS4 [223].

The Monte Carlo code GEANT4 has been used to calculate the re-
sponse curve versus photon energy and calibration factors for ®°Co, 22 Na
and *Fe for the ANSTO secondary standard ionisation chamber [224].
Agreement within 0.2% of the experimental values for these nuclides has
been achieved, except for 22 Na, in which case annihilated photons need to
be more carefully modelled in order to obtain higher degree of accuracy.
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The Monte Carlo simulation is also used extensively to calculate the pho-
topeak efficiency for HPGe and Nal detectors [225, 226, 227, 228, 229].
In the gamma spectrometry, the measured full energy photopeak effi-
ciency must be corrected for cascade summing which occurs whenever
two or more ‘y-rays from the same decay event are detected simultane-
ously inside the detector crystal. The cascade summing corrections have
been performed using the Monte Carlo method [230]. The application of
Monte Carlo simulation to the 47t — < coincidence counting was firstly
carried out by Miyahara et al. [231]. In their work, the beta energy spec-
tra and self-absorption of 34Cs, *Fe, 1%Ru and ®Co spherical particle
sources were calculated by using the Monte Carlo method. The Monte
Carlo simulation of all detection processes for **Cs in a 478 —  coin-
cidence counting system was performed recently by Takeda et al. [232].
Both of the above simulations allowed the calculation of the efficiency
extrapolation function.

In liquid scintillation counting, Monte Carlo is used to calculate the
probability for the interaction of beta or electron capture particles, X- or
y-photons in a given scintillator and the absorbed energy distribution.
The absorbed energy distribution of photons is most often calculated in
discrete energy bins and the quenching function applied to each bin mid-
point [193, 233]. For the modeling of the “low energy” package on the
basis of Livermore data was selected for simulating photons and electrons
which are created by bremsstrahlung [234]. Depending on how sophis-
ticated the geometry description and interactions modes are, the codes
might be more or less complex [235].

4.2 TDCR-GEANT4 modeling and simulation

For comprehensive modeling and simulation of the TDCR counter Monte
Carlo Simulation GEANT4 code is selected. GEANT4 code has a compre-
hensive set of tools allows to model the TDCR counter and simulate dif-
ferent physical processes happening in the optical chamber. The TDCR-
GEANT4 modeling and all the simulations in this project were performed
with the GEANT4.9.6p01 release. Figure represents comprehensive
description of the geometry of the ENEA portable TDCR counter usnig
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GEANT4 code.

Figure 4.2: GEANT4 modeling of the TDCR counter. (a) PMTs arranged
around vial inside the optical chamber. (b) Cylindrical box with three
bores for PMTs. (c) Interaction of beta particle with LS solution, light is
emitted in side the optical chamber.

The liquid scintillation counting must has the exact description of the
liquid scintillation vial and liquid scintillator cocktail. For that reason,
the atomic composition of the liquid scintillator (UG) and the dimensions
of the vial are taken from the experimental set-up [196]. The standard
20 ml glass vial (borosilicate vial) is defined as a LS vial with dispersive
refractive index (1.52 at 400 nm) and a polished surface. The glass vial
is placed inside the optical chamber, the model of “dielectric— dielectric”
applied for the refraction and reflection of the photon at the inner and
outer scintillation vial surface [234]. The LS vial is filled with 10 ml of
Ultima Gold as a liquid scintillation cocktail, it is defined as liquid water
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with a dispersive refractive index (1.33 at 400 nm) and the liquid-air and
liquid-vial interfaces are described as dielectric-dielectric boundaries. The
optical chamber is made of the white Teflon. Teflon reflecting cavity is
defined as dielectric-metal using a lambertian surface (polished surface) in
order to increase the reflectivity to 95%. The center of the optical chamber
is positioned 17 mm from the outer surface of the photomultiplier win-
dow, the dielectric—metal boundary model is used. In order to compute
the photoelectrons production consistently when the photons reflect at
the interface with the ultra bialkali photocathode of the PMT the model
of “dielectric-metal” is applied. There are several optical processes happen
within the fused silica window of the photomultipliers. The photocath-
ode is simulated via its optical properties at the fused silica inner bound-
ary, to count the number of photons refracted between both surfaces. The
fused silica window is covered by the ultra bialkali photocathode and
the model of dielectric—dielectric boundary is applied [196]. A dispersive
refractive index of the fused silica material is (1.47 at 400 nm) with a
polished surface. The Quantum efficiency is provided by using binomial
trials for converted photons to photoelectrons in the photocathode [196].
The maximum quantum efficiency is ~ 40% at 400 nm [212]. Some optical
properties for the PMT model are as shown in the table 4.1| [196]].

For a given application, the simulation runs according to the following
steps:

1. The initial particles are randomly generated in the whole volume
corresponding to the radioactive sample in the LS-vial; energy re-
lease depends on the radionuclide decay scheme.

2. optical light is produced along the track of the charged particles
inside the LS-vial and also the borosilicate wall.

3. Each emitted photon is subsequently followed to account for the
optical processes in the TDCR counter (refraction, reflection and
absorption).

4. The photoelectrons are produced in each PMT by applying a bino-
mial trial (using the experimental quantum efficiency) on the pho-
tons refracted at the photocathode.



126 CHAPTER 4. MONTE CARLO SIMULATION GEANT4 CODE

Table 4.1: Some properties of the ENEA portable TDCR counter used in
GEANT4 code modelling.

Detector Parameter

Material

Optical Parameter

PMT-Window

PMT-photocathode

Optical chamber
Vial( 1 mm layer)

LS cocktail (10 ml)

Fused Silica

Ultra Bialkali

White Teflon

Borosilicate

Ultima Gold

Refractive index: 1.47 at 400 nm
and 1.64 at 160 nm [236]

Surface type: Dielectric- Dielectric
Refractive index of Bialkali
(KCsSb): 2.5 at 430 nm [237]]
Surface type: Dielectric-Dielectric
Surface type: dielectric-Metal
Lambertien-type selectivity 95%
Refractive index: 1.52 at 400 nm
Surface type: Dielectric-Dielectric
Refractive index: 1.5 at 430 nm
(correlated to the bis- MSB
fluorophore)

5. The number of photoelectrons is obtained in the PMTs for each sim-
ulated event (corresponding to one disintegration).

6. The coincidences are calculated by using a second binomial trial
representing the probability to reach the first dynode; at least one
binomial success leads to a count in a PMT.

7. TDCR value is subsequently obtained by adjusting defocusing pa-
rameter and kB factor.

The double- and triple- coincidences are determined for each photo-
multiplier tube by counting the numbers of photoelectrons. The probabil-
ity for photoelectrons to reach the first dynode depends on the defocusing
parameter; it permits the detection efficiency variation to be simulated as
experimentally found by PMTs defocusing [196].
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4.3 Effect of Birks constant and defocusing da-
rameter on TDCR value in MCS-GEANT4

In this project, we carried out two different computations to obtain the
simulated TDCR parameter for 3H, *C and *°Y. We used CEA energy
spectrum data for pure beta emitting radionuclides [9]. Then, we used
G4RadioctiveDecay class in GEANT4 code to obtaine the energy spec-
trum data for pure beta emitting radionuclides above in order to compute
the theoretical Monte Carlo simulated TDCR detection efficiency. The ra-
dioactive decay simulation is a standard task in Monte Carlo Simulation
GEANT4 code. The simulation of the overall process uses some physical
models with unknown theoretical parameters; for this reason, the Monte
Carlo code is necessary to fix these parameters by comparing the simu-
lated results against the experimental ones.

4.3.1 Measurement of Tritium

3H emits 100% B particles with a maximum energy of 18.591 (1) keV and
half-life of T;,, = 12.312(25) years [9]. The simulated TDCR parameter
value for the 3H radionuclide changes in the 0.2 to 0.4 range. The sets of
data are corresponding to eight different kB factor values as a function
of defocusing parameters used in calculation, namely ( 0.07, 0.08, 0.09,
0.1, 0.11, 0.12, 0.13, and 0.14 ) mm/MeV as shown in Fig. From fre-
quent processing of data for different kB, it was established that the best
kB value is around kB= 0.09 mm/MeV and the defocusing parameter=
0.78. The percentage of deviation (A%) of the TDCR parameter, between
the experimental TDCR,y, and the simulated one TDCRg;;,, written as
A%TDCR = (TDCRgjy; — TDCRexp) / TDCR.yp at that point it is 3.06%.

In fact, this is true only for low energy beta emitter radionuclides espe-
cially for TDCR values around 0.3. The deviation of the TDCR parameter
of 3H for a different kB factor as a function of defocusing parameter is
plotted in Fig. It must be observed that the kB value has a dramatic
influence on the TDCR efficiency of a >H source.
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Figure 4.3: 2D and 3D relationship between the kB factor and defocusing
parameter for 3H.
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4.3.2 Measurements of Carbon-14

14C disintegrates 100% by B-transition with a maximum energy of 156.479
(4) keV, and half-life of T;,, = 5700(30) years [9]. The deviation of the
TDCR parameter for the 4C radionuclide for different kB factors as a
function of defocusing parameter is shown in Fig. The TDCR value
is in the range of 0.80 to 0.94. The sets of data are corresponding to
eight different kB factor values as a function of defocusing parameters
used in calculation, namely (0.07, 0.08, 0.09, 0.1, 0.11, 0.12, 0.13, and 0.14)
mm/MeV. The processing of data is repeated with different kB values. It
was found that the kB value is a nearly constant for different kB factors
and different defocusing parameters. The graphs showed that the devia-
tion of the TDCR parameter for different value of kB factor as a function
of defocusing parameter is very low, and it demonstrated that, in the sit-
uation of low energy radionuclides, the effect of kB on the TDCR model
can be neglected when the TDCR parameter close to the 0.85.

4.3.3 Measurements of Yttrium-90

DY emits B-particles throughout a 99.983(6)% branch equivalent to the
maximum energy of 2278.7 (16) keV and the half-life T} ,, = 2.6684 (13)
days [9]. The TDCR detection efficiency for the pure beta emitter ra-
dionuclide *°Y is roughly constant in the range 0.998 to 1.0. The sets of
data are corresponding to eight different kB factor values as a function of
defocusing parameters used in calculation, namely (0.07, 0.08, 0.09, 0.1,
0.11, 0.12, 0.13, and 0.14) mm/MeV. The processing of data is repeated
with different kB values. It was found that the kB value is approximately
constant for different kB factors and different defocusing parameters. It is
clear from the graphs in Fig. that the deviation of the TDCR parame-
ter for different value of kB factor as a function of defocusing parameter
is very low, and it is verifying that, in the case of high energy pure-beta
radionuclides, the effect of kB on the TDCR model can be neglected.

On the basis of the above consideration, we looked at the deviation
of the TDCR parameter for each studied radionuclide and for different
kB factors and defocusing parameters. So, we were able to report in the
table the selected TDCR parameter, corresponding to the minimum
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Figure 4.4: TDCR deviation for three radionuclides (®H and 'C as a low
energy and °Y as high energy beta emitter) as a function of defocusing
parameters for different kB =( 0.7, 0.8, 0.9 and 0.10 ) mm/MeV factors
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of the as a function of the mean beta energy Eg. Figure |4.6|illustrates, in
particular, that the TDCR parameter depends on the energy spectrum of
beta-emitting radionuclides. The relative uncertainty on a TDCR param-
eter increases with the decreasing of the beta energy of the radionuclides
measured; in fact, for high-energy beta emitters the counting efficiency
approaches unity, this means that the uncertainty is very low for these
kinds of pure-beta emitters, such as (*°Sr and *°Y).

Table 4.2: Simulated TDCR parameters for different radionuclide sources

Radionuclides Eg(keV) Mean Eg(keV) TDCR parameter
SH 18.6 5.68 0.3145 4+ 0.05
BN 66.98 17.434 0.7066 + 0.1
l4c 157.0 49.16 0.8847 £0.13
05y 546.0 196 0.9707 + 0.01
18F 634.365 2495 0.9605 + 0.01
% 2278.7 926.7 0.9996 + 0.01
5 o0 e
E o
Mean energy of beta spectrum (keV)

Figure 4.6: The relationship between the mean energy of beta spectrum
radionuclides with simulated TDCR parameters.

By taking into account the results reported both in the table and
the table we were able to represent in the Fig. the experimental
and simulated TDCR parameters.
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Figure 4.7: Experimental and simulated TDCR detection efficiency.

4.4 ENEA CRESCO computing facility

In this section we focused the attention on 1®F detection efficiency compu-
tation performed for the portable TDCR using GEANT4 as Monte Carlo
simulator and the ENEA CRESCO computing facility. The use of such a
heavy-duty facility was needed in order to collect in just a few months of
run time a high statistics (millions of events) for radionuclides emitting
secondaries at high- (order of MeV) and low- or very-low- energy, an oth-
erwise even-larger time-consuming task. The interest for this work is also
due to the fact that '8F is widely used radiopharmaceuticals in nuclear
medicine for Positron Emission Tomography (PET) applications and PET
scanners.

Performing MCS in Liquid scintillation counter of ionizing radiations
losing their energy in the scintillator is time consuming to obtain very
high statistics, especially for simulations concerning very low beta emit-
ters such as >H and %*Ni. For these reasons the ENEA CRESCO com-
puting facility was taken into account to carry out such a simulation. In
particular, to test the run time necessary to perform the simulations and
considering the importance of the use of the portable TDCR detector for
nuclear medicine applications, the '8F radionuclide was studied for all
the tests performed with ENEA CRESCO. Hereafter short descriptions of
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the jobs run on ENEA CRESCO.

The jobs run simulations in GEANT4 of the TDCR apparatus as de-
scribed above. CRESCO system was accessed from the following front-
end nodes, with username "radionuc" belonging to ENEA-INMRI:
cresco6x001.portici.enea.it
cresco6x002.portici.enea.it
Due to specific library requirements of the MonteCarlo code, it was nec-
essary to install GEANT4 version 9.6 on

/afs/.enea.it/project/metrologia/soft/geant4_cresco6
and root 6.20.04 (thanks to one of the author i.e G.G) in
/afs/ .enea.it/project/metrologia/soft/root_cresco6

The jobs, running up to about 135 hours each (depending on the num-
ber of events, and type and energy of the primary particles) are submit-
ted to CRESCO by bsub on typically 40 cores. Their main output files,
in ROOT format (of the order of tens of MB) for offline analysis, are pro-
duced on the scratch area $PFS_SCRATCHO and then moved to the store
area $PFS_POR_STOREOQ using appropriate shell scripts only if success-
fully completed. LSF error and output files are written to AFS. In this
project the TDCR parameter for radionuclide '®F has endpoint energy
about 634.9(5) keV [9] as shown in the table 4.3

Table 4.3: Simulated TDCR parameters for ®F radionuclide for fixed de-

focusing parameter= 0.95 and kB= 0.1 mm/MeV.

Radionuclides no.of events er £p TDCR ratio
5F 10000 09991 0.9999  0.9992

4,5 Conclusions

In this work, we performed simulations to obtain the TDCR parameter of
two low-energy pure-beta (°*H and '#C) and one high-energy pure-beta
(*Y) emitter. For this purpose, we carried out two different computa-
tions by using GEANT4 toolkit in which we implemented both CEA en-
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ergy spectrum and G4RadioactiveDecay class for the three radionuclides
above, and in order to find the theoretical TDCR efficiency.

The same code was used to study the relationship between the devi-
ation, A%, of TDCR parameters (as previously defined) for 3H, 14C, and
DY as a function of defocusing parameters for different kB factors. This
study highlights that this deviation is very strong for the very low-energy
beta radionuclides such as 3H. Furthermore, it can allow us to select the
best kB factor for different defocusing parameters looking at the mini-
mum of the A% deviation.

The comparison between the simulated and experimental TDCR pa-
rameters for the studied radionuclides shows that, in many cases, the
computed counting efficiencies fit well with the experimental ones, espe-
cially for the high-energy *°Y beta emitter, measured by using the ENEA-
INMRI portable TDCR detector.



Chapter 5

Radionuclides standardization at
CIEMAT

5.1 Introduction

The availability of radionuclidic standards, through development and dis-
semination, is essential for performing accurate measurements in many
application areas and disciplines involving radioactivity. These include,
amongst others, the measurements needed and used for pure research on
nuclear decay and reactions, for radioecological and geochemical studies,
for environmental monitoring, for quality control of radiopharmaceuti-
cals in production and administration, and for the assay of special nuclear
materials in the nuclear-power and -weapons industries. These measure-
ment standards are principally used for calibrating instruments that are
used to measure radioactivity and for the monitoring of radiochemical
procedures. Most standards are (or at least should be) traceably linked
to national standards and to international measurement compatibilities.
Primary standardization of activity is based on the detection and quanti-
zation of the emitted radiation [238]. The appropriate choices are made on
the basis of the decay scheme of the considered radionuclide, showing its
various transition pathways and associated probabilities [239]. The cur-
rently available decay schemes [240], with varying levels of accuracy and
precision, are the result of decades of work in the field of ‘Radionuclide
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metrology’, which comprises all aspects of radioactivity measurements,
such as the determination of activity, half-life, energy levels and proba-
bilities of decay modes. The best primary standardization methods are
designed in such a way that their result is independent of the various nu-
clear decay data (and associated uncertainties) and their calibration based
on the fundamental physical principles, not on other radioactivity mea-
surements. The ideal method is under statistical control, i.e. all main
sources of uncertainties identified and quantified, and the total uncer-
tainty on the result preferably reduced to a minimum. Achieving a full
uncertainty budget with ambitious but realistic claims on precision and
accuracy constitutes one of the most challenging aspects of metrology
[241]. There are some different primary standardization techniques, such
as analogue coincidence counting methods, liquid scintillation counting,
and gas counting.

This chapter describes the methodology applied at the Ionizing Radi-
ation Metrology Laboratory at the Research Centre in the field of Energy,
Environmental and Technology ( LMRI-CIEMAT)-Madrid, Spain for the
standardization of several radionuclides. This laboratory is the institute
designated in Spain to provide traceability to the International System
of units (SI) in the fields of Dosimetery and Activity. For this purpose,
and among other functions, the LMRI participates in key international
comparisons, carries out equipments calibration, and provides radionu-
clide standard sources. This way secondary labs/users can guarantee an
adequate level of quality of their measurements. The procedure for the
standardization of !Cd in the framework of an international compari-
son organized by BIPM is first described. Afterwards, the methodology
applied to calibrate the activimeters (or dose calibrators) used by medical
and pharmaceutical facilities is reported. These instruments, used to ver-
ify the activity of radiopharmaceutical after production or the dose sup-
plied to patients, were in these case calibrated for the measurement of two
common radionuclides used in diagnostic imagin, ®®Ga and **"Tc. The
standardization of radionuclides described in this project involves sev-
eral techniques in the radionuclide Metrology laboratories from CIEMAT
(Spain) such as Liquid scintillation Counting using customer-built TDCR
and HIDEX 300-SL methods.
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5.2 The experimental setup of customer-build
TDCR at CIEMAT

Liquid scintillation counting using Triple to Double coincidence ratio
thecnique (TDCR) is widely used at LMRI-CIEMAT for the standardiza-
tion of radionuclides. For this purpose, the laboratory has a customer-
built TDCR counter, which is mainly composed of an optical chamber
with three PMTs and a signal processing unit. The optical chamber was
designed to optimize the light transport from the liquid scintillation sam-
ple to the photocathodes of the PMTs to improve the efficiency of the de-
tection system as shown in Fig. 5.Th. This implies a larger optical cham-
ber and therefore it was designed as an inner cylinder ( ® = 28.5 mm
and H = 73 mm) and an outer prismatic shape ( L = 67.2 mm and
H = 110 mm). Figure shows this particular shape which was se-
lected to fit the geometry of the PMTs used and to allow the vials to be
placed in close proximity of the three PMTs to maximize the geometric
efficiency. The optical chamber is made from white PTFE (Teflon) and it
is surrounded by a duraluminum cylindrical box. There are three bores
for the PMTs. They are arranged around the optical chamber in a 120°
planar geometry. The three BURLE 8850 type PMTs, a 12-stage fast-linear-
focused type with bialkali photocathode and high gain at the first dynode,
were selected for the TDCR detector. There is a bore from the bottom of
the optical chamber to place the liquid scintillation vials. The vials can be
inserted and removed via Hand-Operated Worm Gear Screw as shown in
Fig. [5.1c. All the system is shielded by the cylindrical box to prevent any
external light insert the optical chamber as shown in Fig. [5.T.

The PMTs have the wavelength of maximum response (420 nm) and
they have very high-quantum efficiency. The PMTs operated at 1980 V
anodic voltages, which were found to be a good compromise between sin-
gle electron pulse resolution and moderate dark counting rate. The PMTs
are powered by HV power supply units (Mode. N1470 which is pro-
vided by CAEN). The anode of the three PMTs is connected to the MAC3
coincidence unit via fast amplifiers (NIM Model 612AM 6-channel pho-
tomultiplier amplifier) and constant fraction discriminators (NIM Model
821 Quad 100 MHz Discriminator). The outputs of the discriminators
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Figure 5.1: (a) The CIEMAT- TDCR system. (b) The optical chamber:
external view. (c) The design of the vial lifter.

connected to the coincidence module MACS3, constructed in LNHB [188]],
accepts the signals from the three detection paths (A, B, C). In the present
MAC3 module configuration at CIEMAT, three input channels are used
for, and a forth one is used to feed in an external reference frequency of
100 kHz generated by a GPS or radio controlled receiver. If there is no
reference frequency available, an internal quartz oscillator will be used as
to measure the dead-time. Since the reference system is a TDCR counter
connected to a MAC3 module with 40 ns implemented coincidence re-
solving window, all the measurements presented in this work were car-
ried out using the same dead-time of 30 us and a coincidence time of
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40 ns. The count rates of three individual double coincidences (AB, BC,
and AC), a triple coincidence (T) and a logic sum of the three double
coincidences (D) are registered simultaneously by Quad scaler and pre-
set counter timer (Mod. N1145 provided by CAEN) scalers. Counting
efficiencies are calculated at LMRI-CIEMAT from theoretical models us-
ing EFFY (pure B-emitters) and NUR (electron capture, a/ — <y emitters)
codes. These models are based on the statistical description of the phys-
ical process taking place in the counter, which comprises energy transfer
from the ionizing particle, photons generation in the liquid scintillation
cocktail and their conversion to electrical impulses in PMTs. Counting
efficiencies depends on an intrinsic parameter of each counting config-
uration (combination of counter + scintillation cocktail + vial type) the
so-called "free parameter"”, and can be calculated considering the prob-
ability to detect a specific scintillation pulse and the decay data of the
radionuclide of interest as shown in Fig. The on-line coincidence

analysis is used between the different signals coming from each PMT of
a TDCR system.

LSC TDCR Counter
AmplifiersA

Coincidence and
dead-time unit

BRI

.Y‘

Figure 5.2: The experimental set-up and schematic diagram of the
customer-Built TDCR counter at CIEMAT.
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5.3 International comparison of standardization
of 1°Cd

Cadmium-109 is widespread radionuclide used as an X-ray fluorescence
source. Figure 5.3/ shows the decay scheme of '%Cd; it has a half-life of
461.9 days and decays by electron capture to 1% Ag with the emission
of a y-ray with energy of 88.03 keV (3.79%). The de-excitation of this
state is predominately through conversion electron emissions while about
3.66% undergoes gamma radiation at energy of 88.03 keV. During the EC
process of '%Cd or the IC process of 1% Ag, electron vacancies can be
created at various allowed shell states. Among all possibilities, the K-
shell X-ray emission is intense and has an average rate of 1.022 per 1Cd
disintegration [242].

Cd-109
461.9d

100% EC Transition
88.03 keV
7/2+

39.7s

3.66 %

1/2-
Ag-109

Figure 5.3: Decay scheme of '%Cd

This radionuclide can be employed for calibration of detectors and
as a tracer to physiological research [243, 244]. It can also be used in
the energy dispersion X-ray fluorescence (EDXRF) technique [245, 246].
19Cd has been applied in physiological research on animals and plants
for more than forty years which has provided useful information. This
radionuclide can probably be used for inhibition of liver cancerous cells
[247, 248], as well as for tissue imaging with SPECT [249]. 109C4 is also
used, due to its 88 keV characteristics emission, in radioprotection in so-
lution with other gamma emitting radionuclides for calibrating by means
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phantoms the internal body counters. Additionally, it can be used to
investigate the ecosystem [250]. The '%Cd /19" A¢ generator has been in-
vestigated for uses of venogram and angiogram. The main application of
199Cd is the calibration of high-energy resolution gamma spectrometers.
These spectrometers are widely used in the nuclear industry, radiation
surveillance laboratories and research facilities. These spectrometers are
normally calibrated using a mixed radionuclide solution that is available
from National Metrology Institute; '%’Cd is an essential component of
the mix as it provides a low-energy calibration point at 88 keV. There-
fore, techniques for the accurate activity determination as well as a low
uncertainty of the y-ray emission probability are desirable.

In addition, the Measurement Method Matrix of the Consultative Com-
mittee for Ionizing Radiation, Section II (CCRI (II)) shows that measure-
ments of 'Cd may support Calibration and Measurement Capabilities of
metrological institutes (CMCs) for many other radionuclides. The previ-
ous comparison of a solution of 1%Cd was organized by the Consultative
Committee for Ionizing Radiation (CCRI) and was carried out in. Pri-
mary standardization of 1%Cd are challenging due to the delayed state in
the daughter nuclide % Ag (half-life of about 39.7 sec). Nevertheless, the
results from the comparison in 1986 showed reasonably good agreement
between the participants. The results from the 1986 comparison are no
longer valid to support National calibration and measurement capability
(CMCs) in the General Conference on Weights and Measures CIPM MRA
[251]. Consequently, the CCRI (II) decided to repeat this comparison
and the Bureau International des Poids et Mesures (BIPM) volunteered
to be the pilot laboratory, with the support of the Laboratoire National
de Métrologie et d’Essais - Laboratoire National Henri Becquerel, France
(LNE-LNHB). One method makes use of the fact that the 109mAg iso-
mer is also part of the decay scheme of the short-lived beta emitter '%° Pd
(Ty /> = 13.7(1)h) [242] which can be standardized by means of 47t pro-
portional counting [252] or 47t liquid scintillation counting in combina-
tion with the CIEMAT/NIST method [162]. The experiments described
in this project were done with several 1Cd solutions. The liquid scin-
tillation measurements were performed at CIEMAT laboratory by using
customer-built system TDCR system.
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5.3.1 19Cd radionuclide solution

The %Cd solution with a nominal activity concentration of 250 kBq/g on
the reference date (1% September 2021 12:00 UT) used in this project. It
consisted of cadmium chloride in HCl of concentration 0.1 mol/L with
a carrier concentration of Cd™ ions about 20 pg/g. An aliquot of the
solution was used for the preparation of a diluted solution in order to
obtain an activity concentration for ®Cd. The ®Cd master solution
is diluted and distributed in flame sealed glass ampoules: LMRI-type
(¢ =17 cm, L = 8 cm). The mass of the solution was 2g. Homogeneity
between the ampoules will be verified by ionization chamber, 47tNal(T1)
or HPGe spectrometry measurements before dispatching to participants
by the BIPM. The master solution was also measured by <y-ray spectrom-
etry and no y-emitting radioactive impurities were found.

5.3.2 Measurements and standardization of ®°Cd

The TDCR liquid scintillation samples were prepared for standardization
of 1Cd with two different scintillation cocktails (HiSafe 3 and Ultima
Gold). Three types of 20 ml (glass with low potassium borosilicate, high
density polyethylene (HDPE) and sandblasted glass) vials were used. The
vials were filled with 15ml mentioned liquid scintillation cocktails and
weighted portions 50-70 mg of the ®Cd solution were added. A set of
five 19Cd liquid scintillation samples were prepared for each type of LS
cocktails and for each vial. The background samples were prepared using
15ml of UG and HiSafe 3 (HS3) for each types of the vial without the ra-
dioactive source. In order to optimize the counting of double- and triple-
coincidences, TDCR measurements were performed with the coincidence
resolving time equal to 40 ns. Detection efficiencies of 1Cd standardiza-
tion by the TDCR technique were calculated using the NUR code available
at LMRI-CIEMAT. NUR software (NUR means light in Arabic Language)
is based on a combination of two steps as shown in Fig. In the first
one, the complete decay scheme is sampled by a Monte Carlo process, in-
cluding atomic relaxation data, using the PENNUC code [253] 254], and
a file is created with sets of events (independent cascades of particles and
photons); in the second, the file is processed by NUR according to the par-
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ticular experimental conditions of the LSC system (scintillating cocktail,
vial volume, number of PMTs) to calculate the counting efficiency.

PENNUC
Read Decay Scheme
Monte Carlo Sampling

File of emitted particles
| and photons grouped in cascades
NUCLIEDE
Data Base

Build a decay Scheme
Efficiency Calculation with
NUR

Figure 5.4: NUR Software: Creating and processing a file of events.

.....

Figure 5.5: TDCR variation of 1"Cd as a function of double efficiency
using grey filter for Ultima Gold and HS3 liquid scintillation cocktails for
glass and plastic vials.
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Plastic Vial (UG)- Chemical Quenching (CH:NOy Glass vial (UG)-Chemical quenching (CH,NO,)
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Figure 5.6: TDCR variation of 'Cd as a function of double efficiency
using Chemical quenching CH3NO, for UG liquid scintillation cocktail
for glass and plastic vials.

19Cd counting efficiency (double) versus TDCR parameter is plotted
in Fig. [5.5/and [5.6|for different liquid scintillation cocktails and vial types.
It can be observed that the relation between the double counting efficien-
cies and the TDCR values are not linear. In all cases the curves show an
ambiguity, this means that TDCR value for 1%Cd could lead to more than
one value for ep. The TDCR curve displays the non-monotonic behavior
typical of electron capture radionuclides. One could select the area of
interest for the TDCR value by varying the efficiency and noting whether
TDCR increases or decreases with a reduction in detection efficiency. For
that reason grey filters or chemical quenching can be used to detection
variation. In Fig. 5.5 grey filters with different level of grey are used, and
Fig. represents chemical quenching CH3NO; which are used to vary
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the detection efficiency. We were able to identify the lower part of the
curve (with negative slope) as the one in which our measurements were
made. When looking at the parts with high TDCR values, one can also
identify a region where small changes of the TDCR parameter result in
huge changes of the corresponding counting efficiency.

Figure corresponds to the optimization of kB value. We studied
the influence of varying kB on the activity concentration and efficiency
values. In the four graphics, activity concentration versus efficiency for
three values of kB (0.11, 0.12, and 0.13) mm/MeV are represented. The
evaluation was carried out for the two scintillation cocktails and type of
vials used. Optimal kB value corresponds to the line with least slope.
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Figure 5.7: The influence of varying kB (0.11, 0.12 and 0.13) mm/MeV on
the Activity concentration and efficiency values.
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5.4 Activity measurement of " Tc

CIEMAT measured and standardized *"Tc to calibrate the activity mea-
surement form ISODER SA (Portugal). Technetium-99m is extensively
used for diagnostic imaging, with more than 20 million medical scans
performed annually using this radionuclide. *"Tc decays purely by iso-
meric transition to *"Tc, with a half-life of T;,, = 6.0067(10) h [240].
PMTe is used in 80% of diagnostic nuclear medicine procedures. The ma-
jority of nuclei (99.0 (4) %) decay through the 2.1726(35) keV 7, transi-
tion. Internal conversion (IC) dominates the 7 ; transition (total internal
conversion coefficient ay 17 = 135(4) x 10% giving rise to conversion elec-
trons with energies between E= 1.63- 2.17 keV. Internal conversion is also
present in the 719 (a107= 0.119(3)) and 20 (a207= 40.9(8)) transitions
with significantly higher conversion electron energies of E= 119.5 - 140.5
keV. In addition, X-rays in the energy ranges 2-3 keV and 18-21 keV, as
well as Auger electrons in the energy ranges 1.6-2.9 keV and 14-21 keV
are emitted due to electron rearrangement as shown in Fig. [240].
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Figure 5.8: Decay scheme of *"Tc.
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The solution of the **"Tc in a standard syringe volume is arrived to
CIEMAT with the activity of 2 mCi. CIEMAT activimeter IG11 is used
as a reference measurements to compare the measurements of the the ra-
dionuclide solution in the syringe, then compare it with the activimeter
of the ISODER center. After that, a sample of 3.1745 mg of the **"Tc
standard solution added to 15ml UG in 20 ml glass vial prepared for the
activimeter. Then, three samples of 9mTe with masses (43.1889, 21.2786
and 23.2060) mg are prepared for the customer-built TDCR counter at
CIEMAT at reference date of 15 March 2022 at 14:26 UT. " Tc solution
was added to 20 ml of glass vials containing 15ml of Ultima Gold scin-
tillation cocktail. For each vials the measurements repeated several times
in order to have very accurate results on 3" March 2022 at 13:35 UT. To
measure the background a blank sample is prepared with the volume
described above without the radioactive solution. Sources for all stan-
dardization methods were prepared by the pycnometer technique using
a Mettler-Toledo MX5 balance. The average value of the activity con-
centration (Ac) of " Tc using TDCR method is 14119.00+0.53 Bq/mg at
reference date. While the activity concentration 14153.41+0.48 Bq/mg
using CIEMAT activimeter at the same reference date with A% = 0.2.

Table 5.1: Activity measurements of *"Tc using customer-built TDCR
method at CIEMAT-Madrid on 03/03/2022 at 13:35 UT.

Vial Mass(mg) TDCR value Activity (Bq) Ac. (Bq/mg)
1 43.1889 0.7181 2624.88 14186.68
2 21.2786 0.7124 1234.29 14289.64
3 23.2060 0.7126 1250.79 13880.68
Average  29.2245 0.7143 1703.32 14119.00

Table 5.2: Activity measurements of *"Tc using activimeter IG11 method

at CIEMAT-Madrid on 03/03/2022 at 13:35 UT.
Mass of " Tc (mg) Activity (Bq) Ac (Bq/mg)
3.1745 44.93 14153.41
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5.5 Activity measurement of *Ga

Gallium-68 is one of the earliest of the positron-emitting radionuclides
to have been applied to clinical medicine, dating back to the early 1960s
[255]. %8Ge decays by pure electron capture with the half-life of 270.95
days. The daughter nuclide ®3Ga disintegrates to the ground state of
687Zn partially by positron emission (89.1%) with a maximum energy of
1899.1 keV, and partially by electron capture (10.9%). Most decay events
lead to the emission of annihilation radiation. A simplified decay scheme
is shown in Fig. Due to its short half-life (67.83 (20)) min [9], ®®Ga is
a useful radionuclide for PET. It provides a non-invasive method for the
quantitation of blood flow and metabolism in patient studies for diag-
nosis and for research of disease states. ®®Ga also has important medical
applications for neuroendocrine tumors. It is advantageous to have short-
lived positron emitters to minimize the radiation exposure to the patient,
and at the same time it have high enough activity to receive adequate
statistical sampling in the reconstructed cross-sectional image.
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Figure 5.9: Decay scheme of ®Ga.
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A purified solution of ®®Ga was obtained by elution from a ®3Ge gener-
ator in HCl form at CIEMAT. Gamma spectrometry measurements were
also taken to check for impurities and showed no traces of contaminants
as could be expected for a solution obtained from a generator. Sources for
all standardization methods were prepared by the pycnometer technique
using a Mettler-Toledo MX5 balance. Three samples of ®®Ga from the
original solution with masses between 21.06, 21.16 and 44.60 ) mg were
added to glass vials containing 15ml of Ultima Gold scintillation cock-
tail prepared for the HIDEX 300-SL method. Background is measured by
preparing a blank sample with the volume described above without the
radioactive solution. Measurements were carried out with a HIDEX 300-
LS counter, with counting times of 5 min per vial. The detection efficiency
is calculated. Efficiency calculation was carried out by a Monte Carlo sim-
ulation program using data from the NUCLEIDE database [240]. Activity
concentration for ®Ga at the reference time was 8800.46 +0.78 Bq/mg.
The specific activity for ®Ga measured by activimeter (IG11) at CIEMAT.
A 15 ml UG as a liquid scintillator in 20 ml borosilicate glass vial source
weighing about 4.8874 mg was prepared directly from the mother solu-
tion. The specific activity for ®®Ga measured by the activimeter is 8708.11
+ 0.25 Bq/mg, with deviation about 1.05%.
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Chapter 6

ENEA portable 47t5 (LS) — v
coincidence detection system

6.1 Introduction

The 47t — 7y coincidence counting technique has been a powerful and
widely used method for radionuclide standardization and to measure
the absolute activity concentration of radionuclides [256, [133] [135]. The
radionuclide activity can be measured using a direct activity measure-
ment method, without any quenching indicating parameter and the de-
tection efficiency without reference standard [257]. Among the currently
available methods of radionuclides activity measurement, the coincidence
counting technique is one of the most widely utilized in any of its vari-
ants [129, 133, 135]. This technique is formulated on the synchronized
detection of two different radiations come from the same nuclear decay
process. The 47 — <y counter is used in primary metrology institutes
(PMI) for primary activity measurements. The direct measurement of ac-
tivity concentration can be performed for radionuclides decaying via pure
B, EC, B — v, EC — v, and X — v without making any assumptions about
the values of the detector efficiencies, branching ratios, or decay scheme
parameters [258]. The principles and theory of the 477 — < coincidence
counting method, as well as the corrections are required, and they are
well understood. Nevertheless, its difficult to apply these principles to

151
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actual measurements. Attempts to improve the accuracy and the pre-
cision of 47t — v coincidence counting have been ongoing for decades.
Grigorescu studied the accurate fulfilment of the y-ray channel linearity
conditions [151].

Campion wrote the first and most the well-known paper that ex-
plained the 4718 — <y coincidence counting [133]. Campion showed that a
47t — v coincidence system principally made up of two detectors; beta
and gamma detectors and an electronic unit to generate coincidence pulse
by detecting synchronised gamma and beta pulses which come from the
same nuclear disintegration. He demonstrated that the accurate mea-
surement of B — 7 emitting radionuclides can be achieved by using the
B- detector which has 47t geometry for the coincidence method, because
most of the corrections are small. It is anticipated that the -detector re-
sponds only to <-rays, the B-detector responds only to B-particles, and
the coincidence channel records only the simultaneous pulses come from
the two detectors (true coincidences) [133].

This techniques has been the focus and subjects of many papers and
comprehensive reports [87, 258] since the publications of Dunworth [129]
and Campion [133]. The fundamental principle of coincidence counting
can be illustrated through the prototypical case of the activity measure-
ment of a radionuclide with a simple decay-scheme consisting of an -
emission followed directly by a y-ray from the de-excitation of the daugh-
ter radionuclide or annihilation process. The basis of the coincidence
technique comes from the additional coincidence channel, which records
the disintegration pulses come from both - and y-counters.

The activity of electron capture emitter radionuclides can be measured
using 47t — v coincidence counting technique, where beta efficiency is
measured for the Auger electrons and X-rays associated with the pro-
cess of the electron capture. The standardisation of a wide range of
radionuclides can be measured using the original 47 — <y coincidence
counting and its extended techniques [134]. Most laboratories have used
a proportional counter in the B-channel for a long time to standardise
radionuclides using the 475(PC) —  coincidence method such as Lab-
oratoire National Henri Becquerel (LNHB) and Physikalisch-Technische
Bundesanstalt National metrology institute (PTB) [191) 252]. 47t — -y co-
incidence system has been updated by replacing the proportional counter
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with the liquid scintillation (LS) counter as a beta counter. This new coin-
cidence counting system has been developed and improved in metrology
laboratories. 47tB(LS) — 7 coincidence counting system had already been
implemented [259, 260, 261], but the goal was to have a complete TDCR
counter as the B-channel [183| 234]. TDCR especially developed for stan-
dardization of pure B- and pure electron capture emitters, and it can be
extended to simple B — v and EC — 7y emitter radionuclides.

6.2 Principles of the 471 — 7y coincidence Method

In the case of the ideal form, the 4718 — < coincidence technique only
can be applied to the standardization of radionuclides with simple decay
schemes. In the simple decay scheme the B-emission is followed by coin-
cident gamma ray, and it is supposed that gamma counters only respond
to y-ray and beta counters to p radiation. Additionally, the simultaneous
pulse emission comes from both detectors only recorded by the coinci-
dence channel [85]. The detection efficiency ¢g and ¢, for a point source
with activity ng is

”ﬁ = 1’108/5 (61)
Ny = NpEy (6.2)
Ne = Npepey (6.3)

where n,,ng , and n. are the counting rates of gamma, beta, and co-
incidence channels respectively. The total activity of the radioactivity
source Ny connected to the counting rates, Ng, Ny, and N, by the follow-
ing expressions

Ng = Nogg (6-4)
Ne = Nogpe, (6.6)

where the average values of the basic efficiencies are gz and €,. The count-
ing efficiencies for the whole sample ¢4 and ¢, can be obtained by inte-
grating over the surface of the sample. However, Putman [262] showed
that when at least one of the detectors has the same efficiency over the
whole sample, the mean value of the product @7 corresponds with the
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product of total efficiency. The gamma detectors meet this requirement.
For that reason

N[; = N()c‘iﬁ (6.7)

Therefore, the activity Ny of the radionuclides can be calculated using
the following expression at zero level of approximation, it depends only
on the counting rates in the beta detector Ny and gamma detector N,,
and the coincidence counting rate detected by the both detectors N :

:Nﬁ'N'y

N,
0 N.

(6.10)
The aforementioned formula illustrates how the activity of a radioactive
source may be determined without knowing either the detector efficien-
cies eg and ¢,.

Since beta detectors are often sensitive to gamma radiation, the gamma
radiation detection efficiency must be included in the above expression
€gy- The gamma photon must not coincide with a beta particle in order
to be detected as a beta count. The probability of non-detecting beta parti-
cleis (1 —eg) X €p,. One can obtain the probability of counting a gamma
ray in the beta detector. Then, the above equations lead to the following
results

Nﬁ =Ny [E’Ig + (1 — S[g) 8{37} (6.11)
N, = Noe, (6.12)
N, = N()Eﬁ&y (6.13)

The activity of the sample can be determined by this equation

NgN,
— N,
N, 0

1+ ws (6.14)
ep By :
Np can be obtained directly from the measured count rates Nﬁ, N,, and
N, in the ideal case. The efficiencies ¢ B and ¢ By should be known. One can
solve this equation by connecting ¢g and ¢4, with count rates Ng, N,, and
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N, respectively. Typically, various values are taken for these quantities,
¢ and €5, and extrapolate to calculate activity No.

Additionally, there might be internal conversion (IC) in a gamma tran-
sition. The beta counter is influenced by the internal conversion of gamma
transitions. This means that the internal conversion is contributed to the
beta detector when the coincident B-particle is not detected with a count

rate n,.. Then

nee = No (1 — ep) E‘ff”l%c (6.15)
where « is the total internal conversion coefficient and ¢, is the proba-
bility of the conversion electrons detected in the beta detector. Usually,
the efficiency of the converted electrons is 100%, because the energy is
almost high. In the case of low energy converted electrons the detection
of Auger electrons and X-rays is compensated for the converted electrons
with low energy and high detection efficiencies can be obtained. In this

case, aeq should be replaced by
Y aifei+ (1 —e)e(X, A)] (6.16)
i

where ¢; is the beta detector efficiency for conversion electrons of the i-
shell, «; is the internal conversion coefficient of the i-shell, and ¢(X, A) is
the probability of at least one detected X-ray or Auger electron in the beta
channel as a result of the emission of the conversion electron from the i-
shell. Converted electrons can reduce the counts of y-ray, because internal
conversion electron transitions compete with emission ‘y-rays. Therefore,
the counting rates for the 7-ray detection and the coincidence count rates
are,

&
= Ny—2 17
Ny 07 + (6.17)
= N, 1
Nc 01 Ta (6 8)

where ¢, is the 7-ray intrinsic efficiency. It is supposed that the emitted
X-rays from internal conversion, are not detected in the gamma counter
by relevant energy discrimination.

In addition, the interaction of B-particles in the gamma counter in the
47tB(LS) — v coincidence detection system can be neglected, because the
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walls of the vial in the LSC stop B-particles to reach the gamma detector.
In the case of high energy beta particles, the bremsstrahlung occurs and
will interact with the gamma detector. Campion studied this problem
[133], he showed that errors due to this process can be neglected when
the efficiency of beta detector approaches 100%. On the other hand, by
adjusting the gamma detector threshold properly, this issue may be com-
pletely avoided [133].

6.3 Experimental setup of ENEA 475 (LS) — v
coincidence counting system

Italian National Institute of Ionizing Radiation Metrology (INMRI) be-
longs to (ENEA) in collaboration with Catania University, Istituto Nazionale
di Fisica Nucleare (INFN)- Catania section and Costruzioni Apparecchia-
ture Elettroniche Nucleari (CAEN) developed a new in-situ coincidence
system for activity measurement for short half-life radionuclides used in
nuclear medicine which is called 47t (LS) — -y coincidence counting sys-
tem. The portable TDCR counter owned by ENEA-INMRI is extended
at ENEA-INMRI to 47t (LS) — 7 coincidence system by implementing a
cylindrical-type Scionix Standard 51B51/2M Nal(T1) scintillation detector
as a gamma counter. The Nal(T1) scintillation detector consists of a scintil-
lation material integrally coupled to a photomultiplier tube. The Nal(TI)
scintillation detector with the (3” x 3”) crystal dimension includes a 14
pins photomultiplier with in (0.4 mm) thick aluminium housing inserted
into the bottom of the TDCR counter as shown in Fig. The new ENEA
portable 471 (LS) — <y coincidence system can be used in environmental
applications and in nuclear medicine laboratories of the hospitals to mea-
sure the activity of a radiopharmaceutical injected into patients, such as
F 1 C or 131]. The schematic configuration of the new ENEA portable
47tB (LS) — v coincidence counting system is shown in Fig.
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Figure 6.1: Experimental setup of ENEA portable 47t (LS) — v coinci-
dence system.

6.4 47B(LS)— v data analysis software

The 47p (LS) — v coincidence system is directly linked to the CAEN
DT5720 digitizer. As we mentioned it in the chapter three, the CAEN
DPP- CI Control Software remotely controls the digitizer. The acquisition
parameters such as (gate length, DC offset, pulse polarity, threshold level,
etc.) can be set independently for each channel to configure the hardware,
and perform the data readout. In order to perform a 47 (LS) — < anal-
ysis on the collected event lists coming from the TDCR detector and the
gamma detector, a customized TDCR DAQ software has been updated
and modified. The CAEN data analysis software for 471 (LS) — v coin-
cidence system (TDCRGamma) is customised. The software is written in
C language and designed for off-line implementation of 47t — 7 coinci-
dence counting method. Since all the acquisition channels of a digitizer
are synchronized, it is possible to correlate events from different input
channels comparing their TTTs.
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Figure 6.2: The schematic configuration of 47t (LS) — 7y coincidence sys-
tem available at ENEA.

Once the run is over, at the first, the CAEN TDCR DAQ software scans
the resulting event lists looking for coincidences between the events come
from the beta channels in the TDCR counter. Afterwards, the two output
tiles are created for both Triple Nt and Double Np coincidences data in-
side the CAEN TDCR code and they are saved as a (ASCII file or binary
tile). These two outputs files are used as input files for the CAEN TD-
CRGamma code. Then, the 473 (LS) — v (CAEN TDCRGamma) DAQ
software scans the resulting event lists looking for coincidences between
gamma channel and beta channel (Triple and Double coincidences) out-
put files in the TDCR counter as shown in Fig.

This data subset from TDCR counter is used together with the set of
data coming from the gamma channel. The set of events in the f-channel
which are time correlated with the gamma event are taken into account.
One can select the y-energy window close to the full-energy peak of the
7-ray for the gamma channel.
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Figure 6.3: 47t (LS) — 7 coincidence system configuration.

Furthermore, the code will look for the event coming from the beta
counter and gamma counter by looking to the minimum TTT of each
events in double or triple coincidences data output files in B-counter and
gamma counter to create a new coincidence window. In other word, lets
assume T, and 75 are the minimum TTT of gamma and beta events re-
spectively, and w is the coincidence window. Moreover, if T, < (T/3 + w),
this means that there is a coincidence between gamma channel and beta
channel, otherwise there is no coincidence between the events coming
from the both detectors.

Following this, the TDCRGamma software takes the minimum TTT
event into account as one set of the data in the beta coincidence window
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in the triple and double coincidence data files. Thus, it starts looking
for coincidences with events in the gamma counter and extending the
coincidence window until the event is found in the gamma channel as

shown in Fig.

w coincidence window

T -
- >

T |
T8

| Gamma channel

Ty

TDCR counter

Figure 6.4: Coincidence time management for 47t (LS) — -y coincidence
system.

Finally, TDCRGamma software will compare the TTT for all the acqui-
sition from the three input channels (gamma channel and the two output
tiles from beta channel). Subsequently, the TTT for each selected event in
coincidence in the TDCR counter and gamma channel will be saved. This
intimates that the coincidence window for the new 47 (LS) — y coinci-
dence system starts from the minimum time of measuring the first event
in files in the beta channel until the event in the gamma channel is mea-
sured. The new time coincidence window for 4718 (LS) — < coincidence
system is longer than the time coincidence window of the TDCR system,
because in the 4715 (LS) — v coincidence system two different types of
scintillator detectors are used: the organic liquid scintillation detector as a
beta counter and the inorganic scintillation detector as a gamma counter.
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Liquid scintillation detectors have fast light response about (3-4) ns while
Nal(Tl) has slow light response more than (40- 50) ns [263]]. The dead-time
of the TDCR counter is longer than the selected dead-time for the gamma
channel, in order to eliminate the after-pulses in the liquid scintillation
counter. The recorded data stream is then analysed by the CAEN TD-
CRGamma analysis software. Moreover, the DAQ software implements
the same algorithms of the well-known MAC3 analog module emulat-
ing its operations in terms of coincidence definition and extendable-type
dead time management [188]. In particular, the CAEN TDCRGamma soft-
ware ignores all those events found in the lists whose TTTs lie in a dead
time window; the dead time is then extended according to the MAC3
logic [188]. As a result of this analysis, the new CAEN TDCRGamma
DAQ software can provide the counting from the three channels, the sin-
gle count rate, N, from gamma channel, the triple Nt and the logical
sum of the double Np coincidences, from beta channels, the coincidences
between gamma channel with double coincidence in beta channel Ngpc
and the coincidences between gamma channel with triple coincidence in
beta channel Ntpc will be measured as well as real-, dead-, and live-time
as shown in Fig. The activity of the radionuclides can be measured,
at the "zero order approximation”, by using the conventional formula of
the 47 (LS) — -
_ Ng-Np _ Ng-Nr

A= = 6.19
Ngpc NgTc (6.19)

Another important feature of DAQ TDCRGamma software is: the new
software is able to run the 4715 (LS) — <y detection analysis both online or
off real-time measurements and previously acquired data. This makes it
possible to perform a parameter sweep analysis repeating the 47t (LS) —
7 detection technique on the same data set changing automatically for
example the coincidence resolving time and/or dead time. It is possible,
therefore, to study the behaviour of the results obtained with different
parameter values applying them on the same data, without repeating the
measurements several times and just by changing the parameter values
in the software configuration, with no hardware operations.
Independently from CAEN, another TDCR analysis software was de-
veloped at ENEA-INMRI by implementing the MAC3 philosophy de-
scribed in the CERN ROOT frame work, an object-oriented package for
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physics analysis. The algorithm for the TDCR coincidence analysis was
then developed by following the main idea described by Bouchard and
Cassette [188] corresponding to the MAC3 “philosophy” and by taking
into account the powerful CERN ROOT resources for analyzing data com-
ing from complex detectors. Both codes can run either on Windows or
Linux machine. The results obtained by the two software have been com-
pared by measuring a standard solution of F and *Tc with TDCR pa-
rameter by using CAEN software and ENEA software. The typical TDCR
value obtained in these measurements with corresponding efficiency for
logical sum of double coincidences and for triple coincidences of for both
CAEN and ENEA analysis software as shown in the table A coinci-
dence window of t, = 140 ns and a dead-time 50 us were applied on the
set of recorded data to perform TDCR analysis by using both software
for 18F. While the coincidence window of f, = 140 ns and a dead-time
40 us were applied on the set of recorded data to perform TDCR analysis
by using both software for *Tc. The deviation in percent between the
TDCR parameter TDCRcpny computed by CAEN code and TDCREnEA
computed by ENEA code for both sources. In summary, it can be said the
that both code work properly to analyse the data come from the TDCR
counter. Therefore the described portable system made of digitizer, DPP
and dedicated software is able to perform a complete data acquisition of
the signals coming from a TDCR, providing a charge value and a trigger
time tag of each pulse; the TDCR analysis can be run on the resulting data
set providing also spectroscopic information of the measured sample.

Table 6.1: TDCR values for radionuclides ¥F and *Tc by using CAEN
software and ENEA software code.

Radionuclide Software Np Nt TDCR
CAEN 2693230 2673821 0.9928 4+ 0.03
18F ENEA 2693096 2673695 0.9928 + 0.03
A% 0.7126  0.005 0.00
CAEN 858268 812794 0.9470 4 0.05
PTe ENEA 858344 812898 0.9470 + 0.05
A% 0.0088  0.012 0.00
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Table 6.2: Activity measurements of radionuclides ®F using TDCR and
47tB(LS) — v methods.

radionuclide Method Activity(Bq)
TDCR 41379.69 + 0.15
18 47tB(LS) — 41777.06 4 0.13
A%(47tB(LS) — v — TDCR) 0.09%
) F-18 Gamma Spectrum 'm
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Figure 6.5: Beta and gamma Spectrum of'8F in 4718(LS) — <y coincidence
system.

At the same time, the activity of 1F is calculated using conventional
equation of 47tB(LS) — v coincidence system Eq.6.10 without any knowl-



164CHAPTER 6. ENEA PORTABLE 473 (LS) — v COINCIDENCE DETECTION SYSTEM

edge of the detection efficiency of the detectors. The -energy window
close to the full-energy peak about 511 keV of '8F for the gamma channel
is selected. Table 6.2 shows that the '8F activity obtained by both CAEN
TDCR and 47t5(LS) — v DQA methods is measured with a minimum de-
viation less than 1% between the two methods. The measurement with
TDCR with uncertainty 0.5% taking into account all the aspects of the
uncertainty not only the statistical uncertainty, but also the uncertain-
ties concerning the decay model, background measurements, coincidence
resolving time, dead-time, decay during measurement, decay at the refer-
ence date. The good agreements between the two methods confirms that
CAEN 47t8(LS) — v (TDCRGamma) data analysis software developed for
in-situ 47tB(LS) — < coincidence system at ENEA operates correctly.

6.5 In-situe activity measurement of 1°!]

One of the earliest radionuclides utilised in medicine was radioactive io-
dine. Therefore it has been used for more than 60 years in diagnose, treat
thyroid disease and thyroid cancer [264]. It is taken up and incorporated
in the same way as nonradioactive iodine by the thyroid gland [264].
Iodine is necessary for the thyroid to operate normally and forms an in-
tegral part of the thyroid hormones thyroxine (T4) and triiodothyronine
(T3).

Iodine is actively transferred directly into thyroid cells and organified
in the colloid, supplying substrate for the production of thyroid hormone
[265]. Radioiodine is administered as the iodide ion orally, it can be easily
absorbed from the gastrointestinal tract and allocated in the extracellular
fluid. Radioiodine is condensed in the thyroid, salivary glands, and gas-
tric mucosa. In the normal thyroid, the trapped iodide is organified and
has an effective half-life of about 7 days; in hyperthyroidism, its half-life
decreases to 3-5 days. While, in thyroid cancer sometimes is lower than
3 days.

There are 53 protons and 78 neutrons in '] radionuclide. The half-
life of 13!] is very short about eight days with beta and gamma radiation,
This indicates that it takes months to decays almost in the environment
[266]. When decaying, '3'I most frequently (89 percent of the time) with
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971 keV of decay energy transforms into the stable Xenon (}3!Xe) in two
stages, gamma emits directly after beta decay as shown in the following
equations [265].

2 — B'Xe* + B +v, + 606 keV (6.20)

SXe* — 13 Xe + v + 364 keV (6.21)

Therefore, beta particles are the main emissions of 1317 decay with a max-
imum energy of 606 keV with 89.6% abundance and 364 keV <y-rays with
81.5% abundance as illustrated in Fig. As usual in this process, an
antineutrino is also produced via beta decay, which carries off a quan-
tity of energy of the beta decay. The colour blue in Fig. denotes the

1317 (8.0228d)

0.971 MeV
B_ '
) 0.334 MeV'",
P 7.23%
0.606 MeV +— 0.637
13' 89.6% ¥
0.807 MeV 637 keV
0.39% 7.16%
0.364
Y
284 KeV]| ¥
6.12% 364 KeV
BimYe (11.9d) 81.5%
Y
ar 50.5| | 164 kev T 0.080
0.021% iy 0.0

BIxe (stable)

Figure 6.6: 13T decay scheme

1311 decaying by B-emission. 3! emits several B-particles with different
endpoint energies. There has not been evidence of a direct transition to
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the ground state of the daughter radionuclide 13! Xe. Transitions happen
through the daughter nuclide’s excited states and with a very low proba-
bility of 0.39% via the metastable *1”" Xe, which has a half-life of 11.9 days.
The energy difference between this metastable state and the ground state
is 164 keV, and the conversion of electrons is mostly emitting as a result
of the disintegration of 31" Xe to the ground state. Additionally, weak
transitions in the 1311 scheme are denoted by dotted lines [265]].

6.5.1 13!] Sample preparation

For the measurements of 13! presented in this project, the master solution
of 131 was provided by the nuclear medicine laboratory at the Ospedale
Pediatrico Bambino Gesu (OPBG) in Rome, Italy. Then the OPBG dose
calibrator was used in the Nuclear Medicine department of this Hospital
for routine measurements of the 13! 1. Two sample sources were prepared
with 15 ml of Ultima Gold scintillator in 20 ml glass vials and 0.1 ml
biological water to dilute the activity of the used master solution. A drop
of about 0.03311 g and two drops of about 0.0665 g of the 3! master
solution were added to the 15 ml UG scintillation cocktail in the first
and the second sample, respectively. An additional sample with 15ml of
Ultima Gold scintillator without radioactive solution, was prepared for
background measurements. The masses of all the samples as well as the
dilution factor were determined gravimetrically using Mettler balance.
The solutions were stored in the dark place for one or two hours in order
to decrease the photoluminescence effect and the background noise; for
that reason the solution cocktails were held in aluminium sheet.

6.5.2 Experimental measurement

The portable 47t (LS) — v coincidence system has been used directly at
the Ospedale Pediatrico Bambino Gesu (OPBG) hospital in Rome, Italy to
measure the activity of 1311,

47tB (LS) — v coincidence system is directly linked to the CAEN DT5720
digitizer without using any preamplifier. Firstly, the correct working pa-
rameters for the new ENEA 475 (LS) — -y coincidence system were set. In
this case, the SEP is recorded without any vial inside the optical chamber
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in order to equalise the response of each single PMT of the TDCR counter.
The DT5720 digitizer was equipped with the PMTs biased around 900 V
for the TDCR counter and 800 V for gamma channel. For each individ-
ual channel, the control software of the digitizer is used to discriminate
the threshold and the width (typically 24 ns) of the ADC gate, in order
to minimise the noise and to have the whole analog pulse coming from
the PMT covered completely in time by the gate pulse [208]. In order to
match the PMTs in TDCR counter for having the same gain in the three
different channels, the digitizer was applied in the histogram mode or,
in other words, the three SEPs should be located at the same channel in
TDCR counter [189].

The Nal(T1) detector is calibrated at ENEA-INMRI before being used
for radiation detection to convert channel scale to energy scale. The
shape, energy, and efficiency calibration of the Nal(Tl) detector was a
method used occasionally to establish the connection between the en-
ergy of the radiation, the channel number, and the detector efficiency.
Table |6.3|illustrates the typical energy and shape calibration of the ampli-
tudes from standard (°°Co,?*! Am,*® Mn,'%® Ho,'”7 Lu, and 13 Cs) radioac-
tive point-like sources which are used for calibration. Radioactive point-
like source was positioned close to the detector. Figure [6.7|indicates the
calibration curve for Nal(Tl) used in the ENEA portable 471(LS) — 7 de-
tection system.

Table 6.3: Gamma photopeaks and channels number for different ra-
dionuclide used for gamma detector calibration.

Radionuclide Channel E(keV)

157¢Cs 12352.9 611

2 Am 1149.43 59.5

%6 Mn 15324.7  846.8

166 Ho 1619.72  75.95
77 u 232394 113.84
4084.51  208.56
0o 22225 11845
25284  1349.07
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The following first-degree polynomial equation shows the relation be-
tween the energy and the channel number X

Featbh-X (6.22)

where X is the spectral channel number of the center of the peak corre-
lated to the energy E, E is the -ray energy photopeak in keV and , while
the parameters a= -11.174 and b = 0.0538 are constants, which are calcu-
lated by the energy calibration process. By taking into account the value
of a and b, one can calculate the calibrated gamma photopeakes(E.;;) for
1311 as shown in the second column of the table [6.4] and compared with
1317 gamma photopeaks provided at LNHB [9](E; ygp) with minimum

deviation A% = W x 100%.

Table 6.4: Gamma photopeaks of 13! calculated using calibration curve.
Radionuclide Channel E_.;(keV) E;ngp(keV) A%

1698.37  80.1763 80.185 —0.01
549249  284.2999 284.305 —0.002
181y 6982.93  364.4857 364.489 —0.0009

12048.08  636.9907 636.989 0.0002

To perform TDCR analysis both software ENEA and CAEN TDCR
analysis software were used as mentioned in previous section. In the
both software a coincidence window of t.= 140 ns and a dead-time 50 us
were applied on the sets of recorded data in TDCR counter. Then, the
B counting rate either is defined as the counting rate for the logical sum
of double coincidence Np or as the counting rate for the triple coinci-
dence Nt. The TDCR parameter was 0.9729 using CAEN data analysis
software. The TDCR value for both CAEN and ENEA analysis software
were measured with A% = 0.16%. The deviation in percent between the
TDCR parameters which are computed by CAEN and ENEA codes for
both sources as shown in the table [6.5

The activity of 13! is determined separately by using TDCR and 47t (LS) —
v methods. In the TDCR method one can determine the activity of any
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Figure 6.7: The calibration energy curves (measured) using standard
point sources (°°Co,?*! Am® Mn,'® Ho,'”7 Lu and 37Cs) with Nal(TI) de-
tector used as a gamma counter in 475(LS) — v coincidence detection
system at ENEA.

radioactive source by using the following equation

(6.23)

Where R.D and R.T are logical sum of double and triple corrected count
rates for 13! respectively. Corrected count rate can be calculated to cor-
rect the decay during the measurements by multiply the net count rate of
logical sum of double count R, D and triple count R, T by correct Factor
for RcD. Another important parameters are the logical sum of double
efficiency ep and triple efficiency et which can be computed theoretically
by using Monte Carlo Simulation GEANT4 code [196]. The activity of
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Table 6.5: TDCR values for radionuclides '3!I by using CAEN and ENEA
TDCR software codes.

Software Np Count rate N7 Count rate TDCR Value
CAEN 3808983 3699554 0.9729 £+ 0.003
ENEA 3809482 3700073 0.9713 £ 0.004

A% —0.013 —0.014 0.16

1317 is 13595 Bq and 13439 Bq with uncertainty less than 1%. The min-
imum deviation -0.82% and 0.34% using both CAEN TDCR and ENEA
TDCR code compare to the nominal activity of 3! measured at OPBG’s
ionization chamber at the reference date respectively.
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Figure 6.8: Gamma (left) and beta (right) spectrum of '3!1.
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6.6 Extrapolation curves in the 47t5(LS) — -y tech-
niques

The efficiency-extrapolation technique [138] is an important technique as-
sociated to the 471 — 7 coincidence detection method [133] in radionu-
clide metrology. Basically, the efficiency-extrapolation technique can be
used to correct the counting in the B-channel associated to <y-transition
events (y-ray and X-ray, conversion and Auger electrons). The efficiency-
extrapolation technique also is used to prevent systematic biases on ac-
tivity calculation when the detection efficiency in the B-counter given by
¢g = Nc/ Ny does not define the true value. The efficiency-extrapolation
technique is completed by detection-efficiency variation in the beta counter.
Generally, for each measurement, the determined activities are fitted with
a straight-line equation using as a variable an expression depending on
Nc/N, such as (1 — N:/N,)/(Nc/N,). The accurate activity can be cal-
culated by taking the y-intercept corresponding to N./ N, = 1. Depending
on the standardisation radionuclide and the coincidence detection tech-
nique being employed [267].

To perform the 47t (LS) — -y coincidence system analysis the TTT and
charge Q value were recorded with a Gate= 24 ns. The coincidence win-
dow of t, = 2 us and a dead time 10 us were applied on the set of
recorded data comes from the 4718 (LS) — <y detector system.

In practice, the extrapolation technique is carried out at ENEA by de-
tection efficiency variation in the f-channel (TDCR). In this work ENEA
47tB (LS) — <y analysis software is used. For that reason, the count rates of
the  events for different energy thresholds of beta spectrum Npg, are mea-
sured for detection efficiency variation. The 7y count rates were measured
using y-window centred on the photopeak of 13! gamma spectrum about
364 keV energy peak, this means that channels form 6000 to 8000 corre-
sponding to the photopeaks 364.49 keV is selected as a gamma window
for the photopeak of 13!T as shown in Fig.

Then, the software records the coincidence events N. between the se-
lected beta spectrum and the gamma photopeak. The calculated activities
are generally fitted with a straight-line equation depending on ¢4 such as
(1 —eg) /ep. The true activity is determined by taking the y-intercept cor-
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Figure 6.9: The plots of (Ng - Ny/N.) versus (1 —eg)/eg for efficiency
variation by changing the threshold of beta spectrum for gamma window
364 keV using ENEA TDCRG software.

responding to ¢g = 1 as shown in Fig. The activity measured of 13!]
is 13544 Bq by using the ENEA DQA software for 4715 (LS) — v method
with the minimum deviation about -0.38% compare to the nominal activ-
ity of 13T measured by OPBG ionization chamber. The relative standard
uncertainty associated with the activity concentration determined from
the sources was estimated at 0.2 %. We describe uncertainties due to mea-
surement variability, extrapolation functions, dead-time and resolving-
time effects, gravimetric links, and nuclear and atomic data. Most im-
portantly, a thorough understanding of the measurement system and its
response to the decay under study can be used to derive a robust estimate
of the measurement uncertainty. The main components that contribute to
the uncertainty budget are related to the efficiency extrapolation, statistics
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and weighing. The result for using CAEN DAQ code for 47t (LS) — -y co-
incidence still in progress, the analysis needs more deepen study, because
it is clear that we used the first order extrapolation method. We are still
checking CAEN DQA software for 47t (LS) — 7. The good agreement be-
tween the two methods using ENEA code confirms that the extrapolation
method is work correctly.
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Conclusions

For the first time portable 4718 (LS) — v coincidence system has been used
directly as in-situ detection system in hospital to measure the activity of
short half-lived radionuclides used in nuclear medicine such as !3!I. The
47t — 7 coincidence counting technique is the most powerful technique
for the absolute activity measurements of f — v or EC-y emitting nu-
clides.

In this thesis we discussed about the development of a new portable
47B (LS) — y coincidence system for in-situ activity measurement of short-
lived radionuclides used in Nuclear Medicine. The mechanical hardware
for the gamma channel of the new in-situ 4713(LS) — < coincidence de-
tection system which is developed at ENEA in collaboration with Catania
University and INFN-Catania section, for activity measurement of short
half-lived radionuclides. While, the data analysis software of the ENEA
portable 47t3(LS) — 7 coincidence detection system is updated and mod-
ified in CAEN, Italy. The activity of 13! is determined using two differ-
ent methods, such as TDCR and 47 (LS) — < coincidence methods with
extrapolation technique, at the same reference date. Short half-lived ra-
dionuclides need to be standardized in-situ, because it is difficult to send
the radioactive source to nuclear metrology institute. For instance, it is
laborious to standarize the !'C source transferring the radioactive source
solution from Cannizzaro hospital in catania to ENEA-INMRI in Rome.
For that reason it is important to have a portable instrument to standard-
ize short half-live radionuclide inside radiopharmaceuticals centers. Two
methods TDCR and 47 (LS) — v were used for the alternative and in-
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dependent measurement of activity of 13'I. Independently from CAEN
TDCR software, ENEA-INMRI developed new data analysis software to
calculate the TDCR parameter by implementing the MAC3 philosophy
described in the CERN ROOT framework, an object-oriented package for
physics analysis. Then, the TDCR parameters are measured for standard
solutions 13!'] by using CAEN and ENEA software. Both codes are com-
patible and work properly. Another important point is that the activity
measurement of the radionuclides is independent on the detection effi-
ciency for either detectors using the 4718 (LS) — v method. On the other
hand, in TDCR method the detection efficiency has a crucial role in the
activity measurement of the radionuclides. For that reason, one can com-
pute the detection efficiency of the detectors by using the Monte Carlo
Simulation; in this project GEANT4 Code is used.

The early years of 471 — v method were filled with the development
of efficiency-variation methods, analogue electronics, and the theory that
underlies efficiency extrapolations for various types of decay. Since then,
it has become clear that appropriate uncertainty assessments require thor-
ough understanding the experimental system and its response to the de-
cay pathways of the radionuclide under study, as well as careful tests
of the data for systematic effects or unexpected variance. Current ad-
vances are in utilizing knowledge of the measurement system make wise
experimental designs, which can lead to a deeper understanding of the
measurement process and its resulting uncertainties. Uncertainty com-
ponents represented in this work come from 47B(LS) — y coincidence
measurement of the massic activity of a solution of '*'I. Uncertainty due
to background subtraction, beyond that encompassed in ‘measurement
variability” is 0.05%, uncertainty due to the determination of dilution
factor and source masses, beyond that encompassed in ‘measurement
variability” is 0.05%, and standard deviation of the distribution of four
different extrapolation functions is 0.31%. In most cases, the extrapola-
tion comprises the largest component of uncertainty. Yet estimation of
this component can rely on the experimenter’s judgment as much as on
any formula. In practice, this judgment can be based on the standard
deviation of the intercept parameter using an assumed functional form
of the fit. This judgment can be further informed by systematic tests of
the sensitivity of the extrapolation intercept the choice of y-ray windows,



6.6. EXTRAPOLATION CURVES IN THE 4ntB(LS) — v TECHNIQUES177

functional form of the extrapolation and domain of the fit.

The 47 — 7 coincidence method and its variants are robust, widely
applicable, primary standard methods in radioactivity metrology. Fur-
thermore, with the 47t5(LS) — v coincidence detection system it is pos-
sible to standardize directly on site the short-lived pure B, &, electron
capture, or B — 7, and EC — < radionuclides used in Nuclear Medicine
and then calibrated the devices used in the Nuclear Medicine Depart-
ments, such as activimeters, PET, SPECT, Gamma camera, etc, without
moving the radioactive sources between the Hospitals and the Metrology
Institutes. All the calibration, from the standard to the end-users instru-
ments, can be performed thanks to the new technique directly on site.
The ENEA portable 471B(LS) — v coincidence counting can be consider
as an important primary standardization technique for short half-life ra-
dionuclides used in nuclear medicine in all other regions in Italy or in
other countries.
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Appendix

Theory of Beta Decay

A.1 Introduction

We have seen that many thousands of nuclei can be produced and studied
in the laboratory. However, only less than 300 of these nuclei are stable,
the rest are radioactive. The vast majority of unstable nuclei lie in regions
in which « decay is not important, and the nuclei undergo one or another
form of beta decay in order to become more stable. In a certain sense,
the stable nuclei have a balance between the numbers of neutrons and
protons. Nuclei are said to be unstable with respect to p decay when these
numbers are "out of balance." In a very qualitative way p decay "converts"
a neutron into a proton (or vice versa) inside a nucleus, which becomes
more stable while maintaining a constant mass number. Beta decay is
named for the second most ionizing rays that were found to emanate
from uranium samples. B-particles are either electrons or positrons that
are emitted through a certain class of nuclear decay associated with the
weak interaction. The naturally occurring beta rays were identified as
fast moving (negative) electrons relatively easily, but it took many years
to obtain a full understanding of the emission process. The difficulty lies
in the fact that two particles are "created" during the decay as compared
to the "disruption" of a heavy nucleus in alpha decay. In contrast to
alpha decay, angular momentum plays a crucial role in understanding
the process. Let us consider the simplest form of B decay to illustrate
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the difficulties. The proton and the neutron are the two possible isobars
for A = 1. We know that the neutron has a larger mass than the proton
and is thus unstable with respect to the combination of a proton and an
electron. Associated with the electron is a conserved quantity, expressed
as the quantum number known as the lepton number. The lepton number
of the negatron is by convention +1. The lepton number of the positron,
also the antiparticle of the negatron, is —1. A free neutron will undergo
B decay with a half-life of approximately 10 minutes. We might expect to
write the decay equation as:

on—1p+g'le+Q (A1)

However, all three particles in this equation are fermions with intrin-

sic spins S = 1/2h. Therefore; we cannot balance the angular momentum
in the reaction as written. The spins of the proton S, and the electron
Se can be coupled to 0 or 17 and can also have relative angular momenta
with any integral value from the emission process. This simple spin al-
gebra will never yield the half-integral value on the left-hand side of the
equation. Another fermion must be present among the products of the
transformation.
Another feature of -decay that was puzzling at first but really pointed to
the incompleteness of the previous equation is that the p-rays have a con-
tinuous energy distribution. That is, electrons are emitted from a source
with a distribution of energies that extends from a maximum at the Q
value down to zero. Recall that if there are only two products from a
reaction then they will precisely share the decay energy according to con-
servation of momentum. Quite dramatic pictures of the tracks of charged
particles from beta decay show events in which the particles move in one
direction in clear violation of conservation of linear momentum. The way
out of this mounting paradox with violations of very strongly held con-
servation laws is to introduce another conservation law and recognize
that another unseen particle must be produced and emitted. The conser-
vation law is conservation of the number of "particles" in a reaction and
the unseen particle is a form of neutrino.
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A.2 Neutrino Hypothesis

Enrico Fermi in 1934 on his voyage to the new world formulated the the-
ory of beta decay; he suggested that a third particle was needed to balance
the emission of the electron in 8 decay. However, the existing conserva-
tion laws also had to be satisfied so there were a number of constraints
on the properties of this new particle. Focusing on the decay of a neutron
as a specific example, the reaction is already balanced with respect to
electric charge, so any additional particle must be neutral. The electrons
were observed with energies up to the maximum allowed by the decay Q
value so the mass of the particle must be smaller than the instrumental
uncertainties. The third constraint on the neutrino from the decay is that
it must be an "antiparticle” in order to cancel or compensate for the cre-
ation of the electron, a "particle." The fourth constraint is that the neutrino
must have half-integral spin and be a fermion in order to couple the total
final angular momentum to the initial spin of 1/2. Combining all these
constraints we can now rewrite the previous equation properly as:

on—1p+gle+ 0. +Q (A.2)

The spins of the final products can be combined in two ways and still
couple to the initial spin of the neutron. Focusing on the spins of the
created particles, they can vector couple to Sg = 1 in a parallel alignment
or to Sg = 0 in an anti-parallel alignment. Both can combine with S = 1/2
of the neutron for a resultant vector of 1/2. The two possible relative
alignments of the "created" spins are labeled as Fermi (F)(Sg = 0) and
Gamow-Teller (GT) (Sg = 1) decay modes after the people that initially
described the mode. Both modes are very often possible, and a source
will produce a mixture of relative spins. In some cases, particularly the
decay of even B even nuclei with N=Z (the so-called mirror nuclei), the
neutrons and protons are in the same orbitals so that 04 to 0+ decay
can only take place by a Fermi transition. In heavy nuclei with protons
and neutrons in very different orbitals (shells) the GT mode dominates.
In complex nuclei, the rate of decay will depend on the overlap of the
wave functions of the ground state of the parent and the state of the
daughter. The final state in the daughter depends on the decay mode.
Notice that in the example of neutron decay, the difference between the
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two modes is solely the orientation of the spin of the bare proton relative
to the spins of the other products. The decay constant can be calculated
if these wave functions are known. Alternatively, the observed rate gives
some indication of the quantum mechanical overlap of the initial and
final state wave functions. The general form of 8 (decay of a heavy parent
nucleus, 4Z), can be written as:

AZy =M (Z+ D) e + 7+ Qp- (A.3)

where we have written out the charges on the products explicitly. No-
tice that the electron can be combined with the positive ion to create a
neutral atom (with the release of very small binding energy). This allows
us to use the masses of the neutral atoms to calculate the Q value, again
assuming that the mass of the anti-neutrino is very small. Thus,

Qs = M["Z] - M[*(Z +1)] (A4)

Up to this point we have concentrated on the decay process in which
a neutron converted into a proton. There are a large number of unstable
nuclei that have more protons in the nucleus than the stable isobar and
so will decay by converting a proton into a neutron. We can write an
equation for 8 decay that is exactly analogous to the previous equation.

AZn =M (Z =) +et +ve+ Qg (A.5)

where we have replaced both the electron and the electron anti-neutrino
with their respective antiparticles, the positron, and the electron neutrino.
Note in this case, in contrast to f-decay, the charge on the daughter ion is
negative. This means that there is an extra electron present in the reaction
compared to that with a neutral daughter atom. Thus, the Q value must
reflect this difference:

Qf = M[*Z] — M[M(Z — 1)] +2mc? (A.6)

where m, is the electron mass. Recall that particles and antiparticles
have identical masses. This equation shows that spontaneous B decay
requires that the mass difference between the parent and daughter atoms
be greater than 2m,c?> = 1.022 MeV. Nature takes this to be an undue
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restriction and has found an alternative process for the conversion of a
proton into a neutron (in an atomic nucleus). The process is the capture
of an orbital electron by a proton in the nucleus. This process, called
electron capture (EC), is particularly important for heavy nuclei. The
reaction is written as:

AZn —4 (Z - 1);\L]+1 + Ve + QFc (A7)

where all the electrons are implicitly understood to be present on the
atom. This process also has the property that the final state has only
two products so conservation of momentum will cause the neutrino to
be emitted with precise energies depending on the binding energy of the
captured electron and the final state of the daughter nucleus. Indicating
B~ decay of neutron rich nuclei, B decay of proton rich nuclei and elec-
tron capture decay of proton rich nuclei. Neglecting the electron binding
energies in computing the decay energetic, we have

Qs = (Mp — Mp)c? (A.8)
Qi = (Mp— Mp)c? + 2m,c? (A.9)
Qrc = (Mp — Mp)c? (A.10)

where Mp and Mp are the atomic mass of the parent and daughter
radionuclides involved and M, is the electron mass. Typical values of
QB ~ 0.5 —2 MeV, Qg ~2—4MeV,and Qpc ~ 02 -2 —4 MeV. As a
final point in the introduction, it is interesting to note that the analogous
process of positron capture by neutron excessive nuclei should be possi-
ble in principle. However, such captures are hindered by two important
facts: first, the number of positrons available for capture is vanishingly
small in nature, and second, both the nucleus and the positron are posi-
tively charged and will repel one another. Compare this to the situation
for electron capture in which the nucleus is surrounded by (negative) elec-
trons that are attracted to the nucleus, of course, and the most probable
position to find any s-electrons is at the nucleus (r = 0).
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A.3 Fermi theory of beta decay

The week interaction can be written in term of the particle field wave
function

Vint =& ¥ Yu (A.11)
Where g is the coupling constant that determines how strong the interac-
tion is. Then the matrix element Vjr = (¢;) can be written as

Vie = [0} lgr 9l dr (A12)

To first approximation the electron and neutrino wave functions can
be written as plane waves as

2 oo 1 .7
e (r) = AT = T e’ (A.13)
1%
7 2 1 T
¥y (r) = Belv? = 7 e’ (A.14)
1%

Where we have applied a normalization condition to determine the con-
stants A and B. We can expand the exponential for r ~ 0 (the nuclear

volume) as
) N /A

2! 3!
Then the wave function of electron and neutrino can be written as

T =1 ik -7+

1
e (r ~0) = v (A.16)
1
Py (r~0)= i (A.17)
Thus
1 x
Vig =g, [ 6 ()i () ar (A.18)

One can write the matrix element as

1
Vif = 87, Mir (A.19)
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Where M;y is a very complicated function of nuclear spin and angular
momentum states. In addition, we can use it in the Fermi Golden rule; it
does not depend on the lepton’s energies

| Mjf 2= My > F (Zo, Qp) (A.20)

Where the Fermi function F (Zo, Q /3) counts for the Coulomb interac-
tion between nucleus and the electrons. The probability of emitting an
electron with a momentum p, between p, and d;,, becomes

1
A (pe) dp, = mf Q- T6)2 Pg dp, (A.21)

Where | M;f ? is a nuclear matrix element representing the overlap
between the initial and final nuclear states. This matrix element must be
evaluated with the detailed nuclear wave functions, for example, those
available from the shell model. Collecting all constants for a given decay,
the probability of decay as a function of the electron momentum is:

A (pe) dp, = (constants) (Q — T,)* p2 dp, (A.22)

This form (even though it is mixed with a momentum part and an
energy part for the electron) clearly goes to zero at p, = 0 and at T, = Q
and has a maximum in between. The shape of this function is shown in
Fig. [A1].

This function is often called the statistical or phase space factor for the
decay. We should be sure to note that we have made a big approxima-
tion in ignoring the charge on the emitted electron. Positively charged
BT particles (positrons) will be repelled by the nucleus and shifted to
higher energies while negatively charged p~ particles (electrons) will be
attracted and slowed down. These effects were incorporated by Fermi by
using Coulomb-distorted wave functions and are contained in a spectrum
distortion expression called the Fermi function, F (Zp, p.), where Zp is
the atomic number of the daughter nucleus. The 8 spectrum thus has the
form:

A (pe) dp, = (constants) F (Zp, pe) (Q — T,)* p2 dp, (A.23)

The effects of the Coulomb distortion can be seen in the measured
spectra from the decay of **Cu shown in Fig. This odd-odd nucleus
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Figure A.1: The shape of the statistical factor for beta decay, which rep-
resents the expected shape of the electron momentum distribution before
distortion by the Coulomb potential

undergoes both B~ and B decay to its even-even neighbors with very
similar Q values.

A.4 Density of States

In this case there are two types of particles (¢) and (v) as a product of
the reaction and both can be in continuum of possible states. Then the
number of states in a small energy volume (E + dE) is the product of the
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Figure A.2: The momentum and energy spectra from the decay of **Cu
for B~ decay and BT decay. The Q values for these decays are 0.5782 and
0.6529 MeV, respectively.

electron and neutrino’s states
d*ng = dn, - dn, (A.24)
The two particles share the Q energy
Q=T.— T, (A.25)
For simplicity m, = 0, then we can take relativistic expression as

Ty = cpy (A.26)
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While the electron is

E? = pzc2 + m?c* — T, + mec? (A.27)

With T, = /p2c? + m2c* — m.c®> we can write the kinetic energy of the
neutrino as a function of the electrons

T,=Q—T. (A.28)

The number of states for the electrons can be calculated from quan-
tized momentum under the assumption that the electron state is a free
ike ¥

particle i, (r) ~ e'*¢ in a region of Volume V = L3 and

4tV
dn, = 24 (A.29)
e (2 h) M 3 Pe Pe
Similarly, for the neutrino, the number of states of the free neutrino
with momentum between p, and p, 4 dp, in a volume V is

4tV
dn, = 2 h)g Plz/ dpy (A.30)

The total number of states is the product of these two factors

162V?
d*ng = dn, - dn, = — pepv dpe dpy (A.31)
(27th)
If we assume the neutrino has zero rest Mass
T, Q-T
= —_——— A.- 2
Pv c : (A.32)
dpy = dTQ (A.33)
Then, we get
V2
dn = T,)* v? dp.d A.34
i (Q To)? pi dpedQ (A34)
dn V2
= (Q—To)* p2dp. (A.35)

E  47h®e3
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(One must understand this equation expresses the variation of the
number of final states with changes in the Q value of the decay and does
not represent differentiation with respect to a constant Q).

VZ
 47thoc3

(Q—T.)* p? ape (A.36)

p (Ee) e dEg

Knowing the density of states, we can calculate how many electrons
are emitted in B decay with a given energy, this will be proportional to the
rate of emission calculated from the Fermi Golden rule times the density
of the state

2
N(p) = CF(2,Q) | Vi - (@ - Ty (A37)
For the electron
C
N(T.) = SF(2,Q) | Vig P+ (Q = T/ T2 4 2T2mec? (T, + mec?)

(A.38)
This distribution are nothing else than the spectrum of the emitted
beta particle e~ or e, C is a constant of various parameters deriving
from the Fermi Golden rule and density of states calculation. F(Z,Q)
is called Fermi Function, that takes into account the shape of the nuclear
wave function and in particular it describes the Coulomb interaction or
repulsion of the electron or positron from the nucleus. Thus F(Z, Q) is
different depending on the type of the decay.
There are three terms that describe the spectrum and decay rate of beta
decay process

2
1. ’2—2 (Q — T,)? is the statistical factor rising from the density of states
calculation

2. F(Z,Q) is the Fermi function which is linked with the number of
protons of the daughter nucleus and counts for the influence of the
nuclear Coulomb field, “the shift affects the low energy electron”

3. | Vif |* is the translation amplitude from the Fermi Golden rule.
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A.5 Kurie Plots

We have seen that the B spectrum has an endpoint at the Q value, but the
form of equation for the spectrum does not allow us to easily identify the
endpoint. Notice that with a little rearrangement this spectrum can be
represented as:

A (pe) 2

2E(Z, pe) x (Q—Te) | My; | (A.39)
If the nuclear matrix element does not depend on the electron kinetic
energy, as we have assumed so far, then a plot of the reduced spectral
intensity, the left-hand side, versus the electron kinetic energy will be a
straight line that intercepts the abscissa at the Q-value. Such a graph is
called a Kurie plot and an example is shown in Fig. . This procedure
applies to allowed transitions. There are corrections term that need to be

taken into account for forbidden transitions.

1 |
10 20 30 40 50 60 70 80 90
w

Figure A.3: An example of a Kurie plot.
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A.6 Beta Decay Rate Constant

The differential form of the spectrum can be integrated over all electron
momenta to obtain the total decay constant. The expression, for a constant
nuclear matrix element, to be integrated is

2 2
8 | Myi | /Pw > >

A= S F(Zp,pe) p2(Q — T.)*d A .40
s el (Zp,pe) pe (Q — Te)"dp (A.40)

Note that an appropriate relativistic substitution for T in terms of the
momentum is still needed. This integral has been shown to only depend
on the atomic number of the daughter and the maximum electron mo-
mentum. The integral, called the Fermi integral, f (Zp, Q), is complicated
but numerical expressions or tables of the solutions are available. Note
that the differential Fermi function F (Zp, p.), contains the momentum
and the Fermi integral, f (Zp, Q), contains the Q value. The Fermi in-
tegral is a constant for a given beta decay and has been presented in
many forms. The decay constant is now reduced to an expression with
the nuclear matrix element, M (E| My; |), and the strength parameter, g,
written:

L EIMP
27131

f(Zp,Q) (A.41)

Or in terms of the half-life of the parent, ¢/,

2731 - 1
| MP2mct g2 | MJ?

fti/ =1In2 (A.42)

The left-hand side of this equation is called the comparative half-life,
or "ft value” because this value can be readily measured in experiments
and should only depend on the nuclear matrix element and the beta de-
cay strength constant. Recall that B decay half-lives span many orders of
magnitude so the ft values will span a similarly large range. It is there-
fore convenient to use the common logarithm of the ft value (with ¢, in
seconds) to characterize observed 8 decays.
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A.7 Selection rule

The quantum mechanical selection rules for beta decay with no relative
angular momentum in the exit channel (I = 0) are Al = 0,1 and A = 0.
The two values for the spin change come directly from the two possible
couplings of the spins of the electron and neutrino. Some representative
"allowed" beta decays are described in the table along with their ft
values and the character of the decay. As mentioned earlier, the decay
of the neutron into a proton can take place with no change in angular
momentum between the spin 1/2 particles and the angular momentum
coupling rules allow both decay modes.

The decay of the neutron into the proton is an important example
of decay between mirror nuclei. In the B decay of mirror nuclei, the
transformed nucleons (neutron — proton or proton — neutron) must be
in the same shell and have very similar wave functions. This gives rise to
a large matrix element | M¢; |> and a very small log ft value. For the beta
decay of mirror nuclei to their partners, log ft values are about 3, which
is unusually small. Such transitions are called super-allowed transitions.
When the initial and final states in beta decay have opposite parties, decay
by an “allowed” transition cannot occur. However, such decays can occur,
albeit with reduced probability compared to the allowed transition. Such
transitions are called “forbidden” transitions even though they do occur.
The forbidden transitions can be classified by the spin and parity changes
(and the corresponding observed values of log ft) as in the table

Table A.1: Classification of B decay transitions

Transition type logft LB Am FermiA] Gamow- Teller A]
Super allowed 29-37 0 No 0 0
allowed 44—-6 0 No 0 0,1
15t Forbidden 6—10 1 Yes 0,1 0,1,2
2" Forbidden 10—-13 2 No 1,2 1,2,3
3 Forbidden @ >15 3 Yes 2,3 2,3,4

Remember that in beta decay

Jo=Tp+Jp+5s (A.43)
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Tp = ﬂp(—l)Lﬁ (A.44)

Where the subscripts P, D refer to the parent and daughter nuclei, L is
the orbital angular momentum carried away by the emitted electron and
Sp is the coupled spin of the electron-neutrino pair (Sg = 0 for a Fermi
transition and Sg = 1 for a Gamow-Teller transition).

A.8 Electron Capture Decay

When the decay energy is less than 1.022 MeV (2m,c?) the B decay of a
proton rich nucleus to its daughter must take place by electron capture
(EC). For decay energies greater than 1.022 MeV, EC and B decay com-
petes. In EC decay, only one particle, the neutrino, is emitted with energy
M,yc* — Mpc* — Ej, where Ej, is the binding energy of the captured elec-
tron. The decay constant for electron capture can be written, assuming a
Zero neutrino rest mass, as

_ g2 | My |2 T?

Arc 2720313

| ¢k (0) |2 (A.45)

Where we have assumed that the capture of a 1s (K) electron will
occur because the electron density at the nucleus is the greatest for the K
electrons. The K electron wave function can be written as

3
1 (Zm?e*\?

0) = . ) A.46

e (0) = o= (22 (A46
Thus 273 | 212
. g Z Mfl Tv

Ak-kC = constant (A.47)

Comparison of the decay constants for EC and g+ decay show
Ak Z3T?2
— = constant ————— A48
A,B+ f(Zp,Q) ( )

Thus EC decay is favored for high Z nuclei. Of course, the decay
energy must be greater than 1.022 MeV for f* decay, a situation found
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mostly in low Z nuclei where the slope of the walls of the valley of 8
stability is large (see Fig. [A.2]) and decay energies of > 1.022 MeV occurs.
Electron capture decay produces a vacancy in the atomic electron shells
and secondary processes that lead to filling that vacancy by the emission
of X-rays and Auger electrons occur. These X-rays permit the detection
of EC decays.



Appendix B

Liquid scintillation counting

B.1 Early stage of liquid scintillation counter

Liquid scintillation counting (LSC) was used for relative activity measure-
ments of B-emitters at an early time, and a-emitters later. In this technique
the active solution is mixed with a solution of liquid scintillator. As a- or
B-particles are emitted, the scintillator emits photons which can be eas-
ily detected and counted. In this way the source of self-absorption is
avoided. Similarly, effects of wall scattering are eliminated because the
detector is effectively of 471 geometry. However, particles emitted near
the wall of the scintillator container, traveling towards the wall may not
expend all their energy in the scintillator. This will give rise to an excess
of low energy pulses and corresponding reduction in the number of high
energy pulses the so-called wall effect.

When liquid scintillation counting was first introduced in the begin-
ning of 1950, the detection efficiency of liquid scintillation counting was
very low with only a few percent for tritium due to the instability of
the solutions and low quantum efficiency. The early system consisted
of a single phototube. For counting a source with low energy and low
activity, the background counting rate in the phototube was a severe lim-
itation. An improvement was made by using a pair of phototubes facing
a common scintillation source. Because there are multiple photons emit-
ting in the sample, it is likely that both phototubes will detect the light

215
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and thus the utilization of coincidence technique is possible. The ran-
domly occurring background events (thermal noise) in one phototube are
only infrequently coincident with those in the second tube, whereas ra-
diations from the source may generate coincidence events between two
tubes. Therefore, a high degree of discrimination against background
counts is feasible. Systems operating with two phototubes in the coin-
cidence mode have a reduced efficiency but avoid the effects of thermal
noise and after pulsing [268]].

A two phototube system does not give enough information to deter-
mine the experimental detection efficiency without an additional refer-
ence standard or tracer, and therefore is used for indirect activity mea-
surement. The tracer technique relied either upon quench curves or
compensating for the quenched state. Various procedures have been em-
ployed, such as extrapolation of the integral counting rate versus discrim-
ination level [269, 270| 271] and efficiency tracing [162, 272, 273| 274].

For the measurement of beta radiation three methods are commonly
used: gas flow proportional counting, Cerenkov counting and liquid scin-
tillation counting. Liquid scintillation counting has been a very popular
technique for the detection and quantitative measurement of radioactiv-
ity since the early 1950’s. This technique remains one of the most used
experimental techniques for the quantitative analysis of radionuclides.
These include principally alpha and beta emitters, but may also include
weak gamma, X-ray and Auger electron emitters. The wide popular-
ity is a consequence of numerous advantages, which are high efficien-
cies of detection (specially for alpha and high energy beta emissions),
improvements in sample preparation techniques, automation including
computer data processing and the spectrometer capability of analyzers
permitting the simultaneous assay of different nuclides [85]. Due to the
low penetrative power of beta radiation, the best quantification of beta
emitters is achieved when the sample is dissolved directly in the scintil-
lation solution. The physical information on the amount of radioactivity
dissolved in the liquid scintillator is carried out by counting the optical
photons produced in the reaction of beta particles with the scintillator.
This technique avoids many sources of error associated with counting a
solid source, such as self-absorption, backscattering, loss of activity dur-
ing evaporation because of volatilization, and variable detection efficiency
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over a wide beta-energy range. In addition to the improvement in the de-
tection capability offered by LSC over other beta counting techniques,
sample preparation time and counting times may be significantly shorter.
Sample preparation involves only adding a soluble sample aliquot to the
scintillation cocktail to form a liquid test source. The best possible detec-
tion efficiency is achieved when the sample is dissolved in the scintillation
solution. By counting the optical photons produced in the reaction of beta
particles with the scintillator, the quantification of beta emitting isotopes
can be easily carried out.

B.2 The scintillation processes

The liquid scintillation technique involves placing the sample containing
the radioactivity into a container (plastic or glass), called scintillation vial,
and adding a special scintillation cocktail. Basically, the liquid scintilla-
tion process is the conversion of the energy of a radioactive decay event
into photons of light. The amplification of the scintillator light is done by
using a photomultiplier. The photomultiplier tubes (PMTs) are used to
detect and convert the photons into electrical pulses [275]. The number
of photons released by the scintillator is directly proportional to the en-
ergy of the beta particles; this property of the scintillator can be used, not
only for counting, but also to record the beta spectrum of the radionu-
clides dissolved in the liquid scintillator. One of the problems in liquid
scintillation counting is that all the scintillation events cannot be detected,
so that the counting efficiency is normally less than 100% and the actual
efficiency must be determined before the activity of the radioactive mate-
rial can be calculated [276]]. The operation of the scintillation counter can
be divided into five distinct, consecutive stages: the absorption of the en-
ergy of the incident radiation by the solvent molecules, the transmission
of the absorbed energy between the solvent and the fluor molecules, the
luminescent conversion of the energy dissipated in the fluor and the emis-
sion of photons of light, the transit of the emitted photons to the cathode
of the photomultiplier, the absorption of the photons at the cathode and
the emission of the photoelectrons and the electron multiplication process
277].
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As LSC solvent, aromatic compounds are usually used. When they
react with beta particles, a large amount of fluorescence can be produced.
To capture the solvent energy and emit light at a wavelength more eas-
ily detected by the PMT, fluor is used. Unfortunately, the PMTs are also
not sensitive in the region of fluorescence emission of the primary scin-
tillators; therefore a wavelength shifter (secondary scintillator) was in-
troduced. This absorbs energy from the primary scintillator and emits
light at a wavelength more suitable to the PMT. Fig. shows the lig-
uid scintillation process [278]. The PMTs have been developed to convert
the minute flashes of light into measurable electrical pulses. The photons
of light are collected by the optical reflector system of the scintillation
counter to the light sensitive photocathode of the PMT and multiplied.

The electrical charge pulse obtained is proportional to the original beta
particle energy.

uv Visible
(~300 nm) (2400 nm)
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Scintillator
AE = dE/dx-Ax > fluorescence light N\N.

radiative A fluor has its absorption

wavelength
shifter (‘fluor’)

=
N
5
@
T
0
=
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fast and local

energy transfer transfer and emission spectra
via non-radiative shifted. The difference of
dipole-dipole the two peaks is called
interactions Stokes shift

Figure B.1: Liquid scintillation process.
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To accomplish the absorption of the emitted energy and its re-emission,
the liquid scintillation cocktails contain two basic components, the solvent
and the fluor. The solvent must act as an efficient collector of energy and
it must conduct that energy to the fluor molecules instead of dissipat-
ing the energy by some other mechanism. The solvent must not quench
the scintillation of the fluor, and, finally, it must dissolve the fluor to pro-
duce a stable, countable solution. The prototypical LSC solvent is toluene.
Thus, B-particle passing through a toluene solution leaves in its wake a
number of energized toluene molecules. The greater the energy of the
beta particle the greater will be the number of solvent molecules that be-
come excimers. The excimers release this energy very quickly in the form
of ultraviolet radiation which then excites fluor molecules in the solvent.
Dissolved in the solvent, molecules of fluor convert the absorbed energy
into light. The incident particle impinges on fluor where it dissipates its
energy in the ionization and excitation of the molecules. A fraction of
this energy is converted into photons which are radiated in all directions.
Some of these photons fall on the photocathode of the photomultiplier
tube and eject a number of photoelectrons. The fluor molecules will then
release the energy in the UV-Visible light, in a range acceptable for ef-
fective conversion into an electronic pulse by the PMT. Each scintillator
molecule gives off only one photon on activation, but multiple scintilla-
tors are activated by the energized molecules generated by one B-particle.
The number of photons generated (pulse event) is directly proportional
to the energy of the B-particle and the number of pulse events per second
corresponds to the number of radioactive emissions [278]. A schematic
representation of the scintillation process is presented in Fig. [278].

In preparing samples for liquid scintillation counting, the physical
and chemical characteristics of the sample determine the type of count-
ing solution required. A wide range of scintillator solutions is available in
modern radiochemical laboratories. The choice of suitable cocktail com-
position for a particular application should be characterized by having
low background and high sample loading capacity [276]. Many refer-
ences are available on the types of solvents and scintillators for a particu-
lar application.
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Figure B.2: Schematic representation of LS process.

B.3 Quenching in liquid scintillation counter

As a consequence of the complex processes involved in the energy trans-
fer in the liquid scintillation detector, various disruptions in the energy
transfer can occur. These mechanisms are described as quench effects.
Quenching is a term used to describe energy losses occurring in the en-
ergy transfer process due to sample or cocktail characteristics and may
result from a variety of components in a sample. Quenching causes a re-
duction in the photon yield from each radioactive decay event, resulting
in the whole energy distribution being shifted down and counts are re-
duced. Any factor reduces the efficiency of the energy transfer or causes
the absorption of photons, resulting in quenching in the sample. Gener-
ally, the more the sample is quenched, the lower it is the counting effi-
ciency capacity [276].

There are three types of quench: physical, chemical and color quench.
Physical quench occurs when a barrier impairs contact between the ra-
dioactive particle and the scintillator solution, or when the generated
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photons of light are absorbed into the vial. Radioactivity adsorbed onto
active surfaces or filter disks, and two phase aqueous organic solutions
are some of the most common sources of physical quenching. In Fig.
the three types of quench which occur during the scintillation process are
presented.

Physical Chemical
Quench Quench

|

! radioacﬁvel
molecule i

Color Quench

photomultiplier
fu

Beta particle

LSC Cocktail

Figure B.3: Three types of quench: physical, chemical, and color quench.

Chemical quench occurs during the transfer of energy from the sol-
vent to the scintillator (fluor molecules) and reduces the number of pho-
tons generated by each charged particle. This kind of quench is caused by
the presence of added substances acting as chemical scavengers of excited
molecules of the solvent, leading to the production of heat instead of light.
The scale of chemical quenching depends on the lifetime of the excited
states of the solvent and solute molecules, on the chemical structure and
on the concentration of the quencher. The most active quenchers are or-
ganic acids, amines, aliphatic alkenes, sulfides, ketones, aliphatic hydro-
carbons and dissolved oxygen. Color quench is caused by the attenuation
of photons emitted by the scintillator, which is due to the presence of
colored substances in the radioactive solution or scintillator degradation.
Though liquids scintillators are colorless, the addition of certain materials
is sufficient to color them and produce quenching [170]. Color quenching
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leads to an isotropy of the light emitted, which may cause problems in
coincidence counting. In order to take under control the variation on the
detection efficiency, it is useful to change the operating conditions of the
counter because, if all the contributions to the detection efficiency calcu-
lation are correctly evaluated, the measured activity of the source must
be equal under different counting conditions. Several methods could be
used to decrease detection efficiency, e.g. chemical quenching, use of
coaxial grey filters and defocusing of photomultiplier tubes by reducing
the focusing electrode potential. The first two processes reduce the mean
quantity of light emission. The last reduces the detection probability. The
different amount of quenching will be reflected in the counting efficiency
and consequently the estimation of the disintegration rate of a sample
or sample activity will require information about the counting efficiency
[175].

In all three types of quenching, the loss of the pulses is due not only
to the pulses below the detectable level, but also to total absorption of
the light by the quench agent; the energy of all light pulses is reduced,
so the total counting is reduced. This leads to an underestimate of the
total counts, and thus of the activity of the radionuclide present in the
solution. It also leads to a shift in the energy spectrum of the sample
toward the low energy region. These quench effects all contribute to a
spectral shift to lower energies and to a decrease in the total count rate.
In Fig. an example of the quench effect on a beta spectrum in a LS
counter is shown.

Loss of energy is the result in both cases as quenching shifts the energy
spectrum to lower energies (see Fig. [B.4). Factors that can influence the
degree of quenching include the sample matrix, sample preparation, and
choice of scintillation cocktails. Several techniques have been developed
to correct the effect of quenching. The traditional method for quench
correction is to add an internal standard to each sample to determine the
counting efficiency for each sample matrix. This method continues to be
one of the most accurate but is labor intensive and expensive [279].
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Figure B.4: Quenching effect on beta spectrum in LSC.
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Appendix C

Standard uncertainty of the TDCR
value

When applying the TDCR method, the detection efficiency is derived
from the ratio of the net count rates of triple and double coincidences.
For three PMTs named A, B and C, let R4, Rgc and R4¢ be the dou-
ble coincidence count rates for the three pairs of PMT, and Rp and Rt
be the logical sum of double coincidences and triple coincidence count
rates, respectively. The arithmetic relationship between these count rates
is: Rqp + Rpc + Rac = 2Rt + Rp. This equation confirms that the count
rates are correlated, which is obvious if one considers that triple coinci-
dences are also double coincidences. Thus, for the correct evaluation of
the uncertainty of TDCR values, the covariance between the count rates
must be considered.

2
w?(Rr/Rp) = u*(Rr) - (%) +u*(Rp)

2
) (e, Rp) 2ER) 2EEED) (e

(3(Rr/Rp)
Rp

The relative variance of Ry/Rp becomes:

u?>(Rr/Rp)  u*(Rr)  u*(Rp) 2

(Rr/Rp)* R2 RZ  RrRp

u*(Rt,Rp) (C.2)
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And so, the relative standard uncertainty of Rt/Rp is:

u(Rr/Rp) _ \/uZ(Rﬂ WRo) 2 oRirpy) (€3

RT/RD R% R% B RTRD

Experience shows that the covariance term is always positive and thus the
relative standard deviation of the TDCR calculated using equation (B.3)
is always lower than its simple evaluation neglecting the covariance term.
The uncertainty of the TDCR value from equation (B.3) can be propagated
to obtain the uncertainty of ep. To this end, a function e7(TDCR) can be
fitted using computed counting efficiencies. Often a 2nd degree polyno-
mial is sufficient to parameterize e p(TDCR) in the region of interest.



Appendix D

TDCR parameters as a function of
defocusing parameter and KB
factor for different radionuclides
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Table D.1: 3H TDCR parameter as a function of defocusing parameter for
KB= 0.07 and 0.08 mm/MeV, with uncertainty less than 1%.

KB(mm/MeV) 0.07 0.08
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay

0.70 0.2912 0.287 0.2834 0.2873
0.72 0.3006 0.3080 0.2892 0.2914
0.74 0.3049 0.3139 0.2933 0.2832
0.76 0.3140 0.3156 0.3179 0.3102
0.78 0.3222 0.3242 0.3279 0.3070
0.80 0.3342 0.3331 0.3199 0.3291
0.82 0.3383 0.3365 0.3204 0.3242
0.84 0.3360 0.3431 0.3346 0.3322
0.86 0.3360 0.3513 0.3367 0.3425
0.88 0.3412 0.3604 0.3465 0.3462
0.90 0.3558 0.3457 0.3576 0.3571
0.92 0.3624 0.3577 0.3690 0.3735
0.94 0.3650 0.3714 0.3636 0.3787
0.96 0.3736 0.3833 0.3822 0.3724
0.98 0.3823 0.3816 0.3788 0.3843

1.0 0.3894 0.3868 0.3985 0.3848
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Table D.2: TDCR parameter as a function of defocusing parameter for
KB= 0.09 and 0.10 mm/MeV for 3H, with uncertainty less than 1%.

KB(mm/MeV) 0.09 0.1
Defocusing parameter | CEA G4RDecay | CEA  G4RDecay

0.70 0.2905 0.2785 0.2865 0.2829
0.72 0.2859 0.2945 0.2772 0.2847
0.74 0.3013 0.3087 0.2861 0.2896
0.76 0.3010 0.3072 0.2893 0.2961
0.78 0.3145 0.3082 0.2876 0.3128
0.80 0.3204 0.3197 0.3165 0.3218
0.82 0.3368 0.3156 0.31351 0.3269
0.84 0.3346 0.3331 0.3200 0.3235
0.86 0.3340 0.3370 0.3378 0.3323
0.88 0.3493 0.3465 0.3274 0.3382
0.90 0.3437 0.3600 0.3375 0.3507
0.92 0.3568 0.3597 0.3500 0.3521
0.94 0.3533 0.3591 0.3721 0.3542
0.96 0.3564 0.3701 0.3616 0.3642
0.98 0.3770 0.3682 0.3770 0.3706

1.0 0.3759 0.3774 0.3695 0.3749
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Table D.3: TDCR parameter as a function of defocusing parameter for
KB= 0.11 and 0.12 mm/MeV for 3H, with uncertainty less than 1%.

KB(mm/MeV) 0.11 0.12
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay

0.70 0.2864 0.2744 0.2657 0.2601
0.72 0.2759 0.2622 0.2686 0.2747
0.74 0.2838 0.2838 0.2858 0.2879
0.76 0.2885 0.2860 0.2973 0.2940
0.78 0.2954 0.3026 0.2896 0.2784
0.80 0.3036 0.3006 0.3037 0.3001
0.82 0.3254 0.3035 0.3092 0.2886
0.84 0.3244 0.3091 0.3003 0.3151
0.86 0.3227 0.3197 0.3033 0.3216
0.88 0.3378 0.3288 0.3159 0.3242
0.90 0.3251 0.3376 0.3177 0.3316
0.92 0.3284 0.3358 0.3338 0.3345
0.94 0.3373 0.3513 0.3424 0.3510
0.96 0.3536 0.3439 0.3391 0.3528
0.98 0.3599 0.3468 0.3490 0.3657

1.0 0.3598 0.3471 0.3349 0.3553
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Table D.4: TDCR parameter as a function of defocusing parameter for
KB= 0.13 and 0.14 mm/MeV for 3H, with uncertainty less than 1%.

KB(mm/MeV) 0.13 0.14
Defocusing parameter | CEA  G4RDecay | CEA G4RDecay

0.70 0.2545 0.2730 0.0642 0.2587
0.72 0.2574 0.2674 0.0688 0.2799
0.74 0.2789 0.2698 0.0716 0.2719
0.76 0.2789 0.2865 0.0785 0.2810
0.78 0.2911 0.2687 0.0816 0.2737
0.80 0.2896 0.2987 0.0842 0.2912
0.82 0.3126 0.2890 0.0851 0.2886
0.84 0.3251 0.3132 0.0907 0.3082
0.86 0.31823 0.3212 0.0927 0.2968
0.88 0.3213 0.3153 0.1003 0.3009
0.90 0.3354 0.3277 0.1025 0.3206
0.92 0.3415 0.3227 0.1046 0.3342
0.94 0.3362 0.3343 0.108 0.3406
0.96 0.3455 0.3271 0.115 0.3296
0.98 0.3535 0.3334 0.1237 0.3277

1.0 0.3581 0.3541 0.1237 0.3467
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Table D.5: 1*C TDCR parameter as a function of defocusing parameter for
KB= 0.07 and 0.08 mm/MeV, with uncertainty less than 1%.

KB(mm/MeV) 0.07 0.08
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay

0.70 0.8816 0.8759 0.8789 0.8828
0.72 0.885 0.8843 0.8818 0.8825
0.74 0.8882 0.8850 0.8849 0.8902
0.76 0.8892 0.8913 0.8874 0.8865
0.78 0.8908 0.8914 0.8926 0.8940
0.80 0.8908 0.8926 0.9010 0.8940
0.82 0.9010 0.8974 0.8931 0.8914
0.84 0.8967 0.9017 0.8939 0.8989
0.86 0.9102 0.9074 0.8961 0.9030
0.88 0.9056 0.9117 0.9059 0.9063
0.90 0.9046 0.9085 0.9014 0.9047
0.92 0.9110 0.9117 0.9079 0.9049
0.94 0.9050 0.9173 0.9116 0.9121
0.96 0.9171 0.9115 0.9119 0.9153
0.98 0.9148 0.9153 0.9134 0.9158

1.0 0.9193 0.9178 0.9119 0.9140
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Table D.6: 1*C TDCR parameter as a function of defocusing parameter for
KB= 0.09 and 0.10 mm/MeV, with uncertainty less than 1%.

KB(mm/MeV) 0.09 0.10
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay

0.70 0.8785 0.8768 0.8764 0.8737
0.72 0.8798 0.8796 0.8727 0.8808
0.74 0.8864 0.8830 0.8819 0.8808
0.76 0.8859 0.8899 0.8899 0.8919
0.78 0.8940 0.8850 0.8843 0.8916
0.80 0.895 0.8930 0.8933 0.8930
0.82 0.8972 0.8987 0.8971 0.8917
0.84 0.8915 0.8979 0.8950 0.8947
0.86 0.9039 0.8979 0.8996 0.8979
0.88 0.9018 0.8980 0.8974 0.9002
0.90 0.9046 0.9068 0.9078 0.9038
0.92 0.9078 0.9066 0.9056 0.9035
0.94 0.9076 0.9110 0.9041 0.9095
0.96 0.9073 0.9055 0.9061 0.9153
0.98 0.9150 0.9185 0.9121 0.9113

1.0 0.9158 0.9135 0.9142 0.9139
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Table D.7: 1*C TDCR parameter as a function of defocusing parameter for
KB= 0.11 and 0.12 mm/MeV, with uncertainty less than 1%.

KB(mm/MeV) 0.11 0.12
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay

0.70 0.8714 0.8687 0.8667 0.8756
0.72 0.8747 0.8777 0.8794 0.8759
0.74 0.8852 0.8760 0.8780 0.8737
0.76 0.8871 0.8813 0.8730 0.8847
0.78 0.8928 0.8886 0.8854 0.8842
0.80 0.8866 0.8892 0.8894 0.8920
0.82 0.8888 0.8922 0.8971 0.8917
0.84 0.8961 0.8889 0.8950 0.8947
0.86 0.8966 0.8904 0.8996 0.8979
0.88 0.8932 0.9044 0.8974 0.9002
0.90 0.8999 0.9028 0.9078 0.9038
0.92 0.9006 0.9074 0.9056 0.9035
0.94 0.9082 0.9025 0.9041 0.9095
0.96 0.9074 0.9108 0.9061 0.9153
0.98 0.9120 0.9101 0.9121 0.9113

1.0 0.9120 0.9113 0.9142 0.9139
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Table D.8: 1*C TDCR parameter as a function of defocusing parameter for
KB= 0.13 and 0.14 mm/MeV, with uncertainty less than 1%.

KB(mm/MeV) 0.13 0.14
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay

0.70 0.8729 0.8720 0.8720 0.8699
0.72 0.8751 0.8770 0.8797 0.8667
0.74 0.8750 0.8744 0.8752 0.8746
0.76 0.8849 0.8784 0.8829 0.8833
0.78 0.8853 0.8870 0.8919 0.8765
0.80 0.8876 0.8852 0.8861 0.8875
0.82 0.8886 0.8905 0.8881 0.8933
0.84 0.8917 0.8955 0.8898 0.8889
0.86 0.8933 0.8957 0.8991 0.8896
0.88 0.8999 0.8959 0.9011 0.8933
0.90 0.8970 0.8967 0.8993 0.9008
0.92 0.9012 0.8979 0.8989 0.8946
0.94 0.8997 0.9030 0.9013 0.9052
0.96 0.9032 0.9008 0.9024 0.9036
0.98 0.9114 0.9022 0.9073 0.9130

1.0 0.9093 0.9132 0.9049 0.9099




236APPENDIX D. TDCR PARAMETERS AS A FUNCTION OF DEFOCUSING PARAMETEI

Table D.9: *°Y TDCR parameter as a function of defocusing parameter for
KB= 0.07 and 0.08 mm/MeV, with uncertainty less than 1%.

KB(mm/MeV) 0.07 0.08
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay

0.70 0.9969 0.9992 0.9962 0.9993
0.72 0.9960 0.9995 0.9960 0.9992
0.74 0.9948 0.9987 0.9963 0.9991
0.76 0.9961 0.9985 0.9974 0.9995
0.78 0.9961 0.9993 0.9967 0.9991
0.80 0.9956 0.9989 0.9966 0.9996
0.82 0.9963 0.999 0.9962 0.9998
0.84 0.9961 0.9988 0.9974 0.9994
0.86 0.9976 0.9988 0.9968 0.9993
0.88 0.9971 0.9997 0.9971 0.9995
0.90 0.9983 0.9997 0.997 0.9993
0.92 0.9975 0.9992 0.996 0.9989
0.94 0.9976 0.9994 0.9954 0.9994
0.96 0.9976 0.9994 0.9984 0.9997
0.98 0.9972 0.9992 0.997 0.9997

1.0 0.9978 0.9991 0.9973 0.9991
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Table D.10: **Y TDCR parameter as a function of defocusing parameter
for KB= 0.09 and 0.1 mm/MeV, with uncertainty less than 1%.

KB(mm/MeV) 0.09 0.1
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay
0.70 0.9957 0.9996 0.996 0.999
0.72 0.9956 0.9994 0.9965 0.9991
0.74 0.9964 0.999 0.9965 0.9993
0.76 0.9963 0.9989 0.9961 0.9991
0.78 0.9963 0.999 0.9965 0.9991
0.80 0.9972 0.9991 0.9961 0.9995
0.82 0.996 0.9988 0.9973 0.9989
0.84 0.9965 0.999 0.9972 0.999
0.86 0.9963 0.9986 0.9964 0.9993
0.88 0.9967 0.9995 0.9969 0.999
0.90 0.9975 0.9991 0.9981 0.9988
0.92 0.9973 0.9992 0.9978 0.9995
0.94 0.9964 0.9995 0.9972 0.9995
0.96 0.9972 0.9995 0.9965 0.9991
0.98 0.9973 0.9993 0.9972 0.9996
1.0 0.9977 0.9994 0.9972 0.9991
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Table D.11: *°Y TDCR parameter as a function of defocusing parameter
for KB= 0.11 and 0.12 mm/MeV, with uncertainty less than 1%.

KB(mm/MeV) 0.11 0.12
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay
0.70 0.9955 0.9993 0.996 0.9983
0.72 0.9971 0.9991 0.9961 0.9988
0.74 0.9965 0.9994 0.9962 0.9995
0.76 0.9969 0.9992 0.9954 0.9987
0.78 0.9966 0.999 0.9964 0.9987
0.80 0.9962 0.9993 0.997 0.9995
0.82 0.9968 0.999 0.9961 0.9994
0.84 0.9962 0.9991 0.99789 0.9994
0.86 0.9971 0.9994 0.9968 0.9995
0.88 0.9971 0.9992 0.9964 0.9994
0.90 0.9969 0.9994 0.9979 0.9993
0.92 0.9968 0.9991 0.9967 0.999
0.94 0.9971 0.9994 0.9974 0.9994
0.96 0.9964 0.9996 0.9969 0.9989
0.98 0.9966 0.9997 0.9969 0.9996
1.0 0.9971 0.9995 0.9973 0.9997
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Table D.12: Y TDCR parameter as a function of defocusing parameter
for KB= 0.13 and 0.14 mm/MeV, with uncertainty less than 1%.

KB(mm/MeV) 0.13 0.14
Defocusing parameter | CEA  G4RDecay | CEA  G4RDecay
0.70 0.9963 0.9994 0.9955 0.9988
0.72 0.9947 0.9988 0.9964 0.9987
0.74 0.9961 0.9994 0.9961 0.9993
0.76 0.9954 0.9988 0.9966 0.9994
0.78 0.9952 0.9992 0.9963 0.9992
0.80 0.9973 0.999 0.9965 0.9992
0.82 0.9974 0.9993 0.9966 0.9994
0.84 0.9965 0.9985 0.996 0.9993
0.86 0.9962 0.9996 0.996 0.9991
0.88 0.9978 0.999 0.9969 0.999
0.90 0.9967 0.9994 0.9969 0.9988
0.92 0.9976 0.9992 0.9972 0.9992
0.94 0.9971 0.999 0.9972 0.9994
0.96 0.9972 0.9994 0.9968 0.9992
0.98 0.9984 0.9989 0.9963 0.9988
1.0 0.9965 0.9992 0.9975 0.9996
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