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Abstract
This project was developed as part of the European 16ENV04 PREPAREDNESS project in
the initial phase of Work package 1, Subsection A1.1.7 Metrology for mobile detection of
ionizing radiation following a nuclear or radiological incident. During this project, a radioactive
source to be used in calibrations and measurements of the mobile detection of ionizing
radiation system was designed.
The main objectives fulfilled throughout this project are the source, shielding and transport
package design in accordance with the actual radioactive materials transport and usage
regulations, the drafting of a safety report to obtain the source’s purchase authorization, the
establishment of a methodology to characterise aerial flight sites using a NaI 3x12 and a NaI
3x3 detector, and the creation of a tool capable of estimate the response of different detectors
simulating that they are mounted in Unmanned Aerial Vehicles (UAV).
The source was designed so that a low efficiency detector, such as a CZT 1500 detector, and
a higher efficiency detector, such as a NaI 3x3 detector, were able to detect the source at 5 m
and 50 m height respectively so that a large amount of different measurement flight can be
performed. The selected source is Cs-137 of 370 MBq.
The shielding and the transport package were designed so that the whole package could be
considered an excepted package. This means that the regulations are less restrictive, even so
the limits established for this type of package, which are set at an effective dose of 5 μSv/h at
the closest to the source external surface, are fulfilled. To design them and compute the doses
the software MicroShield® was used.
In the safety report one will find a safety study of the received doses due to the usage of the
source over a year and the compliance with the established limits of 20 mSv/y for a
professional exposed worker. In addition, the procedures to be followed, possible abnormality
scenarios and their emergency plan will be described.
The methodology established to characterize the aerial flight sites includes from the spectra
taken “in situ” to the determination of the fluence rate at any height due to the contribution of
the K-40, photopeak of 1461 keV, and Bi-214, photopeak of 609 keV.
Finally, the tool was created analytically using an excel file. It allows the user to introduce
several parameters to simulate different flight. The height of the flight, the detector’s efficiency,
the time of each spectra or the velocity of the UAV are some of these parameters.
In the medium term, the purchase of the radioactive source, first flights with the source and a
mobile detection system prototype and the improving and assessing with the created tool are
the lines of future work.
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1. Glossary
1.1. Acronyms and abbreviations
AP geometry: “Anterio-posterior geometry”. The most conservative geometry that considers
a radiation field consisting of a parallel beam of particles impinging on the front of the body.
Ba-137m: Barium-137 metastable isotope. Is the decay daughter of Cs-137.
Bi-214: Bismuth-214 isotope.
Cs-137: Caesium-137 isotope.
CZT 1500: Detector with a Cadmium, Zinc and Tellurium crystal of 1500 mm3 (1.5 cm3).
DIN ‘XXX’: “Deutsches Institut für Normung” (German Institute for Standardization). Their
commission is to create standards in almost every field of technology.
End Shield: In Microshield, the shielding is placed above the source and takes the form of the
longitudinal direction and dimensions of the perpendicular direction of the source.
ICARUS: “Intelligent Comunication and Avionics for Robust Unmanned Aerial Systems”. The
ICARUS research group is formed by researchers of the Technical University of Catalonia Barcelona Tech and is a member of the UPC's Research Center for the Aeronautics and
Space.
ICRU: “International Commission on Radiation Units & Measurements”. Their mission is to
develop and promulgate internationally accepted recommendations on radiation related
quantities and units, terminology, measurement procedures, and reference data for the safe
and efficient application of ionizing radiation.
INTE: “Institut de Tècniques Energètiques.” Their principal functions are research and
technology transfer and are specialized in ionizing radiation, catalysis and development of
materials for environmental applications, neutron physics and particle accelerators.
ISO: “International Organization for Standardization”. Their mission is to develop and publish
International Standards.
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K-40: Potasium-40 isotope.
LaBr3: Detector with a Lanthinium Bromide cristal.
M’X’: ISO metric screw threads. World-wide most commonly used type of screw thread. X
stands for the standardized nominal diameter of the screw thread.
MC: “Monte Carlo”. Simulation code based on numerical techniques and stochastic models.
Microshield®: Simulation software to design shieldings.
NaI “X x Y”: Detector with a Sodium Iodide crystal of X” diameter and Y” of length.
Side shield: In Microshield, the shielding is placed alongside the source and takes the form
of the perpendicular direction and dimensions of the longitudinal direction of the source.
Tc-99m: Technetium-99 metastable isotope.
UAV: “Unmanned aerial vehicles”, such as drones.
UNC ‘X-XX’: “Unified Coarse Threads”. Part of the UTS (“Unified Thread Stardard”) which
defines a standard thread form and series for screw threads commonly used in the United
States and Canada.
UPC: Universitat Politècnica de Catalunya.

1.2. Magnitudes
A: Activity. Is the number of disintegrations (decays) per second [Bq].
Bin: Bin width. Amplitude of each bin used in penEasy simulations [eV].
cps: Counts Per Second ≡ 𝑁̇ [𝑠 −1 ].
D: Absorbed dose. Energy imparted by ionizing radiation to matter per unit mass [Gy].
E: Effective dose. Sum of organ and tissue equivalent doses multiplied by appropriate
weighting factors [Sv].
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h: In this project referred to the distance between source centre and soil [cm]
hPb: Lead thickness for attenuation purposes [cm].
H: In this project referred to distance between detector and soil [cm].
HT: Equivalent dose. Absorbed dose averaged over a tissue or organ [Sv].
H*(10): Ambient dose equivalent. Dose equivalent that would be produced by the
corresponding expanded and aligned field in the ICRU sphere at a depth “d=10mm” [Sv]
K: KERMA “Kinetic Energy Released per unit Mass”. Energy transferred to charged particles
by uncharged ionizing radiation per unit mass [Gy].

k0: Unit conversion constant: 1.602 10-10 [Gy / MeV g-1].
LC: Critical Limit. A purely statistical limit of count rate that, upon it, the source may be detected
[𝑠 −1 ].
LD: Detection Limit. Limit of count rate that, upon it, the source will be differentiated from
background radiation within a determined confidence interval [𝑠 −1 ].
N: In this project referred to peak area counts detected integrated over time due to a photopeak
exposition [−].
𝑵̇: Net count rate detected ≡ cps [𝑠 −1 ].
𝑵̇𝟎 : Net count rate detected due to background radiation [𝑠 −1 ].
𝑵̇𝒔 : Minimum count rate detected to distinguish the source from background radiation [𝑠 −1 ].
T: In this project referred to spectra duration [s].
T1/2: Half life period. It indicates the time needed for a radionuclide to reduce its concentration
to a half [time].
v: In this project referred to the UAV velocity [m/s].
yield: Probability of emission per disintegration for a specific radionuclide [−].
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η: Detector efficiency for a specific photopeak of energy E. Represents de counts per second
detected per unit fluence [𝑐𝑚−2 ].
θ: In this project referred to the angle (position) of the detector with respect to the source [rad].
θmax: In this project referred to the maximum opening angle [rad].
λ: Disintegration constant [time-1]
𝝁
𝝆

: Mass Attenuation Coefficient. It characterizes how easily a material can be penetrated by

a beam of ionizing radiation. It is used to compute the fluence [𝑐𝑚2 /𝑔].
𝝁𝒆𝒏
𝝆

: Mass Energy Absorption Coefficient. It indicates how easily a material can absorb energy

from primary charged particles released by uncharged particles (photons). It is used to
compute the KERMA [𝑐𝑚2 /𝑔].
ρ: Mass density [g/cm3].
σ0: Standard deviation of the 𝑁̇0 . It measures the difference between the observed value of
the variable its mean [𝑠 −1/2 ].
σD: Standard deviation of the 𝑁̇. It measures the difference between the observed value of the
variable its mean [𝑠 −1/2 ].
𝝋̇: Fluence rate. Amount of gamma particles crossing a unit area per second [𝑐𝑚−2 𝑠 −1 ]

1.3. Units
[Bq]: Bequerel. Is the radioactivity unit and is defined as number of decays per second. Basic
radiometric unit.
[eV]: Electronvolt. Is a unit of energy equal to approximately 1.6×10−19 joules [J]. It is the
amount of energy gained (or lost) by the charge of a single electron moving across an electric
potential difference of one volt.
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[Gy]: Gray. Is a derived unit of ionizing radiation dose. It is defined as the absorption of one
joule of radiation energy per kilogram of matter ≡ [J/kg]. Basic dosimetric unit.
[Sv]: Sievert. Is a derived unit of ionizing radiation dose. It is a measure of the health effect of
low levels of ionizing radiation on the human body. Basic radiological protection unit.
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2. Preface
2.1. Origin of project
This project is within the framework of the European project "Metrology for mobile detection of
ionizing radiation after a nuclear accident" PREPAREDNESS, which was launched in August
2017. One of its main objectives is the development and start-up of mobile detection system
composed by gamma spectrometry detectors installed in UAV to minimize radiological
damage on the first intervention personnel during radiological events.
One of the tasks entrusted to the UPC, as a collaborating entity of the project, is to design,
start-up and calibrate a prototype capable of carrying out an analysis of radioactive
contamination of an area by using detectors subject to unmanned aerial vehicles.

2.2. Motivation
The main motivation, as has been mentioned, is to minimize radiological damage to the first
intervention personnel during radiological events, since we all have in mind one of the most
important nuclear accident, Chernobyl.
In this accident, there were people in charge of flying over the affected area in a helicopter,
measuring the radioactivity and receiving at the same time an important exposure. Thanks to
the system that is pretended to be developed, it will be possible to replace that personnel with
unmanned vehicles that will not receive any damage and will provide a better spatial resolution
of the radiological contamination map.
Another field of application is that these systems allow, in a much more economically way,
perform routine controls of facilities related to nuclear issues, thus increasing the safety of such
facilities with the possibility of detecting small leaks before a major incident occurs.

Design of a test flight site for calibration of unmanned airborne monitoring systems for radiological events
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3. Introduction
3.1. Project objectives
The aim of this project is the design and acquisition of a radioactive source that allow to perform
measurements and calibrations of the mobile detection system using UAVs. For this, the partial
objectives to be achieved are listed below:
-

Determination of the background radiation of a proposed aerial site for future
measurements and calibrations.

-

Design a point source along with its shielding that ensures compliance with safety
regulations and, at the same time, fulfills the requirements of the project.

-

Carry out a safety study where an estimation of the doses received due to the use of
the source will be made

-

Identify the possible accidents that may occur, how to prevent them and how to act if
they arise.

-

Compile and describe all the requirements to be able to use and transport the
radioactive source.

-

Create a tool that allows to estimate the response that the detectors would have when
flying over the source.

3.2. Scope of the project
The purpose of the project object of this report is, as mentioned above, a theoretical design of
a radioactive source for its later use in measurements and calibrations of a mobile radioactivity
detection system.
To do this, the initial requirements determined by the background radiation of a flight site will
be studied and the ideal source will be chosen from the catalogue of a radiation source
distributor . The shielding and transport package will also be designed based on the limits and
requirements imposed by the regulations for the transport and use of radioactive material. In
addition, a report will be drawn up to obtain authorization for the purchase of radioactive
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material by the Generalitat and the economic cost that implies the acquisition of the radioactive
source and the manufacture of the shielding, along with other project expenses will be
presented.
Finally, by means of the analytical method, a calculation tool will be created with the Excel that
allows to obtain the response of a detector with certain defined parameters and will be
validated with the simulation programs that use the numerical method.
The purchase and reception of the source and the shield, as well as the measurements and
calibrations of the flight sessions with a prototype of the mobile detection system, are beyond
the scope of this project.
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4. Methodology and instrumentation
4.1. Fluence, doses and detector response calculations
4.1.1. Monte-Carlo code: PENELOPE/penEasy
Introduction to PENELOPE/penEasy
Monte Carlo methods are numerical techniques distinguished by the use of stochastic (i.e.
non-deterministic) algorithms to simulate physical or mathematical systems. They are based
on modelling object-object relationships, so it offers simplicity and flexibility. These objectobject interactions are sampled randomly so the average value of some quantity of interest
can be found. To perform the repetitive calculations computer must be used and its
applications are basically field that require a stochastic behaviour, such as traffic flow, finance,
radiation physics, etc [1].
One of this MC codes is PENELOPE, which couples MC simulations with gamma and electron
transport. It includes auxiliary tools as, for example, geometry viewers, variance-reduction
techniques, etc.
To be more user-friendly, one can find the program penEasy, a general-purpose program for
PENELOPE which requires no programming. It provides a set of ready-made source models
and tally schemes that can be applied to a finite variety of practical situations and users must
only provide input configuration data file, reducing the programming effort to a minimum.
This program will be widely used along the project so now the general inputs and the specific
tallies and geometries used will be explained.
General input information
Regardless of the tally used, there is some information that the user must enter and can be
seen below:
•

Simulation configuration: In this section user provides maximum time or
histories simulated and interval between output files (see figure 4.1)
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Figure 4.1: PENELOPE/penEasy configuration section.

•

Source information: In this section user can set the radiation box dimensions and
position, direction of the emission, type of particle, and the particle energy (see figure
4.2):

Figure 4.2: PENELOPE/penEasy source information section.

•

Geometry and Materials: Those sections read the geometry input file, previously
edited, and the material files, previously create (See figure 4.3):

Figure 4.3: PENELOPE/penEasy geometry and materials sections.

Design of a test flight site for calibration of unmanned airborne monitoring systems for radiological events
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Geometry input file: This file is created by the user beforehand. The geometry one
wants to simulate is created from simple geometries figures, such as planes,
cylinders and spheres. Then, bodies are created from the intersections of these
figures and a material is assigned to each body (See figure 4.5). A tool, called
gview2d, allows the user to see the geometries created if no error is present. (See
figure 4.4).

Figure 4.4: NaI 3x12
view with gview2d.

Figure 4.5: Geometry code input file.

•

Material input file: Materials are created by the user with all the needed information
extracted from the database of PENELOPE. An example of material input file can
be seen in figure 4.6.
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Figure 4.6: Initial part of the material input file.

Outputs: tallies
As explained before, penEasy provides a variety of practical situations and some tallies to
compute them. In this section, the following tallies are presented as they are going to be used
in this project:
•

TALLY PULSE HEIGHT SPECTRUM for detectors efficiency calculations.

•

TALLY FLUENCE TRACK LENGTH for reciprocal method simulations.

•

TALLY PHOTON FLUENCE POINT for validation of the detector response tool.

TALLY PULSE HEIGHT SPECTRUM
This tally is used to obtain the detector efficiency to a specific peak of energy E. The quantity
reported is the number of events per simulated history in each bin, divided by the bin width. It
will be used to compute de detector responses in sections 4.2 and 4.3.1 for different situations
and the section in penEasy can be seen in figure 4.7 below.

Figure 4.7:PENELOPE/penEasy section for tally pulse height spectrum.

TALLY FLUENCE TRACK LENGTH
This tally is used to obtain the fluence spectrum integrated over the volume of the declared
detection material. The fluence is reported per unit simulated history in particles*cm/eV. It will
be used to obtain the fluence using the reciprocal method in section 4.3.4 and its section in
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penEasy can be seen below in figure 4.8.

Figure 4.8:PENELOPE/penEasy section for tally fluence track length.

TALLY PHOTON FLUENCE POINT
This tally is similar to the last one, with the difference that it gives the fluence at a point with an
exclusion sphere and not integrated over a volume of detection. The exclusion sphere is
needed because as the distance tends to 0, the fluence tends to infinite so, interactions that
occur inside this sphere are evaluated apart. The fluence is reported per unit simulated history
in particles/(eV*cm2). It will be used to compute the fluence in section 7.4.1 to verify the
response detectors tool. In figure 4.9 can be seen its section in penEasy.

Figure 4.9: PENELOPE/penEasy section for tally photon fluence point.

4.1.2. Software Microshield®
MicroShield® version 7.0 [2] is a calculation software that allows to simulate the behavior of a
radioactive source by computing the most important radiological magnitudes in a specified
point, among them the equivalent and effective dose, taking into account the effects of any
shielding. This is the reason why this software is going to be used to design the shielding of
the project.

The main functions of this software, useful for the project are:
•

Analyse shielding and estimate exposure from gamma ray radiation using 16
customizable common geometrical configurations.
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•

Design radiological shield and containers.

•

Assess radiation exposure to people and materials.

In addition, MicroShield® considers the effects of the Build-up factor for the chosen geometry
and, when defining the source, takes into account the photons of all the energy groups, as well
as the isotope daughter of the selected radioactive isotope.
Hereunder, the step-by-step development of the simulation within the program will be seen.
Note that the numbers appearing in the figures are the ones used for the project, but they will
be presented later.
1. Geometry:
As previously mentioned, the software has 16 geometric configurations (see figure 4.10). For
this study, Cylindrical Volume - Side Shields will be used to simulate the doses in an orthogonal
direction to the axis of the source and Cylindrical Volume - End Shields for the doses in the
axis of the source.

Figure 4.10: Microshield geometry selection tab.

2. Dimension:
In this tab the dimensions of the geometry can be configured. Both for the Side Shields and
the End Shield, the Sh 1 represents the space between the source and the inner wall of the
shield and the Sh 2 the thickness. Finally, it allows to place the point where one want to
calculate the doses. All this can be seen in figures 4.11 and 4.12:

Design of a test flight site for calibration of unmanned airborne monitoring systems for radiological events
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Figure 4.12:Microshield dimensions tab for End Shield geometry.
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3. Materials:
Here, the different existent materials between the source and the calculation point can be
defined by introducing the density of the desired material, as shown in figure 4.13. The first
material is the source, then the is Shield 1 which represents the inner space, Shield 2 which is
the thickness of the lead and finally the air gap until reaching the defined calculation point.

Figure 4.13:Microshield materials tab.

4. Source
This tab is one of the two that allows to correct the calculations made by hand. First the material
is chosen (figure 4.14).

Figure 4.14:Microshield window for radionuclide selection.

Then, the activity is introduced and the program asks if one wants to consider the activity of
the nuclides that are in equilibrium with the selected isotope. In figure 4.15, it can be seen how
the program will add it to the simulation.

Design of a test flight site for calibration of unmanned airborne monitoring systems for radiological events
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Figure 4.15:Microshield window to consider the equilibrium daughter isotopes.

After that, in figure 4.16, this software asks if one wants to create groups of characteristic
photons:

Figure 4.16:Microshield window to group the energy photons.

And finally, it shows on screen the groups with their activity (already multiplied by the yield of
each photopeak) and the percentage of photons of each group as can be seen in figure 4.16:

Figure 4.17:Microshield source tab.
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5. Build-up
This tab allows to take into account the Build-up effect by selecting on which material it should
be applied. In figure 4.18 the interface is observed and in figure 4.19 appears the information
on this factor that the program provides.

Figure 4.18:Microshield Build-up factor tab.

Figure 4.19:Microshield window with Build-up factor information.
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6. Sensitivity
Once all the parameters have been defined, the program let the user to perform a sensitivity
analysis. This allows to know the required thickness for the shielding. Figure 4.20 shows how
a sensitivity analysis is made.

Figure 4.20:Microshield sensitivity analysis tab.
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4.2. Gamma spectrometry equipment
This section aims to present all the radiation detection equipment that will be used throughout
the project. It will be determined the efficiency for an incidence angle of 90º, or reference
efficiency, of each of them for each isotope with which they interact. The detection equipment
in question and its use are the following:
•

NaI 3x12 and NaI 3x3: these detectors will be used to perform the characterization
of the aerial site.

•

NaI 3x3 and CZT 1500: these detectors will be included in the design criteria to
determine the minimum activity of the.

•

NaI 3x3, NaI 2x2, LaBr3 and CZT 1500: these detectors will be used to study the
response in a flight site. In this project they will be included in the calculation tool for
the response estimation.

The procedure to compute the detectors efficiency per unit fluence using PENELOPE/penEasy
with the tally pulse height spectrum is the following one. The source will be simulated as a thin
slab and the angle of the photon beam will be introduced by the user. The slab must be large
enough so that, when a photon beam with an incidence angle of 5º, fully covers the detector’s
area. The scheme can be seen in figure 4.21.

Figure 4.21: Scheme to obtain detector's efficiency with PENELOPE/penEasy.
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Finally, the detector’s efficiency η in cm2 is computed as follows:
𝜼 = 𝑀𝐶𝑜𝑢𝑡𝑝𝑢𝑡 · (𝑆0 · sin(𝜃)) · 𝐵𝑖𝑛

(𝟒. 𝟏)

Where:
•
•
•
•

𝑀𝐶𝑜𝑢𝑡𝑝𝑢𝑡 is the result from MC simulations in [𝑒𝑉 −1 ]
𝑆0 is the surface of the simulated source in [cm2].
𝜃 is the incidence photon beam angle in [º].
Bin is the amplitude of each bin used in penEasy simulations in [𝑒𝑉].

Hereunder, table 4.1 presents the crystal volume and the detectors’ reference efficiencies per
unit fluence of each detector computed with eq. 4.1:

Table 4.1: Reference detectors' efficiencies for each used radionuclide.

Detector

NaI 3x12

NaI 3x3

Volume
[cm3]

Isotope

Energy
[keV]

Tc-99m

140.5

190.5

Bi-214

609

110.7

Cs-137

662

104.6

K-40

1461

57.6

Bi-214

609

25.2

Cs-137

662

23.6

K-40

1461

12.3

yield

η [𝒄𝒎𝟐 ]

1390

347.5

NaI 2x2

103

Cs-137

662

7.14

LaBr3

51.5

Cs137

662

3.57

Bi-214

609

0.084

CZT 1500

1.5
Cs-137

662

0.07
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4.3. Aerial site characterization
The objective of this section is to establish a methodology to characterize an aerial space. This
characterization consists on determining the activity of the natural terrestrial radionuclides,
which are Ra-226 (through the Bi-214 peak), K-40 and Tl-208, from spectra taken 'in situ' and,
after that, determine the fluences at different heights. See their characteristics in table 4.2.

Table 4.2: K-40 and Bi-214 emission characteristics.

Isotope

Half-life period

Emision type

Energy (keV)

yield

K-40

1.248·109 y

Gamma

1461

0.107

Bi-214

1600 y

Gamma

609

0.469

The procedure that is going to be presented is extracted from the ICRU REPORT 53 [3]. Its
restrictions, which may be a source of uncertainty are the following ones:
•

The entire procedure is documented for detectors with a length equal to their
diameter.

•

Almost all the information is collected for a distance of 1m between the centre of the
detection glass and the soil.

In this project, the NaI 3x12 do not accomplish the first restriction. For the second restriction,
the 1 m distance will try to be maintained, but a small deviation from this value will not cause
any trouble since for few centimetres, the calibration factor almost does not change [4]. In
addition, the barely affected photons are those coming from the bottom of the detector,
representing a 4-5% of the total fluence photons. This will be seen later in figure 4.24.
This methodology is based on the equation presented below, which will be used to calculate
the activity of the radionuclides:
𝑁̇
𝑁̇ 𝑁0̇ 𝜑
=
·
·
𝐴𝑥 𝑁0̇ 𝜑 𝐴𝑥

(𝟒. 𝟐)
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Where:
•

𝑁̇ is the detector response in cps.

•

Ax is the activity of the radionuclide to be determined and can be expressed in
activity per unit area (Aa), activity per unit mass (Am) or activity per unit volume
(Av).

•
•

𝑁̇
𝑁0̇
𝑁0̇
𝜑

is the angular correction factor for the detector response at energy E.
is the full energy peak count rate per unit fluence rate (or peak response)

for a parallel beam of photons at energy E.
•

𝜑
𝐴𝑥

is the fluence rate at energy E, due to gamma transition for a particular

nuclide.
The factor 𝑵̇ is extracted directly from the spectra made “in situ” using any software
designed to analyse the spectra files. The user can delimitate the photopeak and the
program will take the left and the right values, corresponding to background radiation. Then,
it will trace a line and will sum all the counts that are above, indicating the area of the
analysed photopeak. Knowing the duration (Live time) of the spectra, the count rate can be
determined. Figure 4.22 shows this procedure.

Figure 4.22: Spectra analyser software interface (GSU-DYMO).
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The factor

𝝋

does not depend on the detector’s characteristics, but on the distribution of the

𝑨𝒙

radionuclides in the soil. In the report mentioned above, this factor is tabulated for a set of
radionuclides.
The factor

𝑵𝟎̇
𝝋

is the efficiency of the detector for a parallel photon beam to a reference direction

[N0 = N(90º)]. The direction perpendicular to the axis of the detector has been chosen as a
reference and with MC simulations, using PENELOPE/penEasy with the tally pulse height
spectrum, the efficiency of the detectors is calculated for the desired isotope, as it can be seen
in section 4.2.
Finally, the factor

𝑵̇
𝑵𝟎̇

takes into account that not all photons have a direction parallel to the

reference direction as a consequence that, the source, in this case the ground, is extended in
the environment, and therefore, all the photons that reach the detector will come from an angle
between 0 and 90º, according to the reference system shown in figure 4.23. The number of
photons reaching the detector with an angle greater than 90º can be underestimated as it is
explained in the ICRU REPORT 53.

Figure 4.23: Reference system scheme (0º parallel and 90º perpendicular to detector's axis).

Once explained the general methodology to compute the activity of any radionuclide from
spectra, three different cases are going to be introduced, which are the ones used throughout
the project. These cases are:
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-

Site characterization with a NaI 3x12 detector.

-

Site characterization with a NaI 3x3 detector.

-

Activity determination of a point source with any detector.
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4.3.1. Site characterization with NaI 3x12 detector
Before making any measurements, the first step is to calibrate the NaI 3x12 detector at the
same place where spectra will be taken, since it is very sensitive to temperature and a previous
calibration may not be very accurate. The detector should be kept in vertical position and
maintain, as far as possible, the required distance from the ground.
In this case, the factors that compose eq. 4.2 are obtained as follows.
•

𝑵̇, count rate

It is directly extracted from the detector’s software itself, called GSU-DYMO.
•

𝝋
𝑨𝒙

, fluence rate

In the case of a distributed source, as in this case is the ground, the value of this factor is
tabulated in the ICRU REPORT 53 for a large number of radionuclides.
•

𝑵𝟎̇
𝝋

, peak response

As mentioned before, this factor is de NaI 3x12 detector’s efficiency per unit fluence for a
photon beam parallel to the reference direction and it has already been calculated for any
isotope.
•

𝑵̇
,
𝑵𝟎̇

angular correction factor

This factor is the trickiest one to compute, since the NaI 3x12 detector has a ratio of L/D of 4
and is not tabulated in the ICRU REPORT 53. As it is not possible to extract this factor directly,
it will be calculated by using the following definition:
𝜋

2 𝜑(𝜃) 𝑁̇ (𝜃)
𝑁̇
=∫
𝑑𝜃
𝜑
𝑁0̇
𝑁̇0
0

̇
(𝟒. 𝟑)
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This integral can be solved by discretizing the angle in small increments of Δθ = 10º and
calculating it for the central point of each one. It should be reminded that N (90º) will be used
as a reference response, being as follows:
9
̇ 𝑖
𝑁̇
𝜑(𝜃)𝑖 𝑁(𝜃)
=∑
𝜑 𝑁̇(90º)
𝑁0̇

̇
(𝟒. 𝟒)

𝑖=1

Where:
•

𝜑(𝜃)𝑖

•

𝑁̇(𝜃)𝑖 is the detector’s response for a specific angle.

•

𝑁̇(90º) is the detector’s reference response at 90º.

𝜑

is the relative fluence rate.

The first term of the summation,

𝜑(𝜃)𝑖
𝜑

, is obtained from Figure 4.24, which represents the

accumulated percentage of the fluence photons that reach the detector as a function of the
emission angle. It can be seen that most of the photons come from angles greater than 3040º, considering a contamination uniformly distributed in the soil.

Figure 4.24: Distribution of the photon beam incident angle for a detector placed at 1 m height.
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̇ 𝑖
𝑁(𝜃)
, will be obtained through simulations as mentioned in section 4.1.1
𝑁̇(90º)

using the "tally pulse height spectrum", where in each iteration i, the photons will have a
direction equal to the central angle of the interval. The responses will be extracted from each
case and divided by the reference one. Finally, the summation is performed and the angular
correction factor for a certain radionuclide is obtained.

4.3.2. Site characterization with NaI 3x3 detector
Unlike NaI 3x12 detector, NaI 3x3 detector does not need an “in situ” calibration as it is not
that sensible to temperature. Despite this, it also should be kept in a vertical position and 1 m
far from the ground.
In this case, the factors are obtained as follows:
•

𝑵̇, count rate

It is also directly extracted from the detector’s software itself, called GENIE 2000.
•

𝝋
𝑨𝒙

, fluence rate

This factor does not depend on the type of detector but on the radionuclide, so it is obtained in
the same way as the previous section
•

𝑵𝟎̇
𝝋

, peak response

The NaI 3x3 detector’s efficiencies per unit fluence for a photon beam parallel to the reference
direction have also been obtained.
•

𝑵̇
𝑵𝟎̇

, angular correction factor

In this case, since the detector has a ratio of L/D = 1, this factor is tabulated in the ICRU
REPORT 53. In figure 4.25 one can appreciate that this factor takes a value of 1.
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Figure 4.25: Angular correction factor for different L/D ratio detectors.

Once all those factors are gathered, the activity of the soil can be computed using eq. 4.2.

4.3.3. Point source activity determination
To determine the activity of a point source, whether one use the NaI 3x12, NaI 3x3 o any other
detector, the most important think is to know exactly the distance between the source and the
detector. If both are close to each other, it will be important to know the horizontal and vertical
distances in order to establish the angle of irradiation.
The factors to compute the activity are the following:
•

𝑵̇, count rate

As mentioned before, it is extracted from any spectra analyser software.
•

𝝋
𝑨𝒙

, fluence rate

In this case, the source is not a distributed one anymore. This implies that this factor can be
calculated analytically by using the following expression:
𝜇
𝜇
𝜑
𝑦𝑖𝑒𝑙𝑑
[−( )
·𝜌 ·𝑟 ]
[−( ) ·𝜌𝐴𝑙 ·𝑟𝐴𝑙 ]
𝜌 𝑎𝑖𝑟 𝑎𝑖𝑟 𝑎𝑖𝑟
=
· 𝑒 𝜌 𝐴𝑙
2 · 𝑒
𝐴𝑥 4𝜋𝑟𝑎𝑖𝑟

(𝟒. 𝟓)
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Where:
𝜇

•

( )

•

𝜌𝑎𝑖𝑟/𝐴𝑙 is the mass density of air or aluminium [g/cm3].

•

𝑟𝑎𝑖𝑟/𝐴𝑙 is the air or aluminium thickness between the source and the detector [cm].

•

𝑦𝑖𝑒𝑙𝑑 is the probability of emission for a specific radionuclide per disintegration.

•

𝑵𝟎̇

𝜌 𝑎𝑖𝑟/𝐴𝑙

𝝋

is the mass atenuation coefficient at energy E for air and aluminium [cm2/g].

, peak response

The detector’s reference efficiency can be obtained from simulations, as explained before. In
the case of NaI 3x12 the photon angle between the source and the detector must be used. For
long distances, an angle of 90º for the photon beam can be used. In the other hand, for a
detector with a ratio of L/D = 1, such as NaI 3x3 detector, 90º can be used since the angle
does not affect the response.
•

𝑵̇
,
𝑵𝟎̇

angular correction factor

If the reference efficiency has been computed with the photobeam angle, the angular
correction factor will be 1 since the photon beam angle will almost do not change in the surface
of the detector.

4.3.4. Fluence determination at different heights
Once the soil activity is determined, in this section will be described the procedure used to
determine the fluence at any desired height.
The method to be used is called Reciprocal method [5] and it is necessary in MC simulations
when the source is very large and the detector very small compared to it, because the
simulation is very inefficient and a long computing time is required. This method is applied in
simulations with environmental geometries such as, for example, in our case, the soil of a land
that needs to be characterized.
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The reciprocal method consists on creating a detector with a surface as large as the ground to
be simulated and with a very thin thickness. In the other hand, the portion of soil that emits
radiation is reduced to a very small cylinder with the height of the ground. Finally, the reciprocal
detector is placed at the height that one wants to simulate the fluence. All this information is
clarified in figure 4.26.

Figure 4.26: Transformations used and geometry input for Reciprocal method using PENELOPE/penEasy.

This geometry is simulated using the tally fluence track length and after making some
transformations it returns the fluence at the desired height. The transformations to obtain the
𝐵𝑞

fluence φ’ in [𝑐𝑚−2 ⁄ ] can be seen below:
𝑘𝑔

𝝋′ =

𝑀𝐶𝑜𝑢𝑡𝑝𝑢𝑡 · 𝐵𝑖𝑛 · 𝑀𝑎𝑠𝑠𝑠𝑜𝑖𝑙 · 𝑦𝑖𝑒𝑙𝑑
𝑉𝑟𝑒𝑐𝑖𝑝. 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟

(𝟒. 𝟔)

Where:
𝑐𝑚

•

𝑀𝐶𝑜𝑢𝑡𝑝𝑢𝑡 is the result from MC simulations in [

•

Bin in is the amplitude of each bin used in penEasy simulations in [𝑒𝑉 ].

•

Masssoil is the mass of the simulated soil in [kg].

•

Yield is the probability of emission per disintegration for a specific radionuclide.

•

Vrecip. detector is the volume of the simulated reciprocal detector in [cm3].

𝑒𝑉

].
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4.3.5. Uncertainty propagation in Activity determination
To come through the process of calculating both the activity and the fluence of the terrestrial
background radiation, a follow-up of assumptions, approximations and simulations have been
made and it would not be correct to reach a value of those parameters without giving an
estimation of their uncertainty.
As it has been seen, in the calculation of the activity there are several measurable parameters
with their own uncertainties that affect the calculations in the following way:
𝐴=

𝑁̇
𝑁̇ 𝑁0̇ 𝜑
·
·
𝑁0̇ 𝜑 𝐴𝑥

(𝟒. 𝟕)

Thus, since all the terms are multiplying or dividing, the following error propagation rule [6] can
be applied:
2

2
2
𝑁̇
𝑁̇0
𝜑
2
(
)
𝛿
(
)
(
)
𝛿
𝛿
𝛿𝐴
𝛿𝑁̇
𝑁̇0
𝜑
𝐴
= ( ) +
+(
) + ( 𝜑𝑥 )
𝐴
𝑁̇
𝑁̇
𝑁̇0
𝐴𝑥
̇
𝜑
√
( 𝑁0 )

(𝟒. 𝟖)

Where:
-

𝛿𝑋 is the absolute uncertainty of each variable.

-

𝛿𝑋
𝑋

is the relative uncertainty of each variable.

Finally, the activity is multiplied by its relative uncertainty and the absolute uncertainty is found
as follows:
𝛿𝐴
·𝐴
𝐴

(𝟒. 𝟗)

𝐴 = 𝐴 ± 𝛿𝐴

(𝟒. 𝟏𝟎)

𝛿𝐴 =

In the same way, the uncertainty of the fluence at the different heights can be computed:
𝜑 = 𝜑′ · 𝐴𝑚

(𝟒. 𝟏𝟏)
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2

𝛿𝜑
𝛿𝜑′
𝛿𝐴 2
= √( ) + ( )
𝜑
𝜑′
𝐴

(𝟒. 𝟏𝟐)

𝛿𝜑
·𝜑
𝜑

(𝟒. 𝟏𝟑)

𝜑 = 𝜑 ± 𝛿𝜑

(𝟒. 𝟏𝟒)

𝛿𝜑 =

4.4. Response estimation tool
Once the source is designed (which will be done in the following chapter), the last step is to try
to simulate the response that a detector would give by making a flight with a set of predefined
parameters. These flights will be made in the future and are beyond the scope of this project,
but it would be useful to have that responses in advance so, in this section a tool will be
developed to compute them.
Due to the geometry of the source and the shielding, the radiation will be cone-shaped and the
purpose of this tool is to show the value of the area of the photopeak, in this case Cs-137, of
each spectrum made by the detector while it is inside the radiation cone. For example, if the
spectra last one second and the detector takes 3.25 seconds to cross the radiation cone, this
tool will show 4 values, belonging to the area of the photopeak of each spectrum. In addition,
in each case, the results will be shown if the detector starts a spectrum just when entering the
cone and if the detector enters the cone in the middle of a spectrum. Figure 4.27 will help to
understand this operation.

Figure 4.27: Scheme of spectra duration as function of the moment the detector enters the radiation cone.

Design of a test flight site for calibration of unmanned airborne monitoring systems for radiological events

41

This tool must be very flexible, because there are up to 6 parameters that can vary when
making a flight and as a result, endless groups of parameters. Table 4.3 lists these
parameters, their possible values and the symbol that will represent them from now on:

Table 4.3: Set of parameters governing the response estimation tool introduced by the user.

Parameters

Value range

Symbol

Detector (Efficiency)

[CZT, LaBr3, NaI 2x2, NaI 3x3]

η

Lead thickness (attenuation)

[0, 0.5, 1, 1.5] cm

hPb

Flight speed

Free value [m/s]

v

Flight height

[100, 200, 500, 1000, 2000, 5000] cm

H

Maximum opening angle

[20, 40, 60] º

θmax

Spectra duration

Free value [s]

T

In addition, the constant that indicates the height of the source from the ground will be
named h [cm], with a value of 7.6. All these parameters are well defined in Figure 4.28:

Figure 4.28: View of the all relevant parameters introduced in the response estimation tool.
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Hereunder, it will proceed to explain its operation and, later, the tool interface will be displayed.
The first column of the interface is the time taken by the detector inside the radiation cone. The
tool shows it fractionated as a function of T and increases until the detector gets out of it,
showing the duration of the last spectrum. The following conditional expression is the one that
governs the time:
𝐻
ℎ
[2 · (
) · 𝑡𝑔(𝜃max )]
−
𝐻
ℎ
100
100
) · 𝑡𝑔(𝜃𝑚𝑎𝑥 )] ; (𝑇 + 𝑡𝑖−1 ) ;
𝐼𝑓 [(𝑇 + 𝑡𝑖−1 ) · 𝑣] < [2 · (
−
100 100
𝑣

d(θ)

New time

D

Max. time

To sum up, if the travelled distance (d(θ)) is less than the total distance (D), time is increased
by T and, if it is greater, it shows the total path time.
The second column is the angle (position) in which the detector is placed at a certain moment
of time. The relationship between 'θ' and time is found analytically as follows:

𝑡(𝑑) =

𝑑(𝜃)
𝑣

𝑑(𝜃) = (𝐻 − ℎ) · [𝑡𝑔(𝜃max ) − 𝑡𝑔(𝜃)]

(𝟒. 𝟏𝟓)
(𝟒. 𝟏𝟔)

Combining the eq. 4.15 and 4.16, one can find the angle as function of the time

𝑡(𝜃) =

(𝐻 − ℎ)"[𝑡𝑔(𝜃max ) − 𝑡𝑔(𝜃)]
𝑡·𝑣
→ 𝑡𝑔(𝜃max ) − 𝑡𝑔(𝜃) =
→
𝑣
𝐻−ℎ

𝑡𝑔(𝜃) = 𝑡𝑔(𝜃max ) −

𝑡·𝑣
𝒕 · 𝒗 · 𝟏𝟎𝟎
]
→ 𝜽(𝒕) = 𝒂𝒓𝒄𝒕𝒈 [𝒕𝒈(𝜽𝐦𝐚𝐱 ) −
𝐻−ℎ
𝑯−𝒉

(𝟒. 𝟏𝟕)

The third column that this tool shows is the response of the detector in CPS, depending on the
time the detector carries inside the cone of radiation. This data is the most important and is the
purpose of the tool. This relation is also found analytically, bearing in mind the objective of
obtaining the time dependent detector’s response count rate: 𝑁̇(𝑡)[𝑠 −1 ].
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𝑁̇(𝜑) = 𝜑(𝑟) ∗ 𝜂

(𝟒. 𝟏𝟖)

𝜇

𝜇

−( ·𝜌·𝑟(𝜃))
−( ·𝜌·𝑟𝑃𝑏 (𝜃))
𝐴 · 𝑦𝑖𝑒𝑙𝑑
𝜌
𝜌
𝑎𝑖𝑟 · 𝑒
𝑙𝑒𝑎𝑑
𝜑(𝑟) =
·
𝑒
2
4 · 𝜋 · 𝑟 (𝜃)

𝑟(𝜃) =

𝐻−ℎ
;
cos(𝜃(𝑡))
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𝑟𝑃𝑏 (𝜃) =

(𝟒. 𝟏𝟗)

ℎ𝑃𝑏
cos(𝜃(𝑡))

(𝟒. 𝟐𝟎)

Rearranging the eq. 4.18, 4.19 and 4.20 the response is obtained as a function of the angle:
𝝁

𝑯−𝒉

𝝁

𝒉𝑷𝒃

−( ·𝝆·
)
𝑨 · 𝒚𝒊𝒆𝒍𝒅 · 𝜼 · 𝐜𝐨𝐬 𝟐 (𝜽(𝒕)) −(𝝆·𝝆·𝐜𝐨𝐬(𝜽(𝒕)))
𝝆 𝐜𝐨𝐬(𝜽(𝒕))
𝒂𝒊𝒓 · 𝒆
𝒂𝒊𝒓
𝑵̇(𝜽) =
·𝒆
𝟐
𝟒 · 𝝅 · (𝑯 − 𝒉)

(𝟒. 𝟐𝟏)

And, combining eq. 4.17 and 4.21, the desired relation is obtained:

𝑵̇(𝒕) =

𝑨 · 𝒚𝒊𝒆𝒍𝒅 · 𝜼 · 𝐜𝐨𝐬 𝟐 {𝒂𝒓𝒄𝒕𝒈 [𝒕𝒈(𝜽𝐦𝐚𝐱 ) −
𝟒 · 𝝅 · (𝑯 − 𝒉)𝟐

·

𝝁
𝑯−𝒉
𝒕 · 𝒗 · 𝟏𝟎𝟎
]} −(𝝆·𝝆·𝒄𝒐𝒔{𝒂𝒓𝒄𝒕𝒈[𝒕𝒈(𝜽 )−𝒕·𝒗·𝟏𝟎𝟎]})
𝑯−𝒉
𝒎𝒂𝒙
𝑯−𝒉
𝒂𝒊𝒓
·𝒆

𝝁
𝒉𝑷𝒃
−( ·𝝆·
𝒕·𝒗·𝟏𝟎𝟎 )
𝝆
𝒄𝒐𝒔{𝒂𝒓𝒄𝒕𝒈[𝒕𝒈(𝜽𝐦𝐚𝐱 )−
]}
𝑯−𝒉
𝒍𝒆𝒂𝒅
𝒆

(𝟒. 𝟐𝟐)

The fourth and last column shows the value of the area of the photopeak for each spectrum,
making an average of the response between the time ti and ti-1, multiplying it by the time increment,
as shown in eq. 4.23:

𝑵(𝒕𝒊 ) =

𝑵̇𝒊 + 𝑵̇𝒊−𝟏
· (𝒕𝒊 − 𝒕𝒊−𝟏 )
𝟐

(𝟒. 𝟐𝟑)

Note that this tool will only be valid if the UAV flies just above the source, without any horizontal
shift. This possibility will be implemented in the future but, by now, this tool will provide a
reasonably good estimation of a flight.
In addition, this tool is created for a specific source but, by changing some constants can be valid
for any source of any activity and energy.
Finally, the interface of this tool, created with Excel, is shown:
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5. Source and shielding design
5.1. Source design
5.1.1. Design criteria
The beforehand established criteria are that the least efficient detector available (CZT 1500)
is capable of detecting the source with flights of at least 5 m height and that with another one
of greater efficiency (NaI 3x3) flights of 50 m height can be performed.
In addition, the selected isotope has to maintain a stable activity over a reasonable period,
which will be around few years, to be used in future intercomparisons and calibrations.

5.1.2. Isotope selection
In order for the source to maintain a stable activity over the period mentioned before, a source
of Cs-137 has been chosen (whose characteristics can be found in table 5.1), which, with an
average half-life period of around 30 years, is going to maintain its activity within 90% over 4
years.

𝜆=

ln(2) ln(2)
=
= 0.0231 𝑦 −1
𝑇1⁄
30
2

𝐴4𝑦 = 𝐴0 ∗ 𝑒 −𝜆∗4 = 0.912 ∗ 𝐴0

Table 5.1: Cs-137 isotope emission characteristics.

Isotope

Half-life period

Emision type

Energy (MeV)

yield

Cs-137

30.17 years

Gamma

0.662

0.851

5.1.3. Applied mathematical models
Critical and detection limits
In order to determine the minimum activity required by the source, the critical and detection
límits are defined. Following (GORDON, R [7]), the critical limit is a purely statistical limit that
is used to validate if a detector’s response due to a radioactive source can be differentiated
from the contribution of the background.
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As shown in figure 5.1, this limit is set in such a way that, once the confidence interval is defined
with a value of 95% one-tailed, if the detector’s response net counts (𝑁) in front of a source
matches with the critical limit value, it will only detect a 5% of false positives, but 50% of the
counts will not be detected as will be merged with the background contribution.
Therefore, this limit is defined, for a confidence interval of 95% one-tailed (k0.05=1.645) as
follows:
𝐿𝑐 = 𝑘𝛼 𝜎0

(𝟓. 𝟏)

𝑳𝒄 = 𝟐. 𝟑𝟑 √𝑵𝟎

(𝟓. 𝟐)

Where:
•

𝝈𝟎 is the standard deviation of the background distribution ≡ √𝟐𝑵𝟎

•

𝑵𝟎 is the detector’s response counts due to background radiation.

•

kα = 1.645

Figure 5.1: Critical and detection limits placement from background net counts.
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The detection limit is used to validate if a detector’s response due to a radioactive source will
be distinguished from the background contribution. Maintaining the same confidence interval
of 95% one-tailed, if the detector’s response net counts (𝑁) in front of a source matches the
detection limit value, it will only do not detect a 5% of the count or false negatives.
The detection limit is defined as:
𝐿𝐷 = 𝐿𝑐 + 𝑘𝛽 𝜎𝐷

(𝟓. 𝟑)

Where:
•

𝑳𝒄 is the critical limit

•

𝝈𝑫 is the standard deviation of the detected counts distribution ≡ √𝑪 + 𝑵𝟎

•

C are the total counts, net plus background counts (𝑪 = 𝑳𝑫 + 𝑵𝟎 )

•

kβ = 1.645

Rearranging these equations, the detection limit is defined and so, the minimum detector’s
response net counts due to a radioactive source 𝑵𝒔 :
𝑳𝑫 = 𝒌𝟐𝜶 + 𝟐 𝒌𝜶 √𝟐𝑩

(𝟓. 𝟒)

𝑵𝒔 = 𝐿𝐷 = (𝟐. 𝟕𝟏 + 𝟒. 𝟔𝟓√𝑵̇𝟎 )

(𝟓. 𝟓)

Fluence rate
To calculate the fluence φ in cm-2 from activity and distance and without any obstacle between
the source and the detector:
𝝁
𝑨 · 𝒚𝒊𝒆𝒍𝒅
[−( )
·𝝆 ·𝒓]
𝝆 𝒂𝒊𝒓 𝟔𝟔𝟐 𝒌𝒆𝑽 𝒂𝒊𝒓
𝝋=
·
𝒆
𝟒𝝅𝒓𝟐

(𝟓. 𝟔)

Where:
•

r is the distance in [cm].

•

A is the activity of the source in [Bq].

•

( )

•

𝜌𝑎𝑖𝑟 is the mass density of air [g/cm3].

•

𝑦𝑖𝑒𝑙𝑑 is the probability of emission for a specific radionuclide per disintegration.

𝜇

𝜌 𝑎𝑖𝑟

is the mass atenuation coefficient at energy E for air [cm2/g]
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Detector response
To calculate the detectors’ response 𝑵̇ from the fluence:
𝑵̇ = 𝜼𝒅𝒆𝒕𝒆𝒄𝒕𝒐𝒓 ∗ 𝝋

(𝟓. 𝟕 )

Where:
•

𝜼𝒅𝒆𝒕𝒆𝒄𝒕𝒐𝒓 is the detector’s efficiency per unit fluence rate [cm2].

5.1.4. Minimum required activity
In order to determine the minimum required activity for the Cs-137 source it is necessary to
obtain the fluence at the desired heights due to Bi-214 – 609 keV isotope, since with a detector
with a poor resolution, both peaks may be merged.
The activity per unit mass for the Bi-214 isotope and the fluences at 5 and 50 m are determined
in section 7.1, with values of 24 [Bq], 5.9 · 10−2 [𝑐𝑚−2 𝑠 −1 ] and 2.4 · 10−2 [𝑐𝑚−2 𝑠 −1 ]
respectively. With these values, the minimum required activity for the Cs-137 source can be
determined as follows
With eq. 5.7 one gets the response due to background radiation:
•

𝑁̇0 for CZT at 5 m is 4.13 · 10−3 [𝑠 −1 ]

•

𝑁̇0 for NaI 3x3 at 50 m is 5.66 · 10−1 [𝑠 −1 ]

With eq. 5.5, one gets the minimum detector’s response:
•

𝑁𝑠 for CZT at 5 m is 3.0 [𝑠 −1 ]

•

𝑁𝑠 for NaI 3x3 at 50 m is 6.8 [𝑠 −1 ]

Thus, knowing these responses, with eq. 5.7 the minimum fluences that the source should
give for each detector at its corresponding height are calculated:
•

φ for CZT at 5 m is 42.99 [𝑐𝑚−2 𝑠 −1 ]

•

φ for NaI 3x3 at 50 m is 0.29 [𝑐𝑚−2 𝑠 −1 ]
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Finally, using eq 5.6, the minimum activity is calculated so that the source emits the minimum
fluence previously computed, where:
𝜇

= 7.75 · 10−2

-

( )

-

𝜌𝑎𝑖𝑟 = 1.21 · 10−3

𝜌 𝑎𝑖𝑟 662 𝑘𝑒𝑉

𝑐𝑚2
𝑔

𝑔
𝑐𝑚3

Obtaining:
•

Minimum activity for CZT at 5 m is 166.3 MBq

•

Minimum activity for NaI 3x3 at 50 m is 169.0 MBq

5.1.5. Source selection
With the minimum required activity determined, the most suitable source can be searched in
the supplier's catalog [8]. The supplier will be the German company "Eckert & Ziegler" through
the Spanish provider Nucliber, whose catalog offers standardized activity sources Looking at
figure 5.2, the source is chosen with the next higher activity above the minimum calculated,
which finally is 370 MBq.

Figure 5.2: Selected encapsulated source with all the activities available.

The source comes with a double encapsulated stainless steel that maintains its tightness. It
has an ISO classification C66545, so it can be stated that the capsule will have a good
performance when submitted to different types of conditions, as seen in figure 5.3. The
meaning of the numbers are explained in this figure and the letter C means that the maximum
activity it can contain is 20 TBq [9].
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Figure 5.3: ISO classification for the selected encapsulation.

The catalog offers other encapsulation options, but this has been chosen because is the most
resistant and is the only one that presents a screw thread at one end that will be used to fix it
in a shielding, which will be presented afterwards.

5.2. Shielding design
5.2.1. Compilation of safety regulations
Package definition
The usage of a radioactive source must comply with a set of safety regulations. That is why
before designing the shielding, one must know which are the limits of radiation that cannot be
surpassed.
The first step is to define the characteristics that the package will have, which are listed below:
•

Special form: “Radioactive materials in special form will be understood as either a
non-dispersible solid radioactive material or a sealed capsule containing radioactive
materials.” [10]
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Excepted package: “The use of transport packages exempt from certain
requirements for the shipment of small quantities of radioactive materials is allowed.
The exemption can refer to labeling and package requirements as long as certain
limitations on exposure (or dose) rates, contamination levels and package
characteristics are verified. Examples of this type of packages are the shipment of
certain quantities of radioactivity in approved consumer products such as watches
and smoke detectors, or radiopharmaceuticals or tiny sources for the calibration of
instruments for radiation detection.”[11]

If one looks at the definitions above, it can be seen that the package will contain a certain
amount of radioactive material that it will be used for the calibration of radiation detection
instruments. In addition, the source will be confined in a sealed capsule.
Therefore, it can be stated that the package will be an excepted package with special form
radioactive material.
Definition of limits
•

Activity limit

As defined for excepted packages [12], when the radioactive materials are contained in an
instrument or in another manufactured article, or are an integral part of it, it must not contain
activities exceeding the limits specified in columns 2 and 3 from table 5.2.
Table 5.2: Activity limits for an excepted package.
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Since the package contains solids in special form, the limit for each item should not be greater
than 10-2·A1. The value of A1 for Cs-137 can be found in table 5.3.
Table 5.3: Values of the A1 and A2 factors for Cs-137 isotope.

With this information it can be determined that the activity limit for our case is 20 GBq, much
higher than the activity of the chosen source of 370 MBq.
•

Exposure rate limit

For the transport of the radioactive source, it must be fulfilled, according to table 5.4 [13], that
the dose on the surface of the package is less than 5 μSv / h.
Table 5.4: Exposure rate limits for all types of packages

Package radiation level
Package type

Excepted package

Package surface

At 1 m from package

< 5 μSv/h

-

< 2mSv/h

< 0.1 mSv/h

Industrial package
Type A, B and C packages
Knowing this limit, it will proceed to the shielding designing so that the external surface of the
package which one can be in contact does not exceed the previous value.
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5.2.2. Formulation and previous definitions
Before starting with the design itself, the definitions of the important parameters involved and
the formulation that will be used for the preliminary calculations are presented.
•

Activity [A]: Number of gamma particles emitted per second. Unit: Bq.

•

Fluence [φ]: Amount of gamma particles crossing a unit area per second. Unit:
𝜸𝒇

.

𝒄𝒎𝟐 𝒔

•

Absorbed dose [D]: Energy imparted by ionizing radiation to matter per unit mass.
Unit: Gy.

•

Kinetic Energy Released per unit Mass (KERMA) [K]: Energy transferred to
charged particles by uncharged ionizing radiation per unit mass (photons or
neutrons). Unit: Gy.

•

Equivalent dose [HT]: Absorbed dose averaged over a tissue or organ, taking into
account the type and energy of the radiation causing the dose. Unit: Sv.

•

Ambient dose equivalent [H*(10)]: Dose equivalent that would be produced by the
corresponding expanded and aligned field in the ICRU sphere (which simulates a
human body) at a depth “d” on the radius opposing the direction of the aligned field
(See figure 5.4). For strong penetrating radiation, which in our case are photons,
d=10 mm. This magnitude allows to standardize measurements. Unit: Sv.

Figure 5.4: Scheme of the expanded and aligned field impinging on the ICRU sphere.

•

Efective dose [E(AP)]: Sum of organ and tissue equivalent doses multiplied by
appropriate weighting factors. This is the magnitude used for radiological protection
limits. Anterio-posterior (AP) geometry will be used as it is the most critical geometry
for a human body. See figure 5.5. Unit:Sv.
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Figure 5.5: Anterio-Posterior geometry scheme.

In the particular case of a shielding containing a Cs-137 source, the following formulation will
be used and parameters will take the values indicated below.
-

Fluence [𝒄𝒎−𝟐 𝒔−𝟏 ]:
𝜑=

𝜇
𝐴 · 𝑦𝑖𝑒𝑙𝑑 [−(𝜇𝜌)
·𝜌𝑎𝑖𝑟 ·𝑟𝑎𝑖𝑟 ]
[−( )
·𝜌
·𝑟
]
𝜌 𝑙𝑒𝑎𝑑 662 𝑘𝑒𝑉 𝑙𝑒𝑎𝑑 𝑙𝑒𝑎𝑑
𝑎𝑖𝑟 662 𝑘𝑒𝑉
·
𝑒
·
𝑒
· 𝐵𝑝 (𝜇𝑥, 𝐸) (𝟓. 𝟖)
2
4𝜋𝑟

Where:
𝜇

•

( )

•

𝜌𝑎𝑖𝑟 = 1.21 · 10−3

𝜌 𝑎𝑖𝑟 𝑎𝑡 662 𝑘𝑒𝑉

= 7.75 · 10−2
𝑔

𝑐𝑚2

𝜇

; ( )

𝑔

𝜌 𝑙𝑒𝑎𝑑 𝑎𝑡 662 𝑘𝑒𝑉

; 𝜌𝑙𝑒𝑎𝑑 = 11.34

𝑐𝑚3

= 1.14 · 10−1

𝑐𝑚2
𝑔

𝑔
𝑐𝑚3

𝛾𝑓

•

-

𝑦𝑖𝑒𝑙𝑑 = 0.851

𝐺𝑦

Absorbed dose [

𝑠

; 𝐴 = 3.7 · 108 𝐵𝑞

𝑠

𝐵𝑞

]:
𝐷̇ [

𝐺𝑦
𝜇𝑒𝑛
] = 𝑘0 · 𝜑 · 𝐸 · (
)
𝑠
𝜌 𝑎𝑖𝑟

Where:
𝐺𝑦 𝑔

•

𝑘0 = 1.602 · 10−10

•

𝐸𝐶𝑠−137 = 0.662 𝑀𝑒𝑉

•

(

𝜇𝑒𝑛

)

𝜌 𝑎𝑖𝑟
𝑎𝑡 662 𝑘𝑒𝑉

𝑀𝑒𝑉

= 2.93 · 10−2

𝑐𝑚2
𝑔

(𝟓. 𝟗)
𝑎𝑡 662 𝑘𝑒𝑉
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Hereunder, the relationships between the different magnitudes can be observed, which are
useful to determine the effective dose from the absorbed dose. Note that those relationships
are going to be stablished only for the photopeak energy. By doing this, they might not be
entirely accurate but since this formulation is going to be used in preliminary calculations, they
are going to be accepted to obtain a order of magnitude of the final results.
The KERMA can be determined from the absorbed dose in the following way:
𝐷 = (1 − 𝑔) 𝐾

(𝟓. 𝟏𝟎)

As it can be seen in figure 5.6, the value of (1-g) for 662 keV is almost 1 (blue line), with which
the first relation is established: D = K.

Figure 5.6: Value of (1-g) factor for different photon energy (blue line).

Then, in figure 5.7, the relation between H*(10) and K can be observed. For an energy of 662
keV, this relation has a value of 1.2 and, consequently: H*(10) = 1.2 K.
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Figure 5.7: Relation between ambient dose equivalent and KERMA for different photon energies.

Finally, with the help of figure 5.8, the relationship between E(AP) and H*(10) can be
determined. It should be noted that E will never be greater than E (AP), and, in the present
case, a ratio of 1 will be established. Although the value is slightly lower, it will be useful to
overestimate the value of E and add a small safety factor to our calculations, being finally
E(AP) = H*(10).

Figure 5.8: Relation between effective dose and ambient dose equivalent for different photon energies.
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5.2.3. Preliminary calculations and design
The objective that the shielding must reach are the, ones mentioned above, 5 μSv/h on the
surface of the transport package. It should be noted that for the preliminary calculations, the
Build-up factor (Bp (E, μx)) will not be taken into account, which will take a value of around 2.
This is why in the preliminary calculations the new objective to be met will be 2.5 μSv/h and
not 5. In addition, the uncertainty of the parameters are not going to be neither considered
since the objective is to obtain an order of magniture
The Build-up factor is a factor that mainly increases the photon fluence that reaches the
detector due to their dispersion in the body of the shielding and it depends on the energy of
the particles, the density of the material and the thickness and geometry of the shielding itself.
The parameters to be determined are the thickness of the shielding and the dimensions of the
package. The easiest thing is to fix the package dimensions, which must be large enough to
attenuate the fluence, but small enough for the transport. Therefore, the value between the
source and the package surface is set to 40 cm, which will result in a bulk of 80x80x80 cm, so
that the source is right in the center. Its design will be seen later.
The absorbed dose on the surface of the package is then calculated without considering the
shielding. Using the eq. 5.8 and 5.9 the absorbed dose at that distance is computed:
𝜑40𝑐𝑚 = 15602

𝐷40𝑐𝑚 = 175

𝛾𝑓
𝑐𝑚2 𝑠
𝜇𝐺𝑦
ℎ

And with the established relationships one can find the effective dose:
𝐸(𝐴𝑃)40𝑐𝑚 = 210

𝜇𝑆𝑣
ℎ

Finally, with the trial and error method and the eq. 5.11, the thickness of the shielding that
results by obtaining an effective dose below 2.5 μSv/h is found. The value is finally set at 3.5
cm:

𝐸(𝐴𝑃)40𝑐𝑚𝑙𝑒𝑎𝑑 = 𝐸(𝐴𝑃)40𝑐𝑚 · 𝑒

−

𝜇
·𝜌
·𝑟
𝜌𝑙𝑒𝑎𝑑 𝑎𝑡 662 𝑘𝑒𝑉 𝑙𝑒𝑎𝑑 𝑙𝑒𝑎𝑑

(𝟓. 𝟏𝟏)
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𝑬(𝑨𝑷)𝟒𝟎𝒄𝒎𝒍𝒆𝒂𝒅 = 𝟐, 𝟑𝟏

𝝁𝑺𝒗
𝒉

Being a cylindrical shaped source, the shielding will also be defined with a similar geometry.
Taking advantage of the screw thread that is present in the encapsulation of the source, the
shielding will be endowed with a threaded in the base, where the source will remain fixed. It
will present two threaded holes of 1 cm diameter to fix the shielding cover and the distances
between the center of the source and the inner walls will be 2 cm in the perpendicular direction
and 1.15 cm in the direction of the axis, in order to define a maximum opening angle of 60º.
This maximum opening angle was set at 60º for two reasons. The first one because it is a
reasonably large angle that allows to cast a radiation are big enough for measurements and,
the second one, because at few meters from the source (around 3 m), the photon beam will
not impinge directly on the people that may be close to it.
The information above can be seen more clearly in figure 5.9.

Figure 5.9: Set of shielding parameters defined in the preliminary design.

It only remains to determine the correct thickness, which is what will be seen hereunder.
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5.2.4. Microshield simulation
Bearing in mind that the minimum lead thickness was 3.5 cm, the following parameters are
introduced in Microshield® to perform a more accurate calculation of the minimum required
thickness:
•

The source has been defined with 0.3 cm radius and 0.6 cm height. The space
between the source and the inner wall (Sh1) has been set at 1,7 cm (for side shield)
or 0.85 cm (for end shield) and the lead thickness at 3.5 cm. Finally, the calculation
point is placed 40 cm far from the center of the source.

•

The source material has been defined as air, as well as the Sh1 and the air gap.

•

The isotope introduced has been the Cs-137, and the software allows as to consider
that is in equilibrium with its daughter isotope Ba-137. The activity introduced is 370
MBq and the groups of characteristic photons are created.

•

The material which the Build-up factor will be applied will be the Sh2: Lead thickness.
It will not be applied on the air gap because for a short distance (in this case 35 cm),
the Build-up factor for air is almost 1.

•

The sensitivity analysis is carried out around the 3.5 cm thickness. Eleven
simulations between 3 and 4 cm with a step of 0.1 cm will be performed.

After launching the simulations with the Microshield®, it can be seen that the thickness
necessary to fulfill the regulations is 3.6 cm of lead, giving an effective dose on the surface of
the package of 4.8 μSv/h in all directions.
To avoid any problem, it has been decided to apply a considerable safety factor and choose a
thickness of 4 cm, with an effective dose on the surface of the package of 3.1 μSv/h. This dose
corresponds to the Anterior-Posterior geometry. The results of the simulation can be found in
Annex C.
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It is worth mentioning that the value of 3.1 μSv/h both for the Side Shields and for the End
Shields are very conservative for the following reasons:
•

The material of the source has been imposed as air and not as cesium-made
material. This implies that the self-absorption in the source itself is much smaller and
consequently the fluence and the dose at the calculation point are slightly higher.

•

If one looks at the dimensions of the simulated Shields, in the first case they have
the same height as the source and in the second case the same diameter. This
implies that photons that do not interact with the lead are being counted and that
due to the scattering effect they can reach the detector, when in the real design the
source is totally wrapped in lead. This fact also implies a small increase in the flow
and dose values at the calculation point.

•

The source encapsulation of stainless steel that would attenuate the flow of photons
has not been added to the simulations.

•

The Anterior-Posterior geometry has been chosen since it is the most critical.

5.2.5. Final design
The shielding, build of lead due to its high attenuation capacity, has been designed not only to
guarantee the safety limits, but also its cylindrical geometry allows the control of the opening
angle and shape of the photon beam. Its design allows flexibility when changing sources, if in
the future is required, and adding attenuator layers and discs to change the exit angle to be
able to perform different measurements.
The shielding has an upper handle to remove the cover and two side handles to move the
whole shielding. It is composed of 3 parts:
-

A support where the source will be threaded and attenuates the radiation in the
underneath direction.

-

The body or walls that attenuate the radiation in the lateral directions. In addition, it
has two threads where steel bars will be fixed to fit the cover and the discs when
they have to be used.
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The cover, which, as mentioned, will be fitted over the body by means of the support
rods and will be fixed with wing nuts to shield the source correctly in the upper
direction.

In addition, the following complements have been designed to have the possibility of making
different measurements:
-

60º collimator disc: It imposes the exit angle for the photon beam from -60º to 60º
attenuating the fluence that is outside the limits.

-

40º collimator disc: It imposes the exit angle for the photon beam from -40º to 40º
attenuating the fluence that is outside the limits.

-

20º collimator disk: It imposes the exit angle for the photon beam from -20º to 20º
attenuating the fluence that is outside the limits.

-

Collimator: Creates a vertical photon beam.

-

5 mm attenuator (3 units): It allows to attenuate the fluence of photons in 5, 10 and
15 mm lead.

Finally, the support elements that the shielding will have are presented:
-

2x DIN 963 M5 screws to fix the support.

-

2x Support rods with M10 thread to fit the cover, discs and attenuators.

-

2x DIN 315 M10 wing nuts, German shape, to fix the cover.

All this information is included in the drawings of Annex B.

5.2.6. Transport package
The package will be used to transport and store the source. The parameter that has been set
was that the minimum distance between any point on the surface and the source is at least 40
cm. In addition, the source must be perfectly centered.
The material must be resistant, as it must be able to withstand the about 20 kg weight of the
shielding and also the possible impacts it may receive.
It is equipped with four wheels, two of them with brake and four handles, two on each side, to
be able to lift it as if it were a suitcase. Apart from that, one can see two butterfly closures with
a lock, since they contain radioactive source and only authorized personnel will be able to
access it. In figure 5.10, a 3D modeling of this package can be seen.
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Figure 5.10: 3D view of the transport package extracted from supplier's website (Supplier: Thomann).
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6. Safety report
In the following chapter, a brief summary of the key aspects of the safety report will be briefly
presented. This study is presented extensively in Annex A.

6.1. Dose calculation during work operations
This section introduces the different tasks that will be performed with the source and the annual
radiation doses that will be received both by the professionally exposed worker and the
members of the public who may be present in one or more of the tasks to be performed.
Those tasks are the following ones:
-

Source installation in the shielding

-

Transport

-

Shielding manipulation

-

Utilization

-

Leakage tests of the encapsulated source

-

Exposure rate tests of the transport package

To estimate the duration per year for each task two cases have been proposed:
-

The first one, a realistic estimation of the exposure time for each task.

-

The second one, an overestimate in such a way that these times will never be
overcome, and thus verify that even in this case the limits are not exceeded.

The dose rates have been calculated using the Microshield®, and this exposure will be studied
for the whole body and for the hand. Hereunder, one can find the results of the annual doses:
-

The annual effective dose received in the body for the realistic case (table 6.1)

-

The annual equivalent dose received in the hand for the realistic case (table 6.2).

-

The annual effective dose received in the body for the critical case (table 6.3).

-

The annual equivalent dose received in the hand for the critical case (table 6.4).
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Table 6.1: Annual effective dose received in the body for the realistic case.

Task

Exposure rate

Exposure time

Worker annual dose

(μSv/h)

(h/year)

(μSv/year)

Installation

118

1/120

1

Transport

0.5

30

15

Manipulation

5.5

1/15

0.4

Utilization 5m

0.019

72

1.4

118

1/3

40

5.5

1/60

0.1

118

1/720

0.2

0.5

13/60

0.1

Attenuators and
disks change
Leakage tests
Dose tests
TOTAL

58

Table 6.2:Annual equivalent dose received in the hand for the realistic case.

Task

Exposure rate

Exposure time

Worker annual dose

(mSv/h)

(h/year)

(mSv/year)

Installation

39.4

1/120

0.33

Manipulation

0.159

1/15

0.011

39.4

1/3

13.13

0.159

1/60

0.003

1502

1/720

2.09

0.004

13/60

0.001

Attenuators and
disks change
Leakage tests
Dose tests
TOTAL

15.6
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Table 6.3:Annual effective dose received in the body for the critical case.

Task

Exposure rate

Exposure time

Worker annual dose

(μSv/h)

(h/year)

(μSv/year)

Installation

118

1/10

11.8

Transport

0.5

250

125

Manipulation

5.5

1

5.5

Utilization 5m

0.019

72

1.4

118

2

236

5.5

1/10

0.6

118

1/120

1

0.5

2

1

Attenuators and
disks change
Leakage tests
Dose tests
TOTAL

382.3

Table 6.4: Annual equivalent dose received in the hand for the critical case.

Task

Exposure rate

Exposure time

Worker annual dose

(mSv/h)

(h/year)

(mSv/year)

Installation

39.4

1/10

3.94

Manipulation

0.159

1

0.159

39.4

2

78.8

0.159

1/10

0.016

1502

1/120

12.52

0.004

2

0.007

Attenuators and
disks change
Leakage tests
Dose tests
TOTAL

95.4

Regarding the RPSCRI limits [14], it can be summarized that in no case the exposure limits
will be exceeded, either for a professionally exposed worker or for a member of the public.
Those limits are an effective dose of 20 mSv/year and an equivalent dose in hand of 500
mSv/year for the professionally exposed worked and an effective dose of 1 mSv/year for the
members of the public.
A more detailed analysis of these results can be found in Annex A.
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6.2. Possible abnormality situations
When evaluating which are the different situations of abnormality that can occur during the
manipulation, transport and use of the source, the following cases should be highlighted:
-

Loss of tightness of the encapsulated source.

-

Breakage of the encapsulated thread.

-

Breakage of the shielding.

-

Loss or theft of the package.

-

Accident of the transport vehicle.

-

Fire of the storage laboratory.

-

Accident of the UAV, directly affecting the source during the flight sessions.

These situations are detailed in Annex A together with their emergency plan in case of any
occurrence.

6.3. Prevention systems
In the safety report, one will find the prevention measures that will be adopted to prevent the
occurrence of any situation mentioned in the previous section:
-

The source will be stored in an INTE laboratory classified as a prohibited access
area and, consequently, its access will be limited.

-

The transport package will be locked with a key.

-

The required labels and panels will be placed on the package and on the transport
vehicle.

-

During the flight sessions, a fence will be placed so that nobody, except the
professionally exposed worker, can get close to the source while it is in use.

-

The professionally exposed worker must wear a personal dosimeter.

-

Whenever the package remains in the transport vehicle while is not in use, it will be
specifically requested the possibility that the vehicle remains in a closed and
guarded place.
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6.4. Administrative and technical procedures
The procedures that must be followed at all times will also be detailed in Annex A. These
procedures detail how to perform the following operations:
-

Purchase and reception of the radioactive source.

-

Installation of the radioactive source in the shielding.

-

Change of attenuators and collimators during flight sessions.

-

Leakage tests of the encapsulated source.

-

Exposure rate tests of the transport package.

-

Waybill.

-

Radioactive waste management
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7. Results and discussions
In this chapter, the results obtained will be presented when applying the different
methodologies, described in the chapter "Methodology and Instrumentation".

7.1. Site characterization with NaI 3x12 detector
On January 18, a flight session was held in the PLA DEL VENT flight field (Tarragona) along
with the collaborating group ICARUS with several purposes:
-

Perform a proof of concept with a detector subject to a drone measuring spectra
from a Tc-99m source (whose information is shown in table 7.1), an activity that will
not be discussed in detail since it is out of the scope of this project.

-

Carry out field measurements with the NaI 3x12 detector to determine the
background radiation and, in this way, characterize the soil activity.

Table 7.1: Tc-99m isotope emission characteristics.

Isotope

Half-life period

Emision type

Energy (MeV)

yield

Tc-99m

6 hours

Gamma

140.5

0.84

The NaI 3x12 detector was calibrated “in situ” by using the Bi-214 and K-40 isotopes as
reference. After that, two different groups of spectra were taken. The first group, with the
detector placed in the middle of the flight site, spectra of 5 minutes duration were made to
determine the background radiation and, the second group, the detector was placed near the
Tc-99m source with spectra of 5 seconds to validate the good performance of the NaI 3x12
detector.

7.1.1. Measurement validation with Tc-99m source
To verify that the calibrations and measurements were made in a proper way, the first step
was to calculate the already known activity of the Tc-99m source. To do so, the taken spectra
were placed on a Google Earth map, since each spectrum keeps the coordinates of where it
was taken and with this, one can estimate the distance between the point of measurement and
the source. This process is shown in figure 7.1, where the red dot is the source.
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Figure 7.1: Aerial view of Pla del Vent flight site with the spectra positioned (Source: Google Earth).

With the spectra properly located, the spectrum "13.03.13" corresponding to the lower corner
is used and it is known that the distance between the corner and the source is 5.7 meters. At
this distance, all the photons’ incident angles were considered to be 90º.
For the point source activity calculation, following the methodology described in section 4.3.3,
the factors are computed as follows:
•

𝑵̇, count rate

The count rate was obtained through the software "GSU-DYMO":
𝑵̇ = 𝟏𝟔𝟒. 𝟓𝟏 [𝒔−𝟏 ]
•

𝝋
𝑨𝒙

, fluence rate

In the calculation of a point source activity, eq.4.5 is used, where:
- yield = 0.84
- rair =570 [cm] ; rAl =0.3 [cm]
𝜇

- ( )

𝜌 𝑎𝑖𝑟 𝑎𝑡 140.5 𝑘𝑒𝑉

𝑐𝑚2

= 1.3912 · 10−1 [

- 𝜌𝑎𝑖𝑟 = 1.21 · 10−3 [

𝑔

𝑐𝑚3

𝑔

] ; 𝜌𝐴𝑙 = 2.7 [

𝜇

] ; ( )

𝜌 𝐴𝑙 𝑎𝑡 140.5 𝑘𝑒𝑉

𝑔
𝑐𝑚3

]

𝝋
= 𝟏. 𝟔𝟕 · 𝟏𝟎−𝟕 [𝒄𝒎−𝟐 𝒔−𝟏 𝑩𝒒−𝟏 ]
𝑨𝒙

𝑐𝑚2

= 1.43 · 10−1 [

𝑔

]
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, peak response

The reference NaI 3x12 detector’s response for Tc-99m was already computed and it has the
following value:
𝑵̇𝟎
= 𝟏𝟗𝟎. 𝟓 [𝒄𝒎𝟐 ]
𝝋
•

𝑵̇
𝑵𝟎̇

, angular correction factor

As it is considered that all the photons come from an angle of 90º, the detector’s response will
coincide with the reference one and this factor will be 1.
𝑵̇
=𝟏
𝑵̇𝟎
After gathering all the factors, using eq. 4.7 the activity of the Tc-99m isotope is computed:

𝑨=

𝑁̇
164.51
=
= 5.19 · 106 𝐵𝑞 = 𝟓. 𝟐 𝑴𝑩𝒒
̇
̇
1 · 190.5 · 1.67 · 10−7
𝑁 𝑁0 𝜑
·
·
𝑁0̇ 𝜑 𝐴𝑥

The Tc-99m source was delivered at 9:24 in the morning with an activity of 7,844 MBq and the
spectrum used for the validation was performed at 13:03, that is, 219 minutes had passed.
With this data one can compute the activity of the source at the time of sampling as follows:

𝜆 𝑇𝑐−99𝑚 =

ln(2)
ln(2)
=
= 0.001925 𝑚𝑖𝑛−1
𝑇1⁄ [𝑚𝑖𝑛] 6 ∗ 60
2

𝐴13:03 = 𝐴9:24 ∗ 𝑒 −𝜆∗219 = 𝟓. 𝟐 𝑴𝑩𝒒
With this validation, it can be stated that the detector was properly calibrated and the data
extracted from the background radiation will be reliable.
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7.1.2. Background activity determination
To determine the activity of the natural terrestrial isotopes with a NaI 3x12 detector, the
methodology described in section 4.3.1 will be applied. The factors are determined as follows:
•

𝑵̇, count rate

The count rate was obtained through the software "GSU-DYMO":
𝑵̇𝑲−𝟒𝟎 = 𝟗. 𝟒𝟕 [𝒔−𝟏 ]
𝑵̇𝑩𝒊−𝟐𝟏𝟒 = 𝟔. 𝟐𝟖 [𝒔−𝟏 ]
•

𝝋
𝑨𝒙

, fluence rate

For a distributed source, in this case the soil, this factor is tabulated as has been mentioned
and it takes the following values
𝝋
= 𝟎. 𝟗𝟕𝟏 [𝒌𝒈 𝒄𝒎−𝟐 𝒔−𝟏 𝑩𝒒−𝟏 ]
𝑨𝒙 𝑲−𝟒𝟎
𝝋
= 𝟐. 𝟕𝟓 [𝒌𝒈 𝒄𝒎−𝟐 𝒔−𝟏 𝑩𝒒−𝟏 ]
𝑨𝒙 𝑩𝒊−𝟐𝟏𝟒
•

𝑵𝟎̇
𝝋

, peak response

The reference NaI 3x12 detector’s responses for K-40 and Bi-214 were already computed:
𝑵̇𝟎
= 𝟓𝟕. 𝟔 [𝒄𝒎𝟐 ]
𝝋 𝑲−𝟒𝟎
𝑵̇𝟎
= 𝟏𝟏𝟎. 𝟕 [𝒄𝒎𝟐 ]
𝝋 𝑩𝒊−𝟐𝟏𝟒
•

𝑵̇
,
𝑵𝟎̇

angular correction factor

To obtain this factor, the discretized integral presented in eq. 4.4 will be solved. Hereunder, in
tables 7.2 and 7.3, the simulation results obtained for the angular correction factor are
presented, for the K-40 and Bi-214 isotopes respectively:
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Table 7.2: Discretized integral calculation for K-40 isotope.

Interval

Angle Angle
(º)
(rad)

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
Refecernce

5
15
25
35
45
55
65
75
85
90

0,09
0,26
0,44
0,61
0,79
0,96
1,13
1,31
1,48
1,57

rel. Flu.
Rate
acc. (%)
0,02
0,06
0,13
0,24
0,36
0,52
0,68
0,84
1,00

rel. Flu.
Rate (%)

MCoutput
(10-4) [𝒆𝑽−𝟏 ]

0,02
0,04
0,07
0,11
0,12
0,16
0,16
0,16
0,16

2,16
2,23
1,77
1,55
1,38
1,28
1,20
1,14
1,11
1,11

S
[cm2]

N(θ)

N(θ)/
N(90)

96,15
133,72
218,34
296,33
365,32
423,20
468,23
499,03
514,67
516,64

20,72
29,81
38,63
45,82
50,54
54,10
56,07
57,12
57,35
57,56

0,36
0,52
0,67
0,80
0,88
0,94
0,97
0,99
1,00
1,00

S
[cm2]

N(θ)

N(θ)/
N(90)

96,15
133,72
218,34
296,33
365,32
423,20
468,23
499,03
514,67
516,64

30,86
46,13
63,54
78,73
91,88
100,05
106,24
109,84
110,65
110,70

0,28
0,42
0,57
0,71
0,83
0,90
0,96
0,99
1,00
1,00

N/No
0,01
0,02
0,05
0,09
0,11
0,15
0,16
0,16
0,16

Table 7.3: Discretized integral calculation for Bi-214 isotope.

Interval

Angle Angle
(º)
(rad)

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
Refecernce

The factor

5
15
25
35
45
55
65
75
85
90

𝜑(𝜃)𝑖
𝜑

0,09
0,26
0,44
0,61
0,79
0,96
1,13
1,31
1,48
1,57

rel. Flu.
Rate
acc. (%)
0,02
0,06
0,13
0,24
0,36
0,52
0,68
0,84
1,00

rel. Flu.
Rate (%)

MCoutput
(10-4) [𝒆𝑽−𝟏 ]

0,02
0,04
0,07
0,11
0,12
0,16
0,16
0,16
0,16

3,21
3,45
2,91
2,66
2,52
2,36
2,27
2,20
2,15
2,14

N/No
0,01
0,02
0,04
0,08
0,10
0,14
0,15
0,16
0,16

is, in the tables, the rel. Flu. Rate (%) and has been deducted from figure 4.24,

estimating the percentage for each interval and subtracting it from the previous one. Multiplying
this factor and N(θ)/N(90), the angular correction factor for each interval is computed and by
adding them for all intervals the angular correction is obtained with the following values:
𝑵̇
= 𝟎. 𝟖𝟗
𝑵̇𝟎 𝑲−𝟒𝟎
𝑵̇
𝑵̇𝟎

= 𝟎. 𝟖𝟔
𝑩𝒊−𝟐𝟏𝟒
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Factors’ uncertainty
With all the needed factors determined, their uncertainties are going to be obtained taking into
account the following considerations:
•

The factor 𝑵̇ has been obtained by approximations of the detector software when
computing the CPS. In addition, the measurements were taken relatively close to an
asphalt area, increasing the error considerably. That is why a relative uncertainty of
15% is proposed.

•

𝝋

The factor

has been obtained directly from previous studies and, consequently,

𝑨𝒙

its uncertainty will not be considered significative.
•

The factor

𝑵𝟎̇
𝝋

has been obtained from simulations. The uncertainty of the simulation

itself is negligible, but it is accepted that there may be an uncertainty in the input
geometries. Due to this, it is considered a 5% uncertainty.
•

The factor

𝑵̇
𝑵𝟎̇

has been obtained through simulations and the resolution of a

discretized integral. This is why, due to the simulation geometry and the
approximations taken when performing the calculations, a relative uncertainty of
10% is proposed.
As shown in section 4.3.5, using of the eq. 4.8 to 4.10, the uncertainty of the activity due to
these factors is calculated:
𝜹𝑨
= √(15%)2 + (10%)2 + (5%)2 + (0%)2 = 𝟏𝟖. 𝟕%
𝑨
Finally, using the eq. 4.7 the activities are calculated and table 7.4 summarizes the factors and
the calculation of the activity with its uncertainty.
Table 7.4: Activity calculation for K-40 and Bi-214 isotopes in Pla del Vent with a 3x12 NaI detector.

Isotope

𝑵̇

𝝋
𝑨𝒙

𝑵̇𝟎
𝝋

𝑵̇
𝑵̇𝟎

K-40

9.47

0.971

57.6

0.89

190 ± 36

Bi-214

6.28

2.75

110.7

0.86

24 ± 5

𝑨𝒎 [

𝑩𝒒
]
𝒌𝒈
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7.2. Site characterization with NaI 3x3 detector
With the NaI 3x3 detector, both Pla del Vent flight site and the flight site located in Zaragoza
(possible candidate for future intercomparisons) have been visited, and the characterization of
both sites has been carried out. In these cases, it was not necessary to calibrate the detector
because it is less sensitive to temperature and its well-functioning has been proved on other
occasions.
Following the procedure stablished in section 4.3.2, the activity of the natural terrestrial
radionuclides is determined as follows:
•

𝑵̇, count rate

The count rate was obtained through the software "GENIE 2000":
For Pla del Vent flight site:
𝑵̇𝑲−𝟒𝟎 = 𝟐. 𝟑 [𝒔−𝟏 ]
𝑵̇𝑩𝒊−𝟐𝟏𝟒 = 𝟏. 𝟐𝟑 [𝒔−𝟏 ]
For Zaragoza flight site:
𝑵̇𝑲−𝟒𝟎 = 𝟏. 𝟒𝟔 [𝒔−𝟏 ]
𝑵̇𝑩𝒊−𝟐𝟏𝟒 = 𝟏. 𝟓𝟗 [𝒔−𝟏 ]
•

𝝋
𝑨𝒙

, fluence rate

This factor does not depend on the detector, but on the isotope, so the value for this factor
does not change from previous section:
𝝋
= 𝟎. 𝟗𝟕𝟏 [𝒌𝒈 𝒄𝒎−𝟐 𝒔−𝟏 𝑩𝒒−𝟏 ]
𝑨𝒙 𝑲−𝟒𝟎
𝝋
= 𝟐. 𝟕𝟓 [𝒌𝒈 𝒄𝒎−𝟐 𝒔−𝟏 𝑩𝒒−𝟏 ]
𝑨𝒙 𝑩𝒊−𝟐𝟏𝟒

Dissertation

78

•

𝑵𝟎̇
𝝋

, peak response

The reference NaI 3x3 detector’s responses for K-40 and Bi-214 isotopes were already
computed and their values are:
𝑵̇𝟎
= 𝟏𝟐. 𝟑 [𝒄𝒎𝟐 ]
𝝋 𝑲−𝟒𝟎
𝑵̇𝟎
= 𝟐𝟓. 𝟐 [𝒄𝒎𝟐 ]
𝝋 𝑩𝒊−𝟐𝟏𝟒
•

𝑵̇
𝑵𝟎̇

, angular correction factor

Since the NaI 3x3 detector has a ratio of L/D = 1, the angular correction factor can be extracted
from figure X and has the following value:
𝑵̇
=𝟏
𝑵̇𝟎 𝑲−𝟒𝟎
𝑵̇
𝑵̇𝟎

=𝟏
𝑩𝒊−𝟐𝟏𝟒

Factors’ uncertainty
All those factors have been obtained in the same way as for 3x12 NaI detector so the same
relative uncertainty will be applied, except for the angular correction factor, which is a tabulated
value and its uncertainty will not be considered significant.
Thus, making use of the eq. 4.8 to 4.10, the uncertainty propagation of all the factors in the
relative error of the activity is calculated:
𝜹𝑨
= √(15%)2 + (0%)2 + (5%)2 + (0%)2 = 𝟏𝟓. 𝟖%
𝑨
Finally, in tables 7.5 and 7.6, making use of eq. 4.7, one can find all the factors and the
calculation of the activity with the NaI 3x3 detector for both Pla del Vent and the Zaragoza flight
sites, respectively:
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Table 7.5:Activity determination for K-40 and Bi-214 isotopes in Pla del Vent with a 3x3 NaI detector

Isotope

𝑵̇

𝝋
𝑨𝒙

𝑵̇𝟎
𝝋

𝑵̇
𝑵̇𝟎

K-40

2.3

0.971

12.3

1

192 ± 30

Bi-214

1.23

2.75

25.2

1

18 ± 3

𝑨𝒎 [

𝑩𝒒
]
𝒌𝒈

Table 7.6: Activity determination for K-40 and Bi-214 isotopes in Zaragoza flight site with a 3x3 NaI detector.

Isotope

𝑵̇

𝝋
𝑨𝒙

𝑵̇𝟎
𝝋

𝑵̇
𝑵̇𝟎

K-40

1.46

0.971

12.3

1

122 ± 19

Bi-214

1.59

2.75

25.2

1

23 ± 4

𝑨𝒎 [

𝑩𝒒
]
𝒌𝒈

7.3. Background fluence determination at different heights
Using the reciprocal method for variance reduction and PENELOPE/penEasy with the tally
fluence track length, the fluences for both Bi-214 and K-40 isotopes for their characteristic
energies of 609 and 1461 keV are obtained at the representative heights of 5 and 50 meters.
The parameters used in the simulations are those that appear in table 7.7:

Table 7.7: Parameters used for the reciprocal method simulations.

Bin
R det
h det
V det
R soil
h soil
ρ soil
Mass soil

1000
1000
2
6,28E+10
1000
150
1,17E-03
5,51E+09

eV
m
cm
cm3
m
cm
kg/cm3
kg

To calculate the uncertainty, the following will be assumed:
•

The initial value, which is the MC output, has been obtained through simulations
and, as in the previous case, a relative uncertainty of 5% will be considered due to
possible errors in the geometry.

•

The relative uncertainty of the Am activity has already been calculated in the previous
section with a value of 18.7%.

Making use of the eq. 4.12 to 4.14, the relative uncertainty of the fluence is computed:
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𝜹𝝋
= √(5%)2 + (18.7%)2 = 𝟏𝟗. 𝟒%
𝝋
Finally, in table 7.8 one can see the results obtained from the fluences at the different heights
by using eq. 4.6 to compute the fluence per unit activity from the PENELOPE/penEasy
calculations and eq. 4.11 to compute the final fluence. Conservatively, the highest calculated
activity value will be used, regardless of the type of detector and flight site, since the fluence
results will be the input for the source design which must fulfill the requirements in any place,
as described in chapter 5.
Table 7.8 Fluence determination for K-40 and Bi-214 at 5 and 50 m height.

Isotope

Height
[m]

5

𝑴𝑪𝒐𝒖𝒕𝒑𝒖𝒕 [

𝒄𝒎
]
𝒆𝑽

𝝋′ [

𝒄𝒎−𝟐
]
𝑩𝒒
𝒌𝒈

5.96 · 10−5

2.45 · 10−3

−5

−4

K-40

𝑨𝒎 [

𝑩𝒒
]
𝒌𝒈

𝝋[𝒄𝒎−𝟐 ]

𝟎. 𝟒𝟕 ± 𝟎. 𝟎𝟗
192 ± 30

9.96 · 10

50

2.42 · 10

5

5.96 · 10−5

2.45 · 10−3

−5

−4

Bi-214

𝟎. 𝟏𝟗 ± 𝟎. 𝟎𝟒
(𝟓. 𝟗 ± 𝟏. 𝟏) · 𝟏𝟎−𝟐
24 ± 5

50

2.42 · 10

9.96 · 10

(𝟐. 𝟒 ± 𝟎. 𝟒𝟕) · 𝟏𝟎−𝟐

7.4. Response estimation tool outputs and validation
7.4.1. Tool validation
To ensure the well-functionality of the tool, it has been decided to perform a validation with
different cases, varying the flight height 'H', the position 'θ' and the lead thickness 'hPb',
simulating them both with the MicroShield® and with PENELOPE/penEasy, using the tally
photon fluence point.
The scheme of these simulations is the one shown in figure 7.2. The source emits in all
directions and the detector point is located somewhere above the source with the exclusion
sphere.
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Figure 7.2: Scheme to obtain fluence at a specific point with PENELOPE/penEasy

Finally, the fluence at the detectors point is found as follows:
𝜑[𝑐𝑚−2 ] = 𝑀𝐶𝑜𝑢𝑡𝑝𝑢𝑡 [𝑐𝑚−2 𝑒𝑉 −1 ] · 𝐴 [𝐵𝑞 ] · 𝑦𝑖𝑒𝑙𝑑 · 𝐵𝑖𝑛 [𝑒𝑉 ]

(𝟕. 𝟏)

Where:
•

A is the activity of the source.

•

Yield is the probability of emission per disintegration for a specific radionuclide.

•

Bin is the amplitude of each bin used in penEasy simulations.

Table 7.9 shows the results of the different cases using PENELOPE/penEasy simulations and
the eq. 7.1, MicroShield and the tool.

Table 7.9: Tool fluence values compared with PENELOPE/penEasy and Microshield simulations.

Cases
5m 0º 0mm
5m 53º 0mm
5m 0º 5mm
5m 53º 3mm
10m 0º 0mm
10m 0º 10mm
5m 0º 10mm

penEasy (1)
𝒄𝒎 𝒆𝑽−𝟏
𝒄𝒎−𝟐 𝒔−𝟏
3,01E-10
94,62
1,04E-10
32,72
1,67E-10
52,67
5,75E-11
18,10
7,07E-11
22,25
2,19E-11
6,89
9,31E-11
29,31
−𝟐

MicroShield (2)
𝒄𝒎−𝟐 𝒔−𝟏
96,48
34,03
50,88
18,20
22,85
6,7
28,59

Tool (3)
𝒄𝒎−𝟐 𝒔−𝟏
98,67
34,70
51,81
18,23
23,17
6,39
27,19

Rel. Error
1/3(%)
4,2
6,1
1,6
0,7
4,1
7,3
7,2

Rel. Error
2/3(%)
2,3
2,0
1,8
0,2
1,4
4,6
4,9

It can be seen that, in all the simulated cases, the tool gives a fluence value very similar to the
ones simulated and, consequently, it can be stated that the tool is well designed and will fulfill
the purpose for which it was created.
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7.4.2. Tool outputs
Figures 7.3, 7.4 and 7.5 plot 𝑁̇(𝑡), N of each reproduced spectrum starting at t = 0 and N of
each reproduced spectrum starting at t = T / 2, respectively. These outputs are those that will
help first, assessing the viability of a flight and, second, to have a source of comparison for
flights made in the future.

400
350

𝑁 ̇ (s-1)

300
250
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150
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0
0
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Figure 7.3: Detector's response net count rate time dependant.
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Figure 7.4: Photopeak area value for each gathered spectrum starting at t=0.
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Peak area value starting at t=T/2
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Figure 7.5:Photopeak area value for each gathered spectrum starting at t=T/2.

7.4.3. Viability study and “optimum” flights
The objective of this section is to carry out a basic study on the detectors in order to determine
the use of each one by delimiting the range of parameters of flight height 'H' and lead
attenuation 'hPb', maintaining the maximum opening angle at 60º. The detectors subject to this
study are those described in section 4.2.
This study is necessary because not all detectors can correctly detect radiation at all heights.
This is due to one of the following two reasons:
•

The detector does not have an efficiency high enough to distinguish the source from
background radiation.

•

The detector has an excessively high efficiency, which implies that, theoretically, it
would detect a very large number of counts and, in reality, the detector will have
very long idle times.
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After testing several values, the margins of action for each detector are presented below:
LaBr3

CZT 1500
1m

0 – 15 mm of lead

2m

10 – 15 mm of lead

2m

0 – 10 mm of lead

5m

0 – 15 mm of lead

5m

0 mm of lead

10 m

0 – 10 mm of lead

20 m

0 mm of lead

NaI 2x2

NaI 3x3

2m

15 mm of lead

5m

10 – 15 mm of lead

5m

0 – 15 mm of lead

10 m

0 – 15 mm of lead

10 m

0 – 10 mm of lead

20 m

0 – 10 mm of lead

20 m

0 – 5 mm of lead

50 m

0 mm of lead

Once the study is performed, optimal parameters have been chosen for each detector and
their comparison, using the created and validated tool, is shown below in figures 7.6 to 7.9.

CZT response
120,00
100,00

𝑁 ̇ (s-1)

80,00

60,00
40,00
20,00

0,00
0

1

2

3

4

5

6

Time (s)
1m, 5mm

2m, 0mm

Figure 7.6: Optimal sets of parameters for CZT detector and its response.
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LaBr3 response
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Figure 7.7:Optimal sets of parameters for LaBr3 detector and its response.

NaI 2x2 response
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Figure 7.8:Optimal sets of parameters for NaI 2x2 detector and its response.
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NaI 3x3 response
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100
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0
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Time (s)
5m, 15mm

10m, 10mm

20m, 5mm

Figure 7.9: Optimal sets of parameters for NaI 3x3 detector and its response.

Finally, the response of the NaI 3x3 detector at 50 m without attenuation for the three opening
angles (60º, 40º and 20º) is presented separately in figure 7.10. It can be seen that the flight
at 50 m should be done with an opening of 40º or 20º, since with the 60º there would be areas
that the detector would not be able to distinguish the source and the flight would be too long.

NaI 3x3 response
16
14

𝑁 ̇ (s-1)

12
10
8
6
4
2
0
0,00

20,00

40,00

60,00

80,00

100,00

120,00

140,00

160,00

180,00

200,00

Time (s)
60º

40º

20º

Figure 7.10: NaI 3x3 detector's response to a flight at 50 m without attenuation for different opening angles.
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8. Conclusions
The project has contributed to the development of a detection system installed on UAV’s. A
source has been designed, budgeted and the safety report written in order to be used in aerial
sites for calibration and comparison exercises. Currently, the purchase authorization
procedure is on-going.
Focusing on the partial objectives of this project, it can be stated that all have been completed
within the predicted schedule:
•

A methodology to determine the background radiation of any aerial site has been
demonstrated and proved in Pla del Vent and in Zaragoza aerial sites.

•

A point source has been designed in order to be used for calibrations and
measurements of gamma spectrometry detectors mounted in UAVs according to
the project requirements.

•

The shielding and the transport package have been specifically designed to fulfill all
the safety regulations. In addition, the shielding also satisfies the needs to perform
future flights sessions.

•

A detailed safety report has been elaborated in accordance with the stablished
regulations with the objective to be created for the source’s purchase’s
authorization.

•

Included in the safety report, one can find how all the specific regulations are
accomplished as well as all the possible accidents that can occur and the emergency
plan that must be followed in each case.

•

Finally, a tool has been created to support the future flight sessions and give a
prediction of what the mobile detection systems should show. In addition, some
“optimal” flights are proposed so that each detector can easily detect the source.
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9. Future work
Many things are pending yet to achieve the final goal of the European project, but here are
some activities that are out of the scope of the present project and are going to be done in the
near future:
•

In the same way a point source is designed in this project, a distributed source
should be designed too. The material proposed is the zirconium sand, with a much
lower activity than the Cs-137 source per kg. This implies a large quantity of sand to
get an activity big enough to be detected, and so many logistic problems appear.
For this reason and the lack of time, the distributed source design has been out of
the scope of this project.

•

The next step, leaving apart the distributed source, would be to follow up the
purchase source authorization, which will take some months until competent
organization gives it.

•

After getting the authorization, the purchase and reception of the source must be
done, and after it assemble the source into the shielding.

•

Finally, once the source is available, the first flight sessions with the ICARUS group’s
mobile detector system prototype should be performed. These flight sessions will
have the support of the tool developed in this project.
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10. Expected impact and Sustainability
10.1. Environmental impact
The mobile detection system offers a faster response in front of a nuclear accident. This will
permit to evaluate the potential damage and take more accurate decisions in a shorter period
of time, so the population affected will take less risk of exposure. The first intervention
personnel’s exposure will also be reduced dramatically due to the fact that it won’t be needed
to overfly the affected area with helicopters, but with UAV controlled from a certain distance.
In addition, this system offers the possibility to overfly the nuclear facilities and make periodic
measurements to make sure that the radiation leakage is within the stablished limits and, if
not, take the required actions.

10.2. Economic impact
The mobile detection system is not only faster that the conventional procedure, but also is
cheaper. In case of an accident, it will not be required to mobilize real helicopters with the first
intervention personnel inside, which is very expensive, but only to overfly the area with UAV.
In addition, due to the periodic measurements, nuclear facilities will be able to detect leakages
of radiation making possible a prompt reparation reporting much less money than repairing
after a more important event has occurred.

10.3. Social impact
The social impact is probably one of the most important secondary consequences of the
mobile detection system. Due to the periodic measurements, the population will be more
protected against any event and will help to achieve a better public opinion about nuclear
energy. This is because one of the negative issues that population fears is the one related to
the accident risk in nuclear facilities, reducing it due to prompt detections of radioactivity
leakage.
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10.4. Ethical impact
Because of the misuse of UAV systems, such as for war or spying purposes, the system object
of this project can be translated to an ethical debate. It will be very important to explain and
demonstrate that, if a good use is made, UAV system can be very beneficial for the whole
population and that it implies no risk for them.

10.5. Political impact
Due to the implementation of this new detection system and the new use of UAV systems,
some regulation laws will appear. The best way to do it would be to homogenize that
regulations in the European countries so that the mobile detection system would be capable
to operate in the same way in all countries.

10.6. Technological impact
Until now, the use of radiation detectors was limited to a static use, basically to detect
background radiation (almost always at 1 m height) and at laboratories. The use of the mobile
detection system implies to develop a better technology, mainly in the data transfer velocity
and treatment, which will be one of the trickiest issues of this project.

10.7. Epistemological impact
Thanks to the development of this new or better technology, it may be transferred to other
areas or sector and the use of detection systems will not be limited to static uses as mentioned
before.
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11. Project execution
11.1. Work schedule
In this section, the timing of the project and the relation between the different tasks are going to
be analysed. The activities have been splitted into 6 stages where:
•

STAGE 1 is referred to information gathering and knowledge recall.

•

STAGE 2 is the initial project activities related to background determination.

•

STAGE 3 is the most important part as the nucleus of the project is designed.

•

STAGE 4 refers to more bureaucratic issues.

•

STAGE 5 is a prediction of how detectors will interactuate with the source.

•

STAGE 6 is the thesis writing and presentation.

In the Gannt diagram, the timing of all the activities as well as its duration is presented
In the PERT diagram, the relation between the different tasks is established. The critical path is
marked in red and it means that if one activity of the critical path is delayed, all the project will be
too.
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11.1.1. Gannt diagram
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11.1.2. PERT diagram
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11.2. Budget
Now the following budgets of the project will be presented:
•

Source

•

Capsule without active element

•

Shielding

•

Shielding accessories

•

Transport package

•

Authorization (10% of Source + Shielding + Package or 1300)

•

Engineering work and travel expenses
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INTE - UPC

Att: Arnau Prats Bota
arnau.prats.bota@gmail.com

Hierro, 33
28045 Madrid
Tel.: 915 062 940
902 516 550
Fax: 915 394 330

emartin@nucliber.com
06 de marzo de 2018
OFERTA NÚMERO: 18-01-0027
En respuesta a su consulta sobre precios de producto de nuestra representada Eckert
& Ziegler adjunto le enviamos presupuesto esperando que sea de su interés.
Referencia
CS730110010M

Producto
Cs-137, 370MBq,(10mCi),+/-15% A3011-4-1 capsule
Longitud: 36,5 mm
Diámetro: 6,35 mm / 3/8 "HEX
Diámetro activo: 3,18 mm
Doble encapsulado
fuente de acero inoxidable
Clasificación ISO C66545

Precio
2.664,00 €

Und.
1

Precio Final
2.664,00 €

BB1.2-2

Contenedor de transporte
KT2 BB1.2-2 (8002) 3,2 kg

250,00 €

1

250,00 €

Misc-Ind

Medida de parte activa
con una tolerancia de 0,1 mm, por fuente

538,00 €

1

538,00 €

Precio Total (Sin IVA)

3.452,00 €

NOTA: La descripción de producto es informativa, se tomará como válida la referencia cuando no coincidan referencia y
descripción del producto.

Condiciones de la oferta:
I.V.A. 21 % no incluido.
Validez de la oferta: 30 días desde la fecha de esta.
Gastos de envío: Incluidos en la oferta.
Plazo de entrega estándar: 4-5 semanas tras formalizar el pedio de compra.
Condiciones de pago: Anticipado para cliente nuevo. Cliente habitual 45 días ff.
Para dar curso a su pedido, necesitamos los siguientes datos:
• Datos completos de facturación y entrega, incluyendo C.I.F.
• Unidades, precio y referencia
• Aceptación del nº de Oferta o adjuntando la misma firmada
Por correo-e: a pedidos@nucliber.com/Por fax: al número 915 394 330
Para cualquier consulta o aclaración no dude en contactar de nuevo con nosotros
Gracias por su confianza y reciba un cordial saludo.
Eduardo Martín
Delegado Comercial Área Industria

NUCLÍBER, S.A. Registro Mercantil de Madrid. H.9983, F. 1892, L 1288 S. 3ª C.I.F. A-28145720

INTE - UPC

Att: Arnau Prats Bota
arnau.prats.bota@gmail.com

Hierro, 33
28045 Madrid
Tel.: 915 062 940
902 516 550
Fax: 915 394 330

emartin@nucliber.com
23 de marzo de 2018
OFERTA NÚMERO: 18-01-0039

En respuesta a su consulta sobre precios de producto de nuestra representada Eckert
& Ziegler adjunto le enviamos presupuesto esperando que sea de su interés.

Referencia
Misc-Ind

Producto

Precio
540,00 €

Cap. 3011-4-1
Thread 8-32 UNC-3A
(non-radioactive).

Und.
1

Precio Final
540,00 €

Precio Total (Sin IVA)
NOTA: La descripción de producto es informativa, se tomará como válida la referencia cuando no coincidan referencia y
descripción del producto.

Condiciones de la oferta:
I.V.A. 21 % no incluido.
Validez de la oferta: 30 días desde la fecha de esta.
Gastos de envío: Incluidos en la oferta.
Plazo de entrega estándar: 3-4 semanas tras formalizar el pedio de compra.
Condiciones de pago: Anticipado para cliente nuevo. Cliente habitual 45 días ff.
Para dar curso a su pedido, necesitamos los siguientes datos:
• Datos completos de facturación y entrega, incluyendo C.I.F.
• Unidades, precio y referencia
• Aceptación del nº de Oferta o adjuntando la misma firmada
Por correo-e: a pedidos@nucliber.com/Por fax: al número 915 394 330
Para cualquier consulta o aclaración no dude en contactar de nuevo con nosotros
Gracias por su confianza y reciba un cordial saludo.
Eduardo Martín
Delegado Comercial Área Industria

NUCLÍBER, S.A. Registro Mercantil de Madrid. H.9983, F. 1892, L 1288 S. 3ª C.I.F. A-28145720

540,00 €

TECNIBUSA

pág.

PRESUPUESTO Nº 2582 13-03-2018
INTE – BLINDAJE FUENTE

POS

1.

1 de 1

CONCEPTO

IMPORTE

ALCANCE DEL PRESUPUESTO Y PRECIO.

2.485,00 €

PORTAFUENTES
Fabricado en plomo aleado con antimonio con un máximo del 3%, según
croquis enviados por Vds. por e-mail 20-02-2018.
Las asas en acero Inoxidable se colocarán en cuerpo del blindaje con 3
tornillos. En la tapa llevará asa de material plástico con 2 tornillos

IMPUESTOS.

2.-

No incluidos en precio. Cuantía 21% IVA.

TRANSPORTE.

3.-

Incluido en precio a sus instalaciones.

FORMA DE PAGO.

4.-

30% al Pedido.
Resto a 30 días f.f..
5.-

PLAZO DE ENTREGA.

De 3 a 4 semanas desde Aceptación Pedido.

www.tecnibusa.com

tecnibusa@tecnibusa.com

Telfno. 947 17 20 90

Fax 947 17 01 11

TECNIBUSA

pág.

PRESUPUESTO Nº 2582 COLIMADOR
INTE – COLIMADOR

POS

1.

1 de 1

20-03-2018

CONCEPTO

IMPORTE

ALCANCE DEL PRESUPUESTO Y PRECIO.

995,00 €

COLIMADOR
Suministro en plomo aleado con antimonio con un máximo del 3%, según
croquis enviados por Vds. por e-mail 20-02-2018, para:
• Colimador.
• Disco 20º
• Disco 40º
• Disco 60º
• 3 Ud. Atenuador
• 4 Ud. Barra soporte en acero.

IMPUESTOS.

2.-

No incluidos en precio. Cuantía 21% IVA.

TRANSPORTE.

3.-

Incluido en precio a sus instalaciones.

FORMA DE PAGO.

4.-

30% al Pedido.
Resto a 30 días f.f..

5.-

PLAZO DE ENTREGA.

De 3 a 4 semanas desde Aceptación Pedido.

www.tecnibusa.com

tecnibusa@tecnibusa.com

Telfno. 947 17 20 90

Fax 947 17 01 11
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11.2.1. Budget summary
Concept

Unit price (€)

Units

Price (VAT not included)

VAT (%)

Price (€)

3.452,00
540,00
2.485,00
995,00
544,63

1
1
1
1
1

3.452,00
540,00
2.485,00
995,00
544,63

21
21
21
21
21

4.176,92
653,4
3.006,85
1.203,95
659,00
9.700,12

1.300,00

1

-

-

1.300,00

Goods acquisition
Source
Capsule without active element
Shielding
Shielding accessories
Transport package
TOTAL
Administrative procedures
source purchase authorization (10% of
Source + Shielding +Transport package
or a minimum of 1300 €)
TOTAL
Engineering work
Junior engineer
Senior/Advisor
TOTAL

1.300,00
12,00 €/h
30,00 €/h

500 h
100 h

-

-

6.000,00
3.000,00
9.000,00

50,64
60

2
2

101,28
-

10
-

111,40
120,00
231,40

Travel expenses
Girona - Zaragoza - Girona AVE
Trip to Pla del vent by car
TOTAL

TOTAL

20.231,52 €
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