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1 ABSTRACT

1 Abstract

This work addresses the study of the response of ionization chambers and fis-
sion chambers that will be used to characterize gamma and neutron radiation passing
through the STUMM-PROTO device. These investigations are carried out in a pre-
irradiation stage of samples at the International Facility for Material Irradiation for
Neutron Source Oriented to DEMO Fusion (IFMIF-DONES).

The main results of experimental tests conducted by the manufacturer before distribut-
ing the detectors have been examined, leading to conclusions about individual and
general properties. It has been observed that electrical properties, such as leakage
current and electrical resistance, are affected by temperature. Additionally, a direct re-
lationship between the sensitive volume of the detector and the I-V characteristic has
been identified. Regression models have been analyzed and developed to establish the
relationship between radiation intensity and ionization intensity.

Keywords: Detectors, fission chambers, ionization chambers, IFMIF-DONES, data anal-
ysis.

En este trabajo, se ha abordado el estudio de la respuesta de las cAmaras de ionizacion y
las cdmaras de fision que serdn utilizadas para caracterizar la radiacién gamma y neu-
trénica que atravesard el dispositivo STUMM-PROTO. Estas investigaciones se llevan
a cabo en una etapa previa a la irradiaciéon de muestras en la Instalaciéon Internacional
de Irradiaciéon de Materiales para Fuentes de Neutrones Orientadas a la Fusion DEMO
(IFMIF-DONES).

Se han examinado los principales resultados de las pruebas experimentales realizadas
por el fabricante antes de distribuir los detectores, y se han obtenido conclusiones so-
bre propiedades individuales y generales. Se ha observado que propiedades eléctricas,
como la corriente de fuga y la resistencia eléctrica, se ven afectadas por la temperatura.
Ademas, se ha identificado una relacion directa entre el volumen sensible del detector
y la caracteristica I-V. Se han analizado y desarrollado modelos de regresion para la
relacién entre la intensidad de la radiacion y la intensidad de ionizacién.

Palabras clave: Detectores, cAmaras de fisiéon, cdmaras de ionizaciéon, IFMIF-DONES,
Analisis de datos.



2 Introduction

Fission and ionisation microchambers are radiation sensors used in fission nuclear
power plants for monitoring and diagnosing thermal neutron fluxes in the relevant ar-
eas of the reactor. In IFMIF-DONES such detectors will be used in a different range,
focusing on energies above 1 MeV (fast neutrons). In addition, the high spatial den-
sity in the arrangement of these sensors has meant that they have had to be custom-
developed with a miniaturised size.

This type of neutron sensor has several constraints to take into account:

¢ To generate a current proportional to the neutron flux, they use a few micrograms
of uranium which, on receiving the neutron, generates a particle that interacts
with a gas inside it, which in turn releases an electron, which can be measured
with an electrometer.

¢ The small amount of uranium, according to radioprotection standards, makes it
necessary to maintain a storage and safekeeping protocol that makes it impossi-
ble for unqualified operators to tamper with it.

* To excite the sensor without activating it, X-rays are used to ionise the gas that
triggers the generation of electrons. In this way, the sensor can be partially char-
acterised.

* The level of current they generate is very small, in the order of 1077 A (nA).

¢ In addition, if the sensor were exposed to the neutron flux, the metallic parts of
the sensor would be permanently activated so that its use would not be permitted
by radiation protection regulations.

Taking these limitations into account, this master’s thesis proposes a detailed study
of the acceptance procedure to which the sensors have been subjected. The aforemen-
tioned acceptance process has been carried out at the manufacturer’s facilities, since
the UGR does not have the X-ray generator facilities in operation. The acceptance pro-
cess consisted of carrying out different tests to check, using only X-rays, that the neu-
tron sensor manufactured for the radiation levels expected in IFMIF-DONES would
behave in a linear way under these circumstances.

The interest of the work lies in the fact that the neutron sensors to be studied have been
specially manufactured for IFMIF-DONES and there are no others of such a small size
as the ones proposed to be characterised. The data set obtained from measurements at
the Photonis manufacturer’s facility in France has been documented by hand for each
of the sensors measured. It is necessary to convert all data written in the acceptance
documents into digital format in order to be able to manipulate them numerically.

2.1 Objetives

* Develop a theoretical study of the mode of operation of sensors, in pulsed mode
and continuous mode from the literature.
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¢ Follow up on the acceptance plan developed at the manufacturer’s site for these
sensors and establish the measurement protocol to be carried out at the UGR
when the X-ray generator is operational again.

To analyse all the data obtained during the acceptance process where an X-ray
source has been used to excite the sensors and not to generate activation in the
metals that make up the sensors. Comparisons will be made of the behaviour of
the set of sensors.

— Test1: I (current) vs. V (voltage) characteristic [current generated by the sen-

sor for a range of bias voltage, at an X-ray radiation level] of the detectors.
Description of the procedure/equipment used during the measurements.
Development of a Python algorithm to process the data from the different
neutron sensors.

Test 2: I(current) vs. X-ray flux characteristic (current generated by the sen-
sor, for a bias voltage, over a range of X-ray flux). Description of the pro-
cedure/equipment used during the measurements. Realisation of an algo-
rithm in Python that performs the processing of the data from the different
neutron sensors.

Test 3: Attenuation as a function of frequency. Procedure for characterisa-
tion of the coaxial cable linking the sensors to the data acquisition system.
The measurement setup-up proposed by the manufacturer shall be analysed
and the circuit equivalent of the experiment shall be studied in order to anal-
yse the results provided by the manufacturer.

Test 4: Impedance measurement using a reflectometer. In order to detect
problems in the high insulation mineral dielectric coaxial cable, it is pro-
posed to use the reflectometry technique and for this purpose, the procedure
to be carried out and how the data would be processed once the manufac-
turer sends the rest of the sensors will be detailed.

Test 5: Measurement of the leakage current in the detector’s mineral ca-
ble, both at room temperature and at 350°C: This is a key parameter for the
good performance of the detector, which generates modest current signals,
around tens of nA minimum. If the insulation is not of very high quality, the
leakage currents can be so high that they mask the signal produced in the
detector.

¢ Study to determine the optimum polarization voltage of the different micro-
chambers.

2.2 Context

The IFMIF-DONES facility is a project aimed at producing a powerful stream of

neutrons with a fusion-like spectrum, and is designed to test sample materials up to
a dose corresponding to the expected end of life of DEMO. This stream of neutrons
will be generated by one deuteron accelerators (and it is expected to be expanded to
two accelerators in the future), which will be used to target a liquid lithium screen as
shown in the figure 1.
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Figure 1: Neutron flux creation line at IFMIF-DONES. [20
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The facility is based on a 40 MeV, 125 mA (each acelerator) continuous wave deuteron
accelerator, which will produce a beam with an average power of 5 MW. The beam will
be shaped with a rectangular size of approximately 20 cm x 5 cm, and will hit a liquid
lithium screen target flowing at 15 m/s. This process will generate a flux of neutrons
of 1014 1 -, with a broad peak at 14 MeV, through stripping nuclear reactions. These
reactions will reproduce the expected conditions of fusion power plants.

A more general schematic can be seen in Figure 2, which shows not only an accelera-
tor but also the complexity of the facility, which includes test facilities, post-irradiation
facilities, a system for purifying the lithium that gradually loses purity, a system for
extracting heat from the liquid lithium among others.
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Figure 2: Schematic of the main facilities of the neutron irradiation line at IFMIF-DONES. [5]
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The building envisaged to house this facility is shown in figure 3.

Figure 3: Planned building where all facilities will be installed at IFMIF-DONES. [5]

It can be difficult to monitor the neutron flux during irradiation in the test Cell due
to the following reasons:

* Long-term irradiation lasting for a year is expected, during which there will be
no access to the cell for maintenance or monitoring.

* The high neutron flux of 10 —L— on the samples with temperatures of 250-
550°C, poses a serious challenge for any type of detector.

For this reason, the behaviour of the detectors will be studied before the characterisa-
tion of the radiation beam [9].

2.21 High-Flux Test Module

The test cell of IFMIF is a protected volumen where the lithium source and test mod-
ules are located. The available irradiation volume has been divided into a high-flux
test module (HFTM) for structural materials irradiation; a medium-flux test module
(MFTM) for tritium release and creep fatigue experiments as well as low flux regions.
The reference design of the HFTM consists of twelve irradiation rigs, which contain
the test specimens. Figure 4 shows a detail of the test cell, including the test modules
and the lithium target (for futher explanation see [11] and [10]).

10



2.2  Context

b) o} e} = 32\ .
\_\Iithium intet-tube{ [ A
- | / test-cell
3 I o plugs °
0 o N ; and
lithium target e shielding ©
o cut free of the
lithium stream - "r\ ‘- (@]
and deuteron T
O | beam \ ‘\\\\ o}
a\ral S : graphite
0 ; il N shielding o
o o
0 D concrete_L—" ’O
Fa | B shielding
! O 0 steel liner
Y o
-
& low flux test modul o)
o : medium flux test modules
7 . , O
" < < high flux test modul

Figure 4: Schematic showing a close-up view of the test cell’s interior, which features the test modules
and the lithium target. [8]

2.2.2 Start-Up Monitoring Module

To understand the effects of neutron radiation on the materials being tested, the
experiment must be conducted with a full understanding of the characteristics of the
neutron beam in which the materials will be submerged. This need to understand the
neutron beam is justified when seeking to establish a cause-and-effect relationship for
irradiated materials. To achieve this, there will be an initial phase of neutron beam
and accompanying photon beam (among other types of radiation) characterization,
generated by the nuclear reaction between deuterium and lithium. A set of detectors,
including ionization chambers (sensitive to photons) and fission chambers (sensitive
to neutrons and photons), will be installed in a module called STUMM figure 5. The
STUMM module aims to be as similar as possible to the HFTM, in order to know the
neutron and photon flux in a similar geometry and with similar materials to those in
the test materials when they are exposed to the radiation beam.

-4
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] M i e

el e
‘ ‘
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IF

‘k
I

y/

Figure 5: Configuration of the IFMIF-DONES STUMM. [6]
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The STUMM will be equipped with various types of detectors, including miniatur-

ized ionization chambers (IC) and fission chambers (FC). The total number of IC and
FC units will reach 120 between the two types, and they will be responsible for detect-
ing photons and neutrons with energies on the order of MeV (the neutrons produced
in nuclear fusion are approximately 14 MeV). The fact that the energy of the neutrons
is on the order of MeV presents a problem, as FC ans IC are designed to detect neu-
trons produced in nuclear reactors where the neutrons have energies lower than 1 MeV
(usually thermal neutrons, with energies on the order of meV).
Because the expected energy of the neutrons produced in IFMIF-DONES is 9 orders
of magnitude higher than the energy of thermal neutrons, it is necessary to verify the
proper functioning of the IC and FC when the energy of the particles they will de-
tect exceeds by several orders of magnitude the average energy for which they were
designed.

2.2.3 Start-Up Monitoring Module - Prototipe

The testing phase of the IC and FC will be carried out in a module that will be very
similar to the STUMM, with the aim of studying the behavior of the detectors under
the most similar circumstances possible to when the neutron and photon beams are
characterized.

The new module that will be used to verify the proper functioning of the detectors
is called the Start-Up Monitoring Module - Prototype (STUMM-PROTO), and it will
house a quarter of the IC and FC units that the STUMM will use to characterize the
neutron and photon beams. Specifically, it will house:

¢ 15 gamma ionization chambers.
¢ 15 Fission chambers:

— 9 current mode 23U FC
— 3 current mode 23°U FC

— 3 pulse mode #%U FC

The STUMM-PROTO will have fewer detectors than the STUMM, but it will be equally
densely populated with detectors, which means that a portion of its volume will be un-
occupied (empty). This is done to study the behavior of detectors when they are very
close to each other (which is how they will be in the STUMM) and to be able to de-
tect unwanted interactions between them in case they occur, as they would then give a
spurious contribution in the output signal.

12



3 Theoretical framework

3.1 Simplified detector model

We start by considering an imaginary detector that is exposed to some form of ra-
diation. Initially, we concentrate on the impact of a solitary particle (or quantum of
radiation) within the detector. This could be an individual gamma-ray photon or a
single alpha particle, for instance. For the detector to react, the radiation must interact
through one of the mechanisms in which it interacts with matter. In practical scenarios,
the time it takes for the interaction (or stopping time) is extremely short, usually in the
order of a few nanoseconds in gases or a few picoseconds in solids. As a result, the
deposition of energy from the incoming particle can be considered instantaneous.

The interaction of radiation with a detector results in the generation of electric charge
within the active volume of the detector. Our simplified detector model assumes that
this charge Q is generated instantaneously at time ¢t = 0 due to the interaction of a
single particle. Next, this charge must be collected to form the basic electrical signal.
Typically, this is achieved through the application of an electric field within the detec-
tor, causing the positive and negative charges to move in opposite directions. The time
required for the whole electric charge to be collected varies between detectors due to
differences in charge carrier mobility and the average distance traveled to reach collec-
tion electrodes. Collection times can range from a few nanoseconds in semiconductor
diode detectors to several milliseconds in ion chambers.

To model the response of a detector to radiation, we start with a simplified detector
that produces a current when exposed to a single particle. This current lasts for the
duration of the charge collection time, which varies depending on the detector type.
An example of the current response over time is shown in figure 6, with f, indicating
the charge collection time.

A
i(t)

te
Q= [ityar

time
-

>

te

Figure 6: Intensity across the detector as a function of the time
of a single detection.

The total charge Q produced in the interaction must be equal to the integral of the
current over the entire duration of the electric signal (1).

In practical scenarios, multiple particles interacts with the detector over a period of

13
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time. At high irradiation rates, the resulting current may be a combination of currents
from multiple interactions occurring simultaneously. However, for the purpose of this
discussion, we assume that the irradiation rate is low enough that each interaction
generates a distinguishable current pulse. The magnitude and duration of each pulse
depend on the type of interaction, and a representation of the current that flows in the
detector at a particular moment can be illustrated as depicted in figure 7.

m time

Figure 7: Intensity across the detector as a function of time of multiple detections.

It is crucial to keep in mind that the time intervals between current pulses are ran-
domly distributed due to the fact that the arrival of radiation quanta follows Poisson
statistics, which is a stochastic process.

3.2 Modes of detector operation

We can now introduce a fundamental distinction between three general modes of
operation of radiation detectors. Those are: pulse mode, current mode, and mean
square voltage (MSV) mode, also known as Campbell mode. The most commonly
used mode is pulse mode, but current mode is also widely used. MSV mode is only
used in specialized applications due to its unique characteristics. Despite their opera-
tional differences, all three modes depend on the sequence of current pulses generated
by the detector. Since the detectors relevant to this work are intended to be used in
pulsed and current mode, only these will be presented.

Pulse mode operation records each individual interaction of radiation in the detector.
In this mode, the measurement equipment measures the time integral of each burst of
current or the total charge Q, which is directly related to the energy deposited in the
detector. This mode is essential for detectors used in radiation spectroscopy to mea-
sure the energy of individual radiation quanta.

In certain situations, a more straightforward method may be appropriate for the mea-
surement needs: only pulses above a certain threshold are detected by the measure-
ment equipment, regardless of the charge value Q. This technique is commonly re-
ferred to as pulse counting. It can be advantageous in numerous applications where
the focus is solely on the radiation intensity, rather than the energy distribution of the
incoming radiation.

When the event rate becomes very high, using pulse mode operation may become diffi-
cult or impossible. The time between events may be too short to analyze or the current

14



3.2 Modes of detector operation

pulses from different events may overlap. In these situations, alternative measurement
techniques can be used that respond to the time average taken over many events. This
leads to the two other modes of operation: current mode and mean square voltage
(MSV) mode.

3.2.1 Current mode

In the diagram provided below, we illustrate the connection of a current measure-
ment device, such as an ammeter, to the output terminals of a radiation detector.

—o
Detector @
—o0

Figure 8: Detector and Am-
peremeter

time
n

>

Figure 9: Multiple detections and the current recorded by the ampereme-
ter
Assuming that the measuring device has a constant response time T, the recorded sig-
nal from a series of events will be a time-varying current represented by the following
expression:

t
I(t) = :lr/t_Ti(t’) at @)

Due to the relatively long response time T of the measuring device compared to the av-
erage time between individual current pulses from the detector,the effect is to average
out many of the fluctuations in the intervals between individual radiation interactions,
and to record an average current that depends on the product of the interaction rate
and the average charge per interaction. In current mode operation, this time-averaged
current from the individual bursts becomes the fundamental signal that is recorded.

At any given moment, there is a statistical uncertainty present in this signal caused
by the random variations in the arrival time of events. Consequently, selecting a larger
value for T will reduce the statistical fluctuations in the signal. However, it will also
result in a slower response to rapid changes in the rate or characteristics of the radia-
tion interactions.

The average current is given by the product of the event rate and the average charge
produced per event.

E
I = = 7r—
0 =rQ=ryzq 3)
where;
* r = event rate
* Q = Eq/W = charge produced for each event

e E = average energy deposited per event
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* W = average energy required to produce a unit charge pair (e.g., electron-ion
pair)

e g=16x10"1C

For steady-state irradiation of the detector, the average current can be expressed as the
combination of a fixed current Iy and a time-varying fluctuating component o;(t), as
illustrated in the diagram below.

)A oi(t)

time

|

Figure 10: Intensity composed of the sum of two components.

The variable 0;(t) represents a random and time-dependent component that arises
due to the inherent randomness of radiation events interacting within the detector.

The variance or mean square value is a statistical measure of the random component
and is defined as the average of the square of the difference between the fluctuating
current I(f) and the average current Iy. This mean square value can be calculated us-
ing the following equation

1 t / / 1 t / /
d0 =1 [ 1¢)-L*ar =1 [ oAy @

and the standard deviation follows as

or(t) = \/ o2 (t) ()

Based on Poisson statistics, it is important to remember that the standard deviation
in the number of recorded events, 1, during a specific observation period is typically

expected to be
On = ﬁ (6)

Hence, the standard deviation in the number of events happening at a rate  within a
given effective measurement time T can be expressed as

On = \/ﬁ 7)

If all pulses contribute an equal amount of charge, the relative standard deviation in
the measured signal resulting from random variations in the arrival times of the pulses
can be calculated as

or(t) _ on
Iy

(8)
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3.2 Modes of detector operation

In this equation, o (t) represents the average of the standard deviation in the measured
current over time, T is the response time of the ammeter, and I is the average current
displayed on the meter. This relationship is valuable for assessing the uncertainty as-
sociated with a current mode measurement.

It is important to recognize that equation (8) assumes a constant charge (Q) produced
in each event. Consequently, the equation accounts for random fluctuations in pulse
arrival time but not for variations in pulse amplitude. Nevertheless, in many applica-
tions, the impact of these amplitude fluctuations on the overall variance of the signal
is minimal, allowing the general findings of the equation to remain valid.

3.2.2 Pulse mode

When examining different uses of radiation detectors, we observe that current mode
operation is employed in situations where event rates are exceedingly high. Addi-
tionally, detectors utilized for radiation dosimetry typically operate in current mode.
On the other hand, MSV mode proves valuable in amplifying the response to events
with significant amplitudes, making it commonly applied in reactor instrumentation.
Nevertheless, for most applications, it is more advantageous to retain information re-
garding the amplitude and timing of individual events, which can only be achieved
through pulse mode operation.

The characteristics of the signal pulse generated by a single event rely on the input
properties of the circuit to which the detector is connected, typically a preamplifier.
This circuit can be commonly depicted as illustrated below.

O R

c | R

Detector

<
—
~
—

O -

Figure 11: Detector connected in parallel with resistor and capacitor.

In the given context, R represents the input resistance of the circuit, while C repre-
sents the combined capacitance of the detector and the measuring circuit. For instance,
if a preamplifier is connected to the detector, R corresponds to its input resistance, and
C represents the total capacitance of the detector, the connecting cable, and the input
capacitance of the preamplifier. The voltage V(t) across the load resistance, which
varies with time, serves as the fundamental signal voltage for pulse mode operation.
There are two distinct operational extremes determined by the relative value of the
time constant of the measuring circuit, which is calculated as the product of R and C,
denoted as T = RC, according to basic circuit analysis.

3.2.2.1 Case 1. Small RC (7 > t,)

In this scenario, the external circuit is designed with a small time constant com-
pared to the charge collection time. As a result, the current passing through the load
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resistance R closely resembles the instantaneous current in the detector. The corre-
sponding signal voltage V (t), generated under these circumstances, exhibits a wave-
form that closely resembles the temporal behavior of the current produced within the
detector, as depicted in figure 12.b. Radiation detectors are occasionally operated in
such conditions when prioritizing high event rates or precise timing information over
accurate energy measurements.

3.2.2.2 Case 2. Small RC (T < t,)

The more prevalent approach is to operate detectors in the opposite extreme, where
the time constant of the external circuit greatly exceeds the charge collection time of the
detector. In this situation, minimal current flows through the load resistance during the
charge collection period, and the detector current is temporarily accumulated on the
capacitance. Assuming that the time gap between pulses is significant, the capacitance
subsequently discharges through the resistance, causing the voltage across the load
resistance to return to zero. This pattern of the signal voltage V (t) is depicted in figure
12.c.

(a)
: time
| |
fg I Case 1: RC < t, (b)
V() 1 .
; i V(t)=Rt)
1 1
| |
a a
i i time
! !
1 1
f; . Case 2: RC >t, (C)
V()] i
( i i Vmu.’lr = Q/C
1 1

Figure 12: (a) The assumed current output from a hypothetical detector. (b) The signal voltage V(t) for
the case of a small time constant load circuit. (c) The signal voltage V(t) for the case of a large time
constant load circuit.

In the case of pulse-type operation of detectors, the more common scenario is when
the time constant of the load circuit is much larger than the detector’s charge collec-
tion time. It is important to draw some general conclusions from this. Firstly, the time
it takes for the signal pulse to reach its maximum value is solely determined by the
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charge collection time within the detector itself. The external or load circuit properties
do not influence the rise time of the pulses. However, the decay time of the pulses, or
the time it takes for the signal voltage to return to zero, is determined only by the time
constant of the load circuit. This means that the leading edge of the pulse depends
on the detector, while the trailing edge depends on the circuit. This generalization
holds true for a wide range of radiation detectors operating under the condition where
RC > t..

Secondly, the amplitude of the signal pulse, represented as Vj;;,y in figure 12.c, is sim-
ply determined by the ratio of the total charge Q generated within the detector during
a radiation interaction to the capacitance C of the load circuit. Since the capacitance is
typically fixed, the amplitude of the signal pulse is directly proportional to the charge
produced within the detector. This relationship can be expressed by the simple equa-
tion

Vinax = Q/C (9)

Therefore, when a detector operates in pulse mode, it produces a series of individual
signal pulses, each representing the outcome of a single interaction between a radi-
ation quantum and the detector. By measuring the rate at which these pulses occur,
we can determine the rate of radiation interactions within the detector. Additionally,
the amplitude of each pulse indicates the amount of charge generated during each
interaction. It is common to analyze the distribution of these pulse amplitudes, as it
can provide insights into the incident radiation. For example, if the charge Q is directly
proportional to the energy of the radiation quantum, the recorded distribution of pulse
amplitudes will reflect the corresponding energy distribution of the incident radiation.

According to Equation (9), the relationship between V,;,,x and Q is valid only if the ca-
pacitance C remains constant. In most detectors, the capacitance is determined by the
physical characteristics of the detector, and it remains constant under normal operating
conditions. However, in certain types of detectors, such as semiconductor diode de-
tectors, the capacitance may vary with changes in operating parameters. In such cases,
events with the same charge Q may result in voltage pulses of different amplitudes.
To preserve the essential information provided by the magnitude of Q, a preamplifier
circuit called a charge-sensitive configuration is commonly used. This circuit employs
teedback to minimize the impact of capacitance variations and restore the proportion-
ality between the output amplitude and the charge Q, even when C may change. While
the simple RC representation shown at the beginning of this section is no longer accu-
rate for this preamplifier configuration, the principle of collecting the current pulse
across a capacitance and discharging it through a resistance remains valid.

Pulse mode operation is a preferred choice for most radiation detector applications due
to several inherent advantages over current mode. Firstly, pulse mode offers higher
sensitivity, often by several orders of magnitude, as each individual radiation quan-
tum is detected as a distinct pulse. This allows for lower limits of detectability deter-
mined by background radiation levels. In contrast, current mode may require a much
higher average interaction rate in the detector to achieve the same level of detectability.

The second and more significant advantage of pulse mode is that each pulse carries
valuable information, which is often essential for specific applications. In both current
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and MSV mode, this information on individual pulse amplitudes is lost, as all inter-
actions, regardless of their amplitudes, contribute to the average measured current.
Pulse mode preserves the amplitude information of each pulse, allowing for analysis
and utilization of this data in various applications.

Due to these inherent advantages, the field of nuclear instrumentation heavily focuses
on pulse circuits and pulse-processing techniques.

3.3 Background in Neutron Detectors

The natural background radiation contains neutrons, and any neutron detector will
exhibit some level of response to these neutrons. For instance, a large-volume 3He
tube can easily register several counts per minute from the typical background ra-
diation. The origins of these neutrons can be attributed to various sources, including
those produced in the upper atmosphere through spallation reactions primarily caused
by high-energy cosmic particles, such as protons. Additionally, secondary neutrons
can be generated later in a cascade process either in the lower atmosphere or in the
vicinity of the measurement location. The energy spectrum of these neutrons typically
encompasses both slow and fast neutrons, with the highest energies extending into
the hundreds of MeV range. Figure 13 illustrates a graph of measured background
neutron spectra, which includes measurements taken at sea level and at various high
altitudes. The spectrum observed at sea level demonstrates an increase in the slow
neutron component, which arises from the thermalization of higher energy neutrons
within the Earth and other nearby materials.
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Figure 13: Measured energy spectra of back ground neutrons at ground level and several high altitudes.
These spectra typically show peaks at several MeV and around 100 MeV. The ground level spectrum
includes a peak at the left from thermalized neutrons.[30]

The absolute level of background neutrons at sea level shows significant variations
across different locations worldwide. These variations are primarily influenced by the
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magnetic shielding effect of the Earth, which causes fluctuations in the flux of ener-
getic protons in the atmosphere based on the geomagnetic latitude. The neutron flux
also depends on the specific materials present in the vicinity of the measurement site.
The estimated flux values for neutrons at sea level range from around 30 to several
hundred neutrons per square meter per second, depending on the global location and
the characteristics of the nearby materials. One study [15] suggests a typical value of
approximately 120 neutrons per square meter per second for ground-level measure-
ments near sea level in the United States, while mountainous regions at high altitudes
can exhibit values 10 to 20 times higher [28].

The impact of nearby materials on neutron measurements is often referred to as the
"ship effect," which originated from early observations made when neutron monitors
were brought aboard ships. It was widely noted that the measured neutron rate signif-
icantly increased compared to measurements taken over adjacent water. This increase
in neutron background can be attributed to the local production of secondary neutrons
in the massive steel structures of the ships. While some of these local neutrons may
result from interactions with cosmic-ray muons, the majority appear to be generated
by fast neutrons through additional spallation, knock-on, and other nuclear processes.
This enhancement is not limited to steel but is also observed near other heavy materi-
als such as lead. The magnitude of this effect seems to be directly proportional to the
concentration of neutrons in the nuclei of the nearby material.[14]

3.4 Detectors based on fast neutron-induced reactions

Its is needed to detect not only if a neutron is passing by, but also its energy. This
means that we can not rely on the slowing down of a fast neutron in a moderating
material before its detection as a thermal neutron. The moderating process eliminates
all information on the original energy of the fast neutron and normally cannot be used
if an attempt is made to extract energy information. Moreover, the detection process
is usually slow, as the neutron needs to undergo multiple collisions with moderator
nuclei before the detection signal is generated, which can take a significant amount of
time (that may take tens or hundreds of microseconds).

To overcome these limitations, it is possible to make the fast neutron directly induce
a suitable nuclear reaction without the moderation step. This would allow the reac-
tion products to have a total kinetic energy given by the sum of the incoming neutron
kinetic energy and the Q-value of the reaction. By measuring the reaction product en-
ergies, the neutron energy can be determined by simple subtraction of the Q-value.
Additionally, the detection process can potentially be fast, as the incoming fast neu-
tron typically spends only a few nanoseconds in the active volume of the detector, and
a single reaction can provide a detector signal.

However, the cross sections for typical fast-neutron-induced reactions are orders of
magnitude lower than the corresponding thermal neutron cross sections. Thus, detec-
tors based on this method will inevitably show a much lower detection efficiency than
their thermal neutron counterparts.[14]
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3.5 Types of detectors

3.5.1 Ionisation process

When ionizing radiation interacts with air or any other matter, it creates ions by
releasing an orbital electron from a neutral air molecule, see figure 14.

The resulting ion pair includes a

negatively charged electron and a

positively charged molecule. This Free electron
process occurs regularly due to ra-

diation from natural and cosmic 0220

sources. Typically, the positively  Eneray 9
charged ion will recombine with ®
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Figure 14: Ionization diagram.
When ionizing radiation interacts with air or any other matter, it creates ions by releas-
ing an orbital electron from a neutral air molecule, see figure 14. The resulting ion pair
includes a negatively charged electron and a positively charged molecule. This pro-
cess occurs regularly due to radiation from natural and cosmic sources. Typically, the
positively charged ion will recombine with a free electron, and the previously liberated
electron will recombine with another positively charged ion.

The roentgen (R) is the basic unit of measurement for gamma and x-ray radiation ex-
posure, and it indicates the degree of ionization in dry air. Specifically, one R is equal
to the creation of 2.082 x 10° ion pairs in 1 cubic centimeter of dry air at standard tem-
perature and pressure. In terms of exposure rate, a radiation field of one R per hour
generates 2.082 x 10° ion pairs every hour. The number of ion pairs generated is also
proportional to the energy of the original photon.

When a voltage is applied to two electrodes within a chamber filled with gas, the ion
pairs components are drawn towards the electrode with the opposite charge. The neg-
atively charged electrons, or negative ions, are attracted to the positive electrode, or
anode, while the positively charged ions, or remaining molecules, are drawn towards
the negative electrode, or cathode. However, because the positive ion is significantly
more massive than the negative ion, its movement is restricted and can be disregarded.
An electrical current is then generated by the movement of electrons to the anode. This
instrument is an ionisation chamber.

3.5.2 Ionisation chamber

An ionization chamber uses an electrically conductive container as the cathode to
isolate a gas volume. The chamber includes an electrically insulated anode electrode at
its center. Applying a low voltage to the chamber creates an electric field, initiating ion
flow and generating an electrical current. Gradually increasing the voltage will even-
tually cause every negative ion to be attracted to and collected by the anode, which
is referred to as the saturation level or Griger-Mueller region. The saturation voltage
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required may vary for different radiation levels. The key is to maintain a voltage high
enough to achieve saturation but low enough to avoid the proportional region. Figure
15 is a schematic diagram showing the primary components of a basic ion chamber.
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Figure 15: Schematic of a cylindrical ionisation chamber. [22]

The different regimes in which the ionisation chambers can operate depending on
the value of the voltage applied to them are shown in the figure 16.
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Figure 16: Regions of gaseous ionization detectors.
https://www.radiation-dosimetry.org/wp-content/uploads/2019/12/
Gaseous-Ionization-Detectors-Regions-min.png

Note that saturation voltage in an ionization chamber is unrelated to saturation in
a G-M detector, and the use of the same term is coincidental.

The flow of electricity, measured in amperes, indicates the number of electrons that
move past a specific point in an electrical circuit within a certain amount of time. One
ampere corresponds to 6.281 x 10'® electrons passes through a point on a circuit in
1 second. 2.082 x 10° electrons generated in 1 cm® of dry air would generates a cur-
rent of only 9.208 x 10~ 4 amperes for every cubic centimeter of chamber volume. In
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a typical hand-held ion chamber with a detector volume of approximately 300 cubic
centimeters, the current flow would be 27.62 x 10~12 amperes. This level of current
is extremely small and challenging to measure precisely. Hence, ion chambers are not
generally utilized to measure low levels of radiation. To overcome this obstacle, the gas
in the chamber volume can be pressurized to increase its density and create more inter-
actions with the incoming radiation, resulting in a larger current for a specific amount
of photons. [13]

3.5.2.1 The Ionization Current

In the presence of an electric field, the drift of the positive and negative charges rep-
resented by the ions and electrons constitutes an electric current. If a certain amount of
gas is continuously exposed to radiation, the rate at which ion pairs are formed remains
constant. For any small test volume of the gas, this rate of formation will be exactly
balanced by the rate at which ion pairs are lost from the volume, either through recom-
bination or by diffusion or migration from the volume. Assuming recombination is
insignificant and all charges are efficiently collected, the resulting steady-state current
becomes a precise indicator of the ion pair formation rate within the tested volume.
Measurement of this ionization current is the basic principle of the de ion chamber.

The diagram presented in figure 17 demonstrates the fundamental components of a
simple ion chamber. A certain amount of gas is contained within an area where an
electric field can be generated by applying an external voltage.At equilibrium, the cur-
rent flowing in the external circuit will be equal to the ionization current collected at
the electrodes, and a sensitive ammeter placed in the external circuit can therefore mea-
sure the ionization current.

Incident radiation
particle

QO Ionisation event

e +Jon
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Figure 17: Schematic of how ionizing radiation generates charge pairs.

The current-voltage characteristics of such a chamber are depicted in figure 18. Dis-
regarding certain subtle effects associated with variations in diffusion properties be-
tween ions and electrons, in the absence of an applied voltage, no net current should
flow because no electric field exists within the gas. Ions and electrons that are gen-
erated ultimately vanish through recombination or diffusion from the active area. As
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the voltage increases, the resulting electric field begins to separate the ion pairs more
rapidly, leading to a decrease in recombination. The positive and negative charges
are also propelled towards their respective electrodes, reducing the equilibrium con-
centration of ions in the gas. This further suppresses volume recombination between
the point of origin and the collecting electrodes. Consequently, the measured current
rises with the applied voltage as these effects minimize the loss of the original charge.
At a sufficiently high voltage, the electric field becomes strong enough to effectively
suppress recombination to a negligible level, allowing all the initial charges created
through ionization to contribute to the ion current. Further increasing the voltage does
not result in a higher current since all charges are already collected, and their forma-
tion rate remains constant. This corresponds to the region of ion saturation, in which
ion chambers are typically operated. In these conditions, the current measured in the
external circuit accurately reflects the rate at which all charges are formed due to ion-
ization within the active volume of the chamber.

A

High irradiation rate

Low irradiation rate

V-

Figure 18: I-V behavior at low and high irradiance intensities.

Assuming recombination can be disregarded, it is important to highlight that the
saturated current does not alter regardless of whether the ionization electrons remain
unattached and drift as free electrons, or if they become attached to gas molecules and
form negative ions. In the case of attachment, the drift velocity becomes significantly
slower, but the equilibrium concentration of negative charges increases by the same
factor. Since the current is determined by the product of charge density and drift ve-
locity [14], the resulting current remains unchanged, as if the electrons were drifting
freely.

3.5.3 Fission chambers

A fission chamber is a type of nuclear radiation detector that uses nuclear fission to
detect the presence of neutrons in a radioactive environment. It consists of a small cell
with stainless steel walls and electrodes, which is filled with a noble gas, such as ar-
gon, at elevated pressure. The chamber walls are usually coated with highly enriched
uranium to increase the ionisation current produced by the neutrons interacting with
the material. When a neutron enters the chamber, it interacts with the nucleus of a
uranium atom, causing it to split into fission fragments that are able to ionise the gas.
The resulting electric current can be measured and is used to detect the presence of
neutrons and measure their flux and energy. Fission chambers are common in nuclear
reactor monitoring and radiation measurements in high-energy environments.
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Fission chambers can be customized for use within a hight neutron flux, regardless
of the power levels that may be encountered during their use. To increase the ioniza-
tion current, the walls of the chamber are often lined with highly enriched uranium.
These miniaturized ion chambers are typically constructed with stainless steel walls
and electrodes, and their operating voltage ranges from 50 to 300 V. Argon gas is a com-
mon choice for filling the chamber and is used at a pressure of several atmospheres.
The increased pressure helps to ensure that the fission fragments produced within the
gas do not travel beyond the small dimensions of the detector.

The depletion or "burn up” of neutron-sensitive material is a significant issue during
prolonged use of this type of detectors. As an illustration, a fission chamber contain-
ing 2°U may experience a sensitivity reduction of around 50% after being exposed
to a neutron fluence of about 1.7 x 10*! n/ cm?. One approach to mitigating the ef-
fects of burn up in fission chambers is to incorporate fertile and fissile material in the
neutron-sensitive lining of the chamber. Regenerative chambers that use this technique
gradually convert the fertile isotopes to fissile nuclei, which helps to offset the burn up
of the original fissile material present in the lining. By using this method, the long-
term response of fission chambers can be significantly enhanced. For example, it has
been reported that fission chambers containing a blend of ?*®U and ?*Pu can main-
tain a sensitivity that does not fluctuate by more than £5% over a neutron fluence of
4.8 x 102! n/cm?. Comparable outcomes have also been attained with fission cham-
bers containing a mixture of 24U and 2°U.

Fission ion chambers that have been operated for long periods in high neutron fluxes
demonstrate a residual current or memory effect caused by the accumulation of fission
products within the chamber. These fission products emit beta and gamma rays that
ionize the fill gas of the chamber and create a substantial ion current. Figure 19 illus-
trates the expected outcomes when the current from a fission chamber is monitored
after it has been removed from long-term exposure to a steady-state neutron flux. The
residual current I is depicted as a proportion of the steady-state current Iy observed
during the neutron irradiation. Approximately 0.1% of the signal current persists one
minute after removal, while after ten days, the decay of the fission product activity is
sufficient to reduce the residual current to around 10~ of the steady-state signal.
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Figure 19: Memory effect in fission chambers corresponding to various steadystate irradiation times.

(14]

Figure 20 demonstrates an effect that can
be significant in ion chambers designed to
cover a wide range of irradiation rates. At
lower rates, the region of ion saturation is
achieved at a lower voltage than at higher
rates. At higher currents, the density of
ionization is correspondingly greater, and
recombination occurs more readily than at
lower currents. As a result, the electric field
needed to prevent recombination is higher
at high rates, as indicated by the increased
voltage required to attain ion saturation. It
is crucial to choose an operating voltage for
these chambers at the highest irradiation
rate or the largest current that may be en-
countered.
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Figure 20: Typical current-voltage characteristics of
a fission chamber at different neutron irradiation
levels. [14]
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3.5.4 Self powered neutron detectors. SPND

Not being the main object of this work, it has been considered pertinent to formally
present the self powered neutron detectors at the request of IFMIF-DONES due to the
fact they have detectors of this type that will be used in future experiments at the UGR
facilities.

A specific type of neutron detector commonly used for in-core applications is known
as a self-powered detector. These detectors utilize a material that has a relatively high
neutron capture cross-section, resulting in subsequent beta or gamma decay. The basic
principle of operation for this type of detector involves directly measuring the current
produced by beta decay after neutron capture. This current is expected to be pro-
portional to the rate at which neutrons are captured within the detector. The unique
aspect of self-powered detectors is that they do not require an external bias voltage
since the beta decay current is measured directly. This is why they are referred to as
self-powered detectors. Another variation of the self-powered detector takes advan-
tage of the gamma rays emitted following neutron capture. A portion of these gamma
rays will interact within the detector, generating secondary electrons through various
mechanisms such as Compton scattering, photoelectric effect, and pair production.
The current produced by these secondary electrons can then serve as the primary sig-
nal for detection.

The self-powered detector is referred to by several alternative names. In honor of the
pioneering contributions made by J.W. Hilbom, it is occasionally known as Hilborn de-
tectors. Other names encountered in literature include beta emission detectors, collec-
trons, electron emission detectors, and PENA (primary emission, neutron activation)
detectors. Nevertheless, the term self-powered neutron detector (SPND) is the most
widely used to describe this group of devices.

Self-powered detectors offer several advantages over other neutron sensors, including
their compact size, cost-effectiveness, and the simplicity of the associated electronics.
However, there are certain drawbacks associated with these detectors. One limitation
is the low level of output current they generate, making them less sensitive to changes
in the neutron energy spectrum. Additionally, many types of self-powered detectors
have a relatively slow response time. Due to the nature of the signal, which typically
consists of a single electron resulting from a neutron interaction, operating in pulse
mode is impractical. As a result, self-powered detectors are always operated in current
mode.

3.5.4.1 Self-powered detectors based on beta decay

Figure 21 depicts a schematic of a typical self-powered neutron (SPN) detector
based on beta decay.
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Figure 21: Cross-sectional view of a specific self-powered detector design. [27]

The key component of this detector is the emitter, which consists of a material se-
lected for its relatively high neutron capture cross section, resulting in the production
of a beta-active radioisotope. It is desirable for the remaining parts of the detector to
have minimal interaction with neutrons, so construction materials with low neutron
cross sections are chosen. Figure 22 presents several possible sequences that can con-
tribute to the measured current.
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Figure 22: Representative events that can take place in an SPN detector. Events 1 and 2 are neutron
capture followed by p-decay. Event 3 shows the interaction of a prompt gamma ray emitted upon
neutron capture, giving rise to a fast secondary electron. Events 4 and 5 show interfering fast electrons
arising from interactions of external gamma rays. In standard SPN detectors, event 1 is the basis of its
neutron response. In those with fast response, event 3 is the preferred mode of interaction. [14]

The operational principles are straightforward: The current, primarily composed
of beta rays emitted by the emitter, is measured between the emitter and an outer shell
known as the collector. An insulator fills the space between them, which must be care-
fully selected to withstand the extreme temperature and radiation conditions typically
encountered in a reactor core (for its commond use). Metallic oxides, such as mag-
nesium or aluminum oxide, are commonly used as insulators, while the collector is
typically made of high-purity stainless steel or Inconel. During the fabrication of these
detectors, meticulous care is taken to maintain cleanliness, as any contamination by
substances that could become radioactive would introduce interfering currents to the
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3 THEORETICAL FRAMEWORK

measured signal. The small dimensions shown in figure 21 are necessary due to the
limited available clearances for instrument channels within typical reactor cores.

The performance of the detector greatly depends on the selection of the emitter mate-
rial. When choosing the emitter, several factors come into play, including the neutron
capture cross section, energy, and half-life of the resulting beta activity. It is crucial
to strike a balance in the neutron capture cross section—neither too high nor too low.
Very low cross sections would yield detectors with low sensitivity, while excessively
high cross sections would lead to rapid depletion of the emitter material due to the
intense neutron fluxes found in reactor cores (once again, its common use). The beta
rays produced by the emitter should have sufficiently high energy to prevent exces-
sive self-absorption within the emitter or insulator. Additionally, the half-life of the
induced activity should be as short as possible, enabling the detector to promptly re-
spond to rapid changes in neutron flux.

Taking into consideration these considerations, thodium and vanadium have emerged
as the two most popular choices for emitter materials. Table 1 provides a summary of
the key properties of these materials when utilized as emitters in self-powered detec-
tors.

. Activation | Half-life of
. Nucleide of . . Beta .
Emitter . cross section | induced . Typical neutron
. interest and endpoint e s
material ercent abundance at thermal beta ener sensitivity
P energy activity 8y

Vanadium 23V (99.750%) 4.9 barns 2255 247 MeV | 5 x 10—23m

. 139 barns 44 s —21__A

103 A . 1x10

Rhodium 15 Rh(100%) 11 barns 565 5 2.44 MeV X el

Table 1: Properties of emitter materials for SPN Detectors based on beta decay

Vanadium exhibits a relatively simple beta decay with a half-life of 225 seconds,
whereas rhodium undergoes a more complex beta decay with a mixture of half-lives
of 44 and 265 seconds. Figure 23 illustrates the response of these materials to a sudden
change in neutron flux.
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Figure 23: Response of rhodium and vanadium SPN detectors to an abrupt drop to zero of a steady-state
neutron flux. [27]

Despite vanadium’s lower sensitivity and somewhat slower response compared to
rhodium, vanadium emitters have gained greater prominence in reactor applications.
This is primarily due to their significantly reduced burnup rate, enabling their use over
extended periods of several years in typical reactor flux conditions.[14]

In its simplest form, a self-powered detector that exhibits a single mode of induced
activity and negligible burnup will exhibit the following behavior when subjected to a
neutron flux over a duration of time ¢:

I(t)y=CqoN¢(l—e™) (10)
Where:

¢ C = dimensionless constant reflecting the specific geometry and collection effi-
ciency of the detector.

q = charge liberated (number of beta particles x e) per neutron absorbed.

e ¢ = activation cross section of the emitter material.

N = number of emitter atoms.

* ¢ = neutron flux.
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3 THEORETICAL FRAMEWORK

¢ A = decay constant of activity produced in the emitter.

When the detector has reached saturation, meaning it has been exposed to the neutron
flux for a duration significantly longer than the half-life of the induced activity, the
steady-state current is given simply by:

It =Cqgo N ¢ (11)

The saturated current is proportional to the neutron flux and consequently can serve
as a corresponding monitor of the neutron flux level.

A more comprehensive analysis of the detector output requires consideration of var-
ious additional factors. These include the reduction in neutron flux due to emitter
self-shielding, the presence of Compton and photoelectrons resulting from accompa-
nying gamma rays during the beta decay process, and the likelihood of beta particles
being absorbed within the emitter material. Some electrons may be halted in the insu-
lator before reaching the collector, while others may be generated within the insulator
and travel towards either the emitter or the collector. Over time, an equilibrium is
established where the net charge flowing into the insulator is balanced by the charge
flowing out. Extensive Monte Carlo simulations have demonstrated that the current
arising from processes occurring within the insulator typically accounts for less than
15% [31] of the total current, thus not significantly influencing the detector response.
Detailed physical models have been developed [31] [17] to accurately predict [23] the
response of self-powered neutron detectors, incorporating most of these effects.

3.5.4.2 Self-powered detectors based on secondary electrons from gamma decay

One of the main drawbacks of self-powered detectors based on beta decay is their
relatively sluggish response time. Efforts have been made to address this issue through
the application of electronic or digital signal processing techniques,[25] [1]. However,
it would be more desirable to enhance the inherent response time of the detector itself.
One method to achieve this goal is to rely on the generation of secondary electrons
produced by capture gamma rays that swiftly follow neutron capture in the emitter
(as illustrated in figure 22). These capture gamma rays are typically emitted within a
very short duration, in contrast to the slower decay of typical neutron-induced beta
activities. Even in vanadium and rhodium detectors, there exists a component of the
signal that corresponds to the emission of capture gamma rays immediately after neu-
tron capture in these materials. Although this component is much smaller compared
to the signal from the beta current, it contributes to the overall response. The reported
ratio of this component to the delayed signal in commercial vanadium detectors is ap-
proximately 6.5% [25].

When aiming for fast self-powered detectors, the focus is often on selecting a specific
emitter material that optimizes the signal generated by the rapid capture of gamma
rays. Cobalt has been extensively studied and used as an emitter with fast response
times,[2] [3] [16] and commercially available detectors also make use of cadmium. The
performance and sensitivity of alternative emitter materials have been investigated,[19]
[29] although, in general, prompt detectors exhibit lower neutron sensitivity compared
to those based on beta decay. Nevertheless, their ability to provide a much quicker re-
sponse makes them suitable for certain applications where speed is crucial.
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The impact of external gamma rays can also be significant for certain emitter materials.
When gamma rays interact with the detector, they can generate secondary electrons,
contributing to a detectable signal as shown in figure 22. This signal may be positive
or negative, depending on the direction of current flow between the emitter and collec-
tor. The specific construction of the detector determines the prevailing polarity. Emit-
ter materials commonly used in neutron-sensitive detectors, such as rhodium, vana-
dium, or cobalt, typically exhibit gamma-ray responses that are only a few percent of
the neutron response.[26] Detectors utilizing zirconium emitters primarily respond to
gamma rays, while other materials like platinum, osmium, or cerium produce a mixed
response. Platinum detectors, which offer a combination of prompt and delayed re-
sponse, have gained popularity and have been extensively analyzed.[18] [32] [33]

In all self-powered detectors, the influence of neutron and gamma-ray interactions in
the signal cable can be significant. Therefore, careful consideration must be given to the
choice of construction materials for the signal cable [21] that connects to the detector,
particularly in areas exposed to high radiation fields. To minimize false signals caused
by cable interactions, twin signal leads are often employed. One lead is connected to
the emitter through the cable, while the other lead is included in the same cable but
terminated without electrical contact in close proximity to the emitter. By electroni-
cally subtracting the signal from the unconnected lead from the detected current in the
connected lead, the effects of cable interactions are effectively mitigated.

4 Methodology and materials

4.1 Metelodogy

In this master’s thesis, an exhaustive analysis of the factory acceptance data has
been carried out, without the need for additional experimental work. In addition, sev-
eral protocols have been established to continue the analysis of the detectors in the
future and a detailed theoretical development of the operating modes of these detec-
tors has been carried out, formally presenting each one of them.

The analysis of the factory acceptance data has been performed using the Python pro-
gramming language in Jupyter notebooks, as mentioned above. In addition, the mea-
surement protocols to be carried out at the UGR once the X-ray generator is operational
again have been established in these notebooks.

In the report, the operation of the detectors involved in this project has been devel-
oped, as well as their different operation modes. The most relevant data obtained from
the analyses carried out in the Jupyter notebooks have also been included.

41.1 The microchambers data

The employees at PHOTONIS Nuclear Instrumentation were responsible for col-
lecting the numerical data related to the ionization and fission microchambers. The
initial step involved gathering all the necessary information from the documentation
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provided by the sensor manufacturer. Subsequently, the numerical data from each
sensor’s datasheets were digitized to enable data processing in Python using a Jupyter
Notebook.

The data were previously prepared by grouping them in a file extension ”.xIsx” for
a more organized data management. Due to the limited data provided, cleaning was
not considered, and incomplete or inconsistent data were not analyzed. No normaliza-
tion or transformation of the data was necessary.

The variables selected for study were all the data sets provided by the manufacturer
as long as they were complete. These variables are the original ones, i.e., no derived
variables were analyzed.

In order to analyze the data and explore potential relationships between them, all the
data has been charged and processed using the Jupyter notebooks specifically created
for this study:.

All the detectors considered in this study had to undergo five tests to confirm their
validity for use. These tests are as follows:

1. Test 1: I-V characteristic analysis. Each detector was subjected to a test where
it was irradiated with X-rays at a constant intensity. The intensity of the X-rays
passing through the detector was measured and recorded while the polarization
voltage was varied.

2. Test 2: I-I characteristic analysis. Each detector was subjected to a test where
it was irradiated with X-rays at variable intensity. The intensity of the X-rays
passing through the detector was measured and recorded while the intensity of
the incident X-rays was changed. The polarization voltage remained constant
during this test.

3. Test 3: Coaxial cable analysis. The coaxial cable connected to the detector needed
to be studied to understand its behavior. This test is performed on the cable
alone, without the detector attached. Using a signal generator, a known signal
is sent through the cable, and with the help of an oscilloscope, the signal at the
output is analyzed. By noting the input and output signal amplitudes, the signal
attenuation due to the cable can be determined.

4. Test 4: Impedance analysis. The coaxial cable connected to the detector forms a
system that needs to be examined for any small cracks, bends, or faulty solder-
ing that could affect the signal. To achieve this, a signal was sent to the cable-
detector assembly, and the reflected signal was analyzed using an electrometer.
The electrometer is capable of providing the impedance of the system based on
the position relative to the electrometer.

5. Test 5: Leakage current analysis. Since the current recorded by the amperemeter
is in the order of tens of nanoamperes, it is easily eclipsed by the leakage current
that may occur in the system. It is therefore necessary to characterize this leakage
current, both at ambient temperature and at 350°C.
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4.1 Metelodogy

These five tests were supposed to be conducted for each detector, but that has not been
the case. Tests number 3 and 4 have not been performed for any detector. A future
pending task will be to carry out these tests for all (except three) the detectors in the
X-ray generator facilities of the UGR. Test number 2 has only been conducted for some
detectors, not all of them. The detectors for which test number 2 was performed are as
follows:

¢ Jonization Cameras (ID Cameras): 201, 202 and 204.
¢ Fission Cameras (ID Cameras): 210, 123, 124 and 207.

Regarding tests number 1 and 5, it has been conducted for all the detectors according
to a protocol that the company responsible for the test has chosen not to share.

All five of these tests will be carried out at the UGR X-ray generator facilities in or-
der to repeat them with a larger number of data taken. The set up that will be used at
the UGR to reproduce these tests can be seen in images 24, 25, 26 and 27.
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Figure 24: Scheme of the set up of test 1 and 2 to be carried out at the UGR facilities.
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Figure 25: Scheme of the set up of test 3 to be carried out at the UGR facilities.
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Figure 26: Scheme of the set up of test 4 to be carried out at the UGR facilities.
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Figure 27: Scheme of the set up of test 5 to be carried out at the UGR facilities.

4.1.2 The bias voltage of the microchambers

The following criteria have been developed to determine the optimum bias voltage.
The optimum bias voltage of each microchamber is ideally determined by the zero
variation of the detected electric current intensity while the irradiance remains constant
and the potential bias is varied.

The optimal bias voltage value will then be considered to be the one that makes the slope of the
tangent curve to a polynomial of degree round (v/N) that best fits the data as close to zero as
possible. Where N is the length of the data set.

4.2 Materials

In this work, the data provided by the manufacturer have been used to validate
the detectors. Although neither detectors nor radiation sources were used directly, the
technical specifications of the instruments associated with the data used are presented
below.
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4.2 Materials

4.2.1 Radiation source

In this work, only the behaviour of the detectors has been studied within an X-ray
beam which had a cross section of 1.5 x 1.5 mm?. The beam was generated by an X-ray
tube with the following characteristics:

¢ RX tube voltage 120 kV

e Anode current 9 mA

¢ Filtration Imm Beryllium

¢ Detector source distance 65 mm

The X-ray generator model used by Photonis for its tests is the Philips X-Ray MG 165
with a 120 kV tube 28. It is manufactured by YXLON International GmbH, located at
Essener Bogen 15, 22419.

Figure 28: Philips X-Ray MG 165 with a 120 kV tube.

4.2.2 Detectors

ICs and FCs characteristics (made by Photonis) are detailed in Table 2.
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Argon Argon Ar +4% N

5 5 5 15

0 300 300 300

738 738
U: 99.8% U: 99.8%
~ 235 %

U >92% 25(J. 0.2% 25(J. 0.2%

0 951 12 12
Curent mode | Current mode Current mode Pulse mode

15 3 9 3

Table 2: Nuclear characteristics of the detectors

All these detectors have the same dimensions, which can be seen in the figure 29.
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Figure 29: Dimension of all microchambers.
All dimensions in mm. All dimensions in
brackets are given on an indicative basis.

Figure 31 shows the mount used by Photonis when testing at its facilities.
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Figure 31: Assembly for Test 1. Part of the mount for supporting the detectors during the irradiation.

4.2.3 Materials of future experiments at UGR facility

The pending task of performing tests 3 and 4 for all (except three) micro cameras
will be carried out at the X-ray generator facility of the University of Granada when it
is operational. The following materials will then be used:

e Calibration bench T90009, T90014-L, T90015 and T90016-L

PTW Calibration Facility

YXLON.TU 320-D03 Bipolar Metal-Ceramic X-Ray Tube

X-Ray Tube Support T90013

KeySight Electrometer B2980B Series
¢ Computers, Reflectometre and Oscilloscope

Below are some photographs of the UGR ray X generator facilities to illustrate the
equipment used.
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Figure 34: Calibration bench

All the documentation of this equipment is in the dossier created together with the
Jupyter notebooks.

The UGR facilities have the following detectors arranged in the test RIG:

Adquisition
frequency
MEC - Fast 4 0-400 (150 recom.) | ~nA (10~ A) | 0.2-1 MHz

MEFC - Slow 8 | 0-400 (150 recom.) | ~nA (1077 A) 2-5 kHz

Detector Qty. | Supply voltage (V) | output signal

IC 15 | 0-400 (150 recom.) | ~nA (10~7 A) 2-5 kHz
SPND 6 N/A ~pA (10712 A) 0.1 kHz
Thermocouple | 11 N/A Tenths of mV 1 kHz

Table 3: The different detectors available at the UGR’s X-ray generation facilities

These sensors will be installed in an RIG for subsequent irradiation according to
the configuration shown in the figure 35.
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Figure 35: RIG with detectors

Of all the sensors owned by UGR that are listed in table 3 and represented in figure
35, only the MFC-Fast, MFC-Slow and IC are detectors created by Photonis, the rest
come from other manufacturers and are not the subject of this work. It can be seen
that not all the detectors that Photonis has created are present in this list, the 3 missing
detectors are not in UGR’s possession and I do not have access to the information
regarding their whereabouts.

5 Results and discussion

5.1 Characteristic applied voltage - ionisation current

The behaviour of the detectors within the X-ray beam by varying the applied volt-
age between their terminals is shown in this subsection, for both ionisation and fission
microchambers.

5.1.1 Ionization chambers

Figure 36 shows the data of the 15 micro ionisation chambers to which test number
1 has been performed.
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Figure 36: I-V behavior of ionization microchambers.

By applying the criteria mentioned above in the section on methodology, the opti-
mum bias voltage for each detector has been determined from the data shown in figure
36.

The polarisation voltages applying this criterion can be seen in table 4 for each mi-
crochamber. All data shown in tables 4 and 6 have been calculated using the python
code developed in the Jupyter notebooks.

D Polarisation
voltage (V)
201 123.33
202 128.03
203 123.33
204 123.33
205 126.46
206 118.63
207 126.46
208 118.63
209 123.33
210 124.89
211 124.89
212 124.89
213 120.20
214 126.46
215 132.72

Table 4: Different polarisation voltages for micro ionisation chambers.

As can be observed in figure 36, the obtained data for the different ionization mi-
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crochambers are not coincident. This can be attributed to the fact that, despite estab-
lishing tolerances in the manufacturing process, there may be deviations within those
tolerances, resulting in differences in the response of the detectors. Furthermore, sensi-
tivity to operating conditions also plays a role. Ionization detectors can be sensitive to
operational conditions such as temperature, humidity, and bias voltage. Small varia-
tions in these conditions can influence the detector’s response and lead to differences in
the obtained curves. This also applies, as shown below, to the fission microchambers,
where additional variables come into play, such as the amount of fissionable material
and the inhomogeneity of the fissionable material layer thickness.

5.1.2 Fission chambers

Figure 37 shows the data of the 9 U?® current mode fission microchambers that
have been subjected to test number 1.
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Figure 37: I-V behavior of U3 pulse mode fission microchambers.

Figure 38 shows the data of the 3 U?*® pulse mode fission microchambers that have
been subjected to test number 1. Furthermore, a quadratic regression has been per-
formed on the data from this group of microcameras, and the parameters can be found
in table 5.
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Figure 38: I-V behavior of U2 pulse mode fission microchambers with quadratic regression.
g P q g

ID 123 124 125
a[nA/V?] | (-349+52)-107° | (—224+14)-10~* | (=36.1+£5.5) 107
b [nA/V] 0.112 £ 0.010 0.081 = 0.029 0.112 £0.011
c [nA] 136.65 + 0.45 1372+ 1.3 139.27 £0.47
R? 0.98 0.82 0.97

Table 5: Parameters of the quadratic fit of the data represented in figure 38

Figure 39 shows the data of the 3 U?® current mode fission microchambers that
have been subjected to test number 1.
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Figure 39: I-V behavior of U current mode fission microchambers.
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Applying the same criteria as for the micro ionisation chambers, the optimum bias
voltage for each detector has been determined from the data shown in figures 37, 38
and 39. These data can be found in table 6.

Polarisation
1D voltage (V)
210 128.03
211 123.33
212 128.03
213 124.89
214 123.33
215 124.89
216 123.33
217 124.89
218 124.89
123 134.29
124 107.67
125 132.72
207 121.76
208 124.89
209 115.50

Table 6: Different polarisation voltages for fission microchambers.

As mentioned above, it should be noted that the STUMM-PROTO is capable of
biasing all detectors to independent voltages. This is convenient as the optimum po-
larisation point of each detector is inevitably different due to differences within manu-
facturing tolerances.

5.2 Characteristic radiation intensity - ionisation current

This subsection shows the behaviour of the detectors within the X-ray beam when
the X-ray intensity is varied while the bias voltage of the microchamber is fixed, for
both ionisation and fission microchambers.

5.2.1 Ionization chambers

Figure 40 shows the data of the three micro ionisation chambers to which test num-
ber 2 has been performed.
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Figure 40: I-I behavior of ionization microchambers with linear regression.

As can be seen, the behaviour of these detectors is linear as the radiation intensity
varies. This is because they operate in a saturation regime. It was determined that the
bias voltage for this test was 150 V. The parameters of the linear regression for each
data set can be seen in table 7. The slope of the line of best fit is a and the ordinate at
the origin is b.

D 201 202 204
a[mA/mA] | 531+002 | 481+001 | 504+0.01

bmA] | —024+0.02 | —0.07 £0.01 | —0.05 £ 0.01
Correlation | ) 0500 0.999993 0.999990
coefficient

Table 7: Linear regression parameters of ionisation microchambers.

It can be seen that the best-fit lines for each detector data have a similar but slightly
different slope, which means that the sensitivity of each detector is slightly different.
These small differences must be due to the small differences within the manufacturing
tolerances of each microchamber, since in essence the three microchambers whose data
have been plotted are identical except for deviations within manufacturing tolerances.

5.2.2 Fission chambers

Figure 41 shows the data of the four micro fission chambers to which test number
2 has been performed.
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Figure 41: I-I behavior of fission microchambers with linear regression.

The bias voltage was set to 150 V, again in the saturation region. The parameters of
the linear regression for each data set can be seen in table 8.

ID 210 123 124 207
a[nA/mA] | 6.19+0.01 | 16.21 +0.04 | 1596 +0.01 | 7.4040.01
b [nA] 0.04+0.01 | -0.75+=0.04 | —0.23+0.01 | —0.06 = 0.01

Correlation | ) 505000 | 999990 0.9999996 0.999996
coefficient

Table 8: Linear regression parameters of fission microchambers.

The differences between the slopes are due to the fact that the four detectors are not
of the same group. Detector with ID 207 is an U?* current-mode micro fission chamber
and detector with ID 210 is a U*® current-mode micro fission chamber. Both have a
very different slope to the other two microchambers whose data are represented, this
is mainly due to the difference in the mode of operation of each pair of microchambers.
The current mode is, as can be seen from the data shown, much less sensitive for the
same irradiation rate than the pulsed mode. It can be seen that the slope of the line that
best fits the data from the two microchambers operating in current mode are slightly
different, a contribution to this difference is evidently due to the difference in the type
of fissile material these microchambers are made of. The ID 207 microchamber made
with U?® has a maximum total activity of 1080 Bq, while the 210 has an activity of
12.2 Bq, this difference is key to understand why the slope of the ID 207 microchamber
is slightly higher than the ID 210, as the very activity of the Uranium that constitutes
the walls of the microchamber contributes to the detection made by the microchamber,
thus giving a higher detection for the same intensity of radiation passing through the
two microchambers.
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On the other hand, the detectors with ID 123 and 124 micro fission chambers are of
the pulsed mode type, both with U3, so the slope of the line crossing their data is

much more similar between them than the case of the two microchambers (with ID 207
and 210).

5.3 Leakage current and electrical resistance at two temperatures

This subsection displays the electrical characteristics, including resistance and leak-
age current, of the different microchambers at two different temperatures, 25 and 350
degrees Celsius.

5.3.1 Ionization chambers

Figures 42 and 43 display the electrical characteristics of the ionization microcham-
bers at 25 and 350 °C, respectively.
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Figure 42: Leakage current and electrical resistance of the IMC at 25 °C.
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Leakage current and Insulation resistance at 350 C
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Figure 43: Leakage current and electrical resistance of the IMC at 350 °C.

We observe that the increase in temperature has a direct effect on the leakage cur-
rent, which generally increases with temperature. However, the increase in leakage
current is not the same for all microchambers. For instance, microchamber with ID
202 experiences an increase of 2 orders of magnitude, going from 0.007 nA to 0.48 nA,
whereas microchamber with ID 206 increases from 0.001 nA to 0.006 nA.

The electrical resistance generally decreases as the temperature increases, although
some microchambers experience a greater decrease of up to one order of magnitude

compared to others.

5.3.2 Fission chambers

Figures 44 and 45 display the electrical characteristics of the ionization microcham-
bers at 25 and 350 °C, respectively.
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5 RESULTS AND DISCUSSION
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Figure 44: Leakage current and electrical resistance of the FMC at 25 °C.
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Figure 45: Leakage current and electrical resistance of the FMC at 350 °C.

We observe that the increase in temperature has a direct effect on the leakage cur-
rent again, which generally increases with temperature. However, the increase in leak-
age current is not the same for all microchambers. For instance, microchamber with ID
211 experiences an increase of 2 orders of magnitude, going from 0.05 nA to 8.19 nA,
whereas microchamber with ID 210 increases from 0.006 nA to 0.01 nA.

The electrical resistance generally decreases as the temperature increases, although

some microchambers experience a greater decrease of up to one order of magnitude
compared to others.
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5.3 Leakage current and electrical resistance at two temperatures

The three missing fission microcameras are the ones operating in pulsed mode, which,
as seen in figures 46 and 47, exhibit a different magnitude of response compared to
those operating in current mode.
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Figure 46: Leakage current and electrical resistance of the FMC at 25 °C.
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Figure 47: Leakage current and electrical resistance of the FMC at 350 °C.

As observed, once again the leakage current increases non-uniformly with the tem-
perature. The microcamera with ID 123 goes from 0.001 nA to 0.01 nA, while the mi-
crocamera with ID 124 increases from 0.004 nA to 3.65 nA, three orders of magnitude
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5 RESULTS AND DISCUSSION

higher after heating. On the other hand, the electrical resistance decreases in general
and non-uniformly as the temperature increases.

5.4 Characteristic applied voltage - ionisation current with volume

When plotting the ionisation intensity versus bias voltage for the different detectors
we see that the data sets do not coincide, as mentioned before this is due to small
differences in the physical characteristics of the individual detectors which are within
the manufacturer’s tolerance range. However, if we also indicate the sensitive volume
of each detector in this representation, the figure 48 below is the result.
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Figure 48: I-V behavior and volume of U?*® pulse mode FMC.

As can be seen there is an obvious trend, as the microchamber has a higher sensitive
volume the response is also higher. This can be seen more clearly in the figure 49.
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5.4 Characteristic applied voltage - ionisation current with volume
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Figure 49: Average intensity as a function of the volumen of each U?* current mode FMC.

Interestingly, this behaviour is not seen in the ionisation microchambers, as can be
seen in figure 50. This is expected to be due to the difference in fissile material between

the two types, one type with U?® and the other without.
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Figure 50: Average intensity as a function of the volumen of each IMC.

Data from the remaining fission microchambers have not been presented because
they are divided into two groups of three microchambers each, and have been consid-
ered too few chambers to draw general trends.
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6 CONCLUSIONS

6 Conclusions

The interest of this work lies in the fact that the neutron sensors studied have been
specially manufactured for IFMIF-DONES and are small in size, which makes them
unique in their type. These detectors are expected to characterize the radiation beam
generated in IFMIF-DONES, which consists of a neutron beam with a flux of 10 o
and a peak energy of 14 MeV, as well as a photon beam with a different intensity and
energy than the one used in the factory acceptance by Photonis. The analysis con-
ducted in this work is based on data obtained solely from photon irradiation, with
characteristics that differ from those expected in IFMIF-DONES. Therefore, no predic-
tions can be made regarding their ability to efficiently characterize the neutron radi-
ation beam in IFMIF-DONES. Nevertheless, the data obtained from measurements at
the manufacturer’s facilities provide valuable information on the response of the sen-
sors to photons radiation and their detection capability.

6.1 Conclusions test1

Through the acceptance process at the manufacturer’s facilities, the optimum bias
voltage has been determined from the data from test 1. It is expected that each mi-
crochamber will be powered individually for an optimum result. The optimal polari-
sation of the microchambers can be found in tables 4 and 6 for ionization and fission
microchambers.

The optimal bias voltage of the fission microchamber with ID 124 deviates anoma-
lously from the trend observed within its own group. By examining figure 38, we can
identify an anomalous data point. As a result, it is being considered to discard the re-
sult of this test for the microchamber with ID 124. It is proposed to repeat test 1 for this
microchamber at the UGR facilities to evaluate whether the result is valid or invalid.

6.2 Conclusions test 2

The ionization and fission microchambers manufactured for the radiation levels
expected in IFMIF-DONES have been found to behave linearly in test number 2, this
means that the response of the detector is linear with the variation of the intensity of
the radiation passing through it, as we can see in figures 40 and 41.

The behavior has been determined to be linear, as the linear correlation coefficient
differs from unity by less than one ten-thousandth for all the tested detectors. This
confirms that the detectors are valid for reliably characterizing the X-ray beam used in
Photonis.

6.2.1 Fission microchambers

The data from the fission microchambers reveal two distinct linear behaviors, cor-
responding to the two operating modes of the fission microchambers: current mode
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6.3 Conclusions test 5

and pulsed mode. Among the two modes, the pulsed mode exhibits more variation
in response for the same change in the applied external stimulus. Initially, the goal is
to achieve the highest stimulus-response relationship, making the detectors in pulsed
mode appear more optimal. However, the pulsed mode comes with drawbacks that
must be considered as they hinder its proper operation under a sufficiently intense ra-
diation beam.

As discussed in the theoretical framework, the pulsed mode is designed to detect sin-
gular events, and its correct functioning requires that the intensity pulses produced in
the detector do not overlap. This directly relates to the intensity of the radiation beam
and the characteristic discharge time of the circuit connected to the detector. The pho-
ton beam intensity used by Photonis appears to be sufficiently low for the detectors
operating in pulsed mode to exhibit the expected linear behavior.

Based on the obtained data, it is not possible to predict whether these same detec-
tors (operating in pulsed mode) will maintain their linear behavior in IFMIF-DONES
due to differences in intensity and equipment coupled to the detector.

Furthermore, the detectors operating in current mode also exhibit linear behavior. The
current mode allows them to detect higher radiation intensities under the same cir-
cumstances as those operating in pulsed mode.

6.2.2 Ionization microchambers

The linear behavior in the ionization microchambers does not differentiate between
multiple groups, as expected. This implies that their behaviors are sufficiently similar
to not exhibit anomalous behaviors.

6.3 Conclusions test 5

For both ionization microcameras and fission cameras, some general trends can be
observed. These are:

* The leakage current increases as the temperature rises.
* The electrical resistance decreases as the temperature increases.

These trends do not accurately reflect the behavior of each individual detector, as we
observe significant diversity in their responses. Some microcameras exhibit an increase
in leakage current by one order of magnitude, while others show an increase of up to
three orders of magnitude. Similarly, the electrical resistance displays unique patterns
of decrease.

6.4 Conclusion voltage - ionisation current with volume

The data presented in figure 49 exhibits a clear upward trend of average intensity
as the volume of the fission microchamber increases. This emerging behavior should
be taken into account at an individual level when using fission microchambers to char-
acterize radiation. It is worth noting that this trend does not occur with ionization
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microchambers as seens in figure 50.

In the near future, the missing tests will have to be performed at the UGR facilities
to complete the data set and determine whether or not they are valid for detecting the
expected radiation in IFMIF-DONES.
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